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Abstract
The importance of superhydrophilicity of glass surfaces lies in their self-cleaning
abilities. The need for antifogging characteristics of soda-lime-silica (SLS-) based
window glasses requires feasible solutions. Superhydrophilicity is generally
achieved by textured surfaces with suitable features or any chemical modifi-
cation including thin films. Fabrication of textured surfaces usually involves
sophisticated facilities that are often expensive. This paper reveals a novel
approach to achieving superhydrophilic SLS surfaces by flame-impingement.
The chemical energy of methane gas was converted into thermal energy by a
flame torch to reach temperatures just above the softening point of SLS glass.
The glass surface was exposed to the flame at a distance of around 100 mm for
10 s. The surface was transformed into a superhydrophilic state with a static
contact angle of nearly zero after the treatment. This property was remarkably
retained on exposure of the surface to the ambient atmosphere for 3 years of
aging. The subsurface structural modifications accountable for the alteration
in wetting behavior by the influence of flame-impingement were investigated.
High-resolution X-ray photoelectron spectroscopy of the O1s spectral line evi-
denced the repolymerization of vicinal silanols into bridging oxygens (BOs),
accompanied by the loss of hydrous species (SiOH/H2O) in the near-surface
region. The repolymerized BOs acted as adsorption sites of water molecules to
promote superhydrophilicity. Atomic force microscopy exhibited the conversion
of an open silica tetrahedral networkwith nonbridging oxygens into closed rings.
The high surface energy of the residual surface nanostructure at the solid/vapor
interface was accountable for the superhydrophilicity.
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1 INTRODUCTION

Soda-lime-silica (SLS) glass serves a wide spectrum of soci-
etal materialization—ranging fromwindow glasses to con-
tainer bottles. However, the intrinsic brittle characteristic1
continues to act as a potential barrier to reduce its
broader scope of applicability. One of the major reasons is
attributed to the inevitable presence of surface flaws that
act as stress concentrators—leading to failure strengths,
several orders of magnitude lower than the theoretical
counterpart.2,3 The compensation of the difference inmag-
nitude necessitates a thorough perception of the surface
structural chemistry that governs the overall performance
of thematerial in terms ofmechanical properties, chemical
durability, and corrosion resistance.
The glass surface acts as an interface between the exter-

nal environment and the bulk of the silicate network.
It is in constant interaction with the ambient atmo-
sphere to form silanol groups linked to the adsorbed water
molecules. The current state of knowledge of the influence
on surface structural characteristics caused by the inter-
action of the near-surface region of SLS glass is limited,
with extended emphasis on aqueous corrosion mecha-
nisms forming a surface passivating layer that governs the
chemical durability.4–7 This work is aimed at investigat-
ing the modification of the surface structure caused by
flame polishing,8,9 which is a common industrial prac-
tice to obtain a relatively smooth glass surface with a
homogenousmorphology. The technique of flame spraying
is commonly used for the application of coatings on glass
surfaces.10 In this work, the chemical energy of methane
was converted into thermal energy by a flame torch to
reach surface temperatures above the softening point—
visually evidenced by the deformed edges of the specimen
right after the treatment. The SLS surface was exposed to
the flame at a distance of approximately 100 mm from the
nozzle for 10 s. The aforementioned process is referred to
as “flame-impingement” in this article. The modification
of the surface structure caused by flame-impingement was
studied in terms of the alteration in silicate network con-
nectivity in the near-surface region as well as the bulk of
the glass network. The primary objective was to investi-
gate the surface structural cause of the alteration inwetting
characteristics of the glass surface.
The modification of the wettability of SLS glasses

to obtain hydrophobic11,12 and superhydrophobic13,14
surfaces was a subject of considerable research in the
past, catering to tailor-made applications. Similarly,
superhydrophilic15–17 and amphiphilic18 SLS glasses are
of considerable interest for antifogging and self-cleaning
applications. The achievement of superhydrophilic thin
film metal oxide coatings of ZnO and TiO2 on glass

surfaces by high-temperature annealing has been reported
in the past.19 This research discovered an approach to
achieving superhydrophilicity of the bare glass surface
by flame-impingement with an everlasting effect. It cor-
roborates the finding of a superhydrophilic glass surface
induced by heat.20 The following sections are intended
to shed light on the surface structural modifications
caused by flame impingement that are accountable for
superhydrophilicity.

2 RESULTS

2.1 Silicate network connectivity as a
function of depth from the glass surface

X-ray photoelectron spectroscopy (XPS) is a surface-
sensitive technique that can be effectively used to study
the local bonding environment of oxygen atoms on
glass surfaces. The spectral fit of the O1s curve reveals
the individual contributions of bridging oxygens (BOs),
nonbridging oxygens (NBOs), and hydrous species
(SiOH/H2O) corresponding to the difference in binding
energies associated with electrostatic interactions.21–26
A comparative analysis of the O1s spectral line was
performed before and after flame-impingement to deter-
mine any influence on the surface structural network.
The curve-fittings were performed in an unconstrained
manner in accordance with our previous studies24–26 to
calculate the areas under the respective peaks. Figure 1
illustrates the comparative O1s spectral representations of
untreated and flame-impinged surfaces. The correspond-
ing binding energy, full width at half maxima (FWHM),
and normalized integrated peak areas are reported in
Table 1. The information depth corresponding to this mea-
surement is confined to a depth of about 5 nm below the
glass surface, governed by the inelastic mean free path of
the photoelectrons.27 It is known that the as-manufactured
glass surface contains different types of hydroxyl groups
like isolated silanols, geminal silanols, vicinal silanols,
and adsorbed water in the form of chemisorbed and
physisorbed water.28 Additionally, molecular water may
also be trapped in the glass network. The noteworthy dif-
ference between the two XPS O1s spectral fits is marked by
the absence of hydrous species in the flame-impinged sur-
face accompanied by an increase in the area under the BO
peak by nearly 25%. The absence of the SiOH/H2O peak
(blue curve) on the flame-impinged surface was a result
of mathematical peak-fitting performed in accordance
with our previous studies24–26,28 to obtain the best fit. The
relative increase in the concentration of bridging oxygens
and the absence of hydrous species (SiOH/H2O) after
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TABLE 1 Comparative representation of binding energy, FWHM, and normalized integrated peak area of O1s spectral line of untreated
and flame-impinged SLS glass surfaces.

Binding energy (eV) FWHM (eV) % Area

Peak label Untreated
Flame-
impinged Untreated

Flame-
impinged Untreated

Flame-
impinged

NBO 530.10 530.39 1.62 1.39 20.47 14.52
BO 531.51 532.17 1.35 1.75 61.16 85.48
SiOH/H2O 532.33 – 1.43 – 18.37 –

Abbreviations: BO, bridging oxygens; FWHM, full width at half maxima; NBO, nonbridging oxygens; SLS, soda-lime-silica.

the treatment indicates the repolymerization of vicinal
silanols into bridging oxygens, accompanied by the loss
of chemisorbed water from the surface. This observation
complements the findings of Banerjee et al.22 pertaining
to in situ XPS analysis during sub-Tg (Tg: glass transition
temperature) thermal treatment of the SLS glass surface.
The BO peak of the flame-impinged surface in Figure 1 is
centered on a slightly higher binding energy of 532.17 eV
relative to the untreated surface. The NBO peak position
is not characterized by any notable shift. The significant
increase in the area under the BO peak is reflected by the
broader nature of this peakwith a slight shift in its position
after the treatment. Any other reason to comprehend this
shift in the binding energy cannot be explained.
After the first XPS measurement corresponding to the

top 5 nm of the glass surface, the subsurface region of
the glass network was probed by sequential XPS mea-
surements accompanied by Ar+ sputtering. The total
sputtering duration was 110 min with an estimated etch-
ing rate of 1 nm/min.26 The individual contributions of
the oxygen speciations (BO, NBO, and SiOH/H2O) were
separately calculated from the O1s spectral fits before
and after the flame-impingement process for every data
point. The atomic ratios of the different oxygen species
to silicon were computed and plotted as a function of
Ar+ sputtering time to analyze the alteration in subsur-
face silicate network connectivity caused by the treatment.
This is illustrated in Figure 2. The total oxygen to silicon
atomic ratio Ototal/Si was close to 3.0 in the near-surface
region of the untreated SLS glass.25,28 It hovered in the
range of 3–3.5 after flame-impingement with no significant
change. The noteworthy difference is marked by a pro-
nounced increase in OSi–O–Si /Si at the expense of hydrous
species in the subsurface region up to a depth of approx-
imately 110 nm below the glass surface. This observation
is similar to that of the top 5 nm of the glass surface,
as discussed previously. The increase in BO/Si is indica-
tive of silicate network repolymerization. The contribution
of OSiOH/H2O was nil after the treatment, as shown in
Figure 2B. The loss of hydrous species in association with
network repolymerization essentially signifies a condensa-
tion reaction. This is characterized by the reaction of two

adjacent silanol groups (vicinal silanols) to form bridging
oxygen, accompanied by the release of a water molecule
shown as follows:

Si − OH + Si − OH − > Si − O − Si + H2O ↑

The pronounced increase in the atomic ratio of
OSi–O–Si/Si to compensate for the decrease in OSiOH/H2O/Si
was indicative of network rearrangement that resulted
in stronger silicate network connectivity in the subsur-
face region of the flame-impinged SLS glass. It is to be
noted that there was no evidence of volatilization of the
modifier cations, sodium, and calcium, after the treat-
ment. The elemental depth profiles of the untreated and
flame-impinged surfaces obtained by XPS are reported in
the Supporting Information Data. There was no distin-
guishable influence in the concentrations of the modifier
cations up to a depth of about 110 nm below the glass
surface (Figure S1). The quantitative distribution of the
respective Qn species in the bulk of the silicate network
(wherein “n” represents the number of bridging oxygens
linked to a silica tetrahedron) determined by solid-state
29Si magic angle spinning nuclear magnetic resonance
(MAS NMR) spectroscopy—succeeds the context of the
current discussion.

2.2 Distribution of Qn species in the
bulk of the silicate network

Solid-state MAS NMR of 29Si was carried out for quantita-
tive analysis of the comparative measure of the alteration
of Qn species in the bulk of the silicate network. The spec-
imens were subjected to spin at a frequency of 10 kHz
(with respect to the static magnetic field of 7.05 T) at
the magic angle of 54.74◦ (3 * cos2θ − 1 = 0) to average
the chemical anisotropy associated with nuclear interac-
tions. This was necessary to prevent peak-broadening to
obtain high-resolution spectra, for the subsequent fittings
to extract the overlapping peaks,29 shown in Figure 3.
The parameters pertaining to the spectral fits are tabu-
lated in Table 2. The major broad peak corresponding to
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TABLE 2 Spectral fit parameters of solid-state 29Si MAS NMR of untreated and flame-impinged SLS powder specimens.

Chemical shift (ppm) FWHM (ppm) % Area

Peak label Untreated
Flame-
impinged Untreated

Flame-
impinged Untreated

Flame-
impinged

Q3 −91.45 −91.32 13.05 12.48 65.31 60.03
Q4 −101.03 −100.68 13.89 14.29 34.69 39.97

Abbreviations: FWHM, full width at half maxima; MAS NMR, magic angle spinning nuclear magnetic resonance; SLS, soda-lime-silica.

F IGURE 1 Comparative illustration of XPS O1s spectral fits of
untreated and flame-impinged SLS surfaces. The respective
concentrations of bridging oxygen (Si–O–Si), nonbridging oxygen
(Si–O–Na), and hydrous species (SiOH/H2O) obtained by the
normalized integrated peak areas are indicated in the legends. The
analysis corresponds to the region within a depth of 5 nm from the
glass surface. R-square—representative of the goodness of fit, is
greater than .99 in both spectral fits. SLS, soda-lime-silica; XPS,
X-ray photoelectron spectroscopy.

a chemical shift of around -92 ppm represents Q3 units,
while the shoulder peak around −101 ppm reflects the
presence of Q4 units.21,30 The nucleus is less shielded
with increasing chemical shifts. The normalized integrated
peak areas were taken into consideration for quantifica-

tion of the respective Qn species. A 5.28%-increment in
Q4 species was observed in the overall silicate network of
the flame-impinged SLS specimen at the expense of Q3

species, indicating enhanced silicate network connectivity.
Given the lack of surface sensitivity of NMR, the results in
Figure 3 essentially represent an effect of silicate network
repolymerization in the volume of the glass network. The
effect of flame impingement is more pronounced in the
subsurface region causing a significant relative increase
in the bridging oxygens by 25% as observed by the XPS
results in Figure 1. In comparison, the relative increase in
the Q4 species in the volume of the network is just about
5%. Although the surface, as well as the bulk of the glass
network, were affected by flame-impingement, the subsur-
face region up to a depth of about 110 nm investigated by
XPS had a much larger effect of repolymerization than the
volume of the glass network.

2.3 Superhydrophilicity of
flame-impinged SLS surface

The surface wettability of SLS glasses may be defined
by the nanostructural orientation of the silicate network
associated with silanol groups and adsorbed water on the
topmost surface. Hydrogen-bonded hydroxyl groups act as
natural adsorption sites of physisorbedwater. Isolated, free
hydroxyl groups at the surface were reportedly found to
lower the hydrophilicity.31The wetting behavior may also
be explained by surface roughness,32 which, in turn, is
arguably governed by the surface structural chemistry at
the atomic level. We observed a transition to the superhy-
drophilic state immediately after the flame-impingement
process, represented by a stark reduction in static con-
tact angle from 32◦ (pristine surface) to nearly zero—as
displayed in Figure 4.
The spectroscopic results pertaining to surface struc-

tural modifications discussed in the preceding sections—
substantiated the evidence of network repolymerization,
accompanied by the loss of silanol groups and chemisorbed
water effectuated by flame-impingement. The contribu-
tion of the loss of silanol groups to enhance the surface
hydrophilicity by the virtue of network repolymeriza-
tion to obtain a closed surface structure of silicate rings
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F IGURE 2 Variation of the atomic ratio of individual oxygen speciations to silicon as a function of Ar+ sputtering time (below); total
oxygen to silicon atomic ratio as the sum of individual contributions (above) (A) untreated (B) flame-impinged surface. Connecting lines act
as a guideline to the eyes.

increases the surface energy to trigger extreme wettabil-
ity. The conversion of the open silicate rings into closed
forms is portrayed in the AFM images presented in
Figure 5.
The flame-impingement mechanism adopted in this

study—involves a rapid interaction of the flame with
the glass surface to trigger instant evaporation of the
surface hydrous species with consequent repolymeriza-
tion of nonbridging oxygens into closed silicate rings—
experimentally evidenced by a substantial increase in the
atomic ratio of OSi–O–Si/Si. This leaves a residual nanos-
tructure with some closed rings of silica tetrahedral units
on the topmost surface. They provide sufficient surface
energy at the solid–vapor interface to promote the rapid
spreading of the water droplet on the glass surface, causing
superhydrophilicity.
The schematic representation of the experimental pro-

cess with consequent surface structural modifications is
illustrated in Figure 6. The repolymerized bridging oxy-
gens indicated on the surface are highly reactive to act as

TABLE 3 Static contact angle of the flame-impinged glass
surface with respect to water as a function of time.

Contact angle immediately
after flame impingement

Contact
angle after
1 year

Contact
angle after 3
years

∼0◦ ∼0◦ ∼0◦

adsorption sites of water molecules for hydrogen bonds.33
They have a high tendency to form hydrogen bonds with
water molecules. This increases the chemical affinity of
water on the flame-impinged glass surface to promote
superhydrophilicity.
It is noteworthy that the superhydrophilicity was

retained on exposure of the flame-impinged SLS surface to
the ambient atmosphere (∼25◦C, 60–65% humidity) for 3
years. The contact angle of the surface wasmonitored after
1 and 3 years of treatment to discover the retention of the
superhydrophilicity throughout this period as summarized
in Table 3.
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F IGURE 3 29Si MAS NMR spectral fits of untreated and
flame-impinged SLS specimens for quantification of respective Qn

species by normalized integrated peak areas mentioned in the
legends. R-square > .99 in both spectral fits. MAS NMR, magic
angle spinning nuclear magnetic resonance.

F IGURE 4 Static contact angle with respect to water (A)
pristine SLS glass: 32◦ (B) flame-impinged SLS glass ≈ 0◦—complete
spreading—superhydrophilic surface. The volume of the water
droplet is 2.5 µL. SLS, soda-lime-silica.

This reflects the absence of any effect of aging to deteri-
orate the property achieved. The interaction of the treated
surface with the ambient atmosphere does not cause any
significant alteration in surface chemistry to influence
the contact angle. This is in contrast to the degrada-
tion of surface mechanical properties caused by ambient
aging of a glass surface treated by superheated steam, as
observed in our previous study.26,28 The achievement of
superhydrophilic SLS surface by high-temperature anneal-
ing at 900 K in a tube furnace that was reported in
the past20 was not an everlasting effect as the contact
angle started to recover back again after 1 month. Our
work stands out in the long-term stability of the super-
hydrophilic surface of as long as 3 years after the flame
treatment of 10 s further highlighting the importance of the
flame.

3 CONCLUSION

In this study, the SLS glass surface was subjected to flame-
impingement above its softening point for a brief interval
of 10 seconds. The treatment altered the wetting charac-
teristics of the surface, leading to superhydrophilicity. The
subsurface structural modifications caused by the influ-
ence of flame-impingement were investigated to decipher
the change in wetting behavior. X-ray photoelectron spec-
troscopic studies of the O1s spectral line revealed the
increase in the concentration of BOs at the expense of
hydrous species (SiOH/H2O) in the near-surface region.
This was indicative of silicate network repolymerization
caused by the condensation of vicinal silanols to release
molecular water. Thus, the network rearrangement in the
subsurface region was associated with a notable increase
in silicate network connectivity caused by the influence
of flame impingement. The repolymerized BOs on the
surface are proposed to act as absorption sites of water
molecules to contribute to superhydrophilicity. Further-
more, solid-state 29Si MAS NMR spectroscopy also corrob-
orated the increase in silicate network connectivity in the
bulk of the glass network with a conversion of Q3 to Q4

species by 5%. The AFM images substantiated the evidence
of the conversion of open silicate rings into closed forms.
The high surface energy of the repolymerized silicate net-
work enhanced the chemical affinity of molecular water
to promote extreme surface wettability—marked by the
complete spread of a water droplet on a flame-impinged
SLS surface. The property was discovered to be retained
on exposure of the surface to aging in ambient atmosphere
for 3 years. Thus, flame-impingement is a very promis-
ing way of achieving superhydrophilic SLS surfaces with
everlasting effect.
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F IGURE 5 1 × 1 µm2 AFM images scanned in tapping mode with z-resolution of 1 Angstrom (A) two-dimensional and (C)
three-dimensional representation of pristine untreated SLS surface; (B) two-dimensional and (D) three-dimensional representation of
flame-impinged SLS surface. The pristine surface is populated by open rings of silica tetrahedra (associated with nonbridging oxygens
characterized by silanol groups), which are repolymerized into closed rings of diameters in the range of 30 to 80 nm, calculated by the ImageJ
software. This is representative of the porosity on the glass surface on an atomic scale.34 The z-scale corresponding to the height sensor in (A)
and (B) ranges from a −100 picometer (voids within silicate rings marked by green) to a +100 picometer (pink). SLS, soda-lime-silica.

4 METHODOLOGY

Soda-lime-silica container glass bottles with flat surfaces
supplied by “Wiegand-Glas” were used in this study. The
surfaces of the container bottles were not subjected to
any hot-end or cold-end coatings during production. Glass
sampleswith flat surfaces of diameter 25mmand thickness
3 mm were drilled off the bottles (wet-cutting process),
while ensuring the prevention of mechanical injury to

the surface, except edges. The drilled cylindrical speci-
mens were immersed in a static acetone bath for 15 min,
rinsed in distilled water, followed by gently blow-drying
by dry nitrogen gas (producer: “Riessner Gase”; purity:
99.999%, humidity≤ 5%) at room temperature—referred to
as “pristine surface” before the flame-impingement pro-
cess. The flame-impingement was carried out using the
chemical energy of methane that was converted into ther-
mal energy by a flame torch to reach surface temperatures
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8 of 10 ROY et al.

F IGURE 6 Schematic representation of the surface structures before and after flame-impingement indicating the repolymerized Q4

units formed by the condensation of vicinal silanols, accompanied by loss of chemisorbed water. The highly reactive repolymerized bridging
oxygens act as adsorption sites of water molecules to promote superhydrophilicity.
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above the softening point, as described in the text. The
flame torch was at a distance of 100 mm from the glass
surface for 10 s of treatment. The surface-sensitive char-
acterization techniques, XPS and AFM were carried out
immediately after the flame-impingement process to min-
imize the effect of the interaction of the surface with the
ambient atmosphere, to the best possible extent. The ele-
mental composition of the as-received glass, obtained by
ICP-OES analysis consisted of (in wt%): 31.40% Si, 8.70%
Na, 7.36% Ca, 1.14% Mg, .95% Al, .63% K, .26% Fe, and .03%
Ti (rest mainly assigned to oxygen). It corresponds to the
following oxide composition (in wt%): 71.4% SiO2, 12.4%
Na2O, 10.9%CaO, 2%MgO, 1.9%Al2O3, .8%K2O, .4%Fe2O3,
and .1% TiO2. The glass transition region (Tg) was deter-
mined to be confined within the range of 560–575◦C, by
dilatometric study (Netzsch 402 E/7/E-Py) at a heating
rate of 5 K/min. The dilatometric softening point, Td was
610◦C.
The contact angle measurements were performed on

the glass surface immediately after the flame-impingement
using a drop shape analyzer Krüss DSA 100. A 2.5 µL
water droplet was used for the measurement of static con-
tact angle. The measurements were repeated after 1 and 3
years of the treatment to determine the long-term stability
of superhydrophilicity caused by flame-impingement. The
other analytical techniques are described in the following
sections.

4.1 X-ray photoelectron spectroscopy

XPS was performed by a PHI Versa Probe III spectrometer
with an Al K alpha source (1486.6 eV). The target current
on the specimen holder was 3 µA while the focus beam
current at the Faraday cup was 302 nA. Surface charge
neutralization was performed by a dual beam charge neu-
tralization system that utilizes a cold cathode detector
hood source and a very low energy ion source (<10 eV)
to provide turnkey charge neutralization. The pass energy
was 26 eV and the spectral resolution was about .2 eV.
The samples were introduced to an ultra-high vacuumXPS
chamber at a pressure on the order of 10−9 mbar.
Sequential XPS measurements were accompanied by

argon ion sputtering (5 kV) at specific intervals and cali-
brated to depth scale using Ta2O5 as a standard reference.
The necessary spectral fits (O1s and Si2p) were performed
by MultiPak software using the Gaussian function after
Shirley background correction35—to take into consider-
ation the peak-broadening effect, which stems from the
energy loss during inelastic scattering of electrons.

4.2 Solid-state magic angle spinning
nuclear magnetic resonance spectroscopy

Solid-state MAS 29Si NMR spectroscopy of SLS glass
powder (untreated, heat-treated, and steam-treated) was
performed using Bruker Avance II 300 (magnetic field 7.05
T) in a 4-mm triple resonance probe. The samples were
spun at 10.0 kHz. The spectra were obtained using a quan-
titative one-pulse experimentwith a 90◦-pulse length of 3.5
µs and a recycle delay of 60 s. 29Si spectra were referenced
indirectly with N(SiMe3)3/ σ(iso) = 2.4 ppm with respect
to tetramethylsilane (σ(iso) = 0.0 ppm. Spectral fits were
performed in an unconstrained manner by the Lorentzian
deconvolution function to report the best fit in terms of the
closest approach of R-square value to 1.

4.3 Atomic force microscopy

High-resolution atomic force microscopy was performed
by the “Bruker Dimension icon”. A silicon nitride can-
tilever tip was used in tapping mode with a set point
amplitude of 854 mV. A defined area of 1 × 1 µm2 with
512 pixels was scanned on the pristine SLS surface. It was
ensured that the same spot was scanned again after the
process of flame-impingement, for a precise study of the
alteration of surface topography.
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