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Fig. 2.1 Methods used to determine porosity and pore size distnibution (PSD) (Anovitz and Cole
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Size- and Shape-Dependent Catalytic Performances
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» Surface area from particle size distribution Do = 2 CSstE
Dynamic light scattenng Grn i
Measures Brownian motion and relates this to the size of the particles by using D= Diffusion coefficient
a correlation function and the Stokes-Einstein equation k= Boltzmann constant
T= absclute tempearaturs
Non-spherical particles will be measured as equivalent spheres n= dynamic viscosity of the solvent

R= radius of the particle

» Microscopy

B ¥ S .
. i | Maan L = 199 nm. | Maan W= 115 nm
Shape analysis d FWHM = 179 nm o FWHM = 97 nen
g i
1 1 )
2™ 2
-E -I-T Eiﬂ-_
5+ w o
- ™ d|
2 §
] 4 ¥

| - L, = =gl
R A6 B B0 B8 0 6N D 0 M 0E 18 8 a a0 38 M8 4% O 18D
Parlicis kenglh L (nm) Pariichs widib Wjnm)

« Small angle X-ray scattering

Scattering of X-rays by small domains of uniform matter (crystalline or d - y
amorphous), for which the electron density p® is different from the continuous & '
medium W % 4

The central peak of scattered intensity gets broader as the domain size
(particles, voids) decreases

SAXS parameters (mean size [ size distnbution / specific surface area) are
derived from analysis of the profile of the SAXS curve

» Mercury porosimetry

» Gas Adsorption



IUPAC

a - closed pores

c,d,g - open

b,f - pen only at one end

e - open at two ends (through)

« Different types and/or shapes of
pores will generate different hysteresis

types in the adsorptlon-desmp
Isotherms

ion



Applications

» Paints and coatings » Aerospace

» Pharmaceutics

» Nanotubes
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Figure 12: The structure of catenated IRMOF-13. Orange and yellow represent non-catenated pore

P/P,
volumes. Green represents catenated pore volume.



BET Surface | Micro Pore Volume | Meso Pore Volume
Catalysts Areas m?/g V[=] liquid Ny V[=] liquid Ny
volume cm® /g volume cm® /g
100 % Co304 185.2 0.009 0.66 2.2,18*
50/50 Co304/CeOq 180.3 0.008 0.66 2.2.14%
25/25/50 AgsO/Co304/CeOq 148.0 0.005 0.50 22

*Catalysts gave 2 average pore diameters

s i N i W

TUBITAK 200KV X50000 100nm WD 389mm TUBITAK S 200KV  X50.000 100nm WD 38.5mm

(A) B)

Figure 2. Scanning electron microscopy photograph of 50/50 Co304/CeQO2 (A) and 25/25/50 AgoO/Co304/CeO.
(B).



=132.7 nm,

#7:60.8 nm
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Pore Yolume Data

Total pore volume for pores with Radius

less than 15.93 A at P/Po = 0395090

B1H method comulative adsorption pore volume
BJH method cumulative desarption pore volume
DH method cumulative adsarption pore volume
DH method cumulative desorption pore volume
HK method comulative pore volume

S5F method cumulative pore volume

NLDFT method comulative pore volume

Pore Size Data

Average pore Radius

BJH method adsorption pore Radius (Mode Dwir))
BJH method desorption pore Radius (Mode Dwir))
DH method adsorption pore Radiuvs (Mode Dw(r))
DH method desorption pore Radius (Mode Dw(r))
HK method pore Radiuvs (Mode)

S5F method pore Radius (Mode)

NLDFT pore Radius (Mode)

L

5787e-01 cc/g
2.103e+00 cc/g
2.192e+00 cci/g
2.054e+00 cci/g
2.146e+00 ccig
4.257e-01 /g
4.3582-01 ccfg
1.904e+00 cc/g

3.505e+01 A
1.698=+01 A
1.710e+01 A
1.698=2+01 A
1.710e+01 A

1.838=+00 A
2. 261e+00 A
2 37 Ae+01 A
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Lma:d J..>"
0
Go’o .0 *e * .

Potential Energy, kJ/mol

60

40 |

20 F

0 1 2 3 4 5
Distance from Surface, A

mixture gas—»

P

Mainly used for;

* BET single point measurement.

» Chemisorption measurement.

(TPD, TPR/TPO, Pulse chemisorption)

4. May be activated

4. Covalent, metallic, ionic

& Strong (> 35 kJ/mol)

4. May be dissociative

4. Often irreversible

4. Specific - surface symmetry
4. Limited to a monolayer

4 Wide temperature range

AN P—
—» vent
= & l.

Dynamic flow method



« ¢ ':
~'J~' L4 L4
1. Low heats of adsorption, no viclent or disruptive structural

changes.

2. Can involve multiple layers of adsorbate, thus allowing for pore
medsurements.

3. High temperatures tend to inhibit physical adsorption.

4. Adsorption equilibrium is achieved quickly since no activation
energy is generally required.

5. Physical adsorption is fully reversible, allowing adsorbate to fully

a

|

i

i’

adsorb and desorb.

Not activated (no barrier)
Rapid

Weak (<= 38 kJ/mol)

S
Atomic/Molecular 2 o k/
>
Reversible Y e
£ _a0
Non-specific S o122 o
-60
. I = 4e -
May form multilayers - o 7.12 7'6
van der Waals/dipole interactions —100 - 2 >

Often measured near the
condensation temperature

Distance from Surface, A




Quantachrome Instruments Gas Sorption Show
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£ As pressure is further increased N2y
we may observe capillary
condensation in mesopores.

Stage 3 Stage 4

A Further increasing gas pressure will Afurther increase in the gas pressure will cause
cause the beginning of multi-layer complete coverage of the sample and fill all the pores.
coverage. Smaller pores in the sample The BJH calculation can be used to determine pore
will il first. BET equation is used to diameter, volume and distribution.

calculate the surface area.

Stage 2

= As gas pressure increases,

pp coverage of adsorbed molecules
increases to form a monolayer
(one molecule thick).

Stage 1

Isolated sites on the sample surface
begin to adsorb gas molecules at
low pressure.

Increasing gas pressure




= The most common adsorbate used is Nitrogen, however, other

adsorbates are used in some circumstances.

a factor x10° Cross Molecular
(1/mm Hg) Sectional weight
Area ({g/maol)
(A2/mol.)
Ar -195.8 11.4 14.2 39.948
-183 3.94
-78 2.75
CO, (0] 1.75 19.5 44.01
25 1.55
-183 3.42
co -195.8 6.58 16.3 28.01
o -183 3.78 16.2 28.0134
-183 417
o2 (8] 14 .2
C4H10 25 421 4469 58.12

-195.8 11.4



The following sampls information about surfacse areas and pores cam be obtaimned from the measured data.

Mame of analysis

Adsorptive

Analysis method

Primary data produced

Adsorption f desorption
isotham

Istotherns are displayed wath this analysis. Judging from the shapse of sotherm, the charactenstic of
the sample can be seen and appropriate method to analyze the isothermn can be chosen

PCT camrve

He

Change in amount of hydrogen
storage capachy

Amount of hydrogen storage capacity

BET plot

M=, &, K, eto.

Ewaluates a specific surface area for
phiysical adsoapmticn

Monomuolecular layer adsorpton

Ewaluates the amount of chemica

Langmuir plot O, et Monomuolecular layer adsorpton
e P - a0 sorption "

¥ plot N, o T S——— Tota _spec‘ﬁ_-: surface area, extema
specific surface area. and pore wolums
Total specific suface area, sxtemal

@ plot Mz Bwaluates micropares specific surface area. and pore wolums

MF plot M= Micropors distributicn cunee Micropore distribution

BJH plot M= Mesopore distrbution cunee Mesopore distribuSon, woleme and area

Zl plot M- Mesopore distributicn cunee Mesopore distribution, voleme and area

OH plot M= Mesopore distriibution curee Mesopore distribuon, wolhene and area

MMES plot M= Mesopore distribution cunee Mesopore distribution, woleme and area

A plok Mz, T, CeHe etz Ewaluate the micropore wolume Micropore volume

HK poit M., &r Micropore distribution cunee r_'.l'llc"cra:-l:-re distribution
{Pore shape: Sht)

5F plot M=, &Ar Micropore distrbution cunee Micropore distribuBion

= po - {Pore shape: Cylinder]
sosteric heat of adsomption Ho O, etc. Evaluates difersntial heat of Differential heat of adsorpGon

a0 sorpbon

Difference of adsorpticn
isothemms

H.O, NH, , etc

Ewaluates the amount of chemica
a0 sorpton

Difference adsorption isotherm

Metal dispersion

Hs, O, et

Ewaluates metal dispersion

BMetal dispersion

Molecudar proh-s

:'::';g, EHHE n—CaH, 0

Ewaluate micnopores

Micropore distribuBon curee

. |
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Named after Stephen Brunauer, P.H. Emmet and
Edward Teller



a,pN, +b,N, exp(—z} =a,pN, +b1N1(R—T]] N, = EPNH exp[— RTJ
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Relative pressures near completed monaolayers

0 C—l( p] 0.05 < p/py< 0.3

1
o/ po=1]” WuC Wl po)| 1 C-1
5 =

| W ... mass of adsorbed N, nC
Wi =—— |
S+17 ! ]
.v{"ﬂo,f.ﬁ' -1

S
C=—+1

]

TN 5| i=— {7

"miVAA 1= [ . o

S=—— Sxp. = — 'mC 0! 02 03

:lf adsorptive m FPo
Single point BET
Assumption: For high values of C the intercept may be taken as zero

o , N
W= W[ 1-£ s=ml1-2L A
po po .-'“Vfadsa'pm@
W NA 20 2
S} =107 m?
M
V,=V/22414x M,/ p, , = X PP

d S.BET
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3. Insert a funnel to the sample cell, and feed a sample through the funnel. Dry the sample

before you use it.  The sample should be around 0.2 g.

4. Remove the funne! with careful attention not to let the sample adhere to the inner wall of the
sample cell, install the sample cell cap again, and measure the weight (sample + sample cell

+ sample cell cap) Iz]




(5/H—xxxxx} BELSORP-mini [Meazurement parameter settingl

Dead volume change carrection
% heasurement € Lize D4 file

" Mone

—Fas dosing setting

v Save DV File name

Flease set OWd file name

Ads. Temp. I??.SE K
Adzorptive I M2 vl

MEES-Temp-IDewarvessel 'l

Saturated vapar pressure ———
* Actual measurerment

¢ Relstive pressure

™ Apzolute pressure

 Guick method

" Easy method

& Detailed method

First gas dosing amount |3.E|E| em>(STP) g 7!

Equilibirium
criteria

" Input PO [101.30
= ATM pres. before mess.

kPa
v Thermal transpiration

Molec. diameter ID.354 nim

Sample cell inner
diameter I?'D i
IE 0 mim

Grass rod outer
diameter
—Correction of non-ideal gas
" rlone & Correction 2nd virial coefficient |-4. 264E-7

| Adsorptive settings |

Py

Sample cell degas rateINnrmaI 'l Backfill gasIHe(W) 'l

- Enter sample weight after
measurement

¥ Leak check

¥ Purge after measurement

Qperator I j
=Port1 | ports]|
[~ sKIP1

Diata file name FPlease setfile name

Sample

Caomment

Sample \a\\reightlﬂ-EDDD g inot= 03

Humhber of measuring relative pressure range |4_:I setting...
Measuring relative  Excess dosing Allnwance
pressure range amaount arnount Eqquilibrivim
(PIPD e STRY g cm3ETPY g criteria
0-~[0.010 .« |2.00 |1.00 Criteria1 =
~[0700 . |1.00 1000 Criteria1 ~ *
~|0850 280 {1000 Criteria1 ¥
~[1.000 1300 |25.00 Criteria 4~ =
~[too0 o0 Joao Criterias v
~|1.000 . ]010 jo.10 Criteria1 x|
Adzorption ¥ Desorption
—Relative pressure (PPO) 5 —Relative pressure (FPO] -
STEP target| | STEP target| |
1 00200 1 0.980]__
2 0.040 2 0.4870
3 0.080 3 0.960
4 0.070| 4 4 0.950] &
inser delete insert | delete

FiFPD tnlerance||:|_|:||35 (PIPD)

—Multi-isotherm measurement

 Yes O No
Evacuating time |120  min |3 th adsorption isotherm

palr_anr?]deter parsaavater !
Cloze | settings settings mEeasurement
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V1=

(P1,(n) - PL_(n))x Vs x 273.15

101.30-Ws - T

Ws is the mass of adsorbent, and T means the absolute tempe
before adsorption can be calculated using P2:(n-1) (the equilit

P2 (n—1)xVd x273.15
101.30-75-T

V2=

Furthermore, V3, amount of the gas that remains in Vd

P2, (n)xVd x273.15
101.30-Ws-T

V3

The increased amount of adsorbed gas(A V) at n" mea

AV =V1+V2-V3

FPressure sensor P

Adsorption Evacuation
gas system
.
WV

:III Pressure sensor P2




Analysis Specifications

Transducer Acccuracy:

Pressure Resolution:

Ultimate Vacuum:

Adsorbate:

Surface Area Range:

Minimum
Pore Volume (ligquid):
(S5TP):

Pore Size Range:

Coolant Level:

Minimum P/Pg (N3):

0. 1% span (1000 torr transducer) each
manifold/sample station

0.15% reading (1 torr transducer - EKR/M™P model)
manifold

0.01& torr (1000 torr range)
0000016 torr {1 torr range)

<1x10 torr achieved by dedicated 2 stage rotary,
direct drive pump

1 10°% torr achieved by turbo-molecular vacuum
pump in QUADRASORB SI - KR/M™MP

Mitrogen or any other non-corrosive gas
with appropriate coolant

0.0 fg tc- no lknown upper limit (nitrogen)
0.0005% .-"g to no known upper limit (krypton)E B/ T1P-
model only

2x107% ccig
0.000 1 cc/g

3.5 - 4000A / 0.35 - 400 nm

Auvtomatic compensation by RTD coolant level sensor

I x 1077 QUADRASORB S/
4x 107 QUADRASORDB 51 -KR/MMP

* Pressure transducer and vacuum pump specifications from their respective manufacturers.
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.

is the free space in the sample cell.
Gas 2 [i |j’ 1E||5) *» Vac,

does not equal to the actual volume. h
o/t is the hypothetical value calculated assuming =~ oo @ == vs
that whole system is kept at the same ] ] vd
temperature at Vs to simplify the
adsorption amount calculation.

s used for the adsorption amount
calculation.

Dead volume evaluation is an important
factor to obtain accurate adsorption
isotherms.
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Volume of adsorbed N2/ cm’ (STP) g™

Dead Volume s S o 3l 4ulis

o
38

Company Q

0.0

0.2 0.4 0.6 0.8
Relative pressure, p/p,

1.0

V/ml(STP) g

(_,
=

BEL JAPAN, INC.

300
I

-&-Silicalite Parent ads
=0O—Silicalite Parent des
250 Ml -e—2.5BMFI ads
=0—2.5BMFldes

200

Smooth isotherm

150

Accurate PSD can be obtained

0.0 0.2 0.4 0.6 0.8 1.0
pIpy
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L

The Dewar moves up
discontinuously.

vd

Vd changes

discoranuously.

Of course, not good
for accurate
measurements

Time

77K RT
Temperature distribution

Company M insists that the
isothermal jacket can keep
the temperature distribution.

But...

Can such a tube keep the
temperature condition?
Do you believe that?




Temperature below %z inch from the top of the jacket/'C

Dead Volume =S o )l auglaa

oIl ol lo]T

/
N/

-120

-140

wyabueyd awnjoA pea(q

-160 | Temperature here

| |

0 50 100 150

Nictance fram the tan nf the iantharmal iarket / mm

-200
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AFSM

Advanced Free Space Measurement

A dVd cell which has the same inner
diameter as that of sample cell was adopted
for measuring free space (Vd) change in the
sample cell.

* Prior to the adsorption measurement, a
certain pressure of gas is dosed to the dVd
cell. During the adsorption measurement, the
Vd change in sample cell can be corrected
continuously from the pressure change in dvVd
cell.

Pressure transducer

]} 1 j]
Pd'\'d %]: Psmp
Level-1 | |-
Level-2 - -
W
Sample cell
dVd cell



Volume Adsorbed

Volume Adsorbed

I I I I
4 4 &5 & 1 H

Relative Pressure

1
h

Volume Adsorbed
1

S

Veolume Adsorbed

1 T 1 1 1
1 2 5 4 5 6 F B

Relative Pressure

<
Ty,
—

\

Volume Adsorbed
| |
"-u..____‘_\_-‘

Volume Adsorbed

17 1 1 I
£ 32 4 5 & 3

Relative Pressure

|
203 4 8§ & 7 B & 1L
Relative Pressure

1 F 3 & & BT & 8 10

Relative Pressure



Monolayer

I Multilayer 1l

i

1r

Condensation in
poresicapillaries

=
T, T T T T o G T T T
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Pores are typically microporus with the exposed

surface residing almost exclusively inside the

microspores, which once filled with adsorbate, leave
little or no external surtace for further adsorption.

500 240
—a— Nitrogen (77 K) . - i MD
-—CI—D-":'/' =) o227 —s . i
400 |- M—j{ﬂf{w g 160 —/",r
. =
e . ol E 1
S300} !
o G 80
= @ [
“ 0
E Q
520 10 20 30 o 40
2 0 } 1 f 1 f
> 0 0.1 0.2 037* 04 "133
100 Pressure/kPa
Fig.4 Isotherms for the adsorption of CO on EUROPT-1 Pt/SiO;
o O oy . oy catalyst at room temperature from different laboratories for a
0 0.2 0.4 0.6 0.8 ! pressure range 0-1.33 kPa (solid circles) and 10-50 kPa (open
P/Py circles). (Adapted from Ref. [14].)

Linear extrapolation to p =0
yields the volume of an
adsorbed monolayer v,,

s B o jin 5 Soam pan Y oods pulizg i oS (sligy

o jin 5 S



TUPAC :
< «— 20 A 500 A — =
micropore mesopore macropore

Langmuir eq. (Type I isotherm) can describe the adsorption on
microporous materials, but may be only a correct mathematical
description.

16

Micropores have high overlapping

" | potential, so they can be filled at low P

Ads. on microporous materials
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Characterised by heats of adsorption less than the
adsorbate heat of liquification, adsorption
proceeds as the adsorbate interaction with an
adsorbed layer is greater than the interaction with

the adsorbent surface
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7

During desorption, the smaller
pores a and b will empty at
their corresponding pressure,
being lower than that needed
for emptying of pore c. How
ever, pore d can only empty
via pore ¢ and accordingly will
empty at lower pressure.

J.C. Groen et al., Microporous and Mesoporous Mater., 2003, 60, 1-17

vol. gas adsorbed (¢m® STP/g)
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Features

Type Interaction between sample surface . Sample — Adsorptive example
Porosity
and adsorbate

| Relatively strong Micropores Activated carbon - Nitrogen

| Relatively strong Nonporous Oxide - Nitrogen

] Weak Nonporous Carbon — Water vapor

\% Relatively strong Mesopore Silica - Nitrogen

y Weak B

Micropore Activated carbon — Water vapor

Relatively strong

Vi Sample surface has an even Nonporous Graphite - Krypton

distribution of energy




Amount adsorbed ———»

all

H2

H3

H4

Relative pressure —»

Steepness of the isotherms decreases from H1 to H4.

The hysteresis is usually attributed to the thermodynamic
or network effects or the combination of these two effects.

H1: agglomerates or spherical particles arranged in a
fairly uniform way, cylindrical pore geometry, indicating
relatively high pore size uniformity and facile pore
connectivity

H2: pores with narrow mouths (ink-bottle pores),
relatively uniform channel-like pores, pore network
(connectivity) effects

H3: aggregates (loose assemblages) of platelike
particles forming slit-like pores

H4: narrow slit-like pores, particles with internal voids of
irregular shape and broad size distribution, hollow
spheres with walls composed of ordered mesoporous
silica

Sing et.al, Pure & Appl. Chem., 1985, 57, 603-619



Amount adsorbed —

Relative pressure —

H1: narrow distribution of relatively uniform
(cylindrical-like) pores

-delayed condensation and no network effects, Cial S
analysis of the desorption branch Caaia

H2: complex pore structure, network effects are
important, analysis of the adsorption branch

H3: non-rigid aggregates of plate-like particles
or assemblages of slit-shaped pores
e T Tg daped p Jlad — Calaa
- 10 saturation ]
A8 )5 5 Sl

!
H4: complex materials containing both
micropores and mesopores
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Fig. 9 The SEM photos of shale samples
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Figure 2. Schematic hysteresis loop of type H2 and PDSCs for
porous glass, an assembly of cavities connected by constrictions as
represented in the inset. According to the pore blocking/percolation
model, evaporation along the PDSCs can occur at pressure higher
than p*. the evaporation pressure of the system when 1t 1s fully filled
which 15 the signature of the occurrence of a percolation process.
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/Py = 1/ o —= o
| P P Rys.4. Classification of the
ﬂ q | capillary condensation
j hysteresis loops after De Boera.
B/ —= [ —

According to de Boer:

* Type A — appears in double-open capillaries having shapes of regular or irregular

cylinders prisms.

* Type B — appears In the presence of slit pores having paralel walls.

* Type E — such hysteresis appears in the case of ink-bottles shapes of the

capillaries or deformed tubes with narrow outlets.

e Types C and D results from the pores shapes A and B which are partially
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Figure 1. (a) Hysteresis loop for an ink-bottle pore. (b) Hysteresis
loop for an assembly of non-interconnected ink-bottle pores ~aith
random size distrmibutions of cawities and necks: two primary
descending scanning curves (PDSCs) are represented. Along these
PDSCs, none of pores can empty above p¥*_ the evaporation pressure
of the largest necks.
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Fig. 5. Defmition of the degree of hydraulic hysteresis
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Table 10. CPSM Fitting Parameters Referring to Hysteresis Loops of Figure 3(3-1a)—(3-2a)

parameters of the intrinsic pore segment Kelvin adsorbed gas layer
V. a number distribution F{[) parameters®  thickness parameters, eq 2
grmax
specimen (em¥(ST)/g)  N&P by by W w2 PPy (PlPp)max  c0s 0.  cos 6y m n
dry lignite 12.876 3.3 —5400 -—559 35 1000 0.25 0.9996 0.65 0.65 0.10 0.35
montmorillonite 48 290 -5000 -—110 1 26 045 0.9980 0.60 0.60 0.10 0.35

4 Measurement carried out in this work (Figure 3 (3-1a)—(3—2a)). ? Pore cross-sectional variation number. ¢ As defined by eq 11 (part
1 of this work).

Table 11. Surface Area (m?/g) Data for Dry Lignite, Figure 3 (3-1e) and Montmorillonite Figure 3(3-2e)

C(BET (SRbico)— SeET)/ (Srbiev)— SBET) (Scesm — Sget)/
specimen SEET parameter) SRbies) SRb(ev) Scrsm Seet (%) SgeT (%6) Sert (%)
dry lignite 53 103 3.4 7.4 53 —35.8 +39.6 0
montmorillonite 20.4 T2 10.0 23.0 20.4 —51.0 +12.7 -1.2

Table 3. Sumnary of Porous Materials Studied i This
Work (Using the CPSMM Model To Simmmalate MNitrogen
Sorption Hyvsteresis IData)

hyvsteresis loop twpe description of material

H,-twpe (ITLTEPAC) Aanodic oxidcde Filzx
Preparation (Salmas Doctoral
Thesis, under preparation!3).
Porosimetry measurerments,
this wwork .=

Hz-tywpe (ITTEP.MC) HIDDS catalyvsts
Commercial grades. Table 7.
Porosimetry measurernnents,
this work .=

Ha-twpe (ITTEPMC) I ligrnite
Sample preparatiorn aurd
porosimetry measurermnents,
this wworko .=
Momnmntmmyorillormite
Literature data.®

Ha-tywpe (ITLTEPAC) FPillared clawvs
Literature datal!®.19

nowvel nanoporous materials MICMKhI-421

(Mmesoporous molecular siewves) Literature data®-%

= 58 Sorptomatic, Carlo Erba. Model 1800, has been used to carry
out the porosimetry measurermerts.



adsorbed layer

Pore volume derivative

salid walls

%
i

N R W QRN
v> L- o Y - - L ( A% Pore size
) el - N Fig. 1. Domain complexion diagram related to capillary condensation and

evaporation in a system formed by straight, non-intersecting cylindrical
capillaries.

- —

A

Fig 2. Schematfic representation of advanced condensation inside an
mndulated cylindrical pore: (a) the ligquid (L)}—vapor (V) memisci first
appearing at necks B and C advance toward bulge A, replemishing it
completely with condensate. (b) A L—V meniscus 1s first formed at throat
B. then mowving into cavity A and throat B



Table 2. Calculated Parameters for Vanous Soils Based on the BET Maodel

Soil X, (mg H,O /g soil) c Highest total suction (kPa)  Specific surface area by BET (m®/g)  Degree of hysteresis
100% GaK-0% NaS 6.14 595 47 x 10° 2214 0.12
90% Gak-10% Na$ 11.08 6.75 4.8 x 10° 39.96 (.59
80% GaK-20% NaS 17.87 455 52 % 10° 64.44 (.76
T0% GaK-30% NaS 21.92 152 55 % 10° 79.05 (.82
0% GaK-40% Na$S 26.97 922 55 x 10° 97.26 (.76
0% Gak-50% Na$ 3241 845 50 % 107 116.89 0.81
0% GaK-60% Na$ 37.37 034 6.1 % 107 134.79 (.88
30% GaK-70% NaS 41.17 9.30 59 x 10° 14848 (.96
20% GaK-80% NaS 51.26 6.84 54 % 10° 184.88 (.92
10% GaK-90% NaS 5711 105 57 % 107 20596 (.95
0% GaK-100% Na$ 69.60 6.19 6.1 % 107 251.03 (.50
100% CaS-0% Cs 109.98 2098 0.7 % 10° 396.66 (.28
90% CaS-10% Cs 98.66 27.84 1.1 % 10° 355.82 (.25
B0% CaS-20% Cs 03.43 2264 9.7 % 10° 336.95 0.29
T0% CaS-30% Cs 75.01 16.28 B0 x 10° 27055 041
60% CaS-40% Cs 67.71 1387 7.7 % 10° 24419 (.35
50% CaS-50% Cs 56.32 1475 76 x 107 203.14 (.49
0% CaS-60% Cs 48.49 13.83 71 x 107 174.90 (.43
0% CaS-T0% Cs 42.63 14.16 7.0 x 10° 153.76 0.52
20% CaS-80% Cs 34.16 1553 7.5 % 10° 123.19 (.48
10% CaS-90% Cs 29.77 26.64 1.2 % 10° 107.39 0.52
0% CaS-100% Cs 22.98 19.48 8.2 x 10° R2.86 0.52
Bonny silt 16.13 18.66 7.9 % 10° 5819 (.19
BALT silt T 15.72 2225 8.8 x 10° 56.69 022
BALT silt T1 14.13 16.34 77 x 1P 5098 0.24
Hopi silt 1 18.20 3273 1.1 108 65.63 0.14
Hopi silt 11 18.19 3253 1.2 x 108 65.61 (.19
Towa silt 1 17.69 1362 T4 x 10° 63.79 0.14

lTowa silt 1T 16.22 12.76 73 % 10° 851 021
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Figure 5. (a) Bright field TEM plane view of a porous Si layer.
70% porosity (sample B). prepared from a p~-type (100) Si substrate.
Observation axis [100]. (b) The corresponding binary image which
reproduces both the porosity deduced by weighing and the consistancy
in the Si wall thickness. (c) The PSDs. corresponding to cylindrical
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Figure 6. Nitrogen adsorptionisotherm at 77.4 K for porous silicon
samples A and B, which are composed of pores closed at one end.




3D n-stacked pillared layer structure of Cu(dhbc):(4,4'-bpy). (b) Gas adsorption (filled circles) and
desorption (open circles) isotherms at 298 K. (c) Schematic representation of the gas selective
adsorptions in the dynamic framework Cu(dhbc).(4,4'-bpy) whose gap open size depends on the guest
molecules at special pressure.

Kitaura et.al, Angew. Chem., Int. Ed., 2003, 42, 428431
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3. Pore analysis by adsorption v

8.1. Kelvin equation
Adsorption data — pore size or pore size djstrib_uti2>_
In L =—%ﬂ0059 o
P, r R1
. .H[P]__M 00
A r R

r : pore radius
P : equilibrium P in pores with a radius r. vy : surface tension

P, : equilibrium P, on planar surface. V: molar volume of liquid

In a pore, the overlapping potential of the wall can overcome the
translational energy of an adsorbate molecule. So that condensation

will occur at a lower pressure. Thus, as the relative pressure is increased,
condensation will occur first in pores of smaller radii and will progress
into larger pores.



As explained in part 1 of this work (eq 11), the Kelvin
equation assumes the form

4V, y cos 1.906
Dy = ==
In(PyPRT In(P/P

cosf (3

that is valid for an l/v interface geometry varied between
a hemispherical (cos # = cos #, = 1) and a cylindrical
one (cos 6 = cos 6. = 0.5) while the numerator is
computed by (2V;y/RT) = 1.906 where V; = 34.517 cm¥/
gmol, y = 8.88 mN/m, K= 1.987 cal/(gmol K), and =
77.35 K for [Lk] = nm.



8.2. Adsorption hysteresis

Hysteresis:
two relative pressures corresponding to a given quantity:

(PjP ﬂ)ads} (P/P 0/des

b bW R WA R R T B
=
S
T

>

P/P,
AG,, =RT(InP, -InPF,)
AG, =RT(InP, —InP,)

des
B Pdes < P = AGdes < AGads

ads



.".desorption value corresponds to the more stable condition

—desorption isotherm should be used for pore analysis.

Theories for hysteresis:
Zsigmondy : different contact angles during adsorption and
desorption.
McBain : bottle neck
Cohan : adsorption on a cylindrical meniscus
desorption from a hemispherical meniscus.



8.3. Total Pore Volume I

Gurvitsh rule:

At saturation (2 / P~ ]) the liquid volume of different adsorbates,
when measured on porous adsorbents, is essentially constant and is

independent of adsorbate.

This constancy of adsorbed liquid at saturation provides direct evidenc
that the pores are filled.

Lat P/P A

The amount of adsorption can be used to calculate total pore volume.

4
For example

At P/P,=0.99 W, gram of N, are adsorbed W

V = il , p = liquid density
r 0




Based on Kelvin eq., the largest pore radii are given by ‘

3 ..
_ —2[8.85 ”f‘i][aal.ﬁ ””J
= _27’“";, = R S o — 950107 em =950 A
RTIn(" ) [3,3'|4><'1 o7 & J(?’?K)(ln 0.99)
A K - mol

.V, represents the pore volume of all the pores up to 950A.

An implicit assumption: no surface other than the inner walls of
the pores exists.

.
V,=7xr, L
L Sper =277, - L
Average pore size = 0 .
P _ 2y
ro=—=
*gBET

Porous materials: most of the surface area is contributed by the pore wall



3.4. Pore dize Distribution (’SD)

t[’SD is usually measured using the desorption isotherm.

N, as the adsorbate Film thickness, t
LA
i , Center core
I ; a
log( P) g

r, : Kevin radius or critical radius : ;
Pore radius, r,=r,+t

It is difficult to estimate film thickness over the inner walls.

Assumptions for adsorption in pores.
1. A planar surface
2. Adsorbate evenly distributed over surface.

W W, : weight adsorbed
[ = = |7 W_ : weight for monolayer coverage.
14 m T : thickness of one layer




For liquid N,
One mole of molecules spread on surface

S = (16.2 A%)(6.02-10%%) = 97.5-10%* A%/gmol
7= 34.6-102* A3/gmol

| <

W
—_ = A t=| 4 |.3.54A
T 3.54 [W J

m

ST

On nonporous surface, it has been shown that when W_/W_
is plotted vs. P/P,, the data all approximately fit a common Type II
curve as P/P, > 0.3 regardless of the adsorbent used.

This is an implication of even distribution of the adsorbate.

ie. When W/W_=3 =>t=(3x3.54)=10.62 A

Halsey equation for N, adsorption on planar surface to predict t.



Halsey equation for N, adsorption on planar surface to predict t.
1

( |8
5

WA
2.303-10g( 0/ )
\ P

Table 8.1 ( Next page)

]
consider both the layering and condensation.

]

€ Similar to the BJH method (Barrett, Joyner and Halenda),

only for mesopores



€ BJH takes into account the film thickness change after
each decrement of P/Po. 12

Three conditions Kelvin eq. analysis should be terminated

1. P/P, < 0.3, adsorption in micropore range

The validity of Kelvin eq. becomes questionable, because the uncertain

-ty regarding molar volume and surface tension when only one or two
molecular diameters are involved.

2. When AIZS ~ A Vﬁq , represents the absence of evaporation from
center cores

3. Hysteresis loop closes,

Micropore vol. = total pore vol. — Z V; ~ (BJH, column 12)
Wa , =099
P0
P
ZS =212.1 m?g! (in Table 8.1) —does not include micropore S.A.

(.". ZS should be smaller than BET area)
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Halsey equation for N, adsorption on planar surface to predict t. ™

1
( \3

5

2.303-10g(P %j

Table 8.1 ( Next page)

\ /

]
consider both the layering and condensation.

-]

€ Similar to the BJH method (Barrett, Joyner and Halenda),

only for mesopores
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-

el

y surface tension of liquid 1

i/

tions p — 2}/% 7, liquid molar volume
L In = r, pore radius

f cyllrjdrlcal shape o FPRT 1. critical radius

I-wall interactions

R universal gas constant
t statistical thickness

ration of fluid-wall interactions (modified Kelvin equation):

415 X
g (po/p)

+ 7

(N2: 7 K)




AV,

-3 3 —
AV, = Ao X346= AV| (154%107) cm AV, =7zrk2€+AtES HMS
- —4
Ta—y v, = [AV, (Ar25x10™)] om’
P
I3
S ¢ =13.54 _S—J A ool
=— In(5/P) log(F,/P)
r
P
1 2 3 4 5 6 7 8 9 0 11 12 13 14
P Vs . - AV gy A V‘? AIES v
— STP e T p T T Al STP x10 =x10°  %x10° s £
L emp) A A A (A) (A) (A)  (em¥g) (em¥g) (emlg) (em'/g) (m¥g) (mg)
0,99  161.7 950 28.0 978 . '
- 711 737 5.8 0.2 0.31 0.00 0.33 0.01 0.0
0.98 161.5 473 22,2 4035
394 414 2.8 0.5 0.77 0.00 0.85 0.04 0.05
0.97 161.0 314 194 3313
250 208 11 0.8 1.23 0.02 1.40 010 0.15
0.95 160.2 186 163 202
138 153 3.5 1.4 2.16 (.05 2.5%9 .34 0.49
(.80 158.8 90.7 128 104
74.8 87.0 1.7 1.6 2.44 0.08 3.22 0.74 1.23
0.83 157.2 588 111 69.9
50.8 61.4 1.1 2.0 31,08 0.14 4.3 1.40 2.63
0.80 155.2 42.8 10,0 52.8 -
397 49.5 0.5 23 1.54 0.13 5.30 2.14 4.17
0.77 152.9 6.6 9.5 46.1
349 443 0.3 4.0 6.16 0.14 8.70 438 915
0.75 148.9 33.2 9.2 424
318 40.9 0.3 B 5.85 0.27 0.22 4.51 13.66
0.73 145.1 30.4 ] 393
- 202 38.0 0.2 4.2 65.47 0.27 10.49 5.52 19.18

0.71 140.9 27.9 8.7 36.6

26.9 354 0.3 5.0 1.70 0.58 12,34 6.57 26,15




— ' PRy THhE & 59 9.09 0.52 15.23 9217 3»s.%

0.67 130.0 239 82 M1

231 2 2 6.1 939 0.71 15.84 101 4849
0.65 1239 22 80 &

21 M4 2 6.6 10.16 0.91 17.30 177 57.24
0.63 1173 207 78 285 -

200 278 A 7.2 1n.m 0.57 20.32 462 718
0.61 1o 193 77 210 -
- 187 263 3 7.5 1155 144 20.00 15.21 8.m
0.59 102.6 181 75 26 - —— —

176 250 2 76 1.7 1.74 2.9 1607 1031
0.57 95.0 170 73 243

65 238 .1 LB 12.47 1.03 23,50 2000 1231
0.55 869 160 72 22 —

156 227 2 K1 12.47 2.46 2119 1567 1418
0.53 788 sy 7.0 221

K7 216 1 73 11.24 1.42 21.21 1964 1614
0.51 715 42 69 211

138 2.7 % 6.1 939 1.6] 17.50 1690 1783
0.49 654 134 68 22

127 194 3 8.1 12.47 5.3§ 16.62 1713 1954
0.45 573 120 65 I85§

12 1ne 3 56 8.62 5.86 6.81 774 2031
0.40 517 104 62 166

98 159 2 43 6.62 4.06 6.73 847 212
0.3§ 474 91 60 151

'LV, = 028cm’g ' 'LS = 212.1m7g"!

Table 8.1 shows that : the pore volume = 0.28 cm’g™ for r, > 15.1 A



Table 8.1 ‘

Table 8.1 Pore size distribution work table

1 2 3 4 5 6 7 8 9 10 1 12 13 14
r Vv =
Py sTP " ¢ ' " Fp WM g‘? : ‘; 3, }l:g’ xvlpo’ J LS
@'y A A A A A A @m'g") (em'g) (em'g™) (em'g™) (m*) (m?)’
0w 161.7 us0 0 9%
—— i ™ 5B 02 0 0 033 0.01 0.01
094 161.5 173 22 4% -—
U R — 4 N 04 on 0.00 0.M8 0 008
0.97 610 N4 194 M) et ———
- 250 26K N 0N 1.2) 002 140 010 018
0.95 10k).2 186 16.3 22 .
———— 138 153 15 I 4 2o 0 oS J N 0w\ 0O a9
0.90 158.8 90.7 128 14—
748 8.0 17 1.6 2.46 0.08 3.22 0.74 1.23
0.85 157.2 58.8 11.1 69.9
50.8 61.4 1.1 2.0 3.08 0.14 4.30 1.40 2.63
0.80 155.2 428 100 528
39.7 495 5 2.3 3.54 0.13 5.30 2.14 4.77
0.77 152.9 36.6 9.5 46.1
349 443 3 4.0 6.16 0.14 9,70 438 915
0.75 148.9 33.2 9.2 424
31.8 409 3 38 5.85 0,27 922 4.51 13.66
0.73 145.1 30.4 8.9 39.3
29.2 38.0 2 4.2 6.47 0.27 10.49 5.52 19.18

0.71 140.9 279 87 36.6

269 354 3 5.0 7.70 0.58 12.34 697 26.15
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Why hysteresis? Which branch to use? y. |

The shape of the isotherm does not depend only on the texture of the porous material, but also
on the differences of the thermodynamic states between the confined fluid and the bulk fluid

H1 - independent cylindrical pores (MCM-41, SBA-15)

Independent pore model”

*Pore condensation is associated with metastable states of the pore fluid in ordered
materials

*The desorption branch of the hysteresis loop reflects the equilibrium phase transition
*Methods, which describe the equilibrium phase transition (BJH) have to be applied to
the desorption branch

*(Applicable also to three-dimensional network of pores)

H2, H3 - disordered, connected pores

Origin of hysteresis not yet completely understood

*Pore blocking (inkbottle pores) associated with the desorption process

*Analysis of the adsorption branch (NLDFT-spinodal condensation method, Kelvin
equation based approach calibrated for the adsorption branch)



Adsorption in Micropores 5

Micropores Width* [nm] Pore filling governed by
. Gas-solid interactions
Supermicropores 0.7~2 Cooperative mechanism

Bilayer thickness of the N,

<0.7 moleculel

Ultramicropores
Gas-solid interaction

Micropore filling is a continuous process and different from pore
condensation in mesopores

Adsorption potential theories (0.4 nm ~ ) v BT
Classical methods based on macroscopic, it = * ' e e
thermodynamic assumptions | JLHF__E,J..:.«"uif-‘l"f:"t":'“ﬂIF
-Polanyi il il
*Dubinin (DR method) &
*Stoeckli 20
*Horvath-Kawazoe =
Density Functional Theory .
Monto Carlo simulations
(¥ | | ! 1 ]
Empirical methods (0.7~2nm) ; o2 e 0 1
tmethod
MP-method and the fact that the idsurmfn.m isotherm drt‘:cfhlot; rﬁéfflffrﬁ JL}L?EEEET ;;:;cff hiv ::[ﬁf.i':,
pressures > (L1; the observed slope being associated with the filling of mesopores.

a.-method



Concept of V-t curves

Assumption
The thickness of the absorbed film on pore walls is uniform — statistical thickness t

z=3.54W”A V’”xm% (N, 77 K)

W S
V-t curve
It has been shown for type Il
isotherms that a plot of the volume B
adsorbed versus t gives a staight T
line throug the origin
A 200F
aoof '”g
N
# 100 5
- 200 - \ ,f,
mg f-.,-
~ 4
.‘_': L ] ) I L 1 1 [l L I
o 18 20 30 40 50 B0 7.0 B0 9.0 100
100 = t (A)
In absence of micropores surface
areas calculated from the slope
R T S R T comparable to BET values

] Q.1 02 03 04 05 06 07 OB 00 1o



finciple
>omparing an isotherm of a microporous material with a standard type |l isotherm of a
onporous absorbent with BET C constants similar to that of the microporous sample

’lot of the reference isotherm as a t-curve: V_  =f(1)
'he t values are in practice calculated with the help of thickness equations that desribe the
articular standard reference curve

1

Siliceous materials f = 13.99 ’ A
log(p/ po)+0.034
H.De Boer et al., J. Colloid Interface Sci. 21 (1966) 405.
>-like materials t =088(p/po )’ +6.45(p/po) +2.98 A

STM standard D-6556-01



Intercept: Volume of micropores R

V.. =ix0.001547 cm?

Slope: Surface area of micropores

V:" «10*A

S;=sx 15.47 m?/g

nonporous material: S; = Sger
microporous material: ;= S,

Srr'r."r:ﬁ:r = S.IEEETF_ Sext |
X i CEEEC
*EE N siaasidassiacass
Y EEan Y

with micropores

NO MIcropores




External Area

Flat Surface

thickness. A thickness, A

g Low "t slope is area

£ Intercept is meso pore volume

&2

High "t” slope is external area

g8 Slope of a linear region corresponds to area
g8 Intercept from a linear region is a pore volume

Based on BET surface area



3A-15: micropores and mesopores 5

0- HQ (|]IH OH HH ~
{|—— #8233 oM o &9 °
7N \_\.I._{ jOH
HD-...,?.-‘ / OH
700 - ’ “
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600 _ .." ................. "
500 - - cal. AS/SBA-15@s456)
0 _ T T T T T T T T T | 5 400 _ .
0001020304 o_sfpo_a 07 08 09 10 & / 13%Mo/SBA-15 (z8441)
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= 200 -
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o5 plot

n V
—_d t =—"-x0.354[nm]
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Surface area and textural properties of modified SBA-15 5

Properties of MoO,/SBA-15

Mo loadinga Surface Mo density Ag AL V,e dph
(nm-2)
(wt%) Mo b Isolated (mz/g) (m%/g)  (%)f (ml/g) (nm)
(nm-2) SiOH <« d
(nm-2)
0 0 16¢ 859 261 36 1 7.5
2.1 0.21 1.14d 637 164 31 0.79 7.1
5.1 0.58 0.88d 554 127 28 0.71 7.1
6.6 0.85 0.684 490 135 28 0.61 7.1
9.7 1.09 0.394 556 96 21 0.78 7.2
13.3 2.51 0.074d 332 36 13 0.55 7.4

a by XRF, Mo loading (at%) divided by Ay, ¢ by TG, 4 by IR at the dehydrated state using relative
heights of the silanol peak at 3745cm-1, ¢ micropore (< ~0.9 nm of width) surface estimated by t-plot
method, f A, divided by As, 8 at P/Pg = 0.95, ¢ at the dehydrated state; b estimated by NLDFT approach.
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1
In the area where capillary condensation s inm presence, radius of cyrinder shaped pore is sum of the

thickmess of adsorpticn layer at the arbitrary pressure (f) and core radius [r"} of meniscus part.
T, =1+n {18.1)

Thickmess of adsorption layer can be calculated from § curee of standard sample, and core radius can be

calculated by Kebein egquation (18_2)

o =_2;rfﬁ._l
P, RI r,

Her=, r, is meniscus radius, 7 is surface tension, F; is molar volume of liguid adsocrptive, B is gas

{18.2)

comnstant and T is absolute temperature. |In mesopors with cyrinder shape, suppose menisucus radius at
desorpticn s egual to core radius (1), and if y and F; of nitrogen at liguid nitregen temperature (77 K) are
applied, the following eguation can be obtained.

r,=0933/In(p, / p) (18.3)



AV,

-3 3 —
AV, = Ao X346= AV| (154%107) cm AV, =7zrk2€+AtES HMS
- —4
Ta—y v, = [AV, (Ar25x10™)] om’
P
I3
S ¢ =13.54 _S—J A ool
=— In(5/P) log(F,/P)
r
P
1 2 3 4 5 6 7 8 9 0 11 12 13 14
P Vs . - AV gy A V‘? AIES v
— STP e T p T T Al STP x10 =x10°  %x10° s £
L emp) A A A (A) (A) (A)  (em¥g) (em¥g) (emlg) (em'/g) (m¥g) (mg)
0,99  161.7 950 28.0 978 . '
- 711 737 5.8 0.2 0.31 0.00 0.33 0.01 0.0
0.98 161.5 473 22,2 4035
394 414 2.8 0.5 0.77 0.00 0.85 0.04 0.05
0.97 161.0 314 194 3313
250 208 11 0.8 1.23 0.02 1.40 010 0.15
0.95 160.2 186 163 202
138 153 3.5 1.4 2.16 (.05 2.5%9 .34 0.49
(.80 158.8 90.7 128 104
74.8 87.0 1.7 1.6 2.44 0.08 3.22 0.74 1.23
0.83 157.2 588 111 69.9
50.8 61.4 1.1 2.0 31,08 0.14 4.3 1.40 2.63
0.80 155.2 42.8 10,0 52.8 -
397 49.5 0.5 23 1.54 0.13 5.30 2.14 4.17
0.77 152.9 6.6 9.5 46.1
349 443 0.3 4.0 6.16 0.14 8.70 438 915
0.75 148.9 33.2 9.2 424
318 40.9 0.3 B 5.85 0.27 0.22 4.51 13.66
0.73 145.1 30.4 ] 393
- 202 38.0 0.2 4.2 65.47 0.27 10.49 5.52 19.18

0.71 140.9 27.9 8.7 36.6

26.9 354 0.3 5.0 1.70 0.58 12,34 6.57 26,15
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Aot ik A, o
Amorphous | ==
s : £ i/
Silica-alumina |i:
B 160
22 BJH e T
g From Apore volume and calculated TR T Ty TR TR T
diameter, we can estimate surface o -
area for a cylinder |
g Common to observe the BJH g
estimate of area is greater than the | : .
BET estimate 5 - !
i
" i o
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SiO»

~ 100 nm pores

25.7 m?/g

AR 9 3 O Anulas
SiO2-AlL O3

|| nm pores

215.5 m%/g
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~ 4 nm pores

926.8 m?/g
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—

But in some cases, you obtain ZS >BET S.A,

indicating the presence of ink-bottle pores.

You use a small r and a correct AV, to estimate the
surface area, G 2-AV

r
(you should use the adsorption isotherm to calculate
pore size distribution)

For any distribution, the integrated area

represents the volume within the pore
size range.

1.5

[\ L LLILD

2.5

}
Pore size (nm)




| Condensation into pores

slope =5 x105'the SA value is very
similar to BET SA.

Some pores are filled up.

9. Microporosity
9.1. Introduction

Pore diameter analyzed by Kelvin eq. 15-1000 A

Dubinin’s definition:

Pore diameter > 1000 A macropores
15-1000 A transitional (Kelvin)
<15A  micropores



vICroporosity
A

a1/
.". in micropore regime, pore filling starts from
the pores with larger over potentials
W (or adsorption energy).

>
P/P, 1

< 2Z2nm

Because the pore size is so small, once a molecule is attached

to the pore wall, the pore size reduction will initiate the filling
| of the pore. (no layering behavior in micropores.)

9.2. Langmuir Plots for Microporous Surface Area

adsorption in micropores belongs to Type I, Langmuir equation can
describe the isotherm.

P ] P P | N
= + — vs.P— L = S§f= WmiVA
w KW W w W..

LV



In reality, adsorption in micropores is not monolayer, and Langmuir 18
usually over estimates the S.A.

9.3. Polanyi’s Theory for Micropore Volume and Area

Liqﬂl"‘ PLVapnr; - pRApOr T,P<P,
AG=0 AG = RTlnLJ
)\U

rad Y

AG = RTIn LiJ
P

Polanyi’s potential theory of adsorption

Py E,=0 Adsorption represents that

P, E,=RTIn(P,/P,) adsorbates can be trapped on
surfaces with energies between
s E,= RTIn(Py/P) E, and E,

P17 = adsorption potential required |
P=P, = adsorption potential required =0
P is very small = required potential is large



W W={(P/P,) 19

Let adsorption vol. }/ =
5> E={(PP,)

=

P/P, 1 P/F, 7

a~ T

V=F() Characteristic curve for different adsorbates.

el o

At the same |7 value, £rne[:iros:sent5‘. the relative affinity

0 ~
Dubinin assumed that E/E, are constant at different ]~ values,

g = [ = affinity coefficient



W{]

intercept

log(W) vs. [log®y/P)> = log(Wy) — V,=—2

Fo,
at P/P,= 10" ~ 101, give good linear fit for DR eq.

T KI?
V:I/ﬂ_e i)

. 2
Let K _[IJ
E[]

~ o~ ~
WhenE =z, == V=V - =0.368-/,

g, Is called the characteristic adsorption energy.
For slit-like micropores

Stoeckli:

10.8

2000-V,(cm’g™)

L(nm) = S(m'g™) =

g,(kJ -mol™)—11.4" L(nm)

21



22

9.4 The t-method
de Boer et al. used mlcrngnrnus material isotherm and standard type

isotherm .
H"‘a-\.
) t-method to determine micropore vol
and surface area

de Boer equation

b | =

]‘5_9[;- » standard t curve for N, adsorption

((A)= _
log’o. p+0.034
t: stanstlcal thlckness on nonporous materials, but with C value close to

that of microporous materials

for the standard sample _
t 4 slope = S, (m”)
1‘;&. ' p ] 04
W
t—plﬂt . CH
S, (m*)="- ACUD, x10*
1(A)
>
P/Py ! t(A). e
| de Boer
t=n—2 " Bp)" B
In(Pyp)) = "

Parameter nis expected to vary between 0.35 and 0.458
while m is in the range 0—0.28.



Intercept: Volume of micropores
Vicro=f x 0.001547 cm?

Slope: Surface area of micropores
Vh'q
S

S;=sx 15.47 m?/g

nonporous material: S; = Sger
microporous material: 5,= S_;

S

t x10* A

micro SBET - Sext

1

AL

]
]

with micropores




C-72 850°C

C-712700°C

Figure 8. Micrograph of C-72 at various carbonation temperature



Volume adsorbed (cc'g)

Volume adsomtion (ce )
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Figure 9. Isothermal adsorption-desorption C-24
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Figure 10. Isothermal adsorption-desorption C-72



Standard Isotherm Adsorption isotherm
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Microporous + standard Slope = area of standard +

N external area of micropore
VA /
W
t-plot
g Micropore volume
= >
P/P, o 1 t (A) 1
Microporous
F
4 Vi
w t-plot .
. Micropore volume

t(3) >

v

P/Py



Mesoporous + standard

F s

W

t-plot

P/P,

Microt+Meso

B
!

¥

@

Slope = total SA

Fill up of micropore

Vit /
t-plot

v

P/P,

>
1

24

Slope = SA of meso + external surface

>

t(A) 1
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Slope of line 1 — S=792 m?%/g
0.0792 (>4A) L

Slope of line 2 — S=520 m?/g )‘x
0.0520 (>4.5A) }

Slope of line 3 — S=360 m?/g

0.0360 (>5A) 7

AS = 160, pores of 4.5-5A are filled up

7=475A V=AS-Fx10* f:ﬂ%f ~0.076 W/g

The calculation is continued in this manner until there is
no further decrease in the slope. S_; = S_,,

2.AS = micropore SA 2>V = micropore vol.



Table 9.1

Pore Sie S = Sisy mean V,
group (m*g) (m*/g) "h (cm¥/g)
(A)
| 520 272 4.25 0.1156
2 360 160 4.75 0.0760
j 280 80 5.25 0.0420
4 200 80 o T 0.0460
S 140 60 6.25 0.0375
6 50 6l 6.75 0.0405
7 20 60 1.25 0.0435
N 10 10 1.75 0.0077
LS =782

BET area = 793m‘/g
Vtarca 782 m'/g

Total Pore volume = 0.4034
MP pore volume = (. 4088

The authors attributed the difference between the V-t and BET areas
to surfaces that did not lie within pores.



Slope of line 1 — S=792 m?/g

0.0792 (>4A) L
Slope of line 2 — S=520 m?¥/g ,J

0.0520 (>4.5A) L
Slope of line 3 — $=360 m%/g

0.0360 (>54) |

AS = 160, pores of 4.5~5A are filled up

47k V:AS-rxlo“ﬂm/zo.mﬁcm/
y=475A, o f

The calculation is continued in this manner until there is
no further decrease in the slope. S_,, = S.

2.AS = micropore SA 3V = micropore vol.



Extzmal Area b Extarnal Area

thickness A thickness, A

g8 Low "t” slope Is area

£ Intercept is meso pore volume

£ High "t" slope is external area
g8 Slope of a linear region corresponds to area

g8 Intercept from a linear region is a pore volume

Based on BET surface area
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1
In the area where capillary condensation s inm presence, radius of cyrinder shaped pore is sum of the

thickmess of adsorpticn layer at the arbitrary pressure (f) and core radius [r"} of meniscus part.
T, =1+n {18.1)

Thickmess of adsorption layer can be calculated from § curee of standard sample, and core radius can be

calculated by Kebein egquation (18_2)

o =_2;rfﬁ._l
P, RI r,

Her=, r, is meniscus radius, 7 is surface tension, F; is molar volume of liguid adsocrptive, B is gas

{18.2)

comnstant and T is absolute temperature. |In mesopors with cyrinder shape, suppose menisucus radius at
desorpticn s egual to core radius (1), and if y and F; of nitrogen at liguid nitregen temperature (77 K) are
applied, the following eguation can be obtained.

r,=0933/In(p, / p) (18.3)



BJH pore size distribution

14
+ A
The variation of (|
% rp is too large _¥»
’ e =) LY
[ __,
;T:, F:, Fr ¥, F(A) _ * >
log 7. 7. A)

8.7. V-t curves

Adsorption on nonporous materials

If plot W,/W_ vs. P/P,

The data fit a common Type II curves, especially for P/P, > 0.3 and
t=(W,/W_)-3.54A is used (t : statistical depth)
.. tvs. P/P, should show Type II curves.
Via 104
U =" x10%4), Vy= [em’], S = [m?]

i
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Pore structure and surface area of silica
SBA-15: influence of washing and scale-up

Jorg P. Thielemann, Frank Girgsdies, Robert Schidgl
etal

Beilstein J. Nanotechnol. 2011, 2 110-118.
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hAaterial Bereichnung Beoyugs- Spezifische o
cuelle Oberflache® 030

m3g ™"

Silica® BAM-PR-101 BAM 0177

Alpha-Alumina EAM-FPhA-102 B.AM 5.41

Alumina BEAM-PHhM-103 B.AM 156

Alurmina BAMN-FPhi-104 B.AM 798

Alpha-Alumina BCR-1649 IR MM 0,104

Alpha-Alumina BCR-170 IR AR 1,05

Alumina BCR-171 IR AN 2 65

Quartz BCR-172 IRMM 2,56

Titania-Rutile BCR-173 IR MM 8,23

Tungsten BCR-175 IR M 0,181

Carbon black L2101 LT 10,5

Carbon black LGC2102 LGC 53

Silica (nonporaus) L2103 L=C 142

Zllica (ImMesoperous| L2 104 L& -t

=Zilica’Alumina SRM 1897 MIST 258,32

Silicon nitride SRFEM 15828 MIST 10,52

Silicon nitride SRM 1900 MNIST 2,85

- Die spezifische QDberflache ist mit dem Stickstioffadsorptionsyverfahren bed

T K gemessen worden Ausnahimen sind esonders gekennzeichmet}.

ke Gamessen mit Krypton bei 77 K.
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Figure 4.4 N, 1sotherms of the samples of series 1. Time labels mdicate the

duration of the steam treatment at 150 °C.
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Figure 4.5 XRD powder patterns of calcined samples of series 1 measured at

low 2 theta angles. Tiume labels indicate the duration of the steam treatment at
150 °C.
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Figure 5.1 N, isotherms of M41S (squares) and three samples treated with

different functionalization mixtures.
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Table2 Sorption properties of the calcined double-mesopore
and hexagonal mesopore silicas

Primary mesopore Secondary mesopore
Sample ppo - SpeT Dy plpo Seer Vs D
mYg om'jg O mYg cm’/g I

Double-mesopore ~ 0.24~0.34 10646 0.66 26~30 08510 2431 118 19.0
Hexagonal mesopore 0.25~0.34 10468 0.87 22~25

Fig.3 Transmssion electron micrographs of the double-mesopore silica (A)
and the hexagonal mesopore silica (B)
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Figure 5 N, adiorption and deorption isotherms of Fe,0, NPs
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Figure 6 Magnetic hysteresis loops of aFe,0, NPs (curve 1) and Fe 0, NPs fcurve 2) lat photographs of a-Fe,0, NPs and Fe,0, NPs
before and after magnetic separation with an external magnetic fiedd (b)
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Figure 2. The N, adsorption—desorption isotherms and e
size distribution curve of (A) Fe;0,@MSPC-1, (B) Fe;045#
MSPC-2, (C) Fe;04@MSPC-3, and (D) Fe;04@MSPC-4.

Figure 4. Scanning electron microscope micrograph of (A)
Fe;0,@MSPC-1, (B) Fe;04@MSPC-2, (C) Fe;04,@MSPC-3,
and (D) Fe;04@MSPC-4.
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Fig. 6. Mitrogen adsorption | @) and desorption (2] 1sotherm curves [A)
and pore size distribution curve (B) of mesoporous sihcas synthesized with
different molar ratio of ethanol/P123: {a) (NaSi) s Fa”, (b) | MaSijwEsg, (o)

(MNaSi)pEa.
Table 2
Physicochermical properties of { NaSi)g,Ex,
Sample diso  BET surface Pore Total pore
(nm) area (m” g_l ) diameter” volume
(nm) U_'m3 g_' J
(NaSi)o,Eo" 110 662 11 1.5
(NaSt)spE < 12.0 577 15 1.6
[ MNaSi bk sy = 403 18 1.1

* Calculated using the Barrett-Joyner-Halenda (BJH) model based on
the adsorption branch of the sotherm.

" Synthesized without addition of ethanol.

“ Synthesized with ethanol/P123 molar ratio of 426.
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Isotherms for Thermal Annealed np-Au

]
o - Al Not Anticaled  enpAu Annealed 100°C  aw=nip-Au Annealed 2064 °C ﬁl
i
0 s - A Annealed 300°C  ==np-Au Annealed 400 °C ]
i
E 7 - 6 |
L 40 - £ iﬂ
i €
r = 40 i
] g
< e l
g w : ,
e e 42
g W e e o e - {
-]
- i 10
v 20 - | [ |
E 0 08 01 015 02 09 08 0% 0% 098 1
E Relative Pressure Ps/Po Relative Pressure Ps/Po
1 -
“ r I I ] 1
0 0.2 04 0.6 0.8 1
Relative Pressure P,/P,

Fig.2 Nitrogen adsorption and desorption isotherms for thermally annealed np-Au samples. The sorption isotherms for the un-annealed np-Au (red),
and thermally annealed np-Au at 100 *C (green), 200 °C (black), 300 °C (pink), and 400 °C {blue) are shown. The isotherm of each substrate shows
a distinct sharp “knee” point near P,/P, around 0.01-0.02. The np-Au isotherms present a steep adsorption/desorption at very high relative pressures
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Fig. 3 Barreti-loyner-Halenda (BJH) pore-size distribution and
nitrogen adsorption-desorption  isotherms for np-Au that was not
annealed and for np-Au annealed at 10D *C, 200 °C, 300 “C, and 400 °C.
The area under the pore size distribution curves decreases with annealing
temperature, consistent with the decrease in total surface area.



Catalyst EEEE::H. Yolumetric adsorption TPR TEM ] c)
Mo . - @ from
Metal/Support  wtk HiM 0/m I:lilﬂ*lb':I H/M d v (&) TEM

1 bt/ Aot 0.50%) 1.25  0.55  1.22 0.98 10 1.14
(0.41) (0.60)

2 ptsao-a  o.s08 125 087 1.28 1.06 10 1.14
(0.43) (0.52)

3 pt/ ALO4 5.9 1.14  0.48  0.72 0,83 18 0.63
{(0.37) (0.15)

4 pt/si0-2  0.50% 0.28 0.13  0.18 0.33 72 0.16
(0.10) (0,025)

"5 Pt/ SAH 0.54) 0.76 0.36  0.87 0.68 18 0.63
(0.25) (0.33)

6 Pt/ SAL 0.72¢)  open 0.3 0.73 0.56 21 0,54
{0.22) (0.30)

7 Pt/ Z-1 0.508  0.137) 0.8 0.2 0.04 a2 0.14
{0.07) (G.15)

'8 pd/ pLO-d  0.50%) 0.91 0.40  0.82 0.90 9 1.26
(0.28) (0.27)

"9 Rh/ ALO-4  0.50%) 0.92  0.9] 1.29 0.79 g 1.02
{0.48) {0.30)



—a— parent M41S

100 —e— 1:10(1): MTMS ‘,' P
sood  —*— after hydrolysis .,-' ﬂ{ﬁ
f . 2

volume adsorbed (cm’g'STP)

00 02 04 06 08 1.0

relative pressure (p/p,)

Figure 5.2 N, isotherms of the parent M41S sample (squares), of a M41S
material functionalized with (1) : MTMS 1 : 10 (circles) and of the same

sample after hydrolysis (stars).
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Fig 3. Comparnison of low-pressure mitrogen adsorption i1sotherms
for the porouns oxides thermally treated at different temperatures 1n
the range from 373 to 623 K.
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Fig. 3. Nitrogen N> adsorption-desorption 1sotherms of MOF-199 samples
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Fig.5. Nitrogen N adsorption-desorption 1sotherms of MOF-199 samples

Fig. 2. Crystal structure of MOF-5 [7].
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Infrared radiation

Wave Number

Regio eV
n

Near 12000 — 0.8-25 1.55-0.5
4000

Mid 4000 - 400 2.5-25 0.5-0.05

Far 400-10 25-1000 0.05 -

0.0012

Frequency (Hz) Wavelength
Gamma-rays [ 0.1A
10|
1A
10% | 0.1 nm
X-
rays — 1 nm
1017_|
— 10 nm
10%6_|
Ultraviolet
— 100 nm
15
10" isivie
................................... B { 1000 nm
10| Tum
Infra-red — 10 um
1018_|
— 100 um
1012_|
1000 um
10| 1 mm
Microwaves [~ 1cm
1010_|
— 10 cm




1 ) Examples of Class and Individual Characteristics for Common Evidence

EvIDENCE CLasS CHARACTERISTICS INnpivinuaL CHARACTERISTICS
Fingerprints CGeneral pattern type (arch, loop, whorl) Relatve location of fine detail
(bifurcations and ridge endings)
Bullets Diameter, # of land and groove impressions, Individual striations (scratches) imparted
mass, and direction of twist from the barrel
Hair Color, length, and diameter DNA only found in the root or attached
skin cells
Crlass Color, thickness, density, refractive index, Physical match
and curvature
Soil Color, pH, particle size distribution, and Uncommaon
density distribution
Fibers Color, cross section, chemical composition, Uncommon

microscopic features, refractive index,
and solubility

Methamphetamine

of Teas (S Cama Labmratry Sarvens
o~ |
!
|
A

gHGURE 6 The presumptive color test
for methamphetamine shows a deep
bluc-colored product.




Molecular processes

Bond breaking and ionization

Electronic excitation

Vibration

Rotation

: XN

sO=0O=

Frequency (Hz)

1019

10"8_]

10"7_]

10"8_]

1075

1074

1013

1072

10"_]

10'%_|

Wavelength
Gamma-rays [ 0.1A
_{1 A
0.1 nm
X-
rays L o
— 10 nm
Ultraviolet
— 100 nm
e —
................................... _{ 1000 nm
1 um
Infra-red — 10 um
— 100 um
_{ 1000 um
1T mm
Microwaves [~ 1cm
— 10 cm




AE = hv
» There are three types of molecular transitions that occur in IR
a) Rotational transitions

 When an asymmetric molecule rotates about its center of mass, the
dipole moment seems to fluctuate.

» AE for these transitions correspond to ¥< 100 cm-?
e Quite low energy, show up as sharp lines that subdivide vibrational
peaks in gas phase spectra.
b) Vibrational-rotational transitions

e complex transitions that arise from changes in the molecular dipole

moment due to the combination of a bond vibration and molecular
rotation.

¢) Vibrational transitions

e The most important transitions observed in qualitative mid-IR
spectroscopy.

e v=13,000-675cm* (0.78 — 15 uM)



Vibrational Modes

1. Stretching - the rhythmic movement along a bond axis wit a subsequent
Increase and decrease in bond length.

A

Symmetric Asymmetric

2. Bending - a change in bond angle or movement of a group of atoms with
respect to the rest of the molecule.

In-plane rocking In-plane scissoring

Out-of-plane wagging Out-of-plane twisting



...continued...

e Quantum Treatment of Vibrations

h |k
AE = hvm=—_|—
27w\ u

h
E radiation = hl/: AE = hl/m: g\‘

k
7,

The radiation in wavenumbers,

1 [k [k
— =53x10. [—
1

" 21\ 4 \




‘ Infrared Spectrum of Hexane I
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Francis A. Carey, Organic Chemistry, Fourth Edition. Copyright © 2000 The McGraw-Hill Companies, Inc. All rights reserved.




‘ Infrared Spectrum of 2-Hexano/ I
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Dispersion spectrometer

4. Detector
2. Slit 5. Computer

1. Wavelength separation


http://upload.wikimedia.org/wikipedia/commons/f/f5/Light_dispersion_conceptual_waves.gif




CAUTION

|

® 2007 Thomson Higher Education

Beamsplitter

.

Y Mirror

Sample compartment

IR source Mirror
=
=
4 s =
(- ) S
e 3
o
Mirror Sample Y
*.,’ | _
Mirror
Detector
\ /)




IR source

Interferometer

Movable
mirror

IR
transducer

\ Fixed
B mirror
Mirrors with

center hole
S [T | for laser beam
\ — 1 | V/
v
Sample Laser
compartment

Laser
detector

® 2007 Thomson Higher Education



Quantitative Mbdture Components
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Fig. 3 Infrared Spectra of Triolein and Trielaidin

Fig. 6 Infrared Spectra of Unspiked Olive Oil and Olive Oil Spiked with Trielaidir

Cis Unsaturated Fatty Acid

Trans Unsaturated Fatty Acid
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Fig. 2 Structures of Cis and Trans Fatty Acids



0 The Michelson interferometer principle

0 1. example: Monochromatic light

Movable mirror :I: &= Optical Path Difference

Interference

3

Cetector

) Beamsplitter
Stationary

Mirrar

3



Mathematics (contd.)

The resulting interferogram is described as an infinitely long cosine
wave

o)
B(v)cos(2x z) whereB (1) =intensity as F(v)

For non-monochromatic source treat each frequency as if it resulted
in a separate cosine train.

Bl{v) I(S)
L (a)
N - v FAUUS VR VLU LU T T T TV VO P T VL VI VIV VSV VLY UL Pl U P LT P LU T PR Y i
Ly
(b) -
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z
J | s .“.‘ll[lﬂ"' A "in"l"i“'l."’w'» ~""|[l.lllxl‘l.‘w‘rf ‘:H;‘\IIMI}\K'.“'.
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SPECTRUM INTERFEROGRAM



Broadband source
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FTIR

Continuous IR spectrum

Interferogram
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Multiplexing (FT) Spectrometers

e Collect data in the time domain and convert to the frequency domain by
Fourier Transform.

Time domain Frequency domain

P(v)

P(1)

Frequency
(c)

Frequency
(d)

P(»)

One cycle

7
"2

P(1)
P(»)

|
|
|
|
|
1 |»

Frequency
(e)

Time

(b)
« Detectors are not fast enough to respond to power variations at high frequency
(10'2 to 10% Hz) so the signal is modulated by a Michelson interferometerto a
lower frequency that is directly proportional to the high frequency.




Fourier Transform

I(0) = /_O:O B(v) cos(2mvé)dv FT B(v) = /_O:O [(6) cos(2tvé)dd

o

o)

v

Time domain: /vs. & Frequency domain: /vs. v



Measurement Techniques(contd.)

INTERFEROGRAM SPECTRUM
J FFT —s 1\ (a)
BACKGROUND BACKGROUND
(SINGLE BEAM)
e

J

FFT — T (b)
A — A i
T W T‘l( Py,
— CF T i
INDENE INDENE
(SINGLE BEAM)
'.'

"DOUBLE BEAM" OR ‘V ] IS d i”
RATIOED SPECTRUM % T ‘ “ N ’ (c)




Regon | om | am | e

Near
Mid

Far

Vo=

Wavenumber

12000 — 4000
4000 - 400
400-10

1
A

0.8-25
2.5-25
25-1000

1.55-0.5
0.5-0.05
0.05-0.0012

Infrared radiation

Frequency (Hz) Wavelength
Gamma-rays [~ 0.1 A
1019_|
1A
10% | 0.1 nm
X-
rays L 4 nm
10"7_|
— 10 nm
10"8_|
Ultraviolet
— 100 nm
5
10" isible
................................... B { 1000 nm
1014_| 1 um
Infra-red — 10 pm
1013_|
— 100 um
1012
1000 um
101 T mm
Microwaves [~ 1cm
101
— 10 cm
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Component Component Material Spectral Range
Type Name
Source Mercury Arc Mercury Gas FIR
Lamp .
__Source Globar _ Silicon Carbide FIR/MIR
___ Source lTungsten Lamp Tungsten MIR/NIR
Source | Xenon Arc Lamp ~ Xenon Gas VIS/UV
Mirror Mirror _Gold Coated FIR/MIR/NIR
Mirror Mirror Aluminum Coated MIR/NIR/VIS/UV
Beam Splitter Mylar ™" B Mylar' " FIR
Beam Splitter KBr Germanium-Potassium MIR
o Bromide
Beam Splitter CaF, Calcium Fluoride MIR/NIR/VIS
Beam Splitter Quartz Quartz VIS/UV
Detector Bolometer Silicon Photodiode FIR/MIR
Detector DTGS Deuterated Triglycine Sulfate FIR/MIR
Detector - MCT Mercury Cadmium Telluride MIR ]
~ Detector InSb ~ Indium Antimonide MIR/NIR
Detector InGaAs Indium Gallium Arsenide NIR
Detector ~ Si-Diode ~Silicon Diode VIS/UV
Detector GaP-Diode Gallium Phosphide VIS/UV




=

@ composition

Parts of the Nerust Lamp e Zirconium oxide ZrO, 90% wt/wt
g b et @ Erbium oxide Er,O5 3% wt/wt

@ operating temperature: 2300 K

@ preheating necessary

@ applications
e general lighting purposes
first functional long distance fax

@
e ophthalmology
@ projection
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Bruker Optics offers a broad variety of different types of
detectors which provide optimum results and maximum
experimental flexibility. The full spectral range from the very
far IR (or THz) through the mid and near IR up to the visible
and UV spectral ranges are covered. The advanced DigiTect
detector technology prevents external signal disturbances

DETECTWVITY
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and guarantees the highest signal-to-noise ratios.

The data acquisition of the VERTEX and TENSOR series
FT-IR spectrometers are based on 2-channel delta-sigma
ADC's with true 24-bit dynamic range which are integrated
into the detector preamplifier electronics.

Bruker Optics DigiTect detector technology (US Patent
5,963,322) together with the applied data acquisition
electronics of the TENSOR and VERTEX series spectrome-
ter provide as a final result oustanding signal-to-noise-ratio.
In the following table the major DigiTect advantages are
listed.

DigiTect advantages

» True 24 bit dynamic range

« No gain-switching artefacts

« Parallel dual channel technology

» Integrated detector electronics

» Short analog signal lines

« No disturbing “spikes” in the IR spectrum
« Compact electronics design

= Well suited to harsh environments.



IypILal

Detectar Element Spectral Typical D* Minimum Operating Preamplifier
Elamant/Wind aw Size Range em Hz™ W Responsivity Temperature Bandwidth

Mid-infrared

DLaTGS/EBr 1.3 mm 12500-350 cm! 2TES 20 VAW Room temp. 170 kHz

DLaTGS/EEBr 1.2 mm 12500-350 cm 2TES 20 VAW TE cooled 170 kHz

DLaTGS/Csl 1.3 mm 6400-200 cm! 24 E8 20 VAW Room temp. 170 kHz

LiTa0 4 KEr 1.5 mm 10000-400 cm™ 1.0 E4 20 VW Room temp. 170 kHz

MCT-A/CdTe 1.0 x 1.0 mm# 11700-800 cm- 6.4 E10 1,200 VW Liquid N, 175 kHz

MCT-ACdTe 1.0 x 1.0 mm* 11700-600 cm™ 4.7 E10 790 VAW Liquid M 175 kHz

MICT-B/KRS-5 1.0 x 1.0 mm* 11700-400 cm* B0ES 50 VW Liquid N, 175 kHz
Near-infrared

InGaAsiglass 1.0 mim 12000-3800 cm 4.4 E10 1.3 AW Room temp. 170 kHz

InGaAsiglass 1.0 mm 12000-3800 cm I0EN 1.4 AW TE cooled 50 kHz

PbSessapphire 1.0 x 1.0 mm* 11000-2000 cm 25E9 6,000 VAN Room temp. 100 kHz

INSb/CdTe 2.0 x 2.0 mm* 10000-1850 cm 22EN 2.2 AW Liquid N, 250 kHz
Visible

SiMQuartz 2.5 mm 27000-8600 cm- 2HE12 0.4 AW Room temp. 170 kHz

DLaTGSMuartz 1.3 mm 25000-2000 cm 2TES 20 VW Room temp. 170 kHz
Far-infrared

DLaTGS/Poly 1.5 x 1.5 mm* 700-50 cmr 48E8 300 VW Room termp. 15 kHz

SiTeflon®™ 2.5 x 2.5 mm* G00-20 cm 1.6 E12 170,000 VAW Liguid He 250 Hz
IR Microscope

MCT-A"/CdTe 0.05 x 0.05 mm* 11700-700 cm* 6.4 E10 60,000 VAW Liquid N, 175 kHz

MCT-A"/CdTe 0,25 x 0.25 mm* 11700-750 cm &4 E10 T, 000V AN Ligquid M, 175 kHz

MOT-ACdTe 0.25 x 0.25 mim* 11700-600 cm! 4.7 E10 6,500 VAN Liquid M 175 kHz




FTIRs Often Use MCT Detectors: Mercury
Cadmium Telluride

1
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HgCdTe or Mercury cadmium telluride (also Cadmium Mercury Telluride, MCT or CMT) is an
alloy of CdTe and HgTe and is sometimes claimed to be the third semiconductor of
technological importance after Silicon and Gallium(lIl) arsenide. The amount of cadmium
(Cd) in the alloy (the alloy composition) can be chosen so as to tune the optical absorption of
the material to the desired infrared wavelength.

(from http://en.wikipedia.org/wiki/Mercury _cadmium_telluride)



IR ABSORPTION RANGE

The typical IR absorption range for covalent bonds is 600 - 4000 cm™2. The graph shows the
regions of the spectrum where the following types of bonds normally absorb. For example
a sharp band around 2200-2400 cm™ would indicate the possible presence of a C-N or a C-C
triple bond.
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Advanced Data collection — FT-IR settings

r OPUS - [Dieplay ftir-user/ows  Operator: George Stanbey (Administrator)]
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S FHGURE 9 Natural variation seen in .‘ ﬁ
hairs under a microscope.

2 2: Video image capture of a hair fiber with hair spray visible on the surface
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Figure 1: Infrared spectra of a normal, untreated hair fiber and a chemically e e 2500 2000 500 s
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Figure 3: Infrared spectra of a clean hair fiber and a hair spray coated hair fiber
Hair Treatment (Oxidation Products .
Alkaline Hydrogen Peroxide  Cystaic acid (1040 cm? and 1175 em) ' o]
Metabisulfite Treatment ~ S-sulfonate (Bunte-salt) (1022 cm) -
Natural Weathering Cystine monaside (1071 em), " o]
cysteic acid (1040 cm and 1175 em), o]
Bunte-zalt (1022 cm) o e - - —— = =
Awmrarsbarn iers- 1)
Table 1: Owidation products resulting from different hair reatments? Figure 4: Infrared difference spectrum of the clean hair from the hair sprayed

hair, and a reference spectrum of poly(vimylacetate)



Cryogenic measuremants

« Samplke compartment configurabla for
third party cryostats
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FT-IR Reflection Techniques

Internal Reflection Spectroscopy:

Attenuated Total Reflection (ATR)

External Reflection Spectroscopy: v *

Specular Reflection (smooth surfaces) E

Combination of Internal and External Reflection:

Diffuse Reflection (DRIFTs) (rough surfaces)




Attenuated Total Reflection (ATR)

Total internal reflection

.,:"'”"""c"&“:* « critical angle - when the angle of
Lignt b candt 3
J"\"'/ refraction (r) becomes equal to 90
/ degrees and Snell's law reduces to:
sin(6) = n(1)/n(2) n(1) = n(2)
where (0) is termed the critical angle ¢

When the critical angle is exceeded for a particular light wave,
it exhibits total internal reflection back into the medium.

The larger the angle to the normal,
the smaller is the fraction of light
transmitted, until the angle when
total internal reflection occurs.

FT-IR Reflection Techniques

* Infrared beam reflects from a
interface via total internal reflectance
» Sample must be in optical contact
with the crystal

» Collected information is from the
surface

Attenuated Total Reflectance

F

= "- |'..-.. _
N Y .;I s

+ Solids and powders, diluted in a IR
transparent matrix if needed

+ Information provided is from the
Diffuse Reflectance bulk matrix

« Sample must be reflective or on a
reflective surface

« Information provided is from the
thin layers




Attenuated Total Reflection (ATR)

Critical Angle depends on npe and n,,

- increasing nge = decreasing fand dp

= high values of n: needed

Materials of ATR crystals (IRE elements)

Tahle 1: MiRacle Crysial Plate Specifications
Refractive Depth of

MiRacle Hardness Cutoff cm?, Index @ Penetration pH Range
Crystal Plate application kg/mm'  Spectral Range 1000 cm’ @ 45 of sample
AMTIR Warder than ZnSe, ok with acid samples 170 630 25 1.70 -9
Diamond/KRS-5 When vou need ull inidh 1R spectral range 57060 250 24 2.00 1-1
Diamond/Znse Ideal for hard samples, acids or alkaline 5700 525 24 2.00 -1
Ge ceneral purpose and carbon filled or rubbier 550 575 10 066 1N
SifZnse Generdl papose —only below diamond Tor hardness 1150 550 34 085 1-12
Si Fxcellent for lar-18 spectral measturement 1150 59001500, 475490 3.4 0.85 1-12

Inse General purpose AT crystal 120 520 24 2.00 5-9




Attenuated Total Reflection (ATR)

Experimental Setup - horizontal arrangement (HATR)

Single Bounce ATR Multi-Bounce ATR

Small sampling area Broad sampling area provides
- use for strong absorbers - greater contact with the
- solid samples, liquids sample

- use for weak absorbers or
dilute solutions
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Attenuated Total Reflection (ATR)

Experimental Setup

Sample clamp with

micrometer controlled
spring tension J o
(other clamps also avallable) Clamp position contrel knob

Maounting ring

Teflon liguid holder

Liquid plate (trough] insert
Sampling area

Universal ATR plate

Base assombly

Reflection ATR Plake -

ar
Singe Reflection ATR Fats e L T T B e T Ty PP P PR
includes Emm awrive tiE) e m m m Em m

ATR FTIR imaging in forensic science, Agilent







Access cover

Flowcell

Tubing




Diffuse Reflection

Experimental Setup
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Large and Small Sample Cups




TYPICAL ROCK SPECTRA

= Rock spectra usually more
complex than mineral spectra

= Rock spectra combine
features of their main
mineralogy

= Acidic rocks show
reststrahlenband at lower
wavelength than basic rocks

= Change in emissivity minimum
can be used for mapping
igneous rocks of variable SiO2
content

* Source: Sabins (1997)

UNIVERSITY OF TWENTE.

Emissivity

Leucogranite

Granodiorite

Quartz
Monzonite

Granodiorite

Diorite

Anorthosite

Si02%

70.8

67.8

64.0

60.4

541

49.7

10 1
Wavelength, um

Quartz %

29.5

319

23.7

18.8

2.2

0.0




Sample Shuttle accessory

S

(®) f—:"’
a

The Sample Shuttle enables you to automatically locate either of two sample slides in the
optical beam of the spectrometer without opening the sample compartment. This prevents
carbon dioxide and water vapor from entering the sample compartment each time you switch
from a background scan to a sample scan.




Optical Bench with External LiTa0, Detector

= LiTaO3 detector /
Fixing bolt pre-amplifier module
EXt I \ " !‘,
erna i
beam port \ '.:’ — =
N s = d i Mirror assembly
Fixing bolt ' -

|

Optical bench

Fixing block




fiber optic interface




Photoacoustic — Areas of Application

Carbons

Raw Materials

Coals

In Process Control

Hydrocarbons

Hydrocarbon Fuels

Final Product
QA/QC

Corrosion

Decomposition

Clays & Clay Minerals

Pyrolysis

Wood & Paper

Distillation Fraction

Polymers

Forensics

Gases

Food Products

Biology & Biochemistry

Medical Applications

UV-Visible

Carbonyl Compounds

Near-Infrared

Textiles

Mid-Infrared

Catalysts

Far-Infrared




Quantitative Analysis

Calibration curves can be generated using both linear (or
classical) least squares or chemometric techniques, such as

partial least squares, for guantitating the amount of analyte
present.

Quantitative Analysis

Resolutions Pro integrated quantitative analysis capability allows for
one to generate a calibration curve in minutes. This curve can then

be applied using a single icon click to quantitate the amount of analyte
present.




Solid Sample Injection: Pyrolysis GC-IR

CDS Pyroprobe with
Agilent GC-IR System
making the ultimate solid
phase forensic tool.

- Single Step Pyrolyzer

« Needle Connection
through Injection Port

- Temperature
Programmable to
1400C

Pyrolysis GC-IR Example: Kraton

& Piece of Kraton polymer
njected on Pyrolysis GC-IR




LNalt o1 Lommon Lrysial Materals

AIR Spactral Befractive ]
Matarial Ranga (cm ') Indax (at 45° & 1000 crr?) Lsas
Good for most samples.
) Strong absorbing
Germanium 5,500 - 675 4 0.66 samples, such as dark
polymers.

- 2900- 15008 . . .
Silicon 960.120 3.4 0.85 Hesistant to basic solufions.
AMTIR 11,000 - 725 25 177 Very resistant to acidic

‘ ' ) ' : solutions.
ZnSe 15,000 - 650 2.4 2Mm General use.
Good for most samplas.
Diamend 25,000 - 100 2.4 2M Extremely caustic or hard
samples.







_~LCD illumination control

Video camera—
_—LCD Color control

-LCD ON/OFF switch
Binocular eyepiece-

-Visible light routing

— Aperture position

e 13

LCD monitor

Turret with objectives
~Kohler aperture control

Sample stage— Focusing knob

Main control papelv -

Visible light intensity—"

LN2 Dewar
filling port—

Detector
compartment:
MCT detector

Visible light -
sources

N\,
,

e Polarizer port

i

Spectrometer _




Figure 7. ATR image of a section of a plastic
laminate. The image covers 150 micrans
width by 200 microns height, and has been
sampled on a 1.56 micron pitch. The white
bar indicates the position where spectra have
been extracted. This image is a composite of
three principal component images to show
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Figure 8. Five spectra obtained from every other pixel along the sampling line in Figure 7. The
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Figure 8: Linescan data for food packaging material.

Figwre 11: Visible image of 2 compostable food packaging laminate.
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Figure 10: Spectra of minor layers in multilayer food packaging material.

Figure 9: Spectra of major layers are identified as PP, PET, PE and modified PE.
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Figure 3. Visible and [R-reconstructed images from embedded laminate. Figure 4. Principal component score images.



Sample in contact

/ with evanescent wave
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Figure 1. Linkam variable
temperature sample cell

Figure 2. Hot Stage accessory with heating block.



Layer 2 Layer 3 ]

e “ - e - -

Figure B: (Upper Left) Chemical image of 10-cent Euro coin {Upper Right)
Mosaic video capture of coin sample area (Lower) Spectrum of amide residue.

Figure 7: (Upper) Chemical image of a car bumper paint chip layers.
{Lower) Spectra of identified layers: Layer 1: protective coating.

f Layer Z: base coat and polypropylene polymer, Layer 3: binder layer.



LABORATORY - SAMPLE CONSIDERATIONS

-Designed for small powder samples
-Sampling spot and space too small for most
geologic samples

UNIVERSITY OF TWENTE.



EXTERNAL INTEGRATING SPHERE MEASUREMENT (oo

BRUKER Vertex 70 FTIR (Top view) o St voncs

Integrating Sphere (Side view)

(S T
i rim et

Tiaa |

L rarhey
Fack

Directional — hemispherical reflectance measurements



Diffuse Reflection

Pt/AlL,O; DRIFTs spectra, variation in species at the
surface during 1 h of nitration at 423 K (background
first spectrum, activated surface).

' =0.002 a.u. 60 min
No/pt& =22 N

45 min
35 min
25 min
15 min
10 min
5min
t=0min

Kubelka-Munk

2200 2000 1800 1600 1400 1200
Wavenumbers (cm-1)



2-ethyltoluene
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TN, o
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001
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