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Enthalpy of mixing in 0.8[xB2O3–(1− x)P2O5]–0.2Na2O glasses at 298 K
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Abstract

0.8[xB2O3–(1− x)P2O5]–0.2Na2O (with 0≤ x ≤ 1) glasses have been characterized by solution calorimetry at 298 K in acid solvent. The
experimental data showed a strong negative departure of the enthalpy of mixing from the ideality described by the equation (in kJ/mol):
�H = x(1− x)(−660.2 + 570x). The results were interpreted on the basis of the structural data. Enthalpies of mixing were consistent with sub-regular
solution behaviour.
© 2005 Elsevier B.V. All rights reserved.

K

1

B
o
m
i
f
c
(
(
t
o
r
c
R
t
p
s
s

0
t

ol%)
-
rade

ture

0
ent

pidly
ter.
prior
ith

at
crys-
000

0
d

eywords: Sodium borophosphate; Solution calorimetry; Enthalpy of mixing

. Introduction

A large family of glasses based on the combination of both
2O3 and P2O5 with various network modifiers has been devel-
ped for widespread applications, including hermetic sealing
aterials[1,2] and fast ion conductors in solid state batter-

es [3]. Previous investigations in borophosphate glasses have
ocused on some specific physical properties[3–7] (chemi-
al durability, refractive index (n), glass transition temperature
Tg), thermal expansion coefficient (α), thermo-optic coefficient
dn/dT), density) and on the glass structure[1,8–11]. In contrast,
here is little published work regarding the thermochemistry
f borophosphate glasses. Only one high-temperature direct
eaction calorimetric measurements[12] was performed for the
omposition series (NaPO3)2–B2O3 and Na4P2O7–(NaBO2)2.
ecent developments in ambient-temperature solution calorime-

ry in our laboratory enable us to measure the thermodynamic
roperties of such glass systems over a wide range of compo-
ition and temperature to obtain a better understanding of the
tructure and the physical properties of the glass.

In this paper, the results of a calorimetric study of

tion range with progressive substitution of P2O5 by B2O3. The
data are discussed in structural terms.

2. Experimental

Sodium borophosphate glasses of composition (m
0.2Na2O–0.8[xB2O3–(1− x)P2O5], 0≤ x ≤ 1, were pre
pared under atmospheric conditions using analytical g
(NH4)2HPO4 (Prolabo R.P.), Na2CO3 (Merck) and B2O3
(Merck). The raw materials were weighed and the mix
was heated in a platinum crucible first at 800◦C for 1 h to
remove the volatile products and then melted at 1000–105◦C,
depending on composition, for about 30 min with frequ
stirring to ensure a good homogeneity. The melt was ra
quenched by dipping the bottom of the crucible into wa
The samples were stored in vacuum desiccators just
to calorimetric dissolution in order to prevent reaction w
oxygen or moisture.

Powder X-ray diffraction (XRD) patterns were collected
room temperature on all samples in order to detect any
tallization of the quenched samples. A Diffractometer D5

˚
.8[xB2O3–(1− x)P2O5]–0.2Na2O are presented. The data on
he enthalpy of mixing were measured over the whole composi-
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Siemens apparatus with Cu K�radiation (λ= 1.5418A) was
used. The data were obtained in a stepwise mode with 2θrang-
ing from 5 to 55◦.

Glass transition temperature (Tg) were evaluated by
using DSC under argon flux. DSC tests were performed in
a ter
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calibrated with zinc standards[13]. The heating rate was
15 K min−1. The weight samples were about 20 mg. The mean
values ofTg were determined from four measurements; the
reproducibility is±2◦C.

The enthalpy of mixing of glasses cannot be measured
directly in the entire concentration range due to kinetic lim-
itations. All calorimetric measurements were performed in a
laboratory design solution calorimeter at 298 K. This calorime-
ter was built several years ago in the “Centre de Thermody-
namique et Microcaloriḿetrie du CNRS – Marseille”. Details
of the calorimetric apparatus and measurement procedures have
been extensively described elsewhere in the literature[14]. The
thermopiles constituted by hundreds of chromel–alumel thermo-
couples are inserted in an isothermal aluminium block. The great
stability of the apparatus allows very long experiment around
ambient-temperature (293–350 K). The values of heat effects
0.1, 1 and 10 J were measured with 1.06, 0.40 and 0.05% accu-
racy, respectively. The stirring procedures were standardized and
corrections were made for the small heat effects associated with
stirring. All measuring cells are in PolyTetraFluoroEthylene
(PTFE). According to the recommended procedure, the solvent
was added directly into the calorimeter cell. Samples of about
5–20 mg were placed in the container ca. 5 cm3. The container
was closed and stored in the calorimeter cell at the calorimeter
temperature (298 K) for 4 h to reach thermal equilibrium. Dur-
ing the dissolution, the sample was broken in the calorimeter cell
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Fig. 1. X-ray diffraction patterns of 0.8[xB2O3–(1− x)P2O5]–0.2Na2O glasses:
(a) x = 0.15, (b)x = 0.5 and (c)x = 0.9.

Table 1
Glass transition temperature (Tg), enthalpy of solution at infinite dilution (�solH)
and enthalpy of mixing (�H) in 0.8[xB2O3–(1− x)P2O5]–0.2Na2O glasses at
298 K

x Tg (◦C) �solH∞ (kJ/mol) �H (kJ/mol)

0 197.8± 2.0 −75.6± 1.5 0± 2.1
0.15 286.7± 2.0 −12.5± 1.2 −73.5± 2.0
0.25 397.6± 2.0 4.3± 1.0 −97.3± 2.2
0.50 534.7± 2.0 −17.2± 1.1 −93.5± 1.7
0.75 463.7± 2.0 −84.7± 1.1 −43.7± 2.4
0.90 429.6± 2.0 −124.4± 1.3 −14.5± 2.0
1 487.3± 2.0 −143.2± 1.2 0± 2.2

associated with 0.8B2O3–0.2Na2O and 0.8P2O5–0.2Na2O. This
feature suggests that 0.8B2O3–0.2Na2O and 0.8P2O5–0.2Na2O
are miscible in the whole range of composition. The glass transi-
tion temperature increases abruptly for a small addition of B2O3
and reaches a maximum near the compositionx = 0.50. As more
boron is added,Tg decreases. This behaviour corresponds to
some changes in the nature of bonding in the structural network.
As shown by Ray[18], the glass transition temperature is a

Fig. 2. Glass transition temperature (Tg) for 0.8[xB2O3–(1− x)P2O5]–0.2Na2O
g

hich contained in a mixture of 25 ml of HF (6 M) and 25
f HNO3 (4 M) solvent. The dissolution took 3 h and the h
ffect was measured. Experimental conditions were identic
ll samples. The calorimeter was calibrated by using the
ffects of the well known enthalpy of the protonation of THA
.37 M in HCl 0.12 M[14].

Generally, the kinetic nature of the glass transition m
hat the calorimetric measurements will be influenced by
lass thermal history[15,16]. The glass transition temperat

or the studied glass system is estimated, on the basis of
easurements to be greater than 298 K. The thermal histo

he samples did not affect significantly the calorimetric res
t 298 K[17]. Details of the effect of difference of the therm
istory are obscured by the fact that experimental uncerta
2–2.5 kJ/mol) are of the same order of magnitude as the
tions in enthalpy of mixing caused by thermal history cha
herefore, it is not necessary to apply a correction to the
es of enthalpy of mixing on glasses obtained by means o
ess’s cycle, in order to get the enthalpy of mixing relativ

he hypothetical liquid sate.

. Results and discussion

Fig. 1shows the X-ray diffraction patterns, registered at ro
emperature, for the 0.8[xB2O3–(1− x)P2O5]–0.2Na2O glasses
hey revealed typical characteristic pattern for amorphous m
ials broaden diffraction lines and confirmed the vitreous na
f the glasses.

The glass transition temperature data are listed inTable 1
nd plotted inFig. 2. For each sample, a single value of the g

ransition is observed, which is intermediate between thTg
 lasses as function ofx content.
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Table 2
Summary of experimental enthalpies of solution (�solH) for 0.8[xB2O3–(1−
x)P2O5]–0.2Na2O in HF (6 M) + HNO3 (4 M) solvent at 298 K

x Mass (mg) �solH (kJ/mol)

0 5.82 −75.88
8.99 −76.46

10.27 −76.78
9.53 −74.89

19.14 −76.32
10.17 −74.53

0.15 5.49 −12.82
9.99 −13.47
8.69 −11.99

10.98 −11.83
7.05 −11.98

11.55 −13.11

0.25 5.14 5.82
9.30 5.21

10.12 4.41
9.26 3.46
5.30 4.23
6.43 3.53

0.50 5.21 −17.50
7.06 −17.91
5.25 −17.28
8.09 −16.76
7.56 −16.69

10.71 −18.80
5.06 −18.06

0.75 5.60 −85.62
5.96 −86.05

10.24 −83.03
10.78 −84.46
12.17 −84.84
5.64 −85.99

0.90 5.63 −124.63
6.37 −125.15
5.19 −124.01
7.68 −122.27

10.89 −123.83

1 5.62 −142.98
8.33 −144.79
8.94 −143.98

11.32 −143.32
10.35 −142.04
5.35 −143.12

structural sensitive parameter depending on the changes in bond
strength, in the degree of cross-link density and in the closenes
of packing.

For each composition, the enthalpy of solution has been mea
sured six times. The obtained experimental data of enthalpy o
solution are listed inTable 2. A constrained least-squares method
was applied to fit the data, taking into account a linear variation o
the slopes with the composition of the composite. This correction
is often neglected in common calorimetric work, but the concen-
tration effect, although small, must be taken into account when
high precision is required. Following this procedure, we obtained
the enthalpies of solution at infinite dilution for each composi-
tion of the glass system. The results are summarized inTable 1

Fig. 3. Enthalpy of solution at infinite dilution (�solH∞) at 298 K vs. compo-
sition x. The solid curve represents the fit to the experimental data; the dashed
line represents ideal mixing.

and plotted inFig. 3. The data showed a positive deviation from
ideality, implying negative enthalpies of mixing. The enthalpies
of mixing are deduced from the difference between the ideal
enthalpy of solution (a linear combination of the end-members
0.8B2O3–0.2Na2O (A) and 0.8P2O5–0.2Na2O (B) enthalpies)
and the observed enthalpy of solution of glasses at infinite dilu-
tion, using the expression:

�H = x�solH
∞
〈A〉 + (1 − x)�solH

∞
〈B〉 − �solH

∞
〈xA(1−x)B〉 (1)

where�solH
∞
〈Y〉 represents the molar solution enthalpy of the

substance Y at infinite dilution.
The obtained data of enthalpies of mixing corresponding to

the glass state of this system, are given inTable 1. The uncer-
tainties in the enthalpies of mixing are extracted from the errors
in the enthalpies of solution.

The effect of B2O3 on the enthalpy of mixing of these
glasses is shown inFig. 4. The enthalpies of mixing are clearly
dependent on chemical composition and are significantly more
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ig. 4. Enthalpy of mixing for 0.8[xB2O3–(1− x)P2O5]–0.2Na2O glasses as
unction ofx content at 298 K. Points, experimental data; solid lines, inter
ion using Eq.(2) and the straight lines represent mechanical mixing lines
rrors bars are also indicated.
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exothermic. The enthalpy of mixing decreases with increasing
B2O3 content and reaches a minimum value nearx = 1/3, before
starting to increase as more boron is added. These measure-
ments slow that the enthalpies of mixing can be expressed as (in
kJ/mol):

�H = x(1 − x)(−660.2 + 570x) (2)

for which R2 = 0.96, where

x = [B2O3]

[B2O3] + [P2O5]
.

Negative enthalpies of mixing were obtained in all the com-
position range. A proof of miscibility of 0.8B2O3–0.2Na2O
and 0.8P2O5–0.2Na2O is given here. The negative values of
enthalpies of mixing can be attributed to the specific interac-
tion between the two networks former B2O3 and P2O5. Struc-
tural investigations of borophosphate glasses[1,7–10]showed
tetrahedral boron sites, B(4) in the phosphate-rich domain and
trigonal boron sites, B(3), in the borate-rich. B(4) dominates in
high phosphate compositions and hence forms BO P bridges
that cross-link the phosphate chains. This polymerises the glass
network and increases the packing density of atoms, creating a
more compact borophosphate network and leading to an increase
in density. This increase in density is confirmed by the results
reported in a study of calcium borophosphate glasses[19]. At
high boron composition, B(3) becomes the preferred coordina-
t ork
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the data should be corrected by a�Cp factor following the
relation:

�H(T ) = �H(T0) +
∫ T

T0

�Cp dT (3)

where�Cp is the difference between the heat capacities of the
compound and of the reactants. To our knowledge, the thermo-
dynamic measurements (heat capacity, enthalpy of mixing,. . .)
of sodium borophosphate glasses have not been investigated a
lot. The published data in the literature concerned the sodium
borophosphate glasses performed on a Tian–Calvet calorime-
ter at 1272 and 1248 K, respectively[12]. Only a qualitative
comparison can be made as it is not straightforward to com-
pare these two kinds of data that differ in both the tempera-
ture of investigation and the glass content. The literature data
show a similar trend but the enthalpies of mixing become less
exothermic with increasing B2O3 content than in the present
study.

Taking into account the pronounced asymmetry of the calori-
metric data (Fig. 4), the formalism of the regular solution model
[28] and the quasichemical model[29] are clearly inappropriate
in the present case. The expression of the enthalpy of mixing is
equivalent to these of sub-regular model[30]:

�H = x(1 − x)(�H
∞
A + (�H

∞
B − �H

∞
A )x) (4)
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ion and the glass network is dominated by a borate netw
he covalent cross-link density decreases due to the de
erisation of the glass structure as the number of BO P
ridges decreases. The result suggested that increasing2O3
ontent efficiently stabilizes the glasses in respect to de
cation, in both a kinetic and a thermodynamic sense.
ffect is particularly evident in the phosphate-rich region, w
orresponds to a sharp energetic stabilization with inc
ng B2O3 content. Enthalpies of mixing at 298 K for sodiu
orophosphate glasses might provide direct evidence fo
xistence of miscibility gaps. In binary liquid solutions, a z
nthalpy of mixing is often taken as an indication of Raoul
ideal) behaviour. Deviations from such a behaviour as
tive enthalpies of mixing, which drive the solution towa
mmiscibility [20–23] or negative enthalpies of mixing, f
omogeneous single phase[24,25]. The enthalpies of mixin

or 0.8[xB2O3–(1− x)P2O5]–0.2Na2O glasses are asymm
ic and significantly negative (Fig. 4), indicating an absen
f immiscibility. Maximum stabilization occurs atx = 1/3 for

ully polymerised glasses. This may be related to the e
etics of the reaction BO B + P O P = 2B O P [26,27],
hich suggests that the BO P linkage is stable relative
mixture of B O B and P O P linkages for the studie

odium borophosphate glasses. The strongly negative enth
f mixing support a large thermodynamically favoured g

orming region in which all ions are in relatively low ener
oordination environments. There is no thermodynamic
ence for phase separation. The present study can be
ared to the published data. The data of the enthalpy of m
n borophosphate glass system available in the literatur
iven at different temperatures. For a strict comparison
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here�HA and�HB are the limiting partial enthalpies at in
ite dilution of 0.8B2O3–0.2Na2O (A) and 0.8P2O5–0.2Na2O
B), respectively. The sub-regular solution model (Eq.(4)) was
sed to fit experimental data rather than introduce emp
quation (Eq.(2)) equivalent to it. The corresponding valu
f the limiting partial enthalpies of mixing at infinite dilute a
660.2 and−90.2 kJ/mol, respectively.

. Conclusion

The solution calorimetric determinations allow us to ob
eliable enthalpies data on sodium borophosphate glass
98 K. The enthalpies of 0.8[xB2O3–(1− x)P2O5]–0.2Na2O
how significant exothermic values reflecting a strong chem

nteraction between the components. Asymmetric strong n
ive enthalpies of mixing are consistent with sub-regular solu
ehaviour.
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