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IR 3& (sorption)
U&HR (absorption) Phase 1 hase 2
I8 5& (adsorption
%37 (adsorption)  mEReD | REE
REICHITAREEDEEMN (adsorbent) orbate)
NV LRI DIREE
® B (physisorption) TBF D=L
B o - i /O T DML R
® L= 7% (chemisorption) BFDNIZ=ZHY
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Ref.) IR7EDEZE, ALE (1991). Ref) REIZH (THIBHIL
( AE (1994).

PU4SFE— A+ (x10726 esu)
N,: —4.9, 0,: —1.33, CO,: ~14.9

Ref.) Wikipedia
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’ L Molecule / Molecule
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T

LJ 12—-6 potential O..
D, (r) = 4, [( ()]

i Ref.) IEDEIZE, #LFE (1991).

RFsovILTRILF —
[ ]

FF I8 5718
(London7&X A7)
100

_ € ./k (K) o ;(nm)
g 7 He 10.41 0.2602
g ok S Ar 141.6 0.3350
f - e N, 104.2 0.3632
= Lennard—Jones - 02 126.3 0.3382

-100 . . . . ]
3.0 4.0 5.0 6.0 7.0 8.0 C02 2453 03762

R (A)

Ref.) Wikipedia CH, 161.3 0.3721



http://upload.wikimedia.org/wikipedia/commons/9/93/Argon_dimer_potential_and_Lennard-Jones.png

KYUSHU UNIVERSITY [&%*H ‘H{EFH

. o f
NF FEIERE r BENE-EREERETF s EDLI/STA—4— £ .
(pfs(r) 4£fs[( S) _( S) ]
mﬂmmmmmmw
Y YA AN A Y AN
Lorentz—BertheIot.‘.:. 5 E] S
O, +0 For carbon,
O =— 2 & = (&) €o/k=283K
2 0. =034 nm
200
aF FERBERIEF EDLINTGA—F— 100 | CH,~CH,
Al 0
Py = Z(pfs (r;) \m 100 | \/
| { -200 |
N 300}
2 Opo Opvay &
| |
-6000 0i2 Oi4 Oi6 0i8 1

o0: ERREFOHEE
z/nm



¥ KYUSHU UNIVERSITY [D)"l % §j\ =a1)) %E 1] *z E’J :|$

Localized adsorption on a uniform surface

@
@ @ (D ]t
©
® @ |
Mixed mobile and localized adsorption on (a) (b)
a haeterogeneous su rface J—

[E2-15 (a) Ru(0001) LD PFa S FOEBEETIL, JIX/IT(XEK17LN). (b) 7

Ref.) Adsorption, Academic Press (1999). 7774 b O N.OBAMEE 7L, /3X3 I8 LY).

Ref) REREIZFE A, HLE (1994).
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A 200
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) 0 \ [ H /nm
\ X 0 0.2 | ol4 5| 08 -
| . 4 1 O :
o \r:o -200 - /O —
- x - 13
X oo N oo
\\I o —0.7
po = o,
| ~1000
z/nm

Steele’ s 10—4-3 potential

feo) ®(z) = 2mp. €2 {[éj{? TO _(Gsz j4 - 3A(0.21;A + 2)3}

£ &

it ?(2),,. = D2+ O(H2)

B oK

0.7nm

’I
1.0nm

H=15nm

~———

H=w+2z,- 04,

! 1 I 1 1
-08 —-06 —04 —02 0 02 04 06 08

@ o) w= H - 0.24 (nm) for N,—graphite system
Ref) REIZH T DRI, HE (1994).
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ANz M@ (internal surface)

B9 7. (open pore) EAFl. (closed pore)

\ /

/
N

solid

4\ 3R @ (external surface)

D) F KL Ay MRHFL
d
=48+, (micropore) <2nm
7 )LZ24-8F, (ultra—micropore) < 0.7 nm
A—/\—=4 0%, (super—micropore) 0.7-2 nm
A H, (mesopore) 2-50 nm
<%~ 08+H, (macropore) > 50 nm
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Specific surface area: a If o =2g/cmdand L=1um,
(surface area of 1 g of sample)
a=3mi/g
a=6L2 If 0 =2g/cm3and L =10 nm,
1 a=300 m?/g
V===
yo,
6 q~ 2
— T a=— ~
C O

| f

2
pd ax—
— pd
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Gaussian distribution y = exp{
O, ’\/

HIRERE O_n:\/Z(Igll)zni

Skew probability I

Normal probability

Frequency
T

| I B — |
Particie size /um {

Fig. 1.14 Normal and skew probability functions. (Courtesy DallaValle¢®) Fig. 1.13 Gaussian partlcle size distributions. Curve I represents a more
uniform size distribution than does curve II.

Ref.) Adsorption, Academic Press (1999).
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W= f(p, T, solid, gas)

05 7& %R R (adsorption isotherm): W= F(p);
0N 75 S5 [£ #5% (adsorption isobar): W= 1(7), ¢
N 75 25 2 #3% (adsorption isostere): p=Ff(NDyo

| Jl I 11}
.g . - =
i i 1| /r

.

Relative pressure p/p°
Ref.) Adsorption, Academic Press (1999).
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Gravimetric method /
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Volumetric method H 7L
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Ref.) Adsorption, Academic Press (1999).
=]
B

orbate)
TR
==

L surface excess amount ]

J

pois A it

" (b)  GIBBS REPRESENTATION

i

GDS: Gibbs dividing surface

o
cc=0' > 0 >
T RS = W, re;r:iﬁ?nrg in REGE| &= W,, | amount counted in
the gas phase the gas phase
W, = (dre+f) - f W, = (d+e+f) - (d+f)
=n-— 2k =n-ct l/g(dead space)

m RAICHLIEREBEE=E
t
_ — g
W, =a| Oc:(z)dz =W, +c%_,

a RMEIE
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Ia:
Ib:
Ila:
IIb:

Iva:

Ivb:

[ i
e |
:H'IEII Va ivb Ve
= I I/ m
*H *t £ o/ Po ad

Ref.) Adsorption, Academic Press (1999).

2/AKR7I1')>% (micropore filling)
2/ART7 714+ Bl FE1E (cooperative filling)
20 FRWE
ERAEDR )Y MRHAFLOT L —MRELF B EFEA DRE
AVAHIZHITHEE B
(B —GERRBLF D BEERCEBEADEE)
AVAHIZHITHEE B
(RFHAXHBTFTRIVTHAZRICHHLEHIR~DERE)



W, KYUSHU UNIVERSITY

1. Henry’ s law

W= k,p
2. Freundlich eql./ Vil 28 .
W =kp™'" > N =K, + KW + KW 2+
P W
3. Langmuir eq. — Ky = .IO'H?)(F)
B FRRE R v SRR O
W = abp vk AN N
1+ap VKV,
k, k; EREEH
N BT A
. p_1 P N BEREVAROH
W ab b U: ErREE ;
S b

a=k/k,= REFEEER  REHEER
b= N, = fafIRkiEE
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4. Brunauer—Emmett—Teller (BET) eq. @,
20 FREWE M
R E
2B EHLUEOREEILEHEEEFLLY

-FED S FRIEE/EREEL
v Cp

(P = PY{1+(C -1)(p/py)}
o 0z o+ o0& s p<<p, D EZE ., Langmuir eq.&E75 D
o dieen i o CR T S CIXRFEMEARAERBR (0)

¢ = 10000.

Ref) Adsorption, Academic Press (1999). D 1 C 1 P
W (p, — ) % C v.C p,
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4. Brunauer-Emmett—-Teller (BET) eaq. O
£57RRE oS o 0088
/ I E
of 2B B UMW EER L SfEEEFLLY
i C——+1 / O FHEMEEERIEEL
B / W _ Vme
] / (Po = PY{1+(C =D(p/p,)}
//// o p<<p, D EZE ., Langmuir eq.&E75 D
C>> 1L CIXEME{ERZ R (C0)
1 1 C 1
p_1.p P p
W(p,-p) Vv.C P, W(p,—p) V C V.G Py

tJJH'/ ﬂﬁﬂés
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te & E 2 (m?/g)
— Vv m am L

a = x10%°
M

v, BFRREE (¢/¢2)
a: 7FaAmEE (A?)
L: Avogadro#{

Emmett and Brunauer® a & H = M. %%E@ﬁ%% (g/mOI)
a_ =1.091 |V|L)2,3 v, 2cm3(STP)/g TR HF-LEIX
pL a= VmamL ><1(:)—20

o BIFREICH I BRIEE O RARE 22414
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HADEHE RE(C) faM#FESR (mmHg) S FERER (A2
N, -196 (RIEZERIEE) 760 16.2
-183(RETIITVRE) 250 17.0
Ar -183 (& ETIILITVRE) 760 13.8
Kr -196 (AHEREE) 3 18.5
co, ~18(FSATAR/TR/— IR )—RE) 1,000 19.5
o, -183 (& ETIILITVRE) 760 14.6
CH, -183(RETIITVRE) 82 16.0
H,0 25 24 10.8
n-CH,, |0 810 32.1

Ref.) http://www.yuasa—ionics.co jp/powder/term_powder/sokutei_genri.html
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5. PolanyiD R ERT L+ )L ERER %731 H15 = RIS 2R
S FRFEBOHHN ¢ ﬁ}ﬁ?@&% - e
W iz e -
o=— WAENFERARE P
p o —

([N REB~AREEZBRHT H1LES)

@
-k ERT 4 )L (adsorption potential) € wsWﬁ £,
ng
e =RTIn(p,/p)

SR ER (characteristic curve) ;
REFIEE THY . BEITIKRFLEL . 5
mmm) Dubinin—Radushkevich (DR) plot < 4
Micropore volume filling model  {g 5 3
InW =—(£ 2In2(p0/p)+InWO MBS 3 Gaussian 2 00 150
E T zpnuss In(p /p)

WINRE (pEEke) FHHERE IR IV —REFIRE)
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NN E SRR - t—plot method
(standard isotherm) W HRaFREDESC

t=—o0
- vV (N,: 0.354 nm)
o m
Al o
! g — slope=v /O
SRR o
R EEHa-
i S e tbkxmmtEa=a v L
A 0 .
08 —
~ [ .| Y .a=a_o0 L X(slope)
X2 4o 228 m
: 8
- L]
% = g b 0
~— 1
I Adsorption isotherms t—plots
[ NN TS WS SR TS W N S— 300
0 02 04 o6 08 10
2/p° 250 | o
Fig. 2.26 Comparison of a number of standard isotherms of nitrogen at
77 K, plotted as n/n,, against p/p°. O, Shull;!25 x, Pierce;!?* [J, de Boer et § §
al.;1°° @, Cranston and Inkley.'?’ 200 r o B
Ref.) Adsorption, Academic Press (1999). IIIIHH o [IIIHH A
#im 150 | o i
0 [ ]
X0 sampleB o | =X
..
50 |
- ]
N ~ sample A faz
0

0.2 0.4 0.6 0.8 1

Xt E 0/ py
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* & s—plot method

O = W
W(p/p,=0.4)
slope(sample) W, ,(sample) a(sample)
slope(standard) W, ,(standard) a(standard)

slope(sample)

a(sample) = x a(standard)
slope(standard)
Adsorption isotherms o ;—plots
300
250 °
§ 200 | o § B
Il o | A
:H'IEE 150 r iS . :H'l@
X 0| sample B & i
ez
012 0.4 0.6 0.8 1
a

i i‘-.I'JIT:,U/po y
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Adsorption isotherms

A
Il
Ha
=X
*H?‘TEP/,DO
2707,
(8)
A 2
Ta) (o) ’,/ (a)
ca’////

ple

Hirﬂ,I

Ol
HE

0

Amount adsorbed, 7

EJavk GRALEBERDISS)

t- or & ;—plots

(5)

Ref.) Adsorption, Academic Press (1999).
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(a) /.7a—°' (8) /c/
T:_Esoo— p g 3001 IO/
a ;—plots : Y /
3 200f o 200} £
g °/°' ‘ W
- 8 ;‘/
VVO,tota/ f =7 = ¥L E 100 gf{ 1004 5
/ ¥—__cTswing 1[) o
ml%ml (cooperative fl”lng) 0 o-lz o-l4/ o!s ol.a 0 o 0%5 1-Io 1!5 20
p/p° ag
P AVEAN 120 (c) (o)
@ 100- o -
it 7
,{, sol ".ﬂ 80 ":,I
zFiE%Eﬁ § 60 /°/o sor )’
R :
(=707.) i (fd oL L
s B &
£ /
= 20 20 l/
. /
f_SW|ng ° ! I 1 I I” ] 1 1 ]
. - 0 02 04 06 08 o 05 10 15 20
(micropore filling) e ",

Fig.3.25 (a) Nitrogen adsorption isotherm and (b) a,-plot for mesoporous
silica gel*? F. The a,-plot is based on the a,-data given in Table 2.14. (c)
Nitrogen adsorption isotherm and (d) a,-plot for chromium oxide gel B2
heated in air at 280°C for 27 h.”? The reference substance for the a,-plot
was a chromium oxide gel which had been heated at 880°C and aged.

Ref.) Adsorption, Academic Press (1999).
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BEfRA 6
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HFLADFREDEFM AT

KelvinT{,
In(ﬂj = — WV 1 cosé

P RT r
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e Vm: EILIATE
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Hi ~r1 H2
H1:
AN . =
i H2:
Ho
= " He H3:
H4 .

AVATORE -BEERTISR- "

L
Y

>t E o/ p,

mimER R D ) 2 —IR L.
B — AR FDREIRICK DML,

A AR DHFL
H124 T OHIFL T, HFALEIZH A
XA N=)

A )yMRPTL—MAHRFL
H3ZATIZZ VRSN EFELTLSIEE
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A) LB

BJH‘% (Barrett—Joyner—Halenda)

CIy% (Cranston-Inkley)

DHJ% (Dollimore—Heal)
WIFhE) o —RRFLIZ DU TKelvinKIZR DNV TEH,
NLEFRDEWE, REBDEH t DETEIZKSHENTHY.
FITEBRHNAD2 mUTOMALIZTEDEILFEE,

r,=rgtt

Kelvinzt

P 2yV. 1 Y: RERA
In p_ “ T RT 1 Vm: BILIKTE
0 m

0.953

B

K = mERETDE T, =
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ToOF5EE

MP‘"@':
t-plotDIEEMHEH,
HK% (Horvath—Kawazoe)

Lennard-JonesBE#ZF ALNTR O =X )y RHFL R D FEH

RTINS ER,

SF% (Saito—Foley)

FHRTUIONIVERED) A —RMETIZHEE,

S/0OFLPAEI~ A FLAEE

DFT (Density functional theory, &

EWNE L b

GCMC(Grand Canonical Monte Carlo) &

HRFEEE I AL —avIcRUBRAGHALREORESRE
é" STHE. ERTAAEREFRBEDT 3y rEANT

497420 LTEH,
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FAFL ( Vop) IEM:( V /d) - %5&“'&%%

/ Wexp :Wad +Wbuo ﬁd)ﬁﬁ

(FEHDHFRIATRIZED)

REBRE 2 NHES
\ e X
BIZL(V ) ERAESELbvsHRAEHDIEE
i dw,, d
/ \ (slope)= dp = dp ex ~ Phoulk (Vsolid +ch )}
B p=g M
(B ol Pour = BT
. M BRADDFE
AT HE £ (AW, /AP TE BIEE NS,
M
slope)=—-—— soli +Vc
BINFHFEE o= (Sope) = i Vo)
Vsolid +ch +Vy M 1
o P T TRY (slope)
mYUTIIE=E P

Ref.) J. Phys. Chem., 98, 9594-9600 (1994).
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REEW [meg/g]

N, adsorption isotherms at 77 K
for pitch—based activated carbon fibers (ACFs)

1000 1000
P20
800 F 60000 00 000K TDSOO' é&>
& $
600 } P15 £ 600 | ;
LA A D A AN AN A AN ANA § iy
400 P10 OB 400 | R A@AAA
O o O 'O O o OZAAAAA o 00 O
o
000000 O O 0C¢ =X A oo
200 1 P5 200 F @éééogo&ﬁoo o8 8@
1 1 1 1 O$ 1 1 1 1 1
0 02 04 06 0.8 1 6 5 4 3 2 1 0
p/ Py log(p/ py)

S EvFRFEMREM (Adol Co.)
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DR plots

2
INW =— ;—T In®(p, / p)+InW,

» 0 |
\IEHB y D
(N,: 0.33) (E=
,
6.5*%%
g IR R
téo téo C‘D AAAAA N RS P20
- o — 5.5 DD A VAN DN ~
S 3} a © N e R ar
z € 5: ps ey
- 2 o) - e
| . el P10 P15
O 1 1 1 4 1 1 L 1
0 50 100 150 200 0 20 40 60 80 100

In%(py/ p) In%(py/ p)
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DR plots
RT )’
INW =— j In®(p, / p)+InW,
AR B S
A% \ / E
(N,: 0.33) = 2

DREZHT XY RDI-EVFRFMERRMMEDMABIS/NTA—F—

TU0ARE FERE TRV —
(cm3/g) (kd/mol)
P5 0.279 26.5
P10 0.344 19.9
P15 0.499 17.9
P20 0.640 17.4
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1000
EZ ocLb R METE (2)
800
=
< TIRTLE SHASE
400
:Hﬁg W = 0
200 Aiotal ~ Aexternal
A1)y R FL
: , a/2
.. I

//
WO

A ¥}  non—porous carbon #32B
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EEDOFHM OMFLiFE AT

38

¢ —plots
SHREE g, | NEKEE a0 | EMALBE W0 | THIMEAE w
(m?/g) (m2/g) (cm3/g) (hm)
P5 884 3 0.294 0.67
P10 958 8 0.407 0.86
P15 1310 30 0.599 0.94
P20 1803 18 0.946 1.1
A1)y KL
a/2

NG
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X

%500 [ O S (T SR N M| M MR
1] 0.5 I 1.5 2

Distance from SWNH axis’ nm

Figure 2. Interaction molecular potential, (a) [ustration of amange-
ment of SWNHs: (b) Potental curves of narogen-SWNH (« « ») SWNH
A: (» —) SWNH B: (—) $WNH assembly.

Ref)  Chem. Phys. Lett, 309, 165 (1999).
J. Phys. Chem. B, 105, 10210 (2001).
Adv. Mater., 16, 397 (2004).
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BEAUDLFNEES &~ HTEE

Buoyancy change of SWNH with He pressure at 303 K P, = m = — M 1
j " Vg +V, RT (slope)
=1.25 g/cm?
- B
) i T71hDEH 2.27 g/cm?
B (EfkEE) 77 % 227 g/m
£ | .
%\2 ~ t Vsolid
K
ﬂ[ﬂﬂﬂ o ‘ ) BAFLIKTE: 1, = 0.36 cm¥/g

| N Q61:_KDL I B
A it me oo e b | 1.45g/cm?

I£ 71 [MPa]

Ref.)  Chem. Phys. Lett, 331, 14 (2000).
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(a) Closed: molecular diameter > nanowindow size
Open;
molecular diameter = nanowindow size \ {
@ ==
- =
T
(b) g
E
temperature closed  initial adsorption capacity £
pore =
7
He Ar Na CH, SF, Cao =
0.2602 L.335 0.3632 0.3721 d.525 0.92 :%
(mm) a
® O @® P
©
K mlg'  mlg' mlg' mlg' mlg' mlg' mlg'
as grown .36 ] 0 0 | 1] 0
573 0.12 (.24 (.09 hr .09 0 0
023 010 0.2t .26 .26 .19 017 0
693 0.05 (.31 0.3l 031 0.3 0.31 031

Ref) J Phys. Chem. B, 106, 12668 (2002).
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