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Preparation of Activated Carbons from Palm Shell by Response Surface
Optimization Design and Its Hydrogen Storage Performance
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Material Science and Engineering, Southwest Forestry University , Kunming 650224 , China)

Abstract: The palm shell was used as precursor to prepare activated carbons with high specific surface area by KOH activation
method. The specific surface area and micropore pore volume were taken as the inspection targets, the influence of different
preparation process conditions was explored through single factor experiments and central composite design methods. The
hydrogen storage performance of activated carbons prepared under the optimal conditions was studied. The results showed that the
activation temperature and the weight ratio of KOH/palm shell char had significant effects on the surface area and micropore
volume. The preparation parameters obtained after optimization were 795 °C for activation temperature and 3. 64 for impregnation
ratio. The average specific surface area and micropore volume of activated carbon prepared under these conditions were 3 491 m’/g
and 1.08 e¢m’/g, respectively. The pore structure analysis results showed that palm shell-based activated carbon was mainly
composed of micropores and mesopores, with the maximum microporosity of 89% . Furthermore, it could be seen from the SEM
and TEM images that there were a large number of micropores and mesopores distributed in activated carbon. Meanwhile, palm
shell activated carbon had excellent hydrogen storage performance. The excess and absolute hydrogen storage capacities were as
high as 6.4% and 6.8% under the conditions of —196 °C and 4 MPa, respectively.

Key word: KOH activation ;palm shell ; specific surface area;micropore volume ;hydrogen storage material

We#s B #:2020-09-04
E&WE K AAREEETRIIE (31971593) ;a4 A AR B4 S A AT H (2019J01386 ) 5 4 HEAMR R 2 BHE A1 8 % 70
F4T0 H (CXZX2019103)
EERN P #(1992— ), B WAKEH A WA, 2N FEY RIS MR PETE TAE
« BIAER RRNI, B 282, WA T 00 B ox 4o A 9 B L 2 A 4 RES 2 5L Rk A1k E-mail ; weigang-zhao@ fafu. edu. cn,



54 1) A RN DA BT AR T A e 1 ) S S R RERT T 93

SRR T A A REE A PR R SRR S RO B A A R B AR T R IR
AR ESAT (IRLEE 33.19 K, ) 1.296 MPa) 85I FE 5T, i HEAT AR HAR A E : 7E 100 kPa
273 K I B 90 o/m”  FEAffE EAR R U0 RA A7 Ak ) L™ R 1 24 6 LSRR oo PR A L TAL
S Jm A AP R R R it S A5 AR F AT WA RE R 7 SRR AL B R e L R
(IR 2P NIA o= 8 G 9D IU Vi = i D I BN 5 T Wt R L P S S O 1 v -
fi] B EL SRR U2 IR B 35 W) AT 1 R4S Aol Al 17 it A5 8 R AR Shy bl 6 b i i
LTI R S R T ok VY e UL AR AR A R R 7 T AR i 500 7 g i 2
e Bl A i ol R oA — o AL 1 ) v e R e e 1 JRUREE T A AR A e O A LA
FLAR B4 17 2 T B P 5 4R 5 A A S 0T 8 B P e — IR A T SO IR 5 R, X AN LR B A ]
AR S8R AR ) T 2 S s b s, DT S5 BRSS9 A 28 I AR T T s, Sy JHG e AR B2
JEHR AR Ak S O B SR IE 1T e, (HUR i A TR T A T 0 Ry L 3 T AR A e 1 2
FLVE B A E RN T 1 2 14 FL B 45 4 35 LA UM RE R B OG, DAL, e £ A ] 4 T2 2 A2
S, BRI 4 P ) R T AR LA o3 A i AL AR T B4 i S s e R T BR T A e — R TR
DAt SR RIS B, ASBIRSE DU A 7 25 1 JBORE B A A e O JEORE, R T KOHL 46 J7 3%
4 990 388 2ok B DR 2R TR R 7 R AR T T IR DT E (R R P IR R X 3 P A L B A B S R o i
J7 2203 B AR o M i 5 1 Sie AR i 25 T 22 40 0F, doe i XERE i 76 o T T 9 i SRR AT TS
o8,

1 5C B

1.1 #HRENEE

FERE ST TR Bt JE R SRR R A BR A A, 10 T E ok U, A A A6ER (KOH) \EhR (HC1,37% ) ,
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BIEHHAERSASA T HRBHEER ., 1 mol/L MIELTRIA WAL S #1722 st | SR 5 FHHuK
VR B VRS pH R 7, KT BIRE B T 103 C AYSXT A0 T 4R 12 b, B B4R R 5205
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FIHEAY Design-Expert V8. 06 A7 W 43 Hriseit, 2EH 2 PR 3 B, 2k tT 13 Yescss, oo

S YECR 5 R, XTSRRI R T 25 40 A ATt s A28 A [ 09 22 B0h S 2k AT Ak s i T
ST,
1.2.3 454 &R 0h s Fedil SRk 54T SR A4 A Sl BRI SOGE S FLBR 5 R0 HEA T 3RAE  FE 4
M PE T 260 C A R 12 h DL SRS 2RV BE T AT G - O BRI, AR AR 2R RS- B
BF S IR AR T ST BT R R A FE R TR ( Sy ) VAFLEE (Vg0 ) HHALFLE (Vi) JHALALE (V) o [AIEE
WAL B R B T AR 2 R LA AV L

SR FH 2 AR B SOXH 6 P 2 ) i PR BEIEA T 3R AE KRR S B 8 T 320 C &P 12 h DAL,



94 S /R T N4 #4185

SRIGTEMAIREE (- 196 °C) T AT S0 i He W B -3t Bl i, 46 0 ik 8 MPa,, JH i % 45 [ 4 K
R g iSRS 2D S, MRS (g/g) o fift St O] 0 Ay i e fidt S i A 240 00 o o i o
PR, 3 f i S e 11402 X 07 T PR B AR vl 8 e =R 5 1% o T, 248 %o J0 it S et i 190 2 O B A i
B I3 53 1Y) e o

2 iR 50He

2.1 BEZFEXR

T P T RS 5 A B A 2 KOH 35 Ak ik i 45 i bR i BUS ME R P i A~ 28007,
ARG 43 591 % 58 T I AL IR IR R L (B IS PE R FLEBR 25 M B B2, W& 1 o, 1 e e R R LA A
3 WK , HEE T IR 600 ~ 1 000 °C % i 4 7k L 2 TR AR AVFLALAS s e [R] B, 7 35 R
JE 800 CHYZM T , B 5 TIRBHAA 2 ~ 6 X1l P ¢ Lo R W AU G FLAL A 52 m =2 Jr DA 5 L 36
T AR AL AL AR N 5 % G2, 2 PR Sk 308 2 e fih A 2 8 2 R R JHE = i ) L B 245 4y, 3 o 0 8 O ik
AR, WIEF A, — 5 am A Sk, v B B R T, 0 2 v B L L 25 % 8 v 30 2 e 1) i L i
AR,

H P 1 Ca) PN, FEIR T HU I — a2 B S0 T, 105 1 e 199 L 2 T ARURT Bl L FL 228 B 1% A TR 118 28 fb 3 30
SRR YA Ak A BB 6 AR R RE A i S v/, He b KR H R AE T AL IR BE 800 °C B, 43 31K
3201 m*/g A11.01 em’/g, M 1(b) 0T LAE Y FEIG AL TR — 2 A 2500 T, 196 1 e %) Bb 3% 1o ARG FL
FLAS IR I3t L B 28 Ab th FR 30 LR A ) 1) AR Ak 34, 1 Se B 4 12 1ot LU A P 385 SR, ZE R LU (BN 4
i, iR B KA 3 503 m*/g A 1. 1 em’/g, SRIG IR N REaH, 28 LRTR, R T BEAS R AR 72 16 1 e 1
b I AU AL AL S AT BB K, 4538 A9 16 A b TR B2 RN 30t EL AL 23031k 800 C A 4 A Ay, i 5 52 1 iy
AR, LA B ARG T2 S350

3500 112 3500 -
a

=~ 3000 11.0 ~  ~ 3000} >
2 o o k
£ E & 5
= 2500 108 XX 3 25001} P
= € &
#® [ N
e e ke s
= 2000 0.6 ¥ = 2000F =

1500 ' ' s 0.4 1500 ' : '

600 700 800 900 1000 2 3 4 5 6
AR/ C BiRIE

—o— L MR specific surface area; —0—f{fLFLZ micropore volume
E1 ELERE(a)  RIRILE (b) XHE MR L RERMYALAL BB ZNT
Fig.1 Effect of activation temperature(a) and impregnation ratio(b) on specific surface area

and micropore volume of activated carbon
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2.2.1 rap@iXBEtE SR R E R 045 A 7E N e B T AR v R S AR
JEVE LR 700 ~900 °C, iRt HLAEAYTERI A 3 ~5, i Design-Expert V8. 06 5 175 21| i) HAK ) i 56
BT IT IR 1, R 1R F 7T Jr 581 adad 20U P 52 3675 21 A4 BT A3 1 1 e 1 L B &6
B H G5 R F . R AR JE FEI7E 1 851 ~3 503 m?/g 2 0a), i FLfLA M 0.61 ~1.10 em’/g, FFHL
LA H0.14 ~0.61 em’/g, MALAEN0.77 ~1.72 em®/g, HALFLAEMEFLAR LLAE 0. 62 ~0. 84 (1)
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Table 1 CCD experimental design and texture results

o X, ‘ ‘Xz l:l:ifmif{/ E‘fo’e?_/l 1?’&?%?[4’_@7‘]/ L% '-l—'?[;?L’_»e?‘]/
No. i/ °C . B2 Hﬁﬁ . .(-m &) (em-g™ ) .(Cm- &) microporosity (emeg™ )
temp. impregnation ratio specific surface area  total pore volume micropore volume mesopore volume
1 700 4 2260 0.96 0.81 0.84 0.15
2 800 4 3450 1.68 1.07 0.66 0.58
3 800 3 3202 1.51 1.01 0.67 0.50
4 800 4 3485 1.67 1.08 0.65 0.59
5 700 3 2550 1.11 0.85 0.77 0.26
6 700 5 1851 0.77 0.63 0.82 0.14
7 800 5 3008 1.48 0.92 0.62 0.56
8 800 4 3503 1.72 1.10 0.65 0.61
9 900 3 2327 1.00 0.77 0.77 0.23
10 800 4 3425 1.59 1.04 0.69 0.49
11 900 5 1857 0.81 0.61 0.76 0.20
12 900 4 2407 1.04 0.79 0.76 0.25
13 800 4 3468 1.62 1.05 0.67 0.53

2,22 HBRZES FEFh@BERSN R WEME, LR CY,) AEFLALE (V) 1E
AR, FIH Design-Expert V8. 06 X H 471G I ar — R 5 =AY [l A AR | AT 73530
Y, = =652 67.149 43 +165.350 57X, +1 534.862 07X, +0.572 50X, X, -

0.104 85X> —277.482 76X (1)
Y, = —16.085 98 +0.040 690X, +0.556 15X, +1.500 00 x 10 "*X, X, -
2.593 10 x 10 °X> —0.094 310X> (2)

22 PR il A U AR (Y, ) B [N T7 R 7 22 70 M 28 AR F{E 69. 485 , B8 P {H <
0.000 1, BEWY F 3R (1) frzm 19 0 2 50 ] AR Y B 25 PR B, R AR IE DR E R R® =
0.966 1, ZMESCFR RUF, ULHIIZAR AL N 1% AT LABCAS B30 P e i) L R I ARE, W), 1% — ik 2 1= ]
VAL e XS X P 5 1) R TR B A 8 3 S, X, XS SN S T X X 1 A S8 EL IR S A
W W EAR AR R PUE AT A BB A S5 B 0 T L R AR A HC P 50. 002 6,/ T0. 01,
AR RGP 3, S8 BEAN I UEDTZAR BUOR RE S HAR ER U &, SRR A IR LR IIAL(Y, ) 1Y
[ Y577 AR AN RE RS FH SR S B0 Bt A T 22 s A i A i
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Table 2 Analysis of variance and significance of the regression equation of activated carbon specific surface area(Y,)

Tr AU 7 Fl 5 FH P D
source of variance sum of squares degree of freedom mean square F value P value significant
Y model 4839645.919 5 967929. 184 69. 485 <0.0001 R
X, 816. 667 1 816. 667 0.059 0.8156
X, 309174. 000 1 309174. 000 2.195 0.0022 *E
XX, 13110.250 1 13110.250 0.941 0.3643
X3 3036206. 358 1 3036206. 358 217.962 <0.0001 kK
X3 212657.501 1 212657.501 15.266 0.0058 *ok
5% 2% residual 97509.773 7 13929. 968
AT lack of fit 93838.973 3 31279.658 34.085 0.0026 *ok
4l R 2% pure error 3670. 800 4 917.700
AL total 4937155. 692 12

1) *% .P<0.01 ZREELE highly significant difference; *#=* ;P <0.001 2SR E very significant difference; 2 3 [A] the same for
table 3
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o AR T X, X PE S0 L FL A AT B 2 B B BB, LR A 2 i
O AR TR A TE AL AL 20 0 S LA 25 (P = 0. 224 1), AW SL MR 900 45 JE 552 b, T LA
AR 2 W 2 1 T LR P AP L 25 MR S50 5 4 e 00 T 2 S e

I3 EERFEILAR(L,)WEPRAFEZAFERBEZESH

Table 3 Analysis of variance and significance of the regression equation of activated carbon micropore volume(Y,)

T 2RI SEIr A A i ¥Jr FAH PAH B
source of variance sum of squares degree of freedom mean square F value P value significant
2 model 0.346 5 0.069 79.001 <0.0001 ot
X, 0.002 1 0.002 2.738 0.1420
X, 0.037 1 0.037 41.995 0.0003 Hokok
XX, 0.001 1 0.001 1.027 0.3447
X3 0.186 1 0.186 211.839 <0.0001 ok
X3 0.025 1 0.025 28.021 0.0011 *
$RF% residual 0.006 7 0.001
RAUI lack of fit 0.004 3 0.001 2.255 0.2241
4R 2% pure error 0.002 4 0.001
BARSE cor total 0.352 12

7 T T 2) PR, PEAR S A 9 L P, Bl e 0 1 o 1) e T BR B 5 ¥ it LA A il 2
T e S RRAR . R0 HUAETE 3.5 A2 ORI AR 2k B B A i AL IRLEETE 800 °C 42 LAk
BURBI KA, 3% 5EH Z AT 4 RIS . BORHNTE KOH Hh Akt B v [l 77 78 FLBR I 7 28
AIALIE Y™ R PS5 I, B AN I A I B IR el 5 00 (BRI APAE fe R (B, W0 m B B A il 2 A
Wt FCAELR N, 3% 2= S ORI BEFL B Y 7™ Az, U I R A8 175 A L E sl R 3ot LU B 2 = AL B ) B 438
REREY R AASFLBS I i e /N T R sl e i B2, AT - BOHC L3R T AR R R 0, Pl 2(b)
Jit 7 i T P R 1 2R PR L A R e i M B TR L AL A R 5 LU (DR ARl RE A 22 1, mT IAR T
W Bt 3 A IR AR 35T AR AR 9, T35 1 2 A o F L FL A 24 52 B S R sl N i e, X 5 1 2
(a) MEaH T2,

3 700
B2 jExIbRER (a) FRFLILE (b) HI0E R E E
Fig.2 The response surface diagrams of activated carbon specific surface area(a) and micropore volume(b)
2.2.3 TEZAHEAERA TR DIBALLABR AT B0, 58 H AR A 2 R R BL LA, 7T
PUAS AR R 2 T P i 2 RO e T Z S RO ARIR L 795 °C R BILAH 3. 64 FE ML T2 MF T, it 52
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Fig.3 N, adsorption-desorption isotherms(a) and pore size distribution(b) of activated carbon from palm shells
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Fig.4 SEM images of activated carbon from palm shells
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a. x50 000; b. x200 000
5 mRfmiEtamiEs miRE
Fig.5 TEM images of activated carbon from palm shells
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FE U BS08RS85 35 8 MPa, )
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Al faH, 16 -196 CH14 MPa 551 T, Hid i B fif S Al 3k 6. 4% , 46 %0 o s fiff S = Al 38 6. 8%
B AR ) 32 AR IR E 1Y 2020 AEMAEE H bR, MG S R GG AT 1K 5. 5% (XF R AL EHE
A PR AR AR L 1. 0% ) 187202 (HURAE AN, Al 4 R Ak BRI LU A 58 i 355 1 A ) £ 34
B (UL3R 4) 76 =196 CHI 4 MPa 554, Kt 7 JL 06 M e i & i v TAT F3L0E M0k (6. 50% ) \E =
FEIETEE AR (5.74% ) T KU FETG 5 (5. 80% ), JC HH FE 75 4 B¢ (6. 60% ) | 7¢ 58 W 5L 3% M %
(5.61% ) , BAERA N FHET &,

T4 RIS MER MO AE S M B AN STk EL 52

Table 4 Comparison of hydrogen storage capacities of lab made samples and ACs from open literatures

AW R RE/ (m*g™") WIS/ (em®-g™") it /% SCiik
biomass carbon specific surface area micropore volume H, storage capacity  references

kit 5e R IE M 2% palm shell-based activated carbon 3491 1.08 6.80
BTG SR bamboo based activated carbon 3485 1.07 6.50 [11]
E TR edamame shell-based activated carbon 2838 0.84 5.74 [25]
FKEFETHPER corn cob based activated carbon 3721 0.59 5.80 [2]
TCAHRIEEE NG PSR anthracite based activated carbon 3312 1.05 6.60 [19]
FoRMEILIE PEAR chitosan based activated carbon 3066 1.11 5.61 [26]

1) =196 C . 4 MPa Tt E H, storage capacity under —196 °C and 4 MPa
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