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Abstract−Ion-selective electrodes (ISEs) are used in a wide variety of applications for determining the concentrations
of various ions in aqueous solutions. When compared to many other analytical techniques, ISEs are relatively inexpen-
sive, simple to use, and have an extremely wide range of applications and concentrations. In recent reports, cytotoxicity
of silver nanoparticles (AgNPs) showed that AgNPs were ionized in the cells and led to causing cell-death. Thus, the
measurement of silver ions in aqueous phase is important. In this work, several sodium and potassium salts were con-
sidered as ionic-strength adjusters (ISA) and were used in the calibration step to enhance sensitivity of detection the
target ion. The result showed that potassium iodine (0.05 M KI) acted as a very effective ISA, compared to conven-
tional ISA (5 M NaNO3).
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INTRODUCTION

Silver nanoparticles (AgNP) have a wide array of commercial
applications due to their antimicrobial, antifungal, and partially
antiviral properties [1]. With widespread use of AgNP containing
products, unintentional exposure of AgNP to the environment and
humans could induce potential toxic effects of Ag+ and AgNP. There
is an ongoing debate regarding the role of Ag+ released from AgNP
and its toxicity against microorganisms [2]. In our previous report
[3], in-vivo and in-vitro cytotoxicity studies showed that AgNPs
were ionized in cells and caused cytotoxicity by a Trojan-horse type
mechanism. While Ag+ and AgNP are all likely to contribute to
observed toxicity, ionic Ag generally exhibits the strongest toxic
effect [4]. In the recent trend of connecting cytotoxicity to envi-
ronmental exposure, it is essential to distinguish the toxic effect of
Ag+ and/or AgNP on the target bio-organisms. Namely, analysis of
sole Ag+ in AgNP suspension is important issue.

The Ag ion in the AgNP solutions could be measured by using
several methods: diffusive gradients in thin films [5], centrifugal
ultrafiltration [6], and ion-selective electrode (ISE) [7-11]. Among
these, ISE could be used on a real time basis and is suitable in both
field and laboratory applications. Haynes and co-workers reported
some foundation for the use of fluorous-phase ISE as an in-situ nano-
particle characterization tool, addressing a critical technology gap
in the field of nanoparticle toxicology [11]. Namely, Ag-ISE is very
essential for the study on the silver nanotoxicity. An ISE is a trans-
ducer that converts the activity of a specific ion dissolved in solu-
tion to an electrical potential that can be measured by a voltmeter

or pH meter [7]. According to the Nernst equation, the voltage is
theoretically dependent on the logarithm of the ionic activity, which
has a physiological application when used to calculate the poten-
tial of an ion’s charge z across a membrane [12]. The sensing part
of the electrode is usually made as an ion-specific membrane.

The use of ISE is limited by interference from other ions and
tolerance at very low concentrations of desired ions. No ISE is com-
pletely ion-specific; all are sensitive to other ions having similar
physical properties, the extent of which depends on the degree of
similarity [13]. In some cases the electrode may actually be much
more sensitive to the interfering ion than to the desired ion. The
outer filling of the reference electrode was 0.1 M KNO3; thus, the
nitrate electrode had various ionic interferences (perchlorate, iodide,
chloride, and sulfate) [9]. This problem might be ignored when
the interfering ion is present only in relatively very low concentra-
tions, or entirely absent. The other problem is tolerance at very low
concentration of target ion. According to the ISE instruction man-
ual [14], the concentration range was 0.01 to 108,000 ppm (10−7 to
1 M). The calibration curve was constructed from diluted AgNO3

solutions in the Ag+ range 10−6 to 10−3 M, and thus the actual LOD
(limit of detection) did not reach the lower detection level. Some
researchers reported extending the LOD to the range 10−9 M by
addition of chloride as a ligand [6-8].

Since the free silver ion activity is determined by the logarithm
of the solubility product (logK) of the silver anion (i.e., silver-ligand
complex), the detection of Ag ion in the low-activity range might
be possible with the use of an ionic-strength adjuster (ISA) that has
a lower solubility product. Therefore, we used several salts (Na2-
SO4, Na3PO4, NaCl, NaI, KBr, KI, and KCl) to investigate the effect
of ISAs on the detection sensitivity of silver ion using ISE. The sol-
ubility product of Ag2S is 50.1, but sulfate was excluded due to very
strong interference to ion exchange through membrane.
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EXPERIMENTAL

1. Materials
The ion meter was characterized by using three different con-

centrations of a silver standard with at least three different concen-
trations along with ISA (5M NaNO3 Cole-Parmer, USA). ISE (Cole-
Parmer 27502-41) used in this work is a double-junction combi-
nation ion-selective electrode that is convenient to use in places
where two electrodes will not fit. Solid-state electrodes also have
twelve polishing strips. Several different salts of ISA were consid-
ered to improve sensitivity and LOD of the ISE for detecting Ag+.
Herein, several sodium and potassium salts were selected as ISAs;
Na2SO4 (Duksan, Korea), Na3PO4 (Samchun, Korea), NaCl (Sam-
chun, Korea), NaI (Duksan, Korea), KCl (Daejung, Korea), KBr
(Samchun, Korea), and KI (Samchun, Korea).
2. Calibration of Silver Ion with ISA

Free Ag+ was measured by following Ag-ISE procedures recom-
mended by the operating instructions. Guaranteed concentration
range of Ag-ISE was reported as 1 to 10−7 M silver (108,000 to 0.01
ppm). Ag-ISE was calibrated with concentration of AgNO3 (Sigma-
Aldrich, USA) that varied between 10−7 to 10−3 M. Between sam-
ples, the electrode was rinsed with 10% v/v HNO3 (Duksan, Korea)
and de-ionized (DI) water. The calibration curve could be extended
to under 10−9 M by addition of chloride as a ligand [6-8]. There-
fore, seven ISAs with different ionic strengths were selected to con-
firm the linearity over the whole range with a slope of 59 mV/log
[Ag+] which was evaluated using the Nernst equation [12]. Ag+ for
all ISAs was measured three times repeatedly.

RESULTS AND DISCUSSION

As shown in Fig. 1, the Ag-ISE was calibrated by measuring the
potential of Ag-ISE as a function of the log[Ag+] activity. Measure-
ments were performed in DI water with added NaNO3. Even though
the ionic strength of the solutions was not adjusted with ISA, it was

possible to calibrate the electrode down to 10−5 M Ag+ with good
linearity due to the potential change of Ag+ in aqueous phase. How-
ever, the slope of the Nernstian plot for non-ISA did not match
the theoretical value (59.16mV/log[Ag+]) [12]. When the ISE mem-
brane is in thermodynamic equilibrium (i.e., no net flux of ions),
the membrane potential must be equal to the Nernst potential.
However, in physiology, due to active ion pumps, the areas inside
and outside of a cell are not in equilibrium. For samples with high
ionic strengths, there are simple methods which can be used to avoid
the error introduced by the difference between activity and con-
centration. The ionic strength in both the calibrating standard solu-
tions and the samples was brought to the same level by adding a
suitable ISA. Therefore, in this work, several ISAs were considered.

When 5 M NaNO3 was used as an ISA, LOD of the Ag-ISE cal-
ibration curve went down to 10−6 M Ag+ with a nearly theoretical
Nernstian plot (slope=59 mV/log[Ag+]). Depending on the charges
of the ions, ionic activity of Ag+ departs increasingly from concen-
trations when exceeding 10−6 M. In dilute solutions, the Nernst equa-
tion can be expressed directly in terms of concentrations because
activity coefficients are close to unity. However, at very low con-
centrations of the potential-determining ions, namely, under LOD
concentrations, the potential of Ag-ISE was almost at unity due to
the effect of cation interference: the exchange current density be-
tween Ag+ and ISA cation becomes very low.

It was reported that the effect of changing the ionic strength of
NaNO3 in spite of different concentrations (0.01 to 0.1 M) had a
minimal impact on the electrode response [8]. However, follow-
ing the addition of a ligand (Cl−, Br−, I−, SO4

2−, and PO4
3−) for the

Ag+, a potential change could be obtained at low-activity range. Since
the solubility product of silver-ligand complexes was different with
each ligand type, potential values of Ag-ISE changed with concen-
tration of Ag+.

As shown in Fig. 2, the ISE calibration curve was obtained with
five different electrolytes used as ISAs. The established solubility
products of Ag2SO4, AgCl, AgBr, AgI, and Ag3PO4 are 4.8, 9.8, 12.3,
16.1, and 17.6, respectively. In the case of Na2SO4, the lower limit
value of potential was almost the same as that of NaNO3 because

Fig. 1. ISE calibration curve for the measured potential of the Ag-
ISE as a function of the log[Ag+] activity (black circle): solu-
tions of AgNO3 with 5 M NaNO3 as ISA (white circle): solu-
tions of AgNO3 without ISA.

Fig. 2. ISE calibration curve for the measured potential of the Ag-
ISE with sodium-form ISAs.
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Ag2SO4 has low solubility product and thus is also soluble. How-
ever, in the case of ISAs with high solubility product (NaPO4, NaCl,
and NaI), silver cations react quickly with these ligand sources to
produce insoluble silver complexes, and thus the potential of sil-
ver solutions decreased significantly. In particular, the ISE calibra-
tion curve measured with NaI showed lower potential values com-
pared to other ISAs. However, as shown in Fig. 2 and Table 1, the
Nernstian slope did not match the theoretical value and the LOD
of Ag+ did not extend below 10−6 M. Even though pH membrane
was also in interference from Na+ and K+ at high pH, ISEs in con-
trast to pH electrode are not entirely ion-specific and can permit
the passage of some of the other ions that may be present in the
test solution, thus causing problematic ionic interference.

Similar calibration process was carried out with potassium ISAs
and the calibration curves are shown in Fig. 3. Since Br− and I− have
high solubility product for silver-ligand complex and easily form
insoluble silver complexes, potential values were decreased down
to 200 mV compared to KCl. Even though Nernstian slopes of all
potassium salt of ISAs showed 150-178 mV/M, iodine ligand (KI)
showed lowest potential value (−150mV) and broad range of poten-

tial change (400 to −150 mV). Therefore, the effect of KI concen-
tration on the Nernstian slope and LOD was further investigated.

With increasing of concentrations of KI, the Nernstian slope devi-
ated from the theoretical value due increasing ionic strength. The
logarithmic expression in the Nernst equation is the activity of the
measured ion, which is almost same as its concentration in dilute
conditions. However, the activity coefficient (γ) at high concentra-
tions was not at unity and thus the Nernst equation did not fol-
low the real potential change due to deviation from ideal behavior.
Namely, at higher concentrations, inter-ionic interactions between
all ions in the solution (both positive and negative) tend to be less
mobile, and thus there are relatively fewer of the measured ions in
the vicinity of the membrane than in the bulk solution. Therefore,
the measured voltage is less than it would be if it reflected the total
number of ions in solution. This causes an erroneously low esti-
mate of the concentration in samples with a high concentration
and/or a complex matrix. As shown in Fig. 4, at high concentra-
tions of KI, the decreased dependence of potential with change of
Ag+ concentration was represented by a low potential value around
−200 mV. Namely, the potential change with increasing of Ag+ con-
centration was repressed by the high ionic strength of ISA and then
showed unity value.

With decreasing of concentrations of KI, the potential value of
the ISE was increased and potential change was dependent on the
change of silver concentration. When 0.05 and 0.01 M KI was used
as an ISA, the Nernstian slope was well matched with the theoreti-
cal value and the detection limit was also enhanced (Fig. 4 and Table
1). At too low of a KI concentration (0.005M), the LOD and Nerns-
tian slope were not improved compared to 0.05 and 0.01 M KI. Be-
cause ISA also acted as a buffer to adjust the ionic strength in meas-
uring the solutions, the ionic strength of ISA should be much higher
than that of target ion. Therefore, 0.005M KI, with small ionic strength
(0.005 M), was not an efficient buffer to adjust ionic strength of
host solutions.

CONCLUSIONS

In measuring the concentration of silver ion in the aqueous phase,

Table 1. LOD and slope of Nernstian plot with type and concentra-
tions of ISAs

Type of ISA Conc. of ISA
(M)

Nernstian slope
(mV/log [Ag+])

LOD
(log M)

Non-ISA
NaNO3

Na2SO4

Na3PO4

NaCl
NaI

-
5.000
0.100
0.100
0.100
0.100

098
058
095
115
082
450

−5
−6
−5
−6
−6
−4

KBr
KCl
KI

0.100
0.100
0.100
0.050
0.010
0.005

150
160
178
059
061
136

−5
−5
−6
−9
−9
−5

Fig. 3. ISE calibration curve for the measured potential of the Ag-
ISE with potassium-form ISAs.

Fig. 4. ISE calibration curve for the measured potential of the Ag-
ISE with different concentrations of KI.
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5 M NaNO3 was used as conventional ISA. To investigate the effect
of ISAs on the detection of Ag+ using Ag-ISE, we used several ISAs
(sodium and potassium salts) in calibration of the measured poten-
tial of the Ag-ISE as a function of logarithm of Ag+ activity. When
5 M NaNO3 was used as ISA in the calibration step, a calibration
curve with 10−6 M LOD was observed with good linearity and nearly
matched the Nernstian slope. Iodine ligand showed lowest poten-
tial value (−150 mV) in its calibration curve with a broad range of
potential change (400 to −150 mV), and thus KI was selected as
candidate ISA to investigate the extension of LOD and satisfy the
Nernstian slope. The results showed that 0.01-0.05 M KI has 10−9 M
LOD of Ag+ and well-matched the Nernstian slope with the theo-
retical value. Even though some studies report an extension to low-
activity range by single point addition of Cl−, Br−, and I- [6-8], there
are no studies that use KI in the full-activity range as an ISA. There-
fore, this proposed method using low concentration of KI as ISA
might support the enhanced measuring method for detecting of
silver ion using Ag-ISE.
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