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Characterization of Porous Solids and
Powders: Surface Area, Pore Size and Density.
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Inter-connected Closed
(open) AL
BBEFC (FFFL)
Passing
(open) Dead end
830 (FF30) (open) &5 (5730)

F. Rouquerol, J. Rouquerol, K. 5. W. Sing, Adsorption by Powders and Porous
Solids, Academic Press, 1-25, 1999
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Cylindrical . = e— Slits
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Conical '
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Spherical or
Ink Bottle

2R 230 (BARHRIL) ‘

F. Rouquerel, J. Rouquercl, K. 5. W. Sing, Adsorption by Powders and Porous
Solids, Academic Press, 1-25, 1999

Interstices
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Degree of Porosity
FUBRA

Surface area

Pore size and
its distribution Pore volume

FCBRAE (Porosity): SREXRFFLEE RTIFIE,

Porosity is defined here as surface features that are deeper than they are wide.

fLE% (Porosity)

o LB H S ORI AR R F LR,
SENHERAR 5 S e o B [l AR b (R ] e £L
AR (FLARBRT S ARD 5 A
BRI .

d R P RTERAFCBRFRD IR, EHZYIX
3-8 L BRTIR-F-H00nm, FH 325 #75E Bl 1R =)
100nm, RAEH 5 & REBS KNI AWK /a6 =
B,
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Suitable methods of determination

o SRR B R B B BT 3R T BB AR UV AR AN
isEmA A g,
o WP R R E, s RN SR A B4 F RE R R KL

The amount adsorhed is a function of temperature, pressure and the strength of
attraction or interaction potential.

o PRI ot 55 R ] TSR B ] A 2 A v A,
ﬁ%%%*ﬁﬁ%%ﬂ%%%%?%ﬁ*ﬁﬁ%

Va¥ Physisorption is generally weak and reversible. The solid must be cooled
and a method used to estimate the monolayer coverage from which surface area can be
calculated.
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Can measure only open pores
Pore size : 0.4 nm - 50 nm
Easy

Established technigque

Gas
adsorption
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Gas
adsorption

' Techniques l .?L{Gé >5nm

-

Small angle

e JLFA TS

scattering

» Pore size > 5nm
» Rarely used for pore
analysis
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Gas
adsorption
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“& » Any pore size
» Open + Close
porosity

scattering
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» Any pore size

» Open & Close
porosity

» Costly
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PoreMaster 33/60 Z %1 PoreMaster GT 33/60 %%
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a FLiA&FPore volume

O fL#243AfiPore size distribution
O fLi#Pore Area

O fL45#Pore structure

O ki 4 A Particle size distribution
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Mercury (online resources)

R AR LA _EGRIREE I R

Online resources regarding mercury safety are available at the following sites:
(W {5 J55 W9 3387 Environmental Protection Agency)

(B ks 22 IR SERh A, SRR (R = Ty RO A B AN e BB R 1ok LB PR
FHT5 G

The New England Environmental Assistance Team “NEEATeam”, provides medical facilities with
information on mercury and how to prevent pollution by minimizing mercury and other waste)

(7 b B TJURN SR Ik HA Ak B 5475 JS. Disposal Options and Spill Kits)

(R 22 HHRR Material Safety data Sheet)
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Wl faR R E RS R S
{2 #%: Terome 411 SxJB R ZET AL
PWEK e N1, FRAT, TR GUR, R EPICHEEL (<0.001Hg mg/m’)

T4T: Hg mgﬁm3

S Szuh P
LA < 0.001 FEALE M= 0.001 NPT [% < 0.001
A< 0.001 F O 50 1min fF) <0.001 AL <0.004
FhiBL < 0.001 I [X < 0.001 Hifi < 0.004
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Mercury Intrusion Porosimetry
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Analysis

FEA M A

® /%{Iﬂ/ EI E/?T{Iﬂ Wetting/Non-wetting

® %f?ﬁﬁﬁ Contact Angle

= Washburn 75 ##

o & 774 ilipressure eneration

o ARF ) HE 25 I capacitance measurement of volume
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The Fundamental Principle

P2
0

FERURL 18] (RS R AL R AR 1 LA BT H
Jis 3 04 BRI K SRR AR R AR AR K 22 RO AT [ A1 e

The forced intrusion of liquid mercury between particles and into pores as a function of
applied pressure is routinely employed to characterize a wide range of particulate and solid
materials.
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Wetting / Contact Angles

{a)

»

¥l 6 < 90°

(b)
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Contact Angle : Hg on a variety of materials

Material Mean contact Standard

angle (6°) deviation
Dimethylglyoxime 139.6 0.45
Galactose 140.3 0.43
Barium chromate 140.6 0.41
Titanium oxide 140.9 0.55
Zinc oxide 1414 0.34
Dodecyl sodium sulfate 1415 0.44
Antimony oxide 141.6 0.88
Fumaric acid 1431 0.27
Starch 147.2 0.68
Carbon 154.9 12
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Where P is in MPa and r in pm
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Mercury Intrusion
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Experimental Requirements

ﬁé lilﬁlil %(H@Hﬁﬁ“)@ll (penetrometer) to hold the test sample.
SR IE 7R 56 B T AR 8RR it IR AL 2 B s 1t

fham ol Y. Paran o .
4%-7}(%%1&1@'% |;l1:p'1 ‘E’. Vacuum filling apparatus to remove air from the cell and
pores within the sample and for transferring mercury into the sample cell.

}_‘Ej] Z{ﬁf%ﬁ Pressure generator
ﬁ%@éﬂﬁé FIIIEI %’:' H/‘J %Eﬁ(_‘%—gﬂ%).High—pressure vessel to contain the

sample cell.

U0 P e A A AR (8 e, e P L s D L) o 5

Measuring circuits to monitor change in mercury volume as a function of applied pressure.

W A5 A AR 88 7= AR I TR SRR RS drautic i o

transmit the pressure from the generator to the sample cell.
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The sample cell or penetrometer (sometimes
called a dilatometer) is used both to contain

the sample and to facilitate the measurement
of intrusion and extrusion volumes.
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J3 A FH Ik v vt

o BHET (FEAR D Br) 4 —Fh SR RMH AN E TR
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Cell contact assembly

Short sample cell Upper Cell Housing
(P/N 74012) 2 mm ID (short cell) P/N 01559
(P/N 74014) 4 mm ID (P/N 04000-6405) \
| ﬂd-
- /z"
O-ring

(P/N 51001-112)

FIGURE: POREMASTER SHORT SAMPLE CELL ASSEMBLY FOR LOW PRESSURE
MEASUREMENTS
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Apparent Volume Intruded

logP
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Entrapment ceases after the first few cycles
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Pore Size

Hormalized Volume vs.

28230

Dismeter [pm]
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Particle Size Theories

 MS (Mayer-Stowe) Theory

[ SS (Smith-Stermer) Theory

© 2003, Quantachrome Instruments



AT R

Particle Size Theories
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Particle Size Theories
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Mayer-Stowe Theory (MS)

Ky
Pp = —f
b D
Po =535 (N/m)
K = befol i %

(8% 510.73 for 6= 140 and ¢, = 37.5%)

D =wmikiEsz (um)
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Smith-Stermer Theory (SS)

Vi = [K(Pj,D)F(D)dD

K(Pj, D) f—-Hiide i 46D 1930k I
VE R IR0

F(D) fekiiesri
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Particle Size Distributions
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PRAETT I
ASTM

o IR AT D4404-84(1998)el Standard Test Method for
Determination of Pore Volume and Pore VVolume Distribution
of Soil and Rock by Mercury Intrusion Porosimetry

= {H1L7: D4284-92 Standard Test Method for Determining
Pore Volume Distribution of Catalysts by Mercury Intrusion
Porosimetry

e PVCHJIF: D2873-94(1999)el Standard Test Method for
Interior Porosity of Poly(Vinyl Chloride) (PVC) Resins by
Mercury Intrusion Porosimetry
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NIVARES
BSi

e BS 7591-1:1992 Porosity and pore size distribution of
materials. Method of evaluation by mercury porosimetry.

USP
e USP<267>
I1ISO

= |SO15901-1: Evaluation of Pore Size and Porosity of Materials.
by mercury porosimetry and gas adsorption ---- Part 1: Mercury
porosity.
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[ Application Area - Paper |

Samples (macroporous)
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“Adsorptive and Adsotbate”

Adsorptive - adsorbate before being adsorbed on the surface

;

~————Adsorbate - the gas adsorbed on the
surface of solids

Adsorbent - the solid where adsorption takes place
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YEH R XS] 1 27
AHadS—l <40 50-200
(kJ mol™)
Ba Rare 60—100
(kJ mol™)
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¥ F 2= L=

l. 353 EHERT LB RES ORI
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4, AT TERBILABRAMNE ERRT, WEd
B4 5ASP, 38 43P B SR B TR BY S
2o
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Very Low pressure behavior (micropore filling)

g AW IR ES (<0.01) T3
7 RITUF AL, PRITUHE D BSR4 46 B2 9
it RARTABEEY LA RSB R T, MK
’ RARFO PRI AT RIEBRIC,

X )
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Low pressure behavior (monolayer)

The “knee”

T co0
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S T T BRI AT O (2 BT

Medium pressure behavior (multilayer)
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High pressure behavior (capillary condensation)
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AR AL B — T A L B B, B 2R R
RS Ui B
Schematic illustration of the sorption, pore condensation and
hysteresis behavior of a fluid in a single cylindrical mesopore

Vads
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Sample preparation
The adsorbate has to “see” the real surface

o BN A AR A B O B T AN S L 1 IR ) (H
SR BRI RE, BT DA fE — ANV AR L U, Sy 1
JERITE S = KA.

Whilst a little pre-adsorbed moisture wouldn't affect the monolayer capacity, it would

affect the strength with which it is adsorbed, so the monolayer would be formed at a
different pressure than on a clean surface.

o FLIEDN B A0 HIAK 2 i) R 2E.

Pores can be easily blocked by moisture. Water undergoes capillary condensation at
humidities well below bulk saturation in the confines of the pore (just as nitrogen does
as we will see later).

o TFLAESE R, A L L 2E!

Micropores can be completely filled, not just blocked!
o FVILKALIRBH R FLTL-FTEaY R ETIR.

Ae ala

A #‘A
/EtE ﬁﬂfﬁ ~—{,Outgassing of Surface

I8 BRI ARG BT A i i ek 2 0 Y Bl d s
SRR B R 2 BRS e i AR, 32 B KA
Sample is cleaned of adsorbed contaminants, mainly moisture, by the application of
vacuum or flow of dry inert gas and preferably some heat
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Irving Langmuir (1881-1957)

1927 Coined the use of the term "plasma" for an
ionized gas.

1935-1937 With Katherine Blodgett studied thin films.

1948-1953 With Vincent Schaefer discovered that the
introduction of dry ice and iodide into a sufficiently
moist cloud of low temperature could induce
precipitation.

1932 The Nobel Prize in Chemistry "for his
discoveries and investigations in surface chemistry"

http://public.lanl.gov/alp/plasma/history.html

electrons
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Langmuirian behavior

Confining adsorption to a monolayer, the Langmuir
equation can be written

\% KP

Vo, 1+KP

where V is the volume of gas adsorbed at pressure P,
Vs the monolayer capacity (i.e. 0 =1) expressed as
the volume of gas at STP and K is a constant for any
given gas-solid pair. Rearranging in the form of a
straight line (y=ab+x) gives

P_1 ., P
V. KVp  Vp
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RHF (s) = C-1 e
N7 ~—~ 7’
7
V,,C =
IR () = 1 1
Po/P)-1]
Vm C w[(Po/P)-1]
V= _ 1 : : .
S+ | 0-1 0-2 0-3
PIP,
S = V_N Where, N = Avogadro’s number
total m 9
A A,= cross-sectional area of adsorbate molecule
XS
22,414 ew—
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BET v HEeEHF2=2L11, 1V

o HECTHW I REEA R
— C o (EgyyyEgng) IRT
— AN IEAE
— IRAEL A 59 WRBE, ARG 1 1 [ 4

o “C{HVEH
— C=2-50, 40, =7 T H &R
— C=50-200, A4, H A RE
— C=>200 7% 0%, 73 1T

AL A E 694 5 8 vb & & 31 8 3% A Langmuir 542, 2 & -
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Relative Pressure. P/Po
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{4 ' I : BET summary
A BET summary i Slope = 3241
ol T Hops = Lns 7 e Intercept = 2681801
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{EMONOSORBH X HL S BET A IE

» Correction of single point “error” at PIP? = 0.3 by multiplying the
single point BET value by C/C-2 decreases the difference.

Sample | Multi-point Uncorrected Uncorrected | Corrected | Corrected
No. BET single-point difference | single= | difference

(m?lg) (m?lg) (%) point (%)

(m?g)

1 4923 4.241 -13.9 4.948 0.51

/ 4.286 3.664 -14.5 4.275 -0.26

3 8.056 6.867 -14.8 8.011 -0.56

4 5.957 5.194 -12.8 6.060 +1.73
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Nitrogen Sorption at 77 K into Mesoporous TiO,

150
—o— Sachtopore 60
—— Sachtopore 100
—— Sachtopore 300
120} —v— Sachtopore 1000
—&— Sachtopore 2000

Volume STP [cc/g]

!.%! H E tb%ﬁ%ﬂ?u!ég%?%i M-T 5)\1‘!1

Commonly used Adsorptives for Surface- and Pore size Analysis

e ZA: at77.35 K (liquid nitrogen temperature, T/T, = 0.61)
- Wi, WAL A FLARILR LR S B
- BEAL SR, MR WA S
- AEERESER, AT AR
e A: at77.35 K (T-T,=-65K; T,:bulk triple point temperature; T/T, = 0.50)
at 87.27 K (liquid argon temperature, T/T_ = 0.57)
et 2387, SAL, A FLA R AL ALAR 2 B
- BIRAL, TERERMER, ATREL R AL
YRR R A ST R (105-103) 3K AL (0.3-1nm)
- PR GREEEE S, 87.3K), P, SIEG N )
- BAHWE, (AARGEH T AT 120mAiL, RA77.3K LG —AH R R6.5K, T AAEEL
RALAABEBER
o A at77.35 K (T-T,=-385K) = NS g% m
at87.27 K (T T, =-285K) = pore size analysis of thin
micro/mesoporous films (M. Thommes et al, 2004)
- ATARLEAUR R, B HIP(=2.60) 1R/
- fEP/P,=0.05%j0.252 1] (NOVAAHEH)
CO,: at 195 K (T/T, = 0.63)
at 273 K (T/T,=0.89) = pore size analysis of micropores
of widths < 1.5 nm (particularly for microporous carbons)
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Commonly used Adsorptives for Surface- and Pore size Analysis

1. HBHFH Ao FRERAMBAILERILERBTONRKBEY, A
B ALZREOS InmB LEEMNSEHEI07TEIOC A F 2K 4L, Sty ik g
o T AT ARARAZ o

2. HRAMEL (£774K) , SRAESTIKA A AILZE0S-Inmeg LA A &
Bk L, BENAARAFRZOBRARB Ty Bl TR, §
b, RASMEAMEEREBE (87.3K) FTHATRIMASM ZAA A

3. R, REKAETIK—H, ABEHLHR LK K@ GBI TG LITEAVR
Refko ABARETHRRHAA, CHIERSTFARAS THARBHOBRILA
(BRETERRLE. ROTHF) o TLFIHMRAMF R LKA Lt
¥

4. MEERMBEY T E (EVASBAEMBRT) LEACO,R MR £273.15K
H#ATRA M. AXBETHAFREUELYH348MP2, L2540 T A S MR
AEHBREMTES, RESTFRIBRAM AT . CO,KMik%101325P2 (
latm) , THRRMKEMILEH1.50me L. SKERKA R F SRR ELRAML, A
BArMsFHEFES EHT, FAERBOT RS, Bk kikils) P45,
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Commonly used Adsorptives for Surface- and Pore size Analysis

0.2

I —— ACF10(K)-N2
—=— ACF10{K}-Ar

=

-

[,
1

—o— ACF10{K)-C02

PSD, cc/(g A)
[}

20
Pore Width, A

Fig. 2. PSDs of activated carbon fiber ACFI(K) obtained from the
DFT analysis of Na, Ar, and CO, isotherms.
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£ 87 K& W bt

Argon Adsorption at 87.27 K

o TGS FLEER R 5 VE A58 (WD DURR AT, & T LLEE
FUEMIT 1522 (11 )P 780.4-0.8nm (1AL (FE D
1.5 ).

Due to weaker attractive fluid-wall interactions (and the lack of a quadrupole moment),

Argon fills micropores of dimensions 0.4 nm — 0.8 nm at much higher relative pressures,
(.i.e., at least 1.5 decades higher in relative pressures) as compared to nitrogen.

= BRI, BTN SR, £ B 1
1] OB HA BA LA L30 F

High resolution adsorption isotherm of high accuracy can be measured over the

complete micro-mesopore range in less time.
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Adsorption of Nitrogen (77.35 K) and
Argon (87.27 K) on some Zeolites

—o— NITIK
—o— ATBTK —e— 13X

| —— NaX
= MM3_ Argon/87.27 K
Faujasite(/\TH ¥ A): | e e g

B
8

5 ArandN, Adsorpt g
5 o ;:-'. g
§14)— "”“ﬂ; % = o §

3
>
=
~~
(o]
-
N
\l
A

ZEOLITE| 1052001 PRy PR,

Quantachrome Powder Technote 27, M. Thommes et al. presented at 14t
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Pump Pump
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Far |
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The distribution of pore
B"C'ad pore size volume with respect to
-1  JIl\ distribution
= pore size is called a pore
Narrow pore size =1 ize distribution.
.......... n
Pore volume = E E,
A
= Unimodal pore size
Pore diameter, d distribution
=T Multimodal pore
size distribution

Pore diameter, d
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PHE K FRIFIKELVIN 2520 (R ] 1 1912

REEMREPREERAE, AHE P
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»BJH (Barrett, Joyner and

Halenda) method Mesoporous solids

»DH (Dollimore Heal) method
»Dubinin-Astakhov method
»HK (Horvath-Kawazoe) method Microporous solids

»Saito-Foley method

~NLDFT (Non Local Density
Functional Theory) and Monte
Carlo simulation method

Microporous and
Mesoporous solids
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o L. BET, Langmuir (1% 4L), DR, BJH, DH
o Ffl/4i: BIH, DH

o 1AL orAn: DA (DRFEIPRE), HK, SF,MP
o TS/ fLrAT: NLDFT

o AR )51, DR(STIALGE, 2 1A
TP S LR AR

STCYER: FHH, NK

MALERE, PR
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6 (wetting) =0
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BJH (Barrett-Joyner-Halenda)it:

« L BEH T FL(>5nm) R A

TEBE FA 25 BN P AR AA R 8 WA
o PR B 5 Tt B SR 22, 2 B T LV

24 <10nmEFH At FLAE,<5nm 20%01R £

Mesopores l

+1 /'

Mo =1

pore Kelvin
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Nitrogen adsorption/desorption at 77.35 K
on a disordered alumina catalyst
and pore size distribution curves

(TSEIS-5K J1 58 )
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02}
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Artifact

dV/dlogD

40 Pore Diameter (angstrom)
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