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ABSTRACT
A new approach to potentiometric measurements using an advanced
amalgam electrode is reported. The conditions for the potentiometric
determination on silver solid amalgam electrodes to determine total
silver as colloidal silver nanoparticles are described. Proper calibration
procedure was demonstrated by the potential and logarithmic
concentration dependence at the silver amalgam and reference silver
disc electrodes for aqueous silver nitrate, as both electrodes
conformed to the Nernst equation with the slopes of approximately
þ58mV. However, analogous measurements using the silver solid
amalgam electrode of silver nanocolloidal solutions provided a slope
of � 43mV. Although this value did not match the theoretical result for
the Nernst equation, the device allowed the determination of total
silver in these solutions. Under the same conditions, no useful
calibration dependence was obtained using the silver electrode for
the silver colloids.
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Introduction

In recent years, there is a growing interest in the determination of silver in aqueous solu-
tions because of industrial use, dental and laboratory applications, and special products
based on colloidal silver or nanosilver for health purposes (disinfection, etc.) (Dror-Ehre
et al. 2009; Lara et al. 2010; Lee, Song, and Lee 2010; Tian et al. 2007; Yoon et al. 2007).
There remain several questions related to colloidal silver including (Römer et al. 2011)
its toxicity and temperature/photosensitive stability. Different species often affect the
concentrations of its free cations. In solutions, used in the medical field or industry, the
concentration of silver in colloidal or ionic form is also influenced by stabilizers, such as
saccharides (Tolaymat et al. 2010) or biomolecules (Asharani et al. 2008). From an
environmental point of view, there is significance in monitoring silver concentrations.

In well-equipped analytical laboratories, atomic absorption spectroscopy (Oprsal et al.
2013), inductive coupled plasma - optical emission spectroscopy or mass spectrometry
(ICP-OES or MS), and flow injection analysis have been employed (Kobylinska et al.
2010). However, there is interest in the development of simple and widely accessible meth-
ods. Recent reports suggested (Novotny 1998b, 2006, 2007, 2014; Novotny, Petrankova, and
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Kabutey 2014) the new possibilities in this direction, based on potentiometry with amalgam
electrodes. For example, silver (solid) amalgam electrodes (often denoted AgSAE and in
this paper more generally as AgAE) (e.g., Novotny 1997a, 1997b, 1998b; 2001a, 2007;
Novotný and Yosypchuk 2000; Yosypchuk and Novotny 2002) were employed for
voltammetry for environmental and health applications (e.g., Novotný and Yosypchuk
2000; Jelen et al. 2002; Yosypchuk and Novotny 2002; Fadrná et al. 2004; Kuchariková
et al. 2004; Barek et al. 2007; Yosypchuk and Barek 2009; Šelešovská et al. 2012;
Bandžuchová et al. 2013; Brycht et al. 2013; Vajdle et al. 2014) like renewed stationary
mercury electrodes (Novotny 2001b). However, no direct potentiometric measurements
using these silver amalgam electrodes have been published to date.

The objective of this communication was to investigate the conditions for the application
of potentiometry on silver amalgam electrodes AgAE for the determination of silver in
solutions containing silver colloidal nanoparticles and silver ions. The results obtained on
the AgAE were compared with those obtained using a silver disc electrode, AgE.

Experimental

For measurements, the instrumentation employed a potentiometric block BM 551
(Laboratory Instruments, Tesla, Prague) with an impedance of 109 Ω. The AgAE, AgE,
reference electrodes, a magnetic stir bar, and a gas-inlet were inserted into the solution
in the closed glass cell. A modified electrode Ag/AgCl (3M KCl) (Electrochemicke
Detektory, spol. s r. o., Turnov), with a salt bridge containing 0.1M KNO3 served as the
reference. The solutions were prepared from demineralized water (<0.1 µS/cm, from the
Milli-Q Plus water-purification system Millipore, Bedford, USA) and reagent-grade
chemicals (AgNO3, KNO3, and KCl). The experimental arrangement included a cell and
a stand of the Eco-Tribo Polarograph (Novotny 1998a, 2001a) (Eco-Trend Plus, Prague)
and accessories. For measurements in the absence of atmospheric oxygen, 99.99% nitrogen
was bubbled through the solution for approximately 5 minutes. Experiments were
performed at laboratory temperature, 293K. The temperature coefficient of potential E
measurements was lower than �0.4mV/K.

The AgE was prepared from a silver wire of 0.5mm diameter either by sealing into a coni-
cal tapered glass capillary or by its tight fit in an inert plastic tip of a micropipette. Cutting
and polishing of the orifice of this electrode resulted in a smooth silver disk electrode. The
silver amalgam electrode, AgAE of diameter 0.5mm, was prepared by applying freshly pre-
pared amalgam in the aforementioned inert plastic tip resulting in the potentiometric plastic-
tip silver amalgam (solid) electrode AgAE or AgSAE. The plastic-tip electrode was first
reported by Novotný, Kůta, and Smoler (1978) andNovotny (1981) and followed by other
applications (e.g., Novotny 1998b; Novotný 2000, 2007). The active surface in the form of
a disk was renewed by cutting the plastic tip with a razor blade resulting in a length of
approximately 0.5mm. Of course, AgAE-electrodes may also be renewed by polishing their
orifice using, e.g., a glass or polyethylene plate or a 0.3-mm suspension of alumina.

Analogously to the previous work (Oprsal et al. 2013), a 1mmol/L stock solution of
colloidal silver nanoparticles was prepared by the chemical reduction of silver nitrate by
glucose. Amounts of 10mL of distilled water, 10mL of 5-mM silver nitrate, 10mL of
25-mM ammonia, 10mL of 50-mM sodium hydroxide solution, and 10mL 50-mM glucose
were mixed. The resulting solution was stirred at room temperature for fifteen minutes and

162 L. NOVOTNÝ AND R. PETRANKOVA

D
ow

nl
oa

de
d 

by
 [

C
ze

ch
 A

ca
de

m
y 

of
 S

ci
en

ce
s]

, [
L

ad
is

la
v 

N
ov

ot
ny

] 
at

 0
0:

19
 1

4 
Ja

nu
ar

y 
20

16
 



stored in a dark bottle. Solutions with lower concentrations were prepared through dilution
of the stock.

Concentrations of silver in samples were determined using inductively coupled plasma
optical emission spectrometry (Integra XL2, GBC, Dandenong, Australia) (Oprsal et al.
2013). The limits of detection and quantification for silver were 0.06 µM and 0.20 µM,
respectively.

Linear least-square regression in OriginPro 7.5 (OriginLabCorporation, USA) was used
for the evaluation of the linearity of potential and logarithm of concentration relationships.
The slope and intercept were reported with 95% confidence intervals.

Results and discussion

The measurements and the arrangement used were based on preliminary findings
(Novotny 1998b, 2006, 2007; 2009, 2014; Novotny, Petrankova, and Kabutey 2014). Both
served as working detection potentiometric electrodes, one of which was a silver disk elec-
trode AgE and the other a silver solid amalgam electrode AgAE with a silver concentration
of 35% (w/w). Measurements were carried out under the same conditions using the AgAE
and AgE and the results were compared.

Proper functioning of the mentioned technique and procedure were verified by the
potential E versus logarithm concentration (c) dependences in AgNO3 solutions on the
AgAE and on the reference silver disc electrode, AgE. As expected, the presence of
dissolved oxygen significantly influenced the measurements. The interference is documen-
ted in Figure 1 where the dependences of potential E on the logarithm of concentrations c
of the solution AgNO3 are presented both in the presence and absence of oxygen.
Following the introduction of nitrogen, the AgAE and AgE provided approximately the
same profiles Eversuslogc with the theoretically expected (Scholz 2002) slope
dE=d log c ¼ 58mV. When dissolved oxygen was present, the E � log c graphs for AgAE
and AgE provided low sensitivity (i.e., δE/δ log c).

Figure 1. Dependence of potential E on the concentration (c) of AgNO3 on the (•) solid silver amalgam
electrode after removal of dissolved oxygen, (▪) the silver electrode after removal of dissolved oxygen,
(þ) solid silver amalgam electrode in the presence of dissolved oxygen, and (Δ) the silver electrode in
the presence of dissolved oxygen.
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The repeated introduction of nitrogen (see Table 1) of the same solution obtained E vs.
log c linear dependences with a slope approaching the theoretical value 2.303RT/F (Scholz
2002), and again the higher slope was observed on AgAE. Nevertheless, in comparison with
the previous case (Figure 1 and Table 1), the E � log c dependences were shifted by more
than 100mV to lower values of E. Namely, when the electrodes were maintained between
experiments with dissolved oxygen, consecutively obtained dependences of E � log c
measured under nitrogen were shifted in potential while maintaining the linear relationship
between potential and the logarithm of concentration. The cause was apparently due to
the formation of insoluble oxides, hydroxides, or other products on the electrodes.

Table 1 shows that additional consecutive measurements of E � log c (by the addition of
nitrogen prior to potentiometry measurement) for one month provided for the AgE and
AgAE (without renewal their surface) values of slope ki close to the theoretical value,
although small shifts of the E � log c curves occurred. The most significant changes
in potential E occurred in the concentration range from 3� 10� 5 to 3� 10� 2MAgþ.
The character of the plot remained approximately constant without renewal of the
electrode surface, although the curves were shifted along the potential axis. Variations
of the potential following deaeration occurred with both electrodes at �1mV. These
experiments therefore confirmed significant interferences of atmospheric oxygen and the
necessity of its removal.

Therefore, further experiments on AgAE with solutions containing various concentra-
tions (c) of colloidal silver (nanosilver) were performed in deaerated solutions. In this case,
however, the potential E with increasing concentration of colloidal silver c (Figure 2) did
not increase, but rather decreased according to EQ1, not conforming to the Nernst
equation. A linear relationship between potential and the logarithm of concentration
had an analytically utilizable slope δE/log c¼ � 43mV. The behavior of colloidal silver
may contribute to its speciation in the presence of silver ions.

E½V� ¼ ð� 0:0428� 0:0023Þ log cþ ð0:3175� 0:0042Þ;R ¼ � 0:9887Þ ð1Þ

One of the reasons for this decrease may be connected with the observation that after com-
plete separation of colloidal silver particles with a centrifuge, inductive coupled plasma-optical
emission spectroscopy measurements showed that there was no silver present in the form of
Agþ ions. More precisely, the residual concentration of Agþ was below the limit of

Table 1. Parameters of the dependence E¼ kilog cþ qi involving the concentration of AgNO3 on the
solid silver amalgam electrode or silver electrode, where i¼ 1, 2, 3: (1) renewal of electrode surfaces and
deaeration with nitrogen; (2) saturation by atmospheric oxygen and deaeration with nitrogen; (3)
measurements following month including procedure (2).
Parameters Solid silver amalgam electrode Silver electrode

k1[V] 0.0585� 0.0018 0.0594� 0.0033
q1[V] 0.5866� 0.0073 0.5880� 0.0131
R(1) 0.9974 0.9920
k2[V] 0.0548� 0.0019 0.0457� 0.0015
q2[V] 0.4553� 0.0076 0.4266� 0.0059
R(2) 0.9968 0.9972
k3[V] 0.0585� 0.0035 0.0532� 0.0026
q3[V] 0.4587� 0.0138 0.4317� 0.0104
R(3) 0.9908 0.9937
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quantification of this method, which was 0.2 µM Ag. Hence, the solutions of colloidal silver
contained few free Agþ ions. Nanocolloids (probably covered by Agþ) may contact the electro-
des, thereby by increasing the concentration and consequently increasing the size of colloidal
particles; hence, their effective contact with the electrode surfaces decreased.

When AgAE was utilized for these applications, changes in potential with the logarithm
of the concentration remained linear even after repeated use of AgAE without mechanical
renewal over approximately 2 months. Nevertheless, a current renewal by slight polishing
of its orifice using a plastic or glass plate was applied.

The influence of the presence of Agþon the E � log c dependence of colloidal silver is
illustrated in Table 2. The absolute value of the slope ðdE=dlog cÞcAgþ decreased with
increasing concentration cAgþ . Within the reproducibility of the measurements, no interfer-
ences of Agþ below concentrations of approximately 2 µM were observed. However, on the
AgE, sensitive and reproducible changes of E were not obtained under these conditions.
The addition of 5–50 µM colloidal silver caused a decrease of the slope (sensitivity)
dE=dlog cAgþ by approximately 20%. With respect to the E � log c dependences, intra-
day and day-to-day reproducibility of the slopes was 5–6%, whereas the reproducibility
of the intercepts were between 1 and 3%. The precision of the potentiometric measure-
ments was �0.1mV and their repeatability was �1–2mV, better values at lower concen-
trations of silver colloids. The reproducibility of the sensor preparation, from unit to
unit, with respect to the potential values was approximately 5%.

Figure 2. Potential (E) and concentration (c) dependence of colloidal nanosilver after removal of dis-
solving oxygen using the silver electrode without renewal of the surface.

Table 2. Parameters of the dependence E¼ ki log cþ qi involving the concentration c of colloidal
nanosilver obtained on the solid silver amalgam electrode at various concentrations cAgþ of Agþ.
cAgþ mol=L½ � ki [V] qi [V] R

0 � 0.0428� 0.0023 0.3175� 0.0042 � 0.9887
1� 10� 5 � 0.0372� 0.0021 0.3190� 0.0048 � 0.9888
1� 10� 4 � 0.0301� 0.0019 0.3253� 0.0050 � 0.9889
1� 10� 3 � 0.0190� 0.0024 0.3415� 0.0060 � 0.9705
1� 10� 2 � 0.0073� 0.0004 0.3997� 0.0011 � 0.9934
1� 10� 1 � 0.0066� 0.0005 0.4854� 0.0014 � 0.9874
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After removal of dissolved oxygen, the concentration c of colloidal silver in an unknown
sample was performed by measuring E1 for a reference solution of analogous composition as
the sample at a known concentration c1 of silver nanoparticles, E2 after addition of a known
amount of silver nanoparticles resulting in final c2 and Ex after addition of the sample allow-
ing determination of the unknown concentration cx. Considering the dilution of the sample,
the unknown concentration can be calculated from cx using the following equation:

log cx ¼
Ex � E1

Ex � E1
log

C2

C1
þ log c1 ð2Þ

Similarly, determining the concentration of Agþ ions in the samples using the linear
dependences E � log c may also be applied.

The standard addition method was employed for the analysis of a model sample con-
taining colloidal silver. The determined value of 8.2 plusmn; 0.6 µM Ag was in good agree-
ment with the value of 8.58� 0.07 µM Ag obtained by inductively coupled plasma optical
emission spectrometry. In solutions of colloidal silver nanoparticles, the sensitivity of
AgAE with respect to concentration was approximately ten-fold-times higher compared
with the AgE. Further optimization of the electrode preparation and the analytical para-
meters will continue.

Conclusions

The measurements showed the possibility of using potentiometry with silver solid amalgam
electrodes AgAE for the determination of total silver concentration in solutions of silver
nanoparticles. The potential of the AgAE exhibited a linear dependence on the logarithm
of concentration of colloidal silver nanoparticles with a slope of � 43mV. It was necessary
to remove oxygen by deaeration with nitrogen for 5 minutes. Under the optimized con-
ditions, a linear relationship between potential and concentration was obtained with a slope
close to its theoretical value RT/F (approximately 58mV). Even without the renewal of the
electrode, the linear profile of the course of curves E � log c remained equal, but the
relationship was shifted on the potential axis with time.

An analytical application using a reference (standard) solution of colloidal silver nano-
particles for the determination of total silver concentration in the analyzed sample was
reported. The results obtained on a silver amalgam electrode with measurements made
on a silver electrode AgE measured under the same conditions showed that the relation-
ships between potential and concentration were similar on both electrodes. In solutions
of colloidal silver nanoparticles, however, the sensitivity at the AgE was lower by a factor
ten than at AgAE. Hence, analytical utilization appeared to be unsatisfactory. Measure-
ments on both electrodes in the presence of dissolved oxygen were much less sensitive
and reproducible. In summary, this paper described a simple and inexpensive method to
determine colloidal silver in aqueous solution.
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