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Systematic IR and NRA investigations were performed for two series of glasses with very different water contents. The glasses
had the composition (in mol%): 16 R,O - 10 CaO - 74 SiO, (R = sodium, potassium). The IR absorption coefficients of the
OH bands were found to be linearly correlated with the total hydrogen content obtained by the NRA measurements. Using
the hydrogen concentration values from NRA, the total water contents were calculated and so-called practical IR extinction coeffi-
cients were deduced. The values found for the soda—lime—silica glasses are 381 - mol~!' - cm~! for the band at 3550 cm™! and
561 - mol~! - cm™! for the band at 2800 cm™'. The values for the potassium—lime—silica glasses are 231 - mol™! - cm™! for the
band at 3550 cm™! and 781 - mol™! - cm™! for the band at 2800 cm™!. Also, Scholze’s two-band method was applied, resulting in
good agreement between the water contents of the glasses derived from the IR and the NRA measurements.

Bestimmung des Wassergehaltes von Alkali-Kalksilicatglasern mittels IR-Spektroskopie unter Verwendung der Kernreak-
tionsanalyse zur Kalibrierung

An zwei Serien von Gléasern der Zusammensetzung (Stoffmengenanteil in %): 16 R,O - 10 CaO - 74 SiO, (R = Natrium, Kalium)
mit sehr unterschiedlichen Wassergehalten wurden systematische IR- und NRA-Untersuchungen durchgefiihrt. Es wurde ein linearer
Zusammenhang zwischen den IR-Absorptionskoeftizienten der OH-Banden und dem mittels NRA-Messungen erhaltenen absoluten
Wasserstoffgehalt gefunden. Aus den mit der NRA bestimmten absoluten Wasserstoffkonzentrationen wurden die Gesamtwasserge-
halte berechnet und zur Bestimmung der sogenannten praktischen Extinktionskoeffizienten verwendet. Fiir Natron-Kalksilicat-
gliser wurden die Werte 381 - mol~! - cm™! fiir die Bande bei 3550 cm~! und 561 - mol~! - cm™! fiir die Bande bei 2800 cm™!
ermittelt. Die entsprechenden Werte fiir Kali-Kalksilicatgliser betragen 231 - mol~! - cm~! fiir die Bande bei 3550 cm™! bzw.
781 - mol~! - cm~! fiir die Bande bei 2800 cm~!. Zusitzlich wurde die Zwei-Banden-Methode nach Scholze angewendet. Die damit
erhaltenen Wassergehalte der Gliser stimmen gut mit den entsprechenden aus den NRA-Messungen abgeleiteten Wassergehalten
iiberein.

logical mastery of the problems mentioned is funda-
mental knowledge of structural insertion of water into

1. Introduction
Nearly all types of commercial glasses contain a certain

amount of water. The term “water”, as used here, in-
cludes molecular, more or less associated water as well
as bound water in form of silanol groups. The structure
and many properties of silicate glasses sensitively depend
on the water content. The water content is e.g. of special
interest for optical glasses. Besides optical and infrared
properties, also the viscosity and thus the ability to be
processed, the formation of bubbles as well as the tend-
ency to separate into different phases, and the tendency
to crystallize depend on the insertion of water into the
glass network. Also bubble defects and heat balance
within the melt are touched. Prerequisite for the techno-
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glasses.

IR spectroscopy is a very fast, inexpensive and con-
venient method for determination of water contents in
glasses. But the results are only relative ones. The water
contents of various glasses can be compared accurately,
but the absolute water content cannot be determined
without calibration [1]. Methods used for calibration of
IR spectroscopic results are for example vacuum hot ex-
traction (VHE) or gas bubbling with subsequent quanti-
tative water analysis by gravimetric methods [2 to 5],
mass spectroscopy [4, 6 and 7], measurements of vapour
pressure [8 to 10], NMR spectroscopy [11 to 15], or
other methods.

As an alternative method, nuclear reaction analysis
(NRA) should be suitable. The objective of the present
work is to examine the practical usefulness of NRA for
obtaining a calibration. Nuclear interactions are insensi-
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Table 1. Description of the glass samples

glass sample
no. description
( 1 nitrogen-dried
2 nitrogen-dried
SLS 3 basic glass
glasses 4 water-epriched
glass with
bubbles
& 5 water-enriched
6 nitrogen-dried
PLS 7 nitrogen-dried
glasses 8 basic glass
9 water-enriched

tive to the kind of chemical binding in a sample. This
means in the present context that the total hydrogen
content in a glass sample is measured, independent of
its distribution over different types of OH bondings. The
NRA method utilized here is the >N technique; perti-
nent examples of its application are the determination
of the hydrogen content of thin films [16 and 17] and of
minerals [18 and 19] and the study of glass/water interac-
tions [20 and 21]. The '°N technique is a very sensitive
and non-destructive working method; however, it re-
quires a relatively high expenditure of equipment. A
necessary condition for the applicability of NRA for
calibration of IR extinction coefficients is that all hydro-
gen in the materials belongs to the hydroxyl groups. This
condition is fulfilled for the glasses studied here.

2. Experimental
2.1 Glass preparation

A soda—lime—silica (SLS) glass and a potassium—lime
—silica (PLS) glass with the composition (in mol%)
16 R,0 - 10 CaO - 74 SiO,, R = sodium, potassium,
were prepared. The glasses were molten from raw mate-
rials in a platinum crucible in an induction furnace at
1500 °C. The water content of the basic glasses was be-
low 0.05 mass%. The basic glasses were treated in vari-
ous ways in order to get two series of glasses of different
water content (table 1). A part of the basic glasses was
dried by nitrogen bubbling through the glass melt, an-
other part was enriched with water by bubbling with
steam. The exact conditions of glass melting and glass
treatment and a scheme of the apparatus for the differ-
ent treatments are published in [7]. For the IR spectro-
scopic investigations, the glasses were prepared into thin
plates of various thicknesses (0.3 to 10 mm) and water-
free polished on both sides.

2.2 Infrared spectroscopic measurements

The measurements were carried out on the FTIR vac-
uum spectrometer IFS 66v (Bruker GmbH, Karlsruhe

(Germany)). The spectra were measured in the wave
number region 4000 to 2000 cm ™! using the transmission
technique. Nearly the whole sample area of about 10 to
100 mm? was illuminated by the IR beam. Thus, the
water concentration deduced from the measurement is
the average over the sample. It was shown that the water
concentration of the glass samples was proportional to
the sample thickness. That means, water adsorbed on the
sample surface can be neglected.

Systematic errors of FTIR spectrometers are small
(about 2 to 3 %). Errors of IR spectroscopic results are
more likely caused by sample preparation and sample
handling. The homogeneity error was determined by IR
microscopy. Deviations from sample homogeneity are
below 5% for the glasses investigated. Integration over
the sample area led to reduction of homogeneity errors.
A special problem concerning errors is the background
correction for the glass network (see section 4). The
overall error of the H,O concentration deduced from IR
measurements amounts to about 10 %.

2.3 NRA measurements

The total amount of hydrogen in the glass samples was
determined by the >N technique which relies on the res-
onant nuclear reaction 'H('’N,« y)!?C. With this tech-
nique the hydrogen concentration versus depth is ob-
tained by measuring the yield of the characteristic y rays
from this reaction versus the beam energy. Depth pro-
files can be obtained up to a depth of about 3 um in
glasses. The >N measurements were carried out with a
low-level set-up for hydrogen analysis which provides a
sensitivity of about 10 atom ppm H. The beam current
was about 150 nA and the beam spot size was 3 mm in
diameter.

Before the measurements, the glass samples were
etched in diluted hydrofluoric acid for several minutes in
order to remove a possibly existing surface layer contain-
ing water incorporated into damage sites arising from
the polishing treatment. Two representative hydrogen
depth profiles are shown in figure 1. At depths larger
than about 500 nm, the profiles are flat indicating that
there the hydrogen concentration remains constant. The
scatter of the data points is due to counting statistics;
statistical errors of single data points were between 7
and 15 %. Some of the samples with low hydrogen con-
tent were analyzed a second time for improving the sta-
tistical accuracy. For obtaining the hydrogen content of
a given sample, the data points in the flat region were
averaged. This resulted in a statistical error of 3 % (6 %
for the samples with low hydrogen content). Together
with a systematic error of about 7 %, originating from
the uncertainty of the stopping power of the >N ions,
the overall error of the hydrogen contents is about 9 %
for all samples.

The unit for water concentrations in glass is usually
mol - 17! (1 mol - 1! = 0.72 mass%). NRA results are
obtained in units of atom ppm H. The conversion factor
between atom ppm H and mol - 17! H,0 depends on the
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Figure 1. Depth profile of the hydrogen concentration of glass
no. 1 (nitrogen-dried) and glass no. 5 (water-enriched) deter-
mined by NRA.

molar composition of the glass sample. 1 atom ppm H
corresponds to 6.04 - 107> mol - 17! H,O in the case of
SLS glasses and to 5.56 - 107> mol - 17! H,O in the case
of PLS glasses.

3. Determination of water content by IR
spectroscopy

The vibrational bands of OH groups are observed in the
wave number region between 4000 and 2200 cm™'. In
silicate glasses with water contents below 1 mass%, all
water exists in form of silanol groups [22]. The spectra of
SLS and PLS glasses contain three different IR bands: at
about 3550, 2800 and 2300 cm~!. These three bands are
characterized by different types of structural insertion of
OH groups into the glass network [23]:

3550 cm™!': OH groups in form of silanol, very weakly
associated, by Scholze [8]: “free” OH
groups;

2800 cm™!: strongly associated OH groups;

2300 cm™!: very strongly associated OH groups, con-
necting isolated SiO4 anions with the glass
network.

The water content of the glass samples can be deter-
mined from their IR spectra by using the Beer-Lambert
law:

E=¢-c-d. ’ (1)

In this expression, E is the extinction (dimensionless),
d is the thickness of the glass sample (in cm), ¢ is the
concentration (in mol - 17 1), and ¢ is the molar extinction
coefficient (in 1 - mol™! - cm™!). The product ¢ - ¢ is also
called absorption coefficient « (in cm™?).

@)

The extinction coefficient ¢ has to be determined exper-
imentally by calibration using another independent
method. According to Scholze [8], there are two different
ways to deduce the water concentration of the glass
sample from the measured extinctions:

First, the so-called practical extinction coefficient
&pract (V) 1s used. In this case, only one of the IR bands
has to be evaluated (either the band at 3550 or the band
at 2800 cm™'). The practical extinction coefficients for
SLS glasses for the bands at 3550 and 2800 cm™! are
found in literature (table 2). The use of a practical ex-
tinction coefficient implies that the total water content
is correlated with the extinction of one IR band. This
method will only lead to correct results if the ratio be-
tween the IR bands remains constant, in dependence on
the water content.

Second, the two-band method by Scholze [8] can be
applied. This method considers the band at 3550 as well
as the band at 2800 cm™~!. The part of the total water
amount which is represented by the first band at
3550 cm~! is considered independently from the part
represented by the second band at 2800 cm™!. The ex-
tinction coefficients (V) of these two bands used by this
method are different from the practical extinction coef-
ficients &pae (7). The part of the water content of the
third band is estimated by Scholze to amount to one
third of that of the second band so that the total water
amount of the glass sample can be determined by the
following formula:

c " amax(ﬁSSSO) + Umax (‘72800) + l amax(‘72800) (3)
H,0 —
’ €3550 €2800 3 €2800

with

€2800 = 1501 - mol~! - cm~! and

€3550 — 701 - 1'1'101*1 2 Cl’l’l?1 [8]

In contrast to the use of the practical extinction coef-
ficient, in the case of the two-band method the mutual
overlapping of the bands has to be considered. For this
reason, band separation has to be carried out. The pre-
requisite for the applicability of the two-band method
to glasses of different composition is that the extinction
coefficient for water in glasses depends on the wave num-
ber but not on the glass composition. Scholze applied
the two-band method to glasses of very different compo-
sition with SiO, acting as network former in all cases.

The objective of this work is the determination of
practical extinction coefficients for SLS and PLS glasses
using NRA for calibration. Besides, the two-band
method by Scholze shall be applied to determine the
water content of the glasses and to compare them with
the water contents determined by NRA.

14

Glastech. Ber. Glass Sci. Technol. 71 (1998) No. 1



Determination of the water content of alkali lime silica glasses ...

Table 2. Practical extinction coefficients of this work by calibration with NRA and corresponding values of other authors

wave number Eprake N 1 - mol™! - cm™!
of the IR
band in cm™! this work Scholze [8] Gotz [3] TC14 [24]
SLS 3550 38 41 39 40
glasses 2800 56 65 56 =
PLS 3550 23 - = L
glasses 2800 78 = - -
12 10 ———— T v
? T 5
5 5
£ £
= 5
© Qo
= b=
® ® 5¢}
8 8
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Figure 2. Absorption coefficient spectra of glasses no. 1 to 5
(sample description see table 1) and of a theoretical “water-
free” glass A.

4. Results and discussion

Figure 2 shows the absorption coefficient spectra of six
glasses of the SLS type with different water content.
Each of these spectra is a sum spectrum of the glass
network spectrum and the water spectrum. In order to
determine the water content, the pure water spectrum is
needed. O—H bands were mathematically separated
from Si—O bands by means of a numerical band separ-
ation program. Curve A is obtained as a result of this
procedure. It represents the theoretical spectrum of a
glass which is absolutely free of OH groups. Difference
spectra between curves 1 to 5 and curve A are calculated
and plotted in figure 3. The difference spectra of glasses
no. 1 to 5 show three bands at 3550, 2800 and
2300cm™~!. The measured maximum absorption coef-
ficients pmeqs (7 = 3550, 2800 cm 1) of the glass samples
no. 1 to 5 are summarized in table 3. Additionally, the
NRA results of these samples are listed there.

The measured maximum absorption coefficients
Qmeas (7 = 3550, 2800cm™!) are correlated with the
water concentration determined by NRA in units of
mol - 17! in figure 4. The data of this diagram were fitted
by the equation: meas = Epract = € I Which &, 15 the
slope of the line. The practical extinction coefficients for

. =1
Wave number in cm

Figure 3. Pure water spectra of glasses no. 1 to 5 determined
by subtraction of a theoretical “water-free” glass from the
measured absorption coefficient spectra of figure 2.

Table 3. NRA and IR results for determination of practical IR
extinction coefficients

lss NRA NRA L N
gaSS - (H) in c(H,0) ~ Gmeas’  Cmeas
no:  tom ppm  in mol - 1~ ("3550) (V2800)

incm™!' incm™!

%) 190 0.012 0.34 0.62

& 5 o) 310 0.019 0.57 0.95
e 440 0.027 0.85 1.46
4 1300 0.078 3.09 4.93

5 2720 0.164 6.12 8.88

(6 130 0.0072 0.11 0.48

PLy ] 7 180 0.010 0.20 0.79
glasses | 8 640 0.036 0.62 2.31
[ 9 2680 0.149 3.40 11.66

2 @meas (73550), Xmeas (F2800): Maximum absorption coefficient
of the IR band at about 3550 cm™' (2800 cm™!) after sub-
traction of the spectrum of a theoretical “water-free” glass.

the IR bands at 3550 and 2800 cm ™' for SLS glasses
determined by combination of IR and NRA measure-
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Figure 4. Maximum absorption coefficients, opeas, Of the IR
bands at 3550 and 2800 cm™! in the spectra of SLS glasses ver-
sus water concentration in mol/l determined by NRA and deter-
mination of the practical extinction coefficients from the rise of
the straight lines fitted to the measured points.
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Figure 5. Absorption coefficient spectra of glasses no. 6 to 9
and spectrum of a theoretical “water-free” glass A.

ments are in a good agreement with the practical extinc-
tion coefficients determined by G6tz [3] and Scholze [8]
(table 2). :

With the results obtained for the PLS glasses, it
should be possible to determine their practical extinction
coefficients. The measured absorption coefficient spectra
are given in figure 5. The spectrum of the theoretical
“water-free” glass is subtracted again. The difference
spectra are to be seen in figure 6. Table 3 also contains
the maximum IR absorption coefficients and NRA re-
sults of PLS glasses. The diagram in figure 7 shows the
maximum IR absorption coefficients in relation to the

1 0
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Figure 6. Pure water spectra of glasses no. 6 to 9 determined
by subtraction of a theoretical “water-free” glass from the
measured absorption coefficient spectra of figure 5.
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Figure 7. Maximum absorption coefficients, ceqs, Of the IR
bands at 3550 and 2800 cm ™! in the spectra of PLS glasses ver-
sus water concentration in mol/l determined by NRA and deter-
mination of the practical extinction coefficients from the rise of
the straight lines fitted to the measured points.

NRA results. The data of this diagram were fitted to the
equation Gmeas = €pract * € again. The calculated values
of &,race are to be seen in table 2.

In a next step, the two-band method by Scholze is
applied to the IR results to determine the water content
of the glass samples. For this purpose, a band separation
procedure was applied to all spectra of figures 3 and 6
to calculate the band profiles without mutual overlapping.
The band separation computer program “curve fit” from
the “OPUS” software (Bruker) was used. As shown in
figure 8, the band profiles of the three bands are not sym-
metrical in all cases. Asymmetrical bands were ap-
proximated by a sum of two or three symmetrical bands.
The maximum absorption coefficients o, (V = 3550,
2800cm™!), the NRA results, and the water con-
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Figure 8. IR absorption coefficient spectrum of glass no. 5
(water-enriched) separated into three bands and introduction of
Xmeas and Acalc-

Table 4. Comparison of water contents deduced from IR meas-
urements using the two-band method by Scholze and from
NRA

s ity IR NRA
BAR o, ek o010 o{thO)
1o i(rV13c5:i$1)‘ gr‘;zf:(;;)‘ inmol - 17! in mol - 17!
(9] 0.31 0.62  0.010 0.012
2 0.56 095  0.016 0.019
thses 24 0.71 145  0.023 0.027
4 2.66 491 0.082 0.078
| 5 5.47 Ri851 " UL 081IST 0.164
(6 0.07 049  0.0054 0.0072
PLS 7 0.14 0.80  0.0090 0.010
glasses | 8 0.44 232 0.027 0.036
L9 2.72 11.68  0.142 0.149

D otcate (M3550) Qeate (F2800): Maximum absorption coefficient of
the IR band at about 3550 cm™! (2800 cm ') after band sep-
aration, spectrum of the theoretical “water-free” glass sub-
stracted before.

4 ¢(H,0): water concentration within the glass calculated using
the two-band method by Scholze [8], calculated according to
formula (3).

centrations obtained by IR using the two-band method
are summarized in table 4. The results of the two-band
method are plotted versus the water concentration ob-
tained by NRA in figure 9. All measured points in this
diagram are arranged near or on a line corresponding
to the equation ¢'R(H,O) = 0.958 ¢(NRA(H,0). That
means, the results of the two-band method using the ex-
tinction coefficients given by Scholze agree quite well
with the NRA results as well for SLS as for PLS glasses.
In the PLS glasses, the fraction of “free” (very weakly

o SLS glasses

0.20 o Pks glasses A
1 ¢ (H,0)=0.958 - ¢""* (H,0)

0.15 + J
©
£
= ]
0 1
o |

N

£
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o
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(o)
0 1 A 1 =TT e
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e (H0)inmol /| — =

Figure 9. Water concentration of SLS and PLS glasses deter-
mined using IR spectroscopy and the two-band method by
Scholze versus water concentration of the glasses by NRA
measurements.

associated) OH groups is found to be much lower than
in the SLS glasses, in accordance with the observations
by Scholze [23] on binary alkali silica glasses.

The authors’ investigations show that NRA is very
well-suited for the determination of the total water con-
tent in glasses and thus, also for the calibration of the IR
spectroscopy results. The practical extinction coefficients
found in this way are well applicable to the determi-
nation of the water content of glasses of the same quali-
tative composition. But table 2 also shows the limits of
the applicability of practical extinction coefficients: they
must be determined for each type of glass again. How-
ever, as the results of this work on glasses with different
network modifier cations (sodium and potassium) show,
the two-band method by Scholze [8] seems to be suited
for the determination of water in glasses of different
composition.

The results obtained up to now lead to the con-
clusion that the method of determination of water con-
tents of glasses from their IR spectra developed by
Scholze already in the fifties is the best method still to-
day. In future, the applicability of the two-band method
to other types of glasses, especially to such of practical
interest (see e.g. [24]) will have to be examined by deter-
mination of the total water content with nuclear reac-
tion analysis.
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