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ABSTRACT 

FUNDAMENTAL STUDIES OF COMPETITIVE EQUILIBRIA AT SILICA SURFACES 

By 

Barrack Perez Stubbs 

 The fundamental interactions such as physisorption at solid-liquid interfaces are not fully 

characterized. The physical  properties and chemical reactivity at the silica surface is one that is 

subject to much investigation.  A variety of analytical techniques, including solid state nuclear 

magnetic resonance (SS-NMR ) and high-performance liquid chromatography (HPLC) were 

utilized to help characterize the surface of silica. These techniques were combined in order to 

understand the fundamental mechanisms of surface interactions such as adsorption mechanisms 

and chemical reactivity. The pH, ionic strength, and mobile phase compositions were varied 

throughout the experiments as a basis for assessing reactivity. 

 The SS-NMR data shows a correlation between pH and labile surface hydrogens. At higher 

pH values, the transfer of excitation from labile surface hydrogens to surface silicon atoms is 

diminished. A change in peak ratios that correspond to labile primary silanols and surface bridging 

siloxanes was observed. The relative concentration  of bridging siloxanes is constant whereas the 

signal from primary silanols is greatly diminished. 

 Aqueous, normal-phase HPLC shows the various interactions of phenol with the silica 

surface. Multiple peaks were generated from a single analyte when the water/methanol 

concentration was at least 20%/80%. At 90% and 100% methanol, a single peak is shown for 

phenol. The ratio  and number of peaks depends on conditions such as solvent composition, pH, 

ionic strength, flow rate, and temperature. We argue that the distribution of surface silanol sites is 

responsible for the generation of multiple peaks that are seen in the extreme aqueous conditions. 



 
 

These sites, as well as the water in the mobile phase, modify the mass transport term in the Van 

Deemter equation.  The conditions and results obtained in these experiments are explained below 

with an emphasis on mass transport. 

 Additionally, other analytical techniques such as scanning electron microscopy, 

thermogravimetric analysis, and inductively coupled plasma were used to help characterize the 

silica surface. Through these techniques, values  for surface silanol concentration ranging from 

1.6mol/m2 to 7.0mol/m2 were obtained. The physical morphology of the silica surface was also 

characterized before and after exposure to basic environments.
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Chapter 1 

Introduction 

The chemistry that occurs at interfaces dominates a number of scientific areas, ranging 

from chemical separations and sensing to energy conversion and heterogeneous catalysis. 1-3  

Because of the variety of phenomena and processes that proceed at interfaces, there is great range 

of surface structures, morphologies and chemical functionalities that have been utilized.  Interfaces 

can range from being highly-ordered single crystals to amorphous and highly irregular, with the 

details of the interface depending on the conditions under which it was formed and processed.4  

Especially for structurally complex oxide surfaces, characterization and gaining a detailed 

understanding of interface properties remains a challenge.  In addition to morphological features 

(pores, voids, cracks, etc.) there can be multiple reactive chemical functionalities present on such 

surfaces.  These qualities invite further experimental and theoretical investigation in order to 

achieve a detailed understanding of these complex interfaces for a given application.  The work 

presented in this dissertation focuses on several experimental methodologies in an attempt to gain 

a more thorough understanding of silica, especially with respect to the competitive equilibria that 

are operative and play a key role in the interfacial properties of this ubiquitous material.  

Oxide surfaces where a metal or metalloid has been oxidized to some extent have found 

great use for everything from semiconductor physics to chemical separations and sensing.  It is the 

combination of chemically reactive functionality (-OH) and the ability to form an insulating layer 

that has facilitated the wide use of oxides, and at the same time has limited the ability to interrogate 

the surface functionality present on these surfaces.  Examples of this type of surface include silica, 

titania, and iron oxide surfaces.2  These materials provide a useful physical support for chemical 

reactions and processes.  When hydroxyl functionalities are available at the surface, they can be 
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used as anchoring sights for a host of chemical functionalities which can be tailored for target 

applications.5  Another key feature, depending on how the oxide was prepared, is a 

characteristically high surface area to volume ratio.6-7  This physical property is useful for certain 

applications such as surface-mediated chemical reactions or chemical separations, for example.  It 

is important to note, however, that a high surface area-to-volume ratio can limit access to some 

fraction of surface functionalities, resulting an intrinsically heterogeneous interface. 

Due to the wide variety of available oxide surfaces, there are a great range of possible 

applications.  Conductive oxides such as indium-doped tin oxide or fluorine-doped tin oxide find 

use as electrodes for either analytical or synthetic applications.  The ability to be able to control 

surface potential and surface charge density of such transparent electrode, they find use in spectro-

electrochemical applications or for applications where charge gradients can be controlled (i.e. ionic 

liquids).8  Titania, another oxide, is utilized in dye-sensitized solar cells as electron acceptors.9 

Perhaps the most widely used oxide is silicon dioxide (silica).  What makes silica so useful 

are its combined properties of wide availability and a surface that is amenable to chemical 

functionalization,10 accounting for its use as liquid chromatographic stationary phases and in 

capillary electrophoresis. 11-12  For the latter technique, it is the ability of the surface silanol 

functionalities to release their protons and assume a negative formal charge.  Capillary 

electrophoresis is a separation technique that involves the migration of analytes through a capillary 

across which a high voltage electric field is applied.  The mechanism of separation depends on the 

size and charge of the analyte species as well as the existence of spatially fixed charged sites on 

the silica capillary surface.  Depending on the pH of the fluid (mobile phase), the silica surface can 

be charged.  The surface of silica has a pKa of ca. 4.5.  For pH values above 5, the silica capillary 

surface charge is neutralized by cations in solution through the formation of an electric double 
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layer.  When an electric field is applied across the length of the capillary, the cations are drawn 

toward the negative electrode (cathode).1  As the cations move toward the cathode, they entrain 

water molecules resulting in solvent flow through the capillary the cathode in what is termed 

electroosmotic flow.  This flow is the reason why all analytes, regardless of charge, move toward 

the cathode.  The rate of electroosmotic flow depends on the charge density of the surface, as 

gauged by its  potential.  The relationship between the  potential and the electroosmotic mobility, 

eo, is given by Eq. 1.1,11, 13-14 

6
eo





=  (1.1) 

where   is the dielectric constant and   is the viscosity of the solvent system.  The dependence 

of the  potential on both solution properties and on the morphological and structural 

heterogeneities that characterize the silica surface is a useful means of surface characterization. 

The  potential relies heavily on the concentration of surface hydroxyl groups per unit area. 

In addition to using the silica surface as a means of achieving bulk flow (electrophoresis), 

pressure can also be used to achieve bulk flow, and in this application the silica surface is also 

essential.  High performance liquid chromatography, HPLC, uses pressure to achieve flow of the 

mobile phase and silica is used as the stationary phase (normal phase) or as the support surface on 

which chemical modifications are made (reverse phase).  base surface for separations. Depending 

on the mode of chromatography, the surface is either polar or non-polar.  Polar surfaces used are 

either bare silanol or amine-terminated surfaces, which are useful for separating polar analytes due 

to comparatively strong interactions with the stationary phase.  Non-polar surfaces are typically 

covalently bound C8 or C18 aliphatic chains, although other organic functionalities are readily 

available.  With a non-polar stationary phase, analytes undergo partitioning between adsorption 



4 
 

onto or into the stationary phase and dissolution into the mobile phase to achieve separation.  When 

the surface of this silica is modified in some fashion, this is called a bonded phase column, and 

owing to the morphological complexity of the silica support surface, quantitative reaction of the 

silanol sites is, in general, very difficult to achieve.  Under such circumstances, residual unreacted 

surface silanol functionalities can participate in the separation process, leading to band 

asymmetries and loss of resolution.  In an effort to mitigate such effect, organic-modified silica 

surfaces are often reacted with a chloromethylsilane (e.g. Me3SiCl, Me2SiCl2) to “cap” any 

remaining silanol functionalities.2, 12 

The silica surface is one that is complex in nature and has a large distribution of 

morphologies and reactivities.  The different silanol groups on the surface and their accessibility 

are responsible for the variation in observed reactivities.  The several silanol functionalities on a 

silica surface are typically designated Q0, Q1, Q2 and Q3, with the superscripted number indicating 

the number of hydroxyl groups bound to the silicon atom.  Bridging siloxanes (Si-O-Si) are 

designated Q0, primary silanols (SiOH) are Q1, geminal silanols (Si(OH)2) are Q2, and tertiary 

silanols (Si(OH)3) are Q3.  Within the Q1 silanols there are isolated silanols which have no nearby 

neighbors, and vicinal silanols which are hydrogen bonded to their nearest neighbor.15  The silanol 

groups are acidic in nature and as such they are characterized by pKa values ranging from 4.5 to 

8.5.16  The distribution of these groups depends on the methods used in surface synthesis and 

processing.  The understanding of the chemical and morphological factors that collectively 

determine the pKa values of a given silanol group remain to be understood at more than a 

qualitative level.  Understanding the silica surface and the associative equilibria that characterize 

the distribution of surface silanol functionalities is the focus of much of the work presented here. 
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It is possible to gain insight into the silica surface through measurement techniques where 

the silica is used as a component.  Changes in experimental conditions, surface exposure, and 

surface modification can allow for the study of the silica surface in ways that have not yet been 

explored.  For example, if one was to take advantage of capillary electrophoresis, conditions such 

as ionic strength, voltage, and pH can be utilized to elucidate features and characteristics that 

derive from the atomic- and microscopic scale properties of silica.  Previous work sought to 

understand the pKa and surface energies of silanol(s) by using a non-polar liquid to probe the 

surface energy through contact angle measurements.17  In that work, a silica surface in contact with 

an aqueous overlayer was evaluated by measuring the contact angle of carbon tetrachloride with 

the silica surface as a function of pH and ionic strength of the aqueous overlayer. By measuring 

the water-CCl4 contact angle, it was shown there is a competing equilibrium for deprotonated 

silanol sites on the silica surface.  These equilibria depend on the relative concentrations of protons 

and metal ions, in this case sodium, in the aqueous overlayer.  A Na+ equilibrium constant was 

reported to be 7 x 10-3 for a silica surface (the analogous equilibrium constant for H+ is 3x10-5).  

The work presented in this dissertation is divided into two major parts.  The first involves 

the use of several analytical techniques to characterize the silica surface.  By use of 

thermogravimetric analysis, the surface silanol groups can be quantified via dehydration studies.  

The formation of siloxane bridges releases water and results in a net loss of mass that can be 

analyzed quantitatively.  Bare and functionalized silica can be used to adsorb metal ions from 

solution.18-21  Inductively coupled plasma was used to quantify reactive silanol species by taking 

advantage of cation exchange at the silica surface.  Combing this information with solid state 23Na 

NMR measurements provides further characterization of the silica surface and the interactions 

present when silica functions as a cation exchanger.  Variable pH solid state 29Si NMR was used 
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to probe the distribution of silanols groups on the surface.  Scanning electron microscopy was used 

to image the surface before and after exposure to highly alkaline environments. These experiments 

contributed to the understanding of the physical morphology of the surface. 

The second major part of this dissertation involves the use of aqueous normal phase 

chromatography as a method of further characterizing interactions at the solid-liquid interface.  By 

utilizing an unbonded silica column, conditions such as pH, ionic strength, temperature, flow rate, 

and mobile phase composition were varied.  Phenol was used as a simple molecular marker to 

probe the interactions.  It should be noted that what was performed here was not a separation, nor 

was it intended to be one.  A conventional chromatographic system was used to investigate the 

silica surface under conditions that are atypical for chromatographic separations.  Data showed 

that in a regime limited by mass transport, it is possible to sample the heterogeneity of the surface 

of the stationary phase.22-23 That is, it is possible for a single analyte to experience a range of 

interactions with the stationary phase, giving rise to multiple retention times.  These features are 

generated by the differences in adsorption energy for each type of site on the surface.  While a 

single analyte should, statistically, sample each type of site equally, the extreme conditions of these 

experiments have revealed the underlying interactions with the surface that are important in such 

separation schemes. 
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Chapter 2 

Introduction 

Hydrous metal oxides can exhibit hydroxyl group dissociation and surface ionization to 

produce functionalities that can participate in metal ion complexation.1  Silica can function as a 

cation exchanger, interacting with metal ions in solution and a number of different species can 

exist simultaneously at the silica surface.2-3  The relative amounts of each species depends 

sensitively on solution pH and metal ion concentration.4  It is possible to conduct experiments that 

take advantage of the change in the nature of the surface after exposure to metal ions.  These 

experiments can be used to generate models that can help predict experimental outcomes based on 

acquired data.  Contact angle experiments were used in conjunction with mathematical modelling 

to investigate the nature of the competitive equilibria on the silanol surface.5 Accurate models 

allow for predictive control of a system.  These models can be compared to experimental data as 

a method of extracting parameters such as equilibrium constants.  

Previous work sought to elucidate the nature of competitive equilibria at the solid/liquid 

interface of silica using carbon tetrachloride as a probe liquid.5  Solution phase metal ions compete 

with protons for sites on the silica surface.  This competition is dependent on solution ionic strength 

and pH.6-7  The surface complexation model accounts for the competitive interaction that occurs 

at the solid-solution interface.8  In the system studied, the competitive equilibria are between 

proton and sodium ion interaction with surface siloxide functionalities. The first relevant 

equilibrium is the protonation / deprotonation of the silanol groups as a function of pH (Eq. 2.1), 

and the second equilibrium is the association of metal ions (Na+) with the siloxide groups (Eq. 

2.3).9  The equation for the first reaction is given by 
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SiOH ⇌ SiO- + H+         (2.1) 

The equilibrium expression for this reaction as follows 

[ ][ ]

[ ]
a

SiO H
K

SiOH

− +

=          (2.2) 

Where Ka is the acid dissociation constant for the silanol groups and [SiO-], [H+], and 

[SiOH] are the equilibrium concentrations of each of the species.  For pH values higher than the 

pKa, the system the forward reaction dominates. The second equilibrium is  

SiO- + Na+ ⇌ SiO-Na+        (2.3) 

This equation can be used to show the formation of the sodium adduct with the 

deprotonated surface.  The equilibrium expression for this reaction is  

[ ][ ]

[ ]
Na

SiO Na
K

SiONa

− +

=          (2.4) 

Where KNa reflects the free energy of interaction between SiO- and Na+.  The dissociation 

reactions 2.1 and 2.3 are linked through the surface concentration of SiO-.  Under the assumption 

that [SiO-] is a small and nearly constant over the relevant pH and pNa range,  

[ ][ ]

[ ][ ]

Na

a

K SiOH Na

K H SiONa

+

+
=          (2.5) 

We make this assumption for the sake of simplicity and address its validity in Chapter 3, where 

the surface concentration of SiO- is accounted for explicitly.  By varying the concentrations of H+ 
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or Na+, the equilibria shift to generate the silanol surface (increased protons), sodium siloxide 

surface (increased Na+), or the deprotonated silanol surface (low ionic strength, high pH).  

The surface is characterized by its intrinsic surface energy.  At the interface, there are three 

phases in direct contact; the solid surface, the liquid drop (CCl4 here), and the aqueous medium 

that covers both.  When these three phases meet at a boundary, their energies balance and result in 

the liquid drop making a specific contact angle,  , with the surface.  This angle is given by 

Young’s Equation.10 

cos SV SL

LV

 




−
=         (2.6) 

The quantities  are the surface energies at each of the interfaces.   There is the solid-liquid 

interface, SL, the solid-vapor interface, SV, and the liquid-vapor interface, LV.  Changes in surface 

association are accompanied by changes in surface energies SL and SV.  This gives rise to new 

contact angles of the drop with the surface.  These equations were used in conjunction with 

experimental contact angle data to evaluate changes in the equilibria that determine the relevant 

surface reactivity.  This change in surface reactivity can be seen as a change in the contact angle 

that the CCl4 droplet makes with the silica surface. 

The experimental setup utilized carbon tetrachloride to probe the silica surface covered by 

an aqueous solution.  Measurements were taken using an aqueous overlayer to control the pH of 

the surface.  Contact angle readings were measured using a VCA 2000 Video Contact Angle 

System and accompanying software.  The experimental data gathered were used in conjunction 

with models to show how competing ions change the silica surface energy.  The modelling 

illustrates the effects of pH and pNa, metal ion concentration, on the energies of the system. 
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Figure 2.1 Model of the effect of KNa on the transition pH of the contact angle at a fixed Na+ 

concentration.5 

Figure 2.1 shows the effect of the equilibrium constant KNa on the transition pH of the 

contact angle.  The larger the equilibrium constant, the higher the apparent pKa of the surface.  At 

fixed sodium concentration, changing the concentration of the protons favors either the protonated 

form, low pH, or the sodium adduct, high pH.  Since charge neutrality must be maintained, these 

are the two dominant forms when there are sodium ions in solution. 
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Figure 2.2 Model of the effect of ionic strength on the transition pH of the contact angle 

at a constant KNa.
5 

Figure 2.2 shows the effect of changing Na+ concentration on the apparent surface pKa at 

fixed KNa.  Since the surface must be kept neutral by a counterion, the effect of pH depends on the 

concentration of the counterion, Na+.  The higher the ionic strength, the more favored the sodium 

adduct.  This has the effect of lowering the apparent pKa due to the Na+ ions displacing H+ from 

the surface silanol groups.  At a fixed KNa, we see that higher ionic strength lowers the pH at which 

the change of contact angle occurs.  This can be explained as the higher Na+ concentration shifting 

the equilibrium to favor the formation of SiO-Na+.  As the pH increases, the SiO-Na+ form is more 

likely than the SiOH form.  As such, we see higher transition pH values as the concentration of the 

Na+ decreases.  This is due to the main factor being the deprotonation of the silanol surface. 

Using these data, interfacial energy values can be calculated.  The interfaces are defined as 

follows, SL is the silica-carbon tetrachloride boundary, SV is the silica-water boundary, and LV 

is the carbon tetrachloride-water boundary.  While it is not possible to calculate absolute values 
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using just the contact angle data, it is possible to calculate the change in surface energies.  To 

begin, we make the assumption that the SiOX-CCl4 interfacial energy is nominally constant due 

to the extreme differences in polarity at this interface.  It is then possible to calculate the CCl4-

Water by the Wilhelmy plate method.11  It is also assumed that this value does not vary with pH.12  

The exact values for SiOH-H2O and SiO-Na+-H2O are then calculated via the contact angle on 

those surfaces.  This data is summarized in Table 2.1.  As is shown, the difference between the 

SiOH-H2O interface and the SiO-Na+-H2O interface is approximately 2 mN/m.5, 13  The change in 

surface energy is related to the change in surface polarity.14  With a covalent interaction changing 

to an ionic interaction.  While the effect is shown here with a change from H+ to Na+ it is also 

possible to show this effect by changing the identity of the metal ion in solution as the surface 

energy depends on the charge density of the metal ion.15-16  With this difference in contact angle 

and surface energies, it is possible to calculate the exact value of SiOX-CCl4.  This difference in 

surface tension is what gives rise to the change in contact angle as a function of pH.  The small 

change in surface energies is reflected by small but measurable changes in the contact angle. 

 

SiOH-H2O 48 mN/m 

SiONa-H2O 50 mN/m 

SiOX-CCl4 90 mN/m 

CCl4-H2O 45 mN/m 

Table 2.1 Surface tension values for the interfaces in the contact angle experiment.5 
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Through a combination of modelling and experiments, we are able to calculate surface 

energy values for the silica surface.  These changes in surface energy help point toward the 

competitive equilibria that proceeds at the surface.  The competition of protons with metal ions 

such as sodium change the chemical nature of the silica surface depending on their relative 

concentrations.  The nature of the surface is of great importance in many applications and the 

implications of this study were fundamental to the experiments performed here within.  
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Chapter 3 

 

Abstract 

 

 The focus of this chapter is on characterizing surface chemical functionality and 

morphological properties of silica.  The quantities of interest include the silanol group density and 

the propensity of the surface silanol groups to undergo exchange between the hydroxyl protons 

and solution phase Na+ cations, the surface area and the extent of charge exhibited by the silica 

surface.  Adsorption isotherm and thermogravimetric analyses were used to address the surface 

area and silanol group density.  Inductively coupled plasma emission spectrometry was used to 

characterize the equilibrium between H+ and Na+ for interaction with surface silanol sites as a 

function of experimental conditions.  The data from these measurements provided information on 

surface silanol group density (1.6 mol/m2 to 7.0 mol/m2 depending on the method and 

conditions used).  BET isotherm data provided surface areas for the silica gel used in these 

experiments of 400 m2/g, which decreased to 290 m2/g following treatment with sodium 

hydroxide.  Surface morphology was investigated using scanning electron microscopy.  Treatment 

of the silica gel with sodium increased the conductivity of the surface as seen in the SEM imaging 

experiments.  Changes in surface morphology following treatment of silica gel with NaOH were 

observed. 

 Solid state 29Si and 23Na NMR data provide insight into the structural distribution of silanol 

sites and the effect of sodium ions interacting with the silica surface.  29Si NMR was performed 

using cross polarization, with the magnitude of the cross-polarization signal being mediated by the 

sodium interacting with the surface.  When the Na+ displaces H+ from the surface, cross 

polarization is effectively turned off.  This relationship was used to evaluate the reactivity of the 
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different types of siloxide functionalities on the silica surface.  The 23Na NMR was performed by 

direct polarization of the sodium atoms and shows a single type of sodium on the surface, implying 

all siloxides binding the sodium ions in an equivalent manner.  

Zeta potential measurements as a function of pH and ionic strength reveal the effective charge on 

the silica surface.  As solution phase pH increases, the silica surface potential becomes more 

negative due to deprotonation.  The addition of Na+ to the solution neutralizes the charge on the 

surface due to complexation with surface siloxide functionality. 

 

Introduction 

 

Silica is a material that finds wide uses not only because of its range of bulk morphological 

properties, which range from large solid sheet glass through sand and finely divided silica gel, but 

also because of the chemical properties of its surface.1  The surface of silica is outwardly simple, 

given the existence of only Si-O-Si and Si-OH functionality.  Such outward simplicity is deceiving, 

however, because the chemically labile Si-OH functionality can be present in either associated or 

dissociated form and because of the amorphous nature of the material, steric shielding and areal 

density of surface silanol functionalities can vary widely.  It is these properties that determine 

collectively the utility of the bulk material for a particular application.  For example, in order to 

make a highly stable structural material, it is desirable to have a silica surface predominantly 

composed of siloxane (Si-O-Si) bridge groups, and for chromatographic separations it is preferable 

to use silica that has a comparatively high density of surface silanol functionalities.2  It is the larger 

purpose of this work to characterize the silica surface with emphasis on the competing equilibria 

that the siloxide (SiO-) group can compete in, and the consequences of that competition on 
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materials properties that influence processes of practical significance, such as chromatographic 

and/or electrophoretic separation. 

The surface silanols that are central to the materials properties of silica are categorized as 

primary silanols have one hydroxyl group attached to a silicon atom, secondary silanols have two 

hydroxyl groups and tertiary silanols have three hydroxyls.3  These three distinct moieties are 

designated Q1 , Q2 and Q3, respectively.  Bridging siloxanes, which possess no terminal hydroxyl 

functionality, are designated Q0.  In general, all functionalities, Q0 through Q3, are seen on a silica 

surface, but their distribution and spatial variations in areal density are not well understood.  For 

example, the actual surface silanol density of silica lies in the range of 4 to 8 mol/m2, with the 

value at any given point on the surface depending on how the silica was prepared and 

morphological features contained in the region of interest.3  Silica is considered to be an amorphous 

material but that characterization does not imply that the distribution of silanol groups is 

necessarily random.  Rather there is known to be spatial variation in the distribution of silanol 

groups, with “islands” of relatively high density that are ca. 15 nm in diameter, separated by 

narrower regions of low density.  Taken collectively, even with these morphological features, a 

detailed nanometer-scale description of morphology and group distribution has not been achieved 

to date. 

Silicon oxide(s) have been used widely for their adsorptive properties.  Silica gels are 

known for their ability to function as a weakly acidic ion exchanger.4  This property has led to its 

use in a variety of separation techniques, including ion exchange chromatography.  As discussed 

above, it is the silanol moiety or a derivative of that group that is the chemically active component 

of the silica surface.  The Si-OH functional group exhibits an equilibrium between protonated and 

deprotonated forms, and the deprotonated form is capable of interactions with cations other than 
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H+.  The consequences of these competitive interactions can have a substantial effect on the 

properties of the resulting silica surface.  The adsorption of metal ions from aqueous solution is 

governed by the equilibrium process where 

Si-OH + Mn+ ⇌ Si-OM(n-1)+ + H+ (3.1) 

This net reaction is dependent on two experimental factors that control the competing 

equilibria.  These are the proton concentration and the metal ion concentration.  The majority of 

concern in this area is the competitive interactions  between H+ and Na+ for interactions with 

siloxide.5  The reasons for this are two-fold; first that the majority of aqueous buffer solutions used 

in chromatographic (electrophoretic) applications contain Na+ and second, that the competition 

between H+ and Na+ is expected to be highly dependent on experimental conditions because of the 

similarity of the equilibrium constants for the two association reactions.  It is thought that this 

similarity is the result of the fact that Na+ is somewhat similar to H+ in terms of size.  The exchange 

reaction of interest is 

Si-OH + Na+ ⇌ Si-ONa + H+ (3.2) 

Which can be separated into two dissociation equations 

Si-OH ⇌ Si-O- + H+ (3.3) 

Si-ONa ⇌ Si-O- + Na+ (3.4) 

The corresponding equilibrium expressions are  

[ ][ ]

[ ]
a

SiO H
K

SiOH

+−
=  (3.5) 
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Although we do not know explicitly what the total concentration of silanol and related species is 

for a given interface, we do know that the total number of silanol groups is divided between three 

species, Si-OH, Si-ONa and Si-O-.  Normalizing the total concentration to one surface layer of 

silanol and expressing concentrations as a fraction of the whole, 

[ ] [ ] [ ] 1SiOH SiONa SiO−+ + =  (3.7) 

The central issue is to understand and characterize the relative amounts of each form of silanol 

functionality that are present for a given set of experimental conditions.  Expressions for each 

species can be derived that contain only the relevant equilibrium constants and the concentrations 

of each solution phase species under our experimental control. 
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With these equations the fractional concentration of each surface species can be calculated as a 

function of [H+] and [Na+].  For silica, there are known to be two pKas (vide infra), in the vicinity 

of pKa1 = 4.5 (19% of all sites) and pKa2 = 8.5 (81% of all sites).6  In calculations of the fractional 

contributions of each species, we treat the net surface as a linear superposition of the two sub-

populations of silanols.  These calculations are presented in Figs. 3.1, 3.2 and 3.3, where the 
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concentrations of H+ and Na+ are presented as pH and pNa.  The predictions made by these plots 

are important in their own right, especially for applications that depend sensitively on the surface 

charge density of silica (e.g. electrophoresis), but also because they provide useful insight into the 

interpretation of data that give insight into the chemical environment experienced by these silanol 

species.  We consider next the techniques used in surface characterization and the information 

available from each. 

 

Figure 3.1 Relative abundace of SiO- functionality as a function of pH and pNa. 
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Figure 3.2 Relative abundace of SiO-Na+ functionality as a function of pH and pNa. 

 

 

Figure 3.3 Relative abundace of SiOH functionality as a function of pH and pNa. 
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Experimental 

Zeta Potential 

Zeta potential solutions were made by suspending 100mg of silica gel (Aldrich, grade 40, 6-12 

mesh). Solutions were made at a serious of pH values ranging from pH 1 to pH 11. The pH was 

adjusted with either hydrochloric acid (CCI) or sodium hydroxide (Mallinckrodt). The amount of 

sodium hydroxide used provided negligible ionic strength. A second serious of solutions were 

made in approximated the same pH range but utilized sodium chloride (Mallinckrodt) to provide 

an ionic strength of 0.1M. Analysis was carried out on a Malvern Instruments ZetaSizer. 

 

Inductively Coupled Plasma 

Approximately 10 grams of silica gel (Aldrich, grade 40, 6-12 mesh) was weighed out into 

a beaker. This silica gel was incubated with 0.1M sodium hydroxide (Mallinckrodt) for about 5 

minutes. This process deprotonates the surfaces and pushes the equilibrium in favor of the 

formation of the sodium siloxide surface. The silica gel was then rinsed with 0.1M ammonia 

solution (Mallinckrodt) to remove excess sodium hydroxide. This was done to keep the pH 

sufficiently high so as not to regenerate the silanol groups on the surface and to keep the sodium 

adsorbed. The sample was then decanted and allowed to dry in an oven overnight at 100oC. After 

drying, the silica gel was divided into smaller samples of accurately known weights. These samples 

were then rinsed with 20mL of 2% nitric acid (Aldrich) to release the sodium into solution. ICP 

solutions were then made by diluting the aqueous solutions by a factor of 500 into volumetric 

glassware. The solutions were made up with 2% nitric acid. ICP standards were made at 
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concentrations of 0ppm, 5ppm, 10ppm, and 20ppm sodium chloride (J.T. Baker). ICP analysis was 

done on a Varian 710-ES Axial ICP-OES. 

 

Nuclear Magnetic Resonance 

Silica gel (Aldrich, grade 40, 6-12 mesh) was placed into solution at pH values from 

approximately 3 to 6. Two sets of solutions were made. One set with only hydrochloric acid 

solution and the other set with 0.1M sodium chloride (J.T. Baker). The saturated silica gel was 

then placed into a 5mm zirconia rotor and placed into a 5mm chemagnetics CP-MAS probe. The 

NMR spectrometer was a 9.4T Varian Infinity-Plus spectrometer. For silicon cross polarization 

experiments, 3200 scans were acquired with a 12ms contact time. 29Si frequency was 79.41MHz. 

For silicon one-pulse experiments, 1H decoupling was utilized with a pulse delay of 200s and 64 

scan acquisition. For 23Na one-pulse experiments, spectral frequency was 105.74MHz, pulse delay 

was 0.1s, and 3200 scans were acquired.  

For all 23Na experiments samples were rinsed with ammonia solution or methanol and then 

dried overnight before acquisition.  All experiments were run at ambient temperature. Silicon 

reference compound was 4,4-dimethyl-4-silapentane-1-sulfonic acid. Sodium reference compound 

was sodium chloride. All samples were subject to magic angle spinning at 4kHz. 

 

BET Analysis  

Particles were subject to BET analysis on a Micromeritics ASAP 2020 instrument.  
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Thermogravimetric Analysis  

 Particles were subject to TGA using a Perkin Elmer Thermogravimetric Analysis TGA 7. 

Analysis was run in air. Temperature program was as follows; isothermal at 50oC for 1 minute, 

temperature scan at 40oC/min to 150oC, isothermal at 150oC for 15 minutes, temperature scan at 

40oC/min to 700oC, and finally isothermal at 700oC for 15 minutes. For sodium samples and 

additional hold step was carried out at 350oC for 15 minutes before the ramp to 700oC. 

 

Scanning Electron Microscopy 

 SEM images were taken using a Carl Zeiss Auriga CrossBeam EVO LS25 scanning 

electron microscope. This was done to ascertain particles size distribution. Images were acquired 

at 10-5 Torr. Accelerating voltage was 2 kV. 

 

Results and Discussion 

There are two parts to the work presented in this Chapter.  The first lies in characterizing 

the chemical identity of the different surface species that are present on silica and the second deals 

with the experimental distribution of these types of sites as a function of experimental conditions.  

We consider these separately, with the recognition that information from all of the results presented 

here forms, collectively, a description of the interface.  We start with an examination of the 

mesoscopic morphology of the silica surface, then consider the chemical functionality that is 

present, and close with a discussion of how different surface species participate as a function of 

experimental conditions. 
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Scanning Electron Microscopy 

 The spatial resolution achievable using SEM is substantially lower than that required to 

understand the chemical processes that operate on the surface of the silica materials we use.  That 

said, it is instructive to examine SEM images of silica to understand the particle size, shape and 

distribution.  Another interesting issue to examine is the morphological changes that occur on silica 

surfaces as a function of the chemical conditions the sample is exposed to.  One complication of 

obtaining SEM images of silica is the insulating nature of the material.7  Typically, SEM requires 

that the sample, or a thin coating on the sample surface, needs to be conductive in order to obtain 

images without charging-related distortion.  Advances in the technology of SEM, however, have 

made possible the imaging of insulating materials.8  

SEM images were taken at several magnifications to assess the morphology of the silica 

surface over some range of length scales.  These images were used to evaluate the effect of treating 

the surface with Na+. 

 

Figure 3.4 SEM image of native silica gel at 500x magnification. General size and shape of the 

silica gel can be seen. Particle size is roughly 50m. 
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Figure 3.5 Image of the native silica surface (untreated). Image shows the native features of the 

silica gel.  Magnification is at 5000x. 

 

Figure 3.6 Image of the silica surface after treatment with KOH (left) and NaOH (right).  

Magnification is at 5000x. 

 

 

Figure 3.7 Image of silica gel after treatment with NaOH followed by regeneration with 2% nitric 

acid. Image magnification is at 5000x 
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At 500x magnification the macroscopic size and shape of the silica particles is clear, but 

there is little or no information on the surface of these silica particles.  The particle sizes are roughly 

50 m side-to-side.  The apparent brightness of the particles is related to the extent to which the 

electrons from the electron beam can be conducted to ground.  We can also see variations in gray 

scale color of that are associated with the particles due to their density and conductivity, properties 

that will depend to at least some extent on the relative amount of Na+ bound to the silica surface.  

In figure 3.4, since the surface is insulating, it is brighter than the surface upon treatment with Na+.  

Upon treatment with sodium or potassium, the surface appears smoother.  Silica is soluble to some 

extent in highly basic media, which could account for the changes in the SEM images.  This is 

likely responsible for the decrease in surface area seen with the BET analysis (vide infra).  By 

reducing the roughness of the surface, we reduce the overall available surface area.9 The second 

change is that the certain of the features are darker upon exposure to NaOH and KOH.  This is 

likely due to the presence of Na+ or K+ on/in the surface layer. 

 

Solid State Nuclear Magnetic Resonance 

Solid state NMR spectroscopy was used to characterize the silica surface according to the 

type and relative amount of chemical functionalities present under a series of controlled conditions.  

For such measurements the functionality of interest is the surface silanol present is any of several 

possible forms.  To gain surface specific, a cross-polarization method is used where polarization 

is introduced in the solution phase and transferred to the surface of silica suspended in the solution.  

The means of generating spatially localized signal is by excitation transfer from the solution phase 

(1H nuclei) to 29Si nuclei that can come into direct contact with the excited polarized nuclei.  Such 

an excitation transfer process is termed cross polarization.  Cross polarization relies on excitation 
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transfer from abundant nuclei, in this case hydrogen, to low abundant nuclei, in this experiment 

silicon.10-11  The protons on the silica surface are excited by the external magnetic field.  The 

energy is then transferred to the low abundant nuclei, in this case silicon, by low energy pulses 

across both channels.  The length of time over which this transfer is allowed to occur is termed the 

contact time, which can be varied to optimize the efficiency of the process.  After the transfer of 

energy, the protons and the silicon are decoupled.  The free induction decay of the silicon 

polarization is then monitored.  During the cross polarization, the Hartmann-Hahn matching 

condition must be met.  The Hartmann-Hahn condition is that the Larmor frequencies of both 

nuclei involved in the cross polarization are matched.  The length of time for which this condition 

is met depends on the material and is typically between 5 ms and 20 ms for silica gel experiments.  

During this time, the protons and silicon atoms are in resonance, facilitating the exchange of 

polarization.12 

The NMR active nuclei of silicon, 29Si, has a natural abundance of 4.7% and a spin 

multiplicity of 1/2.13  The NMR active 1H accounts for 99.98% of hydrogen and has a nuclear spin 

multiplicity of 1/2.  The proximity of the hydrogens to the silicon atoms means that the cross 

polarization is efficient and can be used to enhance the signal from the silicon nuclei.  Since the 

experiment relies on an excitation transfer from hydrogen to silicon, the technique is selective for 

silicon nuclei on the silica surface.11  

23Na solid state NMR was also used as a method of determining the types of bonding to 

the silica surface.14-15  23Na has a natural abundance of 100% and has a spin multiplicity of 3/2.16  

As such, it is an easy target for direct polarization NMR experiments.  23Na is characterized by 

short T1 times, facilitating rapid data collection.  23Na NMR experiments can provide information 

on the types of environments occupied by Na+ at the silica surface. 
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29Si NMR assignments for silica are well documented in the literature.  The distribution of 

silanols can be seen in Figure 3.8 and are assigned, in order of increasingly negative chemical 

shift, Q2, Q1, and Q0 silica groups on the surface.  The peak at -123 ppm corresponds to the bridging 

siloxanes, the peak at -113 ppm corresponds to Q1 silanols, and the peak at -104 ppm corresponds 

to geminal or Q2 silanols.17 

 

Figure 3.8 Solid state 29Si NMR spectrum of native silica gel suspended in a pH 2 aqueous solution.  

Peak assignments are as indicated in the text. 
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Figure 3.9  Solid state 29Si NMR spectrum of native silica gel suspended in a pH 6.5 aqueous 

solution. Peak assignments are as indicated in the text. 

 

From the data set where the silica gel is not exposed to Na+, we can see a slight change in 

the spectra between pH 2 and pH 6.5 (Figs. 3.8 and 3.9).  The transfer of excitation is efficient 

below the pKa, 4.5 because the silanol groups are protonated.  When the surface is deprotonated, 

the dissociated protons likely remain in proximity to the siloxide moiety by virtue of electrostatic 

interactions.  Such close proximity does not, however, afford efficient coupling and excitation 

transfer is less efficient, resulting in a change in the ratio of the Q0 and Q1 peaks. The efficiency 

of cross polarization of the Q0 silicon atoms is invariant with respect to pH. Transfer of excitation 

is entirely through space. The change in the strength of the Q1 signal represents a move from 

through bond cross polarization to entirely through space.18 The residence time  of the hydrogen 
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to the deprotonated siloxide is small compared to the measurement time. As such what we observe 

is an average of associated and dissociated species giving rise to the Q1 signal. 

Excitation transfer facilitated by cross polarization is a through-space interaction and there 

is still some weak association of the protons to the surface even at pH 6.5.  With the addition of 

Na+, the NMR spectra for pH below the pKa of silanol (4.5) is similar to that of samples that do 

not contain added Na+ (Fig. 3.10).  This is because of the higher concentration of hydrogen ions 

dominating the competitive equilibria (Eqs. 12 and 13).  For conditions where [Na+]  [H+], the 

peak ratios in the NMR spectra are seen to change (Fig. 3.11).  

 

Figure 3.10  29Si NMR Spectra of the silica surface upon exposure to Na+. The pH of the system 

is approximately 2. 
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Figure 3.11 Effect of Na+ on the silica gel 29Si NMR. The pH of the system is approximately 6.5. 

 

Cross polarization relies on excitation transfer from abundant nuclei, in this case hydrogen, 

to low abundance nuclei, silicon.12  When Na+ is present near the surface, it competes with H+ for 

association with anionic siloxide groups.  This competition was evaluated previously using contact 

angle measurements to probe silica surface energy as a function of [H+] and [Na+].  When the pH 

is above the pKa of silica, [Na+] exceeds [H+], displacing H+ from the siloxide sites.  Excitation 

transfer from 1H to 29Si is effectively eliminated through the cross-polarization mechanism.  In the 

system with high [Na+] the ratio of Q1 to Q0 is lower than in the absence of Na+. 

For the 29Si NMR data there appears to be no significant change in chemical shifts of the 

several species, and this is not a surprising result.  We do see however, that the relative ratios of 

the peaks indicate that there is not overall conservation of signal.  Specifically, as the pH of the 

systems varies, the intensities of the Q1 and Q2 peaks (associated with protonated silanols changes 
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relative to that for Q0 (bridging siloxane).  This finding is consistent with the overall change in 

extent of protonation with pH.  In order to evaluate the properties of the siloxides that have gone 

silent in cross-coupling experiments, we use 23Na NMR measurements.   

23Na NMR was performed to evaluate the nature of interactions between Na+ and the silica 

surface.  The 23Na NMR data show that there is only one environment experienced by Na+, with 

the resonance being at a chemical shift of -7.37ppm.  This chemical shift is referenced to sodium 

chloride (0 ppm shift).  Literature sources establish a range of chemical shift values for sodium 

silicates.15 The type of binding we see is near the chemical shift for one sodium in 

Na2SiO2(OH)2*5H2O. The first sodium has a shift of -1.5ppm and the second has a shift of -

7.2ppm. 

 

Figure 3.12 23Na solid state NMR showing a single environment for interactions with the silica 

surface.  

 



39 

 

The data suggests that there is no discernible difference in shielding whether the sodium is 

bonded to primary silanols or geminal silanols.  There are two possible interpretations of this 

finding.  The first is that the resonance is sufficiently broad, and the chemical shifts associated 

with the primary vs. geminal silanol environments are similar enough that there is a difference but 

it is not resolvable.  The second is that the environments for the primary and geminal species really 

are the same.  In either event, the difference between the two environments is very small, as we 

have schematized in Fig. 3.13.  Comparing 29Si NMR data with 23Na NMR data allows for several 

observations.  The first is that not all hydrogens are displaced from the surface even in cases where 

pH > pKa.  Despite the equilibrium being shifted to favor the dissociated siloxide form, the 

implication here is that there can still be protonated (-OH) functionality present on the silica 

surface, but the fraction of time that it is protonated is much less than the time it is dissociated.  

Under this condition of dynamic equilibrium, there is opportunity for transfer through cross-

coupling even at high pH.  The second observation is that competitive equilibria do indeed explain 

the Na+ and H+ concentration dependencies described in Eq. 11.  Indeed, the similarity of the 

possible primary and geminal Na+ interactions with siloxide suggests a highly dynamic 

equilibrium for complexation with Na+ as well.  The fast association and dissociation kinetics of 

both H+ and Na+ are consistent with the functional forms of the NMR data as well as the 

concentration dependencies we have reported. 
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Figure 3.13 A proposed structure of the silica surface after Na+ adsorption. Sodium coverage is 

not 100% 

 

Zeta Potential  

 The issue of available surface charge for a silica surface is central to the utility of this class 

of materials.  We considered above the expected amount of dissociation of silanol functionalities 

as a function of pH and pNa, and the 29Si and 23Na NMR data demonstrate changes in the 

distribution of the chemical state of these labile functionalities with variation in experimental 

conditions.  All of this information is useful but determining experimentally the amount of charge 

present on a silica surface can be challenging.  The zeta potential is a quantity that, while not tied 

from first principles to the surface charge density, is a measure of the effective surface potential.  

The zeta potential is related to the electric double layer that forms at a charged interface, and it is 

therefore expected to vary not only with surface charge density but also with the ionic strength and 

chemical identity of solution constituents.19  Zeta potential is measured readily and because of the 

factors that contribute this quantity, it is a useful means of characterizing the relative extent of 

dissociation present at a surface.  Zeta potential is a quantity that has been used to assess the 

stability of colloidal suspensions,20 and silica gel suspensions are readily prepared under the range 

of conditions we are concerned with here.   
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 As noted above, the pH of the solution in which the silica resides determines the extent to 

which the surface is protonated.  This property is central to the use of silica in applications such as 

capillary electrophoresis, where electroosmotic flow is related directly to the fraction of SiO- 

surface constituents and thus the zeta potential of the surface.21-22 

 Figure 3.14 details the zeta potential measurements acquired. At pH values below 4.5, the 

silica surface is neutral and is characterized by a zeta potential near zero.  Above 4.5, the silica 

surface is deprotonated and has negative zeta potential values. The data below shows a trend of 

zeta potential as a function of pH with and without the presence of Na+. As the pH increases, the 

zeta potential moves from approximately 0mV to about -15mV due to the deprotonation of the 

silanol groups.  The deprotonation in the vicinity of the first pKa (ca. 4.5) is only for the most 

labile of hydrogens which account for about 20% of the surface.  The remaining silanols are 

characterized by a pKa of ca. 8.5.  As the pH increases to about 7, the zeta potential drops to about 

-30mV. 

Upon addition of Na+ we observe changes in zeta potential as a function of pH that differ 

from what was seen in the absence of Na+.  When the pH is below the pKa, the surface is still 

effectively neutral. However, when the pH becomes greater than the pKa, the silanols are 

deprotonated and attract Na+ ions.  The association of SiO- and Na+ serves to neutralize some of 

the surface charge, making the zeta potential less negative.23  Experimentally, the zeta potential 

upon addition of 0.1M Na+ is only about -5mV as opposed to -15mV without Na+.  At high pH, 

the zeta potential becomes more negative, ca. -30mV, consistent with calculated predictions as the 

surface is deprotonated more fully.  
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Figure 3.14  Zeta potential measurements of silica gel suspended in solutions of either NaCl or 

HCl. Small amounts of NaOH were used in pH >7 measurements. 

 

Inductively Coupled Plasma  

Inductively coupled plasma was used as a technique to quantify the amount of active silanol 

groups on the surface. Since silica gel is an ion exchanger, it can absorb metal ions, in this case 

sodium, from aqueous solution.4, 24-25  Depending on the pH and the ionic strength of the solution, 

the sodium atoms adsorb to the surface forming sodium siloxide bonds. Excess sodium hydroxide 

must be removed to avoid carry over of sodium that is not bound to the surface. By rinsing the 

silica gel with methanol unbound sodium and excess sodium hydroxide are removed from the 

solid. The surface is then regenerated with a solution of nitric acid. Since the pH of the solution is 

dropped below the pKa of the surface, the surface silanols are regenerated and the sodium ions are 

released into solution. This aqueous overlayer is then analyzed by ICP to quantify the amount of 

sodium that was adsorbed onto the surface.  
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A key question when dealing with silica is that of the areal density of surface silanol groups.  

This is a question that can be addressed in several ways, one of which is by measuring surface 

loading of Na+.  Under the appropriate initial conditions (high pH, exposure to Na+) Assuming Na+ 

is monodentate, and that Na+ dissociated from the surface siloxide can be measured directly allows 

quantification of the surface silanols that took part in an adsorption reaction.  We measure the 

amount of Na+ dissociated from silica using inductively coupled plasma (ICP) atomic emission 

spectroscopy.26 

 

 

Figure 3.15  Calibration graph of Na+ ICP data. 
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Table 3.1 Quantification of Na+ liberated in ICP experiments. 

ICP, used in conjunction with BET isotherm data and NMR data can be used to calculate 

the areal density of surface functional groups (Fig. 3.15, Table 3.1).  From the BET data we have 

two experimentally determined surface areas, one without sodium on the surface and one with.  

From the 23Na NMR data we observe only one binding site to within the resolution of the 

measurement.  The ICP data show that 14.7 mg of Na+ is adsorbed from solution per gram of silica 

gel.  Assuming a uniform distribution of adsorption sites when averaged over a sufficiently large 

(m) length scale, the concentration of surface functional groups that undergo sodium siloxide 

formation is in the range of 1.6 mol/m2 to 2.2 mol/m2.  Literature values for surface silanol 

concentration are typically in the range of 5 mol/m2 to 8 mol/m2.  In our determination, there 

are assumptions that may account for the apparent discrepancy.  Our experiments sense the 

chemically accessible and active silanol groups that are capable of undergoing Na+ exchange.  The 

ICP experiment was carried out using 0.1M NaOH to exhaustively deprotonate the silica 

functionalities and provide Na+.  The 29Si NMR data show that not every silanol group undergoes 

Na+ exchange.  There is still signal from primary silanols. In addition, we have assumed that Na+ 

does not interact with the bridging siloxanes.  If there were Na+-siloxane interactions, it would 

give rise to more Na+ binding (and release) than for the formation of SiO-Na+, and we observe a 

negative deviation from the expected areal density.  Thus, this latter possibility is unlikely.  

Trial 
[Na] 

ppm 

mass of Na+ in 

soln. (mg) 

mass of Na+ liberated 

(mg) 

mass of Na+ liberated 

per gram of SiO2 (mg/g) 

1 2.45 0.245 24.5 15.7 

2 2.96 0.296 29.6 18.0 

3 2.28 0.228 22.8 14.7 

4 2.21 0.221 22.1 14.8 

5 1.84 0.184 18.4 11.9 

6 2.17 0.217 21.7 13.0 

Average 2.32 0.232 23.2 14.7 
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Thermogravimetric Analysis  

 Another means of estimating the silanol group density is by dehydration of the silica.  

Dehydration can be quantitated through thermogravimetric analysis (TGA).  There are two steps 

in the dehydration process.  The first is removal of adsorbed water at or slightly above the boiling 

point of water.  Once adsorbed water is removed, surface condensation of silanol groups to form 

siloxane bridges is achieved by heating to temperatures above 600oC.  The hydroxyl groups lose 

molecular water when forming bridging siloxanes and this loss of water can be quantified.27-28  

Another way of expressing this is that we quantitate the conversion of Q2 and Q1 sites to Q0 sites. 

 

Figure 3.16  Example TGA data showing the dehydration of the silica surface. This surface was 

treated with NaOH before TGA analysis. 

 

We use TGA to quantitate loss of silanol groups (Fig. 3.16).3  Using a dry silica mass of 

8.442 mg and a surface area of 402.9 m2/g, obtained by BET analysis, the initial surface OH density 

was calculated to be 3.56 mol/m2.  When treated with NaOH, using a dry mass of 8.427 mg and 

a surface area of 293.7 m2/g (BET analysis), a value of 7.02 mol/m2 was calculated from TGA 

data.  While these numbers are near those expected from the literature, the increased silanol density 
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of the NaOH-treated surface requires that the base etched the silica to produce higher surface area 

to be accounted for. It may also be possible that remaining trace NaOH deliquesced upon exposure 

to atmosphere and introduced additional water to the system.29  The amount of water present can 

was determined by a more detailed TGA analysis.  By holding the temperature constant at 350oC 

it was calculated that there are 3.56 mol/m2 of water being held by NaOH, or ca. two water 

molecules per Na+.  In this way we account for approximately half of the surface silanols. 

The concentration of surface silanols in the second Na+ dehydration is ca. 3.11 mol/m2.  

We posit that, to within the uncertainty of the measurement, this is the same as the silanol density 

determined by ICP analysis, and these numbers are consistent or very slightly lower than the 

typical literature range of silanol groups. 

 

Conclusion 

Using these various techniques, the silica surface was further characterized and its 

reactivity to various chemical conditions was investigated. The nature of the silica surface depends 

greatly on its production methods and its chemical exposure prior to use. Exposure to metal ions 

displaces protons from the surface. This is especially true at high pH values that facilitate 

deprotonation of the surface. These deprotonated sites can be effectively quantified by grafting 

with group one cations such as sodium or potassium. By treating the system with an appropriate 

base such as sodium hydroxide, rinsing with ammonium hydroxide, oven drying, and then 

resuspending in an appropriate acid such as nitric acid, the concentration of metal ions bound to 

the surface can be measured. 



47 

 

The physical morphologies of the silica surface can be analyzed with scanning electron 

microscopy to show the changes in the nature of the surface after chemical treatment. Grafting of 

metal ions to the surface was confirmed by watching the nature of the surface change from 

insulating to conductive. The association of metal ions with the surface was also confirmed by zeta 

potential measurements. We see a reduction in zeta potential with an increase in ionic strength. 

Additionally, these sites can be investigated by other methods such as NMR due to the 

electrostatic attraction of the metal ion to the surface. This gives insight into the type of binding 

metal ions have with the surface. Coverage of the surface is maximized by use of strong base to 

deprotonate the entire surface. By showing a single peak in the sodium NMR we confirm a single 

type of binding of monovalent sodium to the silica surface. 
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Chapter 4 

Abstract 

Aqueous normal phase high performance liquid chromatography (HPLC) was utilized to 

characterize the distribution of species present on a silica surface.  The effects of mobile phase 

composition on the elution time of phenol were investigated using a normal phase column.  The 

mobile phase was varied between 100% methanol and 100% water.  A single peak eluted for 100% 

methanol mobile phase.  At the other extreme, multiple peaks eluted for phenol in water.  We posit 

that the multiple peaks are seen due to the effects of the distribution of silanol groups on the silica 

surface.  The energies of interaction between the several types of silanol functionality and phenol 

differ and under the appropriate experimental conditions these different interactions can be 

resolved.  The mass transport between the stationary phase and mobile phase was the dominant 

effect seen in these experiments.  The surface mass transport term of the van Deemter equation is 

a combination at least three mass transport terms for the different types of silanols that are on the 

surface.  

 

Introduction 

 The overarching goal of this work is to understand the role of the Si-OX functionality in 

determining the properties of silica surfaces.  While this may appear to be a simplistic goal on its 

face owing to the fact that Si-O is the dominant chemical bond in silica, the morphology of this 

material and the different forms that the Si-O bond may take have served to make this material 

sufficiently complex that the determination of something as simple as the surface Si-OH density 
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is known to only within a factor of two.1-2  Understanding the surface chemistry and morphology 

of silica has significant commercial and practical implications, however.  Silica is used widely in 

chemical separations, as a structural material for chemical and other containers, and as a building 

material.  For the latter two applications, exposure of silica to extreme environmental and chemical 

conditions can alter the properties of the material.  In addition, sand, which is primarily particulate 

silica, is one of the most common materials on the planet.3 

In our earlier work we focused on the relationship between the surface silanol functionality 

and the species in immediate contact with it.  Specifically, we found that the surface energy 

difference between a silanol (Si-OH) and a sodium siloxide (Si-ONa) surface was modest but could 

be controlled through the action of competitive equilibria.4  This work addressed the question of 

the role of solution phase pH and ionic strength in determining the relative abundance of Si-O- 

functionality on the surface of silica.  That information is of immediate importance in chemical 

separations such as capillary electrophoresis, where the amount of surface charge carried by the 

silica capillary inner surface determines the fluid flow behavior of the system.5  In this Chapter, 

we consider the broader question of the role of different surface Si-O functionality on the 

properties of the silica surface. 

Chromatographic separations have made extensive use of silica, in part because it can be 

prepared in a variety of morphologies, ranging from narrow-bore capillaries to finely divided 

particulate.6  Silica has found use in the latter form primarily because of the achievable surface-

area to volume ratio.7  In addition, the silica surface, while understood to a limited extent, is 

sufficiently chemically reactive that a variety of modifications have been performed to control 

surface polarity, hydrophobicity and other macroscopic properties.8  Modified silica is the material 

upon which reverse phase HPLC relies, for example.9 
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Because the technology of chromatography is well developed, the study of the surface 

properties of silica can be performed using this instrumentation.  A normal phase HPLC packed 

column is a physical structure that provides a comparatively high accessible silica surface area and 

allows for controlled flow of specific solution phase compounds over the stationary phase.  The 

difficulty in using such an experimental configuration is that when used in a manner that is typical 

for efficient chemical separations, all information regarding the heterogeneity of the silica 

(stationary phase) surface is averaged over a very large number of molecule-surface interactions.  

For this reason, any detailed information on the distribution of surface-sites with which analyte 

molecules interact is obscured.  In the work reported here, however, the goal was not to achieve 

efficient separation of multiple analytes.  The goal of this work was to evaluate the different types 

of silica surface sites using a single analyte molecule.  While this may be antithetical to the 

traditional application of chromatographic separations, it is useful to describe the system in the 

parlance of chemical separations to make connection to the separations literature. 

One of the issues with chemical separations is the ability to compare results from one 

system to another, and as a consequence of the various configurations a standardized methodology 

of expressing separation efficiency has been devised.  The most widely used independent variables 

in chemical separations are temperature of the system and the rate at which the mobile phase is 

passed through the stationary phase, typically described as a flowrate or a mobile phase velocity 

(u).10  The dependent variables are the time required for analyte(s) to elute from the column (tR) 

and the shape of the distribution of analyte(s) exiting the stationary phase ().  The quantity tR is 

measured relative to the time it takes for a non-interacting species to pass over the chromatographic 

stationary phase, referred to as the dead time.11  The ability to achieve a chemical separation is 

determined by the resolution of the system, which is a measure of the system to distinguish 
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between two analyte peaks, which depends on the width of the peaks () and difference in retention 

time (tR) for the two species.12   

Ultimately, chromatographic separation is an inefficient process, comparing slight 

differences in the way in which two or more (similar) compounds interact with the stationary phase 

surface.  For most stationary phases, there is not a high degree of chemical specificity for the 

adsorption of analytes.  In other words, the energy of interaction between the analyte and the 

stationary phase surface (expressed as Keq or G) differs very little for structurally similar analytes, 

and it is only by virtue of the large number of equilibration cycles of adsorption and desorption of 

the analyte(s) from the stationary phase surface that a separation can be observed.  There are 

several experimental quantities that serve to broaden chromatographic peaks and thus serve to limit 

resolution, and these factors have been described by van Deemter.13  To evaluate the separation 

efficiency, an artificial construct termed a “theoretical plate” has been developed to describe the 

physical thickness of a zone required for the equilibration of an analyte with the stationary phase 

(H).  The term H is “height equivalent theoretical plate”, and it is expected to depend on the 

morphological properties of the stationary phase, Brownian diffusion of the analyte(s) in the 

mobile phase, and the kinetics of the equilibration process for adsorption and solvation.  The van 

Deemter equation14 is given by 

( )s m

B
H A C C u

u
= + + +        (4.1) 

Where H is defined above, u is the flow velocity of the mobile phase, A is a term that 

describes that distribution of pathways through the stationary phase, B is a term that accounts for 

Brownian diffusion of analyte in the mobile phase, and the terms Cs and Cm are referred to as the 

mass transfer terms for the stationary phase (s) and mobile phase (m), respectively.  It is important 
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to note that this equation is purely empirical and is not derived from first principles.  None the less, 

it is still useful in describing the relationship between H and u, and the experimental properties of 

the system.  The functional form of H(u) is shown in Fig. 4.1, with the contribution of each of the 

terms being shown also. 

 

Figure 4.1 van Deemter plot showing the dependence of H(u) on flow rate. A, B, and C are the 

van Deemter factors that govern H(u) and u is the flow rate of the system. 

 

For typical applications in separations, the goal is to determine the experimental that 

provide the smallest value of H (dH/du = 0), which physically corresponds to the shortest length 

of stationary phase required to achieve an equilibrium condition between the analyte in the solution 

(mobile) phase and adsorbed to the surface of the stationary phase.  Such a condition typically 

obtains for values of N on the order of tens of thousands to hundreds of thousands for reverse 

phase HPLC or normal phase HPLC.15-16 A is the term that describes diffusion through the material 

in the column. Since the column does not have ideal packing, the analyte has various paths that it 

can take through the packing material as it traverses the column.  B describes longitudinal diffusion 
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through the column.  As the separation progresses, the analyte band broadens as it travels through 

the column.17 C  is the mass transfer coefficient.  It deals with the partitioning of the analyte 

between the mobile and stationary phases.  The flow rate, u, affects the B and C  terms of the 

equation as both terms involve mass transport with the stationary phase.18  The higher the flow 

rate, the less time the analyte has to interact with the column, C term.  This typically lowers the 

separation efficiency.  Additionally, the lower the flow rate the poorer the separation efficiency.  

This is due to the diffusional term having a greater effect on the separation.  The slower the flow 

rate, the more the effects of longitudinal diffusion exert themselves.  Due to these two effects, 

there exists an optimal flow rate at which the mass transport term is maximized, and the 

longitudinal diffusion term is minimized.  The combination of these leads to a flow rate at which 

separation efficiency is maximized.  

 The mechanism for separation involves partitioning of the analyte between the mobile 

phase and the stationary phase.19-20  As the analytes enter the column, they are typically dissolved 

in a carrier solvent.  As they enter the column, the analytes dissolve into the mobile phase.  From 

here, they partition onto the stationary phase where they are held back based on the strength of 

their interactions.  The strength of the interaction determines how long the analytes stick to the 

stationary phase before they redissolve into the mobile phase.  This process continues for the length 

of the column.  As different analytes have different affinities for the stationary phase, the 

separation increases as the sample plug travels down the column.  As the analytes exit the column, 

they are observed by the detector.  The length of time from injection into the column to detector is 

known as the retention time.  The more discernible the difference in affinity for the stationary 

phase, the larger the difference in retention time for the analytes.  The length of the column helps 

determine the resolution between the peaks. 
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 The chromatogram shows the analytes as they elute from the column.  In an ideal separation 

scheme, each analyte is shown as an individual peak that is separate from other peaks.  The time 

difference between these peaks is known as the resolution.  The peaks show Gaussian distribution 

since there is a slight delay between when the analyte is first picked up by the detector to when all 

of the analyte has cleared the detector. The broadness of the peak is determined by many factors, 

most importantly the longitudinal diffusion.14 The longer the analytes are allowed to diffuse 

throughout the column, the broader the peaks once the analytes reach the detector. 

 As noted above, the larger purpose of this work is to characterize the properties of the silica 

surface, with the knowledge that there are multiple different chemical and physical environments 

present under any given set of conditions for temperatures below the melting point of silica.  In 

order to characterize these surface sites, we use NMR measurements to determine the structural 

identity of the various sites (Chapter 3) and a variant of normal phase HPLC measurements to 

evaluate the differences in chemical interactions between a molecular probe (phenol) and the 

different surface silica species.  With this frame of reference, we describe below a series of 

experiments designed to interrogate the molecular interactions of different Si-O species on the 

silica surface. 

 

Experimental 

 HPLC grade water (Sigma) and HPLC grade methanol (Sigma) were utilized as mobile 

phase constituents in this work.  Sodium chloride (Sigma, 99.8%) was to adjust ionic strength 

where appropriate, 0 M and 0.1 M.  The pH of the system using 100% water was adjusted using 

hydrochloric acid.  The pH was adjusted from pH 2 to pH 6.  Analysis was done on a Shimadzu 
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HPLC instrument.  An Ascentis Si silica column, dimensions 15 cm  4.6 mm, 5m was purchased 

from Supelco.  For experiments designed to gauge the effect of mobile phase composition, water 

and methanol were varied from 0% to 100% (v/v).  Phenol (Sigma, ≥99%) was used as the 

molecular probe and was dissolved in ethanol (Koptec, 100%) at a concentration of 1 mg/mL.  

Column temperature was thermoregulated to 30oC for all measurements.  Detection was by UV 

absorbance at 254 nm (deuterium lamp) with a spectral bandwidth of 4 nm on a PDA Multiarray 

detector. 

 

Results and Discussion 

The data reported in this chapter appear to represent anomalous behavior relative to that 

seen for a traditional chromatographic separation, and it is important to first address the reasons 

for the functional form of the data.  As noted above, a typical chromatographic separation involves 

a sample containing multiple components and the chromatographic process produces a single peak 

for each detected analyte.  The data we report here are for a single analyte and under certain 

experimental conditions, up to four peaks can result from the single constituent.  This unusual 

result requires verification through control experiments and an explanation. 

The first order of business is to verify that the analyte is pure.  This has been established 

by comparison of reported 1H and 13C NMR spectra of phenol to that we acquired for the phenol 

used in this work.  The spectra matched with no additional peaks.  UV-visible absorbance spectra 

and fluorescence spectra also revealed no bands other than those expected for phenol.  Thin layer 

chromatography using silica plates and a variety of solvent systems revealed no additional 

constituents in the phenol used in this work. 



60 

 

Under the assumption that the phenol is sufficiently pure to produce one peak under typical 

chromatographic operating conditions, the key issue is the presence of several chromatographic 

peaks under conditions where the mobile phase contains 20% (v/v) or more of water (Fig 4.2). 
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Figure 4.2 Chromatogram showing the splitting of peaks at 20% water/80% methanol. 

 

Such a finding runs counter to what is expected for chromatographic separations, where 

one peak corresponds to one analyte.  The implication is that the interactions between the analyte 

and column can be separated into discrete categories that are not equivalent.  If there is only one 

type of analyte present, the implication of these data is that there are multiple inequivalent 

adsorption sites on the silica stationary phase.  Under typical chromatographic conditions, there a 

given analyte molecule experiences interactions with the stationary phase a large number of times, 

the assumption is either that all of the different types of stationary phase are sampled by an analyte 

during the separation, or that the stationary phase is characterized by a single type of adsorption 
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sites.  Our data demonstrate that, under the appropriate conditions, it is possible to distinguish 

between types of surface sites, and that the interactions between analyte and surface sites is 

sufficiently limited in numbering that site-averaging by the analyte cannot proceed.  Another way 

to phrase this is that we are operating under conditions of very low chromatographic resolution. 

The specific system under evaluation is phenol in water and water/methanol binary solvents 

eluted over a silica column.  Shown in Fig. 4.3 is the data series showing how the chromatogram 

of the single phenol analyte changes with the composition of the mobile phase.  For 100% 

methanol mobile phase, phenol is sufficiently soluble that partitioning between the stationary 

phase and the mobile phase produces a single chromatographic peak.  Tailing of this peak can be 

seen with the addition of 10% water to the mobile phase, and for 20% water three distinct but not 

fully resolved bands are seen.  For higher water content, the three bands exhibit band-specific 

changes in retention time (Fig. 4.5) 

 

Figure 4.3 Overlay of phenol chromatograms showing peak dependence as the concentration of 

methanol decreases. 
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Figure 4.4 Mobile phase dependent retention time data. Each color corresponds to a peak seen in 

the chromatographic data.  

 

In the van Deemter equation, the C term deals with mass transport between the mobile and 

stationary phases.  The term is the sum of both components, Cs and Cm, which are the mass 

transport terms for the stationary phase and the mobile phase, respectively.  At high methanol 

concentrations, Cm > Cs.  Mass transport into the mobile phase dominates the C-term in Eq. 4.1 

and gives rise to a single peak in the chromatogram.  As the concentration of water in the mobile 

phase increases, the relative importance of the interaction of phenol with the stationary phase 

increases.  This is due, in part, to the decreased solubility of phenol in the more polar mobile phase.  

The term Cm decreases, increasing the importance of the nominally constant Cs term.  The effects 

of phenol-silica interactions, as expressed through the Cs term, come to dominate as the effect of 

Cm decreases.  Chromatograms recorded with mobile phases of 80% or less methanol exhibit 

multiple peaks for phenol elution.  This effect must be accounted for by the van Deemter equation.  
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We posit that, as the Cm term decreases relative to the Cs term, the contribution from several 

different types of silanol functionalities on the surface each contribute to the observed 

chromatograms.14, 21 

The experimental conditions here closely resemble that of hydrophilic interaction liquid 

chromatography, HILIC. In HILIC experiments binary aqueous/organic mobile phases are used to 

enhance separation. Though the exact mechanism of a HILIC separation is not fully understood, 

the literature suggests the importance of the aqueous modifier. In HILIC, the stationary phase is 

polar. The stationary phase, being hydrophilic, interacts strongly with water in solution. It is 

commonly thought that the polar stationary phase strongly adsorbs a few layers of water.22-23 As 

such, the mobile phase solution near the surface is water rich when compared to the bulk solution. 

This makes the HILIC mechanism two-fold. In order for the analyte to interact with the column it 

must partition into this water layer. Partitioning is dependent on the polarity of the analyte, which 

must displace water molecules and adsorb onto the stationary phase.24 These interactions are 

mediated by the amount of water in the system. By controlling the water concentration, and by 

extension the kinetics of adsorption and desorption, the speed at with the analyte traverse the 

column can be modulated.25 

There is a statistical argument that must be countered if one is to accept this interpretation 

of the data.  If we consider a single phenol molecule, it should sample, statistically, each type of 

silanol that exists on the surface as it adsorbs and desorbs during its passage through the column.  

If this is true one would expect a single peak for the phenol with the width reflecting the 

distribution of interaction energies of phenol with each type of silanol site.  The experimental data 

show at least three peaks when the water concentration in the mobile phase is 20% or higher.  The 

presence of three peaks implies that sampling of the different types of silanol sites by phenol is not 
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sufficiently extensive to provide a single distribution.  Another way of expressing this is that the 

number of theoretical plates is sufficiently small, because of mass transport issues, that we are 

observing multiple populations of phenol based on their (initial) interactions with different types 

of silanol sites on the stationary phase.  While the Cm term is constant for a given mobile phase 

composition, and small, for phenol bound to the multiple silanol sites, the terms Csi for each type 

of silanol site are sufficiently different to cause a change in elution time.  Since the Csi terms have 

different values this leads to different retention times shown on the chromatogram. 

 Because of the comparatively limited solubility of phenol in water, it is possible, at least in 

principle, that the phenol exists as monomers, dimers, and multimers in aqueous solution.  One 

way to evaluate whether such clustering influences our data is to acquire chromatograms at a series 

of column temperatures.  If multimers do contribute to the reported multiple peaks, their lifetimes 

would have to be on the order of minutes in order to be resolved by the column.  While this is 

highly unlikely on energetic grounds, phenol can -stack.  The energy of interaction for -stacking 

is modest, on the order of 2 to 4 kcal/mol.26-27  Despite the fact that phenol has a saturation 

concentration in water of 0.88 M, the phenol aromatic rings may interact in an aqueous 

environment.  We note that the presence of the hydroxyl functionality in phenol provides it the 

opportunity to participate in hydrogen bonding with water (hence its solubility in water).28  Typical 

hydrogen bond energy can range from 2 to 10 kcal/mol,29 depending on the system, making this 

process more favorable energetically than -stacking, suggesting that the dominant interaction 

between phenol and water is hydrogen bonding.  Despite this plausibility argument against 

aggregation phenomena, we acquired experimental data to test for such intermolecular 

interactions.  For the temperature-dependent measurements, the flow rate was kept constant and 

the mobile phase was 100% water.  The column temperatures at which data were recorded were 
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60C and 80C.  The aqueous mobile phase constrained the range of accessible temperatures to be 

between 0C and 100C.  The melting point of phenol is 40.5C but this should not affect the 

measurements once the phenol is dissolved in the aqueous mobile phase.  

When comparing the data acquired at elevated temperatures to that acquired at 30oC, there 

are significant differences in the shapes of the chromatograms (and slight retention time shift) but 

the overarching point is that there remain multiple peaks in the chromatograms at all temperatures 

(Fig 4.5).  Temperature-dependent changes are expected because of the range of interaction 

energies between phenol and the silica stationary phase.  The larger point, however, is that without 

substantial changes in the number of chromatographic peaks, there is not support for there being a 

contribution to these data from aggregated or multimeric species.  The clear implication of these 

data is that the separation seen is not a separation of different analyte constituents but is based on 

different environments presented by the stationary phase to a single analyte. 

 

Figure 4.5 Effect of temperature on the peak shape of the chromatograms. 
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Effect of Flow Rate 

We consider next how to interpret these data as those arising from a single analyte in the 

mobile phase.  Any discussion of chromatographic separation invites interpretation in the context 

of the terms contained in the van Deemter equation.  An immediate implication of the data shown 

in Fig. 4.3 is that the number of theoretical plates in this separation scheme is very small.  A large 

value of H can obtain for two reasons.  Based on Eq. 4.1, H is seen to decrease with increasing 

mobile phase flow velocity, reach a minimum and then increase with increasing flow velocity.  

The term A is flow velocity-independent, the B term, which corresponds to the contribution from 

Brownian motion of the analyte in the mobile phase, scales inversely with flow velocity, and the 

C term, which is related to mass transport (kinetics of adsorption and dissolution) is related linearly 

to flow velocity.30  It is not possible for an individual measurement to determine where a given 

separation lies on this curve.  Performing a series of measurements at different flow velocities, 

however, can assist in resolving this issue.  We show the chromatograms for phenol in water with 

the silica stationary phase in Fig. 4.6.  These data show that the number of resolved peaks in the 

chromatogram decreases with increasing flowrate.10 
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Figure 4.6 Dependence of the number of peaks and peak width on the flow rate. 

Under the conditions of this experiment, the number of peaks is proportional to the 

theoretical plate height.  Few theoretical plates correspond to a large H and poor averaging of 

phenol interactions with stationary phase adsorption sites.  A single peak represents more extensive 

averaging over the different stationary phase sites, implying smaller H.  Thus, the data in Fig. 4.6 

show that the faster the flowrate, the fewer the peaks, implying that it is the B term, related to the 

diffusion of phenol in the mobile phase, plays a dominant role in determining H.18   

The comparatively low solubility of phenol in water relative to that in methanol suggests that 

mass transfer effects also play a role in the observed anomalous behavior.  The van Deemter 

equation can be expressed to provide more insight into the constituents of the A, B and C terms.  

When expressed in this manner (Eq. 4.2), the role of mass transfer phenomena can be described 

somewhat more clearly. 
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= + + +  (4.2) 

Where the D terms are the diffusion constants for phenol on the stationary phase (subscript 

S) and in the mobile phase (subscript M),  , KS and KM are constants, df is the effective “thickness” 

of the stationary phase and dp is the silica stationary phase particle diameter.  For our systems, df 

is related to the areal density of surface silanol groups.  Of particular importance to the system 

under investigation is that for water as the solvent, DS is very small, leading to a large mass transfer 

term.  As the amount of methanol in the mobile phase is increased, DS becomes less important 

because less time is spent by the phenol analyte on the stationary phase, and for small values of u 

the second term in Eq. 4.2 which is reciprocally related to the flow velocity.  Based on the 

chromatographic results, we estimate H for 100% water mobile phase.  For a system to resolve 

three peaks, the implication is that the adsorption time is long, i.e. on the order of the total retention 

time for each peak.  The loss of resolution in such a system, giving rise to the peak overlap we 

observe, can be assumed to be dominated by diffusion, DM.  Using this limit and the dimensions 

of the column, we estimate the number of theoretical plates to be 24.  This is indeed a vanishingly 

small number of theoretical plates.  The value of operating a chromatographic separation under 

such conditions is that it allows for the evaluation of site-heterogeneity in the stationary phase. 

Ultimately, even in the diffusion-limited regime, the factor that is controlling the different 

retention times of a single analyte on the silica column is the difference in mass transport terms 

for the individual sites on the column.  In the van Deemter equation, the C term carries a 

dependence on the stationary phase, CS, and a dependence on the mobile phase, CM.  Both of these 

terms are inversely related to the diffusion rate constant for the system.   
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Where for a given analyte A, kC is the diffusion rate constant for adsorption, A is the area of 

the phase involved in the adsorption/desorption, and CA is the difference in concentration of 

analyte A between the two phases.  In other words, when the adsorption and desorption diffusion 

rates are large, kC is large and the C terms are small.  When desorption is slow, kC is small and the 

term CS becomes large.31-32  We operate under this condition.  The quantity CM changes with the 

composition of the mobile phase.  When the magnitude of the CM term becomes small relative to 

the CS term, the mass transport onto and off the stationary phase dominates.  Based on the 

differences in interactions between silica sites and phenol, we can identify three different sites that 

contribute differently to the overall CS term.  The CS term is treated as a linear superposition of 

terms for the different types of sites, denoted by CS1, CS2, and CS3.  These values are sufficiently 

different to be resolved under our experimental conditions. 

Comparatively small differences in the CSi values show a resolvable effect.33  Additionally, 

it is seen that as the value of CM approaches that of CS, the greater the difference in retention time.  

As CM becomes large, the values converge, and this is seen as a single peak on the chromatogram.  

The value for CS1 is 0.02 mm, CS2 is 0.01 mm, and CS3 is 0.001 mm.  These values were chosen 

somewhat arbitrarily and are not the exact values for the silanols in the column that was used in 

the experiment.  At these values the retention times at a CM value of 0.05 mm gives a retention 

time similar to that seen in the experimental data. 

A series of models were created to show how the differences in Csi terms lead to the 

different retention times for a single analyte. It is shown that only small differences are required 
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for an effect to be shown. Additionally, it is seen that as the value of Cm approaches that of Cs, the 

greater the difference in retention time.  As Cm becomes large, the values converge, and this is seen 

as a single peak on the chromatogram.  The value for Cs1 is 0.02 mm, Cs2 is 0.01 mm, and Cs3 is 

0.001mm.  These values were chosen somewhat arbitrarily and are not intended to represent the 

exact values for the silanols in the column that was used in the experiment.  Rather, this calculation 

is intended for illustrative purposes.  At these values the retention times at a Cm value of 0.05 mm 

gives a retention time similar to that seen in the experimental data. 

 

 

Figure 4.7 Statistical model of the three dominant surface groups that affect the chromatogram. 

The Cs values are for each type of surface group. 
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Figure 4.8 An enhanced view of Figure 4.7 showing the differences in retention time at low Cm 

values 

 

The values of Cs1, Cs2, and Cs3 determine the retention time at a specific Cm. As a Cs value 

gets larger, the kinetics of adsorption and desorption increases.  This means that the analyte binds 

weakly to the column and retention time decreases.  

 

Figure 4.9 A statistical model showing the overlap of peaks with similar Cs values for the 

different chemical groups on the surface. Values are at a specific flow rate and Cm. 
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By plotting retention times as a function of Cs, it can be shown that similar Cs values give 

significant peak overlap.  This is shown in the experimental data as merged peaks.  Changing the 

Cs values changes the amount of peak overlap seen.  This model can thus be used to make 

assumptions as to the relative values of each Cs term.  Additionally, when Cm is relatively large, 

the peaks collapse into a single peak at shorter retention times due to the increased solubility in 

the mobile phase. 

 

Effect of pH 

The experimental data show a modest dependence on the pH on the mobile phase.  The 

pKa of the silica surface is about 4.5.  At pH 2 there are two distinct peaks for phenol with a 

slight shoulder on the longer retention time peak.   

 

Figure 4.10 pH dependence of the shape of the chromatograms. 
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  At pH 2 all silanol groups are protonated and there should be a single mass transport term 

for all Si-OH functionalities.  At pH values well below the silanol first pKa there are thought to be 

two dominant moieties.  These are the surface silanol groups, Q1 through Q3, and the bridging 

siloxanes, Q0 (Fig 4.11).  This interpretation assumes that at low enough pH values the silanol 

groups Q1 through Q3 have behave the same chemically and that steric differences between Q1, Q2 

and Q3 do not play an important role.  The extent to which this latter assumption holds determines 

how many chromatographic peaks are observed.  Bridging siloxanes, Q0, are expected to interact 

differently with phenol.  Q0 groups are less polar than the silanols and as such exhibit retention 

times that differ from that of the Q1 through Q3 functionalities.  These two types of groups give 

rise to the two peaks seen in the data at low pH. 

This argument holds qualitatively for the data shown in Fig. 4.11.  For the three pH values 

below 4.5, there are two prominent peaks with a notable shoulder on the longer retention time 

peak.  While this shoulder appears not to scale directly with pH, its presence is still ascribed to 

steric differences between Q1, Q2 and Q3 functionalities, with Q1 and Q2 being the dominant 

species.  For pH values of 4.9 and 6.5 there is seen to be a shift in the second peak to longer 

retention times and the appearance of at least one feature between the two dominant peaks.  These 

changes are clearly associated with the deprotonation of Q1, Q2 and Q3 functionalities to form 

siloxides. 

 

Figure 4.11 Distribution of surface silanol groups.  Each terminal -OH functionality is capable of 

undergoing proton dissociation equilibria. 
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With the broad understanding of the chromatograms in place, we turn to assignment of the 

individual peaks.  As noted in Fig. 4.10, there are four species present in or on silica, designated 

Q0 through Q3, where the number indicates the number of hydroxyl groups bonded to a silicon 

atom.  All of these species can exist at the surface, with only Q0 existing in the bulk.  Primary and 

vicinal silanols (Q1) and secondary and geminal silanols (Q2) are thought to dominate the surface, 

with Q3 being present to only a negligible extent.34  Surface silanols are known to exhibit a range 

of reactivities for both structural and steric (environmental) reasons, with the Q1 isolated silanols 

being the most acidic (pKa ~ 4.5).35  Q2 and Geminal silanols are thought to have pKa values of 

ca. 6.5 for the first Si-OH and ca. 9 for the second Si-OH,36  and all of these pKa values are affected 

by their environment.  Earlier work has shown that, in aqueous environments, increasing the ionic 

strength of the medium lowers the apparent pKa of the silanol.4  It is thus not surprising that the 

chromatographic data (Fig. 4.2) exhibit multiple different stationary phase sites and that the 

relative population of each site depends on the composition, pH and ionic strength of the mobile 

phase.  What remains unresolved is the assignment of the individual peaks to specific silanol 

functionalities.  We can use the mobile phase-dependent retention time data (Fig. 4.3) to estimate 

which type of silanol is associated with each peak.  Such interpretation rests on the assumption 

that the interactions of phenol with silanol groups depend on whether or not the silanol is 

deprotonated.   

 Based on the relative pH independence of the first chromatographic peak (Fig. 4.11), at ca. 

4.8 minutes, this peak is assigned to interactions between phenol and siloxane groups, Si-O-Si 

(Q0).  At pH 2, where all silanols are protonated, there is one clear peak at ca. 5.4 minutes, with a 

weak shoulder at ca. 5.6 minutes.  As the pH is increased the peak at 5.4 minutes shifts to ca. 5.3 
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minutes and the shoulder at ca. 5.5 minutes becomes more prominent.  At pH 4.2, below the first 

pKa of Q1 silica, and at pH 4.9, above the pKa of Q1, we observe changes in intensity of the peaks 

at 5.3 minutes and 5.5 minutes along with some potential broadening.  Based on these trends, the 

peak at 5.3 min is assigned to protonated Q1 and the peak at 5.5 min is assigned to deprotonated 

Q1.  At pH 4.9 the peak at 5.5 minutes dominates over unresolved intensity in the vicinity of 5.3 

min. and peak at ca. 5 min appears, which is also seen at pH 6.5.  The peak at 5 minutes is assigned 

to (protonated) Q2, where the dominant equilibrium in this region is the protonation/deprotonation 

of the first Si-OH group on Q2 sites.  At pH 6.5 there is a slight shoulder at ca. 5.2 min, which is 

possibly the protonated form of the second Si-OH group on Q2.  This peak appears at substantially 

the same retention time as the Q1 Si-OH band at lower pH values.  We recognize that these 

assignments are made deductively and that secondary proximity effects, as schematized in Fig. 

4.11 will also play a role in the observed chromatograms. In fact, it is those secondary effects that 

may be responsible for the lack of clear band resolution between the two dominant peaks. 

As was reported in Chapter 2, the surface energy of a silica surface depends on the presence 

or absence of metal ions in the aqueous overlayer medium.  Surface siloxide functionalities can 

and do interact with any cationic species in solution, and in systems where Na+ is present, there is 

a competition between H+ and Na+ for complexation.  We have studied this effect for the current 

system.  We accomplish this by comparing the chromatographic data for phenol in water at specific 

pH values with and without the addition of 0.1 M NaCl.  The addition of Na+ to the mobile phase 

at pH 2 affects the chromatographic profile to only a limited extent and in an expected manner 

(Fig. 4.12).  At pH 2, 2.5 pH units below the first pKa of silica, the silica surface fully associated 

with either H+ or Na+.  For these conditions, [H+] = 0.01 M and [Na+] = 0.1 M, an order of 

magnitude difference, leading to the expectation that there would be at least some displacement of 
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H+ by Na+, and this is seen as an increase and shift in the chromatographic peak associated with 

Q1 sites relative to that associated with Q0 sites, which should be unaffected by the presence of 

either Na+ or H+ (Fig. 4.12).  It is expected that the interaction of phenol with a SiOH functionality 

would differ in energy from an interaction with a SiO-Na+ functionality. 

 

 

Figure 4.12 Effect of Na+ on the chromatogram at pH 2. 

 

Figure 4.13 Effect of Na+ on the chromatogram at pH 6.5. 
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At pH 6.5 (Fig 4.13), above the pKa of Q1, the addition of Na+ changes the chromatogram 

from exhibiting four identifiable features, as assigned above, to showing two clear peaks.  As with 

the data at pH 2, the siloxane (Q0) peak does not change with [Na+], but the apparent simplification 

of the chromatogram from four to two features can be understood in the context of siloxide sites 

that are unoccupied by H+ will be occupied by Na+ because [Na+] = 0.1 M and [H+] ~ 3x10-7 M.  

We posit that the peak at ca. 5.1 minutes is associated with the interaction of phenol with 

deprotonated silanols.  Thus, the addition of Na+ to the chromatographic system has the expected 

effect. 

 

Conclusion 

Despite its wide use in chromatographic separations, it is typically held that the distribution 

of surface sites is effectively averaged over a large number of interactions between analyte 

molecules and the silica surface.  Under conditions where there are a limited number of interactions 

with the silica surface, however, the different interactions that a given analyte can experience with 

a silica surface is revealed.  Such measurements serve two valuable purposes.  First, these 

measurements demonstrate that it is possible to examine the distribution surface silanol types under 

the appropriate experimental conditions.  Second, knowledge of the distribution of sites on a silica 

surface can be used in tailoring the properties of this material to specific applications.  By 

understanding these characteristics, we can better utilize surfaces.  Techniques such as HPLC can 

be utilized in a variety of ways to understand mechanistically what is happening at the solid/liquid 

interface.  The interaction of chemical species with the silica surface is a dynamic process that is 

affected my many conditions.  When performing an HPLC separation, care should be taken to 
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understand the importance of the mass transport term in the Van Deemter equation.  The nature of 

this term is fundamental in controlling the separation in any type of HPLC experiment. 

Though we utilize aqueous normal phase HPLC in this experiment, a technique not 

typically employed due to issues of solubility, peak tailing, and other issues, we present 

explanations for understanding mechanisms related to other separation techniques such as HILIC. 

The experiments employed in here closely resemble that of a HILIC separation of which the 

mechanisms are not fully understood.  The factors that govern the separation are crucial to 

understanding how HILIC experiments work.  Conditions such as temperature, flow rate, ionic 

strength, and mobile phase make-up can be individually manipulated or combined to optimize 

separation efficiency.  Aqueous normal phase HPLC has the potential to be a powerful tool in 

separations once more work has been put into understanding theory and practical aspects behind 

its function. 
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Chapter 5 

Conclusions 

 The silica surface has been investigated extensively because of its importance and its 

complexity.  Among the issues that complicate the investigation of silica is the fact that it is an 

insulator.  Several non-electrochemical analytical techniques can be utilized to help further 

characterize the silica surface, especially when used in ways that are atypical.  The experiments 

presented in this dissertation have been performed with the goal of improving our understanding 

of the silica surface.  These experiments have expanded our understanding of silica surfaces and it 

is possible that this knowledge can be applied to understanding other oxide surfaces in greater 

detail.  

 Accounting for the role of multiple equilibria provides insight into the compositional 

distribution of surface silanol functionalities and how changes in aqueous overlayer composition 

can modify the silica surface.  By controlling aqueous overlayer pH and ionic strength, the silica 

surface energy and effective surface pKa can be determined.  These changes in surface energy are 

important as they are central to the utility of the silica surface for applications such as 

chromatographic and electrophoretic separations, for example.  

The characterization of the silica surface using 29Si and 23Na solid state NMR helped to 

elucidate the types of surface binding sites present when silica is exposed to solution phase Na+.  

The 29Si NMR showed that when the silica surface is exposed to Na+ at low pH values the surface 

is nominally fully populated by silanol groups.  When the pH is above the first pKa of the surface, 

4.5, protons are displaced from the surface and the surface siloxide sites associate with the Na+ 

ions.  The 29Si NMR data show this by a change in the ratio of Q0:Q1 surface groups.  The 23Na 
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NMR data show a single peak, indicating that to within the limitations of the linewidth of the 

measurement, there is one characteristic binding site for Na+ at the siloxide/silanol surface.  

The neutralization of the silica surface upon exposure to Na+ was confirmed via  potential 

measurements.  Below the surface pKa the  potential is ca. 0 mV.  Above the pKa the surface has 

a  potential of -15 mV, with Na+, and -30 mV, without Na+.  Additionally, there are two transition 

states in the experiments with an ionic strength of 0.1 M corresponding to the second deprotonation 

of surface silanols.  We note that the  potential is not a quantitative, fundamental characterization 

parameter for a charged surface.  Rather, it is a quantity that is reflective of the effective charge of 

the surface and as such is useful for making comparisons between different conditions of a given 

system but cannot provide direct insight into the surface silanol density. 

While the distribution of surface functionality plays a central role in determining the 

properties of the silica surface, the complex morphology of this material can mediate the chemical 

activity of silanol groups and it is this additional factor that has complicated efforts to understand 

the behaviour of silica.  The morphology of the silica surface over mesoscopic length scales has 

been investigated using SEM.  The insulating nature of silica is shown on the native oxide surface.  

Upon exposure to aqueous NaOH or KOH, two physical changes result.  The first is that the surface 

area determined by BET isotherm measurements decreases from 400 m2/g to 290 m2/g.  This is 

likely due to the solubility of silica in highly basic media causing some surface features to dissolve, 

leaving a less featured surface.  The second change is an observed change in surface conductivity, 

which is due to the presence of Na+ or K+ on the surface and its ability in an adventitious water 

adlayer to provide at least some amount of conductivity. 
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The surface concentration of silanol groups was measured using ICP and TGA.  A range 

of 1.6 mol/m2 to 7.0 mol/m2 was found, depending on the method used.  While this is a large 

range, it should be noted that with the ICP measurement, consistent with the NMR data, not every 

silanol reacts with Na+, leading to a result that is lower than the actual value.  Thermogravimetric 

analysis is expected to provide a more accurate measurement of surface silanol density because it 

detects the thermal release of H2O, a neutral and volatile compound.  

The use of normal phase HPLC under atypical conditions produced anomalous results that 

could be explained in the context of highly inefficient mass transport.  Phenol, used as  probe of 

the silica surface, samples each type of surface silica site.  Under the conditions used the adsorption 

and desorption of phenol is slow, with a characteristic surface residence time on the same order as 

the total retention time of the phenol.  Since the surface sites differ in energy, their retention 

affinities for the phenol differ and under conditions of a limited number of (slow) adsorption and 

desorption events, manifests as a single analyte generating multiple, partially resolved eluted 

peaks.  It should be noted that this mass transport limited regime is accessed by the polar nature of 

the surface combined with the use of high concentrations of water, 20% and greater, in the 

methanol mobile phase.  These results are not seen in a comparatively less polar mobile phase of 

more than 80% methanol.  The flow rate of the system was changed to account for the slow 

adsorption and desorption processes.  Increasing the flow rate reduces the time the phenol can 

interact with the stationary phase thus increases the efficiency of the system.  It should be noted 

that this increase in efficiency with flowrate is due to the slow mass transport kinetics of this 

system.  The temperature at which these measurements were made was varied to evaluate the 

possibility of phenol aggregation.  No evidence for aggregation was found.  The concentration of 

phenol was also varied to test for aggregates, and no concentration-dependence was found. 
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Future Directions 

These experiments elucidate some of the properties of the silica surface and the 

consequences of surface equilibrium phenomena  Results from the highly atypical conditions used 

in the chromatographic experiments can be applied to other experiments.  Capillary 

electrophoresis, CE, is another separation technique where the silica surface is of central 

importance, not in this case for adsorption and desorption, but rather for its ability to support 

electroosmotic flow.  The separation is mediated by electric field-induced electroosmotic flow, 

which is itself controlled by the charge on the silica capillary surface.  It is thus possible to use 

electrophoresis to evaluate the competitive equilibria that operate at the silica surface, and such an 

investigation may prove useful.  By varying mobile phase pH, ionic strength, and metal ion 

identity, it is possible to control the net charge of the silica surface, which will affect the 

electroosmotic flow through the surface  potential.1-2  The movement of ions and molecules 

through the capillary is mediated by the flow of ions near the silica surface.  The magnitude of this 

surface charge is controlled by the electrolyte solution.  Metal ions have different equilibrium 

constants for surface adsorption.  Ions with higher equilibrium constants bind tighter to the surface.  

The larger the association constant for a given metal ion, the greater extent of surface binding and 

the lower the electroosmotic flow will be.  

It may also possible to take advantage of the conductive nature of an indium-doped tin 

oxide, ITO, or fluorine-doped tin oxide, FTO, surface to perform a variety of electrochemical 

experiments that could provide complementary information on the characterization of oxide 

surfaces.  Using a conductive support, the characterization of self-assembled monolayers is 

possible through the use of techniques such as cyclic voltammetry and impedance spectroscopy.3  

In addition to being able to control the surface charge by applying current to an ITO or FTO 
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electrode, it is possible to take advantage of the native surface charge of the electrode.4  Unlike 

silica, ITO has a positive  potential at pH values below 6.5  In this case it may be possible to 

experiment with anion identity in competitive equilibria experiments. 

The chemical reactivity of the surface can also be important in chemical sensing 

applications.  There are many examples where such applications rely on the interactions of the 

surface-fluid interface.  Ion-selective electrodes, Chemical field-effect transistors (ChemFET), and 

Ion-sensitive field effect transistors (ISFET) rely on the interactions of electrolyte solutions with 

semiconductor surfaces.6-7  By modifying the surface chemically and controlling the pH, ionic 

strength, and metal ion identity, the strength of binding of the analyte to the surface can be 

modulated.8  The electrolyte solution composition can be controlled to mediate the selectivity of 

the analyte for the surface.  Chemically selective electrodes are important for many applications, 

especially those with biological relevance.  However, they typically suffer from interferences by 

similar compounds.  It may be possible to increase the selectivity of surface-based sensors by 

taking advantage of the different reactivities that different surface groups have, such as pKa or 

equilibrium constant.  Modification of oxide surfaces also suffers from incomplete coverage.  

While in most applications unreacted sites are either supressed or capped due to their deleterious 

effects, it may be possible to take advantage of these sites for increased selectivity under 

appropriate conditions.9-10 

Chemical selectivity is the end goal of many surface interactions.  The ability for sensors 

to operate without interference or for surface selective separation is one that is full of complexity.  

Surface heterogeneity is a characteristic that is often supressed however, it is possible to take 

advantage of heterogeneity for the end goal of the optimization of chemical processes. 
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Figure A.1 Chromatogram of phenol at 100% methanol. A single peak is shown corresponding to 

the analyte. 
  



90 
 

-1 0 1 2 3 4 5 6 7 8

-100000

0

100000

200000

300000

400000

500000

600000

700000

In
te

n
s
it
y
 (

re
l)

Time (min)

 90%

 
Figure A.2 Chromatogram of phenol at 90% methanol/10% water. A single peak is shown 

corresponding to the analyte. 
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Figure A.3 Chromatogram of phenol at 80% methanol/20% water. Multiple peaks are shown for 

the phenol analyte. 
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Figure A.4 Chromatogram of phenol at 70% methanol/30% water. Multiple peaks are shown for 

the phenol analyte. 
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Figure A.5 Chromatogram of phenol at 60% methanol/40% water. When compared to Figure A.4 

the peak ratios have changed noticeably. 
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Figure A.6 Chromatogram of phenol at 50% methanol/50% water. 

  



95 
 

-1 0 1 2 3 4 5 6 7 8

0

50000

100000

150000

200000

250000

In
te

n
s
it
y
 (

re
l)

Time (min)

 40%

 
Figure A.7 Chromatogram of phenol at 40% methanol/60% water. 
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Figure A.8 Chromatogram of phenol at 30% methanol/70% water. 
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Figure A.9 Chromatogram of phenol at 20% methanol/80% water. 
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Figure A.10 Chromatogram of phenol at 10%methanol/90% water. 
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Figure A.11 Chromatogram of phenol at 100% water. The chromatogram is drastically different 

than that shown in Figure A.1.  
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Figure A.12 Flow rate dependence of the shape of the chromatogram. 
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Figure A.13 29Si solid state NMR spectra of silica gel at approximately pH 2. Ionic strength is 

0M.  
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Figure A.14 29Si solid state NMR spectra of silica gel at approximately pH 2. Ionic strength is 

0.1M 
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0.1M.  

Figure A.15 Effect of Na+ on the silica gel 29Si NMR. The pH of the system is approximately 6.5. 
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Figure A.16 29Si solid state NMR spectra of silica gel at approximately pH 6.5. 
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Figure A.17 23Na solid state NMR of the silica gel after exposure to NaOH. 
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