
 

Determination of the diffusion coefficient of oxygen in sodium
chloride solutions with a transient pulse technique
Citation for published version (APA):
van Stroe, A. J., & Janssen, L. J. J. (1993). Determination of the diffusion coefficient of oxygen in sodium
chloride solutions with a transient pulse technique. Analytica Chimica Acta, 279(2), 213-219.
https://doi.org/10.1016/0003-2670(93)80320-K

DOI:
10.1016/0003-2670(93)80320-K

Document status and date:
Published: 01/01/1993

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1016/0003-2670(93)80320-K
https://doi.org/10.1016/0003-2670(93)80320-K
https://research.tue.nl/en/publications/4aa18131-ff03-485b-bbca-96ca214d9c5d


Analytica Chimica Acta, 279 (1993) 213-219 
Elsevier Science Publishers B.V., Amsterdam 

213 

Determination of the diffusion coefficient of oxygen in 
sodium chloride solutions with a transient pulse technique 

A.J. van Stroe and L.J.J. Janssen 

Department of Instrumental Analysis, Faculty of Chemical Engineering, Eindhoven University of Tedwwlogv, P.O. Box 513, 
5600 MB Eindhoven (Netherlands) 

(Received 18th November 1992; revised manuscript received 5th February 1993) 

AIlStraCt 

An accurate and rapid method for determining the diffusion coefficients of electrochemically active gases in 
electrolytes is described. The technique is based on chronoamperometry where transient currents are measured and 
interpreted with a Cottrell-related equation. The diffusion coefficients of oxygen were determined for NaCl solutions 
varying from 0.085 to 0.846 M within the temperature range 2040°C. A relationship for the diffusion coefficient of 
oxygen as a function of temperature is given for the several NaCl concentrations. 

Keywords: Amperometry; Sensors; Chronoamperometry; Diftirsion coefficient; Oxygen; Transient pulse technique 

The diffusivity of oxygen as a function of the 
NaCl concentration and temperature is of great 
importance for chemical engineers in the design 
of oxygen measurement devices, especially in 
physiological and medical studies. This holds in 
particular for oxygen sensors built in accordance 
with the Clark principle [l]. NaCl solution in a 
Clark cell is used as a reference electrolyte, which 
is separated from the test solution by a mem- 
brane. The oxygen concentration in the NaCl 
solution is in equilibrium with the concentration 
in the test solution. If in such a device a reducing 
potential step is applied and the corresponding 
transient current is followed, it is possible to 
measure the oxygen concentration by knowing 
the diffusion coefficient of oxygen in the NaCl 
solution at that specific temperature. It is for this 
reason that the diffusion coefficient has to be 
determined in NaCl solutions with a known oxy- 
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gen concentration, using a convenient and accu- 
rate method. 

Electrochemical methods that make use of data 
obtained from the measurement of the diffusion- 
controlled current are the most reliable. A valu- 
able equation in this instance is the Cottrell 
equation 121, which requires a knowledge of the 
solubility of gases in electrolytes. The solubility of 
oxygen in NaCl solutions is well known as a 
function of temperature [3-51. 

The purpose of this work was to develop a 
rapid method for measuring oxygen diffusion co- 
efficients in electrolyte solutions with a simple, 
commercially available disc electrode. The 
methodology is general and can be extended to 
gases other than oxygen. 

THEORY. 

When an electrochemical system is taken from 
its equilibrium position into the transport-con- 
trolled region by means of an applied potential 
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step (potentiostatic condition) and the current 
variation with time is observed, it is known that 
the electrochemical system shows time-dependent 
characteristics. The applied potential in this in- 
stance has to be sufficiently high to achieve a 
surface concentration of the electro-active species 
of virtually zero. We consider the general reac- 
tion Ox + n e-4 Red. 

For a flat surface electrode (e.g., a platinum 
disc) in an unstirred solution, the diffusion is 
initially linear and essentially one-dimensional. 
This holds true as long as the extension of the 
concentration gradient is small compared with 
the diameter of the electrode surface. This linear 
diffusion can be described mathematically; a rig- 
orous development was given by Kolthoff and 
Lingane [6]. The diffusion-controlled Faradaic 
current [i,(t)] due to the reduction of the elec- 
troactive species can be written as 

iF( t) = nFA,Cd D/?Tt)1’2 (1) 

where IZ = number of electrons involved in the 
electrode reaction, F = the Faraday (charge on 1 
mol of electrons) CC), A, = electrode area cm*), 
D = diffusion coefficient (m* s-l), C, = 
concentration of the electroactive species in the 
bulk solution (mol mS3) and t = time (s). This 
current-time equation of chronoamperometry is 
known as the Cottrell equation [2]. Its validity 
was verified in detail by the classical experiments 
of Laitinen and Kolthoff [7,8]. 

However, when a potential step is applied, the 
measured current, itot, consists of both the 
Faradaic current (i,), which is described by the 
Cottrell equation, and the capacitive current (i,) 
PI: 

Got = i, + i, = nFA,CJ D/M) “* 

+W/R,) =P( -t/R&) (2) 

where AE = magnitude of the applied potential 
step (V), R, = solution resistance (a) and C,, = 
double-layer capacitance (F). For very small times, 
just after applying the potential step, the capaci- 
tive current predominates over the Faradaic cur- 
rent. As the capacitive current decays exponen- 
tially with a time constant (R,C,), its contribu- 
tion will diminish and eventually i, will prevail. 

Because of the non-Faradaic current that flows 
just after the onset of the potential step and 
which at the beginning contributes to the total 
measured current, the current i&j cannot be 
related to an absolute value of time (t). What is 
certain are absolute values of i&j, measured 
during a certain time interval (At). Therefore, it 
is necessary to rewrite Eqn. 1 as a function of 
time: 

1 

[i,(t)]* = (nFA:C=)* ’ f ‘t 

Hence, if the inverse square of i,(t) is plotted 
against t, a linear plot is obtained, of which the 
slope h = A(l/[i&)]*}/At gives information 
about the diffusion coefficient of the electroao 
tive species: 

At 
D= 

x ( nFA:Q2 
(4) 

In this way, the diffusion coefficient of oxygen 
can be determined electrochemically. The same 
effect is achieved if the slope (h) is plotted against 
time. By plotting this slope as a function of time, 
one should obtain a horizontal line, the absolute 
value of which is proportional to the reciprocal 
diffusion coefficient of the electroactive species. 
It this line is not horizontal, this is an indication 
that another effect is playing an important role 
(e.g., charging of the electrical double layer, non- 
uniform distribution of the concentration of elec- 
troactive species at the moment of applying the 
potential pulse, non-linear diffusion and/or con- 
vective disruption of the diffusion layer). 

EXPERIMENTAL 

IrWwnentation 
A platinum rotating disc electrode (RDE) 

equipped with a Motomatic E-550-M stirring mo- 
tor was used as the working electrode for the 
reduction of oxygen. For these experiments a 
Wenking POS 73 potentiostat was used, provided 
with a digital multimeter (Fluke 86OOA). Temper- 
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ature control of the one-compartment cell was 
effected with a circulation water-bath (Colora 
NB-32981). For the potential step a Model 3300A 
function generator (Hewlett-Packard) was used. 
The current was measured instantly with the pulse 
application, therefore the measurement had to be 
made with a storage oscilloscope or another fast 
recording device. A Tekronix Type 2430A storage 
digital oscilloscope was used to record the tran- 
sient currents. The resulting signal was available 
for display/printing and computation via a con- 
nector (IEEE) on the back of the chassis. 

Procedures 
For these experiments a three-electrode sys- 

tem was used in an electrolysis cell (glass vessel) 
with a capacity of 160 cm3. A polished platinum 
disc electrode (RDE) was used as the working 
electrode (A, = 0.5013 x 10e4 m’), together with 
a platinum counter electrode with a surface area 
of 5 x 10e4 m2 and a saturated calomel reference 
electrode (SCE) with Luggin capillary. A circulat- 
ing water-bath was used to keep the temperature 
constant (~O.l”C). The solutions were prepared 
in distilled, demineralized water with the purest 
commercially available sodium chloride (Pro 
Analysi grade) purchased from Merck. Seven so- 
lutions were prepared, varying in NaCl concen- 
tration from 0.085 to 0.846 M and with a pH 
between 6.6 and 6.8. The NaCl solutions were 
saturated with oxygen (purchased from Hoek 
Loos, Netherlands) for at least 30 min at the 
prevailing atmospheric pressure. This was accom- 
plished by bubbling the oxygen through the vessel 
before measurement and by guiding the gas above 
the electrolyte solution during the measurement. 
The solution was allowed to become quiescent for 
a period of at least 1 min before pulsation. The 
potential was stepped from +300 to - 690 mV 
(vs. SCE). In this way the potential was changed 
from a value where no Faradaic processes occur 
to a value where diffusion is the sole mechanism 
of mass transport of oxygen to the electrode 
surface. 

This procedure consisted in applying a very 
brief single-potential pulse (1 s at -690 mV), 
measurement of the response current and evalua- 
tion of the data. Before a duplicate measurement 

was made, the working electrode was rotated with 
a rotation speed of at least 40 s-l to obtain 
reproducible results. Owing to the force convec- 
tion of this rotation, the oxygen concentration 
near the electrode was equilibrated and at the 
same time the reaction products were dissipated. 

RESULTSANDDISCUSSION 

By working out the measured transient cur- 
rents as described in the theory, is it possible to 
determine the diffusion coefficients, but first all 
the parameters needed in order to apply Eqn. 3 
must be known. An important factor needed for 
using this equation is the number of electrons (n) 
involved in the reduction of oxygen. A bipotentio- 
stat (Type B&pad) from Tacussel was used to- 
gether with a rotating ring disc electrode (RRDE) 
in separate experiments to determine the number 
of electrons needed for the reduction of oxygen. 
It was found that n = 3.94. 

Equation 3 requires also the solubility of the 
electroactive species in the electrolyte. For the 
solubility of oxygen in NaCl solutions, the follow- 
ing equation is used [3]: 

10301 = exp 
i( 

4417 
-7.424 + 7 - 2.927 In T 

+4.238x 10-2T 

53.44 
- 0.1288 + T - 

4.442 X 10m2 In T+ 7.145 X 10m4 
11 

(5) 

where (Y = Bunsen absorption coefficient, i.e., the 
volume of gas (T = 0°C and 760 Torr) dissolved in 
a volume of the solvent when the partial pressure 
of the gas is 760 Torr [lo], [maI = amount of 
chloride in grams per 1QOO g of solution and 
T = temperature (K). It gives the dependence of 
oxygen solubility on temperature and salt concen- 
tration. The coefficients for this equation are 
based on measurements for 273.16 G T (K) G 
308.16 and 0 Q [m,] Q 3% and agree to better 
than f 1% with values from the literature [4,5]. 
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Fig. 1. Transient curves in 0.154 M NaCl solution for various 
temperatures (solid line, 20°C; dotted line, 30°C; dashed line, 
40°C). A potential step of + 300 to -690 mV vs. SCE is 
applied to the cathode (RDE). The initial spike at the onset 
of the pulse is a charging effect at the cathode surface; the 
remainder of the trace is a result of the reduction of oxygen. 

Figure 1 shows some measured transient curves 
in a 0.154 M NaCl solution (physiological salt 
concentration) for various temperatures. In Fig- 
ure 2 the inverse square of i,(t) is plotted against 
time. This plot is linear, so its derivative plotted 
as a function of time (Fig. 3) is horizontal. In Fig. 
3 time zero corresponds to the beginning of the 
potential step (t = 0.125 in Figs. 1 and 2). The 
advantage of plotting the differential quotient of 
Eqn 2 as a function of time lies in the fact that 
sometimes the slope of l/[i&l12 vs. t looks 
almost straight, but will not give a horizontal line 
if the derivative of the plot is plotted. In this 
instance the measured current is being perturbed 
by other factors, e.g., changing properties of the 
electrode and/or convective interference. The 
experimental diffusion coefficients for oxygen 
(Do2) in NaCl solutions as a function of tempera- 
ture over the concentration range 0.085-0.846 M 
are given in Table 1. These values are compared 
with the diffusion coefficient of oxygen in pure 
water. Unfortunately, literature values of the oxy- 
gen diffusion coefficient vary considerably even 
under the same conditions. For example, at 25”C, 

a 

3 
? 
0 

8 

T 
.r( 

1.60 

1.20 

0.80 

0.40 

0.00 

time (6) 

Fig. 2. Plot of l&(r)]* versus time for 0.154 M Nail 
solution at WC. 

its values range from 1.87 X 10m9 to 2.60 X 10m9 
m2 s-l 1111. Despite this, the tabulated values 
show close agreement with the values reported by 
Ferrel and Himmelblau [12]. 

For all NaCl concentrations, Do2 increases as 
a function of temperature. Maintaining the tem- 
perature constant is very important as the solubil- 
ity of oxygen is strongly influenced by it. A fluctu- 
ation of f 0.5 K will give an average deviation of 

T 

3. 

2. 

1. 

0. 

-1 - 
0.00 0.20 0.40 0.60 0.80 

time (8) 

Fig. 3. The derivative of Fig. 2: plot of A{l/[i&)]*}/At 
versus time for 0.154 M NaCl solution at u)“C and with 
Ar = 0.1. 
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*0.8% in oxygen concentration in this specific 
temperature range, which will give a deviation in 
D,-+ of f 1.6%. 

In general, the presence of ions results in a 
decrease in Doz. However, in the study presented 
here, this effect of increasing the NaCl concen- 
tration in the range 0.085-0.846 M on Do2 is 
negligible. These results are inconsistent with the 
results reported by Ju and Ho [131. They deter- 
mined the diffusion coefficient for oxygen with 
steady-state concentration measurements of dis- 
solved oxygen with a commercially available po- 
larographic oxygen electrode, where they found a 
rapid decrease in the Do2 values for the same 
NaCl concentration range. On the other hand, in 
better agreement with our measurements is the 
work of Akita [14]. He predicted with an empiri- 
cal relationship, for which the diffusion in pure 
water and the densities of the solutions must be 
known, only a slight decrease in the diffusivity-of 
oxygen as a function of NaCl concentration. 

According to the Eyring theory of rate pro- 
cesses [15], the temperature variation of Do2 can 
be expressed in the form 

Do2 =A, erq$ -&/RT) (6) 

where A, is a constant [frequency factor (m’ 
s-l)], E, is the activation energy (J mol-‘1 for 
the diffusion process and R is the gas constant (J 
mol-’ K-l). By taking the natural logarithm of 
Do2 and plotting it against l/T, for each NaCl 
concentration an Arrhenius plot (Fig. 4) is ob- 

*. 

B 
9 

1’4o I 
1.16 

0.92 

0.68 

0.44 

0.20 

‘\‘ii 
J 

3.15 3.25 3.35 3.45 

l/T *lo’ (l/K) 

Fig. 4. Arrhenius plot for 0.154 M NaCl solution. The calcu- 
lated diffusion coefficients give a straight line for the Arrhe- 
nius plot, showing a good fit to Eqn. 6. 

\ 
tained. These Arrhenius plots give straight lines 
with a slope of -E,/R and an intercept of InA,. 
Equation 6 proves to be a good fit to the values in 
Table 1, as shown in Fig. 4. The value of E, for 
the various NaCl concentrations could be calcu- 
lated accurately using this Arrhenius plot. The 
activation energy seemed to be independent of 
the NaCl concentration in the observed range of 
0.085-0.846 M NaCl (Fig. 5). For E, an average 
value of 1.79 X lo4 J mol-’ was found with a 
relative standard deviation of 3.8%. However, the 
intercept (InA,) is greatly dependent on the devi- 

TABLE 1 

Measured diffusion coefficients for owgen (lo-’ m s-l) as a function of temperature and NaCl concentration 

Temperature PC) NaCl concentration (M) 

;iyO; 0.0846 0.154 0.282 0.4231 0.5642 0.7052 0.8463 0 
(3) b W6) b (10) b (15) b (20) b (25) b (30) b 

20 1.98 a 1.94 1.96 1.95 1.93 1.91 1.96 1.97 
25 2.26 a 2.20 2.22 2.21 2.12 2.17 2.25 2.24 
30 2.56 a 2.5 2.47 2.48 2.38 2.47 2.55 2.51 
35 2.96 a 2.80 2.74 2.71 2.69 2.78 2.88 2.81 
40 3.26 B 3.15 3.12 3.14 3.00 3.12 3.23 3.13 

’ Values for D o2 in pure water according to Ferrel and Himmelblau [12]. b Values in parentheses are [m,] = amount of chloride 
in grams per 1000 g of solution (Eqn. 5). 
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Fig. 5. Activation energy as a function of NaCI concentration. 
0 = This work; 0 = from [12]. 

ation of the fitted slope of the Arrhenius plot, 
and so in this way it is not possible to determine 
A, with high precision. For example, if the esti- 
mated value of the activation energy varies by 
4%, the predicted value of the frequenty factor 
can vary be ca. 30%. Because of this sensitivity of 
A, to the value of the E, in the Arrhenius plot, 
secondary plots were made of Do2 as a function 

9.00 
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# 

6.75 

; 

5 4.50 
” 
0 

8 

k 2.2s 

Fd 
Q 

0.00 
0.00 0.25 o.so 0.75 1.00 

[NaCll (mol/l) 

Fig. 6. Plot of Dog/ T versus NaCI concentration. 

of exp( - EJRT) while using the average E, cab 
culated from the primary Arrhenius plot. This 
was carried out for the various NaCl concentra- 
tions and straight lines were obtained with a 
slope of A,. The pre-exponential factor also 
seemed to be independent of the NaCl concen- 
tration in the observed range. For A, an average 
value of 3.051 x 10m6 m2 s-l could be calculated 
with a relative standard deviation of 4.96%. 

Because of the agreement between Eqn. 6 and 
the experimentally determined temperature de- 
pendence of the diffusivity for all NaCl concen- 
trations, the possibility of interpreting Do2 in 
terms of temperature-independent properties was 
examined. This was carried out with a Stokes- 
Einstein type of relationship, where D,,Q/T is 
constant over a certain temperature range [161 [v 
is the viscosity of the solution (cP)]. Within the 
NaCl concentration range 0.085-0.846 M, 
Dozq/T is independent of temperature for the 
present system and thus in agreement with the 
Stokes-Einstein relationship. L&q/T seems to 
increase slightly and linearly as a function of 
NaCl concentration (Fig. 6) within this concentra- 
tion range. 

It is concluded that the method presented is 
very rapid and simple in terms of operation and 
precision. 

This work was supported by StiPT (Stimulating 
Project Team Technology Policy), Ministry of 
Economic Affairs, Netherlands, project number 
MTR 90039. 
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