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The kinetics of the electro-reduction of N-nitrosodimethylamine (NDMA) was studied using controlled
potential coulometry, linear scan voltammetry (LSV) and cyclic voltammetry (CV). Controlled
potential coulometry showed that two moles of electrons were required for the reduction of one mole
of NDMA. LSV studies were done to determine the transfer coefficient (a) and the standard exchange
current density (joo). These were obtained from plots of overpotential (1) versus In (i,-i)/i. The value
of a was found to be 0.28 and did not depend on the concentration of NDMA. jo, was found b%/
extrapolation of a plot of jo versus c to ¢ = 1 mol dm™ and its value was found to be 1 x 10™2 A cm™.
CV studies were done at different scan rates, for different concentrations of NDMA, and from these
studies a and the diffusion coefficient D were obtained. The values found for a« and D were
respectively 0.30 and 1 x 107 cm?s™.

Keywords: N-nitrosodimethylamine, electrode kinetics, linear scan voltammetry, cyclic voltammetry,
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1. INTRODUCTION

Nitrosoamines are present in a variety of environments [1-5], for instance in air, water, foods,
blood, industrial and consumer products, and because they are carcinogenic compounds [5-9] a large
amount of research has been done on them. In a doctoral programme on water pollution and water
purification [10-13], one of the aspects studied was the development of a sensitive differential pulse
polarographic (DPP) method and its use for the determination of the concentrations of nitrosoamines in
various natural water samples. As an extension of this study, the kinetics of the electro-reduction of the
most potent and prevalent nitrosoamine, N-nitrosodimethylamine (NDMA), was investigated. Its
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structure is (CH3)2 N-N=0O. This comprised the determination of the moles of electrons transferred in
the electroreduction, the transfer coefficient () and exchange current (ig). In order to determine the
value of n in the stoichiometric equation, NDMA + n e" — P, controlled potential coulometry [14] was
used and the product formed was identified by UV/VIS spectroscopy.

Two electrochemical techniques namely linear scan voltammetry (LSV) and cyclic
voltammetry (CV) [14,15] have been previously used to determine the transfer coeficient ¢ and the
exchange current ip. a and ip are the two most important parameters in electrode kinetics and a large
number of research studies have been done to determine them for many electrode reactions [16-25].

In the present study, the main objectives were to identify the product P formed, the number of
electrons (n) involved in the electrochemical reduction of one mole of N-nitrosodimethylamine
(NDMA), determine the transfer coefficient (a) and the standard exchange current density joo (which
are the two most important parameters in electrode kinetics) for the electro-reduction of NDMA using
controlled potential coulometry, linear scan voltammetry (LSV) and cyclic voltammetry (CV)
techniques.

2. EXPERIMENTAL

2.1 Chemicals and reagents

A 1M stock solution of N-nitrosodimethylamine (NDMA, molar mass 74.08 g mol ™) was
prepared by dissolving 7.408 g of the compound in water in a 100.0 cm?® volumetric flask. Different
aliquots of this solution were used to prepare solutions of various concentrations of NDMA. A 0.10 M
NaOH solution was used as a supporting electrolyte. A cadmium sulphate solution (1.00 x 10° M) was
used for checking the operation of the instrument.

Deaeration of the solutions was done using high purity nitrogen gas. Triple-distilled mercury
used as the working electrode in experiments had a purity of 99.999%. Dimethylamine (DMA) was
obtained from Fluka. All measurements were made at room temperature and deionized water was used
for making all the solutions.

2.2 Instrumentation

A BAS-100B/W Electrochemical Workstation was used for the studies (manufacturer:
Bioanalytical Systems Inc., BAS, USA). It is a microprocessor-based electrochemical analyzer that
had three-electrodes. The working electrode (WE) was mercury which could be used as a controlled
growth mercury electrode (CGME), dropping mercury electrode (DME) or stationary mercury drop
electrode (SMDE). The reference electrode (RE) was silver/silver chloride (Ag/AgCl) and the auxiliary
electrode (AE) was a platinum wire. A CARY 50 UV/VIS spectrophotometer was used for recording
spectra of DMA and electrolysed NDMA solutions.
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2.3 Procedure for a typical run

2.3.1 Controlled potential coulometry

10.0 cm® of a solution of NDMA, in 0.10 M NaOH as supporting electrolyte, was placed in the
coulometric cell. The potential of the working electrode (mercury pool) was fixed at -1.9 V which
ensures reduction of NDMA whose reduction potential is — 1.7 V. Two Ag/AgCI/CI electrodes were
used: one as the reference electrode and the other as auxiliary electrode. High purity nitrogen gas was
then used for purging and stirring the solution.

The end-current ratio in the instrument was set at 1% to ensure completion of electrolysis and
sensitivity was set to the automatic mode. The current and the total charge passed at any time were
recorded. The experiment was carried out in triplicate.

2.3.2 Linear scan voltammetry (LSV)

10.0 cm?® of a solution of NDMA of known concentration, in 0.10 M NaOH as supporting
electrolyte, was placed in a voltammetric cell. The solution was purged with high purity nitrogen and
the potential was recorded every five minutes until it reached a constant value. This was taken to be
the reversible potential (E,,, ).

The BAS-100B/W Electrochemical Workstation was used for recording the voltammograms.
The potential scan was started at -1.00 V (initial potential, E,). It was linearly increased in a negative
direction at a scan rate of 100 mV/s and was stopped at -1.90 V, the final potential (E,). The

voltammograms were recorded in duplicate. A new SMDE was used for each run.

2.3.3 Cyclic voltammetry (CV)

The NDMA solutions were prepared in 0.10 M NaOH as the supporting electrolyte. 10.0 cm®

of the solution of NDMA was transferred to a voltammetric cell and the solution was purged with high
purity nitrogen gas. The potential of the cell was recorded every 5 minutes until E,,, was reached.

The potential scan started at -1.30 V (initial potential, E;), and was linearly increased in a
negative direction. The direction of the scan was reversed at -1.80 V (the switching potential, E,) and
then stopped at -1.30 V (final potential, Ef). A new SMDE, size 12, was used for each run. Several scan
rates were used to record voltammograms (CV) of each NDMA solution. The voltammograms for each
NDMA solution were recorded in duplicate.

3. RESULTS AND DISCUSSION

3.1 Results from coulometric studies

The charge (Q) needed for the reduction of all the NDMA present in 10.0 cm?® solutions, at five
different concentrations, are shown in columns 3, 4 and 5 of Table 1, and the mean charge is given in



Int. J. Electrochem. Sci., Vol. 7, 2012 5930

column 6. The experiments were done in triplicate. From the values of Q, the moles (n) of electrons
needed to reduce one mole of NDMA was calculated using the equation n = Q/ F nypwa and these
results are given in the last column of the table.

The result obtained (n = 2) is in agreement with the findings of Lund [26] and Odziemkowski et
al [27] who reported that two moles of electrons were required in the electrochemical reduction of
secondary N-nitrosoamines in alkaline solution. Similar studies [28] on the electrochemical reduction
of N-nitrosodi-n-propylamine (NDPA) by constant potential coulometry also showed that two moles of
electrons were required for the reduction of one mole of NDPA.

UV/VIS spectroscopy helped in the identification of the reduction product. Since the reduction
of N-nitrosoamines generally gives amines [26-28] it was thought that the reduction of N-
nitrosodimethylamine (NDMA) would probably give dimethylamine (DMA) as shown below:

CHs CHs,_
SN—N

— NH
i N CHy

To check this, UV/VIS spectra of DMA and the electrolyzed solution of NDMA were
compared. Figure 1 shows the UV/VIS spectrum for a 1.00 x 10 mol dm™ solution of DMA and for
the solution obtained after the electrolysis of 1.00 x 10 mol dm™ NDMA. The spectra are similar
which suggests that the product formed by the reduction of NDMA is DMA.

Table 1. Charge (Q) and moles of electrons (n) required to reduce 1 mole of NDMA in solutions of
various concentrations.

Cnoma/ Nnpma/ QIC Q/C Q/C

mol dm® 10.0 cm® Replicate 1 Replicate 2  Replicate 3

x 107 x 107

1.00 1.00 2.30 1.75 1.83 1.96 2.03
2.00 2.00 4.29 4.26 4.29 4.28 2.22
3.00 3.00 571 6.27 6.04 6.01 2.07
4.00 4.00 8.12 7.45 8.02 7.86 2.04
5.00 5.00 9.78 9.43 9.48 9.56 1.98

From the results of coulometric studies (n = 2) and UV/VIS spectral data (product is DMA), the
equation for the reduction of NDMA (C,HgN0O) at a stationary mercury drop electrode (SMDE) may
be written as

CHa,_ CHa
2 N—N (@q) + 3H,O(l) + 4e — 52 NH (aq) + N,O (g) + 4 OH (aq)
cHy X cHy

This is consistent with the results that were obtained by Odziemkowski et al [27].
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Figure 1. UV/VIS spectra of solutions of DMA and electrolyzed solution of NDMA

3.2 Results from LSV studies
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Figure 2. A typical linear scan voltammogram of a 1.00 x 10”° mol dm™ NDMA solution.

Using LSV voltammograms (Figure 2), o and iy have been obtained using the following
theoretical equation [14,15,29]:

= g () (1)
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where i and 1, are respectively the current and limiting current and # is the overpotential which
is defined by n = E; - Ery. This equation indicates that a plot of # versus In (i, — i)/i should give a
linear graph from which a and j, can be obtained from the gradient (R7/anF) and intercept (R7/anF) In
(io/ly). Equation (1) is based on the assumption that @ dges not depend on the applied potential.
Though many research studies have shown that this assumption is not strictly correct [30-32], the error
caused by this assumption will not be significant in our studies since they were done at the low
applied potentials. The scan rate used for LSV studies was 100 mV/s. This scan rate was selected
because preliminary studies showed that around this scan rate the values of « (obtained from the
voltammograms) were essentially independent of scan rate (« should, theoretically, not depend on
scan rate).

Linear scan voltammograms were obtained, in duplicate, for seven solutions of NDMA within
the concentration range 2.00 x 10 — 5.0 x 10" mol dm™. From each voltammogram (see Figure 2) the
data obtained were the peak current (ip) and the current (i) at various potentials (E;) for the initial part
of the voltammogram. All currents were corrected for residual currents which were obtained from
blank runs.

Plots of # versus In (i, — i)/i were made for each of the seven solutions studied (see Figure 3).

-1.20 4
= 2.00x 10” mol dm® NDMA
® 500x 10" mol dm™ NDMA
-1.24 1.00 x 10° mol dm™ NDMA
v 2.00x 10° mol dm™® NDMA
128 3.00 x 10° mol dm™ NDMA
T+20 T 4.00 x 10° mol dm™ NDMA
-1.32
hlv
-1.36 1
-1.40
-1.44

T T
-10 05 00 05 1.0 15 20 25 3.0
In(lp-|/|)

Figure 3. LSV plots of # versus In (ip-1)/i for various concentrations of NDMA

The method of least squares [12] was used to draw the best line through the experimental data
and then «and i, were calculated using Equation (1). The results for a and iy for various
concentrations of NDMA are shown in Table 2.
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Table 2. Values of a, i, and j, at various concentrations of NDMA (LSV studies).

cnoma  / mol dm™ a io/ A x10™° jo/ Acm-2 x 10™'
x 10°
0.20 0.28 0.038 0.15
0.50 0.28 0.11 0.44
1.00 0.28 0.49 2.0
2.00 0.28 11 4.4
3.00 0.28 15 6.0
4.00 0.28 2.2 8.8
5.00 0.28 2.8 11

Column 2 in the table shows that « was 0.28 for all the solutions studied. This is to be
expected since « is a kinetic parameter and hence should not vary with solution concentrations. This
value for « indicates that the fraction of electrical energy (nFE) supplied to the working electrode that
favours the cathodic reaction (reduction of NDMA) is 0.28. The fraction of the electrical energy that
favours the reverse reaction (oxidation of DMA to NDMA) will therefore be 1 — 0.28 = 0.72.

The exchange current densities j, that were obtained for various concentrations of N-
nitrosodimethylamine (NDMA) are also shown in Table 2 (column 4). They were obtained from the
exchange current i, (see column 3) by dividing it by the area (A) of the electrode surface.

1.2x10™
1.0x10™

8.0x10™

6.0x10™" "

i A cm?

4.0x10™"

2.0x10™

[ ]
T T T T T T
1.0x10° 2.0x10° 3.0x10° 4.0x10° 5.0x10°

3
Coms/ Mol dm

Figure 4. A plot of jo versus cnpma for data given in Table 2. Extrapolation of the graphto c = 1.0
mol dm™ gives joo as 1 x 102 A cm™.
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The data in Table 2 also shows that exchange current densities (jo) increase, as is to be
expected, with increase in the concentration of NDMA. To compare exchange current densities of
different electrodes it is therefore necessary to compare standard exchange current densities (joo) Which
are exchange current densities when concentrations (c) are 1.00 mol dm™. Unlike the exchange current
density, the standard exchange current density is a constant for an electrode reaction at any given
temperature. The standard exchange current density (joo) for the electro-reduction of NDMA was found
by the extrapolation of the plot of jo versus ¢ (Figure 4) to be 1 x 10™ A cm™.

Values for joo that are less than 10° A cm™ indicate very slow rate of electron transfer and
hence irreversible electrode reactions [14,29]. The electrode reaction NDMA — DMA is therefore
highly irreversible. These results are essentially in agreement with those of Pulidori et al [28] who
reported that the electroreduction of N-nitrosoamines is irreversible at the DME.

3.3 Results from CV studies

-18

in A

-12

E, ' E,

1 ]
%4 ¥
-1.30 -1.35 -1.40 -1.45 -1.50 -1.55 -1.60 -1.65 -1.70 -1.75

E/V

Figure 5. A cyclic voltammogram of a 1.00 x 10 NDMA solution

Cyclic voltammetric studies at different scan rates were also used to determine o. A typical
cyclic voltammogram (CV) obtained for NDMA is shown in Figure 5 with cathodic peak potential
(Ep) and cathodic peak current (ip). The dependence of peak potential (Ep) and peak current (i) on scan
rate (v) is given respectively by the theoretical equations [14,15]:

RT

E, = —
B 2anF

Inv+k )

N

i = (299 x 10°)n(an) AD? c;

oV

©)
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from which o and the diffusion coefficient D can be obtained respectively from the gradient of
plots of E, versus /n v and i, versus w2, Cyclic voltammograms (Figure 5) were recorded, at different
scan rates (v), for seven solutions of NDMA within the concentration range 2.0 x 10 mol dm™ to 5.0
x 10 mol dm™. The data obtained from each voltammogram were cathodic peak potential (Ep) and
cathodic peak current (ip).

To obtain «, E, was plotted versus /n v. Five of these plots are shown in Figure 6. The transfer
coefficient « was obtained from the gradient (-RT/2anF) of the plots (see Equation 2). The method of
least squares [12] was used to draw the best straight line through the points to obtain « . The results,
for various concentrations of NDMA, are given in Table 3 and show that « = 0.30 and that it does not
depend on concentration.

-1.50
'1.52 _ -4 -3
® 500x 10 moldm™ NDMA
-1.54 4 A 1.00x 10° mol dm™ NDMA
v 2.00x 10° mol dm® NDMA
-1.56 3.00 x 10° mol dm™ NDMA
4.00 x 10° mol dm™ NDMA
-1.58
EPV 4 60
-1.62
-1.64 -
-1.66
-1.68
-1.70 T T T T !

T
2.0 25 3.0 35 4.0 4.5 5.0
In v

Figure 6. E, versus /n v plots for various concentrations of NDMA.

Table 3. o at various concentrations of NDMA (CV studies).

cnoma / mol dm' X 10' o

0.20 0.30
0.50 0.30
1.00 0.30
2.00 0.31
3.00 0.32
4.00 0.30
5.00 0.30
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To calculate the diffusion coefficient (D) of NDMA, i, was plotted versus v for various

concentrations of NDMA (Figure 7). The best line was drawn through the points using the method of
least squares. From the gradients of the plots, which is equal to (2.99 x 10°) n (an)” AD” ¢ (see

Equation 3), D was calculated, for each concentration of NDMA, using the known values for n, o, A
and ¢’ :(n=2, «=0.28, and A = 0.0249 cm?). The results are given in Table 4 which shows that the
average value of D is 9.7 x 10® cm? s™. This value is smaller than that obtained by Pulidori et al [28]
for the electroreduction of N-nitrosodipropylamine (NDPA) in alkaline solution (8.8 x 10 cm?s™) and
by Gorski and Cox [33] for the oxidation of nitrosoamines on a modified glassy carbon electrode (8.8

x 10®% cm s™).
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Figure 7. Plots of i, versus v/ for various concentrations of NDMA.,

Table 4. D at various concentrations of NDMA (CV studies).

0.3 0.296 0.546 6.3
0.5 0.311 1.23 10.9
1.0 0.307 2.20 8.7
2.0 0.307 4.98 11.3
3.0 0.315 6.15 7.5
4.0 0.288 7.78 7.4
5.0 0.295 14.5 15.9
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4. CONCLUSIONS

The kinetics of the electro-reduction of N-nitrosodimethylamine (NDMA) in alkaline solutions
was investigated. Controlled potential coulometric studies showed that two moles of electrons were
required for the reduction of one mole of NDMA and UV/VIS spectra of DMA and the reduction
product indicated that the major product of the reduction was dimethylamine (DMA). From linear scan
voltammograms (LSV), the transfer coefficient («) and exchange current density (jo) were calculated
from plots of » versus In (i,-i)/i. The transfer coefficient (o) was found to be independent of
concentration and its average value was 0.28. The exchange current density (jo) was found to increase
from 1.5 x 10™*® A cm™ for a 2.00 x 10 mol dm™ solution to 1.1 x 10™® A cm™ for a 5.00 x 10 mol
dm™ solution. From jo values, the standard exchange current density (joo) was obtained by
extrapolating a plot of j, versus cnpma to unit concentration (1.00 mol dm™) , and this was found to be
1 x10™ A cm™. The low value for jo implies that the electrode reaction is irreversible. Cyclic
voltammograms were also used to determine « from plots of peak potential (E,) versus /n v, for
various concentrations of NDMA. The mean value of o was found to be 0.30 and this essentially
agrees with that obtained from LSV studies (0.28). The diffusion coefficient was also obtained from
the cyclic voltammograms and its average value was found to be 1 x 10”7 cm?s™.

ACKNOWLEDGEMENTS

The author would like to thank the Water Research Commission (WRC) of South Africa for the
provision of the research grant for the purchase of equipment and funding for the project as a whole
and ESKOM (Tertiary Education Support Programme, TESP) for further financial support. The
Department of Chemistry, North-West University (Mafikeng Campus) is appreciated for the provision
of the laboratory infrastructure. Finally, the author conveys his heart-felt gratitude to Dr. R. O. Ocaya
for technical assistance.

References

1. B.C. Challis and J. A.Challis, “Chemistry of Functional Groups. Supplement F. The Chemistry of

Amino, Nitroso and Nitro Compounds and their Derivatives,” Part 2, S.Patai, Ed. Wiley, New

York (1982).

B.A. Tomkins and W.H. Griest, Anal. Chem., 68 (1996) 2533.

R. Hu, L. Zhang and Z. Yang, Water Science and Technology-WST., 58 (2008) 143.

M.H. Plumlee and M. Reinhard, Environ. Sci. Technol., 41 (2007) 6170.

Y. Zhao, J.M. Boyd, M. Woodbeck, R.C. Andrews, F. Qin, S.E. Hrudey and X. Li, Environ. Sci.

Technol., 42 (2008) 4857.

C. Planas, O. Palacios, F. Ventura, J. Riveraand J. Caixach, Talanta, 76 (2008) 906.

7. L. Gui, R.W. Gillham and M.S. Odziemkowski, Environ. Sci. Technol., 34 (2000) 3489.

8. W.A. Mitch, J.O. Sharp, R.R.Trussell, R.L. Valentine, L. Alvarez-Cohen and D.L Sedlak, Environ.
Eng. Sci., 20 (5) (2003) 389.

9. L., Verna, J. Whysner and G.M. Williams, Pharmacol Ther., 71 (1/2), (1996) 57.

10. PJS Filho, A.Rios, M. Valcarcel and E.B. Caramao, Water Res., 37 (2003) 3837.

11. JW.A. Charrois, J.M. Boyd, K.L. Froese and S.E. Hrudey, J. Environ. Eng. Sci., 6 (2007) 103.

agrwm

IS



Int. J. Electrochem. Sci., Vol. 7, 2012 5938

12

13
14

15.

16
17
18
19

20
21

22.
23.

24
25
26
27
28
29
30
31
32
33

. M. Hlophe, Determination of nitrosoamines by DP polarography and investigation of
electroreduction of N-nitrosodimethylamine by voltammetric techniques, Ph.D. thesis, North-West
University (Mafikeng campus), Mafikeng, South Africa (2006).

. T. Hillie and M. Hlophe, Nature Nanotech., 2 (2007) 663.

. AJ. Bard and L.R. Faulkner, Electrochemical Methods: Fundamentals and Applications, 2™

edition, John Wiley & Sons, New York (2001).

P.T. Kissinger and W.R. Heineman, Laboratory Techniques in Electrochemical Chemistry, 2™

edition, Marcel Dekker Inc, New York (1996).

. A. Yoshimori and T. Kakitani, J. Phys. Chem. 93 (1989) 3694.

.J. N. Soderberg, A. C. Co, A. H. C. Sirk and V. 1. Birss, J. Phys. Chem. B., 110 (2006) 10401.

. V.A. Isaev and O.V. Grishenkova, J.Mining and Metallurgy, B, 39 (1-2) (2003) 167.

. J.O’M. Bockris, A.K.N. Reddy and M. Gamboa-Aldeco, Modern Electrochemistry:Fundamentals
of Electrodics, Kluwer Academic/Plenum Publishers, New York (2000).

. V.A. Paganin, E.A. Ticianelli and E.R. Gonzalez, J. Appl. Electrochem., 3 (1996) 297.

. K.T. Adjemian, S.J. Lee, S. Srinivasan, J. Benziger and A.B. Bocarsly, J. Electrochem. Soc., 149

(3) (2002) A256.

F. Gloaguen, F. Andolfatto, R. Durand and P. Ozil, J. Appl. Electrochem. 24 (9) (1994) 863.

J.K. NOrskov, T. Bligaard, A. Logadottir, J.R. Kitchin, J.G. Chen, S. Pandelov and U. Stimming,

J. Electrochem. Soc., 152 (3), (2005) J23.

. P. Gomadam and J.W. Weidner, Int. J. Energy Res., 29 (2005) 1133.

. C. Song and J. Zhang, www.springer.com/cda/content/.../9781848009356-c1.pdf.

. H. Lund, Acta Chemica Scandinavia, 11(6) (1957) 990.

. M.S. Odziemkowski, L. Gui and R.W. Gillham, Environ. Sci.Technol., 34 (2000) 3495.

. F. Pulidori, G. Borghesani, C. Bighi, and R. Pedriali, J. Electroanal. Chem., 27 (1970) 385.

.D. Tang, J. Lu, L. Zhuang and P. Liu, J. Electroanal. Chem., 644 (2010) 144.

. P. T. Sanecki and P. M. Skital, Electrochimica Acta, 53 (2008) 7711.

. R. M. Haddox and H. O. Finklea, J. Electroanal. Chem., 351 (2003) 550.

. A.D. Abhayawardhana and T.C. Sutherland, J. Electroanal. Chem., 653 (2011) 50.

. W. Gorski and J. A. Cox, J. Electroanal. Chem., 389 (1995) 123.

© 2012 by ESG (www.electrochemsci.org)



http://www.electrochemsci.org/

