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  Aims, scope and structure of the thesis 

 
The layout of this thesis differs from the usual layout of a Dutch 

thesis. The fact that this thesis is not based on work done in the last four to 

five years on one topic, made a different approach necessary.  

After an introduction chapter, work done over a period of fifteen years 

will be presented in four chapters. The chapters describe what was 

presented extensively in the papers that were published before. These 

papers are also annexed to this thesis for those readers who want some 

more detailed information.  

Also some recent, supplementary, work is included in chapter 3, 4, 

and 5. This led to a refined insight in the phenomena described in the 

related papers. 

Adsorption was studied on various materials, carbons, activated 

carbons, soils and zeolites. All these different materials have one thing in 
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Aims, scope and structure of the thesis 

common, they are microporous, but they differ hugely in the degree of order. 

Soils have the least ordered structure of the samples studied, while the 

carbons have a layered structure and the zeolites have a very high degree of 

ordering; they are crystalline.  

Understanding the observed adsorption phenomena and comprehend 

how a molecule behaves in these very small pores are the major objectives in 

this thesis.  
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Scheme of the adsorption set-up of Ida F. Homfray (1910).   

    1 
Introduction 

 
In our daily life we are surrounded by porous materials. Wood, bricks, 

concrete, hair, wool, paper, sponges, and the litter for the cat’s box are just a 

few examples of porous materials. 

Porous materials are classified according to their pore size. In 

general, pores smaller than 2 nm are called micropores, pores between 2 and 

50 nm are called mesopores and pores larger than 50 nm are called 

macropores1. Recently the class of micropores was further divided into ultra 

micropores (0.3 – 0.7 nm) and super micropores (1.5 - 2.0 nm). The relation 

between the amount adsorbed and the concentration or pressure is normally 

plotted in an isotherm. Isotherms can have different shapes, depending on 

the adsorbate-adsorbent interaction and pore size. As these different shapes 

are related to the pore size, classifying them is a good way to interpret 

obtained isotherms. The main classification, as given by the IUPAC, is given 

in Figure 11 
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Figure 1. The main types of isotherms.  

 

Knowledge and, especially understanding the adsorption behaviour of 

gases, liquids, and vapours in (micro) porous materials is very important. In 

industry, but also in household the use of adsorbents and zeolites has 

become essential. To give just two examples from our daily life, porous 

materials are used as catalysts in the exhaust of every modern car and most 

companies put zeolites in our washing powder and hope that the dye of red 

t-shirts will be adsorbed preferentially in the zeolite and, not in other 

clothes that are washed at the same time. The original and main purpose of 

putting zeolites in the washing powder was the removal of Ca, and so 

softening of water. 
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Introduction 

 

Some other applications of porous materials are given in Table 1. 
Table 1. Some examples of the use and application of porous materials. 

Principle Application 
Adsorption In gold refinery. 

Preventing spreading of petrol vapors at fuel stations. 
Recovery of agro-chemicals from waste pits. 

Storage Controlled release of active products in agro-chemistry. 
Controlled release of drugs. 
Storage of carbon dioxide and,  
in the future of natural gas and hydrogen. 

Separation Pressure swing adsorption in  
- air separation,  
- removing of water from air 
- removing of CO2 from natural gas 

Purification Oil removal from compressed gases. 
De-colorization of consumables, like sugar and 
pharmaceuticals. 
Dialysis of blood of people with kidney problems. 

Support To disperse the, very often precious metals, creating a 
larger surface area 

Catalyst  As a catalyst itself in  -    isomerisation. 
- cracking 

Membranes Separation by size exclusion. 
Immobilization To immobilize enzymes, making separation from the 

product mixture easier. 
 

This thesis deals with the understanding of adsorption phenomena in 

microporous materials. Zeolites are special microporous materials as they 

are crystalline and hence have well defined pores, this in sharp contrast to 

other microporous materials like activated carbons, which have a more 

amorphous structure. 

Zeolites can be found in nature, but in the last decades many new 

zeolites have been synthesized. The name zeolite was first used by Baron 

Axel Fr. Cronstedt in his article “Om en obekant bæ art, fom kallas Zeolites”2 
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Introduction 

The term “zeolites” is a translation from the Greek expression, meaning 

“boiling stone”. 

Catalytic reactions, especially isomerisation, and separations of 

isomers are influenced by adsorption phenomena in zeolites3. In the last two 

decades adsorption studies in zeolites, together with computer simulation 

studies of adsorption on zeolites, increased our insight on adsorption 

phenomena. An important part of this knowledge is due to the fact that 

these zeolites have a well-defined structure. Simulating adsorption in ill-

defined structures however, is much more difficult and challenging.  

Translating this knowledge to adsorption in ill-defined structures is 

an important part of this thesis. Furthermore, adsorption in zeolites still 

shows its own unexpected phenomena, such as the influence of a noble, 

“non-reacting” gas on the adsorption of hydrocarbons (discussed in Chapter 

5). 

 

 

History and use of adsorbing materials  
 

Charcoal was in the earlier days a much appreciated subject of 

adsorption studies because of its high adsorption capacity. It is noteworthy 

that Baylis4 wrote in 1935, after discussing an article of Emmett (1835)5, “It 

is seen that some of the main properties (concerning adsorption) of charcoal 

and animal charcoal were fairly understood over a hundred years ago”.  

Fortunately, I am glad that this is still not the case today; otherwise there 

would be no justification for this thesis. 

The knowledge and use of the adsorption power of charcoal and other 

materials is probably very old, dating back more than 4000 years. The first 

written evidence, was found on the Papyrus Ebers (1550 BC) in which the 
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Introduction 

 

use of adsorbing minerals, charcoal, soot, and dried vegetables are 

recommended for drying external wounds6.  

Much later, at the time of Hippocrates and Pliny, charcoal from wood 

was used against epilepsy, indigestion, anthrax, vertigo, and chlorosis 

according to Deitz7.  

Recent studies of a Phoenician trading wreck (450 BC), suggest the 

use of charred wooden barrels for storage of drinking water. It should be 

envisaged that the use of charred wooden barrels was still normal at the 

time of the Dutch East India Company (Verenigde Oost-Indische 

Compagnieën) (1602-1798). The use of charred wooden vessels in the 

production of “old whiskey” nowadays probably has also something to do 

with the capability of the charcoal to adsorb products that give “young 

whiskey” the undesired sharp taste.  

The use of charcoal as a medicine was well described by Kehls (1793) 

for treating external gangrenous ulcers as well as for internal use8. He 

suggested that charcoal could, amongst others, be used as a mouthwash at 

the first indication of any bilious condition. It is incredible that the use of 

charcoal in toothpaste or mouthwash could still be patented in 1977, but it 

is a fact9.  

In the dark ages, lots of other “miracles” are ascribed to charcoal, 

such as the treatment of dyspepsia, chlorosis, epilepsy, anthrax and 

flatulence. One believed even that cholera should be treated with charcoal.  

In fact one can still buy activated carbon, as a treatment to be taken after 

eating something that was rotten.  

Many scientists studied the adsorption of water from wet air on wool, 

earth or sponges.  Causanus (Cardinal Nikolaus von Kues), (1401 - 1464) 

describes that a balance showed an increase in the weight of the wool with 
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increasing humidity and hoped that from this information weather forecast 

would become possible10.  

Also Leon Battista Alberti (1404 - 1472) describes in his book 

L’architettura11; “We know that a sponge get wet by the humidity of the air 

and, using that (knowledge) we make a balance by means of which we can 

weight the heaviness and the dryness of the wind and the air. I cannot deny 

that the humid air of the night is attracted by light earth or penetrates self-

acting into the pores in which it may easily condense to wetness”. It is 

remarkable that he describes phenomenon of condensation into the pores 

already in the 15th century11.  

The most famous scientist Leonardo da Vinci (1452 - 1519) also paid 

attention to the phenomenon of adsorption.  A couple of times he mentioned 

“to recognize the quality and density of air and to forecast rain”, “means to 

detect, when the weather will break-up”, next to sketches of balances loaded 

with cotton or a sponge12.  

                

Reproduction of the sketches of a dial hygrometer and a hygrometer by Leonardo da 
Vinci. The originals are kept in the Bibliotheca Ambrosiana (see ref. 12).  

Obviously, in those days the idea of knowing the “wetness” or the 

weight of the air was very important. It was thought that this knowledge 

could lead to weather forecast. At least one conclusion can be drawn up till 

now; weather was and is important for many people.  
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Introduction 

 

Worth mentioning are the sentences that Glauburus wrote in 1657 in 

his “Solace for the seamen” (Trosst der Seefahrende) “The best precipitation 

is performed using a special sand, the origin of which I don’t like to reveal. It 

is able to remove all salt, slime, stench and pollution from water and liquid 

manor. It removes the innate redness of red wine, beer etc., etc. in a few hours 

so that all becomes clear and bright like spring water, so that all can be 

drunk well and that the red wine becomes white wine. Sea water becomes 

sweet if runs through sand and leaves behind all its salt. When this happens 

naturally, why not by arts?” 13.  

 

Reproduction of parts page 507 and 508 of the book Clauberus Concentratus13. 

As this sand was able to remove salt from water he must have found a 

zeolite. It is very pity that he never revealed where he found his “sand” and 

so we will never know if it was really a zeolite.  

Carl Wilhelm Scheele was the first who is considered not to be an 

alchemist but a chemist. He was also the first to describe the adsorption 

phenomenon quantitatively. In his book “der Luft und dem Feuer” we can 

see how he describes his experiment14.  
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“I filled a small retort half with well dried grinded coal and tied up a, 

from air freed, bladder. As soon as the retort becomes hot, the bladder was 

not expanding anymore. After that, I let cool down the retort and the air was 

pooled back from the bladder into the coal again. The volume of the air was 

about eight times that of the coal. I repeated this numerous of times with the 

same results”.  He had described this work already in a letter to P.J. Gahn 

in 1773, but published his book only in 1777.  

 
Reproduction of page 100 of the book of Scheele14 .  

Independently, but at about the same time as Scheele, the abbé F. 

Fontana published in 1782 a test describing the adsorption of a gas by 

charcoal15. This test was performed with the aid of, what was called later a 

Eudiometer, showing a decreasing gas volume and an increasing mercury 

column when a piece of carbon was introduced. 

The tests of Scheele and Fontana were repeated by Count Marozzo 

and in 1783 he concluded that differences in gases and differences in 

charcoals gave different results16.  

At about the same time, the re-discovery that carbon was capable of 

de-colourizing coloured liquids was made by T. Lowitz (1757 - 1804)17. 
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Introduction 

 

Lowitz was born in Germany but moved with his father to St. Petersburg 

where his father was appointed professor in the astronomy in 1767. During 

his attempts to get clear and pure acids (e.g. pure tartaric acid), Lowitz 

concluded that if charcoal was capable to bind its own burning gases 

(“Phlogiston”, an expression from the alchemistic times), it must also be 

capab

expen

tion agent. In this way, he could 

produ

 

produ

le to bond burning products of other materials.  

From de-colourization experiments of honey, which was dissolved in 

water, he concluded that not only the characteristic smell was diminished, 

but also the sliminess of the honey disappeared. This could be very 

important as the so called “honey sugar” could be used to replace the very 

sive cane sugar but, unfortunately, he was not successful. 

 In 1785 Lowitz concluded that charcoals applied to a distillation 

product of fermented grain (Korn, a German jenever) gave a better taste and 

at the same time removed the “burned and oily parts” (fusel oil). This was 

very soon also applied in countries outside Russia. His own interest in this 

subject was probably related to his interest in Cognac; “With its good taste 

and high percentage of alcohol”. He was the first to produce pure alcohol, by 

combining an adsorbent and a dehydra

ce complete alcoholmetrical tables. 

Very important was his work on using carbon to keep water fresh or 

to remove smell and organic impurities from wells. This knowledge was well 

appreciated by the army, resulting in a letter to him by General-major Bock 

from headquarters, dated 15 August 1791, in which the general-major 

expressed his gratitude because “the water of the Donau and the Sereth were 

very turbid and undrinkable without the use of carbon”. His efforts to

ce sweet water from seawater with the aid of carbon, however, failed.  

Lowitz also describes a nice experiment in which he studied the 

interaction between hydrogen, “Brennbare Luft”, (flammable air) and the 

carbon. After mixing and shaking a mixture of hydrogen and carbon he 

observed an increase in the gas volume and concluded that air was removed 
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from the pores by the hydrogen. After ignition, the gas exploded, showing 

the power of oxyhydrogen “Knalluft”. He concluded that hydrogen was 

capable to remove oxygen “Reine Luft”, (pure air) from the pores of the 

carbon.  

Priestley18 (1775) and Morveau19 (1782) are two that are well worth reading.  

charcoal were then and was 

certainly till the first half of the 20th century 

oduction of sugar. 
e air 

• 

e carbon dioxide, because this one is 

produced from vegetable material21. 

Many other scientists published work on adsorption. That of 

  The most important adsorbent in the earlier days was obviously 

charcoal. The three major applications for 

• De-colourisation, most of all in 
• Removing of bad smells from th

the pr

Purification of drinking water. 

Charcoals can be produced from different (natural) materials 

(vegetable waste, wood, peat, animal bones, and coals). According to Baylis4, 

Fuguier noted in 1811 that animal charcoal is a more effective adsorbent 

than the vegetable ones. However, in 1836 Böttchler advised to use 

vegetable charcoal in sugar refinement to overcome the religious objections 

of the Hindus20. Even nowadays, the best performing activated carbon is 

sometimes not used to prevent unwanted objections from consumers. An 

example is the Heineken “tapvat” in which they use the second best of the 

tested activated carbons to store th

Many patents about the use of animal charcoal for de-colourisation 

were applied for in the years 1800 - 1820 (Deitz7). How important it was and 

how difficult to produce enough animal charcoal for refining cane sugar and 

sugar from beets is illustrated by the fact that the Société d’Encouragement 

pour l’Industrie National in France offered a prize of 2000 francs for a 
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solutio

in 1854 is now (1872) 

coming in general use in manufactories and laboratories in order to protect 

the w

at, “charcoal, 

especially animal charcoal, has always been popularly regarded as a very 

power

2, H2, C2H4, CH4, CO2, He and Ar on 

charcoal at temperatures between 83 K and 373 K. To create the different 

n of this problem. It took a century before Norit was successful in 

producing a “cheap” activated charcoal4. 

 How awful the smell in the streets of small and big cities must have 

been can be concluded from the suggestion of Stenhouse (1860) to install 

charcoal filters in the sewers of London, so “the entire metropolis may be 

freed from sewer-gas” 22. In the same article he reported that after 6 years 

the filter that was placed in the Justice-room of the Mansion House was still 

working. This filter was placed there because “the window opens just above 

a large urinal, the smell being a subject of constant complaint in the room”. 

To my opinion, Stenhouse should also be credited with inventing the 

gasmask23. He wrote that “the respirator I invented 

orkers”. He mentioned protection against mercury, noxious metallic 

fumes, chlorides, sulphur, HCl, bromide, and iodine.  

That not only air, but also water was strongly polluted, can be 

deduced from the work of Humber, who stated in 1876 th

ful medium for removing organic impurities from water filtered 

through it” 24. 

Miss Homfray (1910) was the first who really studied systematically 

the adsorption of different gases at different temperatures on activated 

carbons25. The footing for this work is found in her opinion that “As the 

general accepted hypotheses that the phenomena exclusively exists of surface 

compression is not fruitful as the values, as used in the Gibbs equation and 

other equations, in case of charcoal-gas systems can not be determined”. She 

studied the adsorption of N2, CO, O
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tempe

adsorbed plotted on the abscissa and the pressure on the ordinate. She 

called

 waste from the abattoir 

they also bought the N.V. Purit, Mij. in 1925 which was situated in 

Klazie

 Adsorption on charcoal for gas-masks became very important as 

during the First World War poison gas was used on a large scale for the first 

time in history.   

ratures she used, amongst others, boiling air, boiling ammonia, 

boiling CS2, and boiling water. 

 In her very accurate and laborious work she gives tables and 

diagrams. Her (what we would now refer to as) isotherms have the amount 

 them “isothermal curves” and isothermal diagrams. The term 

isotherm became the convention only later in the 1920s.   

Activation was expensive and so, activated carbons were only used for 

pharmaceutical products and edible oils. Norit was in 1911 the first 

company that produced a highly activated carbon with excellent de-

colorization properties. This carbon was sold for a fairly low price4. In 1911 a 

patent of Weinberg and Sauer appeared, describing a process and apparatus 

for the direct manufacturing of white sugar from raw sugar juices using an 

activated carbon26. This “Norit” process (sponsored by the Norit White 

Sugar Company) became widely known and discussed. It was the basis for 

many other patents (see Deitz7 p. XLVIII). During and shortly after the 

First World War, Norit became one of the most important producers of 

activated carbons in Europe. In the period of 1912 - 1923 the General Norit 

Company Ltd. (headquarters in Amsterdam, Holland) got hold of all the 

processes and the patents of the Norit companies. Their first (still existing) 

plant was built in Zaandam, and used peat as feedstock. Beside plants that 

used other raw materials like wood char or animal

naveen (NL), where they produced activated carbon from peat that 

they designated with a P (peat) of T (turf, or Torf).  
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Very soon also in the U.S.A. activated carbon was produced and 

exported. But, they still imported the obviously better (and more expensive) 

ones.  

The figures for 1937 are given in Table 2. In that year almost 10% of 

the imported activated carbon in the U.S. came from The Netherlands. 

Table 2. Import and export of activated carbon in the U.S. in 1937a. 

Imported Exported 

Pounds Tonnes Dollar Pounds Tonnes Dollar 

331,520 150 27,280 2,613,446 1,185 127,667 

Activated carbon is still used a lot today. The increasing concern 

about environmental pollution has resulted in a growing demand for 

activated carbon for removing contaminants from liquid and gas streams. 

Global consumption is expected to grow by 4% per year from 750,000 t in 

2002 to around 840,000 t in 2005. Much of the activated carbon is 

regenerated. The regeneration capacity worldwide is estimated to be over a 

100,000 t per year.  

Other porous materials were also studied, for instance natural silica 

gel (Tabaschir and Kieselgur) but, silica gel just came commercially 

available after the First World War in 1919 when the Grace Davison 

Chemical Corporation produced it after a patent of Patrick28. 

A complete book could be filled with the history, applications, 

methods to describe and theories of adsorption, and arts of activation of 

carbon, but this is certainly beyond the scope of this thesis. Those interested 

in the historical facts are referred to the books of Deitz7, von Keinle and 

                                            
a According to the Department of Commerce 27. 
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Bäde29 and Rouquerol, Rouquerol and Sing30 and the literature cited 

therein. 

Producing something and wanting to sell it, implies that the buying 

person wants to know what he buys, and how good it is. This certainly holds 

for products like activated carbons. The quality can be expressed in any 

way, but the bottom line is, “will it work for my application”. So the need 

arose to develop good testing methods and theories able to describe the 

quality of the carbon in terms of adsorption capacity, surface area, pore 

volume, interaction and so on. The methods and theories developed to 

characterize porous materials will be briefly discussed in the next two 

sections. 

 

Methods for determining usability of the porous material  

Once people realised how to use the adsorption capacity of carbons, 

they also wanted to be able to quantify the quality of their materials. As 

activated carbon was the first porous material that was made artificially, 

most tests were performed on carbon.  The first methods to express the 

quality of activated carbon for water treatment are described by Baylis in 

his book “Elimination of taste and odour in water” (1935)4.  

Because activated carbons were used for many different applications, 

Mecklenburg (1935) suggested a terminology for activated carbons according 

to their use31.   

• E for (Entfärbungskohlen) de-colorisation carbons,  
• M for (Medizinische) medical,  
• A for (Adsorptionskohlen) adsorption carbons and  
• G-Kohlen for (Gasmaskenkohlen)  gasmasks.  
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This also means that different testing methods are required for the 

different types of carbon.   

Baylis stated that there were no test methods to describe the quality 

of an activated carbon until he suggested some methods4. He describes a 

phenol, iodine, molasses test, and chloropierin test. The last test was 

specific for the quality of carbon in a gas mask.  

The fact that for different applications different charcoals (activated 

carbons) must be used, makes it necessary to have different test methods.  

This is the reason that companies producing activated carbons use different 

tests for different applications. For gas phase applications benzene 

adsorption was used (till 1990th).  Now butane adsorption has replaced the 

benzene.  Some methods, as used nowadays by producers of activated 

carbons, are given below. 

• The Butane Working Capacity (ASTM D 5228-92) is used for quality 
control of carbons that are used in evaporative loss control devices. 
The carbons tested with this method must have large micro- or small 
meso-pores.  

• Iodine adsorption (ASTM D1510-05, ASTM D4607-94) is used for 
determining the adsorption capability of small molecules from water.  

• Methylene blue adsorption (ASTM C 837-99) is used for carbons that 
must act as a de-colorizer for small molecules.  

• The molasses number test is used for de-colorization carbons, but this 
time for larger molecules such as those that must be removed in the 
production of white sugar.  
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Theories 

The interpretation of the phenomenon of adsorption changed in the 

course of time. Condensation in the pores, was described by Battista Alberti 

in the 15th century the by the sentence “condenses to wetness”11. But, as 

Langmuir stated in his Nobel Lecture (1932), “Prior to 1910 many different 

theories of adsorption had been proposed, but none of them had been very 

successful. In most of these theories, the increased concentration of the 

adsorbed substance near the surface was thought to be analogous to the 

retention of the earth’s atmosphere by the gravitational attraction of the 

earth” 32.  

Now we know that indeed the adsorbed phase is liquid like and that 

capillary condensation plays an important role in adsorption in porous 

solids.  

While studying the adsorption of water on a natural silica gel 

(Tabaschir) Zsigmondy (1911) concluded that condensation of vapors in 

narrow pores took place at a much lower pressure than the bulk liquid vapor 

pressure33. He based his explanation on extension of the work of Thomson 

(later Lord Kelvin)34. In this way he could explain the large uptake capacity. 

At that time, it was known that the “hollow space” in Tabaschir was around 

70%. Van Bemmelen found in 1897 a hollow space of 40 - 50% for artificial 

silica gels35.  

Studying the adsorption on porous solids makes characterization 

necessary in terms of:   

• Surface area 
• Pore volume 
• Pore size distribution 
• Diffusion 
• Adsorption strength 
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Empirical descriptions of adsorption isotherms are known for a long 

time. The most famous is the Freundlich equation (1907)36. This isotherm is 

still used in the industry, especially for describing adsorption from a liquid.  

Surface sciences changed tremendously after publication of the work 

of Langmuir in 1916, 1917 and 191837-39.  He gave the work of Rayleigh and 

Miss Pockels from 1891 the right attention40. They came to the conclusion 

that the thickness of a layer of oil on water was one molecule thick. 

Langmuir brought all the evidence together and published his monolayer 

theory.  He believed very strongly, that only one adsorbed layer could be 

formed, and that the molecules in this layer had a chemical bonding to the 

surface; “The forces causing adsorption are typical chemical and exhibit all 

the great differences in intensity and quality characteristic of chemical 

forces”39.  

Equation 1 gives the relation for the Langmuir isotherm. From this 

relation, the monolayer capacity can be determined. Knowing how much 

molecules are adsorbed in one monolayer, a route to determine the surface 

area of a porous solid was opened. This relation can only be used to describe 

adsorption in microporous materials empirically, and for describing 

chemisorption as a function of the pressure. Both types of isotherms have a 

type I shape. 

bp
bp

Vm
V

+
=

1
        (1)      

Where  b     = adsorption coefficient = Ko exp (-∆H/RT) 
  V     = amount adsorbed 
  Vm  = amount adsorbed in a monolayer 
   -∆H  = isosteric heat of adsorption 
  p =  pressure 
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Emmett and Brunauer (1934) were the first to publish an attempt to 

translate the number of adsorbed molecules to a surface area of their 

catalyst41. They applied this to a nitrogen isotherm at 84 K (boiling air), 

“The surface of 10 cc of catalyst 931 being estimated as 390,000 sq. cm. by 

assuming the 16 cc of nitrogen was needed to form a monolayer”.  

In 1938, they postulated together with Teller, their very famous BET 

theory for determining the monolayer capacity of porous solids42. They found 

that many “van der Waals isotherms”, measured at or near the boiling point 

of the gases showed an S-shaped curve.  They called their isotherms “van 

der Waals isotherms”, to emphasize that in their opinion, adsorption was a 

physical phenomena, rather than a chemical one, like Langmuir postulated. 

They studied a variety of porous solid materials, amongst them 30 catalysts, 

catalyst supports, silica gels, soils, a de-colorization carbon and charcoal.  

All of their isotherms were S-shaped, except the ones for charcoal. They 

came with a theory of multilayer adsorption. The equations they derived 

are:  

 

                (2)
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Where: V  = amount adsorbed  
 C  = constant that is related to the “net heat of adsorption”,  

now called “net molar energy of adsorption” 
  p = pressure 
  p 0  = saturation pressure 
 Vm  = amount adsorbed in a monolayer 
 N     = the maximum number of layers that can be formed in a 
       pore.  
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The difference between equation 2 and 3 is the possible numbers of 

adsorbed layers. In equation 3, the number of layers is limited to the value 

of N, while in equation 2 this number is infinite. As equation 2 is simple to 

solve by linear regression, this equation is the most famous and most used 

one. Limiting the number of layers to one, results in the Langmuir equation.  

Equations 2 and 3 will be referred to as BET-2 and BET-3, indicating the 

numbers of parameters in the equation.  

The sharpness of the “knee” in an isotherm (“B” in Figure 1) is 

strongly dependent on the net heat of adsorption and is reflected in the C 

value of the BET equations. With increasing strength, the C value also 

increases.  However, due to mathematical limitations of this equation (in 

the linear form), very often negative C values are reported; while the 

isotherms still shows a very distinguishable knee.   

The BET theory is widely applied and forms the scientific basis of 

DIN, ISO and ASTM norms. This is despite the fact that it is over-

simplified, and pertains only to a limited number of cases. In those cases the 

limitations which are implied in the theory are obeyed. For mesoporous 

materials the recommended relative pressure range to be applied in the 

BET-2 equation is 0.05 to 0.35. The limitations are a consequence of the 

following assumptions:  

• All adsorption sites are equally strong 
• There is no interaction between adsorbed molecules 
• An infinite number of adsorbed layers are possible (not in Eq. 3).  
• The energy of adsorption in the second layer is different from the 

first, but equal for all subsequent layers and equal to the liquefaction 
energy. 

For microporous materials the BET-2 is not recommended in any 

norm, but it is very often applied empirically, mostly using a much lower 

relative pressure range than that for mesoporous materials.  
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The idea that adsorption must be due to attraction forces dates back 

to the publication in 1814 of Saussure43. But it took one century before 

Polanyi published his quantitative formulation of the potential theory in 

191444-45. This theory is based on the idea of long range attraction forces 

emanating from the solid surface. The force weakens exponential with the 

distance between the adsorbed layer and the surface. He did not give a 

relation for the isotherm, but indicated how to construct a “characteristic 

curve” for a given adsorbate-adsorbent system. Three decades later, in 1947, 

Dubinin and co-workers modified Polanyi’s concept and used it for their 

micropore filling theory46. 

According to their theory the smallest pores (with the highest 

adsorption potential) are filled first. Here we find a big contrast with both 

the Langmuir and the BET theory, where all the adsorption sites are 

assumed equal. Later Kaganer (1959) interpreted the theory of Dubinin 

differently, and applied it to an open surface where the strongest adsorbing 

sites are filled first47. In this way, not a micropore volume, but a surface 

area is obtained from the isotherm, equations 4 and 5. 

  (4) 

           

(5) 

 
In which  B    = 5.304 (R/E0)2    
   E0   = characteristic interaction energy 
   β     = scaling factor, benzene was chosen as 1. 
   W/W0 = the fractional micropore filling 
   V  = amount adsorbed 
   Vm   = amount adsorbed in a monolayer 
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Another empirical way to determine the surface area of an unknown 

porous solid is to compare the obtained isotherm to that of an isotherm of a 

nonporous material with the same chemical nature. Examples are the t-plot 

of Lippens and the Boer48 and the αs method of Sing49.  To obtain a t-plot, 

first an adsorption isotherm of a standard (non-porous) material must be 

measured. Secondly, the amount adsorbed is translated into a statistical 

layer thickness and plotted against the pressure. After measuring the 

porous sample, the amount adsorbed is plotted against t, which is taken 

from the constructed t-plot of the standard at the same pressure.  These 

methods are also known as comparison plots. The approach of the αs method 

is similar to the approach of the t-plot, except it is plotted against αs. This αs 

is taken at a relative pressure of 0.4 and αs  is appointed to be one at that 

pressure. With this method the micropore volume and the external surface 

area of microporous materials can be established.  

These are the most important basic theories for determining the 

surface area. However, one should bear in mind that referring to a surface 

area in relation to microporous materials, does not make sense. In 

microporous materials it is possible that single molecules are completely 

surrounded by the walls of the porous material. Therefore, the term 

“monolayer equivalent surface area” is used here instead. 

For microporous materials the micropore volumes and the micropore 

size distributions are important. For the micropore volume determination 

we can use: 

• The Dubinin-Radushkevich theory 
• The αs method 
• n-Nonane preadsorption 

Martín-Martínez and Mittelmeijer-Hazeleger described the use of the 

n-nonane preadsorption method extensively (see also Chapter 2) 50. 
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Theories to obtain a micropore size distribution are very limited. The 

first one is the so-called MP (micropore)-method, based on the t-plot of 

Lippens and de Boer48. This method was postulated by Mikhail, Brunauer, 

and Bodor51. As this method is based on a comparison plot, the result is very 

much dependent on the choice of the standard isotherm and, as a 

consequence hardly anybody is using this method anymore.  

As the Dubinin lines are often non-linear this can not be used for 

determining pore size distributions. Therefore, Dubinin and Stoeckli 

presented a theory, for microporous materials with a small pore size 

distribution, in which they postulated that “the distribution of the micropore 

volume W0 with B is given by the normalized Gaussian of half-width ∆”. 

 

(6) 

In which  x   = Characteristic dimension of a micropore =  
     k/E0 (for carbons a value for k of 13 kJ nm mol-1  

is 
    a good approximation)    

   x0   = Characteristic dimension of the micropores 
M = (0.01915/k)2

   W = micropore volume 
   W0 = total micropore volume 
   ∆ = Half width of a normalized Gaussian 

 For materials having a broad distribution they summed a large 

number of narrow distributions52. As stated by Rouquerol and co-workers 

“this method seems to be successful when applied to a relatively narrow 

range of ultra-micropores in molecular sieve carbons, but when applied to 

zeolites the results are very difficult to interpret” 30.  

In 1983, Horvath and Kawazoe published their theory describing 

micropores in activated carbon53. They studied carbon having slit-shaped 
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pores of about 0.5 nm diameter. The Lennard-Jones potential functions were 

used to model the adsorption interaction between N2 and the carbon. In 

1991 and 1995 Saito and Foley published a similar method, but applied to 

Ar on zeolites54, 55.  

The most novel theories describing an isotherm and pore size 

distributions are based on the Density Functional Theory or the Non Local 

Density Functional Theory. Much work on this approach was done by 

Olivier56 and Gubbins57. In fact, the basis for this theory was already laid in 

1989 by Seaton et al.58.This method offers the most reliable results if the 

structure and the pore shape of the adsorbent are already known, but not 

for poorly ordered materials59.  

Molecular modeling is an important instrument to predict isotherms 

and/or pore size distributions60-62. Although originally developed for 

calculation of pore size distributions, the Broekhoff-de Boer theory63 is 

nowadays used by Qiao et al. 64 as a basis to predict adsorption isotherms of 

mesoporous materials. But, still all these methods rely on carefully acquired 

data, needed to calibrate these methods, and assumptions about the 

structure of the sorbent. 

Another method (not a theory) for determining the micropore size 

distribution is using probe molecules. This is very laborious, but according 

to Sing “this approach is considered to be more generally applicable than any 

mathematical procedure based on the analysis of a single isotherm” 65.  

More techniques exist by which porosity can be studied like, mercury 

porosimetry (meso- and macroporosity), perm-porometry (microporosity), 

thermo-porometery (mesoporosity), heats of immersion,  inverse gas 

chromatography, and so on, but in this thesis only a small number of 

techniques and theories, applicable for microporosity, will be used.  
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Outline of the thesis 

In this thesis the central objects of study are the microporous 

materials; activated carbons, soils, and zeolites.  

Chapters 2 and 3 focus on activated carbons. In Chapter 2, different 

methods and theories are applied to a number of samples having an 

increasing porosity, but from the same origin. In Chapter 3, the difference in 

adsorption behavior of N2 and CO2 is analyzed in more detail on the same 

series of samples. 

 Using the knowledge from Chapters 2 and 3 the adsorption capacity 

of soils is studied in Chapter 4. In this study four soil samples and three 

reference samples are used. The adsorption of five different probe molecules 

on these samples is compared with other techniques used to characterize the 

soils.  

In Chapter 5 zeolites are studied. The influence of an inert gas on the 

rate of adsorption and on the apparent adsorption equilibrium is discussed.  
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A general note on adsorption measurements 

This thesis describes adsorption of molecules in quite different 

materials like carbons, soils, and zeolites. These materials have one thing in 

common: they are all microporous. Although the name, micropores, implies 

that they have pores of micrometer dimensions, this is not true.  

The IUPAC division in micro-, meso-, and macro-porous is not based 

on the “normal” division like nm, µm, cm and m, but originates from the 

“standard” N2 adsorption isotherm at 77 K.  

Even today, with availability of much more advanced techniques, DIN 

and ISO norms still use N2 at 77 K as standard. N2, however is not an ideal 

adsorption gas, because it has a quadrupole moment, it is not a perfect 

sphere, and it can either adsorb ”flat” or “upright” on a surface30. 

The fact that the adsorption is measured at very low temperatures, 

while in practice most adsorption processes take place at or above room 

temperature, can lead to large errors in process parameters based on N2 

adsorption data.  

Contrary to popular belief, the surface area given by the BET method 

does not quantify porous materials well. It can not express the connectivity, 

the restrictions, and the chemistry of the surface.  

 One group of users and producers still use very old fashioned 

methods like, methylene blue, and iodine adsorption. This group, dealing 

with activated carbons follow however, perfectly the recommendations of the 

IUPAC: “The method chosen to access a parameter must be directly related, 

as much as possible, to the phenomena involved in the application of the 

porous material”1. 
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The message in this thesis is: do not restrict the measurements to N2 

alone, but use other gases at higher temperatures, and do not expect the 

same results. In contrast, look for the differences and use these differences 

to understand how the adsorbent is built and how it is capable to adsorb, 

and how an adsorptive enters, moves into, and finally, adsorbs in a porous 

material.  

 

 28



 

 
Picture of the set-up as used by Scheele (1777).   

    2 
Microporosity in activated carbons produced 

from anthracite b

 

Activated carbons are normally used as adsorbents, catalysts, or as 

catalyst supports66. Besides chemical activation, air, CO2, and steam are 

quite common activating agents.  The most used precursors for activated 

carbons are peat, low rank coals, nuts, coconut shells, and other animal and 

vegetable waste products67-68. The use of high rank coal, like anthracites, is 

not common because of their low reactivity.  

As a consequence of the first energy crisis, many scientists started 

studying coals again. Also in our institute coals were studied intensively. In 

one of the studies about the formation of N2O and NO during coal 

combustion it appeared that the formation of N2O and NO was dependent 

on the temperature and on the coal rank69.  

                                            
b This chapter is based on the papers 1, 2, and 3 annexed to this thesis.  
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However this study did not include information concerning the nature 

of the changes in the porous structure of the chars during combustion. One 

of the most interesting samples was a high rank coal. This coal was selected 

for further investigation in order to analyse the evolution of porosity during 

its reaction with CO2 as a function of time.  

As often happens, this created series of activated carbon samples 

ended up as a subject of a study about evolution of micropores during 

activation. The main focus of this chapter will be to study the limitations of 

the different methods to analyse microporosity. 

 

 

Samples, techniques, procedures, and theories  
 

For this study we used the anthracite GB04 that, by intermediary of 

the European Centre of Coal Specimens (SBN), originates from the United 

Kingdom. Ultimate and some petrographical analysis of the anthracite are 

given in Table 3.  

 
Table 3. Ultimate and petrographical analysis of the anthracite GB04. 

  Wt % d.a.f.(a)

Fixed carbon 94.1 
Volatile matter 4.6 
Ashes 1.2 
Sulfur 0.6 
Vitrinite 76.9 
Inertinite 21.8 
Minerals 1.1 

(a) d.a.f. – on a dry and ash free basis.  
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Eight samples, including the raw material, were prepared by partially 

gasifying the anthracite. In the following part of this chapter and in Chapter 

3, the samples will be denoted by their burn-off percentages. The 

gasification was done at 1133 K in CO2 in three different runs. The created 

samples and their reaction times needed are given in Table 4.   

 
Table 4. The samples and their activation time at 1133 K.  

Sample series Percentage burn-off Reaction time  (hrs) 
GB0  0 0 

GB17.5 A 17.52 23 
GB35.5 A 35.62 73 
GB48 B 48.00 135 
GB59 B 59.40 200 

GB71.5 C 71.50 272 
GB75 C 75.02 587 

GB97.5 C 97.42 733 
 

The techniques used to elucidate the porosity of the samples include 

the adsorption of different gases at different temperatures, density 

measurements and some general analytical techniques. Different theories 

are used to obtain the surface area, the micropore volume and the total pore 

volume from the adsorption isotherms. We measured the adsorption of: 

• Ar at 77 K 
• N2 at 77 K 
• CO2 at 273 K 
• n-butane at 273 K 

The saturation pressure of Ar, N2, and n-butane at those temperature 

is around 100 kPa, so, the whole isotherm can easily be measured in 

commercially available equipments.  This is not the case for CO2, for which 

the saturation pressure at 273 K is 3390 kPa. As a consequence the 

maximum relative pressure range is limited to 0.035, when using standard 

adsorption equipment having a pressure limit of about one atmosphere.   
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The obtained isotherms were analyzed using one or more of the 

methods mentioned below:  

• The BET method42 
• The Dubinin-Radushkevich46 theory 
• The Dubinin-Kaganer theory47 
• The αs method49 

Using the BET and the Dubinin-Kaganer method total surface areas 

can be obtained. Micropore volumes can be obtained using the Dubinin-

Radushkevich and the αs method.  

For interpretation of the isotherms the main classification as given in 

Chapter 1 is not adequate. Rouquerol et al.30 give in their book a subdivision 

of the types I, II, and IV isotherms. This subdivision is presented in Figure 

2.  

 
Figure 2. Subdivision of type I, II, and IV gas adsorption isotherms. 

 

Also the n-nonane pre-adsorption technique, known since 1969, was 

applied70. By means of filling, or blocking, the micropores with n-nonane it 

is possible to measure the remaining free space of the non-microporous part 
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of the adsorption capacity. Whether n-nonane fills or blocks pores was 

subject of debate for a long time71-72. After filling, or blocking, the pores, the 

n-nonane was partially removed by evacuating the sample at, increasingly 

higher temperatures. The vacuum had to be below 10-3 torr (0.133 Pa) before 

the adsorption of nitrogen and carbon dioxide was measured.  

Densities of porous solids can give information over closed or open 

porosity. Therefore both, “mercury” and “helium” densities, were measured.  

The helium density measures the “true” also called “skeleton” density.  

In these measurements we use helium as a displacement medium.  The 

assumption is that helium is capable of entering the whole pore space and it 

does not adsorb.  

With the mercury density we use mercury as a displacement medium 

and assume that mercury is not capable of entering pores smaller than 

15200 nm, according to the Washburn equation73.  

Hence, with the helium density we measure the skeleton density of 

the solid material (excluding the volume in the pores) and with the mercury 

density the density of the total particle (including the pores volume). 

Combining these densities yields the total pore volume by the relation: 

 

           (7) 
HeHg

pV 11 −=
ρρ 

 

With Scanning Electron Microscopy we can follow the change in 

(macroscopic) structure of the samples upon burn-off. Some coals are known 

to become, more or less, like a liquid upon heating74. If the coal under study 

would be thermoplastic upon heating, this could lead to a change in porosity 

and possibly also a change in the surface chemistry. Although this is never 

shown to happen with anthracites, SEM pictures, of the samples were taken 

to be sure that this was not the case.  Some of these pictures are presented 

in paper 1 of the annex.  
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Results and Discussion 
 

The nitrogen adsorption and desorption isotherms of the samples are 

presented in Figure 3. If we follow the change in shape of the consecutive 

isotherms the observations are:  
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Figure 3.  Nitrogen adsorption isotherms of the samples at 77 K.  

GB0 ( ), GB17.5 ( ), GB35.5 ( ), GB48 ( ), GB59 ( ),  
GB71.5 ( ), GB75 ( ) and GB97.5 ( ).  

 
• The virgin sample with 0% burn-off does not adsorb nitrogen.  
• With increasing burn-off the “knee” becomes less sharp, the isotherm 

thus changing from a type Ia to a type Ib isotherm. 
• For samples, with a burn-off higher than 60%, still a type Ib isotherm is 

observed, but at higher relative pressures (above 0.2) the isotherms 
change to a combination of type Ib and type IIa. The three high burn-off 
samples have almost the same amount adsorbed relative pressures of 
0.20, but the total adsorption capacity at higher relative pressures still 
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increases. It is generally assumed that the micropore filling can take 
place in two stages:  

o First the primary micropore filling takes place in the ultra 
micropores (< 1 nm) (p/p0 = 0.001 – 0.01)  

o Followed by secondary micropore filling in the super micropores 
(1.5 – 2 nm) (p/p0 = 0.01 - 0.05) (see pag. 206 of ref. 30 and Fig. 
17).  

The increase in the amount adsorbed above a relative pressure of 0.05 
implies that also mesopores are filled.  

• For all the samples the adsorption and desorption isotherm coincide. 
Only in the case of the 97.5% burn-off sample this leads to an adsorption-
desorption hysteresis. Thus, we see for the 97.5% burn-off sample a 
combination of type Ib with type IIb.  

• Especially the isotherm of the 97.5% burn-off sample needs some more 
attention. Although not very common, isotherms of microporous 
materials having a quite linear part can be found in literature. Most of 
the materials showing such behaviour are activated carbons, but also 
MCM-41 material can show quite a pronounced linear part75-76.  Such a 
linear part is an indication of the formation of an adsorbed layer in 
larger micropores, whose thickness increases progressively with 
increasing relative pressure30.   

From the observations mentioned above we can conclude that with 

increasing burn-off the micropores are widened, and in case of the 97.5% 

burn-off sample even mesopores are formed. 

In Figure 4 the isotherms of CO2 (until a relative pressure of 0.034) 

are given. Remarkable is that now the 0% burn-off sample shows a 

pronounced uptake, in contrast with nitrogen adsorption. Following the 

influence of the burn-off degree, we observe that the isotherm curvature 

becomes less. This indicates a widening of the pores, leading ultimately to 

an almost linear uptake for the 97.5% burn-off sample. As indicated before, 

a linear part in an isotherm is attributed to the formation of layers on an 

open surface or in wide pores. 
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Figure 4. The CO2 adsorption isotherms of the samples at 273 K.  

GB0 ( ), GB17.5 ( ), GB35.5 ( ), GB48 ( ), GB59 ( ),  
GB71.5 ( ), GB75 ( ) and GB97.5 ( ). 

 
 

Despite the fact that CO2 and N2 have almost the same minimum 

dimension (0.28 and 0.30 nm resp.30) for some carbons, coals and zeolites no 

measurable adsorption of N2 is found, while for CO2 a remarkable 

adsorption is measured. This is found before and explained as a kinetic 

restriction for N2 at 77 K trying to enter the very small micropores77-78. Also 

CO2 can show such behaviour of kinetic hindrance at lower temperatures.  

This is proven by the fact that at higher adsorption temperatures sometimes 

larger amounts adsorbed are found79. 

Although the isotherms of n-butane at 273 K and of argon at 77 K are 

not identical to nitrogen, they follow the same trend (see annex paper 1). 

The information gathered after analyzing these isotherms is brought 

together in the Figures 5 and 7. In Figure 5 the monolayer equivalent 

surface areas are plotted against the burn-off percentages and in Figure 7 
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the pore volumes. These surface areas are calculated using the BET method 

for N2, Ar and n-C4 and the Dubinin-Kaganer for CO2. The values for CO2 

deviate from the results for the other three gases.   

• At low burn-off (< 40%) the values for CO2 are systematically higher 
than those of the other gases.  

• At medium burn-off (40 - 50%) all the obtained values are almost 
identical. 

• At higher burn-off (> 50%) the values for CO2 remains constant, while for 
the other gases an increase is observed, that levels off at very high burn-
off. 

 

An explanation for these observations must be found in the fact that, 

only the adsorption of CO2 is done at a temperature far from its boiling-

/sublimation-point, even close to the critical temperature, while this is not 

the case for the other gases. A detailed analysis of this difference will be 

presented in Chapter 3.  
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Figure 5. Monolayer equivalent surface area as calculated from the 

isotherms. N2 ( ), Ar ( ) n-C4 ( ) and CO2 ( ).  
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A small molecular sieving effect is observed. The monolayer 

equivalent surface areas of n-C4 are systematically smaller than for N2 and 

Ar, except at the highest burn-off, where all surface areas are the same.  

Figure 6 shows the particle and the skeleton densities as function of 

the burn-off. After an initial small increase in the skeleton density, where 

mainly closed pore space is opened, this density stays almost constant with 

increasing burn-off of the samples, at around 2200 kg/m3, the value of pure 

graphite. The continuous decrease in the particle density shows that more 

pore volume is created during the burn-off treatment.  From these densities 

the total pore volume can be obtained by using Eq. 6. 
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Figure 6. Densities of the samples as a function of the burn-off. 

Particle density ( ), skeleton density ( ).  

 

The obtained total pore volumes are presented in Figure 7 as a 

function of the burn-off. In this figure also the volumes of the micropores 

obtained from the adsorption isotherms of N2, Ar, and n-C4 are given. Both 
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the αs method and the Dubinin-Radushkevich (DR) method are used to 

determine the micropore volumes. For burn-off’s <40% no difference is found 

between these two methods, while at higher burn-off the αs method gives 

higher values.  The micropore volumes as given by the n-nonane method are 

determined by the amount of n-nonane remaining after evacuating at room 

temperature. The micropore volume determination by the adsorption of n-

nonane underestimates the micropore volume in all the samples.  
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Figure 7. The (micro) pore volumes of the samples as function of the burn-
off. n-C4 ( ), N2 ( ), Ar (∆),  n-nonane ( ), total pore volume ( ).  

Solid symbols denote the volumes obtained using the αs method; open 
symbols the Dubinin-Radushkevich method. 

 

The values for the total pore volume, calculated from the densities are 

in very good agreement with the values obtained by the αs method.  This 

shows that with the αs method the pore volume of all the micropores, and 

even the small mesopores, are measured, while with the Dubinin-
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Radushkevich the widest micropores are not taken into account.  One 

exception is for the 0% burn-off sample. Here a pore volume of 0.11 cm3/g is 

found, while for the three gases almost no volume can be detected. However, 

the total pore volume for the 0% burn-off sample is in agreement with the 

micropore volume obtained from the CO2 adsorption.  
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Figure 8. N2 adsorption isotherms at 77 K for the 35.5% (left) and the 75% 

(right) burn-off sample before, and after gradual removing n-nonane by 
temperature treatment under vacuum. 

Original (⎯⎯⎯), 298K ( ), 398K ( ), 473K (∆), 573K ( ), 723K ( ). 

An illustration of n-nonane retention in samples with different pore 

sizes is given in Figure 8 for the 35.5 and the 75% samples.  After n-nonane 

admission and outgassing at room temperature, about all pores are blocked 

for N2 in the 35.5% sample, while for the 75% sample there still is a 

significant adsorption capacity left. Further, n-nonane is retained more 

strongly in the 35.5% sample than in the 75% sample. Even after 

evacuating, at 573 K, for the 35.5% sample, still 10% of the adsorption 

capacity is blocked by n-nonane, while for the 75% sample only 3% is 
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blocked after evacuating at 473 K. Clearly, the interaction of n-nonane with 

the 75% sample is weaker, indicative of larger pore widths.  

This difference can be used to visualise pore size distributions. 

Mittelmeijer-Hazeleger et al.80-81 demonstrated that the temperature 

programmed desorption of n-nonane can be used to obtain a micropore size 

distribution. In Figure 9 this method is applied to the series of carbons 

discussed here. The lines indicate the maximum of the desorption peak of 

model zeolites and of a carbon molecular sieve.   
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Figure 9. TPD of n-nonane of some samples. 

At low burn-off n-nonane can not enter all the micropores, but blocks 

them. At higher burn-off n-nonane does not fill the entire micropore volume 

because it is not retained strongly enough in the super micropores80-81.  So in 

all cases n-nonane adsorption underestimates the micro pore volume. This 

can also be concluded from Figure 7.   
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From the above, the conclusion can be drawn that with increasing 

burn-off the porosity is also increased resulting in larger surface areas and 

pore volumes. From the observation that above 50% burn-off the micropore 

volumes , as determined with the DR equation, levels off, the conclusion can 

be drawn that this larger porosity is mainly created by enlargement of the 

pores, rather than by creation of new (micro) pores.  This is also supported 

by the fact that the “knee” in Figure 3 becomes less sharp and that the 

linear part in the isotherm becomes larger above 60% burn-off, both 

indications of widening of the pores.   

This conclusion, based on the adsorption measurements, is confirmed 

by Nguyen and Bhatia who found that the development of porosity is 

enhanced by the removal of carbon layers82. The range of burn-off degree 

they studied is from 7 to 80% of an Australian Yarrabee coal char. The burn-

off was performed using air at 673 K. They based their conclusion on 

determination of pore wall thickness distributions using argon adsorption, 

and correlated them with XRD.  Also Sharma et al.83 found that the carbon 

loss upon burn-off, above 42%, was mainly due to removing stacks 

containing thin layers (1 to 4) of carbon. They prepared their samples by 

gasifying Pocahontas coal char in CO2 at 1473 K. 
 

Evaluating the results of the different techniques for the burn-off 

series the figure below summarizes the information that can be obtained by 

the different methods. This may serve as a reference to decide what method 

is best applied depending on the requested information.  
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Conclusions 
Conclusions from the work described in this chapter are: 
• From the differences in adsorption capacity between N2 and CO2 in 

samples with low burn-off (< 40%) we can conclude that they contain 
ultra micropores. For adsorption in such small pores the temperature is 
very important. The adsorption of N2 (at 77 K) in these pores is 
activated. 

• In the burn-off range between 20 and 60%, where the pores are still 
small, the αs method and Dubinin-Radushkevich give the same results 
for the micropore volume.  

• When dealing with porous materials with wider pore sizes, such as the 
samples with a burn-off above 60%, the different methods to determine 
the micropore volume give different results.  

• The micropore volume as determined with Dubinin-Radushkevich 
method represents the volume of the ultra micropores and the medium 
micropores.  

• The αs method measures the whole micropore volume and even that of 
the small mesopores. 

• The total pore volumes from the density determinations are similar to 
the volumes from the αs method, due to the absence of larger meso- and 
macropores.  

• The micropore volume as determined by the amount of n-nonane 
underestimates the micropore volume in all samples. This is because n-
nonane does not penetrate completely in the ultra micropores and is not 
retained strongly enough in the super micropores.   

• The n-nonane retention depends on the pore size. Smaller pores retain 
nonane stronger.   

• The increasing porosity of these samples with increasing burn-off is 
caused by widening of the micropores rather than by creating new pores.  
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Hydrostatic balance as described by Gallileo84.   

    3 
N2 and CO2 adsorption on activated carbons c

 

In this chapter the differences in the adsorption behavior of N2 and 

CO2 is the main topic. It will be shown that N2 adsorbs via micropore filling, 

while CO2 adsorbs layer by layer. 

The difference in values of certain characteristics obtained by N2 and 

CO2 adsorption measurements, as noted in the preceding chapter, is known 

and discussed in literature already for a long time.  Walker and Kini stated 

in their paper of 1965 that they are the first to used CO2 adsorption near or 

at room temperature85.  However, in the same issue of Fuel, Marsh and 

Siemieniewska also published CO2 adsorption data, measured at 273 and 

293 K86. After these publications many people used “high” temperature CO2 

adsorption, especially in coal and carbon studies.  

                                            
c This chapter is based on the papers 1 to 3 that are attached as annex and on new 
measurements. 
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The application of CO2 did not mean that the adsorption results were 

completely understood. Some authors believed that at these high 

temperatures CO2 is only capable to form a monolayer on the walls of the 

pores86-88, while others assumed that the same micropore filling mechanism 

valid for N2 at 77 K is also valid for CO289. It will be demonstrated in this 

chapter that CO2 adsorption at 273 K, takes place layer by layer rather than 

through micropore filling. A method will be presented to determine the 

mean micropore size from the combined results of the N2 and CO2 

adsorption. 

 Three different observations can be made when comparing N2 and 

CO2 surface areas or micropore volumes: 

1. The values found for CO2 are smaller than for N2. 
2. The values found for CO2 are equal to values for N2. 
3. The values found for CO2 are larger than for N2. 

Several authors ascribe these situations to the pore size, but up till 

now no good explanation is given. Sometimes a correlation with burn-off 

degree was observed90-95, as also noted in Chapter 2.   

 

 

Samples, techniques and theories  
 

The samples used in this chapter are the same as used in Chapter 2; 

the series of the burned-off anthracite GB04. As a reference a zeolite (FAU, 

13 X), with windows of 0.74 nm and supercages of 1.3 nm (from Chemische 

Fabrik Uetikon) is used. As carbon and coal samples are known to age, new 

nitrogen adsorption measurements were performed, to be able to compare 

these with recent carbon dioxide adsorption measurements at high-

pressure. 

The nitrogen adsorption isotherms are measured using a commercial 

instrument, the Sorptomatic 1990 from Thermo Finnigan, Italy. The 
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conditions for equilibrium were set in such a way that equilibrium was 

considered to be reached if the pressure change was smaller than 0.01 torr 

within 15 min.  This resulted in equilibration times between 30 and 500 

min.  

For the CO2 adsorption measurements the equilibrium conditions 

were set such that equilibrium was considered to be reached if the change in 

pressure is smaller than 0.1 kPa in 15 min. This resulted in equilibration 

times between 30 minutes and one hour. 

For the CO2 adsorption measurements a combination of a home-made 

manometric system with a commercial magnetic suspension balance was 

used. The home-made gas introduction part of the manometric set-up is 

designed to work at high pressures (20 MPa) and at temperatures between 

room temperature and 473 K. By combining the magnetic suspension 

balance with our set-up we can measure adsorption at temperatures 

between 253 K to 773 K.  The balance is a 3 position magnetic suspension 

balance of Rubotherm GmbH, Germany.  

The three positions are used for; zero determination, weighing of the 

sample and determining the density of the gas. The operating principle is 

illustrated in Figure 10.   

1. At the first position, the zero point position, only the dark printed parts 
are weighed.  

2. In the second position, the sorption position, also the sample basket is 
lifted and weighted, illustrated again by the darker printed parts.  

3. In the third position, the density measurement position, also a titanium 
sinker is lifted, illustrated again by the darker printed parts. 

The weight and the volume of this sinker are determined before. Also 

the volume of the sample holder and the skeleton density of the sample 

must be known. From the virtual weight change of the sinker, caused by the 

buoyancy we can calculate the density of the gas. With this density we can 

then correct the weight of the sample holder and sample for the buoyancy.  
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Figure 10. Operating principle of the magnetic suspension balance. 
 

Figure 11 shows a schematic drawing of the whole set-up.  The 

system is computer controlled by an in-house built program. Complete 

adsorption and desorption isotherms can be obtained in this way. On a 

second computer the signal of the suspension balance is recorded.  

An important question using a gravimetric method is; are we 

interested in the total amount adsorbed or in the surface excess. The latter 

being the result of applying the buoyancy correction only to the sample and 

not to the amount adsorbed.  In case we are dealing with a sample with 50% 

porosity, its buoyancy correction must be doubled when the pores are 

completely filled with the adsorbate.  Because applying that second 

correction leads to a larger amount adsorbed, again a new correction has to 

be applied, etc. This is done until a stable value is obtained iteratively. 
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Figure 11. A schematic representation of the set-up used for high pressure 

CO2 adsorption measurements. 
 

  

Since, comparing the surface excess obtained from the high pressure 

CO2 adsorption with the “absolute” amount adsorbed of nitrogen adsorption 

is meaningless, we applied the above corrections iteratively three 

consecutive times, which was enough to reach a stable value.  As an 

example of the impact of this correction the obtained surface excess near the 

saturation pressure was 0.4087 gram/gram for the 48% burn-off sample.  

After the first correction this became 0.4425. After the second and third 

correction these values became 0.4453 and 0.4455 gram/gram, respectively.  

Another important number needed is the density of the adsorbed 

phase. For nitrogen at its boiling point it is fair to assume that the density is 

equal to that of the bulk liquid. For the buoyancy correction of the CO2 

measurements, also the bulk liquid density of 929 kg/m3 (at 273 K) is used. 

However, for the calculation of the cross sectional area of CO2 which is 
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adsorbed in the first layer a different density can be expected, as the 

adsorbed substance is in a highly compressed state. Here the method 

proposed by Dubinin to correct for this is applied96.  This leads to a density 

in the adsorbed state of CO2 of 1079 kg/m3 instead of 929 kg/m3 for the bulk 

liquid.   

 For the cross-sectional area of nitrogen the generally recommended 

value of 0.162 nm2 is used. This area was originally used by Emmet and 

Brunauer and was calculated from the liquid density, assuming a hexagonal 

closed packing41.  Applying the same assumptions to CO2, with the density of 

1079 kg/m3, results in a cross-sectional area of 0.179 nm2 for CO2.  

The theories used in this chapter were discussed in Chapter 1. For 

the surface area calculations the BET42 and the Dubinin-Kaganer47 theories 

are used. The Dubinin-Stoeckli theory was applied for the determination of 

the pore width52. As we study carbons, we can apply the theory of Horvath-

Kawazoe to determine the micropore distributions53, as this was developed 

for nitrogen on an activated carbon. 
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Results and discussion 
  

Isotherms can be presented in a number of different ways, on the 

ordinate, pressure, relative pressure, or reduced pressure. On the abscissa 

the amount adsorbed per gram adsorbent is plotted. This amount is 

normally expressed in cm3/g (gas under Standard Temperature and 

Pressure conditions, 273.15 K and 101.3 kPa). Also mol/g or g/g is very often 

used. Scientists studying zeolites sometimes express the amount adsorbed 

in number of molecules per unit cell; this depends mainly on the purpose it 

serves.  

Plotting the amount adsorbed in one of the above mentioned ways, 

makes that the amount adsorbed is dependent on the adsorptive and not 

only on the pore space. Comparison N2 adsorption with CO2 adsorption 

requires that the amount adsorbed is plotted as the liquid volume of the 

amount of adsorbed adsorbate against the relative pressure, as these liquid 

volumes are independent of the adsorptives. Although more authors present 

the amount adsorbed as a liquid volume, I found in literature only two 

examples where this way of presenting isotherms was used to compare 

different adsorbates97-98. None of them compared N2 with CO2, probably due 

to the widely different range of relative pressures commonly used.  

In Figure 12 the isotherms of the samples are plotted in this way. For 

clarity not all the points are shown. Again striking are those parts of the 

isotherms that have a linear rise with p/p0, especially for the three samples 

with the highest burn-off. According to Kaneko, this linear rise must be 

considered to be indicative for the presence of considerably larger 

micropores99.  
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Figure 12. Isotherms of CO2  at 273 K (open symbols) and N2 at 77 K (closed 

symbols) for the 7 activated anthracite GB04 samples. 
 

For the three samples with the lowest burn-off, clearly, the final 

amount adsorbed for CO2 is higher than for N2.  This is due to the activated 

adsorption in case of N2, caused by restriction of molecular dimensions in 
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the carbon, as discussed before. At the same time it is clear from the large 

uptake that at low pressures micropore filling occurs for N2, while this is not 

the case for CO2. Increasing the burn-off from 48.5% to 97.5%, we see that 

the point where both gases adsorb in equal amounts shifts towards higher 

relative pressures. The explanation is that at higher burn-off the pores are 

wider. Assuming that CO2 adsorbs layer by layer, upon widening of the 

micropores a higher pressure is needed to reach the point where all the 

pores are filled. This is in contrast to N2 where the pores are partly filled at 

a low relative pressure via micropore filling  

 If the above reasoning is correct, the linearized form of the BET 

adsorption isotherm Eq. 2 has to be linear over a broader range of relative 

pressures for CO2 than for N2, since in that case the assumption in the BET 

theory of layer by layer adsorption is valid. For convenience, the BET 

equation, in a linear form, is given in Eq. 8.  

 

 

               (8) ( )
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0
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+=
−

1 ppCpp −

 

 

In Figure 13 two examples, the 35.5% and the 75% burn-off sample 

are given. Clearly, for CO2 not only a linear relation over a broader range of 

relative pressures is found, but the linear part, indicated by the solid 

symbols, is also situated at higher relative pressures, obeying more the BET 

theory. For N2 on the 35.5 % burn-off sample, the intercept even tends to 

become negative, resulting in a negative C value, which has no physical 

meaning for this type of isotherms (type I).  
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Figure 13. Linearized form of the BET isotherms for the CO2 adsorption 
( , )  at 273 K and the N2 adsorption (∆, ) at 77 K for the 35.5 and the 
75% burn-off samples. Solid symbols represent data in the linear range. 

 

Table 5 gives the monolayer equivalent surface area, (Sa) calculated 

with the BET-2, BET-3 and, Dubinin-Kaganer (DK) for all the samples. 

Within a set of data (N2 or CO2) the results for the BET-2, BET-3 and 

DK are quite similar.  

The samples with a burn-off of 35.5% and higher all show a lower 

monolayer equivalent surface area, for CO2 than for N2, indicative for a 

different adsorption mechanism. For the 17.5% burn-off sample the results 

are the same for both adsorptives. For small pores (low burn-off) one would 
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expect a difference in the Sa between the results of the BET-2 (infinite 

number of adsorbed layers) and BET-3 (limited number of adsorbed layers) 

equations. Till a burn-off of 50% this is certainly the case for the N2 

adsorption. For the results of the CO2 adsorption no such effect is observed.  

This is again a strong indication that N2 and CO2 adsorb according to 

different mechanisms.  

 

Table 5. BET and Dubinin-Kaganer (DK) results for N2 and CO2.  

 N2 CO2

 BET-2 BET-3 DK BET-2 BET-3 DK 
Sample Sa(m2/g) Sa(m2/g) Sa(m2/g) Sa(m2/g) Sa(m2/g) Sa(m2/g) 
GB0    220 180 250 
GB17.5 435 490 510 450 435 505 
GB35.5 800 915 860 575 620 635 
GB48 1060 1240 1105 750 755 740 
GB71.5 1325 1330 1305 870 875 870 
GB75 1580 1535 1515 1000 985 1000 
GB97.5 1430 1470 1460 980 980 970 
 

 

Additional evidence for this idea would be provided if the same holds 

for a zeolite, meaning that for N2 micropore filling and for CO2 a layer by 

layer adsorption should be observed. Also the “BET lines” must be linear 

over a broader range of relative pressures for CO2. To this purpose, a 

commercially available zeolite 13X, (Faujasite type) was used. This zeolite 

consist of supercages, with a dimension of 1.3 nm, which are connected 

through smaller windows (0.73 nm)30. These supercages are so wide that a 

difference between micropore filling and layer by layer must be observed.  In 

figure 14 the N2 and CO2 adsorption isotherms on this zeolite are given. 

There is, also for 13X, a difference between N2 and CO2.  
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Figure 14. Isotherms for N2 adsorption ( ) at 77 K and CO2 adsorption ( ) at 

273 K on zeolite 13X. 
 

In the linear representation of the BET theory, CO2 adsorption shows 

again a wider linear range than the N2 adsorption (Figure 15). 

From these results, we conclude that the BET model of layer by layer 

adsorption is well applicable for CO2 over a much wider p/p0 range than for 

N2. In the latter case the model description breaks down due to micropore 

filling.   
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Figure 15. BET lines for the CO2 adsorption ( , ) at 273 K and the N2 

adsorption (∆, ) at 77 K on 13X. 
Solid symbols represent data in the linear range. 

 

An important question remains; why does N2 (at 77K) show micropore 

filling and CO2 (at 273K) not.  Is this difference due to temperature, the 

reduced temperature, reduced pressure, the relation temperature-boiling 

point (sublimation point), or due to the a in the van der Waals equation of 

state (a measure for the attractive force between the molecules)? The latter 

is certainly not the case, as the a has value of 1.39 for N2 and 3.592 ((liters2 

x bar)/mol2) for CO2.   

Molecular studies created understanding of micropore filling. 

Enhanced monolayer formation on the pore walls and cooperative filling in 

the spaces between the coated pore walls was demonstrated 57, 100-101. 
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But, as Kaneko states; “Thus micropore filling of vapours in 

micropores, at their boiling point, is almost understood. Nevertheless, we do 

not understand the temperature dependence of micropore filling of vapours 

above the boiling point”102.  

Therefore he studied the temperature dependency of N2 adsorption on 

some activated carbons. I plotted some of his data  the same way as in 

Figure 12, viz. amount adsorbed as a liquid volume as function of relative 

pressure. The samples had a pore width of 0.6, 0.7 and 1.1 nm. These results 

are presented in Figure 16. 

This figure shows clearly, that raising the temperature with only 5 K 

is enough to change the micropore filling into a “normal” adsorption on the 

pore walls.  In the sample with pore width of 0.6 nm there is no room for 

additional N2 molecules besides the ones on the pore walls. So, raising the 

temperature a little has no effect. For the sample with of 0.7 nm pore width, 

there is some room left for additional molecules between the ones at the 

pore wall. This is even stronger for the sample with pores of 1.1 nm.  Indeed 

raising the temperature a little as 5 K, is enough to prevent the additional 

molecules filling this “extra” pore space. This small temperature rise is 

enough to change the cooperative filling of the micropores to a monolayer 

formation on the pore walls. As 5 K is enough to change micropore filling 

into monolayer formation for N2, certainly a temperature difference of 78 K 

from the sublimation point for CO2 is enough to prevent additional 

molecules to fill the “extra” pore space.  

 

Already in 1982 Marsh suggested that the adsorption of CO2 at 195 K 

takes place through a pore filling mechanism, whereas at 273 K the CO2 is 

just covering the surface with a monolayer103.  

The answer to the question earlier stated “why does N2 (at 77 K) show 

micropore filling and CO2 (at 273 K) not” is, that the distance from the 

boiling point makes the difference.  
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Figure 16. N2 adsorption data of Kaneko et al.102  Top; activated carbon P20 
(pore width 1.1 nm), middle; activated carbon P5 (pore width 0.7 nm) and 

bottom; carbon molecular sieve (pore width 0.6 nm).  
77 K ( ), 82 K ( ) and 87 K ( ).  

 

The relation between relative pressure, pore filling mechanism, 

capillary condensation and pore size for the N2 adsorption at 77 K is 

illustrated in Figure 17. This figure is adopted from ref. 30. In this figure 

also the main difference between micropore filling and capillary 

condensation is illustrated. Micropore filling is immediately, while capillary 

condensation is preceded by multilayer formation.  
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Figure 17.  Impression of the different stages of filling pores in case of N2 at 

77 K. 
 

Ultra micropores

Super micropores

Medium micropores

Meso- or macropores

= N2 = CO277 K 273 K

S a (N2) < S a (CO2) 
 

S a (N2) > S a (CO2) 
 

S a (N2) = S a (CO2) 
 

S a  (N2) = S a  (CO2) 
 

A B

C D

 
Figure 18. Visualization of the possibilities for adsorption of CO2 and N2 in 

different classes of pores. 
 

Figure 18 illustrates how CO2 and N2 adsorb in the different pore 

classes. Also the associated relation between the surface areas is indicated. 

 60



N2 and CO2 adsorption on activated carbons 

We know that in top left situation (A) where the surface area of N2 is 

much smaller than the surface area of CO2 we are dealing with pores of 

molecular dimensions. In the top right situation (B) where we measure 

(almost) equal surface areas we know that pores can accommodate one or 

two layers of adsorbate molecules. Of course, also when dealing with 

mesoporous or non-porous materials (D), we can find that both surface areas 

are equal. But, in that case the type of isotherm must reveal the origin of 

this fact, type I versus type IV. Measuring a much larger surface area for N2 

than for CO2 means that the material has micropores of at least three 

molecules wide; down left situation (C).  

 For cases B and C I propose to use the comparison of the N2 and CO2 

adsorption to obtain a mean pore size. The difference in surface area is 

caused by the extra molecules that are condensed between the molecules 

that are adsorbed on the walls for the N2 adsorption.  

Thus, we can obtain a “Mean Pore Width” (MPW) by applying Eq. 9. 

The minimum dimension of N2 of 0.3 nm is used here as layer thickness. The 

factor of 2 is needed because this applies to both pore walls. 

Applying this equation to the series of the anthracite, results in the 

values presented in Table 6. For comparison also the results of the 

calculations according to Horvath-Kawazoe53 and Dubinin-Stoeckli52 are 

presented.  Also indicated is the validity for application of Eq. 9, i.e. whether 

situation A, B or C applies. 

 

           

             (9) nm
COSa

PoreMean 02*= NWidth 3.*
)(

)(

2
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Table 6. Results of the mean pore width (MPW) calculations, using the BET-
3 values of Table 5 and the pore size according to Horvath-Kawazoe (HK) 

and Dubinin-Stoeckli (DS). 
Sample MPW (nm) HK (nm) DS(nm) Situation in 

Figure  18 
0      %BO (0.30) - - A 
17.5 %BO 0.68 0.59 0.59 (0.3 – 0.9) B 
35.5 %BO 0.89 0.57 0.69 (0.0 – 1.4) C 
48    %BO 0.98 0.67 0.70  (0.2 – 1.1) C 
71.5 %BO 0.91 1.12 1.12 (0.0 – 2.2) C 
75    %BO 0.94 0.85 0.78 (0.2 – 1.8) C 
97.5 %BO 0.90 0.90 1.28 (0.5 – 3.0) C 
Zeolite13X 0.69 0.81* - C 

 *For the zeolite the Saito-Foley54 approach is used  

 The results show that the MPW is a good measure of a mean pore size 

in microporous materials. The results compare well with the results of 

Horvath-Kawazoe and Dubinin-Stoeckli. For the 0% burn-off sample Eq. 8 

does not hold, but CO2 adsorbs nevertheless. Therefore a MPW of 0.3 nm is 

assumed.  
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Conclusions 
Conclusions from the work described in this chapter are: 

• In contrast to nitrogen at 77 K, carbon dioxide does not adsorb through 
micropore filling, it adsorbs layer by layer at 273 K.  This is supported by 
the larger linear part of the BET lines for carbon dioxide.  

• Evidence that CO2 adsorbs layer by layer, is also provided by presenting 
the amount adsorbed as a liquid volume for the adsorptives.  

• Presenting the amount adsorbed as a liquid volume is, the best way to 
compare different adsorbates.  

• Carbon dioxide gives us the “true” surface area, while with nitrogen at 
77 K a “monolayer equivalent surface area” is obtained. As carbon 
dioxide only adsorbs on the wall of the pores, we are able now to obtain, 
also for microporous materials, a “real” surface area. If only one layer of 
CO2 can adsorb in the pores, also with CO2 we can not obtain the “true” 
surface area. 

• Increasing the adsorption temperature for the N2 adsorption by only 5 K 
would also give the same “true” surface area, as obtained from CO2, but 
it requires a more demanding temperature control.  

• The mean pore width, obtained from the combination of the surface area 
of N2 and CO2, is a good tool to obtain the mean micropore size.  In case 
of carbons the results are comparable with the mean pore size obtained 
by the Horvath-Kawazoe and the Dubinin-Stoeckli method.  
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Adsorption apparatus of Emmett and Brunauer (1934).41   

    4 
Porosity of Soils d

 

The interest today in the adsorption capacity of soils lies in the 

attention for the environment. If a soil can be polluted, not only the question 

arises how much can it adsorb, but even more important, how much will 

desorb from the soil into the surroundings. Also in agriculture, the 

adsorption capacity for nutrients and fertilizers are very important.  

This interest in soils is not new, already in 1878 and 1879 Schlösing 

presented methods to separate some of the compounds in soils; first he 

removed the coarse sand by washing it with water. The remaining 

precipitate was partly dissolved in a weak HCl solution, washed and diluted 

with a weak ammonia solution. This gave within minutes a precipitate, 

consisting of quartz-like sand, feldspar, mica, and mixtures of kaolinite104-

106. He was the first who was able to separate crystalline aluminum-

potassium silicate from soils and to study it.  
                                            
d This chapter is based on papers 4 and 5 that are annexed to this thesis, and some 
additional new measurements. 
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In 1878 and 1879 van Bemmelen published two important papers on 

the adsorption potential of soils, with the titles “Das Absorptionsvermögen 

der Ackererde” (The adsorption power of cropland soil)107-108. He realized 

that soils consisted of a number of materials and classified them in non-

colloidal and colloidal parts of the soils. He sub-divided each part further in 

a number of substances.  

Non-colloidal part consisted of  

• quartz and crystalline silicates,  
• simple salts  
• “so-called” crystalline aluminum-potassium silicate.   

Colloidal part of the soil consisted of  

• the remains of plants and animals,  
• humic substances,  
• colloidal iron oxide,  
• silicon acid   
• amorphous zeolitic silicate.   

 
He studied mostly the adsorption of acids and bases on soils, and in 

1880 he published, probably the first, adsorption isotherm from solution109.  

He did not present the isotherm the way we are presenting it today, but he 

put on the abscissa the ml of water containing one mol of sulfuric acid and 

on the ordinate the number of molecules “fixed” per hundred mol of acid 

métastannique, as he called β-stannic acid (see Figure 19). But in the book 

about his work, by Ostwald, van Bemmelen himself redraws this isotherm 

in the form we are using today110. 
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Figure 19. Probably the first published adsorption isotherm from solution by 
van Bemmelen109. 

 

Still today soils are considered as very complex materials that consist 

of minerals, clays, and organic materials. In environmental literature there 

is consensus that the latter is the primary adsorbent for hydrophobic 

organic compounds, even in wet soils and sediments111-112. As this organic 

material is the most important adsorbent in soil, this will be discussed in a 

little bit more detail. This organic material is very often denoted as Soil 

Organic Material, but SOM in itself can be further classified into  

• high molecular weight organic materials, like proteins and 
polysaccharides,  

• simple sugars, amino acids and small molecules and   
• humic substances. 

A schematic representation of the origin of some of the organic 

compounds in soil is given in Figure 20. It is not very evident what exactly 

belongs to which part of the SOM, but all of these substances can be present 

in SOM. Separation of the different substances is often done by dissolving 
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some parts in solutions of different pHs. For instance, the part of the soil 

organic matter that dissolves in solutions with a pH > 2 is called humic 

acids.  After dissolving this material it can be precipitated with CaCl2. The 

obtained precipitates are also called humic acids. These materials can be 

purchased commercially and are often used as, and considered to be, model 

compounds for soils.  

Organic compounds in Soils

Live organisms
(edaphon)

Soil Organic Matter

Unaltered material Transformed products

Nonhumic substances
• Carbohydrates
• Lipids
• Amin acids

Humic substances
• Humic acids
• Fulvic acids
• Humins

 
Figure 20. A schematic representation of the origin of the organic 

compounds in soils (after ref. 113).   
 

 Investigating the adsorption in soil organic matter needs that we 

either can get rid of the other materials like clay, silt, and sand or we must 

lay hands on soils that are free of clays and carbonates. Because of the 

different size of the clay, silt, and sand particles in soils we can use simple 

sieving techniques to obtain samples “free” of sand, silt, and clay.  

 Before 1996 scientists interested in the surface area of SOM used 

either nitrogen adsorption at 77 K or the retention of polar molecules as 
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Ethylene Glycol Monoethyl Ether (EGME) and ethylene glycol113. Yet, both 

methods did not provide the same results. For instance Chiou et al., 

reported values obtained with N2 adsorption of 0.7 m2/g for natural soils and 

18 m2/g for freeze dried humic acid115. This is in sharp contrast to values of 

560-800 m2/g measured with EGME retention116. What causes these 

differences was subject to very vehemently debatese.  

In this chapter an explanation is put forward on what causes these 

differences and a way to determine the “real” surface area of SOM is 

presented. 

 

Samples, techniques, conditions and theories  
 
The selected samples had either low or negligible clay content, and no 

carbonates. Also the ash content was either very low or it consisted of coarse 

silica with a very small surface area (0.1 m2/g). By choosing these samples 

we are able to study only the SOM part of the soils.  

The selected samples were taken from the most humified horizons of 

the organic top soil, formed under aerobic condition. A peat sample was also 

studied. This peat sample was formed under anaerobic conditions.  

Three model samples (HA1, HA2, and HA3) were prepared from a 

commercially available humic acid (Aldrich H1, 675-2). The origin of the 

soils and the preparation methods of the humic acids samples are given in 

Table 7. In Table 8 the elemental analysis and the ash content of the 

samples is presented. 

 

 

                                            
e An example of such a vehemently debate is the response on the comment of Pennel et al., 
leading to sentences like; As a “reduction ad absurdum”, one could calculate the “surface 
area of water” by sucrose dissolved in water and attribute this to the “internal surfaces of 
water explored by the sucrose” 117-118.  
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Table 7. SOM sample codes used and description of their origin. 

Sample 
code Origin 

S Taken  in a Spruce forest at the Veluwe, The Netherlands 
F Taken in a Douglas fir forest at the Veluwe, The Netherlands 
P Taken  in a Scotch pine forest at the Veluwe, The Netherlands 
Peat Taken from a peat bog  in Drente, The Netherlands 
HA1 Prepared by dissolving humic acid (Aldrich) in demineralized 

water (1:50 wt) at room temperature, brought to pH=2 with 0.1 
M HCl, allowed to settle for 24 hrs. Centrifuged for 30 min at 
2000 rpm. The precipitate was washed with 0.5 M CaCl2 and 
0.01 M CaCl2.  

HA2 Same as above, except the solution was brought to pH=5. 
HA3 The mother liquor of the HA2 sample was brought to pH=4, 

allowed to settle for 24 hrs, centrifuged. The remaining mother 
liquor was brought to pH 3, allowed to settle for 24 hrs, 
centrifuged. The precipitate was washed with 0.5 M CaCl2 and 
0.01 M CaCl2.  

 

 
 
 
Table 8. Elemental analysis and ash content of the samples.         

  elemental analysis (% DAF) Ash 
Sample code C H O N  (D %) 
S 54.1 7.9 35.4 2.6 51.7 
F 55.3 5.4 36.7 2.6 24.4 
P  59.5 4.4 34.2 1.9 11.2 
Peat 56.4 5.3 36.8 1.5 13.2 
HA1 56.5 5.2 37.4 0.9 19.9 
HA2 61.7 7.3 30.5 0.5 25.1 
HA3 46.2 7.0 46.3 0.6 19.6 
DAF= Dry and ash free basis 
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The samples are studied by adsorption of N2 at 77 K, of CO2, C2H6, 

C2H4 and C2H2 at 273 K. All measurements are performed on a Sorptomatic 

1800 or 1990 of Thermo Finnegan (former Carlo Erba). The equilibrium was 

considered to be reached if the change in pressure was less than 0.1 torr in 

15 minutes.  

Density measurements were performed using helium, water and 

EGME as displacement media. The helium density was measured using a 

multi-picnometer 1305 of Micromeretics. At least 9 measurements on each 

sample were performed. For the water and EGME density a simple glass 

picnometer was used.  

The applied liquid densities of the probe molecules together with the 

calculated cross-sectional area and the minimum dimensions119 are given in 

Table 9.  The values for the densities are obtained using the same correction 

method of Dubinin as described in chapter 3 96. 

 

Table 9. Parameters used for the probe molecules. 
Probe molecule Am (nm2) ρliq. 

(kg/m3)
Minimum dimension 

(nm) 
Nitrogen 0.162 808 0.30 
Carbon dioxide 0.179 1079 0.28 
Ethane 0.239 491 0.44 
Ethene 0.225 497 0.42 
Ethyne 0.204 539 0.24 

 

The surface areas of the samples are calculated according to the BET 

method for N2 (Eq. 2), and for the other gases according to the Dubinin-

Kaganer method (Eq. 5). The micropore volumes are calculated using the 

Dubinin-Radushkevich (Eq. 4). For N2 the pore volume was calculated at a 

relative pressure of 0.95, according to Gurvich's rule120.  
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Results and discussion  
 
Adsorption processes concerning soils are extremely slow. For all the 

samples, the time needed to satisfy the equilibrium criteria with N2 was 30 

min. With the other probe molecules the humic acid samples 1 hour was 

needed but, for the soils sometimes 22 hours per adsorption step was 

needed.  

For the helium density equilibrium times of 30 minutes were suited. 

With water, equilibrium was obtained after one week. But, for the EGME 

density measurements no equilibrium could be established. We took 

arbitrarily the values obtained after 10 days. 
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Figure 21. N2 adsorption isotherms at 77 K of the soil samples (left) 

and the humic acid samples (right).   
Soils samples, S; ( ), F; ( ), P; ( ), peat; ( ).  

Humic acid samples, HA1; ( ), HA2; ( ), HA3; ( ).  
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In the Figures 21 and 22 the N2 and CO2 isotherms are presented. 

Remarkable is that the HA samples all adsorb much more than the soil 

samples, and all the adsorption isotherms are quite linear. Again, like 

discussed in the chapters 2 and 3, such linear isotherms are attributed to a 

non- or macro-porous systems or adsorption in super micropores30, 100.    
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Figure 22. CO2 adsorption isotherms at 273 K of the soil samples (left) 
and the humic acid samples (right).   

Soils samples, S; ( ), F; ( ), P; ( ), peat; ( ).  
Humic acid samples, HA1; ( ), HA2; ( ), HA3; ( ).  

 
In Figure 22, the CO2 isotherms show again quite linear isotherms for 

the humic acid samples (right), while a curvature is observed for the soil 

samples (left). The latter is a good indication of micro porosity. To show the 

differences in adsorption behaviour of the soil and humic acid samples even 

stronger, the Dubinin plots are given in Figure 23.  The slopes of the 

Dubinin lines are almost identical for the four soil samples, and also for the 

three humic acid samples.  But, there is a big difference between these two 

types of samples. Although we can not calculate directly a pore size from the 
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Dubinin lines, we can say that a larger negative slope represents wider 

pores, since the interaction energy will decrease (Eq. 4 and 5), for a 

comparable adsorbate-adsorbent system. 

0 2 4 6 8 10 12

log2 (p0/p)

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

lo
g 

am
ou

nt
 a

ds
or

be
d  (c

m
3 S

TP
/g

)

0 2 4 6 8 10 12

log2 (p0/p)

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

lo
g 

am
ou

nt
 a

ds
or

be
d 

(c
m

3 S
TP

/g
)

 
Figure 23. Dubinin lines of the CO2 adsorption measurements at 273 K of  

the soil samples (left) and the humic acid samples (right).   
Soils samples, S; ( ), F; ( ),  P; ( ), peat; ( ).  

Humic acid samples, HA1; ( ), HA2; ( ), HA3; ( ).  
 

 

What the influence of the different probe molecules is on the isotherm 

is shown in Figure 24 for the peat sample (expressed again as a liquid 

volume). Clearly for the C2 molecules a molecular sieving effect exists, 

because C2H2 adsorbs the most and C2H6 the least of the four presented 

adsorptives.   From this we can conclude that, at least in peat, the pores are 

of similar dimensions as the probe molecules. The results of all the samples 

are summarized in Table 10 and 11.  
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Figure 24. Adsorption isotherms of C2H6 ( ) C2H4 ( ), C2H2 ( ),  

and CO2 ( ) on the peat sample at 273 K. 
   

 

Table 10. Monolayer equivalent surface areas of the samples. 

 Monolayer equivalent surface area (m2/g) 
Sample code C2H2 CO2 C2H4 C2H6 N2  
S 73 84 47 21 .4 
F 95 98 53 19 3.8 
P  144 152 98 4 3.8 
Peat 129 82 70 44 1.0 
HA1 84 97 83 98 4.0 
HA2 556 575 595 554 28.4 
HA3 437 480 304 263 6.5 
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Table 11. Micropore volumes and the pore volumes of N2 of the samples.  

 (micro) pore volumes (cm3/g) 
Sample code C2H2 CO2 C2H4 C2H6 N2  
S .0285 .0310 .0259 .0079 .0013 
F .0329 .0363 .0297 .0070 .0031 
P  .0564 .0564 .0409 .0018 .0067 
Peat .0507 .0300 .0293 .0187 .0016 
HA1 .0331 .0360 .0322 .0369 .0016 
HA2 .2183 .2130 .2319 .2336 .0265 
HA3 .1718 .1709 .1187 .1118 .0044 

 
 
All the soil samples show a decrease in the monolayer equivalent 

surface area and the micropore volumes with increasing size of the probe 

molecule, thus showing molecular sieving effects. For the humic acid 

samples HA1 and HA2, such a molecular sieve effect is not exhibited at all.  

Although nitrogen has a smaller minimum dimension than ethane 

and ethene, in all cases in the smallest surface area and smallest pore 

volume is obtained. This is due to activated adsorption at the low measuring 

temperature with N2, (Chapters 2 and 3). How large the pores must be not 

to show such an effect is not very clear. Frequently values of 0.4 to 0.5 nm 

are assumed. Here, 0.5 nm is used, as N2 adsorption can be measured at 

77K in silicalite with channel dimensions of 0.52 x 0.56 nm. 

Using the minimum dimensions of the probe molecule (Table 9), as 

discriminating number, the different pore volumes can be used to calculate 

a micropore size distribution. Such a distribution is given in Figure 25. 
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Figure 25. Plot of the micropore size distribution of all the samples, 
  based on the minimum dimensions of the probe molecules  

(Table 9) and the micropore volumes (Table 11). 
 
Having established now that nitrogen is not a suitable adsorptive to 

determine the surface are of soils, due to activated adsorption, the 

remaining questions to be addressed in soil science are: 

1. Is EGME retention suited?   

2. Have wet and dry SOM’s the same adsorption capacity or does 
drying influence the adsorption capacity, for instance by 
shrinking? 

3. Is SOM flexible and is the loss of flexibility at the low temperature 
the main reason for the difference in adsorption capacity between 
CO2 and N2?  

  
To investigate the above mentioned questions, we determined the 

density with helium, EGME and for some samples also with water. The 

obtained results are presented in Figure 26.  
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Figure 26. Helium, EGME and H2O densities of the samples. 
 
 
Clearly for all the soil samples densities measured with EGME are 

higher than those measured with helium and also higher than with water. 

As helium is by far the smallest molecule other phenomena must play a role. 

Probably some of the SOM dissolves in the EGME, since the liquid became 

brownish. For the humic acid sample this is not observed that clearly as for 

the soil samples. The densities measured with water of the two soil samples 

are equal to the ones measured with helium. This is a very good indication 

that no structural changes occur when de-hydrating SOMs. For the humic 

acid sample a small increase, as compared to the helium, can be observed, 

indicating a small influence of hydration on the structure.   
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That flexibility of SOM can be important; can be concluded from the 

article of Steinberg et al. in which they showed that 19 years after the last 

known application of 1,2-di-bromo-ethane, still 200 ng/g were found in the 

top soil of tobacco fields in Connecticut121. This strong retention was in 

sharp contrast to their lab tests, where ad- and desorption were relatively 

fast and reversible.  This shows that care must be take into translating 

short term lab results into field predictions.  

As pollution and release of the pollutant normally takes place around 

room temperature, it seems very logical to study adsorption on soils at room 

temperature rather than at temperatures as low as 77 K. Even better, soils 

should be studied with probe molecules that are closely related to the 

pollutant under investigation.  

The fact that, at relative high temperature, differences can be found 

in surface area with probe molecules that have different sizes, show that 

SOM is not very flexible.  

These first papers on the use of CO2 for soil characterization 

apparently filled a need for a suitable method. Recently much more papers 

appear in the literature in which CO2 is used to study soils122-124.  

Much of the findings in this chapter are confirmed by the later article 

of de Jong who used N2, water and EGME adsorption. As an example of his 

results, a five lake soil sample shows surface areas of 12.2 for N2, 122 for 

H2O and 224 m2/g for EGME125.  

Probably also water adsorption could be a good method to explore the 

adsorption capacity of soils, but one should realize that the adsorption rate 

of water is even slower than the presented probe molecules. Equilibration 

times of weeks instead of days must be taken for granted.  
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Conclusions  
 

Conclusions from the work described in this chapter are: 

• Determining the porosity of soils can conveniently be done by applying 
CO2 adsorption at temperatures around room temperature, rather than 
using N2 at 77 K. Due to the presence of pores smaller than about 0.5 nm 
in the soils, the adsorption of N2 is activated, like can be observed in 
carbon samples.  

• N2 adsorption is not a recommended method to determine the surface 
area of soils.  

• EGME retention is not a good method to determine the porosity of soil 
samples, as EGME seems to alter the sample itself. 

• Humic acid samples are no good model samples for soils.  They show a 
much more open structure, and their structure is influenced by 
hydration/de-hydration.  

• The soils used in this chapter show a rather rigid structure at the 
temperature used in the adsorption measurements. This can be 
concluded from the differences in surface area determined with probe 
molecules of different sizes.  

• The density measurements using water and helium support the rigid 
structure of the soil samples. They did not change very much upon 
hydration.  
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Scheme of the set-up of Joulin, from his article (1881)  
“Recherche expérimentales sur la diffusion”126. 

    5 
 The role of noble gases during adsorption in 

zeolites f
 

Adsorption and diffusion is studied widely, both on well-structured 

materials (zeolites and MCM-41s127-131) and on amorphous materials 

(alumina, activated carbons, and silica132-134). Diffusion studies, however, 

are almost exclusively done on well structured materials135-138.   

                                            
f This is based on papers 6 and 7 that are annexed to this thesis, and some new additional 
measurements. 
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The reported diffusivities differ sometimes by orders of magnitude. 

Some of these differences are caused by the applied techniques, viz. 

microscopic or macroscopic139. 

Adsorption and diffusion related phenomena, are often studied in 

diluted systems, using a carrier gas, with methods as zero length 

column140, gas chromatography128, inverse gas chromatography141, 

gravimetry138, while others are not using carrier gases at all. 

In this chapter we will demonstrate that a carrier gas can influence 

the rate of adsorption and the amount adsorbed. 

 
 

Samples, equipment and conditions   
 
In this preliminary study, we chose three types of zeolites to 

investigate whether an influence of a carrier gas could be detected. The 

pore size could be important, therefore, zeolites with different channel 

widths were chosen.  

• H-FER (ferrierite) with a Silica : Alumina Ratio (SAR) of 55, provided 
by the Shell Research and Technology Centre Amsterdam (sample code 
CLA28401). The particle size, measured with SEM is 2 - 8 µm.  

• MFI (ZSM-5) with a SAR of 100 from Zeolyst. The particle size, 
measured with SEM is 0.5 – 2.0 µm.   

• MFI (ZSM-5) with a SAR of 1600 from Zeolyst. The particle size, 
measured with SEM is 1 - 4 µm.  

• BEA (Beta) with a SAR of 300 from Zeolyst. The particle size, measured 
with SEM is 0.1 - 0.8 µm.  

 

Table 12 shows the channel sizes of the used zeolites. All of these 

zeolites have two different channel types, built-up by 8, 10 or 12 oxygen 

anions in these samples. 
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Table 12. Zeolite channel sizes. 

Zeolite Channel A
(nm) 

Channel B
(nm) 

O-ring 

Ferrierite 0.42 x 0.54 0.35 x0.48 10 8 
MFI 0.51 x 0.55 0.53 x 0.56 10 10 
BEA 0.66 x 0.67 0.56 x 0.56 12 10 

 

The samples were calcined in air at 873 K for 6 hrs before use. Prior 

to each measurement, the samples were cleaned at 573 K until a vacuum < 

3.10-4 Pa.  

As the size of the adsorptive and the carrier gas molecule could also 

be important, we chose as model adsorptives n-C4 and i-C4, and as carrier 

gases He and Ar.  

The measurements were carried out in the same set-up described in 

Chapter 3, for the high pressure CO2 adsorption measurements (a magnetic 

suspension balance coupled with a home made introduction system). 

During the measurements the balance part was kept at 383 K, while the 

other parts of the system were at a higher temperature, in order to prevent 

condensation of the adsorptives.  

The measurements were performed in three separate experiments. 

1. A known amount of adsorptive was introduced to the evacuated sample 
on the balance, and the weight change was monitored with time. 

2. 100 kPa of He was introduced to the balance part and, within 5 min, the 
same amount of adsorptive as under (1) was admitted. 

3. 100 kPa of Ar was introduced to the balance part and, within 5 min, the 
same amount of adsorptive as under (1) was admitted. 

 

These measurements were repeated with a double amount of 

adsorptive, to investigate the pressure influence. In a typical experiment 

the amount of sample used was about 2.5 gram and the volume of 

adsorptive introduced was about 40 and 80 cm3 (STP).  
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Results and discussion 
 
Figure 27 and 28 show the results of the measurements of n- C4 and 

i-C4 at 383 K on the zeolite BEA (with the largest pores) as the amount 

absorbed versus time. 

After introducing He or Ar, no change in weight was observed, 

indicating that no adsorption of He or Ar took place (less than 0.01 µmol 

He/g or 0.1 µmol Ar/g).  
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Figure 27. The amount adsorbed versus time for n-C4 on BEA at 383 K. The 

numbers indicate the (partial) pressure of n-C4 after 200 min. 
( ) no He or Ar, ( ∆) with He, ( ) with Ar.  

 
If there was no influence at all of He and Ar, each figure would show 

only two lines. From these figures we observe that the pre-admission of He 

or Ar slows down the rate of adsorption. This effect is stronger for Ar than 

for He. After pre-admission of a noble gas, also less (n- or i-) C4 is adsorbed, 

resulting in a higher C4 (partial) pressure, although the same amount of (n- 

or i-) C4 was introduced. These final (partial) pressures are given in the 

figures, measured after 200 minutes.  

 84



The role of noble gases during adsorption in zeolites 

0 50 100 150 200
time (min)

0.00

0.25

0.50

0.75

1.00

A
m

ou
nt

 a
ds

or
be

d 
 (m

m
ol

/g
) 15 kPa 

31 kPa

 31 kPa

3.5 kPa

12 kPa 
12 kPa 

 
 

Figure 28. The amount adsorbed versus time for i-C4 on BEA at 383 K. The 
numbers indicate the (partial) pressure of i-C4 after 200 min. 

( ) no He or Ar, ( ∆) with He, ( ) with Ar.  
 

 The same results are observed for the zeolite MFI (see the papers 6 

and 7 for details). As the results for the zeolite FER are different, they are 

shown in the figures 29 and 30.  

From Figure 29 it is clear that for FER (with the smallest channels) 

the presence of a noble gas hinders the establishment of an equilibrium in 

200 min. Due to the small channels in FER and the size of the “bulky” 

molecule i-C4, even in the absence of a noble gas, no equilibrium is 

established after 200 min.  These larger molecules and smaller channels 

prevent a “fast” equilibrium realisation.  
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Figure 29. The amount adsorbed versus time for n-C4 on FER at 383 K. The 

numbers indicate the (partial) pressure of n-C4 after 200 min. 
( ) no He or Ar, ( ∆) with He, ( ) with Ar. 
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Figure 30. The amount adsorbed versus time for i-C4 on FER at 383 K. The 
numbers indicate the (partial) pressure of i-C4 after 200 min.  

( ) no He or Ar, (∆) with He, ( ) with Ar. 
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It is remarkable that admitting the same amount of n- or i-C4 results 

in an “equilibrium” pressure of 7 kPa for the n-C4 (Figure 29) and of 30 kPa 

for the i-C4 (Figure 30). From this, we conclude that i-C4 adsorbs less than 

n-C4. This indicates that the smallest channels can not be penetrated by 

the i-C4 molecules. A similar observation was made by Eder and Lercher 

who found that i-C4 and i-C5 could not adsorb in KFI zeolite that has 

channels consisting of 8 oxygen anions and a width of 0.39 nm142.  

How the effect of the presence of a noble gas translates into an 

isotherm can be seen from Figure 31, which gives apparent adsorption 

isotherm for n-C4 in ferrierite. The influence on the amount adsorbed is 

much more pronounced at lower pressures than at higher pressures. At ∼ 

800 kPa the effect (point A) is negligible. 
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Figure 31. Adsorption isotherm of n-C4 in FER at 383 K, with and 

without the presence of 100 kPa He. 
 

Five important questions remain to be answered; 
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1. What influence has a noble gas if it is admitted after an equilibrium 
adsorption of C4 is established? 

2. Can the influence on the rate of adsorption and on the amount 
adsorbed be (partially) ascribed to poor mixing, because the set-up does 
not contain a pump?   

3. Has nobody seen these effects before? 
4. Are these phenomena restricted to zeolites only, or do other porous 

materials show the same phenomena? 
5. As He and Ar are not adsorbed in the zeolite, what explanation can be 

given for these phenomena?  
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Figure 32. Effect of the order of admitting He and n-C4 in BEA at 423 K. 

 
The answer to the first question is given in Figure 32, in which the 

results of two separate measurements are presented. In both experiments 

both He and n-C4 were admitted to BEA at 423 K, but in different order. As 

seen before, the adsorption rate is slower and the amount adsorbed is lower 

when He is present before admitting n-C4. In the case of pure n-C4 is, after 
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reaching equilibrium, also 100 kPa He admitted. This had no visible effect, 

not even after 24 hrs. These points are indicated as single points in the 

figure.  Physically, it should not matter in what sequence the gases are 

admitted.  Obviously, reaching equilibrium is very slow. Therefore the 

temperature was raised to 573 K, for 24 hrs.  As can be seen from Figure 

32, most of the adsorbed n-C4 is desorbed at this temperature. After 24 

hours the temperature was lowered again to 423K.  Although the obtained 

values are closer to each other, they still differ by 8%. 

The answer to the second question was given by an experiment in a 

microbalance (Figure 33). A BEA sample was pre-treated in a He flow at 

573 K. The sample was cooled down to 383 K in the He flow. After cooling 

down, the He flow was switched to a pre-mixed n-C4 / He mixture with a 

ratio of 13 kPa n-C4 / 100 kPa He. This experiment is compared to two 

measurements with the static system, one with He present and one without 

He present. In all cases the resulting pressure of n-C4 is 13 kPa. 

Comparison reveals that in the case of static and dynamic measurements, 

an influence of He is present, although in the static system the influence on 

both the rate of adsorption and the amount adsorbed is somewhat stronger.  
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Figure 33. Comparison the uptake curves of nC4 on BEA at 383 K in a 

microbalance with the experiments in the static set-up.  
 = static experiment, no He present,  
 = dynamic experiment, He present;  
∆= static experiment, He present 

(13 kPa n-C4, 100 kPa He) 
 

The answer to the third question is simple. Yes it was seen before, 

both in diffusion experiments and in adsorption experiments. Kärger et al. 

observed, already in 1984, in NMR based diffusivity studies that the self-

diffusion coefficient of cyclohexene in NaX zeolite is negatively affected by 

the presence of Ar143.  Efstathiou et al. noted that the initial sorption rate is 

greater with H2 and He than with Ar144. They studied the diffusion and 

adsorption of cyclohexene in NaX and NaA zeolites.  Grajek and Witkiewicz 

compared chromatographic methods with static adsorption methods and, 

found that in all cases the amount adsorbed was lower for the 

chromatographic methods145. They studied the adsorption of benzene (at 
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293 K) and Ar (at 77 K) on an activated carbon. But the person who studied 

these effects most is Berezkin146-149. He studied by means of 

chromatography the effect of the carrier gas on gases like Kr, CO2, N2O, 

alkanes, alkenes, and alkynes on a number of porous solids. He did not 

restrict himself to microporous materials, but used also simple silica and 

alumina. In all cases the capacity factor (adsorption capacity) was 

increasingly negatively influenced by H2 → N2 → Ar   → CO2 and so on. He 

did not present an explanation for the observed phenomena. 

Part of the answer of the fourth question is already given above. Yes, 

also for other porous materials, like a carbon molecular sieve, CMS 5A of 

Takeda, we showed that a carrier gas can influence the amount adsorbed 

and the adsorption rate.  

The answer to the last question is complicated.  The best explanation 

up till now is that, the He and Ar molecules are not adsorbed, but just 

closed-in without the possibility to escape.  Similar results have been 

observed for zeolite membranes, where the permeation was strongly 

dependent whether vacuum, He or Ar (vacuum > He > Ar) was applied on 

the permeate side150-151.  On the same type of zeolite membrane the counter 

current permeation of a noble gas increased with the temperature, so at 

low occupation of the surface by the alkane molecules152.  

As these molecules are closed-in they create a higher pressure inside 

the pores.  This could explain why the effect on the isotherm is negligible at 

higher partial pressures (see Figure 31 point A).  The regular structure of 

the zeolite is expected to exhibit a stronger effect than more amorphous 

systems where chances to escape are larger due to the distribution in pore 

size.  If the reasoning of closed in noble gas molecules holds, this effect 

must be stronger with larger sorbent particles, as larger particles have 

fewer entrances than smaller particles per unit volume.  
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To prove this, we acquired an MFI sample (SAR = 1600) from 

Zeolyst, by mediation of the Shell Research and Technology Centre 

Amsterdam. This MFI 1600 has a slightly larger particle size that the one 

used in this study MFI 100 (Table 13). These particle sizes are measured 

using a Coulter multisizer II.  

 
Table 13. Particle size data of the zeolites used. 

Zeolite Mode
(µm) 

Mean
(µm) 

Median
(µm) 

MFI 100 3.1 3.7 3.2 
MFI 1600 4.8 6.4 5.3 
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Figure 34.  The amount adsorbed versus time with and without pre-

admitting He on MFI zeolites with different particle sizes. ∆ = MFI 100, 
 = MFI 1600. The numbers indicate the (partial) pressure of n-C4. 
 

Figure 34 shows the results of the experiments for these two 

samples. (For both samples almost the same amount of sample was taken 
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1.1500 g ± 0.0002 g (dry weight). The introduction pressure of n-C4 was 200 

kPa ± 0.2 kPa in these experiments).  

A small decrease in the up-take rate can be seen, for the zeolite with 

the larger particle size when He is present. But unfortunately it is not very 

conclusive. Despite these results, we still think that carefully studying the 

data reported in literature for diffusion coefficients, and taking into 

account whether a carrier gas was used or not, could lead to data sets in 

which the differences could be explained.  

That the influence of a noble gas on adsorption can be used to 

improve separation processes was reported by Järvalin et al.153. He 

concluded that propene and propane could be separated over 5A or 13X 

zeolites, provided that the mixture was sufficiently diluted with nitrogen. 

We found, for instance, that for MFI, He and Ar influence the 

adsorption of n-C4 and i-C4 to a different extent (see papers 6 and 7), but if 

this is suitable for separation purposes is doubtful.  

What is clear from the current work and the literature data is that 

there are strong indications that “inert” (non- of weakly adsorbing) gases 

may have a dramatic influence on the uptake of adsorbing molecules in 

zeolites. It is tentatively assumed that this is due to the locking up of the 

gas inside the zeolite crystals and has little change to escape, 

predominantly due to the molecular size of the pores; molecules can not 

pass each other. Only by (self-) diffusional motion this could be possible. 

The larger the crystal size, the stronger the influence. Further, the 

dimensionality of the pore structure will play a role. The most strongly for 

1-D pores (MOR,  AFI), followed by 2-D (DDR, MFI) and finally 3-D pore 

systems (FAU), since the possibilities for exchange location in the pore 

space increases  in this order.  
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Further experimental and theoretical studies of this effect are 

strongly recommended in order to create a better understanding and open 

possibilities to even utilize it.  

 

 

Conclusions 

 

• He and Ar, often used as carrier gases during adsorption experiments, 
have an influence on the rate of adsorption and also on the apparent 
adsorption equilibrium. Admitting, in the presence of a noble gas, the 
same amount of adsorptive leads to a higher partial pressure, while less 
is adsorbed. This is shown for n- and i-C4 on the zeolites, BEA, MFI, and 
FER. 

• The influence of Ar is more pronounced than that of He. 
• The amount adsorbed is less influenced at higher pressures. 
• Pre-admitting of a noble gas influence the adsorption, while admitting a 

noble gas after to the C4 adsorption has no visible influence at all. This 
suggests that the observed phenomena are due to a kinetic effect.  

• The effect of the order of admitting a noble gas to an 
adsorptive/adsorbent system diminishes after heating it to a higher 
temperature for a period of 24 hrs. After this period still a difference of 
8% exists. 

• Likely, the noble gases are present in the zeolite channels but not 
adsorbed, seriously hamper the diffusion of both n- and i-C4 into the 
pores, while the latter lock up the noble gas in the structure.  

• The reported phenomena are not restricted to zeolites; CMS also show 
the same effects. 

• Static and dynamic measurements using mixtures of He and n-C4 both 
show the effect of lower uptake rates and final uptake. The applied 
static method results in a slightly stronger influence.  
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    7 
 Summary 

This thesis describes adsorption of gas and vapor molecules in very 

different materials like activated carbons, soils, and zeolites. These 

different porous materials have one thing in common; they are 

microporous. According to the IUPAC classification micropores are pores 

with dimensions smaller than 2 nm1. Transport and adsorption of 

molecules in pores of about the same size as the adsorbing molecules is 

different from the adsorption on an open surface. This difference makes a 

study of the adsorption phenomena in microporous materials useful.  

Chapter 1 gives an introduction in adsorption with a short historical 

overview of the use of porous materials. This overview starts with some 

known uses of porous charcoal as early as 1550 BC and ends in the present. 

The earliest attempts to establish the adsorption capacity of charcoals by 

some standard methods are reported in 1935 by Baylis4.  Previously, 

scientist tried to describe adsorption isotherms by means of empirical 

equations. The Freundlich isotherm (1907) is an example of this.  More 

 103



Summary 

 

fundamental based theories came after the publications of Langmuir in 

1916-1918. The methods and theories for describing porous materials are 

briefly dealt with in chapter 1.  

Chapter 2 discusses a series of activated carbons with an increasing 

porosity. All samples are produced from the same carbonaceous material 

(anthracite) by burn off in CO2. This series is discussed in terms of 

establishing the characteristic properties, like surface area, the (micro) 

pore volume and so on, in relation to the theories applied. At low burn off (< 

40 %) very small pores (ultra micropores) are formed. At intermediate burn 

off (40 – 60 %) micropores with medium micropore size are formed. At 

higher burn off (> 60 %) super micropores and small mesopores are formed. 

The different analysis methods (the BET, Dubinin-Radushkevich, and the 

αs method applied to N2, Ar, and n-C4), give different results for the 

samples containing medium, and super micropores. An important 

difference is found between the results of N2, Ar, and n-C4 adsorption on 

the one hand and the results of the CO2 adsorption measurements on the 

other hand, both in the low burn off range as in the high burn off range. In 

the intermediate burn off range the results are comparable.  From the 

results the conclusion is drawn that upon burning off the pores are widened 

and no new pores are created. 

Chapter 3 discusses in detail the different results of N2 and CO2 from 

chapter 2. The difference in the low burn off range (where ultra micropores 

are present) is caused by the activated adsorption of N2 at 77 K. In the high 

burn off range (where super micropores or small mesopores are present) N2 

adsorbs by a micropore filling mechanism, while CO2 adsorbs layer by 

layer. The high adsorption temperature (273 K) used during the CO2 

adsorption is responsible for the fact that CO2 adsorbs layer by layer, in 

contrast to the micropore filling mechanism that is valid for the N2 

adsorption at 77 K.  This different way of adsorbing can be used to obtain a 
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mean pore size. These mean pore sizes are in agreement with the results 

obtained by the Horvath-Kawazoe and the Dubinin-Stoeckli methods.  

Representing the amount adsorbed as a liquid volume is the best 

way to compare different adsorptives, as the so obtained results are, in 

principle, independent of the adsorptive, unless pore and molecular size 

approach each other. In this chapter this method is applied and used to 

illustrate, and understand the different ways N2 and CO2 adsorb.  

Chapter 4 discusses Soil Organic Matter of some soils and reference 

samples in terms of surface area, pore size and micropore volume.  To 

understand and control spreading of pollutants and nutrients in soils it is 

of fundamental importance to know which molecules can adsorb in the 

soils. The soils appeared to have very small pores with dimensions < 0.5 

nm, so they contain ultra micropores. Measurements with different 

adsorptives (probe molecules) are used to obtain a micropore size 

distribution. We prove that the “standard methods” for determining the 

adsorption capacities of soils, namely the retention of EGME and N2 

adsorption, are incorrect. N2 adsorption because of the low temperature 

used to measure the adsorption and, EGME retention because it alters the 

soil. Also it appeared that the generally used reference materials are not 

very well suited to be used as model materials for soils. Their structure is 

more open and is influenced by hydration/de-hydration.  

 In chapter 5 the influence of a noble gas on the adsorption capacity and 

on the rate of adsorption is discussed.  This effect is studied on zeolites and 

on a carbon molecular sieve. It is demonstrated that indeed noble gases can 

play a role in both the adsorption capacity and the rate of adsorption.  

Comparing the static method with a dynamic method, reveals that the 

static method exhibits a larger influence of a noble gas, but in both cases 

the phenomenon is clearly present. It is clearly a kinetically determined 
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phenomenon. A tentative explanation is put forward of noble gas molecules 

locked up in the zeolite structure by the adsorbate.  
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    8 
 Samenvatting 

Dit proefschrift beschrijft adsorptie van gas- en dampmoleculen in 

sterk verschillende materialen, zoals geactiveerde koolstof, bodem 

monsters en zeolieten. Deze materialen hebben echter één ding gemeen: zij 

zijn microporeus. Volgens de IUPAC classificatie zijn poriën die kleiner zijn 

dan 2 nm microporiën1. Transport en adsorptie van moleculen in poriën 

van ongeveer dezelfde afmeting is totaal verschillend van adsorptie op een 

open oppervlak. Dit verschil maakt dat het nuttig is adsorptie 

verschijnselen in microporeuze materialen te bestuderen.  

Hoofdstuk 1 begint met een introductie van het verschijnsel adsorptie 

en een kort historisch overzicht over het gebruik van poreuze materialen. 

Dit historische overzicht begint in 1550 B.C. met de vroegste beschrijving 

van een toepassing van houtskool en eindigt in het heden. De vroegste 

pogingen om de adsorptiecapaciteit van houtskool met behulp van 
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standaard methoden te beschrijven, zijn beschreven door Baylis in 19354. 

Voor die tijd probeerde wetenschappers isothermen te beschrijven met 

behulp van empirische vergelijkingen. De Freundlich isotherm (1907) is 

daarvan een voorbeeld. Meer theorieën die op fundamentele gronden 

gebaseerd zijn, verschenen na de publicaties van Langmuir in 1916-1918. 

De diverse methoden en theorieën die poreuze materialen kunnen 

beschrijven worden behandeld in hoofdstuk 1.  

Hoofdstuk 2 beschrijft een serie geactiveerde koolstofmonsters die een 

toenemende mate van porositeit bezitten. Alle monsters zijn gemaakt van 

hetzelfde uitgangsproduct (een antraciet), door middel van het afbranden 

in CO2. Aan de hand van de resultaten van deze serie monsters wordt 

besproken hoe diverse karakteristieke eigenschappen zoals oppervlakte, 

(micro) porievolumen e.d., vastgesteld kunnen worden in relatie tot de 

toegepaste theorieën. Bij een laag afbrandpercentage (< 40 %) worden heel 

kleine poriën (ultra-microporiën) gevormd. Bij gematigde percentages (40 – 

60 %) worden middelgrote microporiën gevormd. Bij hoge 

afbrandpercentages (> 60 %) worden super-microporiën en kleine 

mesoporiën gevormd. De verschillende analyse methoden (BET, Dubinin-

Radushkevich en αs methode, toegepast op de adsorptie van N2, Ar en n-

C4), geven verschillende resultaten bij monsters die middelgrote en super 

microporiën bevatten. Een belangrijk verschil is gevonden tussen de 

resultaten van adsorptiemetingen met N2, Ar en n-C4, en die met CO2, 

zowel in het gebied met een hoog als met een laag afbrandpercentage. In 

het gebied met een gematigd afbrandpercentage zijn de resultaten 

vergelijkbaar. Uit de resultaten is de conclusie getrokken dat afbranden 

eerder resulteert in het vergroten van de poriën dan dat er nieuwe poriën 

gecreëerd worden.  

In Hoofdstuk 3 worden gedetailleerd de verschillende resultaten voor 

N2 en CO2 besproken die in hoofdstuk 2 gevonden zijn. Het verschil bij lage 
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afbrandpercentages (waar ultra-microporiën aanwezig zijn) wordt 

veroorzaakt door de geactiveerde adsorptie van N2 bij een temperatuur van 

77 K. In het gebied met hoge afbrandpercentages (waar super-microporiën 

of kleine mesoporiën aanwezig zijn) adsorbeert N2 via een microporiën 

vullings-mechanisme, terwijl CO2 laag voor laag adsorbeert. De relatief 

hoge temperatuur (273 K) die gebruikt wordt tijdens de adsorptiemetingen 

van CO2 is verantwoordelijk voor het feit dat CO2 laag voor laag 

adsorbeert, dit, in tegenstelling met het voor N2 geldende microporiën 

vullingmechanisme op een temperatuur van 77 K. Deze verschillende 

manieren van adsorberen kunnen gebruikt worden om een gemiddelde 

poriegrootte te bepalen. Deze gemiddelde poriegrootte vertoont een grote 

mate van overeenkomst met resultaten verkregen met behulp van de 

Horvath-Kawazoe en Dubinin-Stoeckli methode. 

Het weergeven van de hoeveelheid geadsorbeerd als een hoeveelheid 

vloeistof is de beste methode om verschillende adsorbaten met elkaar te 

vergelijken, omdat de zo verkregen resultaten in principe onafhankelijk 

zijn van het adsorbaat, tenzij de porie- en molecuul- grootte elkaar 

naderen. Deze methode van weergeven is in dit hoofdstuk gebruikt om het 

verschil in manier van adsorberen van N2 en CO2 te begrijpen en te 

illustreren. 

In Hoofdstuk 4 worden het organische deel van bodemmonsters en een 

paar referentie monsters besproken in termen van oppervlak, poriëngrootte 

en microporiënvolume. Om verspreiding van verontreinigingen en 

meststoffen in de bodem te begrijpen is het van essentieel belang te weten 

welke moleculen kunnen adsorberen. Het blijkt dat het organische deel van 

bodemmonsters heel kleine poriën bevat. Hun dimensie is kleiner dan 0.5 

nm, dus zijn het ultra-microporiën. Metingen met verschillende adsorbaten 

(test moleculen) zijn gebruikt om een microporiën-verdelingsdistributie te 

verkrijgen. Het bewijs wordt geleverd dat de “standaard methoden” voor 

het bepalen van de adsorptiecapaciteit van bodemmonsters, n.l., de retentie 
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van EGME en N2 adsorptie ongeschikt zijn. De N2 adsorptie vanwege de 

lage temperatuur die gebruikt wordt voor de meting, en de retentie van 

EGME omdat EGME de structuur van het monster veranderd. Het bleek 

ook dat de algemeen gebruikte referentie monsters niet echt representatief 

waren voor bodemmonsters. Hun structuur is meer open en verandert wel 

met drogen en bevochtigen, dit in tegenstelling tot de onderzochte 

bodemmonsters.  

In Hoofdstuk 5 wordt de invloed van een edelgas op de adsorptie 

capaciteit en op de snelheid van adsorptie besproken. Deze invloed is 

bestudeerd in zeolieten en in een Carbon Molecular Sieve. Er is aangetoond 

dat edelgassen inderdaad invloed kunnen hebben op zowel de 

adsorptiecapaciteit als op de snelheid van adsorptie. Bij vergelijking van 

een dynamische en statische methode om deze invloed te bestuderen, bleek 

de statische methode een grotere invloed te vertonen. Maar, bij beide 

methoden is het verschijnsel duidelijk aanwezig. Het effect blijkt duidelijk 

kinetisch bepaald. Als een voorlopige verklaring voor het verschijnsel wordt 

het opsluiten van edelgasmoleculen door het adsorbaat gegeven.  
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 List of symbols 
 

am = Surface area of one adsorbed molecule.    nm 
αs = Ratio of the volume adsorbed and the volume adsorbed 

at p/p0 = 1.        - 
b     = Adsorption coefficient = Ko exp (-∆H/RT).   -  
B   = 5.304 (R/E0)2   in Eqs. 4 and 5.     K-2  
β    = Scaling factor, benzene was chosen as 1.   - 
C     = Constant that is related to the “net heat of adsorption”,  
    now called “net molar energy of adsorption”.   - 
∆ = Half width of a normalized Gaussian in Eq. 6.  nm 
E0  = Characteristic interaction energy.    Jmol-1 

-∆H = Heat of adsorption.       Jmol-1 

k = Parameter in Eq. 6.       kJ nm mol-1

K0 = pre-exponential factor in Langmuir equation   - 
M = (0.01915/k)2 in Eq.6.      kJ mol-1 nm-2 

N     = Maximum number of layers that can be formed  
     in a pore in Eq. 3.       - 
p = Pressure.        kPa  
p 0  = Saturation pressure.       kPa 
R = Gas constant.       Jmol-1K-1 

ρ = Density.        m3/kg 
Sa = Total surface area.       m2/g 
T = Temperature.        K 
t = Statistical thickness of an adsorbed layer.   nm 
V     = Amount adsorbed.       - 
Vm  = Amount adsorbed in a monolayer.    - 
W = Micropore volume.        - 
W0 = Total micropore volume.      - 
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List of symbols 

 

x   = Characteristic dimension of a micropore = k/E0 in Eq. 6 nm 
          (for carbons a value for k of 13 kJ nm mol-1 is a good  
  approximation)  
x0   = Characteristic dimension of the micropores    nm 
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gaschromatografisch gedrag en de chemische structuur.  

Het volgende onderzoek, de homogene metathese van vetzure-esters 

(Drs. van Dam/ Prof. dr. ir. Boelhouwer), leverde haar de eerste publicaties 

op. Na een wisseling van werkgroep werd zij, tijdens het onderzoek naar 

transportverschijnselen in gepakte kolommen, (eerst voor Drs. 

Moulijn/Prof. dr. ir. Boelhouwer en later voor Drs. Kolk/Dr. Moulijn/ Prof. 

dr. ir. Boelhouwer) voor het eerst geconfronteerd met de invloed van 
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porositeit op bepaalde verschijnselen. Voor het heterogene katalyse 

onderzoek waar zij vervolgens bij betrokken was, werd de karakterisering 

van poreuze vaste stoffen steeds belangrijker.  

 Tot het vertrek van Prof. dr. Moulijn in 1990 naar de TU Delft was 

zij intensief betrokken bij de diverse projecten in de groep heterogene 

katalyse en chemische processen. Voorbeelden daar van zijn; het onderzoek 

naar de relatie tussen de structuur en katalytische activiteit, hydro-de-

metallisation, hydro-de-sulfurisation onderzoek en steenkoolvergassing. 

Het verblijf van J.M. Martín-Martínez in Amsterdam leidde tot een 

gezamenlijk onderzoek tussen de Universiteit van Amsterdam en de 

Universiteit van Alicante. In 1990 deed de auteur onderzoek in Alicante. 

De resultaten mondde uit in een aantal artikelen.  

 Vanaf 1991, met de komst van Prof. dr. ir. Bliek, maakte het 

onderzoek van poreuze stoffen een steeds belangrijker deel uit van de 

werkzaamheden van de auteur. Dit was in 1996 de aanleiding om een 14 

daagse NATO Summer School over adsorptie te bezoeken.  

Samenwerking tussen de afdeling Fysische Geografie en 

Bodemkunde en het Instituut voor Technische Scheikunde leidde tot een 

reeks artikelen over het onderzoek van de porositeit van bodemmonsters.  

 Per 1 januari 2004 werd de groep Heterogene Katalyse en 

Chemische Processen opgeheven en sindsdien maakt de auteur deel uit van 

de groep van Dr. Rothenberg/Prof. dr. Elsevier. De reorganisatie, die de 

aanleiding was voor de opheffing van de groep, was ook de aanleiding dat 

de auteur toestemming heeft gekregen om tijd te besteden om dit 

proefschrift te schrijven.  

 122



 

 

  Dankwoord 
  

Promoveren doe je niet in je eentje, daarvoor heb je andere mensen 
nodig. Dat geld ook voor mij, veel mensen hebben het mogelijk gemaakt dat 
dit proefschrift kon verschijnen. Het is bijna onmogelijk echt iedereen te 
bedanken. In de eerste plaats wil ik natuurlijk mijn beide promotoren; 
Berend Smit en Freek Kapteijn bedanken.  

Berend, jij heb je altijd voor het Instituut ingezet, maar vooral voor 
de mensen binnen het Instituut. In de moeilijke tijden, na het vertrek van 
Alfred, ben jij diegene geweest die er voor gezorgd heeft dat ik de 
mogelijkheid kreeg om te promoveren. Als promotor heb je mij veel steun 
gegeven, vooral met je relativerende opmerkingen.  

Freek, onze betrekkingen gaan veel verder terug dan de laatste twee 
jaar, waarin jij mijn promotor was. In jouw Amsterdamse periode hebben 
we samen erg leuke dingen gedaan vooral een optreden als Los Chemiclos 
staat mij nog steeds goed bij. Een andere kant van jou heb ik de laatste 
twee jaar leren kennen, als filosoferende wetenschapper en als begeleider. 
Jouw manier van vragen stellen maakte voor mij vaak duidelijk dat ik 
dingen beter moest uitleggen en anders moest opschrijven. De discussies 
die we hadden over de inhoud brachten mij vaak op nieuwe ideeën. Nu dit 
proefschrift klaar is kan ik daarmee aan de slag gaan. 

Gadi, een heel grote steun ben jij de afgelopen twee jaar voor mij 
geweest. Eigenlijk ben jij virtueel mijn copromotor geweest. Je adviezen, 
vooral over mijn taalgebruik en manier van schrijven, hebben mij erg 
geholpen om plezier te krijgen in het schrijven zelf. Een belangrijke 
bijdrage aan de totstandkoming van dit proefschrift is, naast de tijd die ik 
kreeg om aan dit proefschrift te werken, het belang dat jij hecht aan een 
goede sociale atmosfeer binnen de groep..  

Van alle hoogleraren, UD’s, UHD’s, AIO’s, studenten en OBP-ers heb 
ik veel geleerd. Het onderwerp waarop ik nu promoveer heb ik te danken 
aan Jacob Moulijn. Jacob, hoewel mijn start in dit vakgebied, in feite ligt in 
het moeten doen van één van de (rot)klussen is het doen van onderzoek op 
dit gebied uitgegroeid tot een hobby. Op dit vakgebied heb je me veel 
geleerd, maar ook veel vrijheid gegeven. Je hebt mij ook gestimuleerd om 
naar workshops te gaan en lezingen te geven. Bedankt daarvoor.  
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Kees, voor mij is de “echte” chemie bepaald geen hobby, maar toch 
voel ik mij welkom en nuttig binnen jouw groep. Jouw belangstelling voor 
de vorderingen kwamen altijd als positief en stimulerend over.  

Dear Prof. Sing, starting freshly in the field of characterization of 
porous solids, I had to study the best book which was available, and of 
course it was the “bible” on adsorption; the book of Gregg and Sing. I still 
have the first and second edition and use them sometimes. I learned much 
from you during conferences and workshops. During the NATO summer 
school (1996), I had the opportunity to know you a little bit better, also in 
an informal way. During the excursion I discovered that you have an 
extensive knowledge of many subjects besides porosity and adsorption. I 
am proud that you agreed to be a member of promotion committee.  

Alfred, gedurende je periode in Amsterdam, heb je me alle vrijheid 
gegeven om een deel van mijn “spaarpotjes” te besteden aan het bouwen 
van de Supersorp. Dankzij dit apparaat is het mogelijk hoge druk adsorptie 
metingen te doen en daarmee hoofdstuk 3 te schrijven. Ook was jij voor mij 
de eerste werkgroepleider die niet uit Amsterdam kwam en met wie ik niet 
samen “opgegroeid” was. Dat leverde voor mij best verfrissende situaties 
op. Met jouw vertrek leek er een einde te zullen komen aan de mogelijkheid 
onderzoek te blijven doen op het gebied van porositeit. Mede dankzij Peter 
Schoenmaker en Rob Zsom, heb ik de gelegenheid gekregen te promoveren 
en verder onderzoek in dit vakgebied te kunnen doen.  

Ik heb natuurlijk in de afgelopen 40 jaar met verschillende mede 
analisten nauw samengewerkt. Een paar daarvan zijn iets meer voor me 
gaan betekenen. Bart, jammer dat je vertrokken bent naar Delft, maar als 
ik je weer zie lijkt het wel gisteren dat je nog op het lab werkte. We hebben 
samen leuk gewerkt en bedankt voor je collegialiteit. Lars, ook jij hebt de 
Universiteit verlaten. Je bent voor mij een perfecte collega geweest met een 
groot organisatorisch talent. Hoewel je onze afdeling al een tijdje geleden 
verlaten heb, blijf ik sporen van je talent tegenkomen. Juriaan, ook jij bent 
nu ook een ex collega, maar jij loopt nog wel rond op de afdeling. Samen 
met Lars hebben jullie veel dingen geregeld. Hoeveel dat eigenlijk was 
merk ik nu ik het alleen moet doen.  

Jurg, Peter Verschuren en alweer een tijdje geleden Paul le Comte, 
collega’s van andere afdelingen, maar onderling hebben we vaak veel 
informeel kunnen regelen. Jullie waren allemaal bereid om me te helpen 
als ik met een vraag kwam en dat waardeer ik heel erg. Helaas zijn de 
gezellige koffiepauzes, waarin we over van alles konden praten, verleden 
tijd. Dat is deels veroorzaakt door de veranderingen die de reorganisatie 
met zich mee heeft gebracht, maar voor een heel erg belangrijk deel omdat 
Nicole met pensioen is gegaan. Nicole, de koffie en thee die je, soms erg luid 
en duidelijk aanwezig, serveerde mis ik nog steeds.  
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 Ik moet nog een ex collega bedanken voor zijn inzet. Amedeo, toen je 
na een belangrijke wijziging, in onze groep kwam, heb je geleidelijk een 
plek binnen het onderzoek voor jezelf gevonden die erg nuttig was. TPD en 
TPR metingen waren altijd erg belangrijk voor de karakterisering van 
katalysatoren. De rust die jij uitstaalde was erg belangrijk. Buiten het 
werk, was je, en ben je nog steeds, geïnteresseerd in heel veel andere 
zaken. Samen praten over jouw vaderland en mijn vakantieland mis ik. 
Ook voor de vele brieven die jij voor mij vertaalde moet ik je bedanken.  

Maureen, in de loop van de jaren hebben we heel wat samen beleeft. 
Aan de congressen die we samen organiseerde hebben we veel plezier 
gehad. Vooral in het kritisch beoordelen van mensen waren we erg goed. Je 
hulp die ik kreeg bij de organisatie van diverse feestjes kwam altijd 
spontaan en was heel erg welkom. Voor het werk dat je eerst als 
secretaresse en nu als administrateur voor mij gedaan heb en nog steeds 
doet, heel hartelijk dankt.  

Fred, eerst was je een collega in een concurrerende groep, en toch 
hebben wij altijd veel overlegd en samen geregeld. Voor en tijdens de 
verhuizing vooral hebben we intensief samengewerkt. Ook nu je in een 
geheel andere functie zit merk ik dat we vaak nog genoeg hebben aan een 
enkel woord om elkaar te begrijpen. Bedankt voor de samenwerking en je 
hulp.  

Renate, Hanneke en Petra, bedankt voor de ondersteuning en hulp 
bij de diverse administratieve, personele-  en andere rompslomp.  
 De mensen met wie wij ’s morgens gezellig koffie drinken op de 7e wil 
ik graag bedanken. Jan Meine en Dorette, onze werkzaamheden zijn totaal 
verschillend, net als onze belangstelling voor de chemie, maar ik voel me, 
vooral dankzij jullie, toch thuis in de huidige groep.  
 George, Kasper, Stephen, zonder jullie zou een groot deel van 
hoofdstuk 1 minder leuk geworden zijn. Maar vooral “speurneus” Marijke 
ben ik erg dankbaar, geen vraag van mij was haar te gek. De snelheid 
waarmee zij de meest vreemde, vaak fout geciteerde, literatuur boven 
water wist te krijgen is ongekend. Dankzij jou kon ik de originele 
geschriften van Fontana lezen.  
 Margriet Reimerink, van de informatie, die ik schriftelijk en 
mondeling van jou gekregen heb over de methoden die Norit gebruikt, is 
weinig in dit proefschrift gekomen. Het heeft echter wel bijgedragen tot een 
betere begripsvorming bij mij.  

Dit proefschrift had nooit tot stand kunnen komen zonder de hulp 
van een heleboel mensen uit de diverse werkplaatsen. Speciaal met het 
groepje oud CT’ers, Daan, Wietse, Co en Theo bestaat er een band die niet 
alleen door het kaarten wordt veroorzaakt. Bij 40 jaar samenwerken, kan 
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het eigenlijk ook niet anders. Altijd stonden jullie klaar om mij te helpen. 
Samen een apparaat bedenken en gaandeweg ontwikkelen vond ik 
geweldig. Co en Theo, beide met pensioen, ik mis jullie en wil jullie 
bedanken voor de vele mooie apparaten die jullie gebouwd hebben en voor 
de vele gezellige uurtjes. Daan en Wietse, de supersorb en de minisorb zijn 
door jullie gebouwd en daarmee hebben jullie een belangrijke bijdrage 
geleverd aan het onderzoek voor mijn proefschrift. Mijn hartelijke dank 
hiervoor. Dat alles paste in de oven van de minisorb is te danken aan de 
goede ideeën van Udo. Ik vond het een leuk project om samen met je te 
doen. Ook de andere harde werkers uit de “oude” werkplaats, Tjerk, Jan, 
Henk en Henny, wil ik graag bedanken. Jullie hebben mij, eerst wel wat 
onwennig, maar uiteindelijk volmondig, geaccepteerd en prima geholpen.  
 De glasblazers, ook dat zijn er weer veel mensen, Gerrie, Johnny, 
Clewitz, Fons, en Ron om er een paar te noemen, maar in de laatste jaren 
vooral Bertus. Bedankt, voor mij zijn jouw dilatometers de allerbeste.  
 Een andere tak van sport binnen de werkplaatsen zijn de elektronici. 
In de loop van de jaren ging het van elektrisch meer naar elektronisch. Het 
gevolg daarvan was dat ik daar minder van snapte en dus meer steun en 
hulp nodig had. Deze heb ik altijd gekregen, zowel van Hans als van Paul. 
Hiervoor heel hartelijk dank. Paul, zonder jou en de apparatuur waarvoor 
jij de besturing gemaakt hebt en de computer programma’s geschreven 
hebt, was dit proefschrift niet mogelijk geweest. De resultaten zijn terug te 
vinden in o.a. hoofdstuk 3 en 5. Als buurman ben jij voor mij erg 
gemakkelijk aan te spreken en nooit is een probleem voor jou te veel. 
Bedankt hiervoor.  
 De mensen van de ICT groep wil ik ook graag bedanken voor al hun 
inspanning als ik weer eens een vreemd programma wilde hebben op mijn 
computer. Vooral Roelof Brandsma, die ik op het allerlaatst met mijn 
vreemde fonts bijna een dag bezig heb gehouden, bedankt voor al je 
inspanningen en hulp. 

AIO’s, vroeger promovendi, heel veel heb ik er voorbij zien komen. 
Sommige gemakkelijk, sommige moeilijk. Maar van allemaal heb ik wel 
wat geleerd, en ik hoop dat ik hun ook iets geleerd heb. Ze allemaal te 
noemen zou leiden tot een dankwoord dat langer dan de rest van het 
proefschrift. Slechts met drie heb ik intensief kunnen samenwerken en 
discussiëren over adsorptie.  

Adriaan, het was voor mij erg fijn voor het eerst een mede hobbyist 
te vinden. De NATO Summer School was een fijne tijd, al raakte we elkaar 
ergens in zuid Frankrijk kwijt. Hoe verslavend poriën zijn, blijkt wel uit 
het feit dat je nu bij de Shell je nog steeds met porositeit bezig houdt.  
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Meno, tijdens je TWAIO-schap hebben we heel wat gepraat en 
gediscussieerd. Ik vind het jammer dat aan het werk dat jij gedaan heb 
geen gevolg is gegeven.  

Alex, last, but not least, your presence in the lab was for me the best 
period of the last couple of years. I could discuss, argue, battle a lot with 
you. We also travelled a lot, to strange places where you pretended to know 
where we were, but I had to ask the way back to the hotel. Getting lost in 
South Korea, after walking more than 4 hours, I will never forget. Writing 
this thesis is like the road we walked right through the rice fields (the long, 
straight, concrete one), you think you will never get there, and suddenly 
you are at the finish. Finally, I beat you. My defence is before yours, but 
you will be standing beside me to help me. Thanks. 
 Ten slotte, maar zeker niet in de laatste plaats, Jan. Jij hebt mij 
vaak aangemoedigd (zeg maar rustig achter mijn broek aangezeten), om 
actie te ondernemen en te gaan schrijven. Over de avonden en delen van 
het weekend dat ik achter de computer zat, heb je nooit gemopperd. Als ik 
weer eens vast zat kon je daarvoor ook begrip op brengen. Jij weet als enige 
hoe lang ik al wilde promoveren en je pushte me dan ook vaak om dat aan 
te kaarten en voor mijzelf op te komen. Nu, het boekje ligt er, mede dankzij 
jou. Jij stond en staat meer dan vierkant achter me en dat heb ik vaak 
nodig gehad. Bedankt schat.  
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