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FEE B HAT A (5 Sl U A 8 WAL B4 — b S B W, A S A LB A R R R L, T RO AE TR R
PARBOKR LR BT P BB o S T =k R AT R AR R AE AN () Sl R R i R Y LB 5 R SRR AL e R AR
JREE A 400,500,600 ,700 800°C Y 5% A B 7% R M BF 5T X 42 o B 2% WORE Micro-CT 33l 4 1 0 - B HLJE 50 kV 45
Ui 200 mA (& 1% 53 BE A 10 wm; Micro-CT &R — {4k J5 1y Adaptive mean-C, 452K UM #1 ACE HI45 & #Y
Micro-CT PEIAG 0 I AL 3107 85 B A 5 A [R) R A 2l 8 - JURE 1740 T J2 45 A T A 7 APURE 2 5 b 5 45 SR A 3 5 i o B
Ll 2 B FL BRR R FLAR 2 A A R R AR A R S S0 BET (L A2 (AR & o BI04 ol B s FL R &5 44 JEAor
=45 Hr AR At — R AR BEIR R HLAL B RAL R T B
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In Situ 3D Visualization of Pore Structure Changes of Bone Char
at Different Pyrolysis Temperatures by Micro-CT

ZHU Ying WANG Mengyan HUANG Yuanping XIE Ruyue LIU Xian HAN Lujia
(College of Engineering, China Agricultural University, Beijing 100083, China)

Abstract; Bone char, as an important product for the resource utilization of bone meal of different animal
sources, contains rich pore structure and active sites that can be used as catalyst carriers or adsorbents in
water, soil and other environments. In order to characterize the pore structure of different animal-derived
bone char particles in three-dimensional and in situ visualization, porcine and bovine bone char particles
with pyrolysis temperatures of 400°C, 500°C, 600°C, 700°C and 800°C were used. The Micro-CT
scanning conditions of bone char particles were tube voltage 50 kV, tube current 200 mA, image
resolution 10 pm; Micro-CT image binarization method was Adaptive mean-C. The results showed that
the Micro-CT image filtering method combining UM and ACE was optimal. The optimal parameters of the
UM method were Radius value set to 5, Amount value set to 90% , Threshold value set to 0, and ACE
using adaptive model. The tomographic structure images and volume model of bone char particles at
different pyrolysis temperatures were similar to the electron microscopy results. The quantitative
characterization results of specific surface area, porosity and pore size distribution of bone char particles
were in good agreement with those determined by laboratory BET method. The results can provide a non-
destructive and visualized means for in situ 3D analysis of bone char pore structure.

Key words: bone char pore structure; in situ 3D visualization; Micro-CT; image processing
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SR R R IR AR 0 7 W, VR T P A ) 2R
P B A A A 9 A W B R AR R R s m
Yl AL A 22 A 5 T A B A G i R
AT .

B F & B ROWIE S0 45 R R A, L T AR LB
RRALAR A0 5, 5 M PR RE BB AHOC . T
T 35 45 48 SR AE 7 1k 2 A 2 T A S5 M R IR 1Y
L I o 00 %56 vk AL A E W B 75 ( Brunauer,
Emmett & Teller, BET) ', 2 ity F & BUBE % 2 10
JH B3 g 5 i 1) AT s AR TG I P 128 {1 79 T 350 A i 7T R
A M7 078 AR 43 By ak 7 v R SRR i R AT S Ak
INPERT AL BE, H %535 P8 2% s BET 4387 5 125 AT 4R
it 118 B 2R T AR AL AR S A R AL BT 38 S5 TROUL L B
SR SR BT S T AL RAE . A, B ST T
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AL BT vk, — A A% [ 2 5 i B DG 1 R
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B X T B LW E 1% (Micro-computed
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1.2.1  Micro-CT #4§ F [ 5 i gt
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4 iE Micro-CT 5 4 R 1 KS B2, R A [ 0
PSR XS E S A Micro-CT Jit I G R 47 1 Ak ik
BH, LASBT  E g LB 45 R 1 [) I DR AIE B B R G
GeAE R ) SE R DA T IR S R o3 AL B R4
FL B 235 4 54 1 oA 1

AR B AL 38 3 ( Unsharp mask , UM ) J2& — i 45 16 4]
PGk Rk T Ak R
AR T L NP e K RV EU SN &
PR AL e AP . 2 TRAWTAL AL , Radius (HEE R S,
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B i&E N4 He BE 1S e UE g% ( Adaptive contrast
enhancement, ACE ) & % ] F K 14 Xt b & 1
SRR k3 A T AR R X R A 1R
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HREAR

T ik — 20 B A AN [ U 35k 4k B AR Ak B
ROR AW G T UM AL ACE BX 5 U il 4 21
Bl UM&ACE J8 AL 37 5

WraE p, UM 2 ¢ & T Bruker CTAn %% {f
Unsharp Mask pf 447715, ACE & ¥ & F Matlab
WY histeq PR ECHE AT 1H 5, UM&KACE W 2 e i 47
UM 59K 5 #9517 ACE 1158,
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1.2.3  Micro-CT g — (b )5 ik
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(a) be,400°C

(b) be,500°C
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(¢) be,600°C

(d) be,700°C

__|ele]s]e

(e) be,800°C

[¢ld]s]s

(f) pe,400°C

__|s]o]2]s

(g) pe,500C

(h) pe,600°C

{41

(i) pe,700°C

Talel7]7

(j) pc,800°C
B 1 R B s JURLRE f Micro-CT o 2 R 1)
AL AU B

Fig.1 Comparison of filtering effects of Micro-CT

reconstructed images of different bone charcoal samples

K ACE U8 75 1 b B 5 1) Micro-CT [EI45 fL B 45
F Bl R, BRI G 5] T Micro-CT KR 514 &
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RE LSS B 1 b & 3R BT B8 R R
HLBE AR AR T Tk 2 R AR R i OB 1Y
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Fig. 2

(1) pe,700°C (j) pe, 800°C
B 2 K [R] BA S  E R  JBURE Micro-CT = 4 25 My % JL Ik )22 1%

Micro-CT three-dimensional structure of bone char particles with different

pyrolysis temperatures and their tomographic images
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£1 B 4EBRARIEELE Micro-CT Bt RERITEE
Tab.1 Specific surface area values of Micro-CT images of porcine and bovine bone char
under different filtering treatments mm”/g
Z 5 TCUE ik UM ACE UM&ACE BET

4 % ,400°C (37.33 £0.84) (50.34 £0.51)" (114.12 £1.59)"*¢ (120.39 £4.02)"® (127.70 £1.55)"
45 % ,500°C (54.92 +2.25)" (67.74 £0.79) ¢ (154.45 £1.10) " (172.38 £3.45)°* (172.28 +2.08)*
4 e ,600°C (44.80 £1.33)Y (57.95 0. 68) (140.19 £2.07) " (150.18 £1.32) < (154.00 £2.15) %
5% 700°C (41.06 £0.90)"" (52.85 £0.58) ¢ (129.08 £1.78) " (142.25 £3.68) (144.47 £0.91)*
25 5% ,800°C (34.70 =1.49)F (45.79 £0.58) (103.56 £1.75)* (123.51 £1.96)* (117.43 £2.42)®
B R ,400°C (21.26 £1.01) (27.05 £0.45) (61.66 +1.20) (75.42 +£0.96)* (70.03 £1.31)%®
$E % ,500°C (48.31 £1.58)° (65.94 £0.50) ¢ (142.86 £2.13)°8 (160.17 £2.19)* (159.70 +1.55)*
W H R ,600°C (42.85 £0.31) " (61.00 £1.85) ¢ (134.26 +2.12)® (149.05 +3.14) " (150. 11 £1.37)™
&, 700°C (38.80 £0.33) " (51.67 £1.86) ¢ (122.25 £1.66) " (133.12 £4.34)* (136.95 +2.18) A
$d B ,800°C (33.08 =£1.27)"" (43.75 £2.52)" (102.71 £2.04)"¢ (110.20 £3.48)"" (116.59 £1.51)"

4 R R/ 5 B 2

U7 1T A R e B A i
I AN [7) 308 30 J7 VA AL BE A 5% A B B¢ Micro-CT TR HE 3% 1 AR ﬁﬁi%’z‘n#(zf <0.05),

{738 L 2 T AR BT B 25 22 5 (p <0.05) AR RS T B8 32 il 1 B2

M 1 Al LA P L D 400°C I, 54 8 e
A= 77 14 b 2 T AR B AR B i 2 S 500 ~ 700°C
I, i A ARl 1) T, 3 B 5 A 2 0 119 L K T
FRYA B T B, H L 500°C B 1 He 2 1 AR A g, X —
WFIELE R 5O A R 2B T 45 S o — 80 . X R
P GEIEAR (B 2) #E— 22 o0 Hr, ol fiE 5 i i 5 2

Micro-CT S ALRIEL RWNE 2 fin, HE2 /JLE
HR Bl A A TR R ) VR A A e R ) L B R R A
YIRS EFHE T RER S X 5 Z R0 R 0 L 3R

RS A — B, i — 2D W8 L B, Bl G PR TR
FER T M A BRI S )\ See S5 BRI SE I
FHE TR S, B TREE LAk,

7R 2 FLBR S5 B B A G X U WY i AR e 1 T 0 ﬁFﬂiﬁ%ﬁ*ﬁWﬁB?L
2.3.2 fLBRZSHSHRAELE R %Eﬁ%‘Lﬁ:%&sz‘aLﬂFTﬁkﬂ’ﬁ_% W58 45
AN 7] B8 A 1 2 B e TR L IR 28 AL AR 43 A1 1Y 5 /i TF A YR BB 5T 45 A
2 BEBRFNARAMBEENILEEMIAESFHIT
Tab.2 Porosity and pore size distribution statistics of porcine and bovine bone
char particles with different pyrolysis temperatures
Z 5 TLER R/ % S1o/ pm S0/ pm S50/ pwm S pan

445 58 ,400°C (20.85 +1.17)° (20.88 £0.43)" (66.54 +2.86)" (44.27 £1.57)" (1.03 £0.03)¢

B R ,500°C (36.07 £1.30)¢ (34.30 £0.68)" (89.46 +0.80)° (73.53£0.90)° (0.75 +0.01)*

4 % ,600°C (32.68 £1.19)° (32.62£0.58)° (85.38 +0.84)1 (63.63 £1.22)¢ (0.83+0.01)"

48 m , 700°C (27.76 £0.34)" (31.98 £0.76) (81.72 £1.42)° (60.66 £1.37)° (0.82 +0.02)"

4 % ,800°C (22.80 £2.26)*° (26.84 £0.73)" (73.77 £1.51)" (53.16 £0.82)" (0.88 £0.03)°

5 5 ,400°C (13.71 £1.51)" (18.24 £0.54)" (60.04 +0.73)" (36.90 £0.38)" (1.13 £0.03)¢

54 5 ,500°C (35.50 £1.93)° (31.04 £0.50)* (87.33£0.86)° (68.42 £0.52)" (0.82+0.01)"

5 % ,600°C (31.75 £1.79) ¢ (30.71 £0.32)¢ (86.63 +0.46)° (67.62 +0.42)° (0.83+0.01)"

5 5, 700°C (26.78 +1.68)° (28.70 £0.56)° (86.34 £0.92)° (66.24 £0.94) (0.87 £0.01)"

B B ,800°C (17.06 +£2.00)" (25.77 £0.11)" (74.95 +0.10)" (48.52 £0.52)" (1.01 £0.01)°

AR AN B 3 Tl B A IR

3 HRiE

fe T —Fp 5L T Micro-CT H1 &R 4b PR R Y
AN 15 By 1 1 i OB DA, = A ] R A o M R
T o B B FURE Micro-CT {4 % I SR H1 UM Al
ACE HF&5 S I e i, Horp UM 89k £ 2 2%
>4 Radius {H 5 . Amount {H 90% . Threshold {& 0, ACE
UE Wk R AT A E A R R A T A

B AR A B o BORLFL B R AL AR A S HORA B3 25 % (p <0.05)

2% g Uk, 3 T Micro-CT By A
(7] PR U B 2 B ¢ UKL A4 55 L 45 4 114 5
RAEZE R S b e T AR AL B3 A0 LA o0 A 5 = 2 45
F S R B AL A3 5 45 58 S50 28 70 i 45 A0
W15 o FSE 2 R A [ 3l W 5 o SBORE FOW I 35 1
FLBR S A 1 2 B it 1 — Pl PR 5o = 4 ] #L
RN T B o

Adaptive mean-C,
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