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The goal of this experimental study was to accurately determine the potential of the copper sulfate elec-
trode (CSE) for use in quantitative electrochemical analysis. The potential of the CSE at 25 °C was found to
be 317 mV versus that of the normal hydrogen electrode (NHE), with a slope of 0.17 mV/°C over the range
from 5 °C to 45 °C. The determination of the true equilibrium potential of the CSE versus the NHE from
laboratory measurements included the estimation of the liquid junction potential (LJP) by means of an
electrolyte property model. The value of the LJP was estimated to be —14 mV based on calculated CSE
potentials. Direct calculation of the LJP, which should have produced a more accurate result than estima-
tion, failed to do so because the standard assumption of linear concentration variation of all species
across the liquid junction was shown to be invalid.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The most commonly used aqueous analytical reference elec-
trodes are the saturated calomel electrode (SCE) and the silver-sil-
ver chloride (Ag/AgCl) electrode. Not all aqueous systems,
particularly those sensitive to chlorides, are best served by these
electrodes. An alternative to these is the copper sulfate electrode
(CSE) which is composed of a copper wire in contact with an aque-
ous copper sulfate solution that often contains dilute sulfuric acid.
The active electrochemical couple is Cu(s) with Cu®*(aq).

The CSE is most commonly used in cathodic or anodic corrosion
protection applications of buried metal, such as steel storage tanks
and building foundations; hence, it is usually in direct contact with
soil. Consequently, the majority of the literature on CSEs is focused
on its use in field work, rather than on precise laboratory measure-
ments where accurate electrochemical data are required. The
objective of this study was to more accurately determine the po-
tential of the CSE versus the normal hydrogen electrode (NHE) to
enable the use of the CSE in analytical studies, including the
electrodeposition of copper and other metals. This paper reviews
results from previous studies on the CSE and compares them to
electrical potential measurements made in the current study.
These new data were used as inputs to electrolyte property model-
ing in order to estimate the liquid junction potential of the system
and to determine the true equilibrium potential of the CSE in ref-
erence to the NHE.
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The general approach outlined in this paper for the CSE could be
applied to the development of other reference electrodes. The level
of accuracy demanded of any such new reference electrode will
dictate whether only the first portion or the entire method pre-
sented herein is used. This paper also draws attention to some of
the challenges encountered in the development of a new reference
electrode.

1.1. Literature review of the copper sulfate electrode

Ewing’s [1] work in 1939 laid the foundation for CSE research.
His electrode was designed for field use, and there was probably
a small amount of sulfuric acid added to the copper sulfate solu-
tion. He found that the measured potential difference between a
CSE and a SCE with a saturated potassium chloride bridge at
25°C is “about 75 mV.” Ewing also measured the temperature
dependence of saturated and unsaturated copper sulfate electrodes
over a range from 1 °C to 51 °C versus the potential of an electrode
of the same composition held at a constant temperature. The slope
of the saturated curve was approximately 0.9 mV/°C. Ewing did not
include a correction for the Soret effect of the temperature gradient
in the liquid bridge between the two half-cells because the same
effect would occur in fieldwork when the soil and half-cell were
at different temperatures. Ewing’s value for the potential of a CSE
has since become one of the standard accepted values [2].

Aker [3] reported on his handmade CSE half-cell for field use.
The half-cell contained saturated copper sulfate in water and a
porous wooden plug to make the electrical connection. His CSE,
versus a SCE, with the half-cells connected by tap water, gave a
potential of 70 mV on average, varying from 68 to 73 mV.
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A more analytical approach to determining the CSE potential
(Ecse) was taken by Scott [4]. He claimed that he could extrapolate
the activity coefficient of a divalent copper ion up to the saturation
point of copper sulfate (1.41 molal at 25 °C) by using data for cad-
mium and zinc sulfate that spanned that concentration. This claim
was based on the fact that copper, cadmium, and zinc sulfate activ-
ities coefficients are similar at lower concentrations. The Nernst
equation for Cu —» Cu?* +2e~ at 25 °C (assuming unit activity for
solid copper) simplifies to

Ecse = Ece — 0.02958 log(ag,2+ ) (1)

The value for the standard potential of the CSE (Eg; Ecse at 25 °C;
activity of Cu** (a...) = 1) was taken as —0.337 V from Latimer
[5], which is close to the value of —0.340V found in Bard and
Faulkner [6]. With a... approximated as 0.0390, the calculated
value of Ecsg is —0.300 V relative to the NHE. A similar calculation
yielded a value for Ecsg of —0.060 V relative to the SCE. Taking into
account the reversed sign convention of Scott [4], the potential
would be written today as Ecsg equal to +0.300 V versus NHE and
+0.060V versus SCE. Thus Scott’s results are approximately
10-15 mV smaller than the previously published studies.

Scott’s study also included an experimental component, in
which he studied variation with temperature, along with other
properties of the electrodes. He cooled electrodes to 4 °C and al-
lowed them to come to ambient temperature while measuring
their potential with respect to a structure in soil. He repeated the
experiment with the same set of electrodes first heated to 49 °C.
His results had an average slope of 0.97 mV/°C.

More recent studies have focused on factors affecting the accu-
racy of the CSE. Since copper salts are photosensitive, it was
hypothesized that light could be an important factor when using
a CSE outdoors. The difference in potential between a CSE in bright
sunshine at noon versus a CSE in the dark was found by Ansuini
and Dimond [7] to be —52 mV; however, when exposure was from
a fluorescent light, the shift was only —2 mV. Ansuini and Dimond
also found that a change in copper sulfate concentration resulted in
a potential shift of about 20 mV/(decade of g/L). The logarithmic
dependence of the potential on concentration is expected, given
Eq. (1), since the activity is approximately proportional to the con-
centration. Ansuini and Dimond also found that chlorides in the
electrolyte solution of a CSE have a pronounced effect on the CSE
potential. At 1.0% chloride, the CSE potential was shifted negatively
by 100 mV.

Further work was done by Pawel et al. [8] on the effect of tem-
perature on CSE potential. CSEs were either heated or cooled, then
measured against a room temperature CSE in a similar manner to
Ewing. Pawel’s result was the same as Ewing’s, with a slope of
“~0.9 mV/°C” over a temperature range of 3-46°C. Pawel’s
measurement of the copper sulfate concentration effect on CSEs
yielded almost the same result as Ansuini and Diamond, 17 mV/
(decade of g/L). Pawel also studied the effect of chloride contami-
nation on the CSE potential and found that cells with significant
excess copper sulfate were more resistant to a chloride contami-
nant than those with only a few crystals of excess copper sulfate.
The oversaturated CSEs were relatively insensitive to chloride con-
tamination, requiring concentrations of 1.0-2.0% chloride to pro-
duce a deviation of 15mV in the CSE potential. Reported CSE
potentials were found to be relatively insensitive to contamina-
tions of up to 1.88% sulfide, 1.0% iron, sufficient sulfuric or nitric
acid to bring the solution to pH ~ 1, or sufficient sodium hydroxide
to bring the solution to pH ~ 13. Replacement of half the water in
the electrolyte solution with antifreeze resulted in a 15 mV de-
crease in potential after a few days. These tests showed that the
CSE potential was nearly unchanged after contamination with a
variety of species, assuming sufficient excess of copper sulfate,

and can be used to measure the reference potential in a range of
aqueous solutions. Pawel found that formation of different types
of oxide films on the solid copper in the CSE had an effect of
<5mV on the CSE potential. The deviation was eliminated once
the oxide films were scrubbed off the copper. Pawel also investi-
gated the effect of light on the CSE potential and reported that
overhead fluorescent or incandescent light had no measurable
influence, while direct sunlight had a variable effect and which is
attributable to heating rather than photoactivity.

The results of past studies of the CSE potential and their condi-
tions are summarized in Table 1. The range of values reported be-
low clearly suggests that additional measurements under well
controlled conditions would be useful.

2. Materials and methods

In the current study, the electrical potential of the CSE relative
to the SCE was measured as a function of temperature in 10 °C
increments over the range of 5-45 °C. Three electrodes of each type
were employed in order to minimize the experimental error. The
copper sulfate electrodes (bold type) were connected to the calo-
mel electrodes (underlined) via a potassium chloride salt bridge
to make the following electrical couple:

Cu(s)|CuSO, (sat), H,S04(0.06m) KCl(sat)KCl(sat)|Hg, Cl, (s)| Hg(1).

The single junction SCE electrodes (Radiometer Analytical, REF421)
have an operating range of —10 °C to 60 °C. The saturated potassium
chloride electrolyte solution was made by heating or cooling water
to the temperature of interest and adding potassium chloride crys-
tals to saturation. Since the bridge solution was the same as the SCE
electrolyte solution, a double junction electrode was unnecessary.

The apparatus for determination of the potential difference be-
tween the CSE and the SCE was designed to measure a stable open
circuit potential. To achieve this objective, it was important to
maintain a constant temperature and to form reproducible liquid
junctions. Liquid junctions are, by their nature, unstable and diffi-
cult to reproduce, since they are formed by the mixing of two
liquids, in this case saturated copper sulfate and potassium chlo-
ride solutions. The liquid junction potential is dependent on the
nature of the concentration transition layer between the solutions.
Over a wide range of configurations reported, liquid junctions with
cylindrical symmetry give the most reproducible results [9]. For
this reason, a double liquid junction with frits on either end of a
tube was used for the CSEs in this study instead of a single
junction. A low porosity frit was chosen (Vycor® 7930 glass frits,
average pore diameter of 40 A) in order to minimize the concentra-
tion change of the CSE electrolyte filling solution during the
experiments due to diffusion. The tube between the frits was filled
with the CSE electrolyte solution at the start of the experiment.

The CSEs were specially fabricated for these experiments. The
general design, shown in Fig. 1, consists of a 0.64 mm diameter
copper wire (99.999%, oxygen free) in a 5 mm inner diameter glass
tube bent into a “]” shape. A Vycor® glass frit (3.2 mm diameter by
6.4 mm long) was attached to the short end of the “J” with plastic
tubing. A second frit was placed in series with the first one, a short
piece of plastic tubing connecting the two; thus, the frits formed
two liquid junctions. The length of the frits was sealed in heat-
shrink Teflon® tubing. Copper sulfate crystals at the bottom of
the “J” shaped glass tubing ensured saturation conditions and did
not block the frits. To make the electrical connection with the
potentiostat, a gold-plated screw BNC fitting was attached to the
end of the copper wire. Further details of the CSE can be found in
Stern [10].
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Table 1
Reported CSE potentials.

Refs. CSE versus SCE (mV) Slope (mV/°C) Conditions studied
[1] 75 0.9 1-51°C
[3] 68-73 - Ambient temperature
[4] 60 (theoretical) 0.97 4-49 °C (for the slope)
171 - - Effect of light, [CuSO4], [CI"]
[8] - ~0.9 3-46 °C; effect of light, [CuSQy4], [CI7], [S], [Fe], [acid/base], antifreeze, oxide film on Cu
) bath to regulate and maintain constant temperature. The bath tem-
Cu wire perature was regulated with a chiller and a glass stick heater.
The saturated potassium chloride solution was sparged with re-
search grade argon gas for at least 45 min to remove dissolved oxy-
gen prior to the transfer of the CSEs to the reaction kettle. The CSEs
glass tube were removed from the saturated copper sulfate bath and rinsed
bent into “J” thoroughly with 18.2 MQ cm water. A thin layer of water was
shape allowed to remain on the top of the frits since it was found that

frit

liquid
junction

frit

CSEfill
solution

Fig. 1. Schematic diagram of the copper sulfate double junction electrode.

The CSE electrolyte solution was made by adding crystals of
copper sulfate pentahydrate to an aqueous solution of 69.5 mM
sulfuric acid (at room temperature); the sulfuric acid solution
was first brought to the experimental temperature and then the
crystals were added until saturation was achieved. The presence
of sulfuric acid prevented copper oxide formation on the copper
wire. The density of the solution at each temperature was mea-
sured gravimetrically using a glass volumetric flask that was
heated or cooled to the temperature of the solution prior to
measurement. Copper concentration was measured using the
bathocuproine method [11], which gives the mass percent of cop-
per, or titration with ethylenediaminetetraacetic acid (EDTA),
which gives the molarity of copper. The molarity of copper was
converted to mass percent copper by using the measured density
of the solution. The solubility of copper sulfate and the sulfuric acid
concentration at each temperature was determined by combining
the measured mass percent copper of the final solution, the ratio
of copper sulfate to water as added via the copper sulfate pentahy-
drate crystals, and the sulfuric acid concentration of the solution
before the addition of the crystals yielded the solubility of copper
sulfate and the sulfuric acid concentration at each temperature.
These concentrations were used as inputs for the electrolyte prop-
erty modeling described in Section 3.

To ensure thermal and compositional equilibrium of the elec-
trodes, the CSEs were placed in a stirred 1 L flask of saturated cop-
per sulfate solution and the SCEs were placed in a stirred 2L
reaction kettle of saturated potassium chloride at temperature
for at least 24 h prior to the beginning of the experiment. The flask
and reaction kettle were both immersed in a 16 L agitated water

drying the ends of the frits introduced variability in the data. Once
the CSEs were transferred to the reaction kettle, the argon sparge
was replaced with an argon blanket. The blanket was kept in place
for the duration of the experiment. The agitation in the reaction
kettle was stopped during the measurement phase of the experi-
ments to prevent convection currents from interfering with the
electrical potential measurements. The temperature of the reaction
kettle was maintained within 0.2 °C of the target at 5 °C and 25 °C
and within 0.1 °C of the target at 15 °C, 35 °C, and 45 °C during the
experiments. Temperature uniformity of the reaction kettle was
improved by insulating the portion of the kettle that was above
the water surface in the bath. For this study, laboratory light was
assumed not to affect the potential of the CSE.

Three sets of data were measured - the open circuit potential
difference between each of the CSEs and a single SCE, the differ-
ence between all of the SCEs, and the temperature of the saturated
potassium chloride bridge solution. Each set of data was recorded
for at least twenty-four hours to ensure a stable potential differ-
ence measurement at a stable temperature. The potentials were
measured with a high-impedance potentiostat (model #197 Auto-
ranging Microvolt DMM, Keithley; accuracy 0.02% of reading).

At the end of each experiment, the CSEs were removed and dis-
assembled. The glass and plastic portions were rinsed with water
and dried. The frits and copper wire were soaked in fresh, room
temperature copper sulfate solution. The SCEs were removed from
the reaction kettle, emptied, and filled with room temperature sat-
urated potassium chloride solution. Their tips were left to soak in
the same solution.

3. Theory

We could not experimentally measure the true equilibrium
electrical potential between the CSE and SCE, since the mixing of
the two different filling solutions is a non-equilibrium process,
which gives rise to the liquid junction potential (LJP, E;). The mea-
sured potential (Epeasureq) is composed of the equilibrium potential
of the CSE relative to the NHE (Ecsg), minus the SCE potential, also
relative to the NHE (Escg), plus E; as shown in Eq. (2).

Emeasured = (ECSE - ESCE) + Ej (2)

Once E; was determined, Ecsg could be estimated from Eq. (2). Two
methods were used to calculate E;. Method 1 was used to estimate
the LJP, while Method 2 was used in an attempt to more precisely
calculate the LJP. In Method 1, Ecsg was calculated, and then E;
was calculated using Eq. (2). This method used the Nernst equation,
Eq. (1), to determine Ecsg, so it required the value of a2 in the CSE
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filling solution over the range of experimental temperatures. The
activity was calculated from electrolyte physical property modeling
and E.g, assumed to be 0.340V [6]. The Meissner Corresponding
States electrolyte model was used as a first approximation of the
a; [12]. More detailed calculations were performed with Aspen-
Plus™ 2004 using the Electrolyte Non-Random Two Liquid equation
of state (ELECNRTL) [13]. ELECNRTL was chosen over the Pitzer elec-
trolyte model because it is better able to simulate the behavior of
concentrated solutions [14]. The ELECNRTL results were then com-
pared to the results of the Meissner model.

In Method 2, the LJP was calculated directly by integrating the
right-hand side of Eq. (3) across the liquid junction solution as a
function of the activity of all the solutes [6]. This method required
the concentration, activity, and electrical mobility of each compo-
nent of the KCI and CSE filling solutions as a function of distance
between the electrolytes. It does not require Eg;, as opposed to
Method 1.

“RT [ .t
Ej_T/I ELLLY 3)
|zi[uici
b= i 4
CY el @)

where [ = copper sulfate electrode solution, II = saturated potassium
chloride solution, t; = transference number of species i, z; = charge
on species i, a; = activity of species i, u; = electrical mobility of ion i
(cm?s~'V™1), ¢;=concentration of species i (mol(kg water)™!),
R = gas constant (] mol~' K1), T = temperature (K), F = Faraday con-
stant (C mol™!), and y = total number of species.

The liquid junction in the experiments was formed by a vertical
tube with a low porosity frit on either end. The saturated copper
sulfate solution was in a reservoir at the bottom of the tube and
the saturated potassium chloride solution was in a reservoir at
the top of the tube. In order to integrate Eq. (3), several assump-
tions were made about the mass transport profile in the liquid
junction. At each experimental temperature, the density of the sat-
urated copper sulfate solution was greater than that of the satu-
rated potassium chloride solution. The tube itself was stationary,
as well, so it was assumed that there was no mass transport in
the tube due to convection. The mixing of the two solutions, there-
fore, was driven solely by diffusion due to the concentration gradi-
ent. Furthermore, the mixing occurred over at least 24 h, so it was
assumed that all chemical reactions were at equilibrium and that a
stable chemical gradient was developed across the junction. In or-
der to integrate Eq. (3), it was assumed that the concentration of all
species varied linearly across the junction. This assumption means
that the concentration of each species can be related to its position
in the tube (x) through Eq. (5). By convention, x = 0 is the solution I
interface (bottom of the tube above the lower frit) and x =1 is the
solution II interface (top of the tube below the upper frit).
Gi=cl+ (c - c)x (5)

In addition, the electrical mobility of each species was assumed to
be constant for all experimental concentrations and can be approx-
imated by the mobility at infinite dilution. The ionic mobilities for
many concentrated species are usually about 5-20% less than at
infinite dilution [15]. The transport assumptions made in this deri-
vation are the same as those made to derive the most commonly
used simplified version of the liquid junction potential: the
Henderson equation [16]. The derivation in this work differs from
the Henderson derivation in that the activity of a component is
not assumed to be equal to its concentration. The validity of the
assumptions of linear concentration variation and constant electri-
cal mobility of all species is evaluated in Section 4.2.

Combining Egs. (3)-(5) yields Eq. (6), which is used to calculate
the liquid junction potential for Method 2.

|z;|uic; (d(Ina;)
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T TR
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(6)

The electrical mobilities listed in Table 2 are for infinite dilution [6]
except for that of Cu?*, which was calculated based on the transfer-
ence number for a CuSO, solution at 0.5 M using the infinite dilu-
tion mobility of SO3~ [15]. The electrical mobility of HSO} is
approximated as half that of SO~ since the former is almost the
same size but has half the charge. The electrical mobilities for the
other charged species are known from literature.

Method 2 (Eq. (6)) requires ¢; and g; of all charged species as a
function of x. For the saturated potassium chloride solution, c;
and a; of potassium and chloride are known [17]. ¢; and a; of all
of the charged species in the copper sulfate solution and the liquid
junction solution were not available in the literature and were cal-
culated with AspenPlus™ 2004 using ELECNRTL [13], as with
Method 1. The Meissner Corresponding States model was not used
for Method 2 because data for all of the species were not available.

4. Results and discussion
4.1. Experimental

The measured density of the saturated copper sulfate solutions
as a function of temperature is shown in Table 3.

The copper sulfate saturation concentration results from both
the bathocuproine method (5-25°C) and the EDTA method
(35-45°C) are shown as the mass percent of copper sulfate in
Fig. 2. The measured values are slightly lower than those reported
by Miles and Menzies [18], who measured saturated copper sulfate
solutions with no sulfuric acid. The decreased copper sulfate solu-
bility is expected, due to the common ion effect. Crockford and
Warrick [19] measured copper sulfate solubility over ranges of
temperature and sulfuric acid concentration that span those of
the current study. Since Crockford and Warrick did not explore
the same sulfuric acid concentration as this study, the copper sul-
fate solubility was interpolated at each temperature. There appears
to be significant unexplained variation in their results, underscor-
ing the need for our investigation.

Fig. 3 reports the values of the molalities of copper sulfate and
sulfuric acid in the CSE electrolyte filling solution as a function of
temperature. These were calculated from the measured mass per-

Table 2
Species mobilities.

Species u(cm?s v
K 7.619 x 1074
cl 7.91 x 1074
Cu®* 8.04 x 10°*
Norm 1.654 x 1073
Hs0" 3,625 x 1073
HSO; 8.270 x 1074

Table 3
Saturated copper sulfate density.

Temperature (°C), +0.1 Solution density (g/mL), +0.005

5.0 1.16
10.0 1.17
15.0 1.19
25.0 1.21
35.0 1.25
45.0 1.28




30

H.A.G. Stern et al./Journal of Electroanalytical Chemistry 659 (2011) 143-150 147

28

26 1

24 1

—&— Current Study
—— Miles & Menzies (1937)
—O— Crockford & Warrick (1930)

22 1+
20 +

18+

CuSOy4 (% by weight)

16 +

14 -

12+

10 f } t t t }
0 10 20 30 40 50 60
Temperature (°C)

Fig. 2. Temperature dependence of the solubility of copper sulfate in water.
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Fig. 3. Temperature dependence of the molality of copper sulfate and sulfuric acid
at saturation condition.

cent of copper sulfate, the measured solution density, and the
sulfuric acid concentration of the solution before the addition of
copper sulfate.

The potential measurements for the CSE relative to the SCE are
presented as a function of temperature in Figs. 4 and 5. The figures
also include regression equations for the potential with standard
deviations for the fit coefficients. Fig. 4 shows the linear regression
fit, while Fig. 5 shows the second-order regression fit. Each point
on each graph represents one CSE relative to the average of all
three SCEs.

The electrical potential variation amongst the CSEs at a given
temperature has an average standard deviation of 0.6 mV across
all temperatures. This value is larger than the average absolute
value of the potential difference amongst the SCEs, which is
0.2 mV. The accuracy of the electrical potential measurement
was 0.02% of the value, or approximately 0.02 mV at the highest
value.

The linear fit to the potential of the CSE versus the SCE is statis-
tically significant, but the second order fit more accurately repre-
sents the theoretical behavior. Since the change in copper sulfate
solubility is not linear with temperature (Fig. 3), it is to be expected

100 } t t t
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3 E
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g9 &0
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Fig. 4. Temperature dependence of the potential of the copper sulfate electrode
versus the saturated calomel electrode by linear regression; Ecse=(0.83 +0.02)T
+(56.0+0.5); R%, = 0.993.
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Fig. 5. Temperature dependence of the potential of the copper sulfate electrode
versus the saturated calomel electrode by second order regression;

Ecse = (0.004 +0.001)T? + (0.63 + 0.06)T + (57.7 + 0.6); RZ;; = 0.996.

that the potential is nonlinear. The slope of the linear fit is
0.83 £ 0.02 mV/°C, consistent with the value of 0.9 mV/°C found
by Ewing [1] and Pawel [8].

Previous work has related the SCE to the NHE, with no LJP
effects, over the range of 5-70 °C [17]. Within an error of 0.1 mV,
the two electrodes are related by

Esce (mV) = 241.2 — 0.661(T — 25) — 1.75 x 107(T — 25)°
—9.0x1077(T-25) (7)
where T is in degrees Celsius. Eq. (7) was used to convert the data
from this study from the SCE reference to the NHE reference. The
linear fit of the potential of the CSE versus the NHE (in mV and de-

grees Celsius) with the standard deviation excluding the error intro-
duced by Eq. (7) is

Ecse = (017 £0.01)T + (313.4+0.4) (8)
and the second order fit is
Ecse = (0.002 + O.OO])T2 +(0.06 £0.06)T + (314.3 £ 0.6) 9)

The data shown in Figs. 4 and 5 were converted to the NHE refer-
ence using Eq. (7). Those average values are shown in Table 4.
The error at each temperature is the standard deviation of the
experimental measurements plus the error of Eq. (7).
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Table 4
Average measured potential.

Table 5
Model conditions for ELECNRTL model.

Temperature (°C) Potential (CSE versus NHE, mV) Case # CuSO4 equilibrium included? CuSO4 concentration

5.0 3145+1.3 1 Yes Simulated saturation
15.0 315.9+0.7 2 Yes Set to match experimental value
25.0 317.1+0.2 3 No Simulated saturation
35.0 3187+1.2 4 No Set to match experimental value
45.0 321.5+0.2

The measured potential of the CSE versus NHE of 317 mV at
25 °C is bracketed by Ewing’s value of 316 mV and the other com-
monly accepted value of 318 mV [20,21]. The potential of the CSE
versus the NHE has less variation with temperature than that of
either the SCE or the silver-silver chloride electrode. The relatively
small temperature dependence of the CSE is beneficial because it
means that precise temperature control is not required for accurate
potential measurements using the CSE.

4.2. Theoretical

The LJP for the CSE was calculated using inputs from both the
ELECNRTL and the Meissner equations of state, as described in Sec-
tion 3. The database in AspenPlus™ 2004 was used for all the in-
puts into ELECNRTL except for the two equilibrium constants
representing potassium chloride and copper sulfate solubility.
Use of the default value for the equilibrium constant for potassium
chloride solubility (Kxc) resulted in a potassium chloride solubility
limit much lower than the standard literature value [22]. A regres-
sion was performed on data for the mean activities of potassium
and chloride ions, assuming unit activity for potassium chloride
[17]. The resulting equation for Kic was substituted for the stan-
dard AspenPlus™ 2004 values in all calculations, as shown in Eq.
(10). In AspenPlus™ 2004, the KCl equilibrium reaction is written
as a dissociation reaction, so the equilibrium constant equation is
given by

InKyq = In <M> =In(a.)
(G

=-343 - @ +6.38InT (10)
The AspenPlus™ 2004 database assumed complete dissociation for
copper sulfate in solution. However, spectrophotometric studies by
Dadgar et al. and by Méndez De Leo et al., have shown that copper
sulfate can be present as a neutral ion pair species in solution
[23,24]. Méndez De Leo assumed the activity coefficient of the
neutral ion pair copper sulfate in solution (y¢,so,) was equal to
one in order to calculate the equilibrium constant (Kcyso,). The
limited Kcyso, data available at atmospheric pressure were used to
develop an expression for Ko, as a function of temperature, as
in Eq. (11). Eq. (11) was used to model the neutral copper sulfate
dissociation in AspenPlus™ 2004.

InK —1n cuso, =In Ceuso, Vcuso,
CuSOy4 ey2+ gz - Caw Yau Cs02- V02
:_20'9—"_@4_4'61 InT (11)

The equilibrium constant for copper sulfate pentahydrate
(CuS04-5H,0(s)) solubility was left at its default value and yielded
results slightly above the experimental values.

The activities of all components in solution were computed un-
der four different sets of conditions, or Cases, as described in Table
5. The conditions were varied such that half employed an equilib-
rium constraint for neutral copper sulfate in solution and half did
not. Within each subset, one condition used the value of copper

sulfate concentration based on the simulation, and the other used
the value of copper sulfate concentration determined experimen-
tally. Every condition was evaluated at 10 °C increments from 5
to 45 °C.

The set of reactions (Eqs. (12)-(16)) was used to calculate the
activities of the saturated copper sulfate and sulfuric acid system
over the range of temperatures from 5 °C to 45 °C, assuming the
presence of neutral copper sulfate species in solution (Cases 1
and 2). All species are in aqueous solution unless marked with
(s) to indicate a solid.

2H,0 < H30" + OH" (12)
H,S04 + H,0 < Hs0" + HSO;, (13)
HSO, + H,0 « H;0" +S0;" (14)
CuSO4 — Cu®" +S05 (15)
CuS0, - 5H,0(s) « Cu** +S02™ + 5H,0 (16)

For Cases 3 and 4, in which there is no neutral copper sulfate pres-
ent, Eq. (15) was assumed to be an irreversible dissociation. The
other reactions were unchanged.

Fig. 6 shows the values of the activity of Cu?" calculated for each
case using the ELECNRTL model. Cases 1 and 3 give similar results
to each other, as do Cases 2 and 4. The total concentration of cop-
per is the dominant factor for the calculation of ag.. using the
ELECNRTL model. The speciation of copper plays a minor role in
the calculations.

The Meissner model [12] was used as well to calculate the mean
activity coefficient of copper sulfate (752 ) in a sulfuric acid
solution. a2 was then determined from 7.~ using a Debye-
Hiickel framework as shown in Eq. (17), where y; is the activity
coefficient of species i.

_ (ZCuzJr )2 In(»
Zeu2+%502- Tcu+sod-
) —=e 4 4
Peut

= Yeu?tso?- (17)
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Fig. 6. Temperature dependence of the activity of Cu?* as calculated by the
ELECNRTL model.
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The reaction system used for the Meissner model (Eqgs. (18) and
(19)) is simplified from that used in the ELECNRTL model (Egs.
(12)-(16)).

H,S0, < 2H" + S02" (18)
CuS04 — Cu*" +S0%" (19)

HSO, was not used in the Meissner model because no data for
Cu(HSO,), are available. Copper sulfate was modeled using avail-
able data [12]. Extended Debye-Hiickel behavior was assumed for
sulfuric acid because its concentration was moderately low (molal-
ity ~0.6) and the ionic strength of sulfuric acid does not follow the
Meissner model [25]. The experimental values for the copper sulfate
and sulfuric acid concentrations over a range of temperatures
(Fig. 3) were used as inputs to the Meissner model.

Fig. 7 shows the results of the calculations of a.. using the
Meissner and ELECNRTL models with Method 1. The experimental
values of a.p. in Fig. 7 were calculated by applying the Nernst
equation (Eq. (1)) to the measured potentials. Both the Meissner
and ELECNRTL models predict an a..: that is significantly less than
the experimental values. The Meissner model predicts a slightly
negative temperature dependence, whereas the ELECNRTL model
is more consistent with experimental results with a slightly posi-
tive temperature dependence. In part, the difference between the
values calculated from the experiment and those from the models
can be attributed to the LJP, which is not accounted for in the
Nernst equation. The models consider only the steady-state ther-
modynamic contribution to the electrical potential and ignore
the transient transport contribution.

Eq. (1) can be used to convert the calculated values of ac.:to
Ecse. Each calculation set is then summarized as a function of tem-
perature, and the correlation constants are shown in Table 6.

As with a2+, the models underpredict the value of Ecg at all
temperatures. The ELECNRTL model and the Meissner model both
show a negative temperature dependence for Ecsg, unlike acg-,
where only the Meissner model showed a negative dependence.
The experimental data (Table 4) showed a positive temperature
dependence. The models are able to predict the enthalpic contribu-
tion (AH) to the potential within 10% but poorly predict the entro-
pic (AS) contribution because they do not match the temperature
dependence as illustrated in Eq. (20).

—O - Experimental
030+ —m— Case1 I f
-4 Case?2
025+ | —<O- Case3 Pl
—v- Case4 _/
& 0204 —&— Meissner model /O/ 1
3 P
k] Neog
2 0415+ P |
> .
k3] o~
< 010+ 1
0.05+ T IS+ SR Il
——— o — _ . ———o
0.00 } ' : =
0 10 20 30 40 50

Temperature (°C)

Fig. 7. Temperature dependence of the activity of Cu**: a comparison of experi-
mental data, values calculated by the ELECNRTL model, and values calculated by the
Meissner model.

Table 6
Comparison of the trendline parameters for Ecsg.

Condition Slope Intercept (mV) Average difference from

(mV/°C) versus NHE experiment (mV)
Experiment 0.17 313 -
Case 1 —0.04 306 -13
Case 2 -0.03 304 -14
Case 3 —-0.05 306 -13
Case 4 -0.06 305 -14
Meissner -0.26 304 -20
model
AH TAS
E=-—+— 20
nF ~ nF (20)

The best match of prediction to the experimental results is from
Case 1, although, as with activity, there is little difference between
its results and those from Case 3. The ELECNRTL model with the
AspenPlus™ 2004 database, overall, does a decent job of modeling
ace+ (within 94% for all temperatures), though there is still room
for improvement, including modeling the proper temperature
dependence. Since the model does not include the LJP, it is expected
that the model predictions will differ from the experimental results.

All the cases analyzed produced similar values of Ecse. Even
though the inclusion of the neutral copper sulfate in solution does
not have a significant effect on the calculated CSE potential, it will
have a significant impact on the LJP because it changes the ratio of
neutral (CuSO,) to charged (Cu®* SOf{) species. As described
above, using Method 1, the LJP can be estimated using the differ-
ences between the experimental and calculated values for Ecsg
(Table 6). Since the LJP is concentration dependent, Case 2, which
is based on the experimental value of copper in solution and in-
cluded the neutral solvated CuSO, equilibrium, was chosen as
the model to calculate the LJP. Case 2 is the most similar to actual
conditions, and it differs from the experimental result by —14 mV,
on average, over the temperature range of this study. Therefore,
—14 mV is taken as an estimate of the LJP.

Method 2, a direct calculation of the LJP, was used in an attempt
to further refine the estimate of LJP obtained by using Method 1. To
calculate the LJP directly, all parameters and functions in Eq. (6)
must be either measured or calculated. The (calculated/measured)
electrical mobility used for each species is listed in Table 2. The
concentrations of the charged species in the SCE electrolyte solu-
tion are known from experimental measurements. The concentra-
tions of the charged species in the CSE electrolyte solution were
determined from a combination of experimental measurements
and calculations with ELECNRTL (using the conditions for Case 2).
The concentration of each species as a function of position x was
calculated using Eq. (5) at increments of 0.1 in x with the points
0.01, 0.95, and 0.99 added. The natural logarithms of the activities
of all species were fit using a fifth order polynomial. The integral in
Eq. (6) was calculated using Maple software (Waterloo Maple Inc.
2000). Since the smallest deviation between the experimental
and calculated values of Ecsg was at 5 °C, it is likely that more accu-
rate results can be obtained at that temperature than at the higher
temperatures. The liquid junction potential was found to be equal
to 9V at 5 °C. This value is several orders of magnitude larger than
the experimental results indicate is possible, so each model
assumption was examined to determine its validity.

The liquid junction potential calculated using Model 2 is highly
sensitive to the mobility of the ions. For instance, changing the cop-
per ion mobility from its value at 0.5 M (8.0 x 1074 cm?s ' V1) to
its value at infinite dilution (9.9 x 10~ cm? s~! V=) shifts the li-
quid junction potential to 13 V. The sensitivity of the model to
the ionic mobility suggests that the mobility must be measured,
not approximated, as was done with the infinite dilution values
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Fig. 8. Percent deviation of model molality (M;0q4e1) from assumed molality (Mgsm)
as a function of position x.

for most species. Measuring the ionic mobilities was beyond the
scope of this work.

Another significant source of error in Method 2 arises from the
assumption of linear variation of the concentration of all species
across the liquid junction (Eq. (5)). While this assumption is valid
for the potassium chloride species, it ignores the equilibrium reac-
tions of the neutral copper sulfate species and sulfuric acid. At each
position x the inputs to the ELECNRTL model are the total concen-
tration of solid copper sulfate and of pure sulfuric acid. The model
then determines the equilibrium concentration and activity of each
species in solution. Fig. 8 shows a plot of the percent deviation of
the concentration in molality predicted by the ELECNRTL model
(Mnoder) from the linearly estimated concentration (Mg, as a func-
tion of x. Deviations of over 200% are observed. These deviations
probably lead to large errors in the calculated liquid junction po-
tential. Since Eq. (5) is not valid for copper sulfate and sulfuric acid,
Eq. (6) (Method 2) is not valid.

A better way to approach the calculation of the LJP for this sys-
tem is digital simulation of the behavior of the liquid junction re-
gion (see Britz [26]). The general approach for digital simulation
is to divide x into small sections and simultaneously solve for the
concentration and activity of all species in each section. The simu-
lation would include the ELECNRTL model for the reaction system,
the diffusion equation for transport of the species between each
section, and the boundary conditions of the composition of the
electrolyte solutions at either end of the liquid junction region.
Digital simulation was beyond the scope of this work.

5. Conclusions

The potential of the CSE was measured as a function of temper-
ature from 5 °C to 45 °C versus the SCE. The values of the potential
of the CSE versus the NHE were calculated. Data were fit with both
first- and second-order models. The linear regressed slope of
0.17 £0.01 mV/°C in reference to the NHE was found to be similar
to previously measured values that used slightly different experi-
mental setups [1,8]. The value found for the potential of the CSE

in reference to the NHE at 25 °C, 317.1 £0.2 mV, is bracketed by
the commonly accepted values of 316 and 318 mV [2,20,21]. It is
recommended that this value of the CSE be used for all future stud-
ies that employ the CSE as a reference electrode in an aqueous
solution.

Two methods were employed to estimate the LJP of the CSE at
the potassium chloride solution interface. Method 1 provided an
estimate of the LJP of —14 mV. Method 2, which was used in the
hope of finding a more accurate result than Method 1, failed to
yield a reasonable value because the assumption of linear concen-
tration variation of all species across the LJP was shown to be inva-
lid. Further work using digital simulation would be required to
obtain a more refined estimate of the LJP and, thus, the thermody-
namic value of the CSE potential.

Method 1 could be applied to the development of any new ref-
erence electrode that forms a salt bridge with a stable potential
versus a known reference electrode. As shown in this paper, Meth-
od 2 requires that the concentration of the species in the salt
bridge must vary linearly from one end of the salt bridge to the
other. Method 1 requires that the activities for the electroactive
species can be calculated or well estimated, whereas Method 2 also
requires thermodynamic and ionic transport data for all species in
the salt bridge.
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