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Introduction 

http://www.catalysiscourse.com/ 

•  One of most used tools for characterization of 
•  Catalysts 
•  Porous adsorbents 

•  Physical adsorption yields quantities such as 
•  Pore volume   
•  Specific surface area   
•  Pore size distribution   

Adsorptive characterization  N2 @ 77 K 
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What’s the matter? 

Reported values not always  
•  Reproducible 
•  Physically sound 
•  Statistically correct 

 

MIL-101(Cr) 

MicroActive 3.00

2000

Page 8

Serial # 295  Unit 1

Sample: polymer CTF12

Operator: Willy
Submitter: NastyaFile: O:\ASAP\001-455-MA.SMP

Started: 11-07-14 11:35:21

Analysis adsorptive: AR

Completed: 15-07-14 09:34:31

Analysis bath temp.: 87.290 K

Report time: 19-08-14 16:42:42

Thermal correction: Yes

Sample mass: 0.0898 g

Warm free space: 17.2803 cm³ Entered

Cold free space: 42.0082 cm³

Equilibration interval: 45 s

Low pressure dose: 3.0000 cm³/g STP

Sample density: 1.000 g/cm³

Automatic degas: NoNote: Analysis Conditions Modified During Analysis

Porosity Distribution by 

Model: NLDFT - Argon on Oxides At 87 Kelvin

Method: Non-negative Regularization:  0.03160 

Standard Deviation of Fit: 0.85175 cm³/g STP

Total Volume in Pores
<=

  57.012 nm
:

 1.14676 cm³/g

Area in Pores

>
  57.012 nm

:
  12.762 m²/g

Total Area in Pores

>=
   0.376 nm

:
3201.206 m²/g

Pore Size Table

Pore Width(nm) CumulativeVolume(cm³/g)
IncrementalVolume(cm³/g)

CumulativeArea(m²/g)
IncrementalArea(m²/g)

   0.376
 0.00000

 0.00000
   0.000

   0.000

   0.409
 0.00532

 0.00532
  52.006

  52.006

   0.443
 0.01689

 0.01157
 156.439

 104.434

   0.477
 0.03530

 0.01840
 310.739

 154.300

   0.511
 0.06034

 0.02505
 506.849

 196.110

   0.545
 0.09079

 0.03045
 730.429

 223.580

   0.579
 0.12432

 0.03353
 962.230

 231.801

   0.612
 0.15789

 0.03358
1181.556

 219.326

   0.646
 0.18845

 0.03056
1370.700

 189.144

   0.680
 0.21364

 0.02519
1518.845

 148.145

   0.714
 0.23244

 0.01880
1624.182

 105.337

   0.748
 0.24540

 0.01296
1693.507

  69.325

   0.782
 0.25429

 0.00889
1739.015

  45.508

   0.815
 0.26127

 0.00698
1773.265

  34.250

   0.849
 0.26813

 0.00686
1805.582

  32.317

   0.883
 0.27589

 0.00776
1840.751

  35.170

   0.917
 0.28475

 0.00885
1879.372

  38.621

   0.951
 0.29424

 0.00950
1919.330

  39.958

   0.985
 0.30359

 0.00935
1957.308

  37.978

   1.018
 0.31193

 0.00834
1990.072

  32.765

   1.052
 0.31866

 0.00672
2015.629

  25.556

   1.086
 0.32353

 0.00488
2033.599

  17.971

   1.120
 0.32676

 0.00323
2045.126

  11.526

   1.154
 0.32878

 0.00202
2052.132

   7.006

   1.188
 0.33011

 0.00132
2056.594

   4.462

   1.221
 0.33114

 0.00103
2059.968

   3.373

   1.255
 0.33216

 0.00103
2063.235

   3.267

   1.289
 0.33339

 0.00123
2067.039

   3.803

   1.323
 0.33492

 0.00153
2071.676

   4.637

   1.357
 0.33678

 0.00186
2077.160

   5.484

   1.391
 0.33895

 0.00217
2083.401

   6.241

   1.424
 0.34145

 0.00250
2090.431

   7.031

   1.458
 0.34436

 0.00291
2098.413

   7.981

   1.492
 0.34780

 0.00343
2107.611

   9.198

   1.526
 0.35182

 0.00402
2118.155

  10.544

   1.560
 0.35641

 0.00459
2129.927

  11.772

   1.594
 0.36140

 0.00499
2142.462

  12.535

   1.627
 0.36667

 0.00527
2155.416

  12.954

de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  

•  Accuracy – uncertainty 
•  Guidelines  

MIL-101(Cr) 
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Volumetric technique 

Pcell 

Pman Vmanifold 

Vcell 

Vwarm 

Vcold Tcold P0 

T 

wsample 

•  Dosing N2 gas pman Vman T 

•  Apply Gas law 

•  ‘Missing’ amount adsorbed 

  
pV
RT

= z ⋅n
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Error propagation analysis   

• Volumes determination 

89 
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Error propagation analysis   

•  e.g. see J.R. Taylor 

89 
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Measurements & procedures 

Autosorb 6B 

•  MIL-101(Cr) 
•  UiO-66 
•  Norit RB2 
•  γ-alumina (CK-300) 
•  Sigma-1 

Materials: 

3x 

2
2 2

iy x
i

y
x

σ σ
⎛ ⎞∂

= ⎜ ⎟
∂⎝ ⎠

∑

Error propagation: 

Uncertainty in adsorption 
measurement 

[σ2qads] 

Pore volume (Gurvich) 

Surface area (BET) 

Pore size distr. (BJH) 

de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  

Catalysis Engineering – ChemE 8 

Reproducibility and uncertainty 
 

de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  

•  excellent reproducibility 
•  uncertainty much larger 

•  pressures 
•  manifold volume 
•   Vman/Vcell 
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Uncertainties - 95% confidence interval 

adsorption 

desorption 

γ-alumina 

Norit-RB2 

Sigma-1 

UiO-66 

MIL-101 

de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  

(single dose assumption) 

Catalysis Engineering – ChemE 10 

Error breakdown 

Variance adsorbed amount previous step largest 

Variance (normalized) of gas, dose, adsorbed (i-1) 
Single dose assumption 

gas 

dosed 

ads(i-1) 

gas 

dosed 

ads(i-1) 

  
nads i( ) = ndosed i( )− ngas i( )+ nads i−1( )
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Error breakdown - variance ads(i-1) 

Variance adsorbed arises mainly from gas phase variance 
Single dose assumption 

pressure measurement 

Vcold = f(Vman, Vman/Vcell) 

Variance gas phase amount: 
•  pressure measurement 
•  manifold volume 
•  Vman/Vcell 

Vwarm 

Catalysis Engineering – ChemE 12 

 Material  Vpore/ cm3 g-1 95% conf. int. / cm3 g-1 

MIL-101(Cr) 1.51 ± 0.02 
UiO-66 0.43 ± 0.02 
Sigma-1 0.14 ± 0.01 
γ-alumina 0.40 ± 0.01 
NORIT RB2 0.46 ± 0.01 

Reproducibility and uncertainty 
 

de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  
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Material wsample / g Vcell / ml 

MIL-101(Cr) 0.12 10.5 
UiO-66 0.13 11.0 
Sigma-1 0.15 11.1 
γ-alumina 0.18 10.8 
NORIT RB2 0.20 10.7 

Sample amount and cell volume 

Variation ratio Vman/Vcell 

γ-alumina (000-3P)   
(mesoporous) 

de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  

Vman 

Catalysis Engineering – ChemE 14 

 
Influence of cell volume on adsorption 

n ~ 0.15 g 
�~ 0.10 g 
p~ 0.05 g 

Vman / Vcell = 2.21  
de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  

γ-alumina 
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Influence of cell volume on adsorption 

n ~ 0.15 g 
�~ 0.10 g 
p~ 0.05 g 

Vman / Vcell = 1.43  
de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  

γ-alumina 

Catalysis Engineering – ChemE 16 

 
Influence of cell volume on adsorption 

n ~ 0.15 g 
�~ 0.10 g 
p~ 0.05 g 

Vman / Vcell = 1.35  
de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  

γ-alumina 
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Influence of cell volume on adsorption 

n ~ 0.15 g 
�~ 0.10 g 
p~ 0.05 g 

Vman / Vcell = 1.06  
de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  

γ-alumina 

Catalysis Engineering – ChemE 18 

 
Influence of cell volume on adsorption 

n ~ 0.15 g 
�~ 0.10 g 
p~ 0.05 g 

Vman / Vcell = 0.69  
de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  

γ-alumina 
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qm = 500 mlSTP g-1 

K = 10 bar-1 

wsample = 0.2 g 
p/po = 0.9 

 
Optimum Vman / Vcell for minimal uncertainty? 
Simulations using Langmuir isotherm 
Effect on Vp  

1
o

m

o o

pK
pq q pK

p p

⎛ ⎞
⎜ ⎟
⎜ ⎟=
⎜ ⎟+⎜ ⎟
⎝ ⎠

Optimum at Vman/Vcell ratio ~2-3 

de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  

Catalysis Engineering – ChemE 20 

Optimum Vman / Vcell for minimal uncertainty? 
 Variation sample size 

Effect on Vp  

•  Improves for larger samples 
•  Minimum at ratio ~2-3 

de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  
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Optimum Vman / Vcell for minimal uncertainty? 
 Variation sample mass 

Effect on Vp  

Optimum reached at sorbed 
amounts of ~100 mlSTP 

de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  

Catalysis Engineering – ChemE 22 

Observations – Variation sample mass 
and cell volume 

• Optimum ratio Vman/Vcel ~2-3 

• Artificial hysteresis introduced for 

•  Larger cell volume  

•  Lower sample mass (+ higher inaccuracy) 

• Sorbed capacity  ~ 100 ml 

Effect on Vp  

de Lange et al., Micropor Mesopor Materials 200 (2014) 199–215  
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BET model and surface area 

•  Traditionally  equation is linearized: 
•  Linear least squares fitting procedure 
•  Quality visible “by the eye” 
•  Applicable somewhere between:  

•  0.05–0.35 p/po  (B,E & T) 
•  0.05-0.30 p/po     (IUPAC)   

•  qM and C derived from 
•  Intercept (I) 
•  Slope (S) 

Brunauer, Emmett & Teller, 1938 
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Determination limits p/p0   
Direct fitting (non-linear parameter estimation) 

Important: 
-Values highly determined by fitting strategy- 

Ø C > 0 
Ø Choose right p/po window 

Catalysis Engineering – ChemE 24 

Linearized BET •  Linearization changes 
error distribution 

•  What tells your ‘eye’? 
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