552 B 5 W e S R N Vol. 52, No.5

2024 F 5 A JOURNAL OF THE CHINESE CERAMIC SOCIETY May, 2024

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20230510

H ) Jo g A 7 A B A

BEBL EZRYL BEAL 4 ! AL o L 2RH R4
(1. LB RFERRAFE TREEESHESLRE, % 710049; 2. WALRR & &I MH 7ERE, I 430077)

B OE: AR R A R A R IR 2 i R R S s S, R AW R A AR ) S B e . e P O R R S — el
BHRAAEREECFRAEAR . g RS @S fE =4 s i 5, RIS Tl S AR RSk, IE Ml
&)@ DA 2% TR Al P B SR s 58 P o) 45 PO B (R AL 0 T B A K AR S AL A SRR, JEnt bk T AR 8B I A b 2
R GRFW: BRARSFEMEATINT ST R ERER, &ETHN 800 C. BAKERSHEMTEL S 3. EihEH
IR A 2 B, EAFEEE 91.52 g H, (B 1 kg £5il), SEMEALEN 93.30%. Ni-Co/C HAMALFIRILH th i &8 f#
A7) B B P G 1

T VIR S R LA A R
FESKE: TK6  XHAFER: A XEHS: 0454-5648(2024)05-1643-13 '|_-::1'-|_I-.-EJ__$'
PR4% L RRATIE): 2024-02-22 FaET et o
[ B :

VTR —FOIE RHOR R, HRAARZ I ERE IR Z WAL, KD Ni

I A = (B BRI, B UM RAAREIRM R EEIE KRR P 5k A% v] DL R4 & 38 T AT #8 %
B B A, AR EERRE T SO R TR AL RS A R e . g sl
b, FHrA AR SR RIERRVR R 8% . IR LA 24 3 ARG S5 AR W o A T B, IR RAES
AT REL 7 1 B BB LA 2 N JBE AT PR A AR T T A2 0 5T AR A 0 1 AR A B B L
H2, FEMEAEY AR FER I —, ORISR ] DUR AT 4 2 n) B-TH BR AT
TEAEMERR S D3t ZEmmlr B . MEMR S Bk, SEURIGEEG N, DTG WA IR FE T = # i
& NIRAB RS 0, RSB ORI Tl PR, XA i S i R e . R
I ST R SN = = P I =1 @ S == VS L X7 SISV ot DA R A A 2R 5 e A R B 420
JRASAFEAR KIS S s ) P ) £ FHTUT I A A 57 AR R AR SR AT 78— FR 2R (1 ik
TR EAT (A B R o) BEUSP FR IR RAR LA (AIR BN SRR, LRI A AE SR H] £ 1
B, CRBONAKREMGE A RTFBZ—. F BN — e AR it m A AL R, H
WFRR M, s R SRR ek R TR SR, k&R aE 1k I
BRI AR Sk . 20 tHADAR, BN EH BRI, [R5 dr A B . RO £E
CARUEH R WA KA BASET A TAY iXMReE tieE. o ZRNENY, FEIR
Jo A I B A R = s AR, (B PR ROR AT AR R . B AT, AW 00 A R
WIEEA R ULES R, 5 HIEAAEARTET RS EA BRI SIS L, iS4
Blo AP REEATIE Ay, — L5 2 RIRIN WA AL O3~ SiO, AHEL, A=W TR [ A FH 24K Bk
T B o] LA R s A g v, AR R R EA SR, RIFFFLBRA. RFE R #HgR
A FHEAL TR N7« Gong £ 117 £ 3 42 AR AL, A FE R E R AR A T, R

WeRs H3E: 2023-07-19. 1T H#H: 2023-08-31. Received date: 2023-07-19.  Revised date: 2023-08-31.
FEETRE: B AR R R H (2018ZDXM-SF-SF-033); £ A First author: BAI Yanyuan (1998-), male, Doctoral candidate.
Hee o WL TS E R BRRER % Ii(Hbscjg-1S2022004) . E-mail: byyl1998@stu.xjtu.edu.cn
B—EE: AZMA998—), B, WA, Correspondent author: WANG Yungang (1983-), male, PH.D., Associate
BREESE: ExRI(1983—), %, L, &ElFdZR. Professor.

E-mail: ygwang1986@xjtu.edu.cn



. 1644 - CREFR Eh22 4D

J Chin Ceram Soc, 2024, 52(5): 1643-1655

2024 4

AR AL T, AR B AR AT R R .
Guo 2P 7¢ K H i Bk R4 (PSC-K,FeO,) 121515 1)
AW — 0 ik A R FLAE Y TR 13, K-Fe X4
JEMEATR], A o R R Tl R A B R AT T
P, SR A4tk (PSC)RIR T KOH (PSC-KOH)F
FeCly(PSC-FeCly) i IR F B A 71 1247 50f IR SR A6
SGERRE,  mERRRARITS I A R A RN AR
V0T AR R I AR S A TS 1, IRA AR
AL R W T RS EG, RRARTE 600~
700 °C, HAELIEED G5, Lu T LUE YR KR
FEMIONERL, B H,0/CO, iEALFN Ni 713 R Gi4b
B, 8% T A M A P R T T AL
(AL, 1WEAERE N 800~900 C . £ E
N 2 mmol/g. 4ERFH, GidiGib)E EM R B
A HEIFME R RS, R R R
40.1%HE = F 93.2%. a2, HREIKRTHEDREBAT
FE IR A BRI T8 — PR R LR, B
SRAH LA 38 A (AR PTG 20 v ek A B 36 T AR A
FLBR, AR 3t A oy 7 Rk o v 7 e ) 3 T A A 1
RSN, HA T i 4 R 5 R & E R T
B GReRE, SR RmEE,
FEBA AR RS, AR ER
IR FEMERR 25 . IbAh,  H H A I e Ak B R S 32 B
DAAE VIS A (FR 2/ — H ) AL 2R e 3 o 32
R AR 5 2 B P e e v 7 A 1 R A 9 1)
AT, TR AR R R TE A, E R
PRSI EE RS . Fk, RTTRNRTED
T T A 70) 0 A, B R o ML 3L

BExof CA b 8, 38 R IR R AL -KOH V& 1k 17
A& 7 bR T AR S LR R A, AR 5T
H,0, 24T S AN S5O 32 vy 2k B 3R T 1) 25 AU IR
PR e S R T PR R AT .
B ot o s ] 2 R A AT b R e = A 1) B 5 A
JRFFHE AL BB ST 7T, i o 2 el b R o
ST

1.1 Y EREELT

L1l AVREBAARSIE  DUE A2 A
FEAMIR GRS A S I AR LA A R R
AR, SR JE MR 100~150 H IR K AE AwR LAY
JR R} o o 1) 5% BRI B XA TR )
P 300, 350, 400, 450, 500 C 5 AN EXT A
et ATk, RALETEA 30 mine XF 5 ANANIEIR

JE N BORE S HEAT H 37 SU8230 113 HiL T B s 2
TP IR AR AR 1S B AR R Bk . SRR
A 5 R R AR (1 b 2 THD AR R FLB 26 B AL B 43 A
X A J5 B A SO I 1 A 0 o R R AR AT R
It B 03K

1.1.2 PSS EAFINES  ERSEYR
WA Z 5, PR B 2 Fh & B R BEEEAT
M, BEE 100 mL K EH 1 mol/L ) Ni(NOs),-
Co(NOs)y« Ji» Sl HIRBARTIE 90 CHEEKEG
HE PRI 4 h ERGH B TRE. T 12h )5, 1R
800 ‘CHEke 4 h'"> M. BB Uk AL FIER 1T
TEBREE, BRI R AR S K AERRS
b AR R VAT P [ X ST P& S A et
P FE o 25 5 2 R A Bk S B AL RS s A AR AL
IR BRI A 5 R3E, (B85t AL,
K CLESE AR B B A B AR A AR, AR
A 0.25, RUEFRAHER B S BRAEILIR 1 1 4 1Lk
BIELE 100 mL FHRG I, SR B 90 ClHIR
KB BRPIZ B 4 h JEECH B TIIE . T, B,
TEAR BRSBTS, AT Hi# XRD-6100
BT X AT (XRD) 5317 -

1.2 £HERERE

1.2.1 HERMEL  RABREEE, ERE K
SERFEFF AP Al AR DA B A S . B
FEMBK AT R R T, SRR 1 iR, il
EARMmASCRAN, HFERSEEFI. ]
I 70 3 o W 10 485 B AT DOk 9 10 4 7 U e
Ca.1He45402.16"

®1 EHITRER

Table 1 Element composition of tar W/%
C H (6] N
49.99 6.45 34.62 1.92

W is mass fraction.
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Fig. 1 Tar catalytic reforming experimental device schematic diagram
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Fig. 2 Scanning electron microscope (SEM) 500 times enlarged pictures at different temperatures
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Table 2  Specific surface area of biochar carrier

Sample Adsorption-desorption Gas Test, ode Degassing temperature/’C  Degassing time/h  Specific surface area/(m”g ')
C (Pre-Activation) N, Mesopore testing 120 8 5
C (Post-Activation) N, Mesopore testing 120 8 1124

10 pm

3 TEAGSE R E A 5 000 fE 4 LT AT HE
Fig. 3 Scanning electron microscope image of activated
carbon carrier at 5 000 magnification
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Table 3 Pore volume and average pore size of biochar

carrier
Sample Pore volume/(mL-g™')  Average pore diameter/nm
C(Pre-Activation) 6.0x107° 1.56
C(Post-Activation) 0.38 1.48
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Fig. 4 XRD patterns of nickel-based catalysts and
unsupported metal carbon supports
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Fig. 5 XRD patterns of cobalt-based catalysts and
unsupported metal carbon supports
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Fig. 7 SEM surface morphologies of cobalt-based catalyst
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Fig. 8 Nickel-based catalyst EDS scan results
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Table 4 Distribution of elements on the surface of
nickel-based catalysts
Element W/% Molar fraction/%
Mg 8.36 12.19
Al 11.95 15.69
Si 21.16 26.69
P 6.19 7.08
K 10.30 9.33
Ca 11.87 10.49
Fe 10.28 6.52
Ni 19.89 12.01
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Fig. 9 Cobalt-based catalyst EDS scan results
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Table 5 Distribution of elements on the surface of

cobalt-based catalysts

Element w/% X%
C 71.89 80.42
(@) 8.69 6.44
K 0.21 0.12
Ca 0.24 0.12
Co 18.97 12.90

X is mole fraction.
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Table 6 Gas products and tar conversion rate with or
without catalyst

/%
Condition Conversion/%
H, CHy CHy CO CO,
With catalyst 25.62 2.82 1690 32.78 17.45 76.67
Without catalyst  22.76 2.35 16.60 28.80 27.11 36.12

@ is volume fraction.

ATCAE W, S IR RE SR i T AR v b
e, R T ERAAS T H 5 CO S E. £
THE AR I 36.12% e = 2 76.67%, YA RN
AT AT DA R AR T AT A N o AT L 3=
BN IR 3 10 R IE B FLIR S5 R Bl 144 £ IR bl



ES2EE S

FZW 55 AR5 R 77 (A B B AR .+ 1649 -

FIMEAT BT, A 75 5 AR 2R T A R s )
PE A R R, XS AU e R AL A
IR RR B T 2 , i vy £ vl EE L R R SR R B
HE A T A i 4D R o 3 32 DR R K 2 i+ D
Gy Wit 2= 5 R R 1 I E(—NH,. —OH. C—O.
C=0)%4i%, HHAAEEHBE—0OH, —C—0 &
PR, IXFER) 2 2 TR PR R BRI A 7R AT DAy
RO SRR T B A R R T ) R BRI . A R A
W H, 5 CO & = WA INHT 1 22.76% 5 28.8% 2
EIRMGH 25.62%F0 32.78%, 1fi CO, K& & M
27 %P E 17.45%, {0 TR AT DA i # 8 S,

RSy, ¥ B RS P A SR ) CO, B2 4N CO,
B v BB AR rh SO — E AR & R R R
Ro BRI EAE MW, XA T
IR S H SRR, KIEAR TS H0
MNA R Hy A1 CO AT LAZIE ANt .

x T RBIMEL AT A" EES . WU
it EWIEARE, S EME RS
ARERS. SRR ERE B R E S
FEAERIER o USRS 45 210 AR B SR BN
A PVEE A R, EER A M B A (k£
HEAGHME R SR SR AT RS R 2 Y

®7 BAREAFIZFHGTESTEFEY

Table 7 Parameters such as hydrogen production with or without catalyst

Condition Yield of Hy/(g'kg™) Selectivity of Hy/% My, / Meo Gas Density/(kg'm ™) Lower heating value/(MJ-m™)
With catalyst 11.09 16.46 0.78 8.62 13.92
Without catalyst 8.89 13.66 0.79 9.10 15.51

Reaction Conditions (Tar Mass: 2.0 g; Reaction temperature: 600 C; Mggeam/Mrar=1; Mra/Mcaarys=1)-
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Element w/% Molar fraction/%
C 65.43 80.83
(0} 2.41 2.96
Co 8.05 431
Ni 24.11 11.90
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Table 9 Hydrogen yield and other parameters of single metal loading and Ni-Co/C composite catalyst

Catalyst Hydrogen production yield/(g’kg™) Hydrogen selectivity/% H,/CO Gas density/(kgrm ™) Lower heating value/(MJ-m ™)
Ni/C 76.46 72 3.57 5.19 13.62
Co/C 88.34 118 8.17 6.15 14.83
Ni-Co/C 117.68 120 9.76 3.96 12.74
. [4] Ttk R4, RAT, % Ni-Fe A HEAKESEREZN
3 % l’f’} FRFEHI RIS T]. 7H 22 300 K 22 54T, 2008, 42(8): 1049-1053.
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Extended Abstract

Introduction Biomass as a near-zero emission and novel energy source is regarded as an optimal alternative to fossil fuels. Biomass
gasification technology is extensively used due to its superior efficiency in energy utilization, environmental congeniality, and
sustainability. However, tar as a predominant by-product of this process presents some formidable challenges, i.e., combustion
difficulties, potential clogging of boiler flue gas ducts, damage to gas-operating machinery, and health risks. These issues constitute a
significant impediment to the industrial deployment of biomass gasification technology. Addressing the efficient processing of tar is
pivotal for the extensive utilization of biomass gasification. The strategy of employing catalysts for the catalytic reforming of tar to
produce hydrogen is emerging as an effective solution, characterized by lower requisite temperatures and enhanced conversion rates.
Biomass-derived carbon with its cost-effectiveness, high specific surface area, and outstanding thermal stability is projected to have a
significant potential in the transformation of biomass tar. Nevertheless, the suboptimal metal loading capability in the catalyst
preparation from biomass carbon results in a reduced catalytic activity and an inferior hydrogen selectivity during the reforming
process. Furthermore, there is a notable deficiency in research pertaining to the tar produced in actual production processes.
Consequently, there is an urgent need for comprehensive investigations into the mechanism of hydrogen generation via catalytic
reforming using biomass-based carbon catalysts.

Methods An apricot shell powder with a granularity of 100—150 mesh was utilized as a feedstock for char production. A biomass
char carrier was obtained via carbonizing this material at 350 ‘C for 30 min. Subsequently, the biomass char carrier was impregnated
and stirred in a 1 mol/L KOH solution for 3 h, followed by a filtration process, with an impregnation ratio of 1 g of char carrier to 10
mL of KOH solution. The impregnated material was firstly calcined at 300 ‘C for 2 h, and then at 800 ‘C for 1 h 30 min. For
post-activation, the biomass char underwent oxidative modification. It was washed to a pH value of 7, impregnated with a 15%
hydrogen peroxide solution for 3 h, further washed until the pH value was 7, and then dried the post-filtration. Nickel and cobalt were
chosen as metals for loading by impregnation. A 100 mL solution of 1 mol./L Ni(NO;), and Co(NO;), was prepared, and a mixture of
cobalt nitrate and nickel nitrate was configured in a ratio of 1:4 to produce a 100 mL mixed solution. This solution was then
impregnated with the prepared char carrier in a water bath at 90 C for 4 h and filtered. After drying for 12 h, the material was
calcined at 800 C for 4 h.

For the experiment, a cold trap method was employed to collect tar at the outlet of a straw gasifier under atmospheric pressure.
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The experiment primarily utilized a vertical tube furnace, enabling the catalytic reforming of tar inside a quartz tube. A catalyst bed
was placed inside the tube furnace. A basket containing tar was set in the quartz tube in the heating furnace. In the tube furnace, the tar
transformed into a gaseous phase and passed through the catalyst bed, undergoing a reforming reaction with the catalysts on the bed.
The reaction products entered two conical flasks containing dichloromethane at the lower part of the tube furnace. These flasks were
placed in an ice bath pot to collect the residual tar, and after drying, the gases were collected in gas bags for gas chromatographic
analysis. The prepared catalyst was characterized by specific surface area analysis, scanning electron microscopy and X-ray
diffraction.

Results and discussion The XRD patterns indicate that during thermal treatment, nickel forms metal-carbon complex compounds
with surface carbon, while cobalt results in cobalt oxide formation on the biomass char surface. The SEM images revealed a porous
structure on the Ni/C surface, with metal-carbon complexes causing indentations on the char carrier, evidenced by visible surface
metal particles. A distinctive feature of Co/C compared to nickel-based catalysts is the presence of etched grooves on the surface. The
EDS analysis showed an even distribution of nickel on the Ni/C surface with a localized enrichment, alongside some surface collapse.
The nickel loading on the catalyst surface is 12.01%. Cobalt displays a more uniform distribution on Co/C, indicating a fewer cobalt
oxide enrichment sites.

The experimental results with and without catalysts for tar catalytic reforming demonstrate that catalyst addition increases a tar
reforming efficiency and H, and CO contents in syngas. Tar reforming conversion rate increases from 36.12% to 76.67%, and H, and
CO contents in syngas increase from 22.76% and 28.80% to 25.62% and 32.78%, respectively, while CO, content decreases from
27.11% to 17.45%. The results for the temperature impact on tar catalytic reforming reveal that an hydrogen yield initially increases
and then decreases having the maximum value at 700 °C. Tar conversion rate gradually increases from 76.67% to 94.95% with
increasing the temperature, finally stabilizing after 800 ‘C. An optimal steam/tar ratio (i.€., Mgeqm/Mr,) is 3 based on hydrogen yield,
production, and tar conversion rate. Similarly, an optimal tar/catalyst ratio (Mpa/Mcagaryst) is 2. Comparing single metal catalysts with
Ni—Co/C catalyst for tar catalytic reforming, Ni—-Co/C composite catalyst has a higher hydrogen yield in the gaseous products (i.e.,
72.86%) with reduced production rates of C,H,, CO and CO,.

Conclusions The preparation of carbon-based metal catalysts consists of two stages, i.e., the preparation of the char carrier and
metal loading. The optimal temperature for preparing apricot shell char carrier was 350 ‘C. Through KOH activation, its specific
surface area increased from 5.502 m?%g to 1 124.16 m?/g, with the formation of abundant mesopores and micropores. Subsequently,
H,0, oxidation of the activated char carrier effectively enhanced the oxygen-containing acidic groups on its surface. The char carrier,
prepared through carbonization, activation, and oxidative modification, exhibited a well-developed mesoporous and microporous
structure suitable for efficient metal loading. On the surface of nickel-based catalysts, complex metal-nickel and carbon compounds
formed, whereas cobalt- and iron-based catalysts formed metal oxides. The catalyst surfaces showed a good integration of metal with
the carbon carrier, with uniform distribution. The carbon-based catalysts with a large specific surface area and a developed
mesoporous structure were suitable for tar catalytic reforming. The results indicated that under nickel-based catalyst conditions, a
hydrogen yield of 91.52 g H, per 1 kg of tar could be obtained at the optimal parameters for hydrogen production from tar catalytic
reforming (i.e., 800 C, Mgeam/Mrar 0f 3 and Mr,/Mcgearyse of 2). Cobalt-based catalysts exhibited a stronger catalytic activity and a
higher hydrogen selectivity, compared to nickel-based catalysts. However, nickel- and cobalt-based catalysts both demonstrated a
lower catalytic activity, compared to the Ni-Co/C composite catalyst.

Keywords biomass; tar; activated carbon; catalysts; hydrogen



