Pore Structure Analysis
by Physisorption

The slide was adapted from Quantachrome and other sources
only for educational purposes
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Pores of Porous Solids

£ B Macropore: Interconnected
larger than 50 nm open

K 3
¥ Mesopore:
F 2-50nm
¥ Micropore: Paserts
F smaller than 2 nm open
.

J \_

~(a) Size nomenclature (IUPAC) -~  ~(b) Intraparticle pore types —

~(c) CDI transport theory nomenclature

% Macropore

’w interparticle pore
Micropore

intraparticle pore l&" f%

Porada et al., Progress in Materials Science 58 (2013) 1388-1442



Pores of Porous Solids

e Pore size distribution

— Typical curves to characterise pore size:

« Cumulative curve
» Frequency curve

— Uniform size distribution (a) &
non-uniform size distribution (b)
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Adsorption — physisorption - chemisorption

Adsorption is the process in which matter is extracted from one
phase and concentrated at the surface of a second phase (Interface
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Wang and Guo, Chemosphere, 258, 2020, 127279




Physisorption

The monolayer of adsorbed
molecules; typically, 15 - 20%
saturation

The multilayer capillary
condensation stage approximately
70% saturation

Total pore volume filling;
approximately 100% saturation




ADSORPTION ISOTHERM

« amount of N, adsorbed versus relative pressure at constant temperature

* temperature: 77 K: boiling/condensation point of N, at p_;,=p°
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« Amount adsorbed
per unit adsorbent mass:

n mol/g

Vads, sTp ml/g = cm3/g

e STP =0 °C, 1 bar

Vv _ PnN,.sTP

ads,liq”

Vads,STP
PN, Jlig

= 0.001544 xV,;_ <1



how is an adsorption isotherm recorded?

Total volume of system determined:

as e
g N /vacuum - “manifold” volume known

%//@manifold

e System is evacuated

« Start of adsorption:

P - amount of gas dosed in manifold
- p measured - quantity known
ﬁ - gas expanded into sample volume
sample - equilibrium p measured; compared to calculated p

- difference - amount adsorbed at p

() « p° measured to account for temp changes in lig. N,




Amount adsorbed ——————

Adsorption on Solid Surface

 Six types of physisorption isotherms are found over all solids

I{a)

I{b)

Relative pressure —— pm—

Thommes et al, IUPAC
Technical Report, 2015

Pure Appl. Chem. 2015; 87(9-
10): 1051-1069



Volume adsorbed

Types of Isotherms

Limiting value (plateau) due to filled
/ pores and essentially zero external area.

Type | or
pseudo-“Langmuir”

Steep initial region due to very strong
adsorption, for example in micropores.

Relative Pressure (P/Po)




Volume adsorbed

Types of Isotherms

Absence of hysteresis indicates adsorption
on and desorption from a non-porous
surface.

Type Il

Low slope region in middle of
iIsotherm indicates first few
multilayers

Rounded knee
Indicates approximate
location of monolayer
formation.

Relative Pressure (P/Po)




Volume adsorbed

Types of Isotherms

Example: krypton on polymethylmethacrylate

Type Il

Lack of knee represents extremely
weak adsorbate-adsorbent interaction

BET is not applicable

Relative Pressure (P/Po)




Volume adsorbed

Types of Isotherms

Type IV

Closure at P/Po~0.4 indicates
presence of small mesopores
(hysteresis would stay open
longer but for the tensile-
strength-failure of the nitrogen
meniscus.

Rounded knee
Indicates approximate
location of monolayer
formation.

Hysteresis indicates capillary
condensation in meso and
macropores.

Low slope region in middle of
iIsotherm indicates first few
multilayers

Relative Pressure (P/Po)




Volume adsorbed

Types of Isotherms

Example: water on carbon black

Type V

Lack of knee represents extremely
weak adsorbate-adsorbent interaction

BET is not applicable

Relative Pressure (P/Po)



Volume adsorbed

Types of Isotherms

Type VI

Stepwise multilayer
adsorption on a uniform
non-porous surface

Relative Pressure (P/Po)




Amount adsorbed ———

Types of Hysteresis

H1

l

T

H2(a) H2(b)

H3

H4 H5

fg

Thommes et al, IUPAC Technical Report, 2015

Relative pressure —————— i

H1: a narrow range of
uniform mesopores (e.g.
MCM 41, MCM 48)

H2: complex pore structures
(e.g. pore blocking)

Ha3: typical for plate-like
particles or pore network
consists of macropores

H4: typical micro-mesopores

H5: unusual, typically open
and partially blocked
mesopores



The BET 1sotherm

» Theoretical development based on
several assumptions:

— multimolecular adsorption

— 1st layer with fixed heat of
adsorption H;

— following layers with heat of
adsorption constant (= latent heat
of condensation)

— constant surface (i.e. no capillary

s | condensation) gives
p 1 N C-1 p

V.(Po—P) Vn-C Vv,-C p,

QO

'-'_"S'[:n el 51 —

or

P =I+S-£

V. (po—p) Po




?a{pn_p}

The BET i1sotherm, cont.

Plot of left side vs. p/p, should give
straight line with slope s and intercept
I

P =1+ s-£
v, (P, —p) o
Reorganizing gives
| +s

vm:i and C = —
S+ 1 I

Knowledge of S, (specific area for a
volume of gas then allows the
calculation of the specific surface area
Sg:

_Vn 'SO

m,

S

g

where m, is the mass of the sample



Example SSA calculation
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0.00 0.20 0.40 0.60 0.80 1.00
Tekanan Relatif, P/P0

Determine the specific surface area of activated carbon,
which an N,-isotherm curve at 77 K as shown in the figure!



Standard range for BET model: P/P0: 0.05 - 0.30

P/Po Volume of adsorbate V 1/(Va(Po/P-1))
(cm3/g), at STP

0,0715 264,6179 0,00029101 P 16 P
0,0953 279.7367 0,00037656 Va (Po - P) Po
0,1493 307,5930 0,00057057

0,2013 332,7449 0,00075744

0,2452 354,9241 0,00091528

0,2976 383,9286 0,00110357

0,2996 385,1396 0,00111065



Standard range for BET model: P/P0: 0.05 - 0.30

0.0012
0.001
y =0.003594x + 0.000034 p p
0.0008 5 :I+S_
R4=1.000000 ( )
Va pO _ p po

1/(Va(Po/P)-1)
o
S
&

0.0004

0 005 01 015 02 025 03 035
P/Po

Specific surface area then can be calculated:

vm=i and C=I+—S
S+ 1 |
S :Vm'SO



Adsorbates

« An adsorbate molecule covers an area o, calculated assuming dense
packing of the molecules in the multilayer. The corresponding area per
volume gas is Sy

Gas Temp. c So
[K] [A%2/molecule] | [m?/cm? gas (STP)]
N 77,5 16,2 4,36
Kr 77,5 19,5 5,24
Ar 77,5 14,6 3,92
H-0 298 10,8 2,90
CoHs 90 22,5 6,05
CO; 195 19,5 5,24







Comparisons

« (Gas Sorption Calculation Methods

P/Po range Mechanism Calculation model

1x107 to 0.02 micropore filling DFT, GCMC, HK, SF, DA, DR
0.01t0 0.1 sub-monolayer formation DR

0.05t0 0.3 monolayer complete BET, Langmuir

>0.1 multilayer formation t-plot (de-Boer,FHH),

> 0.35 capillary condensation BJH, DH

0.1 t0o 0.5 capillary filling DFT, BJH

in M41S-type materials
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Example Data : Microporous Carbon

. Tag all adsorption s -
points — —

* Analyze behavior

« Note knee — transition "
from micropore filling .., .. REY. D S — RS (S B e g [—

tOIImIted i i i i i i i i i
multilayering e ] e e e e e i

=
(plateau). E T
.E. 1 ] ] i i i ] ] i
133,90 f===ree=decmemrech e realor e e kT S e R T T e m ==
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=
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c. Qe L e Lo e T jrmm e mmrefeeerana- ks
0, Q0

0,000 a.021 4.043 G, 0Gd BoOoga 10,107 12,123 140150 16,171 18.183  20.214
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Example Data : Microporous Carbon

« Use Langmuir
(Monolayer model) /
DR for Surface Area,
Micropore VVolume

» Usue Langmuir In
range of 0.05 -> 0.2
(monolayer)




Example Data : Microporous Carbon

« Langmuir Surface Area

(2 F/FosH
4.68767e-02 1.312E-01
T.2426e-02 1.20E-01
9.9303e~-02 2. BGIE-N1
1.2234e-01 F.131E-01
1.470%e-01 3.T30m-01
1.7250e-01 1, 33%E-01
1.9307e-01 1.573E-11

Langmuir ourface ares 1. AZ0ErDT me i

Slape =  £.43EE+00
¥ = Intercept = 1.323E-02
Correlation Ceellicienl = O09bodg]

Langmuir eonslank K 1.T422T+02



Example Data : Microporous Carbon

« DR Method for
surface area,
micropore volume

« Choose low relative
pressure points (up
to P/P0=0.2)

Weight Adsorbed [grams=

4E-2
0.0000  0.1807 0,341 0.5420 0.7224 0.2033  1.0839 1.2449  1.4453 1.6253  1.49048

Law” (PefE) ho= 2,00



Example Data

» Reports micropore
surface area, and
micropore volume.

* Note Langmuir, DR
surface areas very
close (1430 m?/g vs.
1424 m?/qg)

. Microporous Carbon

log=2.00 [FofE)

1.72065E+00
1.29984E+00
1. 00E0EE+O0
.3254d4m-01
Slope =
Y o- Intercept (anki-lag) =
Corrolation CJoalficienl =
Affinity coefficient (R} =
T Cane Proee Wicdlkh =
Edaorption Energy (Eo) =

Mices Pore Vallms =

Micro FPore sSurface bkrem =

Weight Acdoorbed
[grama]

q1.304E-02
4. 402E-02
4.475E-02
4. 521E-02

=2, 390E-02

4. T32R-02

0. 299355

O 385343
J.0ZEZR-01 nm
1.G1%E401 kJd/mol
E.OZ0E-01 cofg

1. 4Z4E403 mt /g



Example Data : Macroporous Sample

File name: CihvDoouments and Sectingsh Jetf CaxonsMy Documsnt s dsmo’, R4 625014 . REE
HSamplae ID: cabok Description: BEF130
Commenta:
Operator: TH Sample weight: 03874 g
Analysis gaa: Nitrogen ¥ sect. area: Lé. 2 At molec Hon-ideality: G.5Ee-05
Adsbate {DRP): Hitrogen Eath Tenmp.: .40
dutgas Temp: 0.0 o Cutgas Tima: lé.0 hrs Analyais Tima: T1%.0 min
B/Po toleranca: i} Eguil. tima: 3 End of rum: LEs29 20048 04:45
Htatiocn §: 4 BPC aw. waralon: Bre-1_20
A —i— i} —a—
Izotherm
BEI 369 T T T T T T
| ! | ! | |
TR R s Sesseng e e e e R e
TH. 655 J: i— I I I J:
L R I----______-I 1 * “ ,, 1
! ! Little or no “knee”, !
69.858 |-----n-eee e 11 Isotherm closes at '
1 ]
B 59.021 [eememneans S bk 0.95
i 1
K] 1 1
= i i | i
. IS 1 N e e e s
3 ! : : :
o i b T T b R M —— demsmmmmm——- ] TR e R E L -
3’ 1 1 1 1
i | | |
29 B]] heemmm——— o R T S R S
i | | |
1 ! | 1
T L 7 L O o e s pmm——" L SRS I
| | ! |
i i i i
=~ - . T | S deammmmaa g / ......... damsmamanan demcmmennaan - i
: : ‘ PO s it dh il !
0. 000 gt — . . . . .
a, Daan 0, 1040 0. 20a0 0, 3040 d. 4000 ., 5a0d 0. 6000 0 7000 0. BDaD 0, 90ad 1.0000

helative Frassure, P/FPo



Example Data : Macroporous Sample

A — i — BE

1/[W({(Fo/F1-1)1

151.93

136.74

. : i i i i i i ] i
B e I e o
1 1 1 1 1 1 1 1 1

106. 35

21.16

1 1 ] 1 1 1 1 1 1
1 1 1 | 1 I 1 1 1
4
L L e e s e i e e 1, B e e v e e o o g e g, e e, e s g o e T e, S
r';'ﬁ 1 ] 1 1 1 1 1 1 1
] ] ] 1 1 1 1 1 1

£0.77

B i e e e e B L N i

i 1 ) L] 1 L] L] L] 1
] ] 1 1 1 1 1 1
Ty TTOUEEG o e I ICEL. | DESRENTE. | PSSR  TONDCEE | VP OREY. | ETCRTEERL, | ST, s e
i i i i i i i i ]
] 1 ] 1 1 1 1 1 1

15.19

0. a0

BET Flot

1 1 1 1 1
0, 0000 0. 0350 CLavan 0.1050 a.1404a a.1750 a.2100 (. 2450 0. 2000 03150 0. 3500

Relative Frasasure, B/ FO Area 8,00
im®fg)

BET Plot = OK
Surface area ca. 8m?/g (low)
Note hysteresis above P/PO = 0.95 .. Pores > 35 nm



Macroporous Sample

Example Data

V-t Plot
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Macroporous Sample

Example Data

BEJH Demorption Deeid)

to over

200 nm

BJH Shows pores
> 20nm,
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Example Data : Mesoporous Silica
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de Boar 3tatistical Thicknes= [A)

Statistical Thickness => Use de Boer for oxidic surfaces = silicas
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Use BJH — shows narrow pore size distribution in 14-17nm range (mesopores)
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