
Introduction

Production and application of particles with diameters

of up to some ten nanometers is a recent technique

[1, 2]. In contrast materials containing pores of such

width had been applied as adsorbents already in antiq-

uity [3–7]. The industrial production of activated carbon

started in 1900 and of zeolites in the 1950s. In imitation

of the denotation nanoparticles recently this group of

pores is called nanopores [8–10]. With regard to sorp-

tion and condensation effects the IUPAC introduced a

classification of pores [11]: pores of internal width

greater than 50 nm are classified as macropores, less

than 2 nm as micropores, and between as mesopores. In-

deed, the term ‘macro’ for >50 nm is awkward and the

term ‘micro’ is misleading because the width of micro-

pores is between 0.6 and 2 nm! This classification was

extended by Setzer [12, 13] for the macropore range

with regard to penetration and condensation effects in

building materials and by Dubinin [14] for the micro-

pore range in order to discuss pore filling phenomena

at low relative pressure.

Nanoparticles consist of only few molecules.

They expose a large specific surface area to the ad-

joining fluid phase. Its physical and chemical proper-

ties can deviate remarkably from large compacts.

Nanoparticles can pass through certain membranes;

e.g. nano-sized drug particles can penetrate the skin

and other biological barriers. In contrast nanopores

preclude the infiltration of large molecules: adsorp-

tion is selective. Diffusion of fluid molecules is ob-

structed by tortuous channels and bottlenecks. On the

other hand molecules from the adjoining fluid phase

are adsorbed at the inner surface at the pore walls

which mostly is much larger than the outer surface

and condensation takes place within the pore volume.

Effects in nanopores � meso- and micropores differ

remarkably from those occurring in macropores. In so

far we may notice a similarity to nanoparticles.

Pore means an indentation which is deeper than

wide [15]. Using this definition, most surfaces can be

regarded as porous. Even when the primary particles

of a powder are non-porous, an aggregate or an ag-

glomerate of particles is expected to develop a porous

body. Taking into account the variety of processes

generating a pore structure, like chemical attack, ther-

mal degradation of constituents, exfoliation, swelling,

evaporation of crystal water or other volatile species,

dissolving away of components, lattice alteration, we

should realise that the vast majority of solids in our

surrounding is porous. There are in principle three

ways to produce a porous material: aggregation of

particles, subtraction of a component from a compact

body and structural changes (crystallisation). Basic

processes applied in techniques or occurring in nature

include only few methods as listed in Table 1. Apply-

ing those methods we may obtain pores of any width

in dependence of process parameters chosen.

The present paper should be regarded as an essay

on a methodical survey of processes which result in a

porous structure with emphasis to nanopores. Based

on Mikhail’s [16] suggestions we extend earlier con-

siderations on general principles of formation of po-

rous solids [17].

Compaction of powders and sintering

The simplest way to produce a porous system is com-

paction of particles [18]. If the original particles are
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non-porous the pore space is made up of the interstitial

voids. The pore volume will depend on the particle size

and – in the case of uniform particles – on the average

coordination number. In the general case of a heteroge-

neous mixture of particles of various size and shape the

porous structure and volume depends strongly on the

pressure exerted.

With increase in temperature, sintering com-

mence. For metal powders, three stages of sintering

can be distinguished [19]:

• Smoothing of the surface of the discrete particles

by surface diffusion, elimination of nanopores.

Some loss of both, specific surface area and pore

volume is observed.

• Adhesion. Discrete particles, which at low temper-

ature constitute a loose powder, develop points of

contact. The powder is converted into an aggregate

that has little mechanical strength. This stage oc-

curs near the Tammann temperature, which is ap-

proximately half the absolute melting point. There

is some surface transport, and bridging between

particles by curved-neck connection begins. The

solid mass contains macro- and mesopores; a little

decrease of specific surface area is observed. If the

surface transport is extensive, closed-off pores may

develope, which are not connected to the outside.

• Shrinkage. Further heat causes onset of shrinking

with fastening of bridges between particles. Crystal

grain growth takes place. More pores lose their

connection to the exterior. The entire porous body

shrinks. In the final stage of this process, the iso-

lated voids are eliminated by diffusion of vacan-

cies, which readily occurs at grain boundaries.

This classical mechanism of sintering does not

hold for very fine particles of diameter 100 nm and

less. For example, in the case of fine TiO2 particles,

the contact between two adjacent particles does not

form a curved neck [20]. Initially spheroidal particles

become polyhedral and adhesion then occurs between

the flat surfaces.

Compaction pressure leads in most cases to a de-

crease in pore volume and surface area whereby in case

of a broad particle size spectrum the reduction is more

pronounced. This decrease is attributed to the fact that

fine particles are flaky, with an extensive area of very

flat surfaces, which is eliminated when they are forced

to adhere to each other. The effect of pressure depends

strongly on the mechanical properties of the solid. For

example, plastic deformation governs the response of

sodium chloride, whereas particle fracture governs the

compaction of both, sucrose and coal [21]. With su-

crose, the fragments move to occupy the available

space, while with coal there is a tendency to form

bridges and to preserve the open pore structure. After

such a change in the pore structure the temperature re-

quired for sintering is often higher.

Gel precipitation

In a certain state of fine division, particles with diameter

below about 200 nm are called colloids. Mixed with a

fluid colloids form a colloid solution: the sol. By sponta-

neous coagulation or supported by some changes of the

solvent properties (pH value, temperature) or by con-

centration the particles adhere to each other and take on

the form of a gel. Extraction of the solvent produces an

aerogel whereas evaporation leads to a xerogel.

Metal hydroxide or hydrous oxide gels and pre-

cipitates can be obtained from solution in a wide range

of pore structures. The process includes a sol–gel reac-

tion, hydrolysis and polycondensation. An organic

template may be added by which the pore width can be

influenced. This template is decomposed during the

drying process. After precipitation of the sol in some

cases leaching and/or solvent exchange is performed.

Once the gel is formed it starts ageing. It undergoes

structural and textural changes, which continue during

after the removal of the liquid. Three stages have been

described [22]:

• Condensation, polymerization, often accompanied

by the development of a large surface area and the

creation of uniform nanoporosity.

• Aggregation, cementation. This involves loss of

area with concomitant loss of nanopores and devel-

opment of pores micrometer width.

• Crystal growth and recrystallisation is a slow pro-

cess unless accelerated by heat. It leads to the elim-

ination of pores and the ultimate production of sta-

ble, crystalline solids of low or negligible porosity.

Elimination of the liquid phase generally leads to

a slowing down in the rate by which that three pro-

cesses take place. In certain cases another pore struc-

ture is generated. An example is the aerogel structure

with large pore volume. Such a structure collapses

upon heating, with a tremendous reduction in pore

volume, but only a small change in specific surface

area. This occurs to a lesser extent in the conversion

of a hydrogel to a xerogel, which involves only a par-

tial collapse of the structure.

Precipitation of insoluble compounds other than

hydroxides can lead to gels; but the following steps

are commonly much simpler than those with metal

hydroxides. Principally a crystal growth occurs, with

disappearance of the smaller and more imperfect crys-

tals. Porous solids prepared from such precipitates

commonly have pore morphologies resembling to

those obtained with compacted powder.
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In some cases, a primary solid is capable of further

chemical reactions with water leading to a gel which is

precipitated in the water-filled spaces of the primary

structure. It can undergo a subsequent change of compo-

sition, and shrinkage, leading to a microporous struc-

ture. Typical examples are Portland and other cements,

as well as gypsum.

When dry cement is mixed with a limited volume

of water, it forms a cement paste. It exists initially as a

conglomerate of discrete particles of the unhydrated ce-

ment grains and calcium sulphate [23]. In the presence

of water, this develops into a conglomerate of ‘ce-

ment gel’, calcium hydroxide, small amounts of other

coarsely crystalline hydration products and residual

unhydrated cement grains. The remnants of water-filled

space that had existed at the start of the process give the

matrix for meso- and macropores (capillaries). Micro-

and mesopores are widened by penetration of additional

water layers. During this swelling process stable pore

structures are not observed [24]. The hardened gel itself

consists of finely divided colloidal hydration products,

which are mostly calcium silicate, and 'gel pores' be-

tween, filled with water. The water can be removed re-

versibly by evaporation as can be the water in the capil-

lary pores. The pore width is between 1.5 and 3 nm.

In contrast to the characteristic volume and size

of the gel pores, the capillary pore volume can vary,

depending on the water/cement ratio, and the degree

of hydration. The capillary pores constitute an inter-

connected network in the fresh cement paste. The

pores become discontinuous as hydration proceeds.

When this occurs, transmission of fluid between cap-

illary pores must involve passing through gel pores,

whose size is very much smaller.
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Fig. 1 Chrysotile asbestos: a – bent parallel layers of fibrils, b – crystal structure, c – fibrils parallel packed to fibres,

d – transmission micrograph of single asbestos fibrils [24]



Crystallisation

Clathrates are so-called inclusion compounds. Its lat-

tices contain isolated cavities which are stable only

when filled with guest molecules [25].

Chrysotile asbestos is an interesting porous min-

eral [26] with very regular pores ranging from ultra-

micropores to macropores. With regard to health haz-

ards the material is in general out of application.

Probably because of the geometric shape of the fibrils

(small and sharp needles which are somewhat longer

than a macrophage), when breathed in from the air,

can cause not only asbestosis, but can also generate

mesotheliuma. Chemically it is pure magnesium sili-

cate (Fig. 1a) the molecules forming spiral layers

wound up to small fibrils of about 20 nm in diameter

(Figs 1b, c, d). The fibrils are densely packed to fibres

of diameters in the micrometer range. The gaps be-

tween the spiral layers form ultra-micropores which

are not accessible for any foreign molecules.

Zeolites and molecular sieves are examples of a

group of solids, in which an intercrystalline micro-

pore structure is distributed as channels, slits, or cavi-

ties within the lattice [27, 28]. The dimensions and pat-

terns of these micropores are regular. In addition a per-

manent dipole, the possible polarisation by an induced

dipole and van der Waals interaction result in a high

selectivity. Thus, the schematic depiction as geometric

bodies (Fig. 2) misleads because only the geometric

molecular sieving aspect is insinuated.

34 natural zeolites are known and about 150 types

have been synthesised. The basic formula for zeolitic

molecular sieves is Mg2/nO�Al2O3�xSiO2�yH2O where

Mg is a cation of n valence [29]. The fundamental build-

ing block of the molecular sieve crystal is a tetrahedral

with four oxygen anions surrounding a smaller silicon

or aluminium cation. Sodium ions or other cations make

the positive charge deficit in the alumina tetrahedra, and

each of the four oxygen anions is shared, in turn, with

other silica or alumina tetrahedron to extend the crystal

lattice in three dimensions [30]. In all molecular sieve

types, the sodium ion can be exchanged to form other

functional products. The crystal structure of zeolite mo-

lecular sieves is honeycombed with relatively large cav-

ities containing water. The cavities are interconnected

by ‘windows’ of diameter 0.3 to 1.2 nm. Before use the

hydration water is removed by heating.

Natural zeolites are impure and erratic and there-

fore useless for industrial application. On economic

reasons only the artificial zeolites types A, X, Y and

MFI are used in industrial adsorption: it should be

mentioned that industrial products of zeolites mostly are

offered as pellets which are formed by addition of bind-

ing agents like clay which dispose of an additional pore

system. There exist several types (Fig. 2):

• Type A has the formula Na12[(AlO2)12(SiO2)12]·27H2O

whereby Na+ can be replaced by other cations.

Type A contains roughly spherical cavities ~1.1 nm

in diameter and ~0.925 nm3 in volume.

• Type 3A crystals are produced when some of the

sodium ions are replaced by potassium ions. Since

potassium ions are larger than sodium ions, the

pore size is effectively reduced to about 0.32 nm.

• Type 4A sodium-bearing crystals have a free aper-

ture size of 0.35 nm in diameter. At typical operat-

ing temperatures, molecules with effective diame-

ter of up to 0.4 nm may passed through.

• Type 5A is produced by replacing some of the so-

dium ions in 4A with calcium ions. It features the

largest pore opening of the A types, with a free ap-

erture of 0.42 nm in diameter.

• Type X has the formula Na86[(AlO2)86(SiO2)106]

·264H2O, whereby Na+ can be replaced by other

cations. Although type X is based on the same

building blocks as type A, the beta cages are linked

tetrahedrally instead of a cubic arrangement.

• High silica molecular sieves have a significantly

higher proportion of SiO2 to AlO2 in their molecu-

lar structure. With the reduced amount of AlO2 and

the corresponding reduction in cation density, the

high-silica zeolites are hydrophobic and organo-

philic adsorbents.
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Fig. 2 Comparison of the pore width of molecular sieves and dia-

meters of sorptive molecules according to Müller [31]



Industrial production of zeolites comprises the

mixture of batch-weighed quantities of sodium sili-

cate, alumina trihydrat and sodium hydroxide. After

stirring the mixture forms a gel that is pumped into a

crystallisation tank. A rotary filter separates and

washes the zeolite crystal slurry. For cationic ex-

change (calcium, potassium or other cations substi-

tuted for sodium in the crystal), the filter cake is trans-

ferred to a heated tank and mixed with the appropriate

metal salt solution, and washed and filtered again.

Chemical treatment of solids

Many precipitation processes result in amorphous

powders with small sized and often porous particles.

Small pores down to nanometer width can be pro-

duced by treating the non-porous solid with a reagent

which dissolves out some constituents, leaving a po-

rous framework. In the preparation of porous Vycor

glass a discrete phase that has been precipitated in ad-

vance during thermal treatment of the parent glass is

dissolved by acid treatment [31, 32]. A three-dimen-

sional porous network is generated resembling inter-

connected wormholes. Also Fuller’s earth is produced

by acid treatment of the mineral. The pore structure of

the leached material depends on several variables:

time and rate constant of the reaction, together with

kinetic factors such as concentration and temperature,

and the physical structure of the parent solid.

There are cases, in which a liquid reacts with a

constituent of the parent solid, with collapse of the

primary lattice. In the production of Raney nickel [33]

together with leaching material transport by local

electrochemical cells, anodic oxidation and cathodic

reduction occurs.

A variety of processes are described to produce po-

rous nanomaterials. In a CO atmosphere at 1000°C from

a CO–Fe compound the iron atoms are separated and

form little clusters and CO reacts: 2CO=CO2+C. By cata-

lytic action of the iron clusters from C carbon nanotubes

are produced with monomolecular walls (Fig. 3). In this

way larger amounts of nanotubes may be produced which

are extremely hard. Its electrical conductivity [34] de-

pends on the molecular carbon structure and varies be-

tween that of a metal and of a semiconductor. Also cata-

lytic peculiarities are to be expected.

Thermal treatment of solids

When a non-porous solid material calcines to yield a

solid product and a gas mostly pores are developed

with tremendous increase in surface area [35]. Exam-

ples are the calcination of hydroxides, carbonates,

and oxalates. Upon decomposition of a parent crystal

a number of crystallites may generated in a metastable

condition or a pseudo-lattice. They tend to recrys-

tallise and sinter if heated. The overlap of the two pro-

cesses activation (decomposition) and sintering/re-

crystallisation, leads to a maximum in surface area vs.
calcination temperature. The presence of water is often

found to accelerate the second stage of sintering.

Pyrolysis is a common process, used for the pro-

duction of active carbon by the carbonisation of or-

ganic materials [36]. In the absence of air a low sur-

face area is developed. It can be activated by steam or

carbon dioxide. In the latter case oxidation and burn-
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Fig. 3 Carbon nanotubes. Nanotube Incorporate, Houston,

Texas [32]

Fig. 4 Activated carbon. a – structure of activated carbon,

b – graphite grid in layers of activated carbon



out of some components takes place simultaneously,

with both a great increase in area and the production

of active adsorption sites. Chemical additives or

agents which catalyse these processes have been sug-

gested for carbonising material of vegetable origin.

Depending on the nature of the parent material and by

adjustment of the reaction conditions and temperature

pore sizes covering the micro-, meso- and macropore

range can be obtained (Figs 4 and 5).

Pyrolysis may be applied to any cross-linked

polymer. Even while gaseous products are evolved

the material may retain much of his original configu-

ration during heating. Low-molecular substances, for

example coal, polymerise when heated, before they

evaporate, and form viscous liquids before decompo-

sition is complete. Gas that is evolved is held as bub-

bles, and surface tension will cause the pores that are

produced to be roughly spherical in shape. As a final

step, cross-linking occurs by which the pore structure

is fixed. The pores tend to be of large size and of low

area and are often closed.

Polymeric adsorbents

Raw materials for polymeric adsorbents are polysty-

rene, polyacrylate and phenol-formaldehyde. Polysty-

rene and polyacrylate adsorbents are produced by

polymerisation whereas adsorbents based on phe-

nol–formaldehyde by condensation [37]. Polymeric

adsorbents are highly porous structures whose inter-

nal surfaces can adsorb a wide variety of different

species depending on the environment in which they

are used. For example, in polar solvents such as wa-

ter, polymeric adsorbents exhibit non-polar or hydro-

phobic behaviour and so can adsorb organic species

that are sparingly soluble. The hydrophobicity is most

pronounced with the styrenic adsorbents. In non-polar

solvents, such as hydrocarbons, most adsorbents ex-

hibit slightly polar or hydrophobic properties and so

will adsorb species with some degree of polarity. This

polarity is most pronounced with the acrylic and the

phenolic adsorbents. As already mentioned in the

context of molecular sieves the geometric characteri-

sation of the porous structure of polymeric adsorbents

is questionable.

A new class of adsorbents was developed by

sulfonating porous resins and producing a carbona-

ceous surface by heating [38]. Such adsorbents may

dispose on higher adsorbing capacity than activated

carbon and are non-abrasive. The expensive material

is applied for gas masks and protection clothes [39].

Composite pore structures

The structure of porous material, natural or synthetic,

is always complex. Although a tendency to produce

materials of uniform texture can be observed, today

most synthetic porous material exhibit a broad pore

spectrum including composite pore structures. Al-

ready mention are ‘gel pores’ of cement paste. An-

other kind of secondary pore structure is often devel-

oped in regions in which the surfaces of primary

particles approach each other, and come into contact.

Also the section of a membrane filter prepared by dry-

ing of colloidal solutions of inorganic or organic

particles exhibits a very complex system (Fig. 6 [16]).

The formation of the clay minerals by weathering

processes is determined by the nature of the parent rock,

climate, topography, vegetation, direction of movement

of water through the weathering zone and the time pe-

riod during which these factors operated. In the develop-

ment of clay minerals by natural hydrothermal pro-

cesses, the presence of alkalies and alkaline earths influ-

ences the resulting products. Near-neutral hydrothermal

solutions bring about rock alteration, including the for-

mation of illite, chlorite, and smectite, whereas acid hy-

drothermal solutions result in the formation of kaolinite.
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Table 1 Methods of preparing porous material

Basic methods of preparing porous material

Aggregation of particles
Subtraction of a component from a compact body
Structural changes like crystallisation
Inflation of a structure for example by swelling

Special methods of preparing porous material

Compaction of powder
Chemical reaction and precipitation
Sol–gel processing
Crystallisation
Thermal treatment

Fig. 5 SEM micrographs of the ‘amorphous carbon-catalyst parti-

cles’ surface after graphitization at 800°C in nitrogen flow:

graphite nanotubes grow from the surface and then

intergrow inside one [34]



Mikhail [16] described a kind of secondary po-

rosity which he called ‘internal fuzz’. Electron micro-

graphs indicate that crystalline material is often pres-

ent, which is of orders of magnitude smaller than the

effective pore diameters. This material may have the

same chemical composition as the principal solid ma-

terial or the composition may be different. An exam-

ple gives the autoclaved slag-quartz-lime specimen

shown in Fig. 7. Clay in sandstone or porous lime-

stone may constitute fuzz in pores. Figure 8a to c,

show some models for structures containing substruc-

tures. Neasham [40] pointed out that clay was formed

hydrothermally in the sandstone, in a process that oc-

curred long after the primary rock formation. In na-

ture neoformation and transformation, are induced by

weathering and hydrothermal actions.

Swelling

Binding forces may be well sufficient to exert ste-

reologic changes of the surface or to separate weakly

cohering particles. The pore structure of gel pores ex-

pands under the influence of certain liquids. Such liq-

uids are in particular water and – in the case of or-

ganic matter – organic solvents [41]. In living matter

water diffuses through cell membranes forced by os-

motic pressure. Therefore, water can rise far above

the hydrostatic level of about 10 m; some trees

achieve a height of 120 m.
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Fig. 6 SEM micrographs of the cross-section of the various refiltration membranes: a – FRES-2; b – HOS; c – GKSS-1; d – KSS-2

Fig. 7 SEM micrograph for slage-quartz-lime after 2 h

autoclaving at 10 bar and saturated steam [14]



Swelling occurs in inanimate and living matter.

It is an important means of biological organisms to

form structures. Most plants can exist only when their

cells are expanded by filling with water and whither

when to much water is lost. Others – in particular in

arid regions – shrink to reduce their outer surface and,

hence, water evaporation and survive. Swelling ef-

fects are used by organisms to vary size and shape of

organs and to carry out movements and even to move

themselves. In many living organisms which repro-

duce sexually the respective organs swell in order to

encourage or to enable sex. For that purpose cells are

filled with additional water and/or blood vessels with

additional blood.

If swelling is not desired, it can be reduced by

fixation of the pore structure. Plants form rigid struc-

tures by lignifying. Animals form skeletons of a

partly inorganic cellular structure. A technical exam-

ple is the treatment of the cellulose fibres with formal-

dehyde resulting in acetal cross-links. In this way pa-

per is stiffened. The pore structure can be frozen by

forming an aerogel. If a porous material should be

dried in many cases the pore structure collapses. This

can be prevented by a freeze-drying procedure.
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