
Porous Membrane 

 
Dissertation 

Zur Erlangungdes akademischen Grades 

doctor rerum naturalium 

(Dr. rer. nat.) 

 

 

 

Vorgelegt  

 

Der Fakultät für Naturwissenschaften der Technischen Universität Chemnitz 

 

 

vom: M.Sc  Mahendra Subray Rane 

geboren am 20.05.1977 in Margoa(Goa) in INDIEN  

 

 
 

 

 



Acknowledgements 
 

 

    I had a wonderful lifetime experience at Chemnitz University of Technology 

and I would like to thank all those who helped me with my thesis and made my 

time memorable here at Chemnitz. 

    I firstly would like to thank my Parents because of which I am here today, 

without their support and love; it would not have been possible. My Parents 

made a lot of sacrifices for me and I am grateful for them and privileged to have 

them as my parents. Thank you Aai and Baba for all your support and love. 

    I am very grateful to my guide Professor Werner Goedel without whom it 

wouldn’t have been possible for me to reach where I am today. At every point of 

my thesis he supported me with scientific guidance. His immense patience and 

attitude towards science made me enjoy the scientific work because he, himself 

believes that science is fun.  At every point of my thesis and my career he has 

been a guiding force for me and I am always grateful to him as he is always 

there for me whenever I need help or support. Thank you Professor. 

    I am very much thankful for Professor Matthias Lehmann who helped me 

during my thesis .Special thanks to Proffessor M. Hietschold, Dr. S. Schulze, 

Mrs. Baumann for their valuable support in TEM and SEM measurements. 

Special thanks to the Proffesor Spange and his group for their help and support. 

    I am very grateful to Dr. Baumann, Ms. Goldmann, Ms. Klaus, Mrs. Stöckel 

Mr. Diener for their support. I am very thankful to Dawid, Joanna, Alin, Sabine, 

Sussane, Ina, Cornell, Robert, who really supported me during my thesis. Also 

thanks for all the friends of the Physical Chemistry group in Chemnitz for their 

support. Also Special thanks to Stefan. 

    Special thanks to my sister Maithili as well, who is a pillar of strength in our 

family and always supported me in my bad and good times. Special thanks to all 

my family members who really supported and motivated me during my thesis. 

 



    I am very grateful Amit, Dr. Saha , Paritosh who helped me during my stay at 

Chemnitz and also for his valuable inputs. Special thanks to my friend Anand 

for his valuable inputs. I am very thankful to PALL Corporation for supporting 

for my thesis. 

   Special thanks to Dr.Abdoulaye Doucoure and Yolando David from PALL 

Corporation for their support and discussions. 

 



Abbreviations 
 

 

RHO6G: Rhodamine 6G 

[Ru(phen)3]Cl2  : Ruthenium phenyl chloride 

TEOS: Tetra-ethoxyethyl silicate 

Si: Spreading co-efficient 

Se: Equilibrium spreading coefficient 

TMPTMA: Trimethylolpropane trimethacrylate  

HF: Hydroflouric acid 

UV: Ultravoilet 

SEM: Scanning electron microscope 

nm: Nanometer 

Pcp: Capillary pressure 

XPS: X-ray photoelectron spectroscopy 

AFM: Atomic force microscopy 

SSIMS: Static secondary ion mass spectroscopy 

LSCM: Laser scanning confocal microscopy 

kcalmol
-1

: kilocalorie per mole 

kJmol
-1

: kiloJoule per mole 

ATR-FTIR 

TEM: Transmission electron microscopy 

FITC: Fluorescein-5-isothiocyanate 

TPM: 3-(Trimethoxysilyl) Propyl Methacrylate 

さ; Liquid viscocity 

i: Porosity 

TDS: Total dissolved solids 

EDI : Electro-deionization 

 せ :permeability  

た : dynamic viscosity

http://en.wikipedia.org/wiki/Dynamic_viscosity


Q: units of volume per time, m³/s 

A: Cross-sectional area 

 

 



Abstract 

Porous Membrane 

Mahendra Subray Rane 

Chemnitz University of Technology, Faculty of Natural Sciences 

 

  Membrane processes can cover a wide range of separation problems [with a 

specific membrane (membrane structure) required for every problem]. Thus, 

there are membranes available that differ in their structure and consequently in 

the functionality. Therefore membrane characterization is necessary to ascertain, 

which membrane may be used for a certain separation. Membranes of pore size 

ranging from 100nm to 1µm with a uniform pore size are very important in 

membrane technology. An optimum performance is achieved when the 

membrane is as thin as possible having a uniform pore size. 

   Here in this thesis, membranes were synthesized by particle assisted wetting 

using mono-layers of silica colloids as templates for pores along with 

polymerizable organic liquids on water surface. The pore size reflects the 

original shape of the particles. Thus it is possible to tune the pore size by 

varying the particle size. This method is effective to control pore sizes of 

membranes by choosing silica particles of suitable size. 

   This approach gives a porous structure that is very thin, but unfortunately 

limited in mechanical stability. Thus there is a need for support which is robust 

and can withstand the various mechanical stresses. A small change in the 

membrane or defect in the layered structure during the membrane formation can 

have drastic effect on the assembly. Lateral homogeneity of the layer generated 

by the particle assisted wetting can be judged by examination of its reflectivity, 

but once it is transferred on any solid support this option is no more.  

   So a method is needed to detect the cracks or the inhomogenity of the 

membrane which can be detected even after the transfer. To tackle this problem 

a very simple and novel technique for characterizing the membrane by 



fluorescence labeling and optical inspection was developed in this thesis. The 

idea was to add a fluorescent dye which is poorly water soluble to the spreading 

solution comprising of the particles and the monomer. If the dye survived the 

photo-cross linking, then it would be embedded in the cross-linked polymer and 

would serve as a marker. Defects and inhomogenity would show up as cracks 

and spots. By the method that we have developed, we can detect our membrane 

from the support and spot defects. 
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Introduction 
 

 
     Membranes have gained an important place in chemical technology and are used 

in a broad range of applications. The key property of membrane is its ability to 

control the permeation rate of a chemical species through it. In essence, a 

membrane is nothing more than a discrete, thin sheet that moderates the permeation 

of chemical species in contact with it. If one looks back in brief history of 

membranes it is very fascinating to see how the whole technology evolved. Early 

membrane investigators experimented with every type of diaphragm available to 

them, such as bladders of pigs, cattle or fish and sausage casings made of animal 

gut. Systematic studies of membrane phenomena can be traced back to the 

eighteenth century philosopher scientists.  
     During the eighteenth century, osmosis was of special interest to practitioners 

in biological and medical sciences. Experimental work was conducted primarily 

with membranes of animal (bladder) and plant origin (onion). For example; Abbe 

Nolet coined the word ‘osmosis’ to describe permeation of water through a 

diaphragm in 1748[1]. Through the nineteenth and early twentieth centuries, even 

though membranes had no industrial or commercial value, they were used as 

laboratory tools to develop physical/chemical theories. For example, the 

measurements of solution osmotic pressure made with membranes by Traube and 

Pfeffer were used by Van’t Hoff in 1887 to develop his limit law, which explains 

the behaviour of ideal dilute solutions; this work led directly to the Van’t Hoff 

equation. At about the same time, the concept of a perfectly selective semi-

permeable membrane was used by Maxwell and others in developing the kinetic 

theory of gases. 
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     In 1907, Bechhold devised a technique to prepare nitrocellulose membranes of 

graded pore size, which he determined by a bubble test [2]. Other early workers, 

particularly Elford [3], Zsigmondy and Bachmann [4], and Ferry [5] improved on 

Bechhold’s technique, and by the early 1930s micro-porous collodion membranes 

were commercially available. Membranes found their first significant application in 

the testing of drinking water at the end of World War II, where the drinking water 

supplies serving large communities in Germany and elsewhere in Europe had 

broken down, and filters to test for water safety were needed urgently. 

 

1.1) Membrane Classification 

A) Symmetric membranes 

    Conventionally, membrane classification is based on types such as asymmetric 

and symmetric membranes. An isotropic micro-porous symmetric membrane is 

very similar in structure and function to a conventional filter. It has a rigid, highly 

voided structure with randomly distributed, interconnected pores. However, these 

pores differ from those in a conventional filter by being extremely small, on the 

order of 0.01µm to 10 µm in diameter. All particles larger than the largest pores are 

completely rejected by the membrane. 

 

Figure1.Micro-porous membrane [1] 

 

    Particles which are smaller than the largest pores but larger than smallest pores 

are partially rejected, according to the pore size distribution of the membrane. 
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Particles those are much smaller than the smallest pores will pass through the 

membrane. Thus, separation of solutes by micro-porous membranes is mainly a 

function of molecular size or particle size and pore size distribution. In general, 

only molecules or particles that differ considerably in size can be separated 

effectively by micro-porous membranes, for example, in ultra-filtration and micro-

filtration. 

    Nonporous, dense symmetric membranes consist of a dense film through which 

the permeate are transported by diffusion under the driving force of a pressure, 

concentration, or electrical potential gradient. The separation of various 

components of a mixture is related directly to their relative transport rate within the 

membrane, which is determined by their diffusivity and solubility in the membrane 

material.  

 

 

Figure 2.Nonporous dense membrane [1] 

 

     Thus, nonporous, dense membranes can separate permeate of similar size if their 

concentration in the membrane material (that is, their solubility) differs 

significantly. Most gas separation [6], pervaporation, and reverse osmosis 

membranes use dense membranes to perform the separation. Usually these 

membranes have an anisotropic structure to improve the flux. Electrically charged 

membranes can be dense or micro-porous, but are most commonly very finely 

micro-porous, with the pore walls carrying fixed positively or negatively charged 
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ions. A membrane with fixed positively charged ions is referred to as an anion-

exchange membrane because it binds anions in the surrounding fluid. 

 

 

Figure 3. Electrically charged membrane [1] 

 

     Similarly, a membrane containing fixed negatively charged ions is called a 

cation-exchange membrane. Separation with charged membranes is achieved 

mainly by exclusion of ions of the same charge as the fixed ions of the membrane 

structure, and to a much lesser extent by the pore size. The separation is affected by 

the charge and concentration of the ions in solution. For example, mono-valent ions 

are excluded less effectively than divalent ions and, in solutions of high ionic 

strength, selectivity decreases. Electrically charged membranes are used for 

processing electrolyte solutions in electro-dialysis. 

     The transport rate of a species through a membrane is inversely proportional to 

the membrane thickness. High transport rates are desirable in membrane separation 

processes for economic reasons; therefore, the membrane should be as thin as 

possible. Conventional film fabrication technology limits manufacture of 

mechanically strong, defect-free films to about 20 µm thickness.  
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B) Asymmetric membranes 

     In early 1960 Loeb–Sourirajan[1] discovered a process which transformed 

membrane separation from a laboratory to an industrial process. It was process for 

making defect-free, high-flux, anisotropic reverse osmosis membranes [5]. These 

membranes consist of an ultra-thin, selective surface film on a much thicker but 

much more permeable micro-porous support, which provides the mechanical 

strength, which made commencement of practical membrane applications. 

Asymmetric membranes have a thin, finely micro-porous or dense perm-selective 

layer on more open porous structure.  

     The surface layer and its substructure may be formed in a single operation or 

separately. In composite membranes, the layers are usually made from different 

polymers. The separation properties and permeation rates of the membrane are 

determined exclusively by the surface layer; the substructure functions as a 

mechanical support. The advantages of the higher fluxes provided by anisotropic 

membranes are so great that almost all commercial processes use such membranes. 

 

1.2) Membrane Processes 

     Typically the four very much developed industrial process are micro-filtration, 

ultra-filtration, reverse osmosis and electro-dialysis. Micro-filtration membranes 

filter colloidal particles and bacteria from 0.1 to 10 µm in diameter. Ultra-filtration 

membranes can be used to filter dissolved macromolecules, such as proteins, from 

solutions. In reverse osmosis membranes, the membrane pores are so small from 3 

to 5 Å in diameter, that they are within the range of thermal motion of the polymer 

chains that form the membrane. The accepted mechanism of transport through 

these membranes is called the solution-diffusion model. The principal application 

of reverse osmosis is desalination of brackish groundwater or seawater. 
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     Although reverse osmosis, ultra-filtration and micro-filtration are conceptually 

similar processes, the difference in pore diameter (or apparent pore diameter) 

produces dramatic differences in the way the membranes are used. A simple model 

of liquid flow through these membranes is to describe the membranes as a series of 

cylindrical capillary pores of diameter d. The liquid flow through a pore (q) is 

given by Poiseuille’s law as: 

 

p
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q F? .
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………. (1) 

 
Where, 〉p is the pressure difference across the pore, さ is the liquid viscosity and l 

is the pore length. The flux, or flow per unit membrane area, is the sum of all the 

flows through the individual pores and so is given by: 
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Where, N is the number of pores per square centimetre of membrane. For 

membranes of equal pore area and porosity (i), the number of pores per square 

centimetre is proportional to the inverse square of the pore diameter. That is, 
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It follows that the flux, given by combining Equations (2) and (3), is 
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The typical pore diameter of a micro-filtration membrane is 10000 Å. This is 100-

fold larger than the average ultra-filtration pore and 1000-fold larger than the 

(nominal) diameter of pores in reverse osmosis membranes. Because fluxes are 

proportional to the square of these pore diameters, the permeate that is, flux per 
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unit pressure difference (J/p) of micro-filtration membranes is enormously higher 

than that of ultra-filtration membranes, which in turn is much higher than that of 

reverse osmosis membranes. These differences significantly impact the operating 

pressure and the way that these membranes are used industrially. 

     The fourth fully developed membrane process is electro-dialysis, in which 

charged membranes are used to separate ions from aqueous solutions under the 

driving force of an electrical potential difference. Millions of people don’t have 

access to water .Ocean water though abundantly available cannot be used for 

drinking purposes. Latest technological innovations in membrane sciences make it 

possible to provide the access to drinking water. The process utilizes an electro-

dialysis stack, built on the filter-press principle and containing several hundred 

individual cells, each formed by a pair of anion and cation exchange membranes. 

The principal application of electro-dialysis is the desalting of brackish 

groundwater as an alternative to reverse osmosis for potable water production and 

seawater concentration for salt production (primarily in Japan).  

       In normal potable water production without the requirement of high recoveries, 

reverse osmosis is generally believed to be more cost-effective when total dissolved 

solids(TDS)are 3,000 parts per million (ppm) or greater, while electro-dialysis is 

more cost-effective for total dissolved solids(TDS) feed concentrations less than 

3,000 ppm or when high recoveries of the feed are required. Another important 

application for electro-dialysis is the production of pure water and ultrapure water 

by electro-deionization (EDI). In EDI, the compartments (diluate, concentrate, or 

both) of the electro-dialysis stack are filled with ion exchange resin. When fed with 

low TDS feed (e.g., feed purified by RO), the diluate can reach very low levels 

(e.g., 18 Mohm). The ion exchange resins act to retain the ions, allowing these to 

be transported across the ion exchange membranes. The main usages of electro 
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deionization (EDI) systems are in electronics, pharmaceutical, power generation, 

and cooling tower applications. 
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Chapter 1: Preparation of particles 

 

     It’s a common phenomenon to observe in a supermarket the nicely stacked 

round oranges. It looks attractive and one of the reasons of this attraction is that 

there is an orderly arrangement in the way the oranges are stacked. So a question 

come to the inquisitive mind what if one tries to have this orderly arrangement at 

the micro and nano level. Besides the obvious aesthetic appeal these ordered 

spheres of the submicroscopic diameters have significant applications which 

even have an ability to impact our lives and make it better. 

     One of the finest natural examples of such an ordered arrangement can be 

found in precious opal, where brilliant regions of pure spectral color result from 

close-packed domains of colloidal spheres of amorphous silicon dioxide (or 

silica, SiO2.), as well called colloidal crystals. The spherical particles precipitate 

in highly siliceous pools and form highly ordered arrays after years of 

sedimentation and compression under hydrostatic and gravitational forces. The 

periodic arrays of spherical particles make similar arrays of interstitial voids, 

which act as a natural diffraction grating for visible light waves, especially when 

the interstitial spacing is of the same order of magnitude as the incident light 

wave. 

     As there are natural opals there also exists the possibility of synthetic opals 

which provides a natural diffraction grating for light-waves of wavelength 

comparable to the particle size. We are used to Bragg diffraction in the context 

of electromagnetic radiation or sub-atomic particle being diffracted by regular 

crystals, e.g. X-ray diffraction used to determine crystal structures The rays of 

light will interfere constructively only if path difference between waves 

originating from two different planes of diffraction is equal to an integral 

http://en.wikipedia.org/wiki/Natural
http://en.wikipedia.org/wiki/Opal
http://en.wikipedia.org/wiki/Spectral
http://en.wikipedia.org/wiki/Color
http://en.wikipedia.org/wiki/Close-packed
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http://en.wikipedia.org/wiki/Amorphous
http://en.wikipedia.org/wiki/Silicon_dioxide
http://en.wikipedia.org/wiki/Silica
http://en.wikipedia.org/wiki/Precipitate
http://en.wikipedia.org/wiki/Siliceous
http://en.wikipedia.org/wiki/Sedimentation
http://en.wikipedia.org/wiki/Compression
http://en.wikipedia.org/wiki/Hydrostatic
http://en.wikipedia.org/wiki/Interstitial
http://en.wikipedia.org/wiki/Voids
http://en.wikipedia.org/wiki/Diffraction_grating
http://en.wikipedia.org/wiki/Visible
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multiple of the wavelength of the light. The corresponding condition for the 

constructive interference is know as Braggs Law  

2d sin し= n そ……1 

Deviating from X-rays scattering in molecular crystals through the structure, in 

opals the distances between the planes of scattering are just a way larger. These 

opals diffract visible light instead of X-rays. 

     In opals there is a periodic arrangement of these sub microstructures that 

affect the motion of photons; they are as well called photonic crystals. These 

photonic crystals contain a regular arrangement of the repeating internal regions 

of low and high dielectric constants. Wavelengths which are allowed to travel 

are called modes and a group of allowed modes is termed a band. Disallowed 

bands of wavelength are called as photonic band gaps (PBG) [1] Novel photonic 

band gap materials are being formed from opal-semiconductor-polymer 

composites, typically utilizing the ordered lattice to create an ordered array of 

holes (or pores) which is left behind after removal (or decomposition) of the 

original particles. Such photonic devices may be instrumental in the evolution of 

the next generation of optical circuits used in microchips, biochips, and other 

chemical sensing applications. 

     Technologically, colloidal crystals have found recent application in the world 

of optics as photonic band gap (PBG) materials (or photonic crystals) [2]. 

Structures of the sub-microscopy periodicity can be can be achieved by 

arranging the micro-spheres in a regular arrangement. If spheres are to be 

arranged into a regular pattern by self assembly, they have to be of uniform size 

which is equivalent of having a standard deviation from the mean diameter of 

less than 10%.To make such particles is not trivial. 

     The next question that comes to curious mind immediately is that how can 

these particles be synthesized in the laboratory. Here we shall mainly focus our 

discussion on silica particles as there is a vast pool of the theoretically and 

http://en.wikipedia.org/wiki/Semiconductor
http://en.wikipedia.org/wiki/Polymer
http://en.wikipedia.org/wiki/Composites
http://en.wikipedia.org/wiki/Pores
http://en.wikipedia.org/wiki/Decomposition
http://en.wikipedia.org/wiki/Circuits
http://en.wikipedia.org/wiki/Sensing
http://en.wikipedia.org/wiki/Band_gap
http://en.wikipedia.org/wiki/Photonic_crystals
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experimental literature avaliable. And these particles play a vital role in the 

chapters to follow. 

     Another reason why silica particles are preferred is because these particles 

are more hydrophilic compared to the other polymer particles e.g. polystyrene, 

also less susceptible to microbial attack. Also no swelling or porosity change 

occurs with the changes in pH [3]. The main focus of this chapter here is to 

synthesize particles of controlled size and modify their surface.
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Size and Surface modification 

     In 1968 Stöber [2], Fink and Bohn reported that hydrolysis of 

tetraethoxysilane in water/alcohol/ammonia mixtures yields mono disperse 

spherical silica particles. Ammonia acts as a catalyst and also it acts as a 

morphological controlling agent for the formation of the spherical particles. 

Stöber studied the influence of solution concentrations to get diverse particle 

sizes in a range between 50 nm and 1 たm. 

 

Fig 1.The three-coordinate graph represents the general co-relation between 

particle size, water, and ammonia concentration.  

Journal of Colloid and Interface Science 26, 62-69(1968) Stöber, Fink and Bohn (2005)  

 

     But Stöbers paper neglected two important points: the influence of the 

temperature of synthesis [3,4] (which controls the homogene4us nucleation), 

and thus which controls poly-dispersity and the ratio of [H2O] to [TEOS], which 

are relevant parameter to control the formation speed and the final size of the 
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particles obtained. Stöbers publication is almost exclusively phenomenological. 

Thus later generations developed models to describe the formation of mono-

disperse particles in this process. The formation of mono-disperse objects is 

generally attributed to a succession of so called nucleation and growth phases. In 

a comparatively short nucleation period small particles are formed, which are 

not necessarily monodisperse and might already grow despite that phase. In a 

subsequent growth phase, no new particles are formed but the existing particles 

continue to grow at equal rate, thus making the initial size differences negligible. 

The models developed differ in assumptions on the way particles grow, and the 

reasons for the termination of the nucleation period. 

     Matsoukas and Gulari [5-8] came up with a model for particle formation and 

growth, solely by kinetic equations that describe chemical reactions. In their 

model particle nucleation is the result of the reaction of the hydrolyzed 

monomers. Monomer-Monomer reaction is significant only during the early 

stage of the reaction when the concentration of the grown particles is low. Under 

the conditions of the low concentration of hydrolyzed monomer (hydrolysis is 

the rate determining step) and in the presence of already grown particles the 

main process of monomer consumption is growth. The balance between 

monomer addition and nucleation determines the poly-dispersity and final 

particle size. 

     Bogush and Zukoski [3, 9, 10] used a primary nucleus aggregation model to 

describe particle formation and growth phenomenon in sol precipitation. This 

growth is an aggregative process where the huge number of primary nuclei of 

silica are suddenly nucleated and quickly aggregate to form large particles 

[7].The self-sharpening of the size distribution which eventually results in 

almost mono-dispersity is attributed to the size-dependent aggregation rate. 

Thereafter, the stable particles grow based on aggregation with primary nuclei. 

Here, if the primary nuclei are nucleated, then in the super-saturation they are 
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consumed mostly for the growth of stable particles, the further formation of 

stable particles (secondary stable particles) is prevented. The size is controlled 

by the factors determining the colloidal stability of the particles. 

     V. K. Lamer and R. H. Dinegar [10] came up with a theory, production and 

formation of monodisperse hydrosols .It describes the process of synthesis of 

monodisperse sols by dilution method. It describes a schematic representation of 

the concentration of molecularly dissolved sulphur before and after nucleation as 

a function of time as shown in the figure1. 

 

Figure. 1 Schematic representation of concentration of molecularly dissolved 

sulphur before and after nucleation as a function of time. 

V.K.Lamer and R.H.Dinegar, Journal of American chemical society ,Vol, 72, No,11 

 

     It can be observed from the figure 2 that during the stage I that the 

concentration of the sulphur (S2 or S8) builds up. The concentration increases 

steadily, passing the point of saturation and penetrating the level at which the 

rate of self-nucleation becomes appreciable. 
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     When the generating solution is dilute, corresponding to a low rate of sulphur 

production, the sudden appearance of nuclei relieves the super-saturation so 

rapidly and effectively that the region of nucleation (II) is restricted in time. No 

new nuclei are produced after the first outburst. The nuclei so produced grow 

uniformly by a diffusion process forming a highly monodisperse preparation. 

When the generating solution is more concentrated and the corresponding rate of 

molecularly dispersed sulphur production is correspondingly larger, the super-

saturation cannot be relieved sufficiently rapidly to prevent a cascading of 

nuclei. In other words, region (II) extends over a wide interval of time and a 

polydisperse preparation results. 

     The super-saturation level at which the rate of formation of nuclei, RN 

becomes practically zero is represented at a small but at present indeterminate 

concentration below the point where RN is effectively infinite. The concentration 

of the molecularly dissolved sulphur, in the region (III), represents a balance 

between the rate of production by the chemical reaction and the removal by 

diffusion to the nuclear sinks. The final rate of growth is accordingly controlled 

by the rate of the chemical reaction [8]. 

    A. Van Blaaderen, J. Van Geest and  Vrij [11] analyzed the competitive 

growth of a dispersion of silica spheres with a bimodal size distribution. They 

concluded that the growth proceeds through a surface reaction-limited 

condensation of hydrolyzed monomers or small oligomers. By following the 

hydrolysis of tetraethoxysilane with 
13

C liquid NMR and the particle growth 

with time-resolved static light scattering, it was concluded that the particle 

formation (or particle nucleation) proceeds through an aggregation process of 

siloxane substructures that is influenced strongly by the surface potential of the 

silica particles and the ionic strength of the reaction medium [12-13]. 

     Giesche [14] studied Stöbers silica preparation process over a wide range of 

experimental conditions (Tetraethoxylsilane, Ammonia, water concentration and 
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temperature) and extensively studied the particle growth. Particle properties 

such as size, distribution, shapes and structure-as well as reaction kinetics 

growth rate and induction period-were evaluated by a statistical analysis. It was 

observed that almost all the samples were relatively monodisperse, but however 

a trend towards a narrower distribution or a more spherical shape was observed 

at higher water concentrations. Analysis of the reaction kinetics revealed that 

only monomeric and some dimeric silicic acid was detected as intermediate 

silicate units in the solution. 

    Geische [14] described that the particle growth could be a first-order process 

relative to the TEOS concentration. The reaction orders relative to the water and 

ammonia concentration were 1.18 and 0.97, respectively. 

Activation energy of 27 kJmol
-1

 (6.5 kcal mol
-1

) was also determined for the 

reaction, resulting in the following equation. 

] _ ] _ ] _ ] _
Ý
Ü
Û

Ì
Ë
Ê/©Õ

Ö
Ô

Ä
Å
Ã?/

/

T

K

L

mol

sdt

d 3265
expTEOSNHOH

36.2
ParticlesSiO

97.0

3

18.1

2

25.2

2

 

                                                     …………….…2 

Herbert Geische, Journal of the European Ceramic Society, 1994, page 189-203 

     Apparently Geische also studied the controlled growth process for the 

preparation of the monodisperse silica particles, which covered wide range of 

particles and dispersions properties, which otherwise cannot be obtained by 

Stöber process.  

     A chemical modification of the silica surface can be achieved by a reaction 

between surface silanol groups and silane coupling agents under mild 

conditions. Various functional groups can be easily introduced onto the surface 

of the spheres by the reaction of silanol groups with Silane Coupling Agents. 

And so it is not difficult to get a series of spherical silica particles with different 

functional groups on surface. For e.g. Stearylalcohol and PDMS coated silica 
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particles can be dispersed in apolar solvents like cyclo-hexane, chloroform or 

toluene. This results in an uncharged hard sphere like interaction potential for 

the stearylalcohol coated particles and in a more soft interaction potential for the 

PDMS particle. 

     After reviewing I decided to synthesis spherical silica particles based on the 

following reasons. 

a) Spherical silica particle produced by sol-gel method have been widely 

investigated. The precursors are not very reactive compared to precursors for 

other oxidic materials such like titanium, tin oxides, etc. It makes the process 

easy to control.  

b) Silica colloids prepared by precipitation reactions are easily obtained with 

mono-dispersed diameter.  

c) Si-O bonds of silica are so strong that the silica particles are stable over a 

period of time. Fusion of the particles is not taking place at temperatures below 

400
0
C. The shape of the silica can be formed and retained for a long time at 

room temperature. Keeping in mind the above reasons, the work of synthesizing 

silica particles commenced. A simple Stöber [3] method as described in the 

literature was followed. It involved hydrolysis, followed by condensation of 

tetra-ethylorthosilicate (TEOS) in water and ethanol solution at a high pH value. 

Tetra-ethylorthosilicate was used as a precursor and its ethoxy groups were 

hydrolyzed with water and using aqueous NH4OH act as a catalyst. The net 

reaction is shown on the next page. 
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Si (OC2H5)4 + 4H2O 

NH3

Si (OH) 4 + 4C2H5OH 

Alcohol 

Si (OH) 4

NH3

Alcohol 

 SiO2  + 2H2O 

(1) 

(2) 

 

The synthesis comprises two-steps. In the initial stage; TEOS undergoes 

hydrolytic reaction to form silicic acid, followed by condensation which 

generally starts within a few minutes. The condensation of silicic acid is usually 

accompanied by a sudden transition from a transparent solution to a turbid white 

suspension. The size of silica particles produced by Stöber method can be varied 

from 50 nm to 2 たm simply by changing the concentrations of the reactants. 

Silica particles are ideally described as a network composed of Si-O-Si siloxane 

bonds .The surface of the freshly synthesized silica particles is terminated with 

silanol groups, which can be ionized to generate a negatively charged interface 

[14] at pH values higher than 7. The silanol on the surface are necessary for the 

chemical reaction. The acido-basic properties (dependencies of the pH) involve 

the presence of electrical charges on the surface and these forms the basis of the 

colloidal silica stability. 

     The solution of silica particles (Silanol) are initially stabilized in ammonia 

via the dissociation of the surface silanol groups /adsorption of the OH groups 

and that gives particle a negative charge. But the stability is reduced during the 

removal of ammonia and so surface modification is needed.
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The general formula of silane coupling agent used in the experiment is RSi-X3, 

where X is hydrolysable group (e.g. alkoxy group) and R is a non-hydrolysable 

organic group. During the surface modification the silane is hydrolyzed and 

forms oligomers which adsorbs to the particle and finally forms a protective 

coating covalent bonds to the particle. Covalent bonds formed between silane 

coupling and silane groups can be mono-, bi or tridentate linkage. The 3-

methacryloxypropyltrimethoxysilane Oligomers adsorb on the particle and 

condense with surface silanol aided by distillation of the solvent. The surface 

modification of the particles was done by the coupling agent 3-

methacryloxypropyltrimethoxysilane (TPM).Free silanol may be left on surface 

or in organic layer. 
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1.2.) Results and Discussion 

 

 

 

 

Particle size: 650nm 

Magnification: 11900 

C) SEM Image of 

aggregated silica 

particles,  

 

 

 

 

 

Particle size: 650nm 

Magnification: 6500 

 

B) SEM Image of 

aggregated silica 

particles,  

 

 

 

Magnification: 2100 

Particle size: 650nm 

 

A) SEM Image of 

aggregated silica 

particles,  

aggregation 

Figure 3.Scanning Microscopy Images (SEM) of various batches of silica 

particles, washed less than 5 times 
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As seen from the Figure 1 (A, B, &C) it is observed that the particles are mono-

disperse of size around 650nm. 

 

Figure 3. Scanning Microscopy Images (SEM) magnification 87000 image of 

silica particle sticking together on the right side. On the left side is the image of 

the Transmission electron image (TEM). 

 

But at the same time one can also observe from the images that the particles tend 

to aggregate .This is one aspect which is unwanted for further application for 

which the particles will be used.  The cause is exactly not know, but then 

possibilities of the aggregation were discussed as below  

A) As observed from the images from figure 1 (A, B, C) that there is an 

aggregation. This can be attributed to the fact that the particles are 

sticking together and because of this the particle mobility is hindered. And 

so particles are not densely packed as it should be in case of the 

monodisperse particles. And because of this there is a lack of long range 

arrangement and thus results in aggregation of the particles 

 

Gumpy stuff 
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B) TPM hydrolysis under the influence of ammonia and water both of which 

are already in the alcosol. The Oligomers formed adsorb on the silica 

surface and thereby modifying the surface. However during this process 

of the Oligomers formation there might be some reactions between C=C 

groups of the TPM of different particles, thus leading to the aggregation 

of the particles. 

C) Aggregation can also take place if exposed to a strong centrifugal force as 

well. 

D) Un-coupled TPM reacting with itself, forming some big chain Oligomers 

and thus giving the gumpy stuff which is less soluble in the solvents due 

to the big chain nature as seen in the SEM image. 

E) One interesting fact is observed was that, usually during the winter’s nice 

mono-disperse particles are obtained as compared to summer. After 

speculating the possibilities for the aggregation, a simple first hand 

solution would be to wash the particles thoroughly and get rid of the 

excess TPM by washing in the different solvents [15, 16]. 

The crude white product was re-dispersed in acetone by ultrasonication. The 

product was sedimented by centrifugation and washed with acetone for three 

times. The solvent was evaporated by rotary evaporator. Then again re-dispersed 

in ethanol and washed a couple of times. The solvent was evaporated and by a 

rotary evaporator. The particles were dried and then taken for the Scanning 

microscopy imaging. 
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Particle size: 650nm 

A) SEM Image of 

nicely dispersed 

particles, X13500 

Particle size: 650nm 

 

 

 

 

 

 

B) SEM Image of 

nicely dispersed 

particles,  

Magnification: 27000 

Particle size: 650nm 

 

 

 

 

 

C) SEM Image of 

nicely dispersed 

particles,  

Magnification: 29600 

Figure4.Scanning Microscopy Images (SEM) images of various batches of silica 

particles, after washing with 5 times 
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     As can be observed from the images from figure 2 (A, B &C) particles that 

are thoroughly washed are nicely dispersed. 

From the Figure 2 (Image C) we observe that the particles are separated and the 

gumpy stuff that was earlier is observed no more. In this case one observes the 

cracks after the drying of the particles and a long range order that extends way 

beyond the cracks .Thus one can conclude, that the particles were locked into a 

regular order even before they touched each other and this order was them 

disrupted by the cracks upon further shrinkage in the final stages of drying. 

Thus, one can conclude that the particles were repulsive as long as they were 

suspended. These kinds of systems once the each individual particle has found it 

is place, it arranges itself to a long range order.  

     It was possible to grow the silica particles by adding tetra-ethylsilicate in a 

solution containing already silica sphere [16]. To obtain large-sized, mono-

dispersed spherical particles of silica by sol precipitation, a seed particle growth 

method was attempted. Thus, particle size obtained in the seeded growth 

depends of the total amount of tetra-ethylsilicate added. 

     At a given number of the monodisperse particles the volume of the particles 

(and this the molar amount to tetraethoxysilane used) is proportional to the 

particle diameter to the power of 3. 

                                                         3
1

0

0 )(
n

n
dd ? ………………3 

Where d is the final average diameter, d0 the initial diameter of the particles, n0 

the initial quantity of tetra-ethoxysilane and n the total quantity of tetra-

ethoxysilane added, Using equation (3) required amount of tetra-ethoxysilane is 

calculated and added to the reaction mixture to grow the silica particles to 

estimated size 1000nm.At a given number of monodisperse particles the volume 

of the particles (and thus the molar amount to tetraethoxysilane used)is 

proportional to the particles diameter to the power of 3. 
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A) SEM Image Second 

nucleation particles, 

Magnification 26000 

Particle size: 800nm 

 

 

 

 

 

 

 

B) SEM Image Second 

nucleation particles,  

Magnification11400 

Particle size: 800nm 

 

 

 

 

Figure 5.Scanning Microscopy Images (SEM) images of silica particles 

undergoing a second nucleation 


