The Concentration of Hydroxyl Groups on Glass Surfaces and their Effect on the Structure of Silane Deposits
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Abstract
The concentration of hydroxyl groups on glass surfaces has been investigated by contact angle goniometry (CAG). The density of hydroxyl groups was quantified by measuring the contact angle with water of differing pH in octane. It has been found that the maximum contact angle appeared at the point of zero charge, which has been used to calculate the density of hydroxyl groups on boron-free E-glass and E-glass surfaces. The density of hydroxyl groups was slightly higher on a boron-free E-glass surface than on an E-glass surface, which were 2.23 and 2.16 OH nm-2, respectively. It has also been demonstrated that the surface concentration of hydroxyl groups is not only sensitive to the glass formulation, but also to the heat treatment history. After heating at 600 ºC, the glass surface concentration of hydroxyl groups was significantly decreased. Re-hydrolysis at a humidity of 80 % only led to a partial recovery in the density of OH groups on the surface.
Key words: glass surface; contact angle; hydroxyl group.
*To whom correspondence should be addressed. E-mail: f.r.jones@sheffield.ac.uk.
1. INTRODUCTION
Glass fibres are among the most versatile industrial reinforcement materials known today. A range of glass formulations can be spun into fibres, some of which are specific to the application of the composite. However, E-glass fibres have a good balance of properties and manufacturing cost that they dominate the industrial market. In recent developments, boron-free formulations have been spun into reinforcements with advantageous properties. These reduce the pollution hazard associated with the volatility of borides during glass melting. Therefore, the composition of E-glass for fibre drawing has moved in the direction of boron-free [1].

Glass fibres are drawn from the melt at about 1250 °C and immediately cooled with water (Figure 1). Therefore, the glass fibre surface is dominated by hydroxyl groups [1]. After forming and cooling in milliseconds, the glass fibres are coated with a sizing by contacting an applicator roll, which carries a layer of an aqueous emulsion of coupling agent, lubricants, film formers, etc. Since the hydroxyl groups on the glass fibre surface are the sites at which organosilanes are adsorbed and eventually react, it is important to quantify the hydroxyl coverage on glass surface.
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Figure 1 Schematic diagram of a glass fibre forming process [1-3].

Zhuravlev [4] has reviewed the literature on the adsorption of water and the role of hydroxyl groups on a silica surface. The study covered the temperature ranges for the dehydration of silica, dehydroxylation and rehydroxylation of silica surfaces. He observed that dehydration of silica occurs above 200 °C, which means that the physically adsorbed water remains on the hydroxylated surface of silica up to approximately 200 °C. For a completely hydroxylated silica surface, the average number of silanol groups is 4.9 OH nm-2, which includes the free or isolated silanol groups as well as the hydrogen bonded vicinal OH groups [4, 5]. It has also been shown that the hydroxyl groups in a reaction volume can condense to form siloxane bonds in the temperature range from 200 to 400-500 °C. The concentration of OH groups continues to drop to < 0.15 OH group nm-2 with an increase in temperature from 400 to 1100 °C by further silanol condensation as the mobility of the network chains increases. In addition, Zhuravlev and other researchers have also investigated the rehydroxylation of silica surfaces [4, 6, 7]. They found that a complete rehydroxylation of a silica surface could be achieved easily for those samples of silica which were subjected to heat treatment at temperatures below 400 °C. After treatment at a higher temperature, only partial rehydroxylation takes place [4]. 

Since E-glass surfaces have been shown to be silica-rich by surface analysis, they can be considered to have an analogously hydrated structure. Nishioka and Schramke [8] compared the thermal desorption of water from E-glass fibres with powdered silica and observed more adsorbed water per unit area on E-glass fibres. E-glass had three molecular layers of hydrogen bonded water molecules, which could be desorbed between 55 °C to 200 °C. Silanol group condensation occurred at temperatures above 200 °C with a further loss of water. Sub-surface water desorbed at 300 °C and at this temperature, silica skeletal bonds are reported to be hydrolysable. The quantity of water desorbed between 500 °C and 800 °C was suggested to result from the diffusion of bulk water from the inner structure.
Pantano et al. [9] have employed solid state 19F nuclear magnetic resonance (NMR) to study (3,3,3-trifluoropropyl) dimethylchlorosilane (TFS) labelled silanol groups on the glass fibre surface, and determined the concentration of hydroxyl groups. Carré et al. [10, 11] have also estimated the density of silanol groups at the surface of a microscope slide glass. 2.5 OH nm-2 was calculated from the contact angle of water at the point of zero charge (pzc).
In this study, the concentrations of hydroxyl groups on E-glass and B-free E-glass surfaces were quantified by measuring the contact angles of water as a function of pH. To ensure reproducibility an octane hydrocarbon environment was employed. The effects of dehydroxylation and rehydroxylation on the concentration of hydroxyl coverage were also investigated.
2. THEORETICAL PRINCIPLES OF THE ANALYTICAL METHOD
2.1 The acidity of an E-glass surface

We assume that an E-glass surface behaves similarly to an amorphous silica surface. A silica glass surface is considered to be occupied by silanol groups (SiOH) [10]. In aqueous solution, the SiOH groups are amphoteric and, therefore, may be positively or negatively charged, according to the pH as: 
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The equilibrium constants of equations (1) and (2), 
[image: image4.wmf]1

K

 and 
[image: image5.wmf]2

K

 respectively, can be defined as follows:  
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where 
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 are the concentrations of surface species. At the point of zero charge, pzc, the surface density of positive charges (
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) [12]. Therefore, equations (5) and (6) can be deduced from equations (3) and (4).
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On a silica surface, the estimated maximum coverage of silanols is about 4.5 SiOH groups nm-2 [4]. When silica is heated to high temperatures, the number of free surface silanol groups is reduced [4]. The pzc of silica is around pH 2 to 3 [12, 13]. The ionization constant of silanol groups, 
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, is in the range from 5 to 7 [14-16]. By assuming 
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 can be calculated. Therefore, the number of ionic species present on a bare glass surface as a function of pH can be determined.

The contact angle, 
[image: image19.wmf]q

, of a water sessile drop satisfies Young’s equation as:

[image: image20.wmf]cos

SVSW

gggq

=+

                                  (7)

where 
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 are the solid surface free energy in the presence of water vapour, the interface free energy between water and the solid, and the water surface free energy, respectively.

When the pH of water is varied by adding hydrochloric acid or sodium hydroxide, the water surface free energy can be considered to remain constant [17]. Therefore, 
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 changes as:
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The surface charge is considered to result from the adsorption of protons (
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) if the glass surface is positively charged or from the desorption of protons if the glass surface is negatively charged [18]. Using the Gibbs adsorption equation it can be deduced that
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where 
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 is the temperature in Kelvin, 
[image: image29.wmf]R

 is the ideal gas constant, 
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where 
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 is the Faraday constant. Therefore, equation (9) becomes
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which indicates that the change in 
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 is caused by a change in 
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. If the glass surface is negatively charged due to the desorption of 
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Therefore, at pzc, a maximum in 
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 or a minimum in 
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 will occur [17-19].
2.2 Water contact angle in octane
To measure the water contact angle as a function of pH for bare E-glass, the substrate was immersed in anhydrous octane (Figure 2) because water and octane have similar dispersion contributions to their surface free energy (21.6 mJm-2 for water and 21.3 mJm-2 for octane) [20, 21] and finite values of the contact angle can be obtained with a high surface-energy substrate. 

[image: image43.png]Ywo

Octane m

Yo Vew

Solid
Glass Slide





Figure 2 A schematic of water contact angle in octane.
The contact angle of water in (non-polar) octane is only a function of specific, non-dispersion, interactions between water and the glass slide, 
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where subscripts S, W and O represent solid, water and octane, respectively; 
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 is the water contact angle under octane; 
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where 
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 (72.8 mJm-2) and 
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 (21.3 mJm-2) are, respectively, the water and octane surface free energies; and 
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 (51 mJm-2) is the water/octane interfacial surface energy, which is not affected by the water pH [17]. Therefore, the number of hydrogen bonds per unit interfacial area, 
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, which corresponds to the density of hydroxyl groups on the glass surface can be estimated from the non-dispersion (hydrogen bond) energy of interactions at pzc (
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where 
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 is Avogadro’s number.

3. EXPERIMENTAL

3.1 Sample preparation
E-glass marbles and boron-free E-glass cullet were obtained from Owens-Corning, Granville, Ohio, USA. They were melted at 1450 °C in a homemade electric furnace at the University of Sheffield. Molten glasses were cast into rectangular steel moulds on a steel plate. Flat slides of dimensions 10 mm×10 mm×2 mm were cut from glass blocks using a diamond-impregnated rotary cutting wheel (Struers Accutom, Struers Ltd., Solihull, UK). Each of the slides was ground gradually and polished to better than 1 μm with a water-based diamond paste. The slides were put into acetone and washed ultrasonically for 10 minutes. The process was repeated three times with fresh acetone. The samples were immediately stored in a desiccator with silica gel as the desiccant.
In order to remove carbon contamination on the surface of the glass slides, a water plasma treatment was performed with distilled water (HPLC grade, Sigma-Aldrich, UK). It was carried out for a period of 15 minutes when a stable flow rate was attained and plasma initiated. An input power of 5 W was used. 
Some of the glass slides were dehydrolyzed in a tube furnace. They were heated at a ramp rate of 5 °C/min and held at 600 °C for one hour before cooling at a rate of 5 °C/min in nitrogen (BOC Gases, UK) atmosphere. The dehydrolysed glass slides were kept in octane before analysis in order to minimize contamination and the effects of humidity. 

Rehydroxylation was performed in a desiccator with a relative humidity of 80 %. The humidity was achieved by a small amount of water in the desiccator and measured by a Scientific Traceable Hygrometer (Fisher, UK). Samples to be rehydrolysed were exposed in the desiccator for 30 minutes at room temperature. Then they were transferred and stored in octane.
3.2 Contact angle measurement
A series of water solutions of varying pH were prepared from HPLC grade water (VWR International Ltd., England) by adding hydrochloric acid (1M, ≥99.9 %, Sigma-Aldrich, UK). A waterproof pH meter (Hanna Instruments Inc., USA) was used to determine the pH of water solutions. The accuracy of this pH meter was ± 0.01.
The average water contact angle in octane as a function of pH was obtained from measurements on five different glass slides. Two measurements were made on each sessile drop for each pH value and on each slide (10 contact angle measurements per pH value). The water drop had a volume of 2 μl. The instruments used, including the quartz-cell, stage and micrometer syringe (Gilmont Instruments, USA), were cleaned with acetone before use.
4. RESULTS
4.1 Bare glass surface
The densities of hydroxyl groups on the E-glass and B-free E-glass surfaces have been calculated by measuring the water contact angle in octane as a function of pH. The average contact angles with standard deviation are shown in Figure 3. A maximum water contact angle on B-free E-glass slide is observed clearly at a pH of 2.0, which is the point of zero charge (pzc) of B-free E-glass. The contact angle on B-free E-glass at the pzc is 32±2°. The non-dispersion interaction between water and B-free E-glass slide, 
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, can be calculated according to Equation (16), as 94.75±0.95 mNm-1. At the pzc, the non-dispersion interaction between water and B-free E-glass is considered to be primarily generated by hydrogen bonding. Thus, the number of hydrogen bonds per unit surface area, 
[image: image64.wmf]n

, which corresponds to the density of hydroxyl groups on the B-free E-glass surface can be obtained from the non-dispersion (hydrogen bonds) energy of the interactions and from the molar energy of hydrogen bonds (Equation 17). This gives approximately 2.38±0.03 OH groups nm-2 on uncoated B-free E-glass slide surface.

The maximum contact angle on E-glass slides occurred at pH of 3, implying that the pzc of E-glass is ≈ 3. This pzc for E-glass surface is slightly different from the pzc for B-free E-glass surface (pH 2). From the maximum contact angle, 39±3°, the density of hydroxyl groups on water plasma treated E-glass slides was calculated. 2.29±0.04 OH nm-2 were calculated to be present on the E-glass surface, which is less than the 2.38±0.03 OH nm-2 on the B-free E-glass surface.

[image: image65.emf]0

5

10

15

20

25

30

35

40

45

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

pH of water drop

Water contact angle in octane (°)


Figure 3 Water contact angles measured in octane for bare E-glass and B-free E-glass slides as a function of pH.

4.2 Dehydrolysed glass surface
To study the effect of high temperature on the density of hydroxyl groups on glass surface, the water contact angles in octane were measured on dehydrolysed E-glass and B-free E-glass slides as shown in Figure 4.
After the dehydroxylation of B-free E-glass surface at 600 °C, the maximum water contact angle in octane increases to 61±2°. This gives about 1.91±0.03 OH groups nm-2 on dehydrolysed B-free E-glass surface, which is comparable to the value measured on silica that has been heat-treated at 500 °C [4]. Compared with the B-free E-glass surfaces before heat treatment, the dehydrolysed B-free E-glass surface has a lower density of hydroxyl groups. Approximately 0.4 OH groups nm-2 on B-free E-glass surface can be removed by heat treatment at 600 °C. This probably reflects the population of silanol adjacent to each other within a reaction volume.
Similarly, dehydroxylation of E-glass slides increased the contact angle at the pzc, which was 71±2° at a pH of 3 (Figure 4). The corresponding calculated density of hydroxyl groups on dehydrolysed E-glass surface is 1.71±0.03 OH nm-2. It demonstrates that heat treatment at 600 °C can partially remove the hydroxyl groups on an E-glass surface. The concentration of hydroxyl groups on the dehydrolysed E-glass surface is also lower than that on dehydrolysed B-free E-glass surface.
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Figure 4 Water contact angles measured in octane on dehydrolysed E-glass and B-free E-glass slides as a function of pH.

4.3 Rehydrolysed glass surface
Rehydroxylation of glass surface at a relative humidity of 80 % was performed on both E-glass and B-free E-glass slides after the heat treatment at 600 ºC, in order to investigate the effect of rehydrolysis on the glass surface hydroxyl group density.
Figure 5 shows the variation in the water contact angle in octane as a function of the pH for rehydrolysed E-glass and B-free E-glass slides. The maximum contact angles, 47±5° and 52±3°, appear at pH of 2.0 and pH of 3.0, respectively, on B-free E-glass and E-glass surfaces. This indicates that the point of zero charge does not change after rehydroxylation. Again the density of hydroxyl groups on rehydrolysed glass surfaces can be estimated correspondingly from Equations (16) and (17). There are about 2.16±0.08 OH nm-2 and 2.08±0.05 OH nm-2 on rehydrolysed B-free E-glass and E-glass surfaces, respectively. The density of hydroxyl groups on both rehydrolysed glass surfaces is higher than that on dehydrolysed glass surfaces, however, is still lower than that on water plasma treated glass surfaces. This indicates that the hydroxyl groups are only partially re-formed on glass surfaces after the rehydroxylation. Interestingly, the contact angles at pH of 5 to 6 increased from ~ 35° to ~ 50° on both E-glass and B-free E-glass after rehydroxylation.
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Figure 5 Water contact angles measured in octane for rehydrolysed E-glass (
[image: image68]) and B-free E-glass (
[image: image69]) slides as a function of pH.

5. DISCUSSION
The maximum contact angles, corresponding pzc values, and density of hydroxyl groups for all surfaces mentioned in Sections 4.1, 4.2 and 4.3 are given in Table 1.

Table 1 The maximum contact angles (
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) corresponding to the point of zero charge (pzc) and the density of hydroxyl groups (
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) calculated on E-glass and B-free E-glass surfaces.
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	B-free E-glass
	32 ± 2
	2.0
	2.38 ± 0.03

	Dehydrolysed B-free E-glass
	61 ± 2
	2.0
	1.91 ± 0.03

	Rehydrolysed B-free E-glass
	47 ± 5
	2.0
	2.16 ± 0.08

	E-glass
	39 ± 3
	3.0
	2.29 ± 0.04

	Dehydrolysed E-glass
	71 ± 2
	3.0
	1.71 ± 0.03

	Rehydrolysed E-glass
	52 ± 3
	3.0
	2.08 ± 0.05


As seen in Figures 3-5 and Table 1, the maximum water contact angle in octane occurs at a pH of ≈ 2 on a B-free E-glass surface and at a pH of ≈ 3 on an E-glass surface. This indicates that the points of zero charge, pzc, of B-free E-glass and E-glass surfaces occur at a pH of 2 and 3, respectively. Therefore, the water contact angle measurement as a function of pH has proved to be a useful method in determining the point of zero charge of glasses. The difference in the pzc between B-free E-glass and E-glass is possibly due to the varying OH surface concentrations. The boron in the E-glass composition may also have an influence on the electrostatic potential of glass surfaces. Pantano et al. [23] have measured the zeta potentials (i.e. the electrostatic potential generated by the accumulation of ions at the surface [24]) in the 0% and 6% B2O3 glasses using an electrokinetic analyzer, which suggested that the B2O3 content affected the glass surface charges only slightly. According to Equations (5) and (6), the different pzc values indicate that B-free E-glass and E-glass have different glass ionization potentials. Although most of glass surface charge arises from the ionization of silanol groups (SiOH), the positive and negative ions from ionisation of Al-OH, Ca-OH, Mg-OH and B-OH (in E-glass) also contribute to the glass surface charge.

The density of hydroxyl groups on a B-free E-glass surface is about 2.38 ± 0.03 OH nm-2, which is slightly higher than 2.29 ± 0.04 OH nm-2 on an E-glass surface. This is in qualitative accordance with Pantano and coworkers’ results from solid state 19F nuclear magnetic resonance (NMR) studies of (3,3,3-trifluoropropyl)- dimethylchlorosilane (TFS) labelled hydroxyl groups on glass fibres [9].

Pantano et al. [9] have succeeded in quantitatively determining the concentration of hydroxyl groups on the surfaces of model E-glass fibres. In addition, a combination of quantitative 11B NMR experiments with the surface coverage results from 19F NMR has provided insight into the effects of change in the boron oxide content on the concentration of surface hydroxyl groups. The measured hydroxyl coverages were in the range of 0.50-1.44 OH nm-2 and it was found that the presence of 5.5 – 1.8 mol % boron oxide reduced the surface hydroxyl concentration of glass fibres. 
The values of hydroxyl coverage on glass surface are different between Pantano and coworkers’ results and the results in this work. A possible reason is that they heated the samples at 160 °C for 12 hours under vacuum before silylation. However, water plasma treatment was performed in this work to remove the surface contamination and increase the number of silanol groups at the glass surface [25, 26]. The above results clearly show that (at least for contact angle experiments) the concentration of hydroxyl group is sensitive to the sample treatment history. 
According to our XPS data [27], the atomic concentration of boron on E-glass surface is 1.3%. Therefore, the slightly lower concentration of hydroxyl groups on the E-glass surface could be explained by the presence of boron. In addition, the atomic concentration of silicon on B-free E-glass is 21.8%, which is slightly higher than 19.6% on E-glass. This is another possible reason that the surface hydroxyl concentration on B-free E-glass is higher than that on E-glass. Zhuravlev [5] reported that in the case of the surface of amorphous silica in a state of full hydroxylation each Si atom holds approximately one OH group. Thus the higher concentration of silicon may contribute to the higher hydroxyl groups on B-free E-glass surface. The densities of hydroxyl groups on E-glass and B-free E-glass are smaller than the density of hydroxyl groups on a completely hydroxylated silica surface, which is reported to be between 4.2 and 5.7 OH nm-2 [4]. This is because silica is crystalline and contains higher Si concentration compared to E-glass and B-free E-glass.
After heat treatment at 600 °C, the maximum water contact angle on both E-glass and B-free E-glass increased (Table 1). Thus, the calculated concentration of surface hydroxyl groups decreased correspondingly to 1.91±0.03 OH nm-2 for B-free E-glass and 1.71±0.03 OH nm-2 for E-glass. The hydroxyl groups which remain on the glass surface after 600 °C treatment are considered to be free hydroxyl groups since the physically adsorbed water and bound hydroxyl groups should be removed from surface by heat treatment to approximately 400 °C [4].

After rehydroxylation, the density of hydroxyl groups on E-glass (2.08 ± 0.05 nm-2) and B-free E-glass (2.16 ± 0.08 nm-2) surfaces increases compared to that on dehydrolysed E-glass (1.71 ± 0.03 nm-2) and B-free E-glass (1.91 ± 0.03 nm-2). However, they are still lower than the densities of hydroxyl groups on glass surfaces before dehydroxylation. This suggests that the glass surfaces were only able to partially rehydrolyse after the heat treatment at 600 °C. The rise in contact angle between pH 5 and pH 6 may be due to an unknown mechanism or reaction that contributes to the interaction between the glass and water.
6. CONCLUSIONS
The water contact angles under octane as a function of the pH of the water drop have been measured on water plasma treated, dehydrolysed and rehydrolysed E-glass and B-free E-glass slides. A maximum contact angle was observed at a pH of 2 for B-free E-glass and of 3 for E-glass, which indicates that B-free E-glass and E-glass have different points of zero charge. Heat treatment of glass surfaces at 600 °C has been shown to reduce the hydroxyl coverage of B-free E-glass and E-glass surfaces.  Rehydroxylation partially re-forms the hydroxyl groups on the glass surfaces after dehydroxylation at 600 °C. The density of hydroxyl groups on B-free E-glass surface is always higher than that on E-glass surface before and after various treatments. The method of contact angle measurement under octane as a function of the pH of the water drop has been demonstrated to be a viable and flexible method of quickly calculating the density of hydroxyl groups on glass surface.
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