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We present a Pitzer ion-interaction model fit to most of the available isopiestic, dilution enthalpy, heat
capacity, and volumetric data for HClO4(aq). Osmotic and activity coefficients are accurately reproduced
for molalities between infinite dilution and 8 mol kg-1 at 298 K. Isopiestic data at temperatures other
than 298 K do not appear to be reliable. The dilution enthalpy data at 298 K are also reproducible to 8
mol kg-1; consequently, HClO4(aq) activities may be calculated to 8 mol kg-1 at 298 K and at somewhat
higher or lower temperatures with only minor losses in confidence. Heat capacity data do not extend
beyond 1.7 mol kg-1 at 298 K and 1.0 mol kg-1 at T > 328 K, and interlaboratory agreement is poor.
Consequently, activity coefficients and thermal properties may only be calculated to about 1 mol kg-1 at
373 K. There are numerous volumetric data for molalities between 0.02 and 18 mol kg-1 and at 298 K;
however, there are large variances between datasets at m > 5 mol kg-1. Volumetric data at T > 348 K
are limited to one study and m < 1 mol kg-1. The volumetric form of the model is simple but due to
disagreement between datasets is considered to have large uncertainties.

Introduction

Perchloric acid is an important industrial acid and is
frequently used in chemical research as a supporting
electrolyte due to the weak complexing characteristics of
the ClO4

- anion. Use of HClO4(aq) is particularly common
in actinide solubility and speciation studies. As tempera-
tures in nuclear waste repositories and processing environ-
ments may significantly exceed 298 K and activity coeffi-
cient models for HClO4(aq)1-3 are limited to 298 K or near
298 K, there is a need for a model which reproduces HClO4

activities over wide ranges of molality and temperature.
Our own interest in HClO4(aq) stems from a need for

the standard state chemical potential for Nd3+(aq) as a
function of temperature. This need arises from the use of
neodymium as an analogue for trivalent actinides. As the
only neodymium salt for which the necessary thermo-
dynamic data exist is Nd[ClO4]3, temperature dependencies
for the infinite dilution heat capacities (Cp,φ

∞ ) of HClO4(aq)
and Nd[ClO4]3(aq) are needed (if the convention of zero
valued standard state properties for H+ is assumed). An
additional need arises from the fact that most of the
Nd[ClO4]3(aq) data are from the mixed system H+ + Nd3+

+ ClO4
-. We will present a temperature-dependent Pitzer

ion-interaction model for Nd[ClO4]3(aq) in a subsequent
paper.

Two groups have measured HClO4(aq) heat capacities
at T ) 298 K and fit Pitzer ion-interaction or Born models
to their datasets,4-7 thus, in principle, allowing us to
calculate the requisite Cp,φ

∞ values without any further
analysis. However, intercomparison of the former datasets
as well as comparison with others8,9 shows substantial
scattering between studies and within individual datasets.
In addition, comparison of Cp,φ

∞ values from the cited
studies with values estimated from additivity of standard

states shows large discrepancies. This study addresses
these discrepancies and presents a Pitzer ion-interaction
model which reproduces the available HClO4(aq) activity
coefficient, enthalpy, heat capacity, and volumetric data
from 298 K to 373 K and at pressures near 0.1 MPa.

Thermodynamic Model

A Pitzer ion-interaction model10,11 was fit to the data
from the sources4,5,7,9,12-24 listed in Table 1. The equation
for a system containing a single, fully dissociated 1:1
electrolyte is

where ww ) 1 kg of H2O, R ) 8.314 41 J mol-1 K-1, m is
molality, and BMX and CMX are the second and third virial
coefficients. The Debye-Hückel term is

where b has the universal value of 1.2 kg-1/2 mol-1/2, I is
ionic strength, and Aφ is a function of water density25 and
dielectric constant.26 The quantity Z ) ∑imi|zi|, where zi is
the charge on each ion. BMX is given an ionic strength
dependency of the form

where x ) a1xI and R1 ) 2.0 kg1/2 mol-1/2.
Differentiation of eq 1 with respect to ni, nw, p, or T and

addition of standard state properties where appropriate
yield the ionic activity coefficients (γi), osmotic coefficient
(φ), and apparent molar volume (Vφ), enthalpy (Lφ), and
heat capacity (Cp,φ).
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Gxs/(wwRT) ) f(I) + 2m2[BMX + 1/2ZCMX] (1)

f(I) ) -4IAφ ln(1 + bxI)/b (2)

BMX ) âMX
(0) + âMX

(1) g(x) (3)

g(x) ) 2[1 - (1 + x) exp(-x)]/x2 (4)
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The osmotic coefficient expression for this system is

where

and

Note that, due to our adoption of the equivalence in form
between BMX

φ and CMX
φ , CMX

φ in eq 7 is different from
Pitzer’s10 by a factor of 2|zMzX|1/2; for example, CMX

φ )
CMX,Pitzer

φ /[2|zMzX|1/2].
The generalized activity coefficient equations for specific

cations (M) and anions (X), respectively, are

and

where

and where mixing effects between ions of like sign or

neutral species are ignored. The summations over c and a
pertain to all cations and anions, respectively, in the
system. Since the system of interest is a 1:1 electrolyte and
no other salts are considered, the summations in eqs 8-10
are unnecessary and consequently have been omitted in
the subsequent equations for the derivative properties. For
simple systems in which aqueous phase speciation reac-
tions are not considered, the mean ionic activity coefficient
(γ() is commonly used and is defined as

where ν is the sum of cations (νM) and anions (νX) in the
electrolyte formula unit. The notations used above are
identical to those used by Pitzer.11

The model equation for the relative enthalpy27 (L) is

and

The apparent molar enthalpy is Lφ ) L/n2, where n2 is the
number of moles of solute.

The apparent molar heat capacity is given by27

Table 1. Thermodynamic Property, Range of Experimental Conditions, and Source for Data Used in This Study

property T/T0
a m/m0

b nc σd ref

φ 298 0.1-11.9 12 0.023 12
φ 298 0.1-15.7 5,f 26g 0.007,f 0.003g 13
φ 283-313 0.3-14.0 (13) NA 14
φ 298 0.56-8.3 15,f 9g 0.004,f 0.003g 15
φ 298 6.6-19.7 1f NA 16
φ 298 1.19-9.8 11f 0.005f 17
φ 323 1.5-24.0 10 0.162 18
φ 298 0.05-1.1 6g 0.001g 19
φ 298 0.10-4.5 14g 0.004g 20
Lφ 298 0.005-15 48 19 21
Cp,φ 288-328 0.05-0.22 (30) NA 8
Cp,φ 298 0.05-0.37 9 1.8 9
Cp,φ 298 0.09-1.06 9 1.8 4
Cp,φ 283-328 0.18-1.08 8 5.9, 3.2, 4.6 5
Cp,φ 298-373 0.10-1.61e 20, 7, 7, 7, 7 3.6, 4.4, 3.8, 2.3, 1.9 7
Vφ 298 0.10-11.9 15 0.23 12
Vφ 298-303 0.10-18.5 22, 4 0.09, 0.03 22
Vφ 298-348 0.24-3.13 12 0.07, 0.09, 0.05, 0.06, 0.07, 0.29 23
Vφ 298 0.09-1.06 9 0.21 4
Vφ 283-328 0.18-1.08 8, 9, 8 0.23, 0.59, 0.37 5
Vφ 293-308 0.10-4.35 16 0.14, 0.17, 4.3, 9.4 24
Vφ 296-372 0.10-1.61e 20, 7, 7, 7, 7 0.42, 0.53, 0.41, 0.36, 0.31 7

a T0 ) 1 K. b m0 ) 1.0 mol kg-1. c n ) number of datum in dataset for m e 8 mol kg-1. d σ ) rms error calculated for each dataset at
m e 8 mol kg-1. The dimensions of σ are the units of the corresponding property type (see figures). Where one n is listed with multiple
values of σ, each dataset within the study contains n points. e At T > 298 K, mmax ) 0.6 mol kg-1. f H2SO4(aq) std. g NaCl(aq) std.

φ - 1 ) (1/m)[-AφI
3/2/(1 + bxI) + m2(BMX

φ + ZCMX
φ )]

(5)

BMX
φ ) âMX

(0) + âMX
(1) exp(-x) (6)

CMX
φ ) CMX (7)

ln γM ) zM
2 F + ∑

a

ma(2BMa +ZCMa) + zM∑
c
∑

a

mcmaCca

(8)

ln γX ) zX
2F + ∑

c

mc(2BcX + ZCcX) + |zX|∑
c
∑

a

mcmaCca

(9)

F ) fγ + ∑
c
∑

a

mcmaB′ca + 1/2∑
c
∑

a

mcmaZC′ca (10)

fγ ) -Aφ[I
1/2/(1 + bI1/2) + 2 ln(1 + bI1/2)/b] (11)

B′MX ) âMX
(1) g′(x) (12)

g′(x) ) -I-1[g(x) - exp(-x)] (13)

ln γ( ) (νM ln γM + νX ln γX)/ν (14)

L/(wwRT2) ) -
∂f(I)
∂T

- 2m2[BMX
L + 1/2ZCMX

L ] (15)

∂f(I)
∂T

)
AL

bRT2
I ln(1 + bxI) (16)

AL ) 4RT2(∂Aφ

∂T )
p,I

, BMX
L ) (∂BMX

∂T )
p,I

and

CMX
L ) (∂CMX

∂T )
p,I

(17a-c)

Cp,φ/(wwRT2) ) Cp,φ
∞ /(wwRT2) +

1
n2

[2
T

∂f(I)
∂T

+
∂

2f(I)

∂T2
- 2m2[BMX

J + 1/2ZCMX
J ]] (18)
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where

The corresponding equation for Vφ is11

where

Treatment of the Data

The model was simultaneously fit to all of the experi-
mental data from the sources in Table 1 using the data
forms φ, Lφ, Cp,φ, and Vφ. As well as identifying sources of
datatypes, Table 1 includes molality and temperature
ranges, number of datum in each dataset, and the root-
mean-square (rms) errors between the model and each
dataset.

The isopiestic data at 298 K are shown in Figure 1.
Isopiestic or vapor-pressure measurements have also been
conducted at 283 K, 313 K, and 323 K and to high
molalities; however, unsmoothed data are not presented.14,18

Because Haase et al.’s smoothed φ’s at 298 K are in good
agreement with the other data, we attempted to recalculate
and fit their 283 K and 313 K isopiestic measurements,
which are reported as ln γ(’s. Unfortunately, the lowest
molality in their tabulation is 0.3 m; consequently, any
function for γ( between infinite dilution and 0.3 m is
unconstrained and the Gibbs-Duhem transformation re-
sults in unreasonable values of φ. For those sources in
which original isopiestic molalities are presented, the data
were recalculated using modern models for the isopiestic
coefficients of the corresponding standard solutions, for
example, H2SO4(aq)28 and NaCl(aq).29

Dilution enthalpy data for this system are limited to 298
K and 0.1 MPa.21 These data were fit using the tabulated
values of Lφ from the original source (Figure 2).

Values of Cp,φ were used as published in the original
sources.4,5,7,9 Differences resulting from recalculation using
a common model for water would be substantially smaller
than the inter- and intralaboratory precision of the data.
Hovey’s4,5 Cp,φ data are systematically more positive than
Lemire’s7 by 6 to 8 J mol-1 K-1 (Figure 3). Lemire
conducted replicate measures at fixed molalities, and from
these their reproducibility appears to be roughly indepen-
dent of temperature and to be about (0.5 J mol-1 K-1.
Hovey4,5 estimated uncertainties in Cp,φ

∞ ((0.7 J mol-1 K-1

at 298 K to (2.0 J mol-1 K-1 at 328 K). It is reasonable to
assume that their measurement errors were not larger.
Lemire’s measurements were conducted at 0.5 MPa versus
0.1 MPa for the Hovey and Singh measurements. This
pressure difference might result in as much as 1 J mol-1

K-1 difference for a given molality. As the offset between
the Lemire and Hovey or Singh datasets is roughly twice
the magnitude of the combined uncertainties, it appears
that there is a systematic problem either with Lemire’s
calorimeter or with both the Hovey and Singh calorimeters.
Lemire calibrated their instrument with NaCl(aq) at each
experimental temperature while Hovey calibrated with
water only at 298 K and assumed that heat losses were
independent of temperature. It could be argued that the

Figure 1. Osmotic coefficient data from the literature at 298.15
K: (O) ref 12; (0) ref 13; (+) ref 14; (×) refs 15, 17, and 50; (])
refs 19 and 20; (‚‚‚) calculated from eq 5.

2
T

∂f(I)
∂T

+
∂

2f(I)

∂T2
)

AJ

bRT2
I ln(1 + bxI) (19)

AJ ) (∂AL

∂T )
p,I

, BMX
J ) (∂2BMX

∂T2
+ 2

T

∂BMX

∂T )
p,I

, and

CMX
J ) (∂2CMX

∂T2
+ 2

T

∂CMX

∂T )
p,I

(20a-c)

Vφ/(wwRT) ) Vφ
∞/(wwRT) +

1
n2

[∂f(I)
∂p

+ 2m2[BMX
V + 1/2ZCMX

V ]] (21)

∂f(I)
∂p

)
AV

bRT
I ln(1 + bxI) (22)

AV ) (∂Aφ

∂p )
T,I

, BMX
V ) (∂BMX

∂p )
T,I

, and

CMX
V ) (∂CMX

∂p )
T,I

(23a-c)

Figure 2. Apparent molar enthalpy data (O)21 at 298 K and 0.1
MPa; (s) calculated from eq 15.
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Lemire data are likely to be more accurate on the basis of
a more thorough procedure. However, since the Singh and
Hovey data are in good agreement, a more substantive
reason is required to bias the model. If there is a problem
with the Lemire dataset, then our model’s temperature
dependence above 328 K will be in error, as the model is
guided only by Lemire’s data at the higher temperatures.
Additional data are available;8 however, these data vary
widely from the other datasets, for example, by at least 5
J mol-1 K-1 at 298 K and by at least 35 J mol-1 K-1 at 328
K. These differences increase with molality as well as with
temperature.

Like the heat capacity data, and for the same reason,
values of Vφ were used as originally published4,5,7,12,22-24

unless the data were only published as densities, in which
case values of Vφ were calculated using the Hill equation
of state for water.25 Lemire et al.’s7 volumetric measure-
ments were also made at 0.5 MPa versus 0.1 MPa for all
other measurements.

As the published heat capacity and volumetric data for
HClO4(aq) tend to be imprecise (cf. Figures 3 and 4,
respectively) we investigated the option of constraining
Vφ

∞(HClO4) and Cp,φ
∞ (HClO4) through additivity of stan-

dard state heat capacities or volumes using aqueous
Mz+Clz, Mz+[ClO4]z, and HCl. For Cp,φ

∞ (HCl) we used
Holmes et al.,30 and for Vφ

∞(HCl), Sharygin and Wood.31

Other strong acid [HX] and M[ClO4]2-MX pairs could have
been used; however, HCl(aq) is probably the best known
nonassociating acid for the temperature range considered
by this study. Consequently, little would have been gained
by pursuing additional systems. Our model infinite dilution
heat capacities and volumes and those derived from addi-
tivity are shown in Figure 5. Infinite dilution properties
derived from additivity were included in the fit; however,
these values were allowed very little influence on the
model.

Aside from the cited source for HCl(aq), values of
Cp,φ

∞ (HClO4) were estimated from the following systems:
NaCl(aq);29 NaClO4(aq);9,32,33 KCl(aq);34 and KClO4(aq).35

As pointed out by Lemire et al.,7 values of Cp,φ
∞ (KClO4)

could contain large errors due to the very limited molality
range over which data exist for this salt. The only values
of Cp,φ

∞ (KClO4) at T > 298 K are those from Mastroiani
and Criss,32 which are based on C°p(NaClO4,solid)36 and

their enthalpy of solution measurements for NaClO4(solid).
The only other non-actinide or -lanthanide chloride-
perchlorate pairs for which relevant heat capacity data
exist are those for Ni[ClO4]2(aq)37 and NiCl2(aq).38-40 At
other than 298 K the measurements for the latter two
systems were made at substantially different pressures and
thus were not used.

Values of Vφ
∞(HClO4) can be estimated from

NH4Cl(aq) and NH4ClO4(aq);41 KCl(aq);42,43 KClO4(aq);35

NiCl2(aq);38,39,44,45 and Ni[ClO4]2(aq).37,45 Values of
Vφ

∞(HClO4) using NH4Cl(aq) and NH4ClO4(aq) are consid-
erably different from values supported by the HClO4(aq)
data and from additivity using other systemssmost likely
due to uncorrected hydrolysis effects. Values of Vφ

∞(HClO4)
from most of the other sources are in reasonably good
agreement below about 308 K but diverge rapidly at higher
temperatures. Somewhat surprisingly, there do not appear
to be any unsmoothed volumetric data for NaClO4(aq) at
T > 298 K.

Figure 3. Apparent molar heat capacity data at (a) 298 K [(0) ref 9; (O) ref 4; (]) ref 7] and 313 K [(b) ref 5; ([) ref 7], (b) 328 K [(b)
ref 5; ([) ref 7], and (c) 348 K [(]) ref 7] and 373 K [([) ref 7]: (s) calculated from eq 18; (‚‚‚) Debye-Hückel limiting law slope.

Figure 4. Apparent molar volume data at 298 K [(O) ref 4; (])
ref 7; (+) ref 12; (0) ref 22; (3) ref 23; (×) ref 24]; 328 K [(b) ref 5;
([) ref 7; (1) ref 23]; 348 K [(tilted square dotted) ref 7; (triangle
open dotted) ref 23]; 372 K [(/) ref 7]; 298, 328, and 348 K (s);
and 373 K as calculated from eq 21 (- - -).
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In fitting the model to the data, weights were assigned
to each dataset using our earlier scheme,46,47 where

Values of wgt(i) for a given dataset are generally inversely
related to the influence of that dataset on the model
parametrization; for example, datasets with larger values
of wgt(i) carried less influence than those with low values.
Datasets were separated by publication, by temperature,
and, for the case of isopiestic studies, by standard solution.
At temperatures for which multiple datasets exist, the
wgt(i) terms for heat capacity and volumetric data were
adjusted to balance datasets so that individual datasets
would not bias the temperature dependence of the model
through quantity of data. Movement of the model toward
data at molalities or temperatures at which only one
dataset exists is unavoidable though thermodynamic re-
lationships between the different data types may help to
constrain the model’s behavior. Values of the constants a,
b, and c in eq 24 are listed in Table 2.

Temperature and pressure dependencies of the standard
state terms and the adjustable parameters âMX

(0) , âMX
(1) , and

CMX were confined to the form

where

Tr ) T/298.15 K, pr ) p/100 MPa, Fw ) water density, and
F0 ) 1 g cm-3. The coefficients of eqs 26-28 for the quantity
µ°/(RT) and for the virial coefficients are listed in Table 3.
Cp,φ

∞ (HClO4) and Vφ
∞(HClO4) are derived according to

and

For convenience, the fitted forms of Cp,φ
∞ (HClO4) and

Vφ
∞(HClO4) are

Rp and âT refer to water’s isobaric expansivity and isother-
mal compressibility, respectively. The parameters âMX

(0) ,
âMX

(1) , and CMX are plotted versus temperature in Figure 6.
The corresponding derivative forms of the virial coefficients,
for example, QL, QJ, and QV, are plotted versus temperature
in Figure 7. Numerical values of the various thermo-
dynamic quantities and QMX

i ’s (i referring to null, L, J,

Figure 5. Apparent molar volumes (a) and heat capacities (b) at
infinite dilution from additivity as functions of temperature. Aside
from HCl(aq) properties,30,31 sources and chemical combinations
are as follows: (a) (O) refs 35 and 43; (+) refs 35 and 42; (0) refs
37 and 44; (]) refs 45; (b) (b) ref 32; (9) refs 34 and 35; (×) refs
35 and 43; ([) refs 37 and 39; (1) refs 29 and 33. The curves are
calculated from eqs 29 and 30.

wgt ) wgt(i)[a + b/mi,nwt + c/xmi,nwt] (24)

Table 2. Parameter Values for Weighting of the Various
Data Types in Eq 24 and the Corresponding Molality
Ranges over Which Each Weighting Scheme Is Effectivea

φ, wgt(i) ) 1.0

m/m0 < 0.1 0.1 e m/m0 e 8 m/m0 > 8

a 1.0 0.5 1000

Cp,φ, wgt(i) ) 0.5

m/m0 < 0.1 0.1 e m/m0 e 1 m/m0 > 1

a 1.0 0.5 0.5
b 0.5
c 5.0

Lφ, wgt(i) ) 1.0

m/m0 < 0.5 0.5 e m/m0 e 8 m/m0 > 8

a 0.5 0.1 1000

Vφ, wgt(i) ) 3.0

m/m0 < 0.7 0.7 e m/m0 e 8 m/m0 > 8

a 0.1 1.0
c 0.1

a Notable exceptions are as follows. φ: Haase et al.,14 283 K
and 313 K, wgt(i) ) 1000; Pearce and Nelson12 wgt(i) ) 5.0; Galkin
et al.18 wgt(i) ) 100. Cp,φ: 283 K, Hovey et al.5 wgt(i) ) 1.0; 298
K, Lemire et al.7 wgt(i) ) 1.0. Vφ: T < 298 K, wgt(i) ) 5.0; 298 K,
Partanen et al.;24 Herrington et al.,44 Markham,22 and Pearce and
Nelson12 wgt(i) ) 5.0; 303 K and 308 K, Partanen et al.24 wgt(i) )
50; 372 K, Lemire et al.7 wgt(i) ) 1.0.

Q(pr,Tr) ) q1(Tr) + prq2(Tr) + (Fw/F°)q3(Tr) (25)

q1(Tr) ) a1/Tr + a2 + a3Tr + a4Tr
2 + a6 ln Tr (26)

q2(Tr) ) a7/Tr + a8 + a9Tr (27)

q3(Tr) ) a19/Tr + a20 + a21Tr (28)

Cp,φ
∞ ) [∂2(µ°/RT)/∂T2 + (2/T)∂(µ°/RT)/∂T]p (29)

Vφ
∞ ) [∂(µ°/RT)/∂p]T (30)

Cp,φ
∞ ) (298 K)-2[6a4 + a6Tr

-2 + 2a21Tr
-1 ln(Fw/F0) -

4a21(298 K)Rp - a21(298 K)2Tr(∂Rp/∂T)] (31)

Vφ
∞ ) a8/100 + a21TrâT (32)
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and V) are tabulated at regular intervals of temperature
(and molality for the property values) as Supporting
Information available through the American Chemical
Society’s Web site.

Results and Discussion

The earlier activity coefficient model of Pitzer and
Mayorga2 was based on the osmotic coefficient tabulations
of Robinson and Stokes,48 which are, in turn, based on the
isopiestic measurements of Robinson and Baker.13 While
other isopiestic measurements were published after the
compilation of Robinson and Stokes, these were apparently
not examined. The omission is of no consequence, as all of
the isopiestic data are, with the exception of those from
Pearce and Nelson,12 in remarkably good agreement. It was

pointed out in review that we overlooked the dataset of
Rush.50 The latter data are included in Figure 1; they are
in excellent agreement with all data other than those of
Pearce and Nelson, and consequently no adjustment was
made to the model parameterization. In addition, in the
interim between original submission and submission of the
revised manuscript, we became aware of an additional set
of isopiestic data at 298 K.51 Considering the quantity and
quality of the 298 K isopiestic data used to develop our
model, it is doubtful that Mironov’s51 data would provide
any improvement. It was also noted in review that our
model should be compared to the published electromotive
force data52-54 (emf; Figure 9). As some of the emf mea-
surements were made at molalities lower than those in the
isopiestic experiments and because isopiestic measure-
ments become less reliable at very low molalities, the emf
measurements could have better constrained the model in
the range between infinite dilution and a few tenths molal.
However, Figure 9 illustrates that the model reproduces
the data from Mussini et al.52 and Torrent et al.53 for m e
0.1 mol kg-1. At higher molalities the emf data from all

Table 3. Parameter Values for Eqs 25-28a

10âHClO4

(0) âHClO4

(1) 103CHClO4

ai µ°(HClO4)/(RT) kg mol-1 kg mol-1 kg2 mol-2

1 -1.336 534 9 (4.0) -4.613 649 0 (6.9) 15.858 908 (3.6)
2 3.176 588 1 (4.5) 11.478 882 (8.0) -12.713 231 (9.3)
3 -9.260 976 1 (9.2)
4 -5.222 648 0 (2.1) 2.642 013 3 (10.2)
6 19.325 512 (2.7)
7 0.509 753 41 (17.1)
8 2.366 840 8 (0.5) -0.603 210 78 (14.0) 0.286 343 98 (55.0)

21 -13.283 939 (1.6)

a Values in parentheses are percent errors in the estimates for the parameter values.

Figure 6. (a) âHClO4

(0) (s), âHClO4

(1) (- - -), and (b) CHClO4 plotted as
functions of temperature.

Figure 7. Temperature and pressure derivatives of the inter-
action parameters (a) âHClO4

(0)L (s) and CHClO4

L (- - -), (b) âHClO4

(1)L , (c)
âHClO4

(1)J
, and (d) âHClO4

(0)V plotted against temperature. With the
exception of CHClO4

V , terms not plotted are zero valued.
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three studies51-53 have very poor interlaboratory agree-
ment. It should be noted that, in the molality range where
all three emf datasets are in disagreement, there are
numerous isopiestic data which are in good agreement.
Differences between our model and the activity coefficient
model of Pitzer-Mayorga2 (Figure 8) are within the com-
bined uncertainties of the fits and are probably due to
differences in standard solution osmotic coefficients.

The dilution enthalpy measurements fit in this study are
the same as those used by Silvester and Pitzer,27 and the
results are similar though there are small systematic
differences (Figure 10); for example, the Silvester-Pitzer
model is uniformly more positive than the tabulated Lφ

values of Vanderzee and Swanson over the full molality
range of the fit. The apparent deviation between the
Silvester-Pitzer model and the “data” is most likely due
to the smoothing procedure used by Vanderzee and Swan-
son21 and is not necessarily an indication of bias in the
former model. If this is the case, the consequence is that
our model Lφ values are biased by an average of about 30
J mol-1 over the molality range of the fit.

The volumetric data are somewhat interesting in that
Vφ decreases with increasing molality for molalities greater
than about 1.0 (Figure 4). In addition, Vφ changes little over
fairly large molality ranges and over the temperature range
298 K to 373 K. The consequence of these features is that
an exceptionally simple model is capable of reproducing the
data. However, as volumetric models are usually of tertiary

concern, we will forego further discussion and focus on the
heat capacity model.

Three Pitzer ion-interaction models have been fit to the
heat capacity data: Lemire et al.,7 Criss and Millero,49 and
Hovey.6 The Criss and Millero study utilized only the data
from Singh et al.9 and consequently is limited to 298 K and
m < 0.4 mol kg-1. Criss and Millero’s estimates of Cp,φ

∞

vary from -24 J mol-1 K-1 to -27.5 J mol-1 K-1 depending
on which of their tables and electrolyte combinations is
used, and their fitted value of âMX

(0)J is roughly a factor of 2
more negative than that supported by either Hovey’s4,5 or
Lemire’s datasets (discussed below). The various values for
Cp,φ

∞ obtainable from Criss and Millero do agree with the
values supported by the aforementioned datasets. A some-
what reassuring feature of the Criss and Millero study is
that our 298 K values of âMX

(0)J and âMX
(1)J lie squarely on their

correlation of the two parameters based on analysis of a
large number of aqueous 1:1 electrolyte systems.

Both Lemire et al.7 and Hovey6 state that their models
were fit to both datasets (Hovey also included Singh et al.9).
Lemire et al.’s âMX

(0)J values support this even though their
Figure 1 implies the model was fit to only their own data.

While both Criss and Millero and Lemire et al. were able
to fit their models to the data using only âMX

(0)J, Hovey6 also
included a temperature-dependent CMX

J parameter. Given
the level of precision in the data and the fact that the
published data do not exist beyond 1.7 m, we believe that
inclusion of CMX

J is unwarranted. For example, Figure 3
demonstrates that at 298 K the data are reproduced within
the precision of the combined datasets by the Debye-
Hückel term and Cp,φ

∞ alone. In addition, the sufficiency of
âMX

(0)J can be demonstrated by omitting CMX
J and rearrang-

ing eq 18 as

and plotting gâ0 versus molality (Figure 11a-c; fJ refers to
the heat capacity form of the Debye-Hückel term defined
by eq 19). Figure 11 shows that gâ0 is linear with molality
at all temperatures for which there are data.4,5,7 The
published values of âMX

(0)J from both Lemire and Hovey are
similar to those obtainable from Figure 11a. However,
values of Cp,φ

∞ are somewhat different at T > 298 K (Table
4). Note that at 328 K the values of Cp,φ

∞ obtainable via eq
33 and Figure 11b are more negative than the published
values in Hovey6 and Lemire et al.7 by as much as 4 J mol-1

K-1. The only data at 373 K are those of Lemire et al.,7

Figure 8. Differences between experimentally measured osmotic
coefficients [(O) ref 12; (0) ref 13; (×) refs 15 and 17; (]) refs 19
and 20] and our model as well as the differences between Pitzer
and Mayorga2 (- - -) and our model.

Figure 9. Differences between ln γ( derived from our model and
from emf measurements [(b) ref 51; (tilted square dotted) ref 52;
(/) ref 53] plotted against {(m HClO4)/(mol kg-1)}1/2.

Figure 10. Differences between experimentally measured values
of φL (O)21 and our model as well as differences between Silvester
and Pitzer3 (- - -) and our model.

gâ0 ≡ [Cp,φ/(RT2) - fJ/m] ) Cp,φ
∞ /(RT2) - 2mâ(0)J (33)
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and Figure 11c supports values of Cp,φ
∞ and âMX

(0)J more
positive than the published values.

Through rearrangement of eq 18 as

it can be demonstrated that the heat capacity data can also
be fit with âMX

(1)J (Figure 12a-c). That the intercepts pass
through or very near zero demonstrates that the model
does not warrant both âMX

(0)J and âMX
(1)J. While arguments can

be made for the use of either âMX
(0)J or âMX

(1)J, the choice
should not be arbitrary, as it affects the fitted value of
Cp,φ

∞ ; for example, it can be seen from eq 34 that Cp,φ
∞ and

âMX
(0)J are not independent if âMX

(1)J * 0. Since âMX
(1)J produces

somewhat lower residuals and the model behaves more
reasonably in extrapolations to higher molalities, we chose
to use it rather than âMX

(0)J.

We believe that both the Lemire7 and Hovey6 heat
capacity models are overfit in their temperature depend-
encies. Both of the former models use a temperature
dependence for the adjustable parameters of the form

where const refers to 190 K for Hovey6 and 0 K for Lemire7

and c3 is nonzero in both models. This form requires a T3

dependence on âMX
(0) in eqs 5, 8, and 9 while other systems

such as HCl(aq)30 and KCl(aq)34 show nearly linear or T-1

dependencies on âMX
(0) in this temperature range; âMX

(0) for
NaCl(aq) does not have a cubic form below about 523 K.29

Finally, it is interesting to note that our model repro-
duces the heat capacity data with five fit parameters versus
nine in the Hovey6 model and six in Lemire’s7 model. Note
that our a1 terms cancel in eqs 20b-c, leaving only the a4,
a6, and a21 terms in Cp,φ

∞ and the a3 and a4 terms in âMX
(1)J

such that âMX
(1)J ) 298-2(2q3/Tr + 6q4). In addition, our

model reproduces both the activity coefficient and deriva-
tive property data with a total of 15 fit parameters versus
30 in the Hovey6 model, which reproduces only the heat
capacity and volumetric data.

Figure 11. Deviation function gâ0 (eq 33) based on the heat
capacity data at (a) 298 K, (b) 328 K, and (c) 373 K [(O) refs 4 and
5; ([) ref 7] Lines are fits to the separate datasets with the data
weighted as m-1; intercepts give Cp,φ

∞ /(RT2), and slopes give -2
âHClO4

(0)J . See Table 4 for comparisons of Cp,φ
∞ and âHClO4

(0)J from eq 33
with previously published values.6,7

Table 4. Comparison of Cp,φ
∞ and âMX

(0)J Derived from
Figures 11a-c with Values from Hovey6 and Lemire et
al.7

Cp,φ
∞ 106âHClO4

(0)J Cp,φ
∞ 106âHClO4

(0)J

ref J mol-1 K-1 kg mol-1 K-2 J mol-1 K-1 kg mol-1 K-2

Figure 11a from ref
6 -24.7 -7.3 -25.9 -10.7
7 -28.0 -5.6 -27.8 -6.3

Figure 11b from ref
6 -5.2 0.3 -3.8 2.9
7 -10.6 2.5 -6.4 1.4

Figure 11c from ref
7 -21.2 6.7 -24.9 4.1

gâ1 ≡ -[m{Cp,φ/(RT2) - Cp,φ
∞ /(RT2)} - fJ]/2m2 )

â(0)J + â(1)Jg(x) (34)

Figure 12. Deviation function gâ1 plotted against g(x) as defined
by eqs 4 and 34. Note that g(x) increases as m decreases [(O) refs
4 and 5; ([) ref 7]: (a) 298 K, (b) 328 K, (c) 373 K. (s) Isothermal
fits to the combined heat capacity data4,5,7 with the data weighted
as m-1; intercepts give âHClO4

(0)J
, and slopes give âHClO4

(1)J . For the
isothermal fits, values of âHClO4

(0)J are (a) 2.4 × 10-7, (b) -5.9 ×
10-7, and (c) -1.2 × 10-6 and values of âHClO4

(1)J are (a) -2.8 × 10-5,
(b) -2.8 × 10-6, and (c) 3.3 × 10-5. (- - -) This study, from our
polythermal fit to the combined datasets of Table 1; values of
âHClO4

(1)J are (a) -3.004 × 10-5, (b) -1.099 × 10-5, and (c) 1.184 ×
10-5. Hovey’s data cause âHClO4

(1)J to be more negative than if
guided only by Lemire’s data, and our model at 373 K is consistent
with this tendency (e.g., compare range of values obtainable from
respective studies per this figure with Figure 7c).

QJ ) c1 + c2/(T - const) + c3T (35)
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Conclusion

At m e 6 mol kg-1 and temperatures near 298 K, our
model is not substantially different from the Pitzer-
Mayorga2 and Silvester-Pitzer27 activity coefficient and
enthalpy models. The significant contribution of this study
is made through the inclusion of a larger array of activity
coefficient and derivative property data (e.g. enthalpy, heat
capacity, and volumetric) into a self-consistent model which
reproduces the aqueous phase thermodynamic data over
the full range of temperatures and pressures at which data
currently exist. This study also serves to illustrate that
additional thermodynamic measurements, particularly
derivative property measurements, are warranted for this
system. Consequently, it is anticipated that our model will
eventually be obviated though this study should serve as
a useful guide to subsequent experimental work and
thermochemical model development for this system.

Supporting Information Available:

Tables of numerical values of the various thermodynamic
quantities and QMX

i ’s (i referring to null, L, J, and V) tabu-
lated at regular intervals of temperature (and molality for the
property values). This material is available free of charge via
the Internet at http://pubs.acs.org.
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