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1 Introduction

Water is one of the most common impurities in organic
solvents. The presence of water in organic solvents can
affect their basic physicochemical properties, such as vis-
cosity, conductivity, density and electrochemical potential
windows [1–3]. In synthetic chemistry, dehydration pro-
cesses are often required to keep moisture from organic
solvents when water-sensitive reagents are employed. In
addition, acting as a by-product of many important rever-
sible chemical reactions such as the Fischer esterification
reaction, water content may influence the degree and rate
of these chemical reactions [4, 5]. Water also can affect
the enzymatic activity in organic solvents which increased
dramatically with the increase in water content [6]. How-
ever, water is ubiquitous and can easily adsorb on reac-
tion vessel surfaces. Furthermore, adsorption from air is
almost inevitable during storage or handling prior to use
or during the course of an experiment conducted under
benchtop laboratory. Therefore, an accurate in situ
method for the determination of water content in organic
solvents is highly desirable.

Currently, Karl Fischer titration (KF) is one of the
most widely used method to determine traces of water in
organic solvents and other non-aqueous solvents such as
ionic liquids [7–13]. Though sensitive and easy to use, KF
titration is an ex situ method, and suffers from errors as-
sociated with stability of the titrants and air tightness of
the system [14,15]. Moreover, KF method is not reliable
for determination of water in carboxylic acids, e.g. acetic
acid, due to the esterification reaction that occurs with
the primary alcohol (typically methanol) present in the ti-
trants [16–18]. Other water determination methods in-
cluding gravimetric IR and NMR spectroscopic tech-
niques have also been applied for water determination in
organic solvents [19–22]. However these techniques are
time consuming, insensitive and require expensive instru-

ments. Electrochemical method is an alternative choice
due to its simplicity, low cost and fast response. Conduc-
tivity and impedance-based methods have been reported
to determine trace water in organic solvents [23–25],
which however are insensitive and require applying sur-
face coatings to the electrodes and the addition of redox
mediators to the solvent samples.

In this study, we report a novel electrochemical method
for determination of water in organic solvents based on
electrochemical formation and reduction of gold oxides in
organic solvents with traces of water. The magnitude of
the cathodic stripping peak current of gold oxides is pro-
portional to the water content in the organic solvents. Re-
cently, we have demonstrated the principle with satisfac-
tory results for the determination of water in ionic liquids
[26]. In this study, we extend the concept to organic sol-
vents, which are currently widely used in chemistry and
chemical industry.

2 Experimental

2.1 Reagents

AR grade acetonitrile (CH3CN), tetrahydrofuran
(C4H8O), acetone (CH3COCH3), glacial acetic acid
(CH3COOH) purchased from Sigma-Aldrich were puri-
fied and dried using solvent purification system (Pure
Solv MD5, Innovative Technology, Inc.) prior to use. An-
alytical grade tetrabutylammonium perchlorate (98%)
was purchased from Sigma-Aldrich and used as support-
ing electrolytes.
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Abstract : A cathodic stripping voltammetry (CSV)
method has been developed to determine water content
in organic solvents based on electrooxidation of a gold
electrode in the presence of water to form gold oxides
upon anodic polarizations. Following cathodic potential
scan, a sharp reductive stripping peak of gold oxides is
generated and the magnitude of the peak current is relat-

ed to the water content in the organic solvents. The
method has been applied for determination of water in
four commonly used water miscible organic solvents, ace-
tonitrile, tetrahydrofuran, acetone and glacial acetic acid,
with limits of detection of 60, 10, 40 and 10 ppm, respec-
tively.
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2.2 Apparatus and Procedure

Voltammetric measurements were carried out with an
electrochemical workstation (CHI 660D, CH Instru-
ments). The electrochemical cell for water determination
in organic solvents contains three electrodes. The gold
and platinum working electrodes were purchased from
Cypress (Cypress System, Lawrence, KS). Prior to experi-
ments, the working electrodes were polished with an
aqueous 0.05 mm alumina slurry (CH Instrument, Texas,
USA) on microcloth polishing pad (Buehler, Illinois,
USA) and thoroughly rinsed with deionized water and
acetone, then dried with low-lint tissue (Kimberly-Clark,
Wisconsin, USA). Electrochemical cleaning was then car-
ried out by cyclic voltammetry in 50 mM H2SO4 until re-
producible characteristic voltammograms of Au and Pt
electrodes were obtained. A platinum wire was used as
a counter electrode and a silver wire sealed in a glass frit
was used as the quasi-reference electrode (QRE). The
potential of the Ag QRE was calibrated against an
IUPAC recommended redox couple Fc0/+ [27]. Karl
Fischer titration measurements were performed with an
831 KF coulometer (Metrohm, Herisau, Switzerland).

The working solutions were prepared in a glove box by
transferring the dried organic solvents into to a gas-tight
electrochemical cell using a pipette, and then sealing the
cell carefully with Blu-Tack to prevent water adsorption
from air [28]. The voltammetric measurements were car-
ried out outside the glove box. MillQ-water was then in-
jected into the cell through a pre-opened hole, which is
sealed when not injecting. The solution was mixed thor-
oughly by stirring for 1 min before the linear sweep vol-
tammetric measurements taking place.

3 Results and Discussion

3.1 Formation of Gold Oxide in Organic Solvents in
Presence of Water

It has been established that gold oxides are formed in
aqueous solution on anodic scan via electroadsorbed
layer of OH which undergoes a place exchange reaction
with the metal to form a quasi 3D lattice of AuO [29, 30].

AuþH2O$ AuOþ 2Hþ þ 2e� ð1Þ

The growth of gold oxide is strongly related to the ex-
perimental conditions such as the surface structure of the
gold electrode [31, 32], the roughness factor [17], poten-
tial, electrolyte, and etc. In alkaline medium and high po-
larization potentials, a further oxidation from AuO to
Au2O3 can occur [33].

2AuOþH2O$ Au2O3 þ 2Hþ þ 2e� ð2Þ

On cathodic scan, the gold oxide film formed at posi-
tive potentials can be quickly (usually in a few seconds)

reduced back to elemental gold, regardless the thickness
of the oxide films.

Similar voltammetric behaviors also have been ob-
served in organic solvents containing water. Figure 1
shows the cyclic voltammograms obtained in �dried� and
�wet� tetrahydrofuran at gold and platinum working elec-
trodes, respectively. The cyclic voltammograms obtained
in “dried” tetrahydrofuran show no significant Faradic
processes in the potential range of �0.5 to 1.0 V vs. Fc0/+

(Figure 1a). In contrast, with the addition of water con-
tent in tetrahydrofuran, both the gold oxide formation
and reduction processes become evident and increase
with water content. The voltammograms obtained at the
Pt electrode exhibited analogous increase in reduction
stripping peak current of platinum oxide with the increase
of water concentration (Figure 1b). Nevertheless, due to
the higher capacitance background current, the reductive
peak of platinum oxide broadens and becomes less well-
defined and not as sharp as that of gold electrodes.

The above results show that the voltammetry of gold
and platinum electrodes in organic solvents is strongly

Fig. 1. (a) Cyclic voltammograms obtained at a gold electrode
at the scan rate of 0.1 V s�1 in �dried� tetrahydrofuran and after
adding 1000 and 5000 ppm H2O respectively. (b) Cyclic voltam-
mograms obtained at a platinum electrode at the scan rate of
0.1 Vs�1 in �dried� tetrahydrofuran and after adding 5000 ppm
H2O.
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water dependent. This phenomenon was utilized for de-
termination of the water in organic solvents.

3.2 Dependence of Gold Oxides Reduction Process

The dependence of the oxidation of gold electrode on po-
larization potential (Epol) and polarization time (tpol) in or-
ganic solvents was further investigated. Figure 2a contains
a series of linear sweep voltammograms obtained at
a gold electrode at the scan rate of 0.1 Vs�1 in acetonitrile
containing 1000 ppm H2O as a function of the Epol in the
potential range from 1.2 to 2.0 V (vs. Fc0/+). As shown in
Figure 2b, the stripping peak current (ip) increased from
5 mA to almost 36 mA when the peak potential (Ep) was
shifted 0.11 V more positive and this is associated with
the formation of thick gold oxide films. Thus, high Epol

can generate more gold oxides leading to higher stripping
peak current.

The influence of polarization time (tpol) was also inves-
tigated using gold electrode in acetonitrile containing
1000 ppm water by holding the potential at 1.9 V (vs.
Fc0/+) for different period of time ranging from 15 s to
50 s after which the potential was scanned to �0.3 V at

0.1 Vs�1. The gold oxide stripping peak current increased
gradually from 35 mA to approximately 43 mA as tpol in-
creases, while the peak potentials exhibited no significant
change (Figure 3). It is therefore necessary to optimize
the polarization potential and polarization time in order
to improve the magnitude of the reduction stripping peak
current.

3.3 Cathodic Stripping Voltammetric Determination of
H2O at a Gold Electrode

The above results suggest that the formation of gold
oxide in organic solvents depends strongly on the polari-
zation potential and polarization time. Moreover, due to
different physicochemical properties of organic solvents
such as potential window, hydrophobicity and viscosity,
the characteristic voltammogram of gold differ in each
solvent. Therefore the analytical protocol needed to be
optimized for each solvent.

In this study, a cathodic linear sweep stripping voltam-
metry (CSV) was used to determine the water content for
four commonly used organic solvents; acetonitrile, tetra-

Fig. 2. (a) Linear sweep voltammograms obtained at a scan rate
of 0.1 Vs�1 at gold electrode in acetonitrile with 1000 ppm H2O
after 45 s of polarization at varied potentials, Epol. (b) Depend-
ance of the stripping peak current, ip (~) and peak potential, Ep

(&) as a function of polarization potential, Epol.

Fig. 3. (a) Linear sweep voltammograms obtained at a scan rate
of 0.1 V s�1 at a gold electrode in acetonitrile with 1000 ppm H2O
after polarizing the electrode at a potential of 1.9 V vs. Fc+ /0 for
different time, tpol (b) Stripping ip (~) and Ep (&) as a function of
polarization time tpol.
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hydrofuran, acetone and glacial acetic acid. Typically,
a gold electrode was held at a positive potential (e.g.
1.9 V for acetonitrile, 1.7 V for tetrahdrofuran, 1.9 V for
acetic acid and 1.6 V for acetone, respectively) for
a period of time (e.g. 45 s) to accumulate gold oxides
forming at the gold electrode surface and subsequently
reduce the gold oxide by applying a linear cathodic po-
tential sweep. The sharp cathodic stripping peak current
increased gradually with the addition of water and was
used to quantify the water content in the solvent. Finally,
quantification of water content was performed by using
the standard addition method.

Figure 4 shows the standard addition curves for four or-
ganic solvents, and their analytical characteristics are
summarized in Table 1. Using the definition of 3 and 10

times the signal-to-noise ratio as limit of detection
(LOD) and limit of quantification (LOQ) respectively
[34], the LOD and LOQ data for the four solvents are
also given. Table 1 shows that low LOQs and LODs are
obtained with the gold electrode method, which is attrib-
uted to sharp stripping peak and the very low background
noise for this surface-confined process.

Furthermore, the method was applied for determina-
tion of water in very “wet” organic solvents. For very
�wet� samples, the KF method becomes unsuitable due to
prolonged titration time and excessive reagent consump-
tion. Table 2 sums up the dependence of cathodic strip-
ping peak current on water content in very �wet� organic
solvents. For acetonitrile, tetrahydrofuran and acetone,
the first linear range is always more sensitive (higher

Fig. 4. (a) Dependence of cathodic stripping peak current on concentration of water added into (a) acetonitrile with polarization po-
tential 1.9 V vs. Fc+ /0, polarization time 45 s, scan rate 0.1 Vs�1, (b) tetrahydrofuran with polarization potential 1.7 V vs. Fc+ /0, polari-
zation time 45 s, scan rate 0.1 Vs�1, (c) glacial acetic acid with polarization potential 1.9 V vs. Fc+ /0 polarization time 45 s, scan rate
0.1 Vs�1, and (d) acetone with polarization potential 1.6 V vs. Fc+ /0, polarization time 45 s, scan rate 0.1 Vs�1.

Table 1. Linear ranges, calibration equation, limit of quantification (LOQ) and limit of detection (LOD) of cathodic stripping voltam-
metry method for the determination of water in acetonitrile, tetrahydrofuran, glacial acetic acid and acetone. The linear sweep condi-
tions are as in Figure 4.

Organic solvent Linear range
(ppm)

Calibration equation R2 LOQ
(ppm)

LOD
(ppm)

Acetonitrile 176–526 ip (A)=�5.98�10�6 (A)�5.77�10�9 A/ppm ([H2O]/ppm) 0.9997 200 60
Tetrahydrofuran 165–665 ip (A)=�11.33� 10�6 (A)�2.31� 10�9 A/ppm ([H2O]/ppm) 0.9965 35 10
Glacial acetic acid 100–500 ip (A)=�11.85� 10�6 (A)�8.28� 10�9 A/ppm ([H2O]/ppm) 0.9935 135 40
Acetone 100–800 ip (A)=�21.30� 10�6 (A)�1.70� 10�8 A/ppm ([H2O]/ppm) 0.9943 35 10
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slope) than the second ones. This could be attributed to
the fact that at very high water content, the electrode sur-
face area becomes the limiting factor for gold oxides for-
mation, and larger surface area electrode will be required.
Interestingly, for the glacial acetic acid, the second linear
range is more sensitive, which might be caused by more
free hydrogen ions becoming available in the media
which increases the conductivity of solvents dramatically
[35,36].

To validate the accuracy and reliability of the proposed
method for practical application, the water content in 4
organic solvent samples were determined and compared
with Karl Fisher titration (Table 3). The samples were
prepared by exposing “dried solvents to air on bench for
30 min. Each measurement was carried out thrice and the
average value summarized in Table 3. The results show
CSV method is in reasonable accordance with the KF
method. Furthermore, the sample solvents were spiked
with water and the recovery determined by using the
CSV method. Good recovery results ranging from 95.2 %
to 109.1 % are obtained, indicating the proposed CSV
method is rather reliable in determining water content in
both dry and very wet organic solvents.

4 Conclusions

A simple electrochemical method has been developed to
determine water content in organic solvents. Based on
the voltammetry of gold electrodes in the presence of
water, a cathodic stripping voltammetric method has
been established for four common organic solvents. The
method provides a useful alternative to conventional Karl
Fischer titration, and offer significant advantages such as
i) detection of water in carboxylic acids without suffering
from esterification side reaction, ii) in situ detection,

which can minimize the errors such as water adsorption
from air associated with ex situ detection, iii) suitable for
very wet samples, iv) reagentless. Furthermore, its elec-
trochemical nature makes it suitable for water detection
in small sample volume as well as for making miniatur-
ized and /or disposable water sensor.

Acknowledgements

CZ is grateful to Australian Research Council (ARC) for
the award of an ARC Fellowship. The study was financed
by ARC Discovery Grants (DP110102569 and DP
DP120101604).

References

[1] G. Akerlof, J. Am. Chem. Soc. 1932, 54, 4125.
[2] R. A. Day, B. H. Robinson, J. H. R. Clarke, J. V. Doherty, J.

Chem. Soc. Farad Trans. 1 1979, 75, 132.
[3] Organic Solvents: Physical Properties and Methods of Pu-

rification, 4th ed. (Eds: J. A. Riddick, W. B. Bunger, T. K.
Sakano), Wiley, New York 1986.

[4] D. C. Forbes, K. J. Weaver, J. Mol. Catal. A, Chem. 2004,
214, 129.

[5] M. Goto, N. Kamiya, M. Miyata, F. Nakashio, Biotechnol.
Progr. 1994, 10, 263.

[6] A. Zaks, A. M. Klibanov, J. Biol. Chem. 1988, 263, 8017.
[7] K. Fischer, Angew. Chem., Germ. Ed. 1935, 48, 0394.
[8] E. Scholz, Karl Fischer Titration: Determination of Water

(Chemical Laboratory Practice), 1st ed., Springer, New
York 1984.

[9] A. Khan, X. Y. Lu, L. Aldous, C. Zhao, J. Phys. Chem. C
2013, 117, 18334.

[10] X. Y. Lu, G. Burrell, F. Separovic, C. Zhao, J. Phys. Chem.
B 2012, 116, 9160.

Table 2. Linear ranges and calibration equation of cathodic stripping voltammetry method for the determination of water in �wet� ace-
tonitrile, tetrahydrofuran, glacial acetic acid and acetone. The linear sweep conditions are as in Figure 4.

Organic solvent Linear range (ppm) Calibration equation R2

Acetonitrile 1�103–1� 104 ip (A)=�8.38�10�6 (A)�1.210�10�9 A/ppm ([H2O]/ppm) 0.9940
1�104–6� 104 ip (A)=�19.99�10�6 (A)�1.524� 10�10 A/ppm ([H2O]/ppm) 0.9904

Tetrahydrofuran 1�103–4� 103 ip (A)=�6.06�10�6 (A)�1.597�10�9 A/ppm ([H2O]/ppm) 0.9959
2�104–7� 104 ip (A)=�11.73�10�6 (A)�1.917� 10�10 A/ppm ([H2O]/ppm) 0.9968

Glacial acetic acid 2�103–7� 103 ip (A)=�15.67�10�6 (A)�2.386� 10�10 A/ppm ([H2O]/ppm) 0.9912
1�103–6� 104 ip (A)=�12.63�10�6 (A)�3.877� 10�10 A/ppm ([H2O]/ppm) 0.9906

Acetone 1�103–8� 103 ip (A)=�31.70�10�6 (A)�1.660� 10�9 A/ppm ([H2O]/ppm) 0.9969
2�104–7� 104 ip (A)=�36.14�10�6 (A)�3.995� 10�10 A/ppm ([H2O]/ppm) 0.9948

Table 3. Determination of water in organic solvent samples by KF method and the proposed CSV method, and recovery analysis using
the CSV method.

Sample Karl Fischer (ppm) CSV Method (ppm) Added (ppm) Found (ppm) Recovery (%)

Tetrahydrofuran 670 628 250 255 102.1
Acetonitrile 577 593 250 241 96.4
Acetone 6667 6585 5000 5164 95.2
Acetic Acid [a] 5144 10000 10961 109.1

[a] Could not be determined due to the esterification side reactions.

www.electroanalysis.wiley-vch.de � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Electroanalysis 2014, 26, 596 – 601 600

Full Paper

http://www.electroanalysis.wiley-vch.de


[11] C. Zhao, G. Burrell, A. A. J. Torriero, F. Separovic, N. F.
Dunlop, D. R. MacFarlane, A. M. Bond, J. Phys. Chem. B
2008, 112, 6923.

[12] C. Zhao, D. R. MacFarlane, A. M. Bond, J. Am. Chem. Soc.
2009, 131, 16195.

[13] C. Zhao, A. M. Bond, J. Am. Chem. Soc. 2009, 131, 4279
[14] H. D. Isengard, K. Schmitt, Mikrochim. Acta 1995, 120, 329.
[15] E. D. Peters, J. L. Jungnickel, Anal. Chem. 1955, 27, 450.
[16] E. Scholz, Analysis 1982, 10, 491.
[17] A. S. Meyer, C. M. Boyd, Anal. Chem. 1959, 31, 215.
[18] E. Schloz, Fresenius Z. Anal. Chem. 1982, 310, 423.
[19] D. A. Skoog, D. M. West, Analytical Chemistry, 3rd ed.,

Holt Rinehart and Winston, Austin, TX 1979.
[20] S. M. Thomas, M. Koch-Muller, P. Reichart, D. Rhede, R.

Thomas, R. Wirth, S. Matsyuk, Phys. Chem. Miner. 2009, 36,
489.

[21] B. C. Schmidt, H. Behrens, T. Riemer, R. Kappes, R.
Dupree, Chem. Geol. 2001, 174, 195.

[22] C. D. Tran, S. H. D. Lacerda, D. Oliveira, Appl. Spectrosc.
2003, 57, 152.

[23] J. Liang, M. C. Elliot, V. Cammarata, Electroanalysis 2009,
23, 2542.

[24] J. Liang, B. Q. Chen, Y. T. Long, Analyst 2011, 136, 4053.
[25] Y. L. Hui, E. L. K. Chng, L. P. L. Chua, W. Z. Liu, R. D.

Webster, Anal. Chem. 2010, 82, 1928.

[26] C. Zhao, A. M. Bond, X. Y. Lu, Anal. Chem. 2012, 84, 2784.
[27] G. Gritzner, J. Kuta, Pure Appl. Chem. 1984, 56, 461.
[28] G. Bernardini, C. Zhao, A. G. Wedd, A. M. Bond, Inorg.

Chem. 2011, 50, 5899
[29] G. TremiliosiFilho, L. H. DallAntonia, G. Jerkiewicz, J.

Electroanal. Chem. 1997, 422, 149.
[30] G. Tremiliosi-Filho, L. H. Dall�Antonia, G. Jerkiewicz, J.

Electroanal. Chem. 2005, 578, 1.
[31] Dickertm. D, J. W. Schultze, K. J. Vetter, J. Electroanal.

Chem. 1974, 55, 429.
[32] A. Friedrich, B. Pettinger, D. M. Kolb, G. Lupke, R. Stein-

hoff, G. Marowsky, Chem. Phys. Lett. 1989, 163 123.
[33] C. H. Chen, A. A. Gewirth, J. Am. Chem. Soc. 1992, 114,

5439.
[34] G. L. Long, J. D. Winefordner, Anal. Chem. 1983, 55, 712.
[35] J. Malyszko, S. Michalkiewicz, D. Goral, M. Scendo, J. Appl.

Electrochem. 1998, 28, 107.
[36] E. Bak, S. Michalkiewicz, Z. Stojek, Electroanalysis 2004,

16, 355.

Received: October 2, 2013
Accepted: December 25, 2013

Published online: February 2, 2014

www.electroanalysis.wiley-vch.de � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Electroanalysis 2014, 26, 596 – 601 601

Full Paper

http://www.electroanalysis.wiley-vch.de

