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Abstract:  

Superhydrophobic coatings were prepared using fluorosilane treated diatomaceous 

earth (DE) with either polyurethane or epoxy binders and the results were compared. The 

water contact angles were studied as a function of the amount of fluorosilane on DE and 

the amount of treated DE particle loadings in the coatings. The contact angles exceeded 

150° for coatings with at least 0.02 mass fraction of fluorosilane on the DE and with 0.2 

mass fraction particle loadings of fluorosilane-treated DE particles. The water contact 

angles of the surfaces were dependent on the nature of the binder below 0.2 mass 

fractions loading of the treated DE particles, while they were independent of the type of 

the binder after attaining superhydrophobicity. 

The wettability of treated DE was studied as a function of the chain lengths and 

adsorbed amounts of alkyltrimethoxysilanes (C3, C8, C12, C16, and C18) with the help 

of water contact angle measurements. Temperature modulated differential scanning 

calorimetry (TMDSC) results showed that silanes on the treated DE became crystalline 

with increasing chain length (C ≥ 12) and adsorbed hydrocarbon amounts (adsorbed 

amount ≥ 2.2 mg/m
2
). The formation of a crystalline/ordered structure from low-surface 

energy material led to the formation of superhydrophobic coatings on treated DE. At 

similar adsorbed hydrocarbon amounts, as the carbon chain length of coupling agents 

increased, we observed a concomitant increase in the water contact angle.  

The structural assemblies of hexadecyltrimethoxysilane (HDTMS) on silica/DE 

particles were studied by TMDSC, thermogravimetric analysis, and Fourier transform 

infrared spectroscopy (FTIR). HDTMS molecules adsorbed at very small adsorbed 

amounts molecules were directly bound to the silica/DE surface as isolated molecules, 

and their aggregates were more likely to be amorphous. These molecules were found to 

have very small enthalpies for both melting and crystallization of HDTMS hydrocarbon 

chains. These enthalpies were found to increase linearly with adsorbed amounts for the 

silica surface. With further increased adsorbed amounts of HDTMS, melting and 

crystallization enthalpies increased exponentially and approached the bulk HDTMS 

enthalpy for samples with a distance constant of around 1.6 and 2.9 mg/m
2
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CHAPTER I 

 

INTRODUCTION 

 

Hydrophobicity is an important property for various kinds of solid surfaces for many 

applications. Contact angles for water droplets on surfaces can be used to estimate 

hydrophobicity. Hydrophobicity means fear (phobic) of water (hydro). Surfaces with 

water contact angles greater than 90° are considered hydrophobic, and surfaces with very 

high water contact angles (particularly larger than 150°) and sliding angle typically less 

than 5-10° are usually considered superhydrophobic.
1
 Many superhydrophobic surfaces 

are found in nature such as lotus leaves, butterfly wings, rose petals and gecko feet. These 

surfaces have special interesting properties such as anti-stick, anti-contamination,
2,3

 and 

self-cleaning abilities.
4-8

 These properties have made studies of superhydrophobic 

materials interesting for the research and development field in last decade. A combination 

of suitable surface roughness and low-surface-energy is responsible for 

superhydrophobicity. Many of the preparation techniques to achieve superhydrophobicity 

are difficult, expensive, or need special equipment. With the development of 

superhydrophobic coatings, different kinds of methods have been used as preparations, 



2 

such as phase separation,
9
 electrochemical deposition,

10
 template methods,

11,12
 

emulsion,
13

 plasma,
14

 crystallization control,
15

 chemical vapor deposition,
16

 wet chemical 

reaction,
17

 electrospinning,
18

 solution immersion,
19

 sol-gel processing,
20,21

 and others.
22,23

 

Even though these surfaces show very high contact angles, the use of expensive materials 

and complex processes limits their use on lager surface area applications. Recently 

diatomaceous earth (DE) based superhydrophobic coatings with fluorosilane molecules 

were shown to be superhydrophobic.
24-26

 DE has high thermal stability,
27

 high 

porosity,
28,29

 relatively low cost
30,31

 and can be useful for creating superhydrophobic 

coatings. 

Diatoms are groups of unicellular photosynthetic eukaryotes terrestrial in most 

aquatic habitats.
32

 They are responsible for 20-25% of the world's net primary food 

production 
32

 and play an important role in the global biogeochemical silica cycling.
33

 

There are more than 200,000 estimated diatom species by their unique frustule shapes.
32

 

These unique frustules are composed of amorphous silica, with relatively small 

percentages of other oxides such as Al2O3, Fe2O3, CaO, and others.
34

 These frustules are 

decorated with unique patterns such as pores, channels, rides, spikes, and spines.
31

 Most 

frustules are composed of two halves. The inner frustule is known as the hypotheca, and 

the outer one is called the epitheca.
32

 

Diatoms are classified in to two major groups based on the valve symmetry. Two 

groups are, in the class of centrics, diatom frustules that have radial symmetry with the 

pores extending radially from the center to the circumference (Figure 1.1a). The pennate 

diatoms frustules are elongated and have bilateral symmetry. They contain parallel pore 

rows perpendicular to the long axis (Figure 1.1b).
35
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Figure 1.1. Scanning electron micrograph (SEM) of (a) centric (b) pennate diatoms. 

In Chapter III, the research reported was focused on understanding some of the basic 

principles of coatings relevant to production of superhydrophobic coatings with 

fluorosilane treated DE. Of particular interest was the understanding of the dependence of 

superhydrophobicity on different mass fractions of fluorosilane, different amounts of 

fluorosilane-treated DE particle loadings, and with different polymer binders (epoxy and 

polyurethane). The amounts of fluorosilane coupling agents on the surface and surface 

area/pore size distributions of treated DE particles were determined from 

thermogravimetric analysis (TGA) and Brunauer–Emmett–Teller (BET). The surface 

morphology of treated DE particle coatings were observed using scanning electron 

microscopy (SEM). Contact angle measurements have been used for understanding the 

wettability of the surface.  

The second study, Chapter IV; deals with the modification of DE with non-

fluorosilane coupling agents and understanding the development of superhydrophobicity 

with silane treatment of different chain lengths. The modification of DE was performed 

using alkyltrimethoxysilanes of chain lengths (C3, C8, C12, C16, and C18) at similarly 

a b 
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adsorbed hydrocarbon amounts. The wettability of functionalized DE containing surfaces 

was studied using water contact angle measurements. The water contact angles were also 

studied as a function of the amount of treated DE particle loadings in polyurethane 

coatings. We also investigated the thermal properties of these alkyltrimethoxysilane-

treated DE powders using TGA and differential scanning calorimetry (DSC). The surface 

properties and porosity of these systems were able studied with Brunauer–Emmett–Teller 

(BET) specific surface area and pore volume measurements.  

In addition to superhydrophobicity, we were interested in understanding the structural 

associations of organosilanes on different silica surfaces as discussed in Chapters V and 

VI. In these studies, hexadecyltrimethoxysilane was used as an organosilane coupling 

agent to treat the different types of silica surfaces. DE and nano silica particles (Cab-O-

Sil LM130 ) were used as solid surfaces to study the behavior of treated organosilane 

under different grafted densities. These samples were characterized by temperature–

modulated differential scanning calorimetry (TMDSC), TGA, and Fourier transform 

infrared spectroscopy (FTIR). TMDSC has been used to study the melting and 

crystallization enthalpies and temperatures of bulk and treated surfaces.
36

 Thermal 

transition temperatures and enthalpies of bulk hexadecyltrimethoxysilane has been 

compared with those of the treated DE and nano silica. Moreover, changes in the 

enthalpies of melting and crystallization for treated hexadecyltrimethoxysilane samples 

indicates that the hexadecyltrimethoxysilane molecules underwent significant structural 

changes, from surface to bulk like-structures with the addition of more coupling agents. 

The enthalpies of melting and crystallization over a wide range of compositions were 

measured using TMDSC. These enthalpy values were fitted with a multilayer model, with 
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the contribution of a surface attached “monolayer like” surface, where enthalpy increased 

linearly with adsorbed amount and multilayers whose enthalpy increased exponentially 

from the monolayer to near the bulk value of hexadecyltrimethoxysilane. 

The last part of this thesis deals with the effect of p-toluenesulfonic acid (PTSA) on 

the adsorption of silane coupling agents. Silica and DE surfaces were able to be modified 

with silane coupling agents using of PTSA as a catalyst. Due to the presence of 

hydrophilic silanol groups on the surface of silica and DE, sulfonate groups of PTSA 

interacted with the surfaces. These interactions/adsorption led to difficulty in calculating 

the amount of adsorbed silane coupling agent. In the Chapter VII it was determined how 

to calculate the amount of adsorbed coupling agent and the PTSA on the surface.  
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CHAPTER II 

 

BACKGROUND 

 

2.1. DIATOMACEOUS EARTH 

Diatomaceous earth is the fossilized remains of unicellular, eukaryotic, 

photosynthetic aquatic organisms called diatoms.
1,2

  

2.1.1. Structure and properties of diatomaceous earth 

Diatomaceous earth (DE) is a naturally occurring soft mineral compound. It is mostly 

composed of pure amorphous silicon dioxide (SiO2. nH2O), made up of skeletons 

(frustules) of diatoms which are unicellular microscopic plants and probably the most 

widespread group of plants on the earth which participate in photosynthetic production.
2
 

They are abundant in all aquatic ecosystems and also terrestrial environments. Diatoms 

have distinct frustules (more than twenty five thousand species of diatoms with unique 

morphology) with micro-nano pore structure and species characterized pore patterns. 

(Figure 2.1)  
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Figure 2.1. Different shapes of diatoms.  (Photo from : potiphar.jongarvey.co.uk) 

About 20 to 80 million years ago, mostly in the Eocene and Miocene epochs, 

different species of diatoms extracted silicon from water because of the compressive 

strength of wall silica and its possible immunity to enzymatic attach.
3
 When the diatoms 

died, the tiny shells sunk, and over the years these shells pressed and formed thick layers. 

Eventually these deposits were fossilized and compressed into a soft, chalky rock that is 

now called DE. Deposits of diatoms occur in hundreds of localities. Many of these 

deposits are extensive and rather free from excessive contamination by impurities. 

Deposits range in thickness from a few centimeters to several hundred meters. DE 

contains 75–96% silica, with 1-10% alumina, less than 3% iron oxide, and other oxides.
3-

8
 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=&url=http%3A%2F%2Fpotiphar.jongarvey.co.uk%2F2016%2F05%2F20%2Fwater-the-building-block-of-life%2F&psig=AFQjCNHFm5XRlKL4fBAC5TpeFDmCOOv3Iw&ust=1466780894433410
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Figure 2.2. Electron microscopy of a selection of ten planktonic diatoms, measuring 

between 1–40 µm.  (Photo from: www.swimuniversity.com) 

DE, in its natural state, is composed largely of amorphous silica and there is no 

evidence that this form of silica is particularly toxic to humans.
9
 Crystalline silica can 

pose a health hazard due to entering in to respiratory system. While the amount of 

crystalline silica in natural DE is quite small (less than 1%) to pose a health hazard, DE is 

extremely stable and does not produce toxic chemical residues or react with other 

substances in the environment. So according to the Environmental Protection Agency 

(EPA) in the USA, natural DE is described as amorphous silicon dioxide which is 

classified and generally recognized as a safe (GRAS) food additive.
9
 

DE is commonly used for the purification of water, the removal of microorganisms 

from juice, the filtration of commercial fluids, and the separation of various oils and 

chemicals due to its high porosity (Figure 2.2 and 2.3).
10

 DE can absorb two to three 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=&url=http%3A%2F%2Fwww.swimuniversity.com%2F10-amazing-facts-about-hot-tubs%2F&psig=AFQjCNFhX_S1V8Or2WdDWzwr1e_n9S-GeQ&ust=1466780567843887
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times its own weight in liquids without flowing; this property was used in the preparation 

of pesticide carriers, and for the safe storage and transportation of hazardous liquids.
3
 It is 

also used in a large number of commercial products such as detergents, deodorizers, filter 

systems for swimming pools, a drilling–mud additives, anti–caking agents, and animal 

feed additives.
10

  

 

Figure 2.3. Highly developed micro-nano structure of diatomaceous earth is extracted 

from the Evolution of the diatoms: insights from fossil, biological and molecular data by 

Patricia A. Sims and co-authors.
10

 



13 

DE skeletons have unique nanostructure patterns which include pores, rides, and 

areoles. These features make up the micro- and nano- structure of DE, which is a very 

important source for nanotechnology (Figure 2.3).
10

 Due to its specific properties such as 

high porosity, high silica content, low density, low conductivity coefficient, and low 

price, it can be used in the formation of superhydrophobic coatings when modified with 

low surface energy material. 

2.2. WETTING AND DEWETTING 

Wettability of solid surfaces with a liquid (water in particular) is a crucial surface 

property, which plays an important role in daily life, as well as in many industrial 

processes. Wetting is the ability of a liquid to maintain contact with a solid surface, 

resulting from intermolecular when the two are brought together. The degree of spreading 

(wettability) depends on cohesive forces between liquid molecules and adhesive 

interactions between liquid and solid molecules. Adhesive interactions cause a liquid 

drop to spread across the solid surface, and cohesive interactions cause the liquid drop to 

ball up and avoid contact with the surface. Equilibrium between these two interactions 

causes the shape of the drop on the solid surface, which is defined by contact angle. 

2.2.1. Surface tension 

Surface tension of a liquid formed is due to the inter-molecular attractive forces 

(cohesive forces) present in-between the liquid molecules. As seen in Figure 2.4, at liquid 

air interface, surfaces do not have the same type of molecules on all the sides. Therefore, 

cohesive forces are imbalanced and try to pull inwards. Consequently, the water 

molecules make them acquire the least surface area as possible and form spherical 

droplets. The net effect is water behaving as a stretched elastic membrane. Liquids with a 
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greater proportion of polar groups (e.g., O-H groups) give rise to the higher surface 

tension in air and form separate water droplets on the surface rather than wetting the 

evenly. Surface tension is usually represented by γ and quantified in terms of the, force 

acting on a unit length or energy per unit area.  

 

Figure 2.4. Cohesive forces inside a water drop.  

2.2.2. Contact angle 

The contact angle is measured through the liquid, where a liquid/vapor (gas) interface 

meets a solid surface. The interface where all three phases (solid, liquid, and vapor) co-

exist is referred to as the “three-phase line.” Figure 2.5 shows a sketch of liquid droplet 

on solid surface forming a contact angle of θ. The contact angle depends on the forces 

acting on the liquid droplet. γsl, γlv, and γsv  are the surface tensions of solid–liquid, liquid–

gas and solid–gas interface, respectively, as Figure 2.5.  

 

Air 

Surface 

Interaction forces on 

molecule on surface Interaction forces 

on molecule in bulk 
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Figure 2.5. Contact angle of liquid on solid surface. 

The contact angle or shape of the liquid droplet on the surface is determined by the 

combination of surface tension and external force (gravity). The water contact angle can 

be classified into three different regimes: less than 90° (hydrophilic), between 90° and 

150° (hydrophobic), and equal or greater than 150° (superhydrophobic). Figure 2.6 

graphically illustrates some possible contact angles formed by sessile drops on surfaces. 

 

Figure 2.6. Schematic representation of contact angles for a water droplet placed on (a) 

hydrophilic (b) hydrophobic and (c) superhydrophobic surfaces.  

2.3. SUPERHYDROPHOBICITY  

Surfaces that exhibit contacts angles greater than 150° and small contact angle 

hysteresis are defined as superhydrophobic surfaces. Superhydrophobicity occurs due to a 

combination of two physical properties:  

θ 

γlv 

γsv 

γsl 

θ < 90° 90° < θ < 150° θ ≥150° 

θ θ θ 

a b c 
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a) surface roughness  

b) low surface energy  

To form a superhydrophobic coating, a rough surface may be modified with the help of 

low surface energy material or surface roughness created on a low surface energy 

material. The need for a low surface energy rough topography on the formation of 

superhydrophobicity is detailed below. 

2.3.1. Smooth surface 

A liquid, placed on a homogeneous smooth solid surface with equilibrium contact 

angle θ, can, in principle, be obtained using Young’s equation as in equation 2.1. 

 (2.1) 

For a given solid surface, liquids with larger surface tensions in a given medium 

would form a higher contact angles because they have low wettability compared to 

liquids with lower surface tensions. When the liquid is water, water repelling solids are 

classified as hydrophobic (> 90
 o
) and water loving solid are classified as hydrophilic (< 

90
 o
). In the case where the liquid phase is water and vapor phase is air, the surface 

tension of water and air (γlv) is constant. Therefore, the contact angle can be increased by 

lowering the surface energy of the surface with air (γsv). As reported, material with CF2 

and CF3- functional groups on a smooth surface have the lowest surface energy with 

water contact angles of about 120°,
11-13

 which nearly highest contact angle recorded for 

fluorocarbon treated surfaces. Hence, superhydrophobicity cannot be achieved with a 

smooth surface, even when the surface is coated with lowest surface energy material.  
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2.3.2. Rough surface  

If the liquid is on a rough surface, it can either penetrate into the rough surface 

(Wenzel regime) or suspend above the rough surface (Cassie-Baxter regime) as shown in 

Figure 2.7. 

  

Figure 2.7. A liquid droplet sits on a rough surface. Left: Wenzel regime; right: Cassie-

Baxter regime. 

The contact angle of surfaces with Wenzel regime is given by Wenzel’s equation as 

equation 2.2: 

 (2.2) 

where θrough is the apparent contact angle on the rough surface, r is the surface roughness 

factor, or the ratio of the contact surface area divided by the projection area, and θsmooth is 

the intrinsic contact angle on a smooth surface. In the Wenzel regime if a material has 

θsmooth > 90
o
, the surface roughness could make it superhydrophobic; if a material has 

θsmooth < 90
o
, roughness make it superhydrophilic. 

In the Cassie-Baxter regime, the liquid is suspended on a rough surface and air 

trapped between the solid materials; in other words, a liquid droplet on a composite 

surface. In this regime Cassie-Baxter equation 2.3, gives contact angle: 
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 (2.3) 

 (2.4) 

In this equation, θrough is the contact angle on rough surface, Фs and Фv are the fractions 

of solid and air in contact with liquid (Фs + Фv = 1) and θsmooth is the intrinsic contact 

angle on a smooth surface. Since, the contact angle of air (θlv) is 180°, cos θlv = -1. 

Therefore, the Cassie-Baxter equation can be rewritten as equation 2.4. According to the 

Cassie-Baxter regime, a water droplet is sitting on top of the rough surface, so 

superhydrophobicity can be attained even with a slightly hydrophilic material with the 

proper surface roughness. 

2.4. LOW SURFACE ENERGY MATERIALS USED ON SUPERHYDROPHOBICITY 

Controlling the surface energy is very important for the formation of the hydrophobic 

and superhydrophobic coatings. Therefore, a variety of chemicals are used in the 

formation of superhydrophobic coatings to reduce the surface energy of the surface. 

Fluorine is a well-known effective low surface energy element because it has a small 

atomic radius and large electronegativity. As reported in the literature,  the free energy of 

a surface decreases in this order: -CH2 > -CH3 > -CF2 > -CF3.
13

 There are two groups of 

low surface energy materials of interest in this study; silane (fluorosilane and non-

fluorosilane with a long hydrocarbon chain) and fluoropolymers. Fluorosilane and non-

fluorosilane (with long hydrocarbon tail) are often used in the formation of 

superhydrophobic coatings. Octadecyltrichlorosilane (OTS),
14,15

 

hexadecyltrimethoxysilane (HDTMS),
16,17

 dodecyltrimethoxysilane(DDTMS),
18,19

 

perfluorooctyltrichlorosilane (PFOS),
20,21

 3,3,3-trifloropropyltrichlorosilane (TFPS), and 
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heptadecafluorodecyltrimethoxysilane (HFTMS)
22,23

 are some of examples which are 

able to be applied on to the surface to introduce the low surface energy. Other low 

surface energy materials include fluoropolymers; such as C4F8
24

, Teflon
25

, 

poly(vinylidene fluoride)
26

 and fluoro-copolymers.
27,28

 More details about silane coupling 

agent structure, functions, and reactions with the surface are explained in 2.4.1 section.  

2.4.1. Silane Coupling Agent 

A silane coupling agent is a silicon based chemical, which possesses a hydrolytically 

sensitive center that can react with inorganic/organic substrates (e.g. silica, alumino-

silicates, inorganic oxides, quarts, glass) to form stable covalent bonds and transfer an 

organic group. These hydrolytically sensitive centers change the physical interactions of 

the modified substrate or promote adhesion between dissimilar materials.  

 

Figure 2.8. General formula of silane coupling agent, R is the organic substitution which 

allows modification of the substrate, (CH2)n is a linker and, X is hydrolysable groups (e.g. 

alkoxy, acyloxy, halogen, or amine). 

The general formula for silane coupling agents is R’-Si-X3, where X is hydrolysable 

groups typically halide- (e.g. Cl), methoxy- (-OCH3), ethoxy- (-OC2H5) and amine- (-

NH2). With the hydrolysis, reactive silane groups condense with the surface hydroxyl 

groups to form siloxane bonds. The R’ group is a non-hydrolysable organic group, which 

X R (CH2)n Si 
X 

X 
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changes the properties of the silane. In general, the reactivity of these groups decreases in 

order of Si-NR2 > Si-Cl > Si-OCCH3 > Si-OCH3 > Si-OCH2CH3. 

According to the type of substitution present on the silane coupling agent, there are a 

wide variety of applications possible for these materials, such as water-repellent coatings, 

anti-fog coatings, fillers for composites, nanoparticle, and self-assembled monolayers, 

etc. During some of the applications, silane coupling agents are used to introduce 

hydrophobicity/hydrophilicity to given surfaces. These silane-coupling agents are non-

functionalized and can be classified into two main groups according to their surface 

energy: 

 Low surface energy species (hydrophobic silane coupling agents) 

Methyl, linear long alkyl chain, branched alkyl, fluorinated alkyl silane 

coupling agents. E.g., trimethylchlorosilane, octadecyltrimethoxysilane, 

octyldimethylchlorosilane, heptadecafluorodecyltrimethoxysilane, 3-

(heptafluoroisopropoxy)- propyltrimethoxysilane 

 Higher surface energy species (Hydrophilic silane coupling agents) 

Polar, hydroxylic, and ionic containing silane-coupling agents. E.g., 

chloropropyltrimethoxysilane, hydroxymethyltriethoxysilane 

2.4.1.1. Surface modification with silane coupling agents 

Many silane-coupling agents have organic substituient groups and three hydrolysable 

groups. (Figure 2.8) During the surface treatment, hydrolysable groups hydrolyze to form 

silanol-containing species. These silanol groups react with the surfaces bearing hydroxyl 

groups. As a result, substitution reactions take place in between the surface and substrate 

to form a covalent attachment through an oxygen linkage. However, the presence of large 
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adsorbed amounts of silane coupling agents in solution will lead to condensation between 

hydrolyzed silane-coupling agents, forming oligomers. Therefore, these oligomers 

covalently link to the substrate with the concomitant loss of water. During the adsorption 

process of the silane coupling agent, usually only one hydrolyzed group will react with 

the surface. The other two hydrolyzed groups are present in either condensed or free 

form. A schematic representation for the reactions of silane coupling agents with surfaces 

are shown in Figure 2.9.  

 

Figure 2.9. A schematic representation of silane coupling agents reactions with silica 

surface at different adsorbed amounts. 

2.5. CHARACTERIZATION TECHNIQUES  

This research involves the necessary characterization of structure and morphology of 

silanes with DE and the resulting surface wettability. The ability to characterize the 

coating morphology is very important in this research. The characterization techniques 

used in this research included contact angle measurement, scanning electron microscopy 
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(SEM), thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy 

(FTIR), temperature-modulated differential scanning calorimetry (TMDSC), Brunauer, 

Emmett, and Teller (BET) and pore size analysis.  

2.5.1. Contact angle 

Contact angle measurement is one of the most common methods used to measure the 

hydrophobicity of a surface. The contact angle measurement instrument in our laboratory 

directly measures the tangent angle (contact angle) of the three-phase point using  the 

sessile drop method. Many measuring techniques have been described in the literature 

such as captive bubble method, tilting plate method, Wilhelmy Balance Method, and 

Telescope-Goniometer.
29

 Only few of these techniques have been found to be generally 

applicable. The most frequently used method is the sessile drop method using a 

Telescope-Goniometer. 

 

Figure 2.10. Laboratory-made system to measure water contact angle. This instrument 

was constructed by Dr. Hamid Mortazavian of OSU. 
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To measure the hydrophobicity of the surfaces, we used the sessile drop method with 

a laboratory-made contact angle instrument to determine the water contact angle. (Figure 

2.10) The equipment consisted of a horizontal stage to mount a solid sample, a 

micrometer pipette to form a liquid drop, an illumination source used to assist the 

observation, and a high resolution Proscope camera (capable of recording 15 fps at a 

640×480 resolution), which was integrated to take a photograph of the sessile drop on the 

surface. Water contact measurements were usually done by taking images of 3-5 µL 

deionized water droplets placed on different spots of the surface. The use of the high 

resolution camera enables detailed examination of the three-phase contact point of the 

surface. Then the contact angle was analyzed using a Low-Bond Axisymmetric Drop 

Analysis Software (LB-ADSA), which is included in the Image J software.
30

 Figure 2.11 

shows the fitting of the water droplet image using the LB-ADSA approach.  
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Figure 2.11. Droplet of water on treated fluorosilane diatomaceous earth on epoxy 

coating and the LB-ADSA interface with appropriate parameters to fit a circle to the 

droplet.  

This method has several advantages with comparison to other contact angle methods, 

such as, simplicity and need of only a small amount of liquid and small surface of 

substrate to detect the contact angle. 

2.5.2. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) is a technique which produces an image of a 

sample by scanning it with a beam of electrons. This equipment is composed of the 

electron gun, which produces an electron beam; electromagnetic lenses and apertures, 

which help the focus the electron beam on the specimen; the vacuum system, which 
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allows the electron beam to pass through the column without interference of air 

molecules; the specimen stage; and the signal detector and display components. Figure 

2.12 shows a schematic diagram of SEM. 

 

Figure 2.12. Schematic diagram of a SEM system. 

SEM has many advantages over traditional microscopy, such as revealing information 

about the sample including external morphology and topography, chemical composition, 

crystalline structure, and orientation of materials making up the sample. Additionally, 

SEM has easy sample preparation methods and allows for large numbers of samples to be 

analyzed in short times. 
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2.5.3. Thermogravimetric analysis  

The principle of thermogravimetric analysis (TGA) measures the mass change of a 

sample as a function of temperature. During the measurement, samples are heated under 

nitrogen or air with a constant heating rate while measuring the mass change with 

temperature. The TGA technique measures the mass loss or gain due to decomposition, 

oxidation, or dehydration. The TGA instrument is basically composed of a sample holder, 

microbalance, furnace with gas flow control, thermostat, and thermocouple (temperature 

sensor). A schematic diagram of TGA instrument is shown in Figure 2.13 

 

Figure 2.13. Schematic diagram of TGA 

2.5.4. Brunauer-Emmett-Teller and pore size analysis 

In this study, the surface area measurement we done using the Brunauer-Emmett-

Teller (BET) method.
31

 The BET equation is used to determine the specific surface area; 

it uses adsorbing non-corrosive gases like nitrogen, argon, and carbon dioxide. This 

method is based on the physical adsorption of gases on the external and accessible 

internal surface of a porous material. The BET method is the most widely used standard 
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method for the determination of the surface area of porous materials; the equation can be 

expressed as follows (equation 2.5).
32

  

 (2.5) 

In equation 2.5, p and p0 are the equilibrium and saturated pressure of the adsorbate gas at 

the temperature of adsorption, v is the volume of gas adsorbed at standard temperature 

and pressure (STP), and vm is the volume of gas adsorbed at STP to produce a monolayer 

on the surface of the sample. The constant c is called the BET constant and it is 

dimensionless, and depends on the type of sample. The enthalpy of the adsorbate on the 

sample can be calculated using the parameters of a linear regression of the BET plot at 

the linear region is limited to 0.05 ≤ p/ p0 ≤ 0.3. From the linear regression, the slope is 

equal to (c-1)/ vmc, and intercept, is equal to 1/ vmc. With the help of linear regression, the 

BET constant, and the monolayer adsorbed gas quantity, vm can be determined using 

equation 2.6 and 2.7; the slope, S, and intercept, I, of the of the linear BET fit of 

1/v[(p0/p)-1] as a function of p/p0: 

 (2.6) 

 (2.7) 

The mass of the adsorbed gas, vm, to form the monolayer was helpful for calculating the 

total surface area (STotal), in m
2
, and the specific surface area (SBET), in m

2
/g according to 

equation 2.8 and 2.9. 

 (2.8) 
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 (2.9) 

where Ax is the cross sectional area of the gas. For krypton at the temperature of liquid 

nitrogen, Ax is 0.210 nm
2
; while for nitrogen molecules it is 0.162 nm

2
. N is Avogadro’s 

number, V the molar volume of the adsorbate gas, and a the mass of the solid sample or 

adsorbent. The specific surface area (SBET) can be calculated by dividing the total surface 

area by weight of the solid sample.  

 

Figure 2.14. A schematic diagram of the BET instrument.  Diagram from web 

site: particle.dk. 

Density functional theory (DFT) and computer simulation methods have been 

developed as powerful techniques for the modelling of the sorption and phase behavior of 

fluids on porous materials. In contrast to DFT and local density functional theory 

(LDFT), the non-local density functional theory (NLDFT) and Monte Carlo computer 

simulation techniques provide a more accurate approach to calculate the pore size and 

pore volume distributions.
33-36

 These methods are widely used to characterize micro- and 

https://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwj8_7v-ur7NAhXD7CYKHcd5AOIQjB0IBg&url=http%3A%2F%2Fparticle.dk%2Fmethods-analytical-laboratory%2Fsurface-area-bet%2Fsurface-area-bet-theory%2F&psig=AFQjCNEN6eE3XfWc6uJgKZ585zrp74yE4g&ust=1466782022774436
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mesoporous structures of silica, carbon, and zeolites.
34,37-39

 NLDFT and Monte Carlo 

simulation pore size distribution are based on a solution of the generalized adsorption 

isotherm equation. This equation is based on the intermolecular potentials of the 

adsorbate/adsorbate and adsorbate/adsorbent interactions. This macroscopic approach is 

based on the assumption that the total isotherm consists of different numbers of single-

individual pores. Then each single-pore isotherm was multiplied by their relative 

distribution (f(w)) as shown in below; 

 (2.10) 

where N(P/P0) is the experimental adsorption isotherm, W is pore width and N(P/P0,W) is 

the isotherm of a single pore of width W and f(W) is the pore size distribution function. 

2.5.5. Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) is a thermal analytical technique, which is 

used to measure the temperature and heat flow associated transitions in materials as a 

function of time and temperature under controlled conditions such as inert atmosphere, 

temperature, time, and pressure. DSC is used to examine and compare materials with 

each other with the help of their thermal transitions. There are several thermal transition 

events such as glass transitions, melting, crystallization, and phase changes (in liquid 

crystals and organics), which can be measured both quantitatively and qualitatively. DSC 

is widely used to analyze polymers and organic chemicals, as well as various inorganic 

materials. Additionally, it is a fairly rapid analyzing technique with easy sample 

preparation and simple operation. 
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Figure 2.15. Schematic diagram of a heat flux DSC system. 

The most common schematic design of the DSC heat flux instrument is shown in 

Figure 2.15. The sample and the empty reference pans are placed on the top of a heater. 

When heat is transferred to the pans, differential heat will be adsorbed by the pans to 

maintain the same temperature. This happens due to the difference in the composition on 

the each pan. The difference in the heat flow to the sample and to the reference is 

measured by the thermocouple and recorded on the computer. 

Temperature modulated differential scanning calorimetry (TMDSC), was introduced 

in 1993 by Reading.
40

 TMDSC uses the same DSC cell which was used on heat flux 

DSC, but a sinusoidal temperature oscillation is applied with the conventional linear 

temperature ramp to yield a non-linear temperature profile. Therefore, TMDSC uses three 

heating-related variables (heating rate, amplitude of modulation, and frequency of 

modulation) to obtain more information compared to conventional DSC. The general 

equation that describes the heat flow for a DSC or a TMDSC experiment is 
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 (2.11) 

where dQ/dt is the total heat flow out of a sample (mW/min), dT/dt is the heating rate 

(J/g), Cp is the heat capacity and f (T,t) is the kinetically-limited heat flow. According to 

this equation, total heat flow is composed of two differential heat flow components; the 

heating rate dependent component is Cp(dT/dt) (reversing heat flow), and the absolute 

temperature dependent components is f(T,t) (non-reversing heat flow). Heat rate 

dependent transitions are able to be cycled, but absolute temperature dependent 

transitions, once initiated, cannot be reversed by alternating heating and cooling. Cold 

crystallization, relaxation, curing, evaporation, and decomposition are some for the 

thermal events that are observable in the non-reversing heat flow. 

TMDSC offers additional unique information that conventional DSC is unable to 

obtain, including separation of some overlapping transitions into more easily interpreted 

components, increased sensitivity for detection of weak transitions, increased resolution 

of transitions without loss of sensitivity, measuring heat capacity and heat flow in a 

single experiment, and direct determination of thermal conductivity. 

2.5.6. Fourier transform infrared spectroscopy 

Fourier transform infrared spectroscopy (FTIR), spectroscopy is one of the more 

widely used methods for study the functional group identification and arrangement of 

organosilane molecules on the surface. It is a spectroscopic technique based on the 

rotation and vibration of bonds due to changes in the dipole moment of a molecule. As a 

result, changing in the dipole moment allows an interaction with the IR radiation. When 

IR frequency matches with the natural frequency of bond vibration (or rotation); IR 
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radiation can be adsorbed, and amplitude of the vibration will increase and result in IR 

spectra. These spectra appears as bands at the frequencies of vibration. The position of 

the IR band depends on the nature of the bonds including bond length, relative mass, and 

bond strength of the atoms. 
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CHAPTER III 

 

SUPERHYDROPHOBIC SURFACES WITH SILANE-TREATED DIATOMACEOUS 

EARTH/RESIN SYSTEMS 

 

Note: This chapter was published on Applied Polymer science, 2016, 133 pp 44072. DOI: 

10.1001/app.44072, and reprinted with permission from Applied Polymer Science.  

3.1. ABSTRACT 

Superhydrophobic coatings were prepared using fluorosilane-treated diatomaceous 

earth (DE) with either polyurethane or epoxy binders. The surface wettability and 

morphology of the films were analyzed using contact angle measurements and scanning 

electron microscopy, respectively. The water contact angles were studied as a function of 

the fluorocarbon fraction on DE and the particle loadings of treated DE in the coating. 

The contact angles exceeded 150° for coatings with at least 0.02 fluorocarbon fraction 

(mass of fluorosilane/mass of particle). The water contact angles of the surfaces were 

dependent on the nature of the binder below 0.2 particle loadings of the 

superhydrophobic DE particles, but were independent of the binder type after attaining 

superhydrophobicity. 
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The results were consistent with the superhydrophobicity resulting from the migration of 

the superhydrophobic DE moving to and covering the surfaces completely. It was also 

shown that the treatment with fluorosilanes restricted the pores in DE and reduces the 

specific surface area of the material. However, these changes had effectively no effect on 

the superhydrophobicity of the coatings. The results of this work clearly identify some 

important considerations relative to producing superhydrophobic coatings from 

inexpensive diatomaceous earth.  

3.2. INTRODUCTION 

Diatoms are unicellular algae of the class of Bacillariophyceae of Phylum 

Bacilloriophyta.
1
 Diatoms extract silicon from water for the production of their 

exoskeletons, called frustules or hydrated silica shells.
2,3

 When diatoms cells die, their 

tiny shells sink, and with time, these shells form layers of fossil deposits. These fossilized 

deposits are known as diatomaceous earth (DE) or kieselgur.
3,4

 DE particle sizes can vary 

between 1 µm and several mm in diameter.
5,6

 There are more than 100,000 different 

species with unique three-dimensional frameworks.
7
 Each three-dimensional DE 

structure contains millions of microscopic, hollow, perforated cylindrical and disk shaped 

shells. The resulting DE is an inert, highly porous, lightweight, and thermally resistant 

material.
5,8

 Naturally occurring DE is hydrophilic; consequently, it can be used in 

applications as adsorbents,
4,9

 in filtration,
10-14

 and in construction materials as a filler.
15

 

Chemically modified, DE has been used in additional applications, such as materials for 

superhydrophobic coatings,
6,16-18

 metal adsorbents,
4
 and drug delivery.

19-22
  

Surfaces that form static water contact angles greater than 150° and have sliding 

angles less than 10° are defined as superhydrophobic surfaces.
23-27

 The 
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superhydrophobicity of a solid surface is determined by two factors: its chemical 

composition and micro-nano hierarchical texture.
23-25,28

 Modifying a surface with low 

energy chemical groups can effectively increase the water contact angle of a solid 

surface. Surfaces with CF2 and CF3 groups generally have low surface energies with 

contact angles of about 120°on a flat surface.
29,30

 Roughening the surface can result in 

contact angles as high as 160 to 175°, and the surfaces become non-wettable.
31,32

 These 

superhydrophobic coatings are water-repellent, self-cleaning and can be used in many 

applications, such as anti-icing, anti-oxidation, anti-fogging, non-wetting, buoyancy, and 

flow enhancement.
33-35

 

There are many ways to fabricate superhydrophobic surfaces; they include plasma 

etching,
36-38

 graft-on-graft polymerization,
39

 chemical vapor deposition,
40

 lithography,
41

 

sol-gel processing,
42

 and self-assembly of low surface energy materials. However, most 

of the methods used to fabricate superhydrophobic surfaces are complicated, expensive, 

cannot be used on a large scale, or require special apparatus. Therefore, developing a 

facile and inexpensive approach for obtaining superhydrophobic surfaces is important. 

The use of a low-cost material such as diatomaceous earth particles is obviously worth 

consideration.  

Our objective was to produce superhydrophobic coatings using fluorosilane-treated 

diatomaceous earth particles (DE) with polymer binders that are inexpensive and have 

low volatile organic contents. DE has already been made into superhydrophobic particles 

through a variety of novel chemistries.
6,16-18

 Puretskiy, et al.
6
 showed that a hydrophilic 

polymer could be grafted-from DE to make superhydrophobic anti-iceing materials. 

Sticking the particles to the top of epoxy coatings provided improved the mechanical 
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properties of the DE layer. However, the multistep process is multi-step complicated. 

Simpson et al.,
43

 Oliveria et al.,
16

 and Polizos et al.
17

 have shown that fluorosilanes 

grafted to DE could make superhydrophobic DE particles. Coatings with treated DE and 

polydimethylsiloxane can be improved with the inclusion of graphene oxide.
18

 While 

these studies showed that superhydrophobic coatings could be made using very specific 

formulations, little has been reported about some of the basic parameters which affect the 

particles and the behavior and structures of the coatings produced from them.  

In order to produce more effective coatings, additional efforts to understand the basic 

behavior of the coatings systems were undertaken. For example, the effects on the 

superhydrophobicity of coatings systems on either the amount grafted fluorocarbons on 

DE or the particle loadings of treated DE in the coatings are not well known. In addition, 

the roles of different binder systems have not been a focus of reported work. In this study, 

we report contact angle measurements, scanning electron microscopy, specific surface 

areas of particles, and pore size measurements to understand the development of 

superhydrophobicity and to characterize the surface properties of the coatings produced. 

3.3. EXPERIMENTAL 

Treated diatomaceous earth (FS-DE) samples with different amounts of fluorosilane 

treatments were obtained from Dry Surface Coatings, (Guthrie, OK). Bisphenol A based 

epoxy resin (Epon 828) with an epoxy equivalent of 185-192 g was provided by Exel 

Logistics, (Houston, TX). A cycloaliphatic amine curing agent (Ancamine 2280) with an 

amine equivalent weight of 110 g was supplied by Air Products and Chemicals 

(Allentown, PA). An aliphatic polyisocyanate resin based on hexamethylene diisocynate 

(Desmodur N75) with isocyanate (NCO) content of 16.5 ± 0.3% and an equivalent 
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weight average of 255 was obtained from Bayer MaterialScience, (Baytown, TX). An 

alkoxylated polyol curing agent (Polyol 3611) with hydroxyl number of 610 ± 25 was 

supplied by Innovadex, (Overland Park, KS), tetrahydrofuran (THF), and hexane were 

from Fisher Scientific (Pittsburgh, PA).  

Two types of binder solutions were prepared: epoxy binders and polyurethane 

binders. The epoxy binder solutions were prepared by thoroughly mixing a stoichiometric 

amount of epoxy resin and curing agent in THF in a ratio of 0.32 g:1 mL. For the 

polyurethane binder solutions, polyisocyanate and polyol curing agent were prepared in a 

1.05 to 1 molar ratio (the excess amount of polyisocyanate ensures complete reaction of 

the polyol and provides optimal film properties) and mixed with THF in a ratio of 1 g: 

1 mL. The binders were mixed in a mechanical shaker for 15 min to make a homogenous 

solution.  

Two different sets of samples were prepared. The first set was a series of coatings 

made from treated DE samples with different amounts of fluorosilanes. The treated DE 

particles with different amounts of fluorosilane were then used to prepare epoxy coatings 

with a fixed 0.25 FS-DE particle loading. The particle loadings are shown as fractions of 

the mass of the DE (treated or untreated) to the mass of the DE plus polymer resin. In 

contrast, the fluorocarbon fractions on DE are given as the mass fractions of fluorocarbon 

(from TGA) to the total mass of treated particles (DE plus fluorocarbon). The second set 

of samples was a series of epoxy and polyurethane coatings with a single kind of treated 

DE sample containing a fluorocarbon fraction of 0.036 (FS-DE-1). This fluorocarbon 

fraction was selected based on having a sufficient amount of fluorosilane for the samples 

to be superhydrophobic. Different particle loadings of FS-DE-1 were mixed with polymer 
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binders. THF was then added to each vial to make the total volume constant. All the 

samples were mixed using a mechanical shaker for 30 min. 

For contact angle measurements, the FS-DE polymer binder samples were coated on 

glass slides (7.5 × 2.5 cm
2
) cleaned with toluene. Around 0.7 mL from each FS-DE 

polymer sample was applied onto a glass slide to yield a flat, thin, and uniform layer. The 

epoxy and polyurethane coated samples were kept on a flat surface to get a uniform 

thickness. Then air dry and then placed in an oven at 180 °C for 20 min to cure. 

Water contact angle measurements were performed using static sessile drop method 

at room temperature using a homebuilt contact angle measurement instrument with a 

high-resolution Proscope camera capable of recoding 15 fps at a 640 × 480 resolution. 

The contact angles were measured using Low Bond Axisymmetric Drop Shape Analysis 

(LB-ADSA) technique 
44-46

 by fitting the best profile to an image of 5 µl droplet of 

deionized water on the surface. The drop shape analysis was done using a drop analysis 

plugin with ImageJ software. Five readings from different locations on the surface were 

taken, averaged, and reported as the contact angle for each sample. The reproducibility of 

the contact angle values on five different places of the sample was less than ± 5° (one 

standard deviation). 

The fluorocarbon fractions in the FS-DE were quantified by thermogravimetric 

analysis (TGA) using a Q-50 Thermogravimetric Analyzer (TA Instruments, New Castle, 

DE). The samples were heated from 20 to 950 °C at a heating rate of 20 °C/min under 

40 mL/min of continuous air flow. 

Nitrogen adsorption–desorption isotherms over a relative pressure range from 0.005 

to 0.990 (P/P0) were done with a NOVA 2200e instrument (Quantachrome Instruments, 
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Boynton Beach, FL) at 77 K to measure the specific surface area and pore size 

distribution of samples. Samples were outgassed at 50 °C for 3 h under a nitrogen stream 

prior to the analysis. Surface areas were calculated using at least five relative pressures 

within the range of linearity of the physical adsorption theory (0.05 < P/Po < 0.35) by 

applying the Brunauer-Emmet-Teller (BET) 
47

 equation. The pore size distributions were 

determined using the density functional theory (DFT) method.
48

 

The surface features were characterized with scanning electron microscopy (SEM). For 

the SEM studies, aluminum pans with an inside diameter of 5 cm were coated with 2 mL 

of the dispersion. A small portion of the coatings (with the aluminum dish) was cut and 

attached to the top of an aluminum stub. Samples were then made conductive by 

sputtering with Au/Pd and imaged using an FEI Quanta 600 SEM (FEI Company, 

Hillsboro, OR) 

3.4. RESULTS 

The TGA thermograms for DE and FS-DE samples, shown in Figure 3.1, were used 

to determine the amount of grafted fluorosilane on the DE. TGA curves show that 

untreated DE had a mass loss fraction of around 0.026 at 950 °C. The fluorocarbon 

fraction was calculated using the difference between the mass loss of FS-DE and the 

mass loss of untreated DE samples at 950 °C. It has been shown for trialkoxysilanes 

undergoing thermal degradation, that the alcohol groups were removed during hydrolysis 

and the hydrocarbon chains (fluorocarbon in this case) volatilized. The so called Q-

species, with Si bonded to four oxygens, were shown to be the predominant Si species 

from the coupling agents, left on the particles after the chains degraded.
49

 For simplicity, 

we report only the fluorocarbon fraction of fluorosilane, based only on the mass of 
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fluorocarbon chains. As evident from Figure 3.1, the mass fractions of grafted 

fluorosilane for different samples were within the range of 0.009-0.085. 

 

Figure 3.1. The TGA curves of untreated and treated DE (particles without polymer 

binder) with different fluorocarbon fractions. The labels are based on the fluorocarbon 

fractions, determined by the difference between the mass loss of each treated DE and the 

untreated DE sample at 950 °C. 

The effect of the amount of the fluorosilane on the water contact angle of treated DE 

particles was studied. The contact angles for epoxy films with 0.25 particle loading and 

different fluorocarbon fractions on DE particles are shown in Figure 3.2. Epoxy film with 

untreated DE had a contact angle of 115°. The hydrophobicity of the epoxy films was 

enhanced upon the addition of treated DE particles. The contact angle of the coatings 

increased with increased fluorocarbon fraction on the DE particles. When the 

fluorocarbon fraction on DE was around 0.02 (0.02 g of fluorosilane in 0.98 g of DE), the 
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maximum hydrophobicity was obtained and the contact angles remained fairly constant 

with increased fluorocarbon fraction of fluorosilane up to 0.08. In other words, 

fluorocarbon fractions of 0.02 or more were enough to decrease the surface energy so as 

to provide superhydrophobicity, i.e., with water contact angles above 160°, in this case. 

 

Figure 3.2. Contact angles of epoxy coatings as a function of the fluorocarbon fraction 

on DE for samples with 25% FS-DE particle loading. The coatings with fluorocarbon 

fractions above 0.02 were superhydrophobic and the contact angles were independent of 

the fluorocarbon fraction. 

The dependence of the contact angles of epoxy and polyurethane films on the treated 

DE particle loadings is shown in Figure 3.3. The treated DE particles contained a 0.036 

fluorocarbon fraction. Bulk polyurethane and bulk epoxy had contact angles of 72° and 

96°, respectively. These contact angle values were consistent with other studies.
50-53
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superhydrophobicity with both epoxy and polyurethane after particle loadings of 0.2 of 

FS-DE. The treated DE particles migrated to the surface easily, likely due to the low 

viscosity of starting solutions. The ultimate superhydrophobicity after this mass fraction 

was independent of the starting contact angle of the polymer binder. At mass fractions of 

the FS-DE larger than 0.2, coatings with both polymer binders behaved similarly, 

suggesting that the wettability of the coatings might be dominated by the treated DE 

particles. 

 

Figure 3.3. The contact angles of epoxy and polyurethane coatings as a function of the 

FS-DE-1 particle loading. Except for the error bar shown, the standard deviations of the 

uncertainties in the measurements were less than the size of the symbols for data points. 

The particles used contained 0.036 fluorocarbon fraction of fluorosilane. 

SEM images for untreated DE particles are shown in Figure 3.4. The majority of the 

particles were disk-shaped and a small fraction of them were cylindrical-shaped. The 
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disk-shaped frustules, as shown in Figure 3.4(a), had typical diameters of 10-20 µm. The 

particles had highly developed macroporous (larger than 50 nm) structures with the pore 

diameter of around 250 to 300 nm, which are seen in Figure 3.4(b) and 3.4(c). As shown 

in Figure 3.4(c), each one of the macropores (about 200 nm) was included mesoporous 

(2–50 nm) structures with pore diameters in the range of 12-25 nm (Figure 3.4(d)). The 

specific surface area of untreated DE was measured by us to be 24.1 ± 0.8 m
2
/g, as was 

also found in previous studies.
4,54

 Treated DE, with 0.046 and 0.085 fluorocarbon 

fractions of fluorosilane, were found to have specific surface areas of 17.0 ± 0.2 and 14.9 

± 0.6 m
2
/g, respectively. These measurements show that the treatment of DE particles 

with fluorosilane reduces the specific surface area significantly.
4  

 

Figure 3.4. SEM images of untreated DE a) scale bar 30 µm, b) typical structure of a 

single disk-shaped untreated DE with scale bar of 10 µm, c) macroporous (about 200 nm) 

and mesoporous (dark spots inside the holes, about 25 nm) structures of disk-shaped DE; 

scale bar 500 nm, and d) enlarged macropore with scale bar of 100 nm. The SEM images 

show nano- and microscale roughness of DE particles. 

The presence of micro roughness was obvious from the SEM images. However, to 

further confirm the presence of nano size structure on DE particles, we studied the pore 
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size distribution of these particles using the adsorption/desorption isotherms of nitrogen 

gas. The pore size distribution curves of treated and untreated DE are shown in Figure 3.5 

and confirm that DE has primarily mesoporous structures with a pore diameter range of 

2-35 nm with majority of them around 14 and 24 nm. The peaks maximum at 14 and 

24 nm were likely due to the small pores shown in Figure 3.4(c), which shows pores in 

the range of 12-25 nm in the SEM. Upon the addition of 0.046 and 0.085 fluorocarbon 

fraction, the area under the pore size distribution decreased by 40% and 58%, 

respectively, relative to that of the untreated DE. 

 

Figure 3.5. Pore size distribution of untreated DE and treated DE with fluorocarbon 

fractions of 0.046 and 0.085. Grafting with fluorosilane filled up some of the mesoporous 
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structures of the DE. With increased grafted amounts of fluorosilane, more pores were 

filled. 

SEM images were taken from the coating-air interface of the films. Shown in 

Figure 3.6(a), the SEM images of the epoxy coating with no FS-DE show a relatively 

smooth film with no distinct features. With the addition of FS-DE, a rough topography 

was apparent on the smooth epoxy surface, which can be seen in Figures 3.6(b) to (f). At 

a particle loading of 0.12 FS-DE, as shown in Figure 3.6(b), the surface shows some parts 

of FS-DE particles that were coated with the epoxy binder, as well as areas with just 

epoxy binder on the surface (darker smooth areas). When the particle loading of FS-DE 

was increased to 0.28, shown in Figure 3.6(c), the particles of DE became clearer with 

only small polymer regions. Both FS-DE partially covered and fully exposed particles 

occurred at the surface. At a particle loading of 0.34 FS-DE, Figure 3.6(d), the surface 

looked similar to that of the fraction of 0.28 with partially polymer binder covered 

particles of FS-DE on the surface. The SEM micrographs for the samples with additional 

FS-DE are shown in Figures 3.6(e)-(f). There were no noticeable changes in the 

micrographs of these FS-DE coatings. They all consisted of large amounts of FS-DE 

particles on top of the coatings with no significant amount of polymer binder apparent.  
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Figure 3.6. SEM images of epoxy coatings with different particle loadings of FS-DE a) 

epoxy binder, b) 0.12, c) 0.28, d) 0.34 e) 0.40, and f) 0.54 particle loadings of FS-DE. 

There was no significant change in the surface morphology of the samples with particle 

loadings of FS-DE greater than 0.28. The scale bar is 20 µm for each micrograph.   
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The SEM images of the polyurethane coatings with different particle loading amounts 

of FS-DE are shown in Figure 3.7(a)-(f).  

  

  

  

a b 

c d 

e f 
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Figure 3.7. SEM images of polyurethane coatings with different particle loadings of FS-

DE a) Polyurethane binder, b) 0.11, c) 0.27, d) 0.33, e) 0.38, and f) 0.53 (mass fraction 

particle loadings of FS-DE). The scale bar is 20 µm for each micrograph.  

As can be seen in Figure 3.7(a), the surface of the polyurethane binder coating was 

smooth and featureless, similar to the epoxy binder without FS-DE. SEM images of the 

polyurethane coatings with different mass fractions of FS-DE particles were mostly 

consistent with those of the epoxy coatings. At a mass fraction of 0.11, the surface in 

Figure 3.7(b), most of the FS-DE particles that appeared on the surface were 

polyurethane resin coated. There were also areas with just polymer on the surface. As the 

mass fraction of FS-DE was increased, the surfaces seemed fully coated with FS-DE 

particles. Although the particles came to the surface, particles were still bound to the 

surface through the polymer binder in both the polyurethane and epoxy coatings. 

Particles were not dislodged from the surface by touch and the contact angles remained 

unchanged after 50 abrading cycles. The surface structure remained constant after about 

0.20 mass fraction of FS-DE as shown in Figures 3.7(c)-(f). Only at a fraction of FS-DE 

particle loadings less than 0.2, did the surface show a noticeable amount of the 

polyurethane binder.  

3.5. DISCUSSION 

Treated and untreated DE in the TGA thermograms showed two mass loss steps. The 

first decomposition step took place around 0-250 °C, attributed to the removal of 

physically adsorbed water from the surface of the treated and untreated DE particles.
55,56

 

The second mass loss occurred around 250-950 °C, and corresponded to the 

dehydroxylation of silanol groups of DE for of untreated DE.
55,56

 In treated DE samples, 
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this second mass loss was a combination of both dehydroxylation of silanol groups and 

degradation of fluorocarbon chains.
57,58

 The main difference between the treated and 

untreated DE was the mass of grafted fluorocarbon. As Figure 3.1 shows, the degradation 

of fluorocarbon chains had a significant broad mass loss, likely due to the amorphous 

nature of the grafted fluorocarbon.
59

  

Previous studies have shown the absence or presence of the fluorosilanes on the 

surface through the use of x-ray photoelectron spectroscopy (XPS).
16,17

 The F1S region of 

the XPS spectrum was also indicative of the presence of several different CF species and 

in conjunction with other atomic species, namely Si, C and O, was used for a surface 

elemental analysis. In addition, the use of energy dispersive X-ray (EDX) showed that the 

distribution of F on the particles was uniform. Similar to this report, the presence of the 

fluorosilane on the DE was responsible for the superhydrophobicity of the particles, and 

in our case, the coatings.  

The surface energies of materials have direct effect on the water contact angle on the 

surfaces. The results of contact angle measurements as a function of the fluorocarbon 

fraction, shown in Figure 3.2, indicate that FS-DE was much more hydrophobic than DE. 

As is known, DE consists primarily, but not exclusively, of hydrated amorphous silica 

(SiO2·nH2O).
5,17

 Therefore, the DE surface is rich in hydrophilic silanol groups and can 

be considered hydrophilic.
19

 Treating the surface of DE with fluorosilane decreases the 

number of free silanol groups and at the same time, the surface is treated with a low 

surface-energy material.
17,60

 As a result, the contact angle of an FS-DE treated surface 

was larger than that of an untreated DE surface. With an increasing fraction of grafted 

fluorosilane, more of the surface was covered with low surface energy superhydrophobic 
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material. The presence of the treated DE at the surface resulted in larger contact angles 

for the coating surfaces. The minimum fluorocarbon fraction grafted to DE (at least for 

0.25 particle loading), to achieve a superhydrophobic surface with a contact angle above 

160° was 0.02. Larger amounts of fluorosilane grafted to the particles did not change the 

hydrophobicity of the surface.  

Epoxy and polyurethane binders behaved similarly with different treated DE particle 

loadings when the surface was superhydrophobic and covered with treated particles. The 

bulk polyurethane showed a smaller water contact angle than bulk epoxy, as shown in 

Figure 3.3. This difference was due to the differences in the structures of the two bulk 

polymers. Polyurethane is more polar and more hydrophilic than epoxy resin. However, 

either of these polymers can be used as binders to make hydrophobic or 

superhydrophobic materials through the addition of treated DE particles. At particle 

loadings of 0.2 or greater, the similarity in the superhydrophobic range was because the 

surface became covered with treated particles. Apparently, the addition of more particles 

to the surface covers gaps between the particles and reduces the overall air trapped 

beneath the particles.
61,62

 

When FS-DE was mixed with either polymer binder at sufficient particle loading, DE 

migrated to the surface and produced surface roughness,
16

 with the fluorosilane providing 

the low energy surface. The combination of these two properties (surface roughness and 

low surface energy material) caused contact angles to increase.
63

 With additional loadings 

of treated DE particles, the contact angles reached superhydrophobic levels with as little 

as 0.2 FS-DE particle loading. With the addition of more than 0.2 FS-DE particle loading 
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in the coatings, the contact angles reached a plateau and remained around 160° without 

any significant changes. 

It is clear that for our treated DE coatings to be superhydrophobic, the 

superhydrophobic DE particles need to cover the surface. The fluorination of the particles 

with silanes makes them somewhat incompatible with the solvent/monomer systems, so 

that some of the particles move to the air interface. The transport to the surface should 

depend on the local concentration of particles and the viscosity of the medium. The 

production of the epoxy and polyurethane coatings used here are based on low molecular 

mass monomers, so that the initial viscosities are lower than what would be expected for 

other systems, such as a preformed high molecular mass polymer. This low viscosity is 

the likely reason why the particle loadings were as small as 0.2 (w/w) for 

superhydrophobicity. For systems with larger viscosities, it takes larger particle loadings 

to achieve superhydrophobicity.   

The porous nature of DE particles played an important role in the formation of 

specific surface area and roughness of the particles used. The DE skeletons from different 

sources have unique shapes, such as disk, triangular, funneled, and spiny. From Figure 

3.4, SEM micrographs of untreated DE showed that the DE samples used by us were 

mostly composed of disk shaped particles with diameters of 10-20 µm. A small portion of 

the particles in the sample were cylindrically shaped with diameters less than 2 µm. The 

SEM results indicated that the DE particles have both nano- and micro-scale roughness, 

which are necessary for superhydrophobic surfaces,
64,65

 resulting in macro- and 

mesopores. We estimate that the contribution of mesopores to the surface area of 

untreated DE was four times larger than that from the macropores, which is in a good 
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agreement with previous studies.
13,66

 The pore size distribution results suggested that the 

majority of mesopores of DE were in the range of 12 to 30 nm, in agreement with the 

SEM results. The pore size distribution intensities decreased 40% for treated DE with 

0.046 fluorocarbon fraction. This effect also seems to have resulted in a 30% reduction in 

specific surface area of the treated sample. Increasing the amount of fluorosilane to 0.085 

fluorocarbon fraction of DE, reduced both porosity and specific surface area of treated 

samples further. The area under the pore size distribution and the specific surface area 

decreased 58% and 38%, respectively, compared to those of untreated DE. This result 

suggested that the fluorosilane either clogged or constricted the mesopores of the DE 

particles. Nevertheless, the macro- and mesoporosity sufficient for superhydrophobicity 

was retained. 

The wettability of the coatings prepared with the treated DE particles depended on the 

amount of treated DE that migrated to the surface of the coatings. The epoxy and 

polyurethane coatings surfaces with small particle loadings had a mixture of the polymer 

binder and a small amount of FS-DE particles. In these samples, the surfaces did not have 

the suitable roughness and low surface energy necessary to be superhydrophobic. The 

correlation of the contact angle measurements and SEM micrographs was very strong. 

With particle loadings greater than 0.20 of FS-DE, sufficient numbers of particles were 

able to come to the surface providing the necessary surface roughness to be 

superhydrophobic. 

3.6. CONCLUSIONS 

A simple process has been developed to produce superhydrophobic coatings based on 

fluorocarbon-treated DE. This material holds promise for producing superhydrophobic 
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coatings with water contact angles around 160°. The measurements made allow insight 

into the formation of superhydrophobic coatings, including a simple pathway, and the 

requirements (minimum fluorocarbon content, minimum particle loading, and transport 

of the particles to the surface) to produce superhydrophobic coatings with relatively 

inexpensive ingredients.   

The amount of fluorocarbon (fluorocarbon fraction) required on the surface of the 

particles for superhydrophobicity with either polyurethane or epoxy coatings was 0.02 

(mass of fluorocarbon/mass of particle). A minimum particle loading of treated-DE was 

determined to be about 0.2 for superhydrophobic coatings. At compositions greater than 

these two critical amounts, the nature of the resin system, polyurethane vs. epoxy, did not 

affect the water contact angles of the coatings. The reason for the resin independence of 

the coatings in the superhydrophobic range, was that the some of the fluorosilane-treated 

superhydrophobic particles escaped the low-viscosity resin mixture to reside at the air 

interface where they remained in the cured coating. For superhydrophobicity, the surfaces 

of the coatings were particle covered, as shown by SEM, with little or no exposed 

polymer. The fluorosilane treatments reduced the specific surface area of the particles 

and reduced their pore volumes, but these effects did not affect the superhydrophobicity. 

The surface roughness from the DE particles remained sufficient for 

superhydrophobicity. 
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CHAPTER IV 

 

EFFECT OF ALKYL CHAIN LENGTH ON THE SURFACE PROPERTIES OF 

SILANE-TREATED DIATOMACEOUS EARTH COATINGS  

 

4.1. ABSTRACT 

Modification of diatomaceous earth (DE) was performed using 

alkyltrimethoxysilanes of different chain lengths (C3, C8, C12, C16, and C18) and the 

wettability of functionalized DE containing surfaces was studied using water contact 

angle measurements. We also investigated the thermal properties of these 

alkyltrimethoxysilane treated DE powders using thermogravimetric analysis and 

temperature-modulated differential scanning calorimetry (TMDSC). The TMDSC results 

showed that silanes on the treated DE became more crystalline with increasing chain 

length for Cn ≥ 12 and adsorbed hydrocarbon amounts (AA ≥ 2.2 mg/m
2
). The formation 

of a crystalline/ordered structure from the low-surface energy material led to the 

formation of superhydrophobic coatings from treated DE. Samples with adsorbed 

amounts less than 2.2 mg/m
2
 and chain lengths shorter than C12 were only hydrophobic. 

At similar adsorbed hydrocarbon amounts, as the carbon chain length of coupling agents 

increased, we observed a concomitant increase in the water contact angle. 
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The water contact angles were also studied as a function of the loading of treated DE 

particle loadings in polyurethane coatings. The contact angles exceeded 150° for coatings 

with at least 30% particle loadings of silane-treated DE, and decreased slightly for 

samples with more than 50% particle loadings due to the reduction of roughness/number 

of particles on the surface. These results were in agreement with SEM observations. The 

surface properties of these systems, studied with Brunauer–Emmett–Teller (BET) 

specific surface area and pore volume measurements, showed that the surface area and 

porosity of treated DE particles decreased with increased adsorbed hydrocarbon amounts 

of alkyltrimethoxysilanes.  

4.2. INTRODUCTION 

Superhydrophobic surfaces have received considerable attention because of their 

unique potential for applications in water-repellent, self-cleaning, anti-fouling, and anti-

icing coatings.
1-7

 The development of artificial superhydrophobic surfaces was inspired 

by natural surfaces such as the lotus leaf, with water contact angles larger than 150°, on 

which water drops remain almost spherical and easily roll off.
8-9

 The superhydrophobicity 

was found to be a combined effect of both micrometer and nanometer scale roughness 

and chemical modification of the surface.
5, 10

 Superhydrophobic surfaces can be prepared 

by either creating roughness on low surface energy materials or lowering the surface 

energy of a surface with the appropriate roughness.
9
 

Diatomaceous earth (DE) is a naturally occurring mineral compound, made from 

fossilized diatoms, and is mainly amorphous silicon dioxide.
11-13

 There are many species 

of diatoms with a variety of unusual morphologies,
14-15

 and sizes in the range of less than 

one micron to more than one millimeter.
16-17

 Commercial DE contains 86-94% silicon 
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dioxide (SiO2). The remaining material is mostly composed of alumina (Al2O3) and ferric 

oxide (Fe2O3).
11, 16, 18

 The distinctive hollow structure of diatom frustules with microscale 

and nanoscale porosity causes the diatoms to have significant surface roughness,
 19-20 

which is an important factor in formation of superhydrophobic materials. DE has 

attracted considerable attention due to its porous structure, low density, fine particles, and 

chemical inertness.
11, 21

 The hydrophilic nature of DE can also be modified by appropriate 

surface treatment. Despite the many advantages of DE in a variety of applications,
19, 22-35

 

very few studies have examined water/DE interactions and the water repellency of 

chemically-modified DE surfaces, which are important if DE is used in coatings.  

Modification of silica surfaces via the reaction of alkyl silanol groups has been 

studied and used in many chemical applications such as chromatography,
36-37

 

superhydrophobic coatings,
38

 immobilization of biosensors, and catalysis.
39-40

 

Alkylsilanes can be anchored onto a silica surface through covalent bonds between the 

hydrolyzed silanes and the hydroxyl groups of the silica. These covalent bonds enable the 

durable immobilization of the organic moieties and the introduction of hydrophobicity to 

the surface. Hydrophobic surfaces can be achieved when well-ordered fluoroalkyl or 

alkyl chains are able to form low energy surfaces
41-45

 due to the high density of CF2, CF3, 

CH2 or CH3 moiety on surfaces.
41, 46-47

 To date, a few studies have reported attempts to 

tune the superhydrophobicity of DE functionalized with fluorosilane coupling agents.
20, 

48-50
 However, there do not appear to be any reports on tuning the hydrophobic properties 

of functionalized DE with non-fluorosilane coupling agents.  

In this study, we have investigated the role of both the chain length and carbon 

content of alkyltrimethoxysilane coupling agents on the hydrophobicity of polyurethane 
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coatings containing treated DE particles. Since the hydrocarbon amounts of the coupling 

agents change with alkyl chain length, one might choose to compare effects based on 

either the adsorbed amount (mass) of hydrocarbon or the molecular grafting density 

(molecules). In this study, we focus on both as both are important. Initially, we compare 

behavior as a function of the amount (mass) of adsorbed hydrocarbon (i.e., only the 

hydrocarbon material, which does not include the silicon-containing portion) on different 

silanes. In this way, we somewhat decouple the effects of chain length from the number 

of molecules on hydrophobicity. The goal is to provide a systematic comparison on how 

chemical modification of DE with alkyltrimethoxysilane groups can be used to alter the 

surface wettability and determine the importance of different parameters on 

hydrophobicity and superhydrobicity. 

4.3. MATERIALS AND METHODS 

Alkyltrimethoxysilanes with the general formula of H3C(CH2)n-1-Si(OCH3)3 with n = 

3, 8, 12, 16, and 18, were purchased from Gelest Inc. (Morrisville, PA). Dry Surface 

Coatings (Guthrie, OK) provided the untreated DE (Celite, mainly composed with disk-

shaped particles). An aliphatic polyisocyanate resin based on hexamethylene diisocynate 

(Desmodur N75) with isocyanate-NCO content of 16.5 ± 0.3% having equivalent weight 

average of 255 was obtained from Bayer MaterialScience (Baytown, TX). An 

alkoxylated polyol curing agent (Polyol 3611) with hydroxyl number of 610 ± 25 was 

supplied by Innovadex (Overland Park, KS). The p-toluenesulfonic acid monohydrate 

(PTSA) was from SigmaAldrich (St. Louis, MO), tetrahydrofuran (THF) was from Fisher 

Scientific (Pittsburgh, PA), and toluene was from Pharmco-aaper (Brookfield, CT). All 

chemicals were used as received. 
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4.3.1. Silylation reaction 

A series of DE treated samples with different chain-lengths of alkyltrimethoxysilanes 

and varying adsorbed hydrocarbon amounts (0.6, 1.6, 2.2, and 3.4 mg/m
2
) were prepared 

in toluene. Previously reported reaction conditions were used in the synthesis of silane 

treated DE with p-toluenesulfonic organic acid as a catalyst.
38

 DE (1 g) was placed in a 

glass vial, 15 mL of toluene was added, and the mixture was mixed on a mechanical 

shaker for 30 min to wet the DE particles. PTSA monohydrate (~ 0.02 g) and different 

amounts of alkyltrimethoxysilane were added to each vial. To determine the adsorbed 

hydrocarbon amounts on the DE, appropriate masses for silanes of different chain lengths 

were calculated using equation 4.1. 

 (4.1) 

where AAHC is adsorbed hydrocarbon amount (mg hydrocarbon/m
2
 DE) from the initial 

composition, MWsilane is the molecular mass of silane (g/mol), MWHC is the molecular 

mass of hydrocarbon chain portion of corresponding silane (g/mol), SDE is the specific 

surface area of DE (m
2
/g), mDE is mass of DE (g), msilane is amount of silane (g) and the 

1000 term converts g to mg. 

Glass vials containing DE and alkyltrimethoxysilane mixtures were shaken using a 

mechanical shaker for 4 h in a 50 °C water bath and then cooled down to room 

temperature. The alkyltrimethoxysilane functionalized DE samples were then obtained 

from the reaction medium by passing air through the samples using Pasteur pipettes 

followed by drying under vacuum at 50 °C for 48 h. The resulting treated DE particles 
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are labeled according to the number of carbons on the chain. For example, DE treated 

with propyltrimethoxysilane is called C3-TMS treated DE.  

The adsorbed hydrocarbon amounts of alkyltrimethoxysilane in treated DE samples 

were verified with thermogravimetric analysis (TGA) using a Q-50 Thermogravimetric 

Analyzer (TA Instruments, New Castle, DE). Samples were heated from 20 to 900 °C at 

a heating rate of 20 °C/min under a 40 mL/min of continuous air flow. Since the samples 

were not washed, all of the coupling agents used should be adsorbed in the sample. This 

assumption was checked by TGA, although this check was complicated by the adsorption 

of PTSA. After correction for PTSA adsorption, the target amounts of coupling agents 

were found to be within 5% of the estimated value from the initial composition. This 

level of uncertainty was consistent with studies of other adsorbed silanes and suitably 

accurate for this work.
51-52

 

Temperature modulated differential scanning calorimetry (TMDSC) analysis was 

carried out using a Q-2000 (TA Instruments, New Castle, DE) to study the melting and 

freezing of the silanes on the treated DE. The heating and cooling scans were run in the 

temperature range of -80 to 120 °C with a scan rate of 3 °C/min, modulation amplitude of 

± 1.0 °C, and modulation period of 60 s. Fourier transform infrared spectroscopy (FTIR) 

spectra were taken in transmission mode using a Varian 800 FTIR spectrometer by 

placing a small amount of dry treated and untreated DE on NaCl plate. The scanning 

range was from 600 to 4000 cm
-1

 with a spectral resolution of 4 cm
-1

.  

Nitrogen adsorption–desorption isotherms over a relative pressure range from 0.005 

to 0.990 (P/P0) were made with a NOVA 2200e instrument (Quantachrome Instruments, 

Boynton Beach, FL) at 77 K to measure the specific surface area and pore size 
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distribution of the samples. Samples were outgassed at 50 °C for 3 h under a nitrogen 

stream prior to the analysis. Surface areas were calculated using at least five relative 

pressures within the range of linearity of the physical adsorption theory (0.05 < P/Po < 

0.35) by applying the Brunauer-Emmet-Teller (BET) equation.
53

 The pore size 

distributions were determined using the density functional theory (DFT) method.
54

 The 

surface features were characterized by scanning electron microscopy (SEM) using an FEI 

Quanta 600 (FEI Company, Hillsboro, OR). For SEM studies, a dispersion of each 

sample was coated on an aluminum pan and was attached to the top of an aluminum stud. 

The samples were then made conductive by sputtering of Au/Pd. 

4.3.2. Sample preparation for contact angle measurements  

A polyurethane binder solution was prepared by mixing stoichiometric amounts of 

polyisocyanate and polyol curing agent in THF in a ratio of 3:67 w/w, respectively. In the 

preparation of the polyurethane binder solution, an excess amount of polyisocyanate was 

added to ensure complete reaction of the polyol curing agent and the polyisocyanate. The 

polyisocyanate and polyol curing agents were prepared in a 1.05 to 1 molar ratio. The 

binder was mixed in a mechanical shaker for 15 min to make a homogenous solution. 

Treated DE samples were then added to the polyurethane binder in the correct ratio and 

solutions were mixed using mechanical shaker for 30 min. 

All samples for contact angle measurements were prepared by adding 2 mL of the 

solution mixture to a glass coverslip in an aluminum pan. The samples were kept on a flat 

surface to air dry and then heated at 140 °C for 15 min to cure the polyurethane coatings. 

Water contact angle measurements were then performed using the static sessile drop 

method at room temperature using a homebuilt contact angle measurement instrument 
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and a high resolution Proscope camera.
50

 The contact angles were measured using Low 

Bond Axisymmetric Drop Shape Analysis (LB-ADSA) technique
55-57

 by fitting the best 

profile to an image of 4 µL of deionized water droplet. These droplets were analyzed 

using ImageJ, drop analysis plugin, software. For each composition studied, two identical 

coatings mixtures were each used to prepare two coatings, which were cured. For each 

coating, four images from different locations on the surface were taken, with the average 

and standard deviation reported for the contact angle. Thus for each reported value, 16 

measurements were made. 

Effect of chain length and adsorbed hydrocarbon amount: Samples with 3:70 w/w 

mass ratio of treated DE and polyurethane binder were used to study the effect of chain 

length and adsorbed hydrocarbon amounts of the coupling agents using water contact 

angle measurements.  

Effect of water droplet stability: Samples with 2.2 mg/m
2
 adsorbed hydrocarbon 

amount and different chain length of alkyltrimethoxysilanes were used to study the 

stability of water droplets on the surface with time. Treated DE samples were mixed with 

the polyurethane binder in a ratio of 3:70, w/w.  

Effect of mass fraction of treated DE particles: Samples with 3.4 mg/m
2
 adsorbed 

hydrocarbon amount of C12-TMS were used to study the effect of the particle loading of 

treated DE particle mass fractions on contact angles. Different particle loadings of treated 

DE (0 – 70 %) were used to prepare these samples.  
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4.4. RESULTS 

4.4.1. Surface properties of untreated and treated DE samples 

The TGA curves of untreated DE without and with PTSA are shown in Figure 4.1. In 

order to observe the decomposition behavior clearly, both the mass loss and its derivative 

are plotted on the same graph. The derivative curves of both untreated DE without and 

with PTSA showed a main peak in the temperature range of 20-250 °C. This peak, 

centered at around 160 °C, was mainly due to the loss of physically adsorbed water.
26, 58

 

A significant broad mass loss occurred in the range of 250-900 °C for both samples. For 

DE with and without PTSA, mass losses of around 2.4%
26

 and 4.4%, respectively, were 

found. A 2.4% mass loss was attributed to the dehydroxylation of DE silanol groups due 

to condensation
52, 59-60

 and consistent with the results of other studies.
61

  

 

Figure 4.1. TGA curves of untreated DE (a) without and (b) with PTSA (0.88 mg/m
2
). 

The difference between the mass loss of DE with and without PTSA gave the initial 

PTSA adsorbed amount.  

The decomposition of untreated DE with PTSA gave a well resolved peak around 500 °C, 

in addition to the other peaks present in untreated DE without PTSA, as shown in 

Figure 4.1(b). Testing a large number of samples showed that this peak was attributed to 



71 

the decomposition of PTSA. The mass loss difference between Figure 4.1(a) and (b) was 

due to PTSA. 

TGA thermograms were also used to determine the amounts of grafted silane on the 

surface of DE. The C18-TMS treated DE samples showed the main decomposition step in 

the range of 250-900 °C and were very broad, as shown in Figure 4.2. This degradation 

step can be assigned to the decomposition of the hydrocarbon chains.
58

 PTSA with 

untreated DE showed a narrower peak in the same temperature range. The overlapping of 

the decomposition temperatures of PTSA and adsorbed silanes can be clearly seen in 

Figure 4.2. Accounting for the PTSA amounts, the amount of adsorbed coupling agent 

was calculated and was essentially the same as the amount added in the initial solution.  

 

Figure 4.2. Derivative mass loss TGA curves of untreated DE (continuous line), 

untreated DE with 0.88 mg/m
2 

PTSA (dashed line), and 1.6 mg/m
2
 C18-TMS with 

0.88 mg/m
2 

PTSA (dotted line). 

FTIR spectra of untreated and alkyltrimethoxysilane grafted DE (C3-TMS to C18-

TMS) are shown in Figure 4.3 in the CH stretching region. Untreated DE showed no 

activity in this region. Alkyltrimethoxysilane treated DE (with 2.2 mg/m
2
 adsorbed 
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hydrocarbon amount) showed two prominent peaks at around 2920 and 2850 cm
-1

 

showing the asymmetric and symmetric stretching modes of the methylene (CH2) groups. 

The resonance at 2958 cm
-1

 corresponded to the CH3 asymmetric stretching. These peaks 

confirm the presence of the alkyltrimethoxysilanes on the DE particles. With decreasing 

chain length of the alkyltrimethoxysilane groups, we observed shifts in the position of 

CH2 asymmetric and symmetric stretching peaks to higher frequencies. The peak 

positions, shifted from 2920 to 2930 cm
-1

 and from 2850 to 2870 cm
-1

 for asymmetric 

and symmetric CH2 vibrations, respectively. 

 

Figure 4.3. C-H stretching region of the FTIR spectra of untreated DE and 2.2 mg/m
2
 

adsorbed hydrocarbon amounts of alkyltrimethoxysilane treated DE particles (with 

different chain lengths). Shifts to higher frequency for symmetric and asymmetic CH2 

vibrations with decreasing chain length indicated less order for the shorter chains. The 

vertical positions are shifted for clarity. 

We also investigated the effect of different adsorbed hydrocarbon amounts of the 

C12-TMS molecular arrangement using FTIR. The frequencies for the CH2 stretches for 

C12-TMS with different grafted densities are shown in Figure 4.4. The FTIR spectra in 
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the stretching region of these samples are presented in Figure S4.1 of the Supporting 

Information. Figure 4.4 clearly indicates that as the density of adsorbed coupling agents 

on the surface increased, the CH2 symmetric and asymmetric stretching frequencies 

moved to lower frequency.
62

 At the smallest adsorbed amount, 1.8. chains/nm
2
 (which 

corresponds to 0.6 mg/m
2
), the CH2 stretching frequencies were close to the liquid alkane 

frequencies.
63

  

 

Figure 4.4. Symmetric and asymmetric CH2 stretching frequencies of C12-TMS as a 

function of packing densities. The CH2 symmetric and asymmetric stretching frequencies 

moved to lower frequencies (indicating more ordered chains) with increased adsorbed 

amount of coupling agents. 

We note that the silanols are not necessarily all directly adsorbed to the surface as single 

molecules. There is likely the formation of oligomers before adsorption, due to the self-

condensation in solution, especially at higher adsorbed amounts. At the larger adsorbed 
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amounts, amounts greater than about 4 chains/nm
2
 must be from oligomers.

51
 We 

observed similar behavior with the variation of the packing density of C16-TMS and 

C18-TMS. 

The specific surface areas of untreated and treated DE, as a function of adsorbed 

hydrocarbon amounts of C16-TMS, are shown in Figure 4.5. A specific surface area of 

24.1 ± 0.8 m
2
/g was found for the untreated DE. The treated DE samples showed smaller 

specific surface areas than untreated DE, as was also found in previous studies.
26

 Specific 

surface areas decreased with the adsorbed hydrocarbon amount of C16-TMS. The 

uncertainties of the measurements were less than the size of the symbols unless otherwise 

shown.  

 

Figure 4.5. Specific surface area of untreated DE (Filled circle) and treated DE with 

different adsorbed hydrocarbon amounts of C16-TMS. The specific surface area 

decreased with increased adsorbed hydrocarbon amounts. 

Pore size distributions of samples with different adsorbed hydrocarbon amounts of 

C16-TMS are shown in Figure 4.6. The untreated DE sample showed a heterogeneous 

distribution of pore diameters with major pore size ranges above 12 nm, and were mostly 
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composed of pore diameters larger than micro pores.
53

 The pore-size distribution 

intensities, decreased with increasing the adsorbed hydrocarbon amount. A similar trend 

was found for different adsorbed amounts of C18-TMS samples (not shown). The 

coupling agents filled up some of the pores and decreased the total pore volume resulting 

in a reduction of the specific surface area and porosity.
64

  

 

Figure 4.6. DFT pore size distribution curves for C16-TMS at different adsorbed 

hydrocarbon amounts in mg/m
2
. Increased adsorbed amounts resulted in decreasing pore 

size intensities.  

SEM images of untreated and treated DE particles are shown in Figure 4.7. Most of 

the diatom frustules were disk shaped with ordered micro- and nano-size pores and well 

defined dimensions, as shown in Figure 4.7 (a) and (b). The diameters of diatoms 

frustules were in the range of 10-20 µm. The SEM image of treated DE particles with 

0.6 mg/m
2
 adsorbed hydrocarbon amount for C18-TMS is shown in Figures 4.7 (c), and 

an image for C3-TMS treated DE are shown in Figures 4.7 (d) and (e). In the C3-TMS 

2 12 22 32

D
if

fe
re

n
ti

al
 P

o
re

 V
o

lu
m

e 
(c

m
3
/n

m
/g

)
 

1
0

4
 

Pore Diameter (nm) 

DE

0.6

1.6



76 

treated DE, most of the pores were partially or fully covered with the coupling agent 

(Figure 4.7 (e)); however, in C18-TMS treated DE, most of the pores appear unclogged. 

These findings were consistent with a measured decrease in BET specific surface areas 

from 24.1 mg/m
2
 for untreated to 16.1 ± 0.4 and 17.0 ± 0.2 m

2
/g for DE treated with C3-

TMS and C18-TMS, respectively. These results were further supported by the pore size 

distributions (Supporting Information, Figure S4.2) which showed that the pore volume 

of the DE samples with 0.6 mg/m
2
 of C3-TMS was smaller than those for C18-TMS.  

  

   

Figure 4.7. SEM images of untreated DE (a and b), treated DE with C18-TMS (c), and 

treated DE with C3-TMS (d and e) at the adsorbed hydrocarbon amount of 0.6 mg/m
2
. In 

the C3-TMS sample, the pores appeared to be more filled than in the C18-TMS sample. 

There is possibility of formation of oligomers in C3-TMS samples on the surface at this 

adsorbed amount. 

b a 

c e d 

 



77 

The crystallinity of the alkyl silane chains with increasing chain length were 

investigated with TMDSC. Thermograms of treated DE with 12 or more carbon atoms on 

the alkyl chains showed endothermic peaks upon heating (Figure 4.8). The melting 

temperatures and melting enthalpies increased with increased alkyl chain length.
65

 The 

endothermic peaks of 2.2 mg/m
2
 C12-TMS, C16-TMS, and C18-TMS treated DE were 

observed at 8.4, 38.0, and 49.2 °C, respectively. The melting enthalpies (ΔHm) of all 

samples are summarized in Table S4.1 of Supporting Information. The melting 

temperatures of adsorbed coupling agents were lower than those for the corresponding 

bulk coupling agents. For comparison, the endothermic peaks for the bulk samples 

appeared at 13.7, 41.9, and 57.9 °C for self-condensed bulk C12-TMS, C16-TMS, and 

C18-TMS, respectively.
66

 We also studied the TMDSC thermograms for different 

adsorbed hydrocarbon amounts of coupling agents. Samples with small adsorbed 

amounts of hydrocarbon did not show significant endothermic peaks. However, with 

increased adsorbed hydrocarbon amounts, the melting temperatures and the enthalpies 

increased toward those of the condensed bulk coupling agents. The results of the TMDSC 

scans for bulk and grafted C12-TMS on DE are shown in Figure S4.3 in the Supporting 

Information. Treated DE systems with C16-TMS and C18-TMS showed similar 

behavior (Figure S4.4 and S4.5 in the Supporting Information).  
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Figure 4.8. TMDSC thermograms for 2.2 mg/m
2
 adsorbed hydrocarbon amount of DE 

with different chain length alkyltrimethoxysilanes. Only samples with 12 to 18 carbon 

atoms on the coupling agents showed endothermic melting peaks.  

4.4.2. Wettability of treated and untreated DE polyurethane coatings 

Water contact angles of polyurethane coatings with untreated and treated DE with 

different adsorbed hydrocarbon amounts (0.6, 1.6, 2.2, and 3.4 mg/m
2
) and different 

chain lengths of alkyltrimethoxysilanes are shown in Figure 4.9. The DE-containing 

coating, without any alkyltrimethoxysilane was hydrophilic with a water contact angle 

around 88°. The water contact angles of coatings prepared with treated DE were larger 

and showed hydrophobic or superhydrophobic properties. The water contact angles of 

samples with 0.6 mg/m
2
 adsorbed hydrocarbon amounts for C8 to C18 were roughly 

within experimental error of each other. With increased adsorbed hydrocarbon amounts 

up to 1.6 mg/m
2
, the water contact angles increased compared to the 0.6 mg/m

2
 sample. 

Samples with C12-TMS and C16-TMS entered the superhydrophobic region. With 

increased adsorbed hydrocarbon amounts of 2.2 and 3.4 mg/m
2
, coatings with treated 
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samples with 12 or more carbon at in the chains were superhydrophobic and similar. 

Samples treated with C3-TMS and C8-TMS were only hydrophobic at all adsorbed 

hydrocarbon amounts. In general, the water contact angles increased with chain lengths 

up to C12-TMS and then remained almost constant, up to n = 18, corresponding to the 

longest alkyltrimethoxysilane used in this study. It is possible that the samples with small 

adsorbed hydrocarbon amounts had greater error because at those small adsorbed 

amounts the coupling agents were not uniformly adsorbed. 

 

Figure 4.9. Water contact angles of untreated DE (filled square), and treated DE coatings 

(50% treated DE particle loadings with polyurethane binder) with different chain length 

alkyltrimethoxysilanes and adsorbed hydrocarbon amounts 0.6, 1.6, 2.2, and 3.4 mg/m
2
. 

Samples containing treated DE with larger adsorbed amounts and longer 
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alkyltrimethoxysilane chains were superhydrophobic. The lines are drawn to guide the 

eye.  

The time dependent spreading of water droplets on the DE-containing surfaces were 

also studied. Coatings, including untreated DE, had water contact angles around 82° 

immediately after deposition of the water on the surface. Within a minute, the contact 

angle decreased to 27° and a few seconds later the water droplet was completely spread 

on the surface. Therefore, an accurate measurement of the contact angle of untreated DE 

was not possible after 1 min. Once DE was grafted with C12-TMS and longer 

alkyltrimethoxysilanes, the water contact angles did not change significantly in 10 min. 

However, the contact angles for coatings with C3-TMS and C8-TMS remained almost 

constant only for 2 min and then started to decrease by around 10 to 15° from 114° and 

133°, respectively. The time dependent contact angle results are presented in the Figure 

S4.6 of the Supporting Information. 

The water contact angles of the polyurethane coatings containing different amounts of 

treated DE particles with 3.4 mg/m
2
 adsorbed hydrocarbon amounts of C12-TMS are 

shown in Figure 4.10. Polyurethane coatings with different mass fractions of treated DE 

were prepared in order to study the effect of the amount of treated DE particle loadings. 

The contact angles of the films increased with increased particle loadings of treated DE 

particles and reached superhydrophobicity at around 30% treated DE particle loadings. 

The contact angles of the coatings then remained constant for samples with up to 50% of 

treated DE particles and then decreased slightly with the mass fraction of treated DE. 
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Figure 4.10. Contact angles of polyurethane coatings with 3.4 mg/m
2
 C12-TMS treated 

DE as a function of the particle loading. Samples with at least 30% by mass of treated DE 

showed superhydrophobicity.  

To study the correlation between the surface morphology and water contact angles of 

the polyurethane coatings, SEM images were taken. The SEM images of polyurethane 

coatings with different mass fractions of 3.4 mg/m
2
 C12-TMS treated DE with a water 

droplet picture on each surface, as an inset, are shown in Figure 4.11. Note that the 

magnification of these pictures is much less than that in Figure 4.7 to show a more broad-

based particle distribution rather than the details of the particles. The surface of the 

polyurethane, Figure 4.11 (a), coating without treated DE was very smooth and 

featureless, as was expected. With addition of treated DE, the coating surfaces displayed 

micro-roughness with even distributions of treated DE particles. Figure 4.11 (b) and (c) 

clearly show an enhancement in the surface roughness (particle loading) and contact 

angle with increasing the fraction of treated DE. The surface roughness of samples with 

larger amounts of treated DE particles (more than 50%) decreased, leading to a reduction 
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in contact angle, as shown in Figure 4.11(d). These observations were consistent with 

previous studies.
67-68

 

  

  

Figure 4.11. SEM images and water droplet pictures (insets) of polyurethane coatings 

with different particle loadings of 3.4 mg/m
2
 C12-TMS treated DE for a) polyurethane 

binder alone, b) 14.3%, c) 40%, and d) 62.5% -treated DE. Roughness and water contact 

angles of the coatings increased up to around 50% of treated DE and then decreased 

slightly. The scale bars represent 100 µm.  

b a 

c d 
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4.5. DISCUSSION 

4.5.1. FTIR and TMDSC results showed ordered structure for longer chains with larger 

adsorbed amount of coupling agent  

FTIR spectroscopy provided information on the presence and structure of 

alkyltrimethoxysilane with different chain lengths grafted to the DE particles.
69-72

 Weak 

van der Waals interactions played an important role in formation of ordered structures of 

alkyltrimethoxysilanes on the surface of DE. The FTIR results showed that the 

vibrational frequencies of symmetric and asymmetric CH2 resonances decreased as the 

chain lengths of alkyltrimethoxysilane increased (Figure 4.3). The CH2 stretching 

frequencies varied with the alkyl chains' environment and conformations (trans/gauche). 

In crystalline n-alkanes, with mostly trans conformers, symmetric and asymmetric 

stretching frequencies lie around 2850 and 2916 cm
-1

, respectively.
63

 The higher 

frequencies observed for samples with shorter chains indicated the presence of a larger 

number of gauche conformers. The presence of more gauche conformers in shorter chains 

is due to their more amorphous nature, as compared to longer chains. With increased 

chain-length of the alkyltrimethoxysilane (≥ C12), more ordered structures were formed 

on the surface. For adsorbed coupling agents with longer chain length hydrocarbons, the 

chains were more ordered at larger adsorbed amounts. At small adsorbed amounts, CH2 

stretching frequencies were similar to liquid alkane CH2 stretching frequencies, 

indicating that molecules were more disorganized. With increasing adsorbed amounts, 

CH2 stretching frequencies also moved to a lower frequency (see Figures 4.4 and S4.1). 

At larger adsorbed hydrocarbon amounts, more ordered structures with mainly trans-trans 
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conformations were formed and the FTIR stretching frequencies were similar to those for 

crystalline hydrocarbons.  

The change in the conformational order with increased adsorbed amounts were 

confirmed with TMDSC (Figures S4.3, 4.4 and 4.5), where the areas under the 

endothermic peaks and melting temperatures increased with increased adsorbed amounts, 

approaching those of the bulk condensed coupling agent. At small adsorbed amounts (0.6 

mg/m
2
), the TMDSC thermograms did not show any melting due to the disordered 

structures of the CH2 hydrocarbon chains likely resulting from the relatively large 

distances between chains.  

Self-condensed bulk and adsorbed longer chain coupling agents had higher melting 

temperatures than their monomeric counterparts. Melting requires the breaking of the van 

der Waals interactions between alkyl chains.
65

 For the monomer, the entropy increase 

upon melting was greater than that in the condensed or adsorbed samples because of the 

larger translational entropy for monomers. Immobilization of the chains in either bulk-

condensed or adsorbed polymers resulted in lower translational entropy and higher 

melting temperatures.  

A summary of the melting temperatures for different adsorbed amounts, monomer, 

and bulk condensed samples is given in Table S4.2 of the Supporting Information. For 

simplicity, a subset of the data is compared in Figure 4.12 for only the 2.2 mg/m
2
 

adsorbed, bulk-condensed, and monomer long chain alkyltrimethoxysilanes. As shown in 

Figure 4.8 and Table S4.1, melting temperatures and melting enthalpies increased with 

alkyl chain length.
73

 The increase in melting temperature with alkyl chain length is a 

well-known phenomenon in homologous series. As an example, with varying alkyl side 
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chains length (12, 16, and 18) of poly(alkyl methacrylate)s, the polymer melting points 

were -33.4, 20.8, and 35.7 °C, respectively.
74

 This effect has been attributed to the 

decrease in the number of chain ends inside a crystal.
75

 The similarity of the higher 

melting temperatures for the bulk-condensed and adsorbed species were likely due to 

similarities in the structures of the crystalline chains in both of them. The condensation of 

the silanols may allow similar proximity of the hydrocarbon chains in the coupling agents 

in either state.   

 

Figure 4.12. Melting temperatures of the bulk-condensed (□), 2.2 mg/m
2
 adsorbed 

hydrocarbon on the DE surface (Δ), and monomers of the alkyltrimethoxysilane (○) as a 

function of the chain length. The results for the other adsorbed amounts are given in the 

Supporting Information.  

The BET surface area and pore size distribution results were in agreement with the 

findings from FTIR and TMDSC. At large adsorbed hydrocarbon amounts, hydrocarbon 
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chains formed a dense layer bonded chains, while at small adsorbed hydrocarbon 

amounts, the chains had a larger surface area per molecule. This lead to a larger specific 

surface area compared to the samples with larger adsorbed hydrocarbon amounts (Figure 

4.5). One implication of the lack of crystallinity at small adsorbed amounts was that the 

longer chain coupling agents did not appear to form patchwise aggregates on the surface. 

With increased numbers of hydrocarbon chains per nm
2
, the area per molecule on the 

surface and the specific surface area decreased. At the same time, the volumes of the 

pores decreased as the adsorbed hydrocarbon amounts increased (Figure 4.6). These 

observations suggested that the alkyltrimethoxysilane coated the surface of the DE 

particles and decreased their porosity. Decreasing surface areas and pore volumes with 

increased adsorbed amounts were observed in previous studies of 3-

aminopropyltriethoxysilane on montmorillonite as well.
76

  

Diatom frustules were decorated with unique patterns of nano features,
25

 as observed 

in Figure 4.7, which can be affected with treatment of alkylsilanes. These features include 

pores, ridges, spikes, channels, and spines. After modifying the DE particles with C3-

TMS and C18-TMS, we observed some topographical changes compared to bare DE, as 

shown in Figure 4.7(e). As was expected, at the same adsorbed hydrocarbon amount, 

shorter chains had many more chains on the surface compared to longer chains. These 

shorter chains also had a much larger concentration of silanol groups in solution, 

therefore, it was more likely that they formed oligomers in solution due to self-

condensation. Consequently, oligomers could cover the mesoporous structures and 

possibly the larger pores too. In other words, at the same adsorbed hydrocarbon amount, 

shorter chains should have covered a larger surface area of DE relative to longer chains. 



87 

This effect was observed as a decrease in the surface area and pore size of 0.6 mg/m
2
 

adsorbed C3-TMS compared to C18-TMS (Figure S4.2). This observation was in good 

agreement with the SEM images, where the silane chains appeared to fill the pores.  

4.5.2. Water contact angles increased with increasing chain lengths and adsorbed 

amounts of silane coupling agents  

The structure of long chain alkyltrimethoxysilanes, converted the DE into a 

superhydrophobic material after a minimum adsorbed hydrocarbon amount. DE is a 

natural source of silicon dioxide and composed of large number of free silanol groups.
77-

78
 These silanol groups make DE a hydrophilic material. With the treatment of the DE 

surface with alkyltrimethoxysilanes, the number of free silanol groups decreased and 

resulted in larger contact angles.
77, 79

 As shown in Figure 4.9, as treated DE materials 

became superhydrophobic when the alkyl chain length was ≥ C12 and the adsorbed 

hydrocarbon amount was ≥ 2.2 mg/m
2
. Several studies,

72, 80
 have shown that as the length 

of the alkyl chain decreases, the structure of the grafted chains became more disordered. 

This was reflected by a smaller water contact angle. Previous studies showed 

perpendicular orientation of long alkyl chains at large adsorbed amounts
45, 80-82

 with low 

surface energy around 20 mN/m.
80

 This indicates that well aligned, long alkyl chains (n ≥ 

12) can repel the water further from the surface due to their low surface energies. In this 

study, superhydrophobic surfaces were formed from DE, due to the ordered packing 

structures as discussed in conjunction with the FTIR and TMDSC results.  

Samples with small adsorbed amounts of silane, i.e., 0.6 mg/m
2
, did not reach 

superhydrophobicity at any chain length, as Figure 4.9 shows. To understand the reason 

behind this observation, we calculated the number of chains per nm
2
 of DE particles 
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(Supporting Information Table S4.3). At the same adsorbed hydrocarbon amount, 

number of molecules on the surface was smaller for longer chain length silanes. The 

cross-section of the long hydrocarbon chains is 0.19 – 0.24 nm
2
 per molecule,

52
 when the 

molecules are closely packed.
58, 83

 This means that the closely packed surface has around 

4-5 long hydrocarbon molecules per nm
2
. Of course, this is an idealized estimate. 

Therefore, longer chain length silane coupling agents did not have a well-ordered 

structure at 0.6 mg/m
2
. In other words, those with longer chains with 0.6 mg/m

2
 are not 

closely packed and the water droplets can penetrate and reach the surface. This leads to 

only a hydrophobic coating with C ≥ 12 silane coupling agents. The treated DE samples 

with 0.6 mg/m
2
 and C3-TMS has larger number of chains per nm

2
 than a hypothetical 

closely packed system. However, since the chains are short, the surface energy is not 

small enough to repel the water enough to reach superhydrophobicity. At this adsorbed 

amount, the contact angles of the treated samples with longer chains are larger than those 

of the smaller chains, because the longer chains are able to shield the hydrophilic groups 

on the DE surface, although they might not all be directly grafted to these groups as they 

likely adsorb as oligomers.  

The number of alkyltrimethoxysilane chains per nm
2
 has a direct relationship to the 

contact angle measurement of the surface as shown in Figure 4.13. As grafted density 

(molecules/surface area) increased, the contact angles increased for all sets of coupling 

agents. For longer chain length coupling agents, the contact angles increased steeply and 

reached superhydrophobicity at small grafted densities. However, the increases in the 

contact angles were gradual with the grafting density for shorter chains. Those surfaces 

never became superhydrophobic even at large grafted densities. This distinction, based on 
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chain length, was due to the formation of more well-packed structures on the surface and 

also the lower surface energy for the larger chain length species.  

 

Figure 4.13. Contact angles as function of grafted densities for different chain length 

alkyltrimethoxysilanes.  

It should be noted that the adsorbed hydrocarbon amount does play an important role 

in the surface behavior of DE. At one extreme, short chains did not facilitate 

superhydrophobicity regardless of the adsorbed hydrocarbon amount. At the other 

extreme, a long chain coupling agent, C12-TMS, (Figure 4.13) could cause 

superhydrophobicity, but only at higher grafted densities than the other long chains 

studied. At adsorbed hydrocarbon amounts greater than, say 2 mg/m
2
, there was no 

difference in the superhydrophobicity of C12, C16 and C18. In other words, from Figure 

4.9, superhydrobicity seemed to be controlled by the adsorbed hydrocarbon amount. 

Superhydrophobicity occurs due to the combination of roughness, which may 

manifest itself as porosity, and low surface energy. The surface morphology of 
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polyurethane coatings changed with the mass fraction of treated DE particles as reflected 

in the SEM images in Figure 4.11. The contact angle also increased with increased 

particle loading of treated DE (Figure 4.10). This showed that the increase in the surface 

roughness/porosity increased the contact angle
67, 84

 due to the treated-DE particles 

coming to the surface of the coatings. The increases in the contact angles of the surfaces 

with the amount of DE were observed up to 50% particle loadings. The contact angle 

decreased after this point due to decrease in the roughness of the surface (Figure 4.11(d)). 

Decreasing the surface roughness caused a decrease in the air volume fraction beneath 

the water droplet and led to a decrease in the contact angle of the surface.
67, 84

 In contrast, 

with increasing fluorosilane treated DE particle loading, the contact angles did not 

decrease at larger particle loadings.
50

 This is due to the lower surface energy of 

fluorosilane coupling agent compared to the non-fluorosilane. 

4.6. CONCLUSIONS 

The surface properties of DE with grafted alkyltrimethoxysilane [CH3(CH2)n-

1Si(OCH3)3, n = 3, 8, 12, 16, and 18] were studied with a focus on the effect of the chain 

length on the superhydrophobic behavior of the DE. The results of TGA, FTIR, BET, and 

contact angle measurements confirmed that alkyltrimethoxysilanes with different chain 

lengths were successfully grafted onto hydrophilic DE particles by reacting with silanol 

groups of the DE with the silane. The surface wettability was estimated using water 

contact angle measurements. It was found that, at similar adsorbed hydrocarbon amounts, 

the contact angles increased as the alkyl chain lengths of grafted alkyltrimethoxysilanes 

increased and reached a plateau with chains of C12 or greater. Superhydrophobicity 

occurred with adsorbed hydrocarbon amounts of about 2 mg/m
2
 or more of long alkyl 
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chains, such as dodecyltrimethoxysilane, which seemed to correlate with the ability of the 

alkylsilanes to crystallize. We also showed that the longer chains were packed with a 

higher order, and the presence of ordered structure are critical in the formation of 

superhydrophobic DE particles. After a minimum chain length, C12 in this case, 

superhydrophobicity was a function of the amount of adsorbed hydrocarbon, but this was 

not the case for shorter chains (C3 to C8). 

Surface roughness, including pores, also plays an important role in the formation of 

superhydrophobicity. When a sufficient adsorbed hydrocarbon amount (≥ 2.2 mg/m
2
) was 

present, with increased amounts of treated DE (≥ C12-TMS) particles, the contact angle 

increased up to 50% of loading (increasing of surface roughness) and the contact angle 

decreased with mass fraction of treated DE particles (decreasing of trapped air volume 

fraction). SEM images at different mass fractions further confirmed increased roughness 

up to 50% and then decreased roughness due to the covering up of open spaces with the 

particles. 
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4.9. SUPORTING INFORMATION 

S4.1. Surface characterization 

The CH2 stretching frequencies of C12-TMS as a function of adsorbed hydrocarbon 

amount is shown in Figure S4.1. The CH2 symmetric and asymmetric stretching 

frequencies moved to lower frequency (indicating that the chains were more ordered), 

with increased adsorbed hydrocarbon amounts of coupling agents. The vertical scales and 

positions were adjusted for clarity 

 

Figure S4.1. Symmetric and asymmetric CH2 stretching frequencies of C12-TMS as a 

function of adsorbed hydrocarbon amount.  

The pore size distribution of C18-TMS and C3-TMS treated DE with 0.6 mg/m
2
 

adsorbed hydrocarbon amounts is shown in Figure S4.2. Addition of 0.6 mg/m
2
 C3-TMS 

caused a decrease in the pore volume compared to C18-TMS, due to the formation of 

more oligomers because at the same adsorbed hydrocarbon amount, there were more 

silane molecules in the C3-TMS. 
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Figure S4.2. Pore size distribution of C18-TMS and C3-TMS treated DE with 0.6 mg/m
2
 

adsorbed hydrocarbon amount. 

S4.2. Thermal characterization 

The melting enthalpies for different chain length alkyltrimethoxysilanes on DE are 

shown in Table S4.1. With increased chain length, the number of van der Waals 

interactions per chain increased. Therefore, melting temperatures and enthalpies 

increased with chain length for different alkyltrimethoxysilanes. TMDSC curves for bulk 

and adsorbed hydrocarbon amounts for different chain lengths as a function of adsorbed 

amounts are shown in Figures S4.3, S4.4, and S4.5. Finally, the melting temperatures of 

the alkyltrimethoxysilane in different states are shown in Table S4.2.  
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Table S4.1. Melting enthalpies for different chain length alkyltrimethoxysilanes with 2.2 

mg/m
2
 adsorbed hydrocarbon amounts on DE (normalized to the amount of silane). 

sample name ΔHm  

(J/g of silane) 

C12-TMS 17 ±   3 

C16-TMS 24 ± 13 

C18-TMS 45 ±   1 

 

Figure S4.3. TMDSC curves for DE in bulk and with different adsorbed hydrocarbon 

amounts (in mg/m
2) 

of C12-TMS. With increased adsorbed hydrocarbon amounts the 

melting temperatures and enthalpies increased, due to the formation of ordered structures. 

The vertical scales and positions were adjusted for clarity.  

-20 0 20 40

H
ea

t 
Fl

o
w

 R
at

e 
(W

/g
) 

Temperature (
 

C) 

Bulk
3.4
2.2
1.6
0.6



102 

 

Figure S4.4. TMDSC curves for DE in bulk and with different adsorbed hydrocarbon 

amounts (in mg/m
2) 

of C16-TMS. With increased adsorbed hydrocarbon amounts the 

melting temperatures and enthalpies increased, due to the formation of ordered structures. 

The vertical scales and positions were adjusted for clarity. 
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Figure S4.5. TMDSC curves for DE in bulk and with different adsorbed hydrocarbon 

amounts (in mg/m
2) 

of C18-TMS. With increased adsorbed hydrocarbon amounts the 

melting temperatures and enthalpies increased, due to the formation of ordered structures. 

The vertical scales and positions were adjusted for clarity.  

Table S4.2. Melting temperatures of the longer chain alkyltrimethoxysilane in different 

states.  

 Melting Temperature (°C) 

Alkyltrimethoxysilane 
Monomer Bulk condensed 

Adsorbed amount (mg/m
2
) 

0.6 1.6 2.2 3.4 

C12-TMS -26.8 13.7 NA 10.1 8.6 10.6 

C16-TMS   3.1 41.9 NA 38.7 38.3 41.9 

C18-TMS 16.0 57.9 NA 43.1 48.9 59.2 

S4.3. Contact angle measurements 

Contact angle changes with time for 50% particle loading of silane treated DE in 

polyurethane coatings with different chain lengths of alkyltrimethoxysilanes are shown in 

Figure S4.6. The number of molecules per nm
2
 as a function of adsorbed amount and 

chain length are shown in Table S4.3. 

For these samples, longer chains (C12-C18) showed superhydrophobic properties and did 

not change much with time. However, shorter chains showed only hydrophobicity and 

water contact angle decreased with time.  
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Figure S4.6. Contact angle changes with time for 50% particle loading of 2.2 mg/m
2
 

adsorbed hydrocarbon amount of silane treated DE in polyurethane coatings with 

different chain lengths of alkyltrimethoxysilanes.  

Table S4.3. Number of molecules per nm
2
 as a function of adsorbed amount and chain 

length. 

Alkyltrimethoxysilane Adsorbed amount (mg/m
2
) 

0.6 1.6 2.2 3.4 

 Number of molecules/nm
2
 

C3-TMS 8.4 23.3 31.5 47.6 

C8-TMS 3.0 9.2 11.8 17.8 

C12-TMS 1.8 5.9 7.7 12.1 

C16-TMS 1.2 3.8 6.7 8.7 

C18-TMS 1.3 4.0 5.2 8.0 
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CHAPTER V 

 

DEVELOPMENT OF STRUCTURE IN ADSORBED 

HEXADECYLTRIMETHOXYSILANE ON SILICA 

 

5.1. ABSTRACT 

The determination of the structural assemblies of hexadecyltrimethoxysilane 

(HDTMS) on silica particles were made using temperature–modulated differential 

scanning calorimetry (TMDSC), thermogravimetric analysis (TGA), Fourier transform 

infrared spectroscopy (FTIR) and powder X-ray spectroscopy. At very small adsorbed 

amounts (< 0.6 mg/m
2
), HDTMS molecules were individually direct bound to the silica 

surface through covalent bonding, and their aggregates were primarily amorphous. Direct 

attachment to the silica surface was found to significantly lower the enthalpies for both 

melting and crystallization of HDTMS. The enthalpies for the melting of directly bound 

HDTMS molecules increased linearly with their adsorbed amount until 0.6 mg/m
2
. 

Compared to bulk HDTMS, these bound HDTMS molecules on silica decomposed at 

higher temperatures. At larger adsorbed amounts of 0.6 mg/m
2 

or more, e.g. "multilayer 

region", both melting and crystallization enthalpies for the HDTMS were found to 

increase exponentially, and eventually, approach the bulk enthalpies.  
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The significant enthalpy changes for the melting/crystallization transitions indicated that 

the adsorbed HDTMS molecules underwent structural changes, from directly bonded on 

the surface to bulk-like with an exponential constant of about 1.6 mg/m
2
.  

5.2. INTRODUCTION 

Silica, or silicon dioxide, represents a group of widely used minerals with a 

crystalline or amorphous form.
1
 Because of its structural and surface properties,

2
 silica 

has been used in various applications, such as chromatography,
3-4

 gelation,
5-6

 polymer 

reinforcement,
7
 separation of metal ions,

8
 environmental technology,

9
 and immobilization 

of enzymes and catalysts.
10-11

 In order to improve the interfacial properties with nonpolar 

materials, hydrophilic silica surfaces can be modified with organosilanes. It has been 

shown that the surface properties of organosilane-functionalized silica can be controlled 

by the reaction conditions (temperature, water content, type and nature of reagent), the 

number of functional groups on the organosilane, and the surface history.
12-16

 

Hydrolyzed organosilanes can react with silica in variety of ways. The structures of 

the adsorbed organosilanes can play an important role in their function and are dependent 

on their adsorbed amount. The properties of organically modified silica have been 

characterized using FTIR,
17-22

 NMR,
23-26

 Raman spectroscopy,
27-30

 fluorescence
31-32

 

ellipsometry and contact angle measurements.
33

 At small adsorbed amounts, the 

organosilane molecules are typically adsorbed individually and cover the silica surface 

randomly. In this case, the hydrocarbon chains of the organosilanes are disordered and 

more flattened on the surface.
34

 But with increasing adsorbed amounts, ordered and 

disordered structures start to form island-like structures, which have more closed packed 

molecules, plus regions of disordered molecules.
34-36

 At larger adsorbed amounts from 
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higher concentrations, organosilane molecules can cross-link through intermolecular 

condensation of neighboring silanol groups.
37

 These siloxane bonds create oligomeric, 

and even polymeric organosilanes, leading to the formation of more ordered structures. 

For long chain alkyl groups, these structures are concomitant with the formation of trans 

conformations.
35,38-40

 A maximum surface density (close packed) of 4.5–5 groups/nm
2
 

can be reached.
33,41-42

  

Hydrolyzed long chain alkylsilanes are capable of the formation of closely packed 

self-assembled monolayers with highly oriented alkyl chains via spontaneous adsorption 

on to hydrated solid surfaces. Compared to monofunctional silanes, trifunctional 

organosilanes are more reactive with surface silanols and have greater stability on the 

surface. Trifunctional organosilane are polymerizable in the presence of proper catalysts, 

leading to structures on the surface, such as self-assembly (horizontal polymerization), 

covalent attachments, and vertical polymerization.
33

 Organosilane coupling agents 

typically contain an R-Si(X)3 group, where X is a hydrolysable functional group, such as 

amine, chloride, methoxy, and ethoxy group, and R is an alkyl group.
43

 Several studies 

have characterized the formation of self-assembled monolayers of organosilanes with 

long hydrocarbon chains, with and without a solid surface.
44-46

 However, the adsorbed 

structures of the organosilane at different adsorbed amounts on silica surface have not 

been investigated experimentally using differential scanning calorimetry. In this study, 

hexadecyltrimethoxysilane (HDTMS), an organosilane with a C-16 hydrocarbon tail, was 

used for modify the surface of silica. A schematic diagram of idealized modifications 

with HDTMS is shows on Figure 5.1. HDTMS adsorbed structures on silica with 

different adsorbed amounts were characterized using temperature–modulated differential 
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scanning calorimetry (TMDSC), thermogravimetric analysis (TGA), and Fourier 

transform infrared spectroscopy (FTIR).  

 

Figure 5.1. Schematic diagram of idealized modifications with HDTMS. 

5.3. MATERIALS AND METHODS 

HDTMS and LM130 silica were obtained from Gelest Inc. (Morrisville, PA) and 

Cabot Corporation (Billerica, MA), respectively. The p-toluenesulfonic acid 

monohydrate was (PTSA) from SigmaAldrich (St. Louis, MO) and toluene was from 

Pharmco-aaper (Brookfield, CT). All chemicals were used as received. 

Silica (0.5g) was reacted with different mass fractions of HDTMS in the presence of 

the catalyst, PTSA (0.02g), in glass vials with 15 mL of toluene. The reactions of the 

silanes were carried out in a water bath at 50 °C with shaking for 4 h. After shaking, the 

solutions were cooled to room temperature. The HDTMS treated silica products were 
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obtained by blowing air through the samples. The samples were then kept under vacuum 

at 40 °C for 48 h prior to analysis.  

The grafted amounts of HDTMS on the treated silica were quantified by using a TA 

Instruments model Q-50 Thermogravimetric Analyzer (TA Instruments, New Castle, 

DE). The treated silica samples were heated from 20 to 700 °C with a heating rate of 

20 °C/min in air.  

TMDSC analyses of HDTMS adsorbed silica samples were carried out using a Q-

2000 (TA Instruments, New Castle, DE). The heating and cooling scans were run from -

50 to 120 °C, and a scan rate of 3 °C/min with a modulation amplitude of ± 1.0 °C/60 s 

was used. Due to the supercooling behavior of HDTMS, the total heat flow rates were 

reported. The Universal Analysis software package from TA Instruments was used to 

calculate the enthalpy changes from the area under the heat flow rate curves.  

FTIR spectra were obtained using a Nicolet 50 FTIR spectrometer (Thermo Fisher 

Scientific Inc., Waltham, MA) in attenuated total reflection (ATR) mode with a smart 

iTR diamond crystal. The scanning frequencies were from 600 to 4000 cm
-1

 with a 

spectral resolution 4 cm
-1

 and 64 scans. X-ray diffraction (powder XRD) patterns were 

obtain on a Bruker AXS Smart APEX diffractometer (Bruker, Billerica, MA) operating 

with Mo Kα (λ = 0.7107 Å) radiation. 

Two-state and multilayer models were used to fit the enthalpy data by iterating on the 

values of the fitted parameters until the value of the sum of the squares of the residuals 

was minimized. The uncertainties in each of the parameters were estimated by varying 

each parameter independently from the set of best-fit values until the sum of the squares 
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of residuals became the predicted sum of the squares of residual, with 95% confident 

value.
47-48

  

5.4. RESULTS 

The methylene (CH2) asymmetric and symmetric stretching frequencies for the 

adsorbed HDTMS on silica are plotted in Figure 5.2. The CH2 stretching frequencies are 

often used to probe the conformation and orientation of alkyl chains.
17,29,49-50

 As shown in 

Figure 5.2, the asymmetric and symmetric CH2 stretching frequencies were observed 

around 2916 and 2849 cm
-1

 for the bulk crystalline HDTMS. At the very small adsorbed 

amounts, the asymmetric and symmetric stretching frequencies for HDTMS were at 2927 

and 2856 cm
-1

, respectively. With increasing adsorbed amounts, both CH2 stretching 

frequencies decreased and approached values for the bulk crystalline HDTMS. The 

asymmetric and symmetric stretching frequencies became constant after adsorbed 

amounts of about 10 mg/m
2
. 
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Figure 5.2. Asymmetric (◊) and symmetric (□) vibration frequencies for CH2 stretches of 

HDTMS adsorbed silica samples. The values for bulk, crystalline HDTMS, are shown as 

filled symbols (♦, ■) located at 30 mg/m
2
. The experimental uncertainty was roughly the 

size of the symbols. 

The TGA curves for the different adsorbed amounts of HDTMS samples are shown in 

Figure 5.3. In order to show the nature of the decomposition behavior, the first 

derivatives of mass losses are plotted against temperature. The TGA curve for crystalline 

HDTMS showed one main decomposition temperature peak around 519 °C with a tail on 

the low temperature side. At the lowest adsorbed amount of HDTMS, a single peak was 

observed around 527 °C. It was asymmetric, with a tail on the lower temperature side. 

This decomposition temperature was 8 °C higher than that in bulk-crystalline HDTMS. 

With increased amounts of adsorbed HDTMS, the decomposition peak was first shifted 
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to a lower temperature, and then shifted towards higher temperatures with additional 

adsorbed HDTMS, eventually reaching the decomposition temperature for bulk 

crystalline material. It is worth noting that the decomposition on the lower temperature 

side was still present for all adsorbed samples. Based on the literature,
51-53

 the silanes that 

decomposed at lower temperatures were likely to have significant amorphous fractions of 

the HDTMS. 

 

Figure 5.3. Derivative mass loss curves of crystalline and HDTMS adsorbed silica 

samples. The curves are in the order shown in the legend. The numerical values are the 

adsorbed amounts in mg HDTMS/m
2
 silica. 

The thermograms for the melting and crystallization transitions of the hydrocarbon 

chains of HDTMS are shown in Figure 5.4. The vertical scales for the melting and 
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crystallization thermograms were adjusted to more clearly show the nature of the 

transition. In Figure 5.4(a), for the heating scan for bulk HDTMS, a significant 

endothermic peak was found around 42 °C with a tail on the lower temperature side. This 

temperature is for the melting of the HDTMS hydrocarbon chains originating from the 

order-disorder arrangements of the hydrocarbon chains.
54

 As shown in Figure 5.4(b), the 

cooling scan for bulk crystalline HDTMS showed an exothermic peak around 37 °C 

corresponding to the crystallization of the HDTMS hydrocarbon chains. The temperature 

difference (5 °C in this case) between melting and crystallization implies that the 

melting/crystallization transition for HDTMS hydrocarbon chain is a supercooling 

process. 
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Figure 5.4. Heat flow rates for bulk and surface HDTMS samples from the (a) heating 

scans with the short trace being a vertically expanded region for the 1.03 mg/m
2
 adsorbed 

amount sample and (b) cooling scans with the short trace for the 1.29 mg/m
2
 adsorbed 

amount sample. The numerical values are the adsorbed amounts in mg HDTMS/m
2
 silica 

and the order as shown in the legends. The thermograms are scaled to make the most 

prominent components more obvious in the figure. 

For the adsorbed samples, a low temperature asymmetric melting peak was centered 

at 34 °C for the samples with small adsorbed amounts. As the HDTMS adsorbed amount 

increased, the transition enthalpies increased and a new peak emerged around 37 °C. 
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With increased adsorbed amounts, the peak centered on 37 °C dominated the transition 

and moved toward higher temperature with increased intensity. Eventually, it reached the 

melting temperature for bulk HDTMS. Similarly, at larger adsorbed amounts, the low 

temperature peak was overshadowed by the larger intensities of higher temperature peak. 

When the adsorbed amount was greater than 9 mg/m
2
, the transition was symmetric and 

the peak shifted to 40 °C with a tail on the low temperature side. 

For the cooling scans of the samples with very small adsorbed amounts of HDTMS, 

the crystallization transition for HDTMS chains was located around 29 °C with very 

small enthalpies. With increased adsorbed amounts, the crystallization transitions shifted 

to the higher temperatures leaving tails on the lower temperature sides. These small tails 

remained even with higher adsorbed amounts (> 9 mg/m
2
), which was consistent with the 

observations in the heating scans. With further increased adsorbed amounts, the lower 

temperature peak (around 29 °C) moved toward the bulk temperature with increasing 

intensity. When the adsorbed amount increased above 9 mg/m
2
, the peak temperature 

remained constant. 

The enthalpy changes during the melting and the crystallization of bulk and adsorbed 

HDTMS samples are shown in the Figure 5.5. The enthalpies were calculated from the 

area under the peaks. No transition was observed for the silica over the temperature range 

used in this study. The reported enthalpies for the HDTMS adsorbed samples were 

normalized to per gram of HDTMS. At each composition, the enthalpies for both melting 

and crystallization were very similar. The enthalpy for bulk crystalline HDTMS was 

found to be around 90.0 J/gHDTMS. With very small adsorbed amounts of HDTMS (< 0.8 

mg/m
2
), the enthalpies were very small and increased very gradually. With further 
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increased adsorbed amounts, the enthalpies increased approximately exponentially and 

approached the bulk values.  

 

Figure 5.5. Enthalpy change of HDTMS during melting (□) and crystallization (○). One 

standard deviation is shown by the error bars and in some cases were about or less than 

the size of the symbols used on data points unless shown. 

Two adsorbed samples and the bulk condensed sample were selected for powder 

XRD analysis: (1) 0.5 mg/m
2
 was in the very small adsorbed amount region, (2) 20.6 

mg/m
2
 was close to the bulk like HDTMS enthalpy, and (3) was bulk condensed 

HDTMS. The XRD spectra are shown in Figure 5.6. Applying Bragg’s Law equation 

(d = I/(2 sin θ), I = 0.7107 Å) in to the bulk HDTMS, one peak was observed at 2θ = 9.6° 

which is assigned to be the lateral interchain spacing for alkyl chains of 4.6 Å.
37,55
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decreasing adsorbed amounts, the peak was broader and centered at a smaller angle, as 

observed for the sample with an adsorbed amount of 0.5 mg/m
2
. Since the presence of 

amorphous hydrocarbon chains on the surface shows a broad band in the powder XRD,
56

 

it was likely that the HDTMS structures for the samples with small adsorbed amounts are 

loosely packed. In contrast, the other samples appear to be more well packed.  

 

Figure 5.6. Powder XRD spectra of adsorbed 0.5 (bottom) and 20.6 (middle) 

mgHDTMS/m
2
, and bulk condensed (top) HDTMS.  

5.5. DISCUSSION 

The asymmetric and symmetric CH2 stretching bands are often used to probe the 

conformations of hydrocarbon chains because they are sensitive to the gauche/trans 

conformer ratio. The CH2 frequency for bulk HDTMS was very close to that for 

crystalline n-alkanes.
35

 Therefore, the bulk condensed HDTMS has highly ordered trans-
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trans conformations below melting temperature
57

 due to the packing density of the 

hydrocarbon chains. For the adsorbed amounts less than 1 mg/m
2
, antisymmetric CH2 

stretching frequencies were very close to those of liquid alkanes (2927 cm
-1

). This 

indicates that the hydrocarbon chains of HDTMS on silica at very small adsorbed 

amounts were rather disordered and contained many trans and gauche conformations.
58

 In 

addition, the adsorbed hydrocarbon chains showed very small enthalpies in both melting 

and crystallization (Figure 5.4(a) and 5.4(b)), which is in agreement with the observation 

that most of the HDTMS molecules are more likely to be in disordered structures. With 

increasing adsorbed amounts, the shifting of the stretching frequency of CH2 bonds 

toward lower frequency, suggested increased conformational order on the surface of 

silica. With adsorbed amounts of greater than 10 mg/m
2
, the asymmetric and symmetric 

stretching frequencies remained constant and reached the bulk value for crystalline 

alkanes of about 2916 and 2849 cm
-1

, respectively.
29,35

 The density of hydrocarbon chains 

on the silica surface increased because of the interactions between the neighboring 

chains.  

While a variety of studies have been made on silane coupling agents, the dependence 

of decomposition temperatures on adsorbed amount have not been the focus of studies in 

the literature.
52,59-62

 We found that the hydrocarbon chain decomposition temperatures 

were sensitive to the arrangements of HDTMS molecules on the surface of silica. From 

the TGA results, the decomposition temperatures moved around with different adsorbed 

amounts; higher decomposition temperatures for small adsorbed amounts, lower 

decomposition temperatures for intermediate adsorbed amounts, and, again, higher 

decomposition temperatures for larger adsorbed amounts, which were similar to the bulk-
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like structure. As seen in Figure 5.3, at adsorbed amounts less than 1.3 mg/m
2
, the 

decomposition temperature was slightly higher than the bulk condensed decomposition 

temperature. Based on the literature, typically, the thermal decomposition of adsorbed 

organic molecules occur at higher temperature than that for bulk species.
49

 It is likely, 

based on the infrared data, that the HDTMS molecules were directly bound to the surface 

randomly as flat isolated molecules
34,43,63-64

 yielding a higher decomposition temperature 

as well. Overall the thermal stability of the adsorbed samples was lower than bulk 

HDTMS similar to that observed with adsorbed octadecyltrichlorosilane compared to 

polyoctadecylsiloxane.
65

 This difference may be due to differences in the structural 

arrangements of the adsorbed samples compared to the bulk condensed ones.
65

 

Decomposition of long organic chains occur through the β elimination, where the first 

two carbon atoms next to the head group are arranged parallel to the surface. This 

transition state only occurs at higher temperature, leading to a higher decomposition 

temperature as observed for the adsorbed HDTMS.
66-67

 With increased adsorbed 

amounts, the decomposition temperature shifted to lower temperatures, which may be 

due to the formation of amorphous oligomers patchwise on the surface
43

 from the vertical 

polycondensation of HDTMS molecules.
33

 As a result of vertical polymerization, many 

molecules were not directly attached to the surface. Therefore, decomposition 

temperatures started to move toward the lower temperature side. In the adsorption of 

cetyltrimethylammomiun bromide (CTAB) of Zhang el al.,
49

 the transition from 

monolayer to multilayer could easily be distinguished in the thermograms. Because at the 

small adsorbed amounts, CTAB molecules were individually attached and formed 

monolayers, with further increases the adsorbed amount, multilayer formation was 
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observable as a shoulder. The difference for this HDTMS system may be due to the 

oligomerization of the silane coupling agent in the solution at higher coupling agent 

concentrations. At higher concentrations, it is likely that the silane molecules were not 

bound as individual molecules. With increasing adsorbed amounts (> 5 mg/m
2
), 

decomposition temperatures increased toward the bulk decomposition temperature due to 

the formation of crystalline structures on the surface of silica similar to that of the bulk 

material.
52

 It has been proposed that the lower-temperature side of the bulk transition for 

adsorbed HDTMS decomposition peaks, originates from the presence of the less 

crystalline alkylsilanes.
52

 

For adsorbed amounts smaller than 1 mg/m
2
 the adsorbed HDTMS have very small 

enthalpy changes for the melting which were assumed to increase linearly with the 

adsorbed amounts (vide infra). In contrast, the crystallization enthalpies, in this range, do 

not show linearity. The exact nature of this region is uncertain as the enthalpies are very 

small, even an order of magnitude smaller than these in CTAB at similar compositions.
49

 

The melting and crystallization enthalpies appeared to increase exponentially with further 

increased adsorbed amounts, which indicated a structural arrangement change occurred in 

the HDTMS molecular arrangement when molecules are going from surface (molecules 

directly adsorbed to the surface) to bulk like structures. This transition to exponential 

behavior occurred in a range roughly the size of the cross-section of a hexadecane 

molecule (0.54 nm
2
) in solution.

68
 

In order to interpret the transition enthalpies as a function of adsorbed amount and 

determine how the properties varied with adsorbed amount, we tested two different 

models. The first of which was a simple two-state model, in which the enthalpy changes 
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of the adsorbed HDTMS on silica consisted of two distinct layers, a "monolayer" and a 

"bulk-like layer". The second model, called the multilayer model, consisted of a 

monolayer and a series of multilayers which transitioned the adsorbed silanes from 

monolayer to bulk-like.  

In the two-state model, the first layer, corresponded to the formation of (i) 

"monolayer-like" surface bound HDTMS, in which the enthalpy linearly increased with 

adsorbed amount. Beyond the monolayer amount, (ii) bulk-like material, with a constant 

enthalpy was added. The total enthalpy changes for these layers consisted of: ΔH1, the 

enthalpy for directly bound HDTMS and ΔHbl, the enthalpy for bulk-like HDTMS (above 

the first layer). The total enthalpy for the adsorbed HDTMS layers, ΔHHDTMS, (enthalpy 

for melting per g of HDTMS) was calculated using Equation 5.1a
49

 

 (5.1a) 

where m1 and mbl are the masses of the HDTMS in the monolayer and bulk-like HDTMS 

on 1 m
2
 of silica surface, respectively, and MHDTMS is the total mass for HDTMS.  

In the multilayer model, mbl and ΔHbl were replaced by mml and ΔHml.  Similarly, the 

enthalpy of the multilayer model is given by equation 5.1b, 

   (5.1b) 

where mml and ΔHml are the for the multilayers.  It should be noted that as ΔHbl was taken 

to be a constant, ΔHml varied as a function of the adsorbed amount.  

At small adsorbed amounts, the silane molecules were attached to the silica surface 

randomly, and formed isolated structures fairly randomly on the surface with the 
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hydrocarbon chains interacting with the silica. As chains were added, they interacted, 

resulting in an increase in HDTMS enthalpy (ΔH1) with adsorbed amount. It should be 

noted that in trialkoxy-silane coupling agent systems, there was the likelihood of the 

formation of oligomers in solution before deposition can take place. In which case, this 

monolayer would not necessarily be a uniform monolayer as with the other systems 

reported in literature.
49,69-70

 In melting, these surface attached silane molecules 

("monolayer like") have a linear dependence with the ΔH1 
49

 or 

 (5.2) 

where A is the slope parameter. The initial HDTMS silane molecules are expected to be 

adsorbed randomly and relatively flat on the surface. Then with an addition of more 

silane coupling agent molecules, form patchwise structures on the surface of silica. This 

results in the hydrocarbon chains extending away from the surface. As more chains are 

more extended, the enthalpy per gram of HDTMS increased until a "monolayer-like" 

coating was formed. The total amount of HDTMS in the monolayer-like material is 

denoted, m1'. After the completion of the "monolayer-like" structure, addition of more 

silane molecules formed different structures on the top of the monolayer. Based on the 

two-state model, the bulk-like silanes are taken to have a constant enthalpy (ΔHbl) which 

does not vary with the amount of adsorbed HDTMS silane. The results of fitting the 

enthalpy data to the two-state model are shown in Figure 5.7 and the fitted parameters 

shown in Table 5.1.  
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Figure 5.7. Enthalpy of melting of adsorbed HDTMS as a function of adsorbed amount 

showing the fits from the two-state and multilayer model. The horizontal dashed line 

shows the enthalpy for the bulk condensed HDTMS. The inset shows the behavior in the 

small adsorbed amount region.  

The best-fit parameters for the two-state model are listed in the Table 5.1. For a 

complete monolayer coverage, ΔH1 (= Am1') was found to be 6.2 J/g with m1' = 

1.60 mg/m
2
 of adsorbed HDTMS, where m1' is the value of m1 for full monolayer 

coverage. For the adsorbed amounts larger than 1.60 mg/m
2
, a multilayer enthalpy, ΔHbl 

of 87.2 J/g, was found. This fitted ΔHbl was slightly lower than the bulk HDTMS value of 

90 J/g. While the two-state model does approach the bulk HDTMS value with increasing 

adsorbed amount, the fit as shown in Figure 5.7, was not totally satisfying.  
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The two-state model fits well for the very small adsorbed amount samples, but 

overestimates the amount for full monolayer coverage, m1'. In the intermediate range, this 

model overestimated the enthalpy. At larger adsorbed amounts the two-state model 

underestimated the enthalpy. The increasing of the melting and the crystallization 

temperature with increasing adsorbed amount indicates the formation of more ordered 

HDTMS layers with increased adsorbed amounts. FT-IR frequencies, at small adsorbed 

amounts, for the CH2 resonance position indicated mostly gauche conformations and 

trans conformations at larger adsorbed amounts. Thus, both FTIR and thermal analysis 

data independently suggest that the behavior of the adsorbed chains change with adsorbed 

amounts. In particular, the first few layers (just top of the monolayer) in the HDTMS 

multilayers were not bulk-like.  

Table 5.1. Fitting Parameters for the Enthalpy Models for Adsorbed HDTMS on silica 

model A (J/g) 

(m
2
/mg) 

ΔHbl or 

ΔHml' (J/g) 

m1' (mg/m
2
) a (mg/m

2
) SD* 

two-state 3.9 (± 5.08) 87.2 (± 7.3) 1.60 (± 0.25) _ 4.8 

multilayer 1.3 (± 4.8) 95.2 (± 5.6) 0.62 (± 0.17) 1.56 (± 0.3) 2.9 

* SD is the standard deviation of the residuals from the fits to the models.  

Perhaps a better approach to estimating the enthalpy variation with the adsorbed 

amount is a "multilayer model". In this case, we have chosen a simple exponential 

dependence of the enthalpy on the adsorbed amount, m. Starting with the enthalpy for the 

monolayer, we have chosen an exponential dependence on the enthalpy as it transitions to 

bulk. This dependence has been effective for the prediction for the modelling of the 

enthalpy of adsorbed CTAB.
49

 In the monolayer regime, the enthalpy from the two 
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models are similar. The total enthalpy is given for the monolayer region by equation 5.3a, 

for the post monolayer region by equation 5.3b. In equation 5.3c, the integral is expanded 

to show the form that the data was fit to:  

   (for sub- and monolayer, 0 ≤ m1 ≤ m1') (5.3a) 

  (for m1 ≥ m1') (5.3b) 

   (5.3c) 

where a is the exponential constant which describes the scale for which the adsorbed 

amount transitions to bulk behavior. The best fit to the multilayer model is plotted in the 

Figure 5.7 with the parameters given in Table 5.1, and parameters of A = 1.3 (J/g) 

(m
2
/mg) (ΔH1' = Am1' = 0.81 J/g) and m1' = 0.62 mg/m

2
 were found. In addition, ΔH2 = 

95.2 J/g and a = 1.6 mg/m
2
 were found from the fitting. Compared with two-state model, 

multilayer model fits better with the experimental data as can be seen in the figure and 

also in the size of the standard deviation of the residuals in Table 5.1. 

From multilayer model, the parameters yielded insight on the behavior of the 

adsorbed HDTMS. The maximum enthalpy was obtained when the adsorbed amount 

approached infinity, ΔHml' = ΔH1' + ΔH2 = 96.0 J/g, which was close to the crystalline 

HDTMS enthalpy (90.0 J/g). Bulk HDTMS enthalpy had a value which was smaller than 

the bulk CTAB (155 J/g of CTAB), for example.
49

 With the same numbers of carbon 

atoms in the hydrocarbon chains, the different head group can significantly affect the 

bulk enthalpy. The oligomerization and surface bonding of HDTMS changes the registry 

of the hydrocarbon tails obviously making them less or more imperfectly crystallinity. 
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The growth of the enthalpy in the multilayer region, was shown to be well modelled as an 

exponential dependence. This growth is modelled by the distance parameter, "a" in 

equation 5.3(b). The value of the a was 1.6 mg/m
2
 which was similar to CTAB distance 

scale parameter which was 1.2 mg/m
2
.
49

 This parameter was an effective measure of the 

distance scale describing the surface effects. It is interesting to note the similarities 

between HDTMS and CTAB on silica.  

Putting all data together we were able understand how the HDTMS molecules are 

arranged on the surface of silica. The first "monolayer-like" structure is mostly 

amorphous and this "monolayer-like" material is followed by multilayers, which 

approaching bulk like HDTMS with an exponential dependence with a constant of about 

1.6 mg/m
2
, or assuming a density of about 1 g/cm

3
, about 1.6 nm worth of material.  

5.6. CONCLUSIONS 

In this chapter, we have probed the structural arrangement of HDTMS molecules on a 

silica surface using FTIR and TMDSC. With small adsorbed amounts of HDTMS, form 

disordered "monolayer-like" structures on the silica with small enthalpies of 

melting/crystallization. The enthalpies increased linearly with the adsorbed amount up to 

0.6 mg/m
2 

("monolayer-like"). With the increasing adsorbed amounts > 0.6 mg/m
2
, 

multilayers started to form with increasing ordered arrangements of HDTMS chains. The 

enthalpy variation for melting and crystallization was able to be modelled quite 

successfully with multilayer model. The enthalpies were small for the monolayer-like 

(0.81 J/g, linearly dependent on the adsorbed amount) material. Multilayers had an 

exponential dependency with the adsorbed amount. Multilayer structures were able to 
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reach the bulk like HDTMS eventually with the increasing adsorbed amount with an 

exponential distance scale of about 1.6 nm.  
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CHAPTER VI 

 

STRUCTURAL ARRANGEMENT OF HEXADECYLTRIMETHOXYSILANE ON 

DIATOMACEOUS EARTH 

 

6.1. ABSTRACT 

Fabrication of superhydrophobic coats with the help of mico-nano particles become 

an interesting topic on research field during last few years. Recently exoskeleton of 

diatoms started to use on formation of superhydrophobic coating, because of its wide 

accessible, cheap, and micro/nano scale morphology. Most of the superhydrophobic 

coatings were synthesis with the help of low surface energy silanes. The structural 

association of silane coupling agents on the surface of diatomaceous earth (DE) was 

studied with the help of different techniques, such as, temperature–modulated differential 

scanning calorimetry (TMDSC), thermogravimetric analysis (TGA), X-ray spectroscopy 

and Fourier transform infrared spectroscopy. Hexadecyltrimethoxysilane (HDTMS) was 

used for the determination of structural properties of the silane on the surface of DE. At 

smaller HDTMS adsorbed amounts, higher decomposition temperature was observed 

compared to the bulk HDTMS due to the molecules being directly bound to the surface. 
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FTIR and TMDSC results confirmed that at smaller adsorbed amounts, the molecules 

were amorphous. However, compared to HDTMS adsorption on silica, in DE at smaller 

adsorbed amounts enthalpies were unable to be measured. Further increased adsorbed 

amounts caused the enthalpies to increase exponentially and eventually reach the bulk 

HDTMS value. 

6.2. INTRODUCTION 

Silica sedimentary rock formed from eukaryotic, single-celled, photosynthetic algae 

are known as diatomaceous earth or kieselgur.
1-3

 Siliceous rocks are mainly made of 

diatom’s silicon dioxide shells (frustules), which can be found in nearly every aquatic 

habitat (both marine and fresh water) on earth.
4,5

 Diatoms have unique three-dimensional 

structures of frustules with highly-ordered micro-nano pore architecture. Figure 6.1 

shows typical scanning electron micrographs of the structure of two different kinds of 

diatoms.  

  

Figure 6.1. (a) Barreled-shaped (b) disc-shaped diatom structures. 

The distinct silica frustules of the diatoms structure provide unique mechanical, chemical, 

optical, and photonic properties.
2,6-9

 These properties allow diatomaceous earth (DE) to 

be used on a wide variety of applications, such as filtration,
10,11

 biosensors,
12,13

 immuno-

a b 
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isolation,
14

 superhydrophobic coatings,
15-18

 drug carriers,
4,19,20

 and heavy metal 

removal.
21

  

Recently diatomite or DE silica has been used for the formation of superhydrophobic 

applications.
15-18,22

 Because of microscale and nanoscale porosity, large surface area, 

modifiable surface chemistry, non-toxicity, and low cost DE is useful for 

superhydrophobicity. DE is mainly composed of silicon dioxide (SiO2), small amounts of 

alumina (Al2O3) and iron oxide (Fe2O3), and other minor components.
23

 This composition 

makes DE hydrophilic, which makes it difficult to be used for certain applications such as 

the superhydrophobicity. However, natural diatomite’s pore walls can be chemically 

functionalized to change the hydrophilicity to hydrophobicity. Chemical modification can 

be done in the presence of silane coupling agents with different functional groups. A 

schematic diagram of the proposed modification with presence of organosilanes is shown 

in Figure 6.2.  

Wide ranges of experimental techniques have been developed to study the structure of 

surface-modified DE with organosilanes. These include scanning electronic microscopy, 

X-ray fluorescence, X-ray photoelectron spectroscopy, Fourier transform infrared 

spectroscopy, thermogravimetric analysis, and solid state NMR.
4,24,25
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Figure 6.2. Schematic of diatomaceous earth surface modification using organosilanes. 

The first objective of the current study was the functionalization of diatom skeletons 

with organosilanes (R’Si(OR)3) with different adsorbed amounts with the help of a strong 

organic acid catalyst (p-toluenesulfonic acid) together with previously reported reaction 

conditions to modify the DE.
26

 Further objectives were to study the structural aggregation 

of organosilanes on DE surfaces. DE has a much lower specific surface area than nano-

silica particles that we studied previously. Consequently, it is much more difficult to 

measure the enthalpies of different adsorbed amounts compared to the silica. But, it is 

important to characterize this system because DE playa an important role in DE coatings. 

Therefore, in this study, we further try to identify how the structural formations of 

organosilanes change with the surface morphology of the type of silica. 

Hexadecyltrimethoxysilane was used as the organosilane to modify the DE. The prepared 

hexadecyltrimethoxysilane-DE adsorbed samples were characterized by temperature-
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modulate differential scanning calorimetry (TMDSC), thermogravimetric analysis 

(TGA), and Fourier transform infrared spectroscopy (FTIR). 

6.3. EXPERIMENTAL 

Untreated DE and hexadecyltrimethoxysilane (HDTMS) were obtained from Dry 

Surface Coatings, (Guthrie, OK) and Gelest, Inc (Morrisville, PA), respectively. The p-

toluenesulfonic acid monohydrate (PTSA) was purchased from Sigma Aldrich (St. Louis, 

MO) and toluene from Pharmco-aaper (Brookfield, CT). All chemicals were used as 

received.  

DE (1 g) was separately reacted with different mass fractions of HDTMS in the 

presence of PTSA (0.02g) as catalyst in separate glass vials with 15 mL of toluene. The 

reactions were carried out in a mechanical shaker for 4 h at 50 °C in a water bath. After 

shaking, the solutions were cooled to room temperature. The HDTMS treated DE 

products were obtained from the reaction medium by passing air through the sample 

using a Pasteur pipette. The samples were dried under vacuum at 40 °C for 48 h prior to 

analysis.  

The grafted amounts of HDTMS in the treated DE were quantified by TGA using a 

TA Instruments model TA Q-50 Thermogravimetric Analyzer (TA Instruments, New 

Castle, DE). The treated DE samples were heated from 20 °C to 900 °C at 20 °C/min 

under 40 mL/min of continuous nitrogen flow.  

The structural features of DE were characterized by scanning electron microscopy 

(SEM). For SEM studies, DE was spread on the top of an aluminum stud with the help of 

double-sided sticky tape. The samples were made conductive by sputtering with Au/Pd. 
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The samples were then imaged using a FEI Quanta 600 SEM (FEI Company, Hillsboro, 

OR, USA) for SEM micrographs. 

TMDSC analysis of treated DE samples were carried out using a Q-2000 (TA 

Instruments, New Castle, DE). The heating and cooling scans for samples were run from 

-50 to 120 °C, with a scan rate of 3 °C/min, modulation amplitude of ± 1.0 °C, and a 

period of 60 s. Because of the supercooling, the heats reported are from the total heat 

flow curves. The Universal Analysis software package from TA Instruments was used to 

calculate the enthalpy changes from the area under the heat flow rate curves.  

FTIR adsorption spectra were acquired using a Nicolet is 50 FT-IR spectrometer 

(Thermo Fisher Scientific Inc., Waltham, MA). This instrument was equipped with an 

ATR accessory with a smart iTR diamond crystal. The scanning range was from 600 to 

4000 cm
-1

 with a spectral resolution of 4 cm
-1

 and 64 scans. The spectra were taken by 

placing small amounts of dry HDTMS adsorbed DE in the cell. A pressure applicator 

with a torque knob between the cuticle sample and the diamond crystal ensured that the 

same pressure was applied for all measurements. X-ray diffraction (powder XRD) 

patterns were obtain on a Bruker AXS Smart APEX diffractometer (Bruker, Billerica, 

MA) operating with Mo Kα (λ = 0.7107 Å) radiation. 

An exponential model for the enthalpy data was fitted by iterating the values of the 

fitting parameters until the value of the sum of the squares of the residual was minimized. 

The uncertainty of the each parameter was estimated by varying each parameter 

independently from the set of best-fit values until the sum of squares hit the target value, 

which corresponds to a 95% confidence interval.
27
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6.4. RESULTS 

This study used DE composed of mostly disk-shaped diatom shells as shown in 

Figure 6.3(a). The SEM image (Figure 6.3(a)) shows that the diatom shells are disk-

shaped and relatively uniform in diameter (15-20 µm). The diatom shell possesses a 

highly developed porous structure, with different types of macroporous and mesoporous 

structures as shown in Figure 6.3(b) and (c).  

   

Figure 6.3. SEM images of (a) diatomaceous earth shells (b) macroporous and (c) 

mesoporous structures of disk-shaped diatomaceous earth.  

Asymmetric and symmetric methylene (CH2) stretching frequencies of HDTMS 

treated DE samples are plotted in Figure 6.4. As reported previously, symmetric and 

asymmetric stretching frequencies for crystalline n-alkanes occur around 2850 and 2916 

cm
-1

,
28

 and liquid like n-alkanes typically occur around 2854-2856 and 2924-2928 cm
-1

.
29

 

As shown in Figure 6.4, when the adsorbed amounts were smaller than 1.5 mg/m
2
, the 

asymmetric and symmetric stretching frequencies are around 2926-2922 and 2855-

2852 cm
-1

, respectively. With increasing adsorbed amounts, the stretching frequencies 

started to decrease and became fairly constant after 6 mg/m
2
 and eventually reaching bulk 

HDTMS with higher adsorbed amounts.  

a b c 

30µm 10µm 500nm 
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Figure 6.4. Asymmetric (◊) and symmetric (□) vibration frequencies for CH2 stretches of 

HDTMS treated DE samples. The values for bulk, crystalline HDTMS, are shown as 

filled symbols (♦, ■) located at 60 mg/m
2
. The experimental uncertainty is less than or 

equal to about the size of the symbols. 

The derivative TGA curves for the different adsorbed amounts of HDTMS on DE and 

crystalline HDTMS are shown in Figure 6.5. The crystalline HDTMS shows a main peak 

around 519 °C with a tail on the low temperature side that originates from the amorphous 

nature or unbound organic molecules.
30-32

 DE with PTSA shows two main decomposition 

temperatures around 460 and 570 °C. As demonstrated on our previous work,
33

 the first 

peak is attributed to the decomposition of PTSA and the high temperature peak is due to 

the dehydroxylation of the silanols of DE.
34

 At very small adsorbed amounts, the higher 

temperature peak (around 570 °C) started to increase in intensity. This decomposition 
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temperature was higher than the bulk HDTMS. With further increases in the adsorbed 

amounts, the low temperature peak increased in intensity and the higher temperature peak 

became overshadowed by the larger signals of the low temperature peak. In the samples 

with large adsorbed amounts, the derivative mass loss peaks developed into a single peak. 

With further increases towards the larger adsorbed amounts, the decomposition 

temperatures shifted to higher temperatures until it reached the bulk HDTMS 

temperature. The characteristic low temperature side tail on the bulk decomposition was 

observed in the larger adsorbed amount samples too. It is may due to the material with a 

significant amorphous fraction of HDTMS molecules.
35

 

 

Figure 6.5. Derivative mass loss curves of crystalline and HDTMS adsorbed DE 

samples. The curves are in the order shown in the legend. The numerical values are the 

adsorbed amounts in mgHDTMS/m
2
 DE. 
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TMDSC thermograms for melting and crystallization of HDTMS hydrocarbon chains 

are shown in the Figure 6.6. The vertical scales are adjusted on the thermograms to 

clarify the transitions of the TMDSC curves. The heating scan of crystalline HDTMS, 

Figure 6.6(a), exhibited an endothermic peak around 42 °C with a tail to the low 

temperature side. The cooling scan observed in the Figure 6.6(b), also showed an 

exothermic peak center around 37 °C with the tail to the lower temperature side. This 

peak corresponds to the crystallization of HDTMS hydrocarbon chains. The 5 °C 

difference between the melting and crystallization temperatures indicated that there a 

supercooling process going on in the crystalline HDTMS. Due to the lack of nucleation 

sites, crystallization processes in the cooling cycle take place at lower temperatures.
30,31,36
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Figure 6.6. Heat flow rates for crystalline and reacted HDTMS samples from the (a) 

heating scans. and (b) cooling scans with the short trace for the 1.19 mg/m
2
 adsorbed 

amount sample. Dotted lines are indicate the bulk HDTMS melting and crystallization 

temperature. The numerical values are the reacted amounts in mg HDTMS/m
2
 DE and 

the order as shown in the legend. The bulk HDTMS intensities in the heating and cooling 

scans were halved to adjust the higher intensity of the curve with the other thermograms. 

The adsorbed sample thermograms are scaled to make the most prominent components 

obvious in the figure. 

In Figure 6.6(a) for the heating scans, at small adsorbed amounts of HDTMS, a single 

asymmetric melting peak was centered around 39 °C with small enthalpies. As adsorbed 
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amounts increased, a new peak formed as a shoulder on the higher temperature side with 

a melting temperature around 40 °C and another new peak at 52 °C (shown as dashed line 

in the Figure 6.6(a)). With further increases in the adsorbed amount, a new peak formed 

as a shoulder (40 °C) which tended to dominate and increase the transition enthalpies and 

overshadowed the lower temperature peak (39 °C). As adsorbed amounts increased, the 

40 °C temperature peak moved toward the crystalline melting temperature of HDTMS. A 

constant peak shape occurred when the adsorbed amounts were greater than 20 mg/m
2
, 

with a melting temperature of 40 °C, which is very close to that of bulk HDTMS melting 

temperature (42 °C). The heating peak that was centered at 52 °C did not increase 

intensity with the adsorbed amounts. This peak did not have an equivalent observed on 

the HDTMS on silica nano particle thermograms.
37

 To get more details on this higher 

temperature peak, further studies are needed to identify the possible factors that influence 

this peak, such as with different types of DE particles. This higher temperature peak was 

also not seen with the bulk HDTMS.  

In the cooling scans (Figure 6.3(b)), the crystallization transition for the samples with 

small adsorbed amounts of HDTMS showed a weak peak around 33 °C. As the adsorbed 

amounts increased, this peak moved to the higher temperature side with increased 

intensity. At the same time, a separate peak and a shoulder peak started to form at the 

higher temperature side at 50 °C and 37 °C, respectively. However, the peak centered at 

50 °C (shown as dashed line in the Figure 6.6(b)) did not scale up with adsorbed 

amounts. In addition, the 37 °C peak shifted to 41 °C and started to be overshadowed by 

the higher intensity of the lower temperature peak at very higher adsorbed amounts.  

file:///E:/C16-TMS%20with%20DE%20&amp;%20LM130/DE%20and%20C16-TMS%20adsorption/C16_onDE11July2016.docx%23_ENREF_37


146 

Melting and crystallization enthalpies of HDTMS chains were calculated using the 

area under the transition curves of TMDSC thermograms. Since there are no transitions 

for the DE particles over the temperature range studied, the transition enthalpies for 

HDTMS were estimated directly from the thermograms. The enthalpies were measured 

per mass of sample (ΔHsample). Then the enthalpies were renormalized in order to express 

enthalpy per gram of HDTMS, 

 (6.1) 

where ΔHHDTMS is the enthalpy change per gram of HDTMS (in J/g), which excludes the 

contribution from DE. 

The enthalpies for melting and crystallization transitions of the HDTMS adsorbed 

samples are shown in Figure 6.7. The melting and crystallization enthalpies were similar 

to each other. The enthalpy for bulk HDTMS was 90.0 J/gHDTMS in crystallization and 

90.2 J/gHDTMS for melting. At very small adsorbed amounts (< 0.7 mg/m
2
), enthalpies 

were unable to be calculated because the signal to noise ratio was low. With increasing 

adsorbed amounts, enthalpy started to increase exponentially and reached a relatively 

constant enthalpy with large adsorbed amounts. It started to flatten around 90 J/g, which 

was the enthalpy for the bulk crystalline HDTMS. 
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Figure 6.7. Enthalpy change of HDTMS on DE for (a) melting (□) and (b) crystallization 

(○). Except where shown the error bars, the uncertainties were less than or about the size 

of the symbol used on the data points. 
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Powder XRD spectra for bulk condensed HDTMS, adsorbed samples, and untreated 

DE are shown in Figure 6.8. The samples with the largest adsorbed amount (51.8 mg/m
2
) 

showed a relatively sharp peak, which is very close to bulk HDTMS 2θ value. This 

indicated that the addition of a lot of HDTMS molecules to DE surface caused the DE to 

be more crystalline, like the bulk condensed material. Using the Bragg’s Law equation (d 

= I/(2 sin θ), I = 0.7107 Å) for the 2θ = 9.6 peak, d was calculated as 4.6 Å. The 

calculated d value was able to be assigned to the lateral interchain distance for densely 

packed alkyl chains (4.1–4.5 Å).
32,38-41

 The untreated DE and the 1.98 mg/m
2
 adsorbed 

amount samples contain a very broad peak, due to the amorphous nature of SiO2 in DE.
42-

44
 At the same time, the sharp crystalline peak was unable to be observed because at very 

small HDTMS adsorbed amounts have higher fraction of amorphous material.  

 

Figure 6.8. Powder XRD spectra of bulk condensed HDTMS, 51.8 and 1.98 mg/m
2
 

adsorbed DE samples, and untreated DE. The curves are in the order shown in the legend. 

The numerical values are the adsorbed amounts in mgHDTMS/m
2
 DE.  
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6.5. DISCUSSION 

At very small adsorbed amounts (< 1.5 mg/m
2
), the asymmetric and symmetric 

vibrational stretching frequencies of the CH2s were at a higher frequency compared to the 

crystalline HDTMS in Figure 6.4. FTIR can detect the molecular structures and dynamics 

of hydrocarbon chains.
28,45-48

 Based on the CH2 stretching frequencies, bulk crystalline 

HDTMS hydrocarbon chains are highly ordered and have all trans conformations. At 

small adsorbed amounts, CH2 symmetric and asymmetric stretching frequencies lie in 

between 2855-2852 cm
-1

 and 2926-2922 cm
-1

. These higher CH2 frequencies confirms 

large number of hydrocarbon segments on HDTMS were in gauche conformations.
49

 

Therefore, when the adsorbed amounts were less than 1.5 mg/m
2
, the hydrocarbon chains 

were more disordered. At the same time, these samples had very small enthalpies of 

melting and crystallization, and they were unable to be detected in the TMDSC 

experiments. The reason for this is that the molecules may be far enough apart from each 

other or the chains not line up well enough to have any significant amount of 

crystallinity. At large adsorbed amounts, the CH2 frequencies were closer to the bulk 

HDTMS value. This is because HDTMS hydrocarbon chains started to form well-ordered 

structures on the DE surface like crystalline HDTMS. This effect increased the melting 

and crystallization enthalpies of the sample due to the larger number of interactions 

between the hydrocarbon chains. 

The decomposition temperatures of a substances in TGA can be a very useful tool for 

the identification of the nature of the structure. When the adsorbed amount was less than 

2 mg/m
2
, (Figure 6.5) higher decomposition temperatures were observed from adsorbed 

DE samples. This decomposition temperature was higher for the small adsorbed amount 

samples than the crystalline HDTMS decomposition temperature. This was a result of the 
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direct attachment of HDTMS silane molecules on to the surface.
28,31

 With increased 

adsorbed amounts, more oligomers are formed patchwise on the surface,
50

 and 

decomposition temperature moved lower. At larger adsorbed amounts, as the FTIR 

results confirm, hydrocarbon chains were more highly crystalline (trans-trans 

conformation). As a result, the decomposition temperatures approached the crystalline 

HDTMS. 

The melting and crystallization enthalpies for adsorbed samples increased with 

adsorbed amount as shown in Figure 6.6. This enthalpy increment occurs exponentially 

with the adsorbed amount. Once the samples had more than 20 mg/m
2
 of silane, 

enthalpies were reached the bulk HDTMS enthalpy value due to the formation of 

crystalline material. Lower enthalpy values at the small adsorbed amounts were 

consistent with the notion that these molecules are randomly distributed on the surface. 

These molecules were far apart from each other and did not have the interactions to give 

higher enthalpies. Therefore, molecules are more disordered at small adsorbed amounts, 

and more arranged structures start to form with increasing adsorbed amount.  

Enthalpy changes indicate the structural arrangement on each surface. So to get a 

realistic picture of how HDTMS molecules arrangement change on the surface of DE, we 

tested the enthalpy data with two models as in previous developed studies.
30

 They were 

the two-state model and multilayer model. The two-state model was based on the surface 

bound "monolayer-like" and "bulk-like" structures. According to our previous study in 

HDTMS on silica, "monolayer-like" enthalpy showed a linear relationship with adsorbed 

amount. Molecules arranged beyond the "monolayer-like" structures are referred to as 

"bulk-like". Bulk like material added constant enthalpy (ΔHbl) with increasing adsorbed 
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amount. The total enthalpy for the total adsorbed HDTMS layers, ΔHHDTMS, was 

calculated using Equation 6.2,
30

 

 (6.2) 

where m1 and mbl are the masses of the HDTMS in the monolayer and bulk-like HDTMS 

on 1 m
2
 of DE surface, and MHDTMS is the total mass for HDTMS.  

When DE surfaces were modified with small adsorbed amounts, HDTMS molecules 

tend to attach randomly on the surface. Therefore, these molecules were relatively flat on 

the surface due to the lack of interactions between the neighboring molecules. This lead 

to the very low enthalpy values as were observed on the TMDSC. Consistent with 

previous studies,
30,37

 the enthalpy increased linearly with adsorbed amount, or  

 (6.3) 

where A is the slope parameter. As observed on FTIR, TGA, and TMDSC results, at 

small-adsorbed amounts molecules are random and disordered. As the adsorbed amount 

increased, oligomers started to form with elongated chains, as they were located further 

away from the surface. Molecules were continuously added until a "monolayer-like" 

structure was formed. In both models, the total adsorbed amount of HDTMS at the 

"monolayer-like" coating is refered to as m1'. In the monolayer region both models 

behave similarly.  

The multilayer model is another way to model the development of enthalpy with 

adsorbed amount. The first part is "monolayer-like", where enthalpies increase linearly. 
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In the second part of the model, enthalpies have exponential dependence with adsorbed 

amount, starting at enthalpy values at the end of the linear part of the enthalpy.  

 (6.4a) 

   (for sub- and monolayer, 0 ≤ m1 ≤ m1') (6.4b) 

where m1 and mml are the masses of the HDTMS in the monolayer and multilayer 

HDTMS on 1 m
2
 of DE surface, respectively, and MHDTMS is the total mass for HDTMS. 

The total enthalpy for the multilayer and the expanded format of the integrated equation 

is given by equation 6.4c and 6.4d respectively: 

  (for m1 ≥ m1') (6.4c) 

   (6.4d) 

where a is the exponential constant, which describes the growth of the "bulk like" 

behavior with adsorbed amount.  

For the behavior of adsorbed HDTMS on silica, in our previous study, we observed a 

linearly increasing enthalpy in the "monolayer-like" region. However, with HDTMS on 

DE, we were unable to measure enthalpy changes at very small adsorbed amounts. This 

was likely due to the smaller specific surface area (specific surface area of DE is 24 m
2
/g) 

and the different surface curvature of DE, compared to the silica (130 m
2
/g). With a 

changing nature of the surface curvature, arrangement of same organosilane coupling 

agent may differ.
51

 As noted, we did not observe any enthalpy values at smaller adsorbed 

amounts, probably due to the low surface area of DE. From the adsorption of HDTMS on 
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silica, only limited enthalpy values were obtained at the smaller adsorbed amounts, such 

as at 0.38 mg/m
2
, the enthalpy was 1.13 J/g; at 0.5 mg/m

2
, the enthalpy was 1.0 J/g; and 

at 0.63 mg/m
2
, enthalpy was 1.6 J/g. Using the multilayer model of DE with a 

"monolayer-like" (linear part) portion, a linear portion was force fitted to go to zero 

creating slight curvature at the beginning of curve. This is an artifact that was 

unavoidable because nearly enthalpies could not be measured in the smaller adsorbed 

amount region. The linear slope of the multilayer model is sensitive to the enthalpy 

values of small adsorbed amounts. These data were able to be fit with an a modified 

multilayer model which is shown in equation 6.5, 

 (6.5) 

The results of fitting the enthalpy data to model is shown in Figure 6.9 and the fitted 

parameters are shown in Table 6.1. With the best fit parameters to the modified 

multilayer model, ΔH2 = ΔHHDTMS = 97.2 J/g and a = 2.9 mg/m
2
. The maximum enthalpy 

97.2 J/g was obtained when the adsorbed amount approached to the infinity. This was 

close to the bulk HDTMS enthalpy value of 90.0 J/g. According to the two-state model of 

HDTMS adsorbed system composed of "monolayer-like" and "bulk-like" structures. 

However, with DE "monolayer-like" structure enthalpies were unable measure. 

Therefore, DE and HDTMS enthalpies were unable to fit with two-state model.  
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Figure 6.9. Enthalpy of melting of adsorbed HDTMS as a function of adsorbed amount 

showing the fit from the modified multilayer model. The horizontal dashed line shows the 

enthalpy for the bulk condensed HDTMS.  

Table 6.1. Fitting Parameters for the Enthalpy Multilayer Model for Adsorbed HDTMS 

on DE. 

model ΔHml (J/g) a (mg/m
2
) S.D.* 

multilayer 97.2 (±6.1) 2.9 (±0.5) 4.0 

* SD is the standard deviation of the residuals from the fits to the models.  

The type of silica surface used has a significant influence on the structural 

arrangement of HDTMS at small adsorbed amounts. With respect to the nano silica 

particles (cab-o-sil LM130), clearly we were able to see linear increase in enthalpy with 

increasing adsorbed amount. However, with DE, even though it is mainly composed of 

silica, we did not see the linear increase with the smaller adsorbed amounts. At further 
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increased adsorbed amounts, enthalpy started to increase exponentially, independent of 

the type of surface used. To sum up, at small-adsorbed amounts the structural 

arrangement of HDTMS depends on the type of silica substrate used, and at lager 

adsorbed amounts the system is independent of the type of silica surface used and 

adsorbed HDTMS reaches to the bulk like behavior. 

6.6. CONCLUSIONS  

Structural arrangements of HDTMS on the surface of DE was probed with TMDSC, 

FTIR, TGA, and XRD. FTIR and XRD the results confirmed at small adsorbed amounts, 

HDTMS molecules are amorphous on the surface and did not form a "monolayer-like" 

structure. At further increased adsorbed amounts ordered structures start to form with 

higher crystallinity. The higher decomposition temperatures in TGA at small adsorbed 

amounts indicate molecules are directly attached on to the surface and flat. Enthalpy data 

at different adsorbed amounts were able to be fit with the modified multilayer model. 

According to this model, the enthalpy increases exponentially and is able to reach the 

bulk HDTMS value with higher adsorbed amount. 
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CHAPTER VII 

 

COMPETITION OF HEXAMETHYLTRIMETHOXYSILANE AND P-

TOLUENESULFONIC ACID ON SILICA AND DIATOMACEOUS EARTH 

 

7.1. ABSTRACT 

Silica and diatomaceous earth (DE) were modified with hexadecyltrimethoxysilane 

(C16-TMS) in the presence of p-toluenesulfonic acid (PTSA). PTSA acted as an acid 

catalyst for the reaction of C16-TMS, however, the acid's presence complicated the 

determination of the adsorbed amount of the silane. Silanol groups on silicas and DE 

allowed the sulfonate groups on PTSA to attach to the surfaces and these surface-

adsorbed acid groups did not come off the surfaces until higher temperatures, overlapping 

with the decomposition of the silane. We propose a model for the estimation of the 

amount of silane under "no-rinse" conditions based on the co-adsorption of the acid and 

silane. Both the acid and silane adsorb on the surface with the silane prefentially 

adsorbing and the PTSA filling the remainder of the surface sites. This model allows the 

accurate determination of the amounts of C16-TMS on these two silicas. 
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7.2. INTRODUCTION 

Silane coupling agents are composed of organic and inorganic moieties in the same 

molecule. This important property means that silane coupling agents can combine two 

dissimilar materials. Of these two materials, one member is usually composed of a metal 

oxide-like material, including silicates, borates, aluminates, titanates, etc.
1,2

 For example, 

silane coupling agents can be used to improve the reinforcement of composites and for 

resin and surface modification. Considerable synthetic effort has been devoted to 

modifying the surface of silica using silane coupling agents.
3
 Silanes can be anchored 

onto a silica surface through covalent bonds between the hydrolyzed silanes and hydroxyl 

groups of the silica. These covalent bonds allow the long-lasting immobilization of 

organic groups and introduce higher stability.
4  

Alkyltrimethoxysilanes [R-Si(OCH3)3] are one of the most effective and most widely 

used coupling agents for the modification of surfaces. The methoxy/ethoxy or chlorine 

(R-) groups can hydrolyze in the presence of an acid catalyst to form silanols. The 

alkylation of silanol groups on silica is most frequently done under acid catalyzed 

reaction conditions with the help of organic and inorganic acids (p- toluenesulfonic acid, 

hydrochloric acid, ethanol, and methanol). Bases can also be used in many cases. With 

the presence of catalysts, the surface reactions can be done in a short time and result in 

higher grafted densities. It is well known that p-toluenesulfonic acid (PTSA) is a 

convenient, easily available and inexpensive material, which can be used in a variety of 

reactions. These uses include as dopants for conductive polymers,
5
 dehydrating agents, 

6
 

catalysts
7
, and intermediates for the production of many useful chemicals such as p-
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cresol. The modification of silica with alkyltrimethoxysilanes can be made with PTSA to 

control adsorption on the silanol.
8
 

PTSA is able to remain active for a long period of time as an acid without losing its 

activity after entrapment or adsorption onto silica or silica-like surfaces, such as in the 

production of olefin,
6
 esters

9
, and ZnO particles.

10
 These adsorbed PTSA molecules were 

able to be quantitatively removed with washing with a polar solvent (water, methanol, 

ethanol).
10

 In this study, the surface modification of silica was made at different adsorbed 

hydrocarbon amounts of the alkyltrimethoxysilane in the presence of PTSA as an acid 

catalyst. At the end of the reaction, in this case, the modified samples were not washed 

with polar solvents to avoid the removal of adsorbed hydrocarbon chains and to achieve 

higher adsorbed amounts. Therefore, we were unable to directly quantify the adsorbed 

hydrocarbon amounts of the alkyltrimethoxysilane on the surface due to the presence of 

PTSA. The main objective of this work was to determine the adsorbed hydrocarbon 

amount of alkyltrimethoxysilane and PTSA. Cab-O-Sil LM130 and diatomaceous earth 

(DE) were used as our surfaces and were modified with hexadecyltrimethoxysilane (C16-

TMS). 

7.3. EXPERIMENTAL 

Cab-O-Sil (LM130, specific surface are 130 m
2
/g) silica and DE (specific surface 

area 24 m
2
/g) were obtained from Cabot Corporation (Billerica, MA) and Dry Surface 

Coatings (Guthrie, OK). The C16-TMS was from Gelest Inc. (Morrisville, PA), PTSA 

was from SigmaAldrich (St. Louis, MO), and toluene was from Pharmco-aaper 

(Brookfield, CT). All chemicals were used as received.  
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7.3.1. Silylation reaction 

A series of silica and DE treated samples with varying adsorbed hydrocarbon 

amounts of C16-TMS were prepared in toluene. Silica (0.5 g) or DE (1 g) was placed in a 

glass vial, 15 mL of toluene was added, and the mixtures were shaken with a mechanical 

shaker for 30 min to wet the particles. PTSA monohydrate (~ 0.02 g) and different 

amounts of C16-TMS were added to each vial.  

The glass vials containing silica and DE with C16-TMS solutions were shaken using 

a mechanical shaker for 4 h in a 50 °C in a water bath and then cooled down to room 

temperature. The C16-TMS/PTSA functionalized silica and DE samples were obtained 

from the reaction medium by passing air through the samples using Pasteur pipettes, 

followed by drying under vacuum at 50 °C for 48 h. This process did not remove much, if 

any PTSA.  

7.3.2. Surface Characterization 

The adsorbed hydrocarbon amounts of C16-TMS in the treated silica and DE were 

quantified using thermogravimetric analysis (TGA) with a Q-50 Thermogravimetric 

Analyzer (TA Instruments, New Castle, DE). The samples were heated from 20 °C to 

700 °C and 20 °C to 900 °C for silica and DE, respectively, at a heating rate of 20 °C/min 

under a 40 mL/min of continuous nitrogen flow. The amounts of adsorbed C16-TMS are 

reported as the adsorbed hydrocarbon amounts. This is the amount of material which 

decomposed when the samples were heated to 700 °C or 900 °C. It includes the 

hydrocarbon chains, but not the Si and O's from the coupling agent as they remained on 

the silicas at the highest temperature. Fourier transform infrared spectroscopy (FT-IR) 

spectra were taken in transmission mode using a Varian 800 FT-IR spectrometer placing 
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small amount of dry treated and untreated silica and DE on NaCl plates. The scanning 

range was from 600 cm
-1

 to 4000 cm
-1

 with a spectral resolution of 4 cm
-1

 and 64 scans. 

7.4. RESULTS 

The TGA curves of untreated silica and DE without PTSA are shown in Figures 

7.1(a) and 7.1(c) and those of untreated silica and DE with PTSA in Figures 7.1(b) and 

7.1(d). In order to observe the decomposition behavior clearly, the derivative of the mass 

loss was plotted on the same graph. Untreated silica without PTSA did not show any 

significant mass loss from 0 °C to 700 °C, but, with PTSA, gave a well-resolved peak 

around 540 °C with a mass loss of around 3.3%. Derivative curves of both untreated DE 

without and with PTSA showed peaks in the temperature range of 20 °C -250 °C, 

centered at around 160 °C. In DE, both with and without PTSA, a significant broad mass 

loss occurred in the range of 250 °C -900 °C, with a mass loss of around 2.4%
11

 and 

4.4%, respectively. Untreated DE with PTSA Figure 7.1(d) gave a well resolved peak 

around 500 °C in addition to the other peaks present on untreated DE. Based on the 

testing of a large number of samples, the peaks centered on 500 °C and 540 °C were 

attributed to the decomposition of PTSA on DE and silica. The mass loss differences 

between the samples with and without PTSA on the surface were due to PTSA (between 

Figure 7.1(a) and (b) and between Figure 7.1(c) and (d)).  
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Figure 7.1. TGA curves of untreated silica (a) without and (b) with PTSA (0.27 mg/m
2
), 

and untreated DE (c) without (d) with PTSA (0.92 mg/m
2
). Difference between the mass 

loss of silica with and without PTSA and DE with and without PTSA gave the initial 

PTSA adsorbed amount.  

The TGA thermograms were used to determine the amount of adsorbed silane on the 

surfaces. C16-TMS treated silica and DE samples showed decomposition steps from 

250 °C -700 °C and 250 °C -900 °C, respectively. These peaks, shown in the derivative 

mode were very broad TGA peaks in Figure 7.2. The PTSA with untreated silica and DE 

showed a narrower peak in the same temperature range. The overlapping decomposition 
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ranges of PTSA and adsorbed silane can be clearly seen in Figure 7.2. Due to the overlap 

of the decomposition temperatures of these samples, we were unable to quantify the 

adsorbed hydrocarbon amounts of C16-TMS directly on the surfaces of silica and DE.  

 

Figure 7.2. Derivative mass loss TGA curves of (a) untreated silica (continuous line), 

untreated silica with 0.27 mg/m
2 

PTSA (dashed line), and 0.4 mg/m
2
 C16-TMS 

hydrocarbon chain adsorbed amount silica with 0.27 mg/m
2 

PTSA (dotted line). (b) 

untreated DE (continuous line), untreated DE with 0.92 mg/m
2 

PTSA (dashed line), and 

1.6 mg/m
2
 C16-TMS hydrocarbon chain adsorbed amount DE with 0.92 mg/m

2 
PTSA 

(dotted line). 

Most of the sulfonate stretching bands are located in the 1000 cm
-1

 – 1200 cm
-1

 

region.
12

 An example is the S=O asymmetric stretch which occurs around 1031 cm
-1

.
13

 In 

our systems, the broad Si-O stretching band overshadowed the S=O stretching peaks, 

thus they could not be seen in the FTIR spectra. Aromatic CH2 bending frequencies 

(Figure 7.3(b)) and some strong bands related to the PTSA (Figure 7.3(c)) were located 

around 670 - 900 cm
-1

and 1330 - 1420 cm
-1

.
14-16

 These peaks could be clearly seen in 



168 

Figure 7.3 with silica and PTSA, as well as on the C16-TMS treated silica. None of the 

peaks were seen in the spectra of silica alone. The FTIR results confirmed the adsorption 

of PTSA on the surface of silica. The broad band at 3400 cm
-1

 was attributed to the 

silanol O-H stretch. In addition, bands at 1630, 1080, and 800 cm
-1

 correspond to –OH 

bending, Si-O-Si stretching, and Si-O-Si bending respectively. C16-TMS treated silica 

showed symmetric and asymmetric CH2 peaks around 2850 and 2922 cm
-1

. FTIT result 

for DE is given in the Supporting Information S7.1. The spectra of DE are similar in 

the FTIR but not as clear, probably due to the much smaller surface area and larger 

particle size of DE compared to the primary size of the silica particles.  
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Figure 7.3. FTIR spectra of a) silica, silica with 1.5 mg/m
2
 PTSA, 0.2 mg/m

2
 C16-TMS 

adsorbed hydrocarbon amount on silica with 0.27 mg/m
2
 PTSA and neat PTSA, b) 

aromatic C-H bending region: 750 - 600 cm
-1

, and c) sulfonate group related strong peaks 
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in 1600 - 1350 cm
-1 

frequencies. The spectra are in the order shown in the legends and the 

intensities were adjusted for comparison of the peak shapes/positions.  

The amount of PTSA bound was measured on the surface of silica and DE as a 

function of the total amount of PTSA added from solution in toluene. The bound PTSA 

was estimated from the original mass of the sample from the TGA analysis and the mass 

loss between 250-700 °C (vida infra). The mass of the silica was the remaining mass at 

the highest temperature. Figures 7.4 and 7.5 show the adsorption isotherm-like curves 

from the TGA data for PTSA adsorbed onto silica and DE. The curve of silica with PTSA 

was roughly the shape of a Langmuir isotherm.  

 

Figure 7.4. Bound PTSA adsorbed amount on silica from toluene as a function of total 

amount added per surface area. 

The adsorbed amounts increased with amounts of PTSA added, reached a maximum 

value, and remained constant with increased PTSA added. The plateau region value 

revealed that the maximum adsorbed bound amount was approximately 0.47 mg/m
2
 for 
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adsorption of PTSA on silica. In contrast, PTSA adsorption on DE showed a linear 

relationship with the total added amounts. For the amounts we studied, we did not see the 

formation of a plateau region as seen with the silica.  

 

Figure 7.5. Bound PTSA adsorbed amount on DE from toluene as a function of total 

amount added per surface area. 

Since the C16-TMS is not particularly volatile, the amounts of C16-TMS added to 

each of the surfaces from the initial solutions allowed us to estimate the adsorbed 

hydrocarbon amounts (AAHC-C16) using Equation 7.1,  

 (7.1) 

where AAHC-C16 is adsorbed hydrocarbon amount (mg/m
2
) from the initial composition, 

MWC16-TMS is the molecular mass of C16-TMS silane (g/mol), MWHC-C16 is the molecular 

mass of the hydrocarbon chain portion of C16-TMS silane (g/mol), S is the specific 

surface area of silica (130 m
2
/g) or DE (24 m

2
/g), m is mass of silica or DE (g), and mC16-
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TMS is the amount of C16-TMS silane (g). Note that the adsorbed amounts are converted 

to mg/m
2
.  

For our experiments, both the C16-TMS and PTSA adsorb, but not all of the PTSA is 

directly bound. In the thermograms, non-adsorbed PTSA and water leave the sample at 

temperatures below 250 °C what remains is bound C16-TMS, bound PTSA and silica. 

Therefore, it is possible to estimate the total amounts of adsorbed, AAtotal (C16TMS + 

PTSA) as the mass of total adsorbate per surface area of silica or  

 (7.2) 

or 

 (7.3) 

where AATotal is the adsorbed amount of C16-TMS plus PTSA (mg/m
2
), mAd-C16-TMS is 

mass of adsorbed C16-TMS, mAd-PTSA is the mass of PTSA adsorbed, f250-700 fraction of 

adsorbed C16-TMS and PTSA which came off/decomposed in the 250-700 °C region, f20-

700 fraction of total mass loss from 20-700 °C for silica, and S is specific surface area of 

silica (130 m
2
/g). The values for DE can also be determined from Equation 7.3 with msilica 

replaced by mDE and S for DE being 24 m
2
/g. So, the total amounts of C16-TMS and 

PTSA bound is given by the total mass losses (f20-900) and bound mass losses (f250-900) for 

the C16-TMS and PTSA remaining.  

The total adsorbed amounts of bound C16-TMS and PTSA were larger than the 

amounts expected based on the C16-TMS amounts added alone. These differences were 

attributed to the amount of adsorbed PTSA because the samples were not washed after 
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treatment. Both the C16-TMS silane coupling agent and PTSA are nonvolatile and have 

high boiling points (the boiling point of C16-TMS is 155 °C and PTSA is 140 °C). 

Therefore, the difference between the total adsorbed amount (AATotal) and estimated 

(AAHC-C16) adsorbed hydrocarbon amount should be due to the adsorbed PTSA for any 

given sample as equation 7.4,  

 (7.4) 

With increasing the AAHC-C16 on the surface, the AAPTSA decreased. If the surface area 

is fixed and added C16-TMS and PTSA take up constant (but not equal) surface areas, a 

linear relationship would be expected:  

 (7.5) 

or, rearranging 

 (7.5a) 

where AA
0

PTSA is the full surface coverage bound amount of PTSA (mg/m
2
), AAPTSA and 

AAHC-C16 the adsorbed amounts of bound PTSA and C16-TMS, and r is ratio of the 

surface size of the C16-TMS to PTSA, normalized on a mass basis (g PTSA/g C16-

TMS). From equation 7.5a, we expect AAPTSA to be a linear function of AAHC-C16, with an 

intercept of AAºPTSA and a slope of -r. The correlation between AAPTSA and AAHC-C16, for 

the two different surfaces is shown in Figure 6. With the help of this correlation, we were 

able to quantify the adsorbed hydrocarbon amount of C16-TMS on the silica and DE 

surface. The basis for this estimation is the assumption that we have an independent 

estimate of the AAHC-C16 which we take as that amount added to the treating solution per 

surface area of substrate.  
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Figure 7.6. The adsorbed amount of PTSA (AAPTSA) as a function of the hydrocarbon 

amount of C16-TMS (AAHC-C16, estimated from the original solution composition) for a) 

silica b) DE surface.  

Using the linear regressions from the Figure 6 graphs, we were able to estimate the 

calculated bound AA'PTSA at any AAHC-C16 initial composition. In addition, these values 

were used to calculate the adsorbed hydrocarbon amounts of C16-TMS (AAC16-TMS). The 

intercept of each line indicated the AA
0

PTSA on the surface of silica and DE, as shown in 

Figure 6. Moreover, the intercepts were close amounts of PTSA bound for the samples 

with only PTSA added. The corrected value of AAC16-TMS can then be calculated from the 

value from the linear regression or  

 (7.6) 

The results for the corrected values of AAC16-TMS, which was our original goal, are 

summarized in Table 7.1 and 7.2 for silica and DE, respectively.  
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Table 7.1. Adsorbed hydrocarbon amounts of C16-TMS on silica (AA'C16-TMS) after 

correction. 

AAHC-C16  

(mg/m
2
) 

AATotal 

(mg/m
2
) 

AAPTSA  

(mg/m
2
) 

AA'PTSA (mg/m
2
)* 

= -0.13AAHC +0.29 

AAC16-TMS  

(mg/m
2
) 

0  0.27 0.27 0.29   

0.2 0.44 0.24 0.26 0.18 

0.4 0.64 0.24 0.24 0.40 

0.8 1.01 0.21 0.18 0.83 

1.00 1.19 0.19 0.16 1.03 

1.40 1.5 0.1 0.10 1.40 

1.60 1.68 0.08 0.08 1.60 

2.00 2.00 0 0.03 1.97 

* Corrected value of AAPTSA from the linear regression. 

Table 7.2. Adsorbed hydrocarbon amount of C16-TMS on DE (AA'C16-TMS) after 

correction. 

AAHC-C16  

(mg/m
2
) 

AATotal 

(mg/m
2
) 

AAPTSA  

(mg/m
2
) 

AA'PTSA (mg/m
2
)* 

= -0.18AAHC +0.92 

AAC16-TMS  

(mg/m
2
) 

0 0.92 0.92 0.92   

0.13 1.07 0.94 0.90 0.17 

0.32 1.26 0.94 0.87 0.39 

0.54 1.47 0.93 0.83 0.64 

0.56 1.4 0.84 0.83 0.57 
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0.65 1.4 0.75 0.81 0.59 

0.84 1.65 0.81 0.78 0.87 

0.97 1.71 0.74 0.75 0.96 

1.08 1.71 0.63 0.73 0.98 

1.4 1.9 0.5 0.68 1.22 

1.64 2.23 0.59 0.64 1.59 

2.24 2.82 0.58 0.53 2.29 

2.69 3.22 0.53 0.45 2.77 

3.37 3.77 0.4 0.33 3.44 

3.77 3.98 0.21 0.26 3.74 

4.31 4.29 -0.02 0.16 4.13 

* Corrected value of AAPTSA from the linear regression. 

To get a better idea of how close the AAC16-TMSr with AAHC-C16, Figure 7.7 is plotted 

with the initial and adsorbed C16-TMS adsorbed amount values. The dashed line 

indicated that if the reaction was perfect, the AAHC-C16 should be equal to the AAC16-TMS. 

Figure 7.7 clearly indicated that with correction AAC16-TMS became almost equal to the 

AAHC-C16.  
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Figure 7.7. Comparison of C16-TMS adsorbed hydrocarbon amounts with AAHC-C16, 

experimentally and after correction from the model on a) silica and b) DE. 

7.5. DISCUSSION 

The TGA mass loss can be used as a technique for quantitative and sometimes 

qualitative identification of organic matter on a surface. Bare silica did not show any 

mass loss throughout the temperature range, but silica with PTSA showed one main 

decomposition step in the TGA as shown in Figure 7.1(b). This main mass loss was 

related to the decomposition of organic material of PTSA. Bare DE and DE with PTSA 

showed two mass loss steps in Figure 7.1(c) and (d). The first mass loss was centered 

around 160 °C, and was mainly due to the loss of physically adsorbed water.
11,17

 The 

second mass loss was attributed to the broad temperature range, which was around 2.4% 

and 4.4% on bare DE and DE with PTSA, respectively. The 2.4% mass loss attributed to 

the dehydroxylation of DE silanol groups was due to the condensation
18,19

 and mass loss 

was consistent with the results of others.
20

 The 4.4% mass loss was associated with the 

dehydroxylation of DE silanol groups and the decomposition of PTSA hydrocarbons. 

Accordingly, this 2% extra mass loss should be related to the PTSA. Mass loss due to the 
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PTSA correlated with the amount of PTSA used during the reaction (around 2%). This 

confirms that the mass loss is likely due to PTSA. Upon adsorbing the C16-TMS onto 

surface of silica and DE, the TGA showed a broad mass loss from 250 – 700 °C and 250 

-900 °C. Based on the literature, the decomposition of adsorbed organic silanes takes 

place between 250 and 600 °C. This degradation step can be assigned to the 

decomposition of the hydrocarbon chains of C16-TMS.
17

 Comparing the derivative 

curves of C16-TMS treated silica and DE with PTSA adsorbed silica and DE showed 

overlapping mass loss steps. Therefore, we were unable to directly quantify the amount 

of C16-TMS on the surface. 

FTIR peaks confirmed that the adsorption of PTSA takes place in the sample of silica 

and DE. As Figure 7.3(b) and (c) showed, we were able to see aromatic C-H bending and 

some strong peaks related to the PTSA with silica and DE with PTSA and C16-TMS 

treated silica and DE. These stretching and bending frequencies were due to the PTSA, 

because C16-TMS does not have any aromatic and sulfonate moieties.  

The adsorption isotherm like curves probes the surface coverage with PTSA. The 

PTSA adsorbed amounts on the surface depended on the nature of the surface and 

interactions between PTSA and the surface. Silica and DE are hydrophilic surfaces due 

the presence of silanol groups. In addition, PTSA is composed of hydrophilic sulfonate 

groups. These PTSA sulfonate groups are able to form hydrogen bonds with the silanol 

groups of silica and DE. The amount of adsorbed PTSA per unit surface area increased 

with the total add amount of the PTSA as shown in Figures 7.4 and 7.5. Similar to the 

other systems,
21

 the adsorbed amounts of PTSA were expected to increase with increased 

total added PTSA amounts, reached a maximum value as shown in Figure 4 for silica and 
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PTSA system. According to literature, area per benzene molecule is around 40 Å.22
 Based 

on this number PTSA molecules that can occupy a 1 nm
2
 surface of silica will be around 

2.5. The curves of adsorption isotherm of PTSA and silica showed a maximum 

adsorption 0.47 mg/m
2
. When the surface is covered with around 2 molecules/nm

2
. These 

numbers indicate that PTSA formed a monolayer on the surface of silica. However, with 

the PTSA and DE system, we were unable see a plateau region and the adsorbed PTSA 

amount continuously increased with increasing total adsorbed amounts of PTSA. Further 

studies are needed to identify the factors affecting the interaction of PTSA with DE.  

According to Figure 7.6, AAPTSA decreased with the increase of the AAHC-C16 of C16-

TMS. With an increase in the AAHC-C16, the amounts of AAPTSA started to decrease, 

indicating that fewer PTSA molecules bind onto the surface. While the solution mixture 

was without C16-TMS, most of the PTSA sulfonate groups were able to form hydrogen 

bonds between the silanol groups of silica and DE. With the addition of C16-TMS and 

PTSA together onto the surfaces, the C16-TMS molecules formed covalent bonds while 

the PTSA molecules formed hydrogen bonds with silanol groups. Further addition of 

C16-TMS molecules with a constant amount of PTSA showed that the C16-TMS 

molecules have more affinity for the silanol groups than the PTSA. This leads to the 

formation of fewer bound PTSA molecules on the surface. Therefore, with increased 

adsorbed hydrocarbon amounts of C16-TMS, the number of bound PTSA molecules 

decreased. With this approach, we were able to determine the adsorbed C16-TMS 

amounts of each sample with high precision as shown in Figure 7.7. After the correction, 

AAC16-TMS became almost equal to the AAHC-C16. 
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We also note that the values of the r (slope) parameter for both the silica and DE 

systems are similar (0.13 and 0.18, respectively). This implies that the addition of the 

same mass of silane coupling agent, takes up about 15% of the surface area of a PTSA 

molecule (on a per mass basis). The small differences between the two systems may be 

due to the different morphologies of the two substrates. In any case, the small values of r 

seem to be indicative of the behavior of added coupling agents. The formation of 

oligomers from the coupling agents in solution and on the surface means that not all of 

the silanes will be directly bound to the surface. Nevertheless the do seem to displace a 

small amount of PTSA per gram of silane added. 

7.6. CONCLUSIONS  

Silica and DE were modified by C16-TMS in the presence of PTSA as a catalyst. Due 

to the hydrophilic nature of silanol groups, PTSA molecules were adsorbed on the 

surfaces of silica and DE through hydrogen bonding. This made it difficult to calculate 

the C16-TMS adsorbed hydrocarbon amounts on the surfaces. With the help of total and 

estimated adsorbed hydrocarbon amounts of the C16-TMS, the PTSA adsorbed amounts 

on the surfaces were calculated. With that, we were able measure a linear relationship 

between the adsorbed PTSA and estimated hydrocarbon amounts of C16-TMS. This 

linear regression helps on the determination of close to accurate PTSA adsorbed amounts. 

Using the PTSA adsorbed amounts, C16-TMS adsorbed amounts were calculated. 

Calculated C16-TMS values were similar to the estimated adsorbed hydrocarbon amount 

of C16-TMS. Therefore, this linear calculation method became an alternative method for 

calculating the adsorbed hydrocarbon amounts of alkyltrimethoxysilanes when the PTSA 

was used as a catalyst, was not washed off and adsorbed on the surface. 
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Figure S7.1. FTIR spectra of a) DE, DE with 1.5 mg/m
2
 PTSA, and 0.54 mg/m

2
 C16-

TMS adsorbed hydrocarbon amount on silica with 0.92 mg/m
2
 PTSA, b) aromatic C-H 

bending region: 750 - 600 cm
-1

, and c) sulfonate group related strong peaks in 1600 - 

1350 cm
-1 

frequencies.  
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APPENDICES 

 

APPENDIX A 

 

SEM IMAGES OF DIFFERENT CHAIN LENGTH ALKYLTRIMETHOXYSILANE 

 

  



186 

 

  

  

Figure A1. SEM images of polyurethane coatings without 3.4 mg/m
2
 C12-TMS treated 

DE. 
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Figure A2. SEM images of polyurethane coatings with particle loadings of 3.4 mg/m
2
 

C12-TMS treated DE for 14.3%, -treated DE. 
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Figure A3. SEM images of polyurethane coatings with particle loadings of 3.4 mg/m

2
 

C12-TMS treated DE for 40%, -treated DE. 
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Figure A4. SEM images of polyurethane coatings with particle loadings of 3.4 mg/m

2
 

C12-TMS treated DE for 62.5%, -treated DE. 
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Figure A5. SEM images of polyurethane coatings with particle loadings of 2.2 mg/m

2
 

C3-TMS treated DE for 50%, -treated DE. 
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Figure A6. SEM images of polyurethane coatings with particle loadings of 2.2 mg/m

2
 

C8-TMS treated DE for 50%, -treated DE. 
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Figure A7. SEM images of polyurethane coatings with particle loadings of 2.2 mg/m

2
 

C12-TMS treated DE for 50%, -treated DE. 
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Figure A8. SEM images of polyurethane coatings with particle loadings of 2.2 mg/m

2
 

C16-TMS treated DE for 50%, -treated DE. 
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Figure A9. SEM images of polyurethane coatings with particle loadings of 2.2 mg/m

2
 

C18-TMS treated DE for 50%, -treated DE. 
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