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Aspects of Recent Advances in the Characterization of
Powders and Porous Solids by Gas Adsorption
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Pore Size Analysis by Gas Adsorption

R IMEY I 2 522533 (Macroscopic, thermodynamic methods)

Micropores (< 2 mn): e.g., Dubinin-Radushkevitch or more advanced methods such as Horvath-Kawazoe
(HK) and Saito-Foley (SF) , t-method, alpha-s method
Meso/Macropores (2-100 nm): e.g., Kelvin equation based methods such as BJH (Barrett,Joyner, Halenda)

MRS - R FHED TR F LR IRA IS TR Gt 5.
(Modern, microscopic methods, based on statistical mechanicsZdescribe configuration of
adsorbed molecules on a molecular level )

e.g., Density Functional Theory (DFT), Molecular Simulation
these methods are applicable for pore size analysis of both the micro- and mesopore size range
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= An accurate pore size analysis over the complete pore size range can be performed by a single method.
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J.P.R.B. Walton and N. Quirke, Mol. Sim. 2 361 (1989)
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equilibrium condensation/evaporation transition by
macroscopic, thermodynamic and micoscopic

methods based on statistical mechanics
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o7 : S / ;,/ N,/77 K in cylindrical

/r/“/:/ silica pores
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—a— Modified Kehin equation (BJH)

—a— GCMC model (adsomtion)

.- GCMC model (desorption)

| e NLDFT model (equisbrium
fransitions)

1 2 3 4 5 [ 7 8 ]
Internal pore diameter, nm

. Neimark AV, Ravikovitch P.l., Griin M., Schiith F., Unger K.K, (1998)
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Nitrogen sorption (77 K) In
MCM-41 and Pore Size Analysis
by BJH and NLDFT
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Combined Micro/Mesopore analysis by NLDFT:
Argon adsorption at 87 K on a 50:50
mixture of ZSM-5 +MCM-41
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Pore Size Characterization of Novel Micro/Mesoporous Materials by Gas
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Mesopore Size

N,/77K sorption (NLDFT) 9.4 nm
Ar/87K sorption (NLDFT) 9.1nm
SANS (CLD) 9.7 nm
SANS/SAXS (modelling) : 9.5nm
Micropore Size

N,/77K sorption (NLDFT) : ca. 1 nm
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N,/NLDFT (cylindrical pore model)

(B. Smarsly, M. Thommes, P.l Ravikovitch,
A.V Neimark, Adsorption 11, 653 (2005)

Micropore Volume
N,/77K: 0.12 ml/g
SANS: 0.1 ml/g

Excellent agreement
between NLDFT
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NLDFT / GCMC Libraries Continue to Grow for Expanded Applications

Application of NLDFT (Non-Local Density Functional Theory)
and GCMC (Grand Canonical Monte Carlo) pore size methods
require a precise knowledge of the interaction potential for the
particular fluid-wall (adsorptive-adsorbent) system under study.
To expand the number of materials to which these methods may

be applied, Quantachrome continues to introduce new adsorptive-
adsorbent pairs to our growing library. Below is a summary of the
methods available in the Autosorb and NOVAWin software pack-
ages including the pore diameter range where these methods may
be applied.

NLDFT/GCMC Method

Application Pore Diameter Range

adsorption and desorption branches of the hysteresis loop.

NLDFT - N, - silica at 77 K, based on a eylindrical pore model.
In case of sorption hysteresis pore size analysis is possible from both

1.8 nm - 100 nm

NLDFT - N, - carbon at 77 K, based on a slit-pore model

0.35nm - § nm

NLDFT - N, - zeolite/silica at 87 K, based on a eylindrical pore
model. In case of sorption hysteresis pore size analysis is posible from
both adsorption and desorption branches of the hysteresis loop

(.35 nm - 100 nm

NLDFT - Ar - carbon at 77 K, based on a slit-pore model

0.35nm - 8 nm

NLDFT - CO, - carbon at 273 K, based on a slit-pore model

0.35nm - 1.5 nm

GCMC - CO, - carbon at 273 K, based on a slit-pore model

0.35nm - 1.5 nm
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o FEEBEFRHAE L (NLDFT) ot AL
T (8, B B0 & # 58 M, GCMC) AT LI7E
T VU B Y BT HERF 1 FL 42 53 BT (i.e., a combined
micro/mesopore analysis).
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NI A2 77K, S e LA
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* G AR HE
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»Type | isotherms don’t have
hysteresis.

~Pore shape cannot be

Typel determined by isotherm.

or
Langmuir _ :
. ~As various methods for pore
- size calculation are based on
PIPo 1 shape of pores, reliability of pore

size calculation is questionable.
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Micropores 1 Mesopores I Macropores
> —
L
1
1
2nm © 50 nm
Methods Assumption
Pore Shape Based on ..
Brunauer MP method Cylindrical or Slit shaped de Boer's t-method
Dubinin-Astakhov method - ~Polanyi potential
theory
~Independent of
Kelvin equation
HK (Horvath-Kawazoe) method Slit ~Ewverett and Powl
method
~Independent of
Kelvin equation
Saito-Foley method Cylindrical HK method
~P. A. Webb, C. Orr, Analytical Methods in Fine Particle Technology, Micromeritics, 53 —
152, 1997
~Quantachrome Autosorb-I Operational Manual
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1
Micropores ! Mesopores I Macropores
< i —
&
1
1
2 nm 50 nm
Methods Assumption
Pore Shape Based on ..
BJH (Barrett, Joyner and Cylindrical, Slit-shaped Kelvin equation
Halenda) method
Cylindrical t-method
DH (Dollimore Heal) method
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1
Mesopores I Macropores

l - 50 nm

1
Micropores :

Methods Assumption
Pore Shape Based on ..
NLDFT (Non Local Density Cylindrical and slit Statistical

Functional Theory) and Monte thermodynamics

Carlo simulation method
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* Gas Sorption Calculation Methods

P/Po range HLIE EER

1x1071t0 0.02  HFLIEFE DFT, GCMC, HK, SF, DA, DR
0.01t0 0.1 3V FRL IR B AR DR

0.05t0 0.3 2R B SE R BET, Langmuir

>0.1 % |2 R B A% t-plot (de-Boer,FHH),

>0.35 EHNERE BJH, DH

0.1 to 0.5 EHEHFR DFT, BJH

in M41S-type materials
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Neck —

Network of Pore Blocking

Mesopores Pore

- rneck < rpore

e.g, porous
Vycor glass E/By 1

Network of Cavitation
Micro/Mesopores.

<<r

rneck pore

PIP, 1

P.I Ravikovitch, A.V. Neimark, Langmuir 18, 9830(2002);
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FRACTAL GEOMETRY CONCEPT IN
PHYSICAL ADSORPTION ON SOLIDS

Artur P. Terzyk®™ and Piotr A. Gauden

Department of Chemistry
N. Copernicus University
Torun, Poland

and

Piotr Kowalczyk

Department af Chemistry, Faculty of Science
Chiba University, 1-3 Yavoi, Inage, Chiba 2063, Japan

The Arabian Journal for Science and Engineering, Volume 28, Number 1C. 133
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- ”A fractal is a shape made of parts similar to the whole in
some way” CHLL - A0 010 DL S 7t 5 S P A
SOHIEL, XA EDERFR N 9. D
- R IBI R EAE X

© 2003, Quantachrome Instruments

AT
---- 5} T B 1 A 5

o RERE-TIFXEBEERL En AREHE.
B, TREOR. CEERFRZHERHTR
i, RAET —REBEITEMEE TR BE AT
., EAMREERNNHAEEE. XERN, Bf
PRBEANAR PR IR 43 T 45 1 R I SE R A2 7 1 — K
R AT X H0FE, EMUEHR
XS H)AE (A LTRSS, TR — Rt i AR T RS
(LT 4Es) M HUELBK S5, WEH RS2
i, BERSKIDAT, BRSO, SRR
f, EEWHRRERRR. B4R,

© 2003, Quantachrome Instruments




IS — I 5L

o FERRIRZERF, AT BT A =GR, 20T
BN AR B BRIEYERE 7 B, O 1 R A U
FM AR, 19194, B WML S IN T
YERME S, RIS KB B, RAs 1 — e 4h
RUEBO RN IR

o HStR—HWEE, 2B KEEEEARMPIE
FRERKERRE—E. KERTRE LK
FEISR WA TR R | A HIE, R
T SOMBRN KR EB LI . #ET
nEJUARR S, FXBAR RIS, HE 2

T —ARSTEEHI M !
o AR&niEMandelbrothH4 &1%
B3] R

fiﬁEW?

fl

© 2003, Quantachrome Instruments



[ —
WAL IV G-

. &1!]1‘?%%%5@%)&7%%7@%)5 Bl

EAHAYE: 2Bk 2 69 B3R 5 Bk 2 Mg, &
FRE, 9BRENET—AMENIRLGIRS, £
— AR LA R IR BRI E Y. M ARST &
b Fa 33k 36 B GAR A £ R AL Lo

- ERAD: ET—ASH, HIRART EASH
Tl ﬁ%ﬁ%ﬁl‘&éﬁﬂ 5 Fﬁff/ﬁk%j‘[‘ﬁ \Jf/m,
MR T 4 BH 6 4K

« BYEC BEEREHZE. EFK, 3
TR R K A1/28 | R LT A%, 173
21 22 23/\’] %'FX\ _1375-%/\ ._Lﬁ'ﬁs‘ 52',
28 %ié'é\&: T LT AR 8 4 3K

© 2003, Quantachrome Instruments

[ —
KT3I 42 (D) -ME

AT U B S B AT S AR 836
&fA%\%%ﬁmﬁﬁﬁa,

. Inn
W) 7% Y 2 LA log,n= Tnm

o WHU, e REEHAGRREYS A1/ miGIRM i B
F e, MA: R
mP=n, D=logn/log m
R ARL, WD A ML,
DT AZ FH, LT 5K,

© 2003, Quantachrome Instruments




T IEYEEL (D)
o MM A4EHR (0, 1, 2, 3) AN I4ERFR A
YR T, AT EBE A AL
o 3T YER R 20 B TR B2 1 25k

o IRSEFEMTFHHR T D =2
o SRR R H D =3
‘Ei\ggi%@12<D<3

© 2003, Quantachrome Instruments

[
KT Y% (D)

DI ILAT S 5 LA EE A AT A% A

1. MEARLEE, HSBIUUTEY R RN, 4l
do, HALZALNBR, NZEFLE, LBRIML
FHLI 4 o

2. AXRBREL, BHARNEIZFE G, Lk
BR LA BIK, NEFEBZE, LEHFE K
BRI AN, CNANEARE B, HEBMME,
LER, F—RSHBIUTEE, eNHIATLZAH
Mg L — R A ANE—REPAEL, T4 —
R A RBERAEMIEZE R LY,

© 2003, Quantachrome Instruments




JIT A

\d

e IMHBESRAARRLERAGELY, oW, £ IF
BT ORFHWEALFUNEANEZ LN EERK A
MEZ, SBRETIHOEIF

© ABEAASENERANF, ESHHIREE
“P W % g R X&%ﬁ éﬂ-ﬁa\ﬁﬁ%%’l)\vﬁﬂx
FREHE,

s HHMEA—FIFHBME T, EAF BRI
BERRAEE. %#ﬁm@%%%%“\ﬁ&”%
AR Eo

s (RELMEFREH L SABHERIHREY
B, BT ERMRAFF E6) A

i LEs S

© 2003, Quantachrome Instruments
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. %%Eﬁﬁ@z < D < 30 TR AERUR N 2 LAY BRI AR &
H
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“fractal behavior does not reflect the structure of the basic objects (such as pores or clusters) but
their distribution” [37].

o IBRSMRBKRIILTEED HKFCSLHB T LTI

F. Ehrburger-Dolle, A. Lavanchy, and F. Stoeckli, “Determination of the
Fractal Dimension of Active Carbons by Mercury Porosimetry”,

J. Colloid Interface Sci., 166 (1994), p. 451.
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 Small-angle X-ray scattering (SAXS) : T4 8, 2L 84kt %
PR, % 2

« Small-angle neutron scattering (SANS) :H T WA T A 2 KB
+ Proton-induced x-ray emission (PIXE) : /K&

« Atomic force microscopy (AFM) : ZfL & biE

« Scanning electron microscopy (SEM): B£F4E, — & bR
Small-angle static light scattering: ¥l & £F 4

Nuclear magnetic resonance (NMR) ;

Thermogravimetry

Mercury porosimetry: £ MM K A4, KFE A F 1135
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o ME—IRF SR L B E D B 4EE
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MBET 5 AT 43 BRI (fn-BET)

-- Langmuir, 5(1986), p562

s %Egé;ﬁ%i%ﬁﬁ*ﬁ Hh B i N B AT

o 7EMR P SER 2 L ER AYE R 4 0.06< x <0.2

o HTRRMEES

o RBEHTR AL BB AR R R &, RN 7
76 JUART AN KU 4

o BRI FIEBEHRENZ S TEEE

o ZTiET T HEAL
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& 7K T A A

« Bk, FHH##4 F:

N _1/m
= Kfrpu [lll(Po»/P)] v

N mono. f-FHH, CC

xw m=1(3-D)
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o BUETEME: 0.4-0.9 (P/Po) 2 [H]
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2.7100

5,
5
31 — . Eractal ADS summary .
2
Slope = -0.059
06000 —] Intercept = 2.161e+00
Correlation coefficient = 0.992
FHH method Fractal Dimension : I
0.4000 —t Neglecting Adsorbate Surface Tension Effects, D = 27932e+00 - —:h

Accounting for Adsorbate Surface Tension Effects, D = 2.9311e+00

DDDDD

I | I | I I | | | I
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Instrument Selection Guide For Pore Size Measurements

GAS PHYSISORPTION ANALYSIS MERCURY INTRUSION ANALYSIS
ORES MACROPORES AND INTERPARTICLE VOID!

MICROPI MESOP!

0.0003 pm 10.002 pm 400 pm
[ i
0.0001 ym 0.001 pm 0.01 pm I 0.1 ym I 1um 10 ym 100 pm 1000 pm
1 1
4 g 4 { 4
Autosorb®-1
Autosorb®-3B & 6B
8 — N ——— . — — -

QUADRASORB S/

LELTLL L L el L LL L LL I
DF¥o| NOVA® Series
1 I I . AR
PoreMaster 60 & PoreMaster® 60 GT
| N NN N N N NN N NN S R N NN N N A SN N NN N N O NN SN N N NN N BN BN W EE R
PoreMaster®-33 & PoreMaster® 33 GT
N O O ——
PoreMaster® Macro
¥ ¥ ¥ ¥ ¥ ¥
0.1nm 1nm 10nm 100nm 0.001mm 0.01mm 0.1mm 1.0mm

P CQuantachrome Instruments = 1900 Corporate Drive - Boynton Beach, Florida 32426
(800) 989-2476 - (561) 731-4999 - (561) 732-9888 a
Quantachrome J g
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Chemisorption Techniques

 Flow technique

« Vacuum technique
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Quantachrome®
Chemisorption Analyzers

Autosorb®-1-C ChemBET® 3000

© 2003, Quantachrome Instruments

Chemisorption Techniques

- Flow technique
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ChemBET™ 3000 TPR

—

Temperature Programmed
(TP) Experiments
\

N
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BEFFFRTR

o BERFTHEBARA j LR —FhRul, &t
FIN B RENT R RIERET BUR N 7 7 E
AT R THI T 2 BRAL AT TE A

o FBRFFHESERIRER B
— VLBNE: AR RO, A TR A SO IR B8R A4
— PRSI AU U R B NI B B R e R AR 4y il (Soak
TPD, Vacuum TPD) — 42 FH 5t 1 50k 0 51
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[ —
Temperature Programmed
(TP) Experiments

TP-Reduction
TP-Oxidation
TP-Desorption

TP-Reaction

© 2003, Quantachrome Instruments




[ —
Temperature Programmed

Analyses
* TPR
e TPO
« TPD

active sites
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FE P FHEIE [ (TPR)

« ERANMEAREZPEIRRFE.  TPR AL
s AR i B B R B0 S B S R, X AN
ARSI H A ST .

o ERTPIUCRATIARE(5%) ZT (HAbH]
P N e J5UR) 5 BRI IEAE R A
FFEPETHE AR At

o U JRL R R N AR A e B, T R B
&S R TR RE
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TPR

e Temperature Programmed Reduction
- GRANYAE RS

5% SN YA

F#50 N, or Ar (not He 1)

JET} 13 %

AL RE

H,O

Hz‘/
g g M gy

... ... .
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Linearly ramped E—
furnace generates T eomemsan wnoeans T
quality data = OFT e e
Sample Weigh: wion
st i .
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TPR X AN Al I F4 s 2 1) & E

signal
temperature

time
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TPR 0 A [N #AsE = ) 26

180 F :
160 |-
140 |

Signal

800 | 1000

Temperature / K
© 2003, Quantachrome Instruments




s = L e {R i

TPR n#EE B e PR R (T 00
[ 2% (K-)

1 10 874
2 15 902
3 20 928

© 2003, Quantachrome Instruments

HIKissinger 771211 5L E
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108 |
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~ 109 |
o

x

©
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@ slope = -8.6
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R E,=72kJmoll

-11.2

1 " 1 " 1 " 1
1.08 1.10 1.12 1.14
1000 /T (K1)
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eI A (TPO)

e P THRAEL (Blan, F 2-5%
O, inHe ) 584K MULT TPR.

« TPO FEZEH TR ARIEAN
BRI (e.9. BRYNK B nanotube,
76 & i fikamorphous, £15&graphite),
BRACH) AN S AIE AL (e.g.
— A M filiceria)
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TPO

e Temperature Programmed Oxidation
o E AR A R AL

2-5% FUER NS

Pk He (not N, 1)

JET} i3 %

e CO + CO,

u
s g S ..
© 2003, Quantachrome Instruments




R
TPO: Signal vs. Temperature

o
graphite

TosE T

amorphous carbon

8 B & & B

=
&=
w
= filamentous carbon
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Tk 41 4
]
5
L .
Ty a0 o 400 k) Lol aG 1] S 1000 T

Fomporatrs (degt)
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T HE I B (TPD)

o WP RLAR MR AN S A S K. AERE AR
INAFE IR, 2 RS B
i AT A A A5 o

L\

o IR FH U o BR300 PR I B AR AT i
FE oA

o AS-1-C'ZE 84 28V K 2RIk 5 1] 58 AL e 1)
TPD.
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TPD

e Temperature Programmed Desorption
o WRBHEREH 5
- FARH
- BERPATHE R
o 55/9RIRE £k
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TPD of a Supported Metal

—_ O
-] O i
=19 /N
g \ M M
7))

473 673

Temperature (K
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- Jointly published by React. Kinet.Catal. Lett. -

Akadémiail Kiadd, Budapest Vol 73, No. 1. 13-20
and Kluwer Academic Publishers, Dordrecht (2001

RKCL3772

EFFECT OF SUPPORT AND ACIDITY OF CATALYST
ON THE DIRECT OXIDATION OF ETHYLENE TO ACETIC ACID

Zhang Jian-Lu, Wang Xin-Ping, Fang Ke-Gong, Cai Tian-Xi",
Cheng Mo-Jie" and Bao Xin-He"
State Key Laboratory of Fine Chemicals, Dalian University of Technology.
Dalian 116012, China
“State Key Laboratory of Catalysis, Dalian Institute of Chemical Physics,
The Chinese Academy of Sciences. Dalian 116023, China
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Fha. 1. TPD spectra of MH, Antachrome Instrumg
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b A R4 EFE N — NH3TPD

Daee printed: 110772003 Quantschrome Instruments
Raw TPD/TPR data (signal & temperature vs. time)
Chuntachrone TRRWin v 150 Data Report
File mame: 03111 400.qp
Deseription: Sangle K
Created by: Analysks Date: 11142003
Run; lofl
Sample Weight: 0.200 ¢
Adsorhute: A Flow rake: 15
Attenuation: Detector current: 150.0 m4

A I

X
(o) TeuErs

Zemperaturs [ *C)
o p~ar -3

1000 1500 2000 4500 Juug Luu A0uu 4500~

Time (sec)
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Pyridine TPD
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5 ARER T (LD e q /
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& ) ’ izfﬂ%?’i%:/l\ﬁ l:llzll:l EF‘ : i T:an:peralur:o:eg Cc ” -
AELE CHED .
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b HCA RS 14 %A 5 — IERE I TPD
\J — A
N JLLa 2  nn e
Date printed: 10/24/2003 Quantachreome Corporaticn
Raw TPD/TPR data (signal & temperature ve. time)
Quantachrome TPRWin v2.0 Data Report
File name: pyvridine. QTP
Description: K
Created by: mat Znalysis Date: 10/29/2003
Run: 1of1
Sample Weight: 0.207 g
Adsorbate: Helium Flow rate: 19
Attenuation: 16 Detector current: 150.0 mA
a5 ~ T T2.8
800 \ 3.2
750 \ [=X3
700 ¢ = 59.0
o e [ \ = B4
o £00) { Y / 9.8 n
N 550 ; ; L %2 b
] 500 | l\ o 40.6 B
fi] 450, / v T 5.4 =
o 4w ; lll / 08
2 s i 1\ mz 2
E 300 i // 2.6 -
B 6 ’f - 1.0
200/ \\ e 134
150 - i \\ 0.8
100 st et 4.2
500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (sec)
Quantachrome Instruments

e AR 1A= 5 — HERE [ TPD
) — A}
N JG HH A
Date printed: 10/28/2003 Quantachrome Instruments
Raw TPD/TPR data (sighal & temperature vs. time)
Quantachrome TPRWin v1.50 Data Report
File name: 03103101.qtp
Description: H
Created by: MAT Analysis Date: 102472003
Run: Tofl
Sample Weight: 0.124 g
Adsorbate: Hydrogen Flow rate: 30
Attenuation: 1a Detector current: 150.0 mA.
Tomp/Time SignalTims
850 T4.2
200° .4
750 1.6
700" .8
5 £50° .1
= 500 .3 o
550 5 e
g 500 .8 E]
il 450 .0 =
] 400 -2 =
9 350 4 )
5 300 .7 -~
e 250 .9
200 .1
150 .3
100 2.6
50 e eSS MY S PSP 2.2
500 1000 1500 2000 25007 30007 35007 40007 45007 5000
Time (sec)

e Instruments
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TP-Reaction (TPSR)

o ANEARUEITPRITPOL FE
I

o HJRURH SOV WA BURRE AL R
Pl B 1 A

o ANFEAERER N B R R IMBET .. nT LUE U
B 2R I P i e A R

eg. Ni(CO,) —=—> Ni+CH,+H,0
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AUTOSORB-1C/MS
£ B LFER M7 HTY

MENAFEFETHE (Flow TPR/TPD)
AR THE (Soak TPD)
HASERFTHE (Vacuum TPD)

A 2 o A iR i 2

FLOrF R

EYE (SR K EE (Ha
SRR RS

Mz Bf A

AT %

YRR B S 1 2 S kAL Lo A
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HZSM5 /K AL 7 — NH3[TPD
Je AR 45 3 (AS-1CIMS)

HZSM5: NH3 TPD without H20 treatment

2.00E-011 4

1.50E-011

1.00E-011

5.00E-012 =

Mass 17 (NH3) Relative Abundancy (arbitrary units)

0.00E +000 -

T L] T T T =
100 200 200 400 500 800 700 800
Temperature (degG)
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FIRES XK. CO. CO2MFE P FHEM Y (AS-1-C/IMS)

AS-1-CIMS TPD Calcium Oxalate

5.00E-09

4 50E-09 4

—\Nater
4.00E-08 4 === Carbon monoxide

=== Carbon dioxide

3.50E-09 4

3.00E-09 1

2 50E-09 4

2 00E-09 4

Relative Concentration (a.u.)

1.50E-08

1.00E-09 4

5.00E-10 4

0.00E+00
350 400 450 500 550 600 650 700 750 800

Temperature (degC)
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Autosorb-1C/Mass Application

TPR/Mass Spec
{Nickel Oxide Catalyst Reduction with Hydrogen)

Temperature (degC)
o 100 200 300 400 500 600 700
1.00E-10 L L . . L L

1.10E-10 4

1.20E-10

1.30E-10 4

1.40E-10 4

1.50E-10 4

Reduction profile

1.60E-10 4

1.70E-10 4

1.80E-10 4

1.80E-10

2.00E-10

Autosorb-1C/Mass Application

red Values < yid.mdc
Fic Disphy Seloct Sotp Function Special Info

lon Current [A] =]

lon Current [E-08A]

—17.06

0.38000 |—18.06
0.36000
0.34000
0.32000
0.30000+
0.28000
0.26000+
0.24000
0.220004
0.20000
0.18000
0.16000
0.14000+
0.12000+
0.100004
0.08000+
0.06000
0.04000
0.02000+

0.40000 0.60000 0.80000 1.00000 1.20000 1.40000 1.60000 1.80000 2.00000

TEMP [E+02C]
[ [3 7.794273E+01 [ . 1.035746E-09




- carbon on the Autosorb 1C in the ERC's Surface Analysis Laboratory.

Autosorb-1C/Mass
Application

E‘raduate 'itudent \-Iatt Tennant preparing to outgas a s.nmp]e of activated

E‘\{I? . g

A R R R B 0 % R A R
WG ) i, R RIS
EIEI_L

S B K T A SRR R )
ST Windows®HHE PR P i Al PS8 41
(o AT AT/ e, AR 2 uL .
SO B 5 AR 4 AL
o

PR P P R AR R, LSS s
Wik, R OB, AU
= ~Jo
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[ —
Metal Dispersion

Supported metals

It is most likely that the catalyst exists as a
collection of metal atoms distributed over an
inert, often refractory, support material such as
alumina.

« At the atomic level it is normal that these atoms are | .o
3 assembled into island-like crystallites on the
o surface of the support.

([

Metal Dispersion

* In the case of supported metal catalysts, it is important
to know what fraction of the active metal atoms is
exposed and available to catalyze a surface reaction.

o Q- P
y, Xi X —~ N >
ﬁ AY & ) g /’i fi @)

X / i’ \>\?
)

b TIIUDC atvllis tliat aic iyvatcu tisiuc iiiewal pai g es dO
not participate in surface reactions, and are therefore
wasted.
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Exposed metal atoms

Since these islands vary in size due to both the intrinsic nature
of the metal and the support beneath, plus the method of
manufacture more or less of the metal atoms in the whole
sample are actually exposed at the surface. It is evident
therefore that the method of gas adsorption is perfectly
suited to the determination of exposed active sites.

Adsorbed gas Exposed active sites

8, o0 SN

© 2003, Quantachrome Instruments

[ —
Metal Dispersion

o IRINAUE: BB AR BRI 1 &R R T
A4 1 o LE.

» The total amount of metal in the sample is
termed the loading, x , as a percentage of
the total sample mass, and is known from
chemical analysis of the sample.
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Titration

e Pulse Titration of Active Sites
= H, or CO i
« N, and He 7} 5il1E H#A
o FEEWRT (JRISEE)
o ZIREFSTH MM

& 0
e
02080 W%
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Pulse Titration

=
=
2
2
=)
’ [\
| 1 1 /\ 1 1 1 1
T ] ] I 1] T L]
= 1 2 3 4 5 6
yini(em3) = 05 I-0 15 20 2.0 2.0
A = 0 ) 320 970 1250 1250
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%; Titration

LOAD INJECT

signal

injections
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[
Titration Calculations

1. Calculate total nominal volume of reactive gas
adsorbed by comparison with calibration injection
or average of last n (three) peaks

(note: peak area represents gas not adsorbed!)

Total vol adsorbed =

(Peak Avg - Peakl) + (Peak Avg - Peak2) + (Peak
Avg - Peak3) etc

x nominal injection volume =V .. (units pl)

© 2003, Quantachrome Instruments
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Titration Calculations

2. Convertto STP:
(Vrom) X (273/rt) X (P,y,/760) = VStID (units ul)

3. Convert to specific volume adsorbed:
Vi /sample wt =V, (units pl/g)

4. Convert to micromoles per gram (weight as
supplied ):
V,, /22.4 =V, (units umole/Q)

© 2003, Quantachrome Instruments
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ANE TSR AL By R AT

KU | MU | ks | 5% | 100% | 5% | 100% | 100% | 30% | i | mad | mdh | kR | K@i
R g || M2 | H2 |02 | N2 | He | N2 | B| | | |

™R | v v v ()

TPO / / /

™ | v/ v v

e | () |V |V~ |V

BET v v v

CRCIRON RS

FHH2/E [, A Co, A 100% CO 1t f£100% H2 jf H.A 100% He It f£100% N2.
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A4k 2 I it

o FE B AEREPE e

« LT IE ] H, I

o FRHEACRIRE, fELLE) A4l
o PR O S5 24

o VB R
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Autosorb®-1-C

£ B3 LR /YRR B AT
Measure surface area, pore size,
and chemisorption.

In-Situ sample preparation under
flow or vacuum conditions.

Automatic gas switching from
integral multi-port input manifold.

High-temperature furnace
(1,100 °C) and digital controller.

Full physisorption capability for
surface area and pore size
analysis.

® Optional mass spectrometer and
Autosorb®-1-C vapor sorption configurations.
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ST ) A S TR D 2

T Constant

VOLUME ADSORBED

Y fF) (weak) 4427 1 (strong) FHYE 2 1) (combined ) 45 WK i i £k
R —

iR

Type | Type I

P/P, PP,

S. Lowell & J. E. Shields, Powder Surface Area and Porosity, 3rd Ed.
Chapman & Hall, NY, NY 1991 t@__ S

QUANTACHROME
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MAS-1CHR S A 753 2] HI1E B

o TLEANG AR 2k AR, 35 HRIER S
A I 2k

o IR AR

o iEME (&JE) LEERTH

o BB T,

o PRI RS

o Pt
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ST R S

* CO or H, on Pt, Pd
« CO or H, on Ni
* N,O on Cu

© 2003, Quantachrome Instruments



BT RR AR TR

« Extrapolation method (#h4fEid:)
« Bracketing method (FEZ4i)

» Langmuir method

» Temkin method

e Freundlich method

© 2003, Quantachrome Instruments

Langmuir Theory

» Each active site can accommodate one
adsorbate species
» The energy (differential) of adsorption is
independent of coverage which implies
a uniform surface
» Lateral interaction between adsorbate
molecules is negligible
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Langmuir Theory

Adsorbate

© 2003, Quantachrome Instruments

[ —
Derivation of the Langmuir
Equation (kinetic approach)

lads = k(l_ eA)PA

© 2003, Quantachrome Instruments




R
Generalized Langmuir Equation

1 1 .\ 1
V V, V K,PY®

S = adsorption stoichiometry

© 2003, Quantachrome Instruments

Limitations of the Langmuir Theory

AH,4 generally decreases with 0

* Interaction between adjacent molecules
» Heterogeneity of surface
« Bonding nature may vary across surface

© 2003, Quantachrome Instruments
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|
Temkin Method

0 =AInP, +B

V=V B+V_AInP,

© 2003, Quantachrome Instruments




Freundlich Theory

IN6=CInP,+D

© 2003, Quantachrome Instruments

Temkin/Freundlich Plot

V (iFTEMKIN ), or
In V (if FREUNDLICH )

In P
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Theories of Chemisorption

AH:ads

© 2003, Quantachrome Instruments

R
Isosteric Heat of Adsorption (AH)

( )
dInP,
(7)
\ T /0
InP =—Rq(3)
T O=const.
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Heat of Adsorption

* Isotherms (V vs. P) are obtained for
atleast 3-5 different temperatures
* V (or 0) vs. T (at constant pressure) plot
* Plot In(P) vs. 1/T at constant 6
* |sosteric heat of adsorption for each 6
« Variation of 6 indicates heterogeneity of the

surface

© 2003, Quantachrome Instruments

Heat of Adsorption
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[
Heat of Adsorption

o
=
N

Volume (cc/g)

0.10

© 20w3 1 ¢ 9 tenl 0o 3 S § i eshi |

R
Heat of Adsorption

©2008 "0 /Ul IRta A ~ e ®asti 0l (& his
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Extrapolation method

P

© 2003, Quantachrome Instruments

5
Bracketing method

Combined __

——
A

Strong
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Monolayer Uptake

22400 cc =1 mol (STP)

N =4461V_

N,, = monolayer uptake (umol/g)

© 2003, Quantachrome Instruments

|
Active Surface Area

ASA — N SA_

166

where:
N,, = number of ads. molecules
S = adsorption stoichiometry
A, = cross-section area of each surface atom

© 2003, Quantachrome Instruments



Percent Metal Dispersion

N, SM

D =
100L

where:
N,, = number of ads. molecules

S = adsorption stoichiometry
M = molecular weight of the metal

L = metal loading

© 2003, Quantachrome Instruments

Average Crystallite Size

~ 100Lf
(ASA) Z

where:
L = metal loading
f = shape factor (=6 for spheres)

ASA = active surface area
Z = density of metal

© 2003, Quantachrome Instruments
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Autosorb-1-C-TCD

’lﬂ'ﬁjﬁ;—— (=] 'wzﬁ/ﬁét%— (S D
28 KSRGS TR

This ion shall not be i a third party without prior written aj I of Quantachror The ma al is provided for information only and is correct
to the best of our kn wi ledge as of the dal below. Under no circumstances st hall Q uant: a h e be held liable f any losses or damages |ncurred ss a result of using the
informatior p uv:d d. Copyright 2003, Quantachrome Instruments, all rights reserved.
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AS-1-C TCD

@ BEEma) (TCD)
FEZRMZER
— B EAFIEDNARS
. RS EIRMY
. B IRM
. LREA () LM
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o iThE
thidt BET LL4 7 #7
o HEARERAR T (R el i)
o O R fLALR AT (LT A L)
o LU (R I TR )
o ASAIR P AR L (20 MY VB BRI B 5 R 55 P BB )
o« ZRVEFIRL (K1)
o BB DX PR AR GELE)
o S VEERPET)RE

BAH—&HE] ]
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N #%): TPR analysis for customer’s catalyst sample.
Performed on AS-1-TCD-MS

120
100
80 |
60

40 -

TCD signal, mV

3

20

0 200 400 600 800 1000
Temperature (C)

The sample has two reduction peaks.
But we can see shoulder peaks before the after the first peak.
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/ BHAEIMREI0OMIEFH BN, HTHETNOESNO2KE—A

N 2541 with attached MS,
we can see what happened to the first peak

© 2003, Quantachrome Instruments

W Mg AE30, BT DAk ET e s YA 8, ENO2E —RiE/{46
T ERAk, AR iZEN SN TNO., MR WL, A8 KB
FTCDH Fir TR H5 I JR U U BT PR I U8 .

B4h, FREhA4KERHIHE TN20, HAIE KB N TTCDY T
TR SR 5 18 1

b SE I EEAH] DAHENT, FITCDAUR M A8 31T TPREZI R, B3|
F) JB 1 23 %o} B F A ERAR BINO K AR ERAR BIN2OKI 4R . AT IR B
SRR A270E 54008,

B TMSKIHB), AILCATPREEKIRME HFEERMEE!
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Fax: 08 134/932425

Www.guantachrome.com
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