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Abstract 
Electrochemical techniques analyze pharmaceutical 
compounds through electrical property measurements. 
Potentiometry measures potential differences between 
electrodes, enabling pH determination, ion-selective 
detection, and endpoint determination in pharmaceutical 
assays. Electrode selection, calibration procedures, and 
system suitability testing ensure accurate results. 
Voltammetry techniques including cyclic, differential pulse, 
and stripping methods quantify drug substances, detect 
impurities, and characterize redox behavior by measuring 
current-voltage relationships. Conductometry measures 
solution conductivity for titration endpoints, ion detection, 
and water purity assessment in pharmaceutical contexts. 
These electrochemical methods support drug stability 
assessment, dissolution media characterization, and 
manufacturing process monitoring with advantages in 
sensitivity, cost-effectiveness, and direct analysis capabilities. 
Electrochemical techniques provide complementary 
approaches for molecules with electroactive functional 
groups, offering alternatives to spectroscopic and 
chromatographic methods. 
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Learning Objectives 

After completion of the chapter, the learners should be 
able to: 

• Describe principles of potentiometry, 
voltammetry, and conductometry 

• Explain electrochemical basis of analytical 
measurements 

• Select suitable techniques for electroactive 
compounds 

• Interpret electrochemical data for quantitative 
analysis 

• Evaluate advantages and limitations of 
methods 

• Develop optimized electrochemical procedures 

 

INTRODUCTION 
lectrochemical methods represent 
powerful analytical techniques based on 
the relationship between electrical and 

chemical phenomena. These methods offer unique 
advantages in pharmaceutical analysis, including high 
sensitivity, selectivity, and cost-effectiveness. The 
fundamental principles involve measurement of electrical 
properties related to analyte concentration or chemical 
reactions at electrode interfaces. 

The field of electrochemical analysis encompasses 
a diverse range of techniques that exploit various aspects 
of the electron transfer processes occurring at the interface 
between an electrode and a solution containing the 
analyte of interest. These techniques are united by their 
focus on the relationship between electrical 
measurements and chemical composition, offering 
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analytical capabilities that complement spectroscopic, 
chromatographic, and other pharmaceutical analysis 
approaches. 

Electrochemical methods possess several distinct 
advantages that have established them as essential tools 
in pharmaceutical laboratories. Their exceptional 
sensitivity allows detection of analytes at concentrations 
as low as 10-9 M in many cases, making them suitable for 
trace analysis of active pharmaceutical ingredients, 
impurities, and degradation products. Many 
electrochemical techniques offer remarkable selectivity 
through careful control of applied potential, enabling 
discrimination between different electroactive species in 
complex pharmaceutical formulations. The relatively 
simple and inexpensive instrumentation required for 
many electrochemical methods provides a cost-effective 
alternative to more complex analytical systems, 
particularly important for routine quality control 
applications. 

 
Figure 6.1 Principle of Electrochemical Methods 

The versatility of electrochemical techniques 
allows their application across the entire pharmaceutical 
development and manufacturing cycle. From early-stage 
drug discovery screening to final product quality 
assessment, electrochemical methods provide valuable 
analytical data supporting critical decisions. Their 
adaptability to various sample types including solutions, 
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suspensions, and even solid-state materials further 
expands their utility in pharmaceutical analysis. 

Table 6.1: Electrochemical Parameters for Common 
Working Electrodes 

Electrode 
Material 

Surface Area 
Determinatio
n 

Advantages Limitations 

Glassy 
Carbon 

Redox 
standards 
(ferrocene, 
Ru(NH₃)₆³⁺) 

Wide potential 
window, low 
background, 
chemical 
inertness 

Surface 
contaminatio
n over time 

Platinum Hydrogen 
adsorption/des
orption 

Excellent for 
reductions, 
catalytic 
activity 

Hydrogen 
evolution, 
oxide 
formation 

Gold Oxide 
formation/red
uction 

Affinity for 
thiols, 
biocompatibilit
y 

Limited 
cathodic 
range, oxide 
formation 

Carbon 
Paste 

Geometric 
measurement 

Low cost, 
renewable 
surface, 
modifiable 

Mechanical 
instability, 
organic 
solvent 
incompatibilit
y 

Boron-
Doped 
Diamond 

Geometric or 
redox 
standards 

Extremely wide 
potential 
window, low 
background  

Higher cost, 
specialized 
fabrication 

Mercury Controlled 
drop size or 
film 

Excellent for 
reductions, 
reproducible 
surface 

Limited 
anodic range, 
toxicity 
concerns 

Screen-
Printed 
Carbon 

Geometric 
measurement 

Mass 
production, 
miniaturization 

Variable 
quality, 
lifetime 
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Electrode 
Material 

Surface Area 
Determinatio
n 

Advantages Limitations 

Microelec
trodes 
(<25 μm) 

Steady-state 
limiting 
current 

Enhanced mass 
transport, 
reduced ohmic 
drop 

Difficult 
fabrication, 
fragility 

 
Recent technological advances have dramatically 

enhanced the capabilities of electrochemical methods. 
Microelectronic fabrication techniques have enabled 
development of miniaturized sensor systems suitable for 
point-of-use testing and continuous monitoring. Novel 
electrode materials including carbon nanotubes, 
graphene, and nanostructured metals have improved 
sensitivity, selectivity, and stability. Advanced data 
processing algorithms have enhanced signal extraction 
from complex electrochemical responses, expanding the 
range of analyzable compounds. 

The underlying principles of electrochemical 
methods involve the study of charge transfer processes 
occurring at the electrode-solution interface. When an 
electrode is immersed in an electrolyte solution 
containing an electroactive species, a potential difference 
develops at the interface. This potential, and the resulting 
current when the circuit is completed, are influenced by 
the nature and concentration of the electroactive species. 
 Electrochemical methods can be broadly 
classified based on the electrical parameter being 
controlled or measured. Potentiometric methods measure 
potential difference under essentially zero-current 
conditions, providing information about ion activities in 
solution. Voltammetric and amperometric techniques 
control potential while measuring the resulting current, 
offering insights into oxidation-reduction processes and 
analyte concentrations. Conductometric methods assess 
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the ability of solutions to conduct electrical current, 
reflecting total ionic content. 

The selection of an appropriate electrochemical 
technique depends on several factors including the nature 
of the analyte, required sensitivity and selectivity, sample 
matrix complexity, and available instrumentation. Often, 
multiple electrochemical approaches may be employed 
complementarily to provide comprehensive 
characterization of pharmaceutical samples. 

 

POTENTIOMETRY 
otentiometry measures the potential difference 
between electrodes under essentially zero-
current conditions. The relationship between 

potential and ion concentration follows the Nernst 
equation: 

E = E° + (RT/nF)ln(aion) 
Where: 
E = Measured potential 
E° = Standard electrode potential 
R = Gas constant 
T = Temperature 
n = Number of electrons 
F = Faraday constant 
aion = Ion activity 
Potentiometry represents one of the oldest and most 

well-established electrochemical techniques, with its 
theoretical foundations firmly rooted in thermodynamic 
principles. The fundamental premise involves measuring 
the potential difference that develops between two 
electrodes immersed in the sample solution under 
conditions where negligible current flows through the 
cell. This potential difference provides direct information 
about the activity of specific ions in solution, making 

P 
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potentiometry a powerful tool for quantitative analysis. 
The cornerstone of potentiometric theory is the Nernst 

equation, which mathematically describes the 
relationship between electrode potential and the activity 
of the ion being measured. For a general redox half-
reaction: Ox + ne⁻ ⇄ Red, the Nernst equation takes the 
form: 

E = E° + (RT/nF)ln(aOx/aRed) 
In the context of ion-selective electrode measurements 

for a specific ion Mn+, this simplifies to: 
E = E° + (2.303RT/nF)log(aMn+) 
At standard laboratory temperature (25°C), the 

equation can be expressed in a more practical form: 
E = E° + (59.16/n)log(aMn+) mV 
This equation demonstrates that for every 10-fold 

change in ion activity, the potential changes by 59.16/n 
millivolts. For monovalent ions like Na+ or Cl-, this 
corresponds to approximately 59 mV per decade 
concentration change, while for divalent ions like Ca2+, it 
represents about 29.5 mV per decade. 

A critical conceptual distinction in potentiometry 
involves understanding that electrodes respond to ion 
activity rather than concentration. Activity (a) and 
concentration (c) are related through the activity 
coefficient (γ): a = γc. In dilute solutions, activity 
coefficients approach unity, making activity essentially 
equal to concentration. However, in pharmaceutical 
samples with higher ionic strengths, significant deviations 
occur. Modern potentiometric methods address this 
through either working in constant ionic strength 
environments where activity coefficients remain 
consistent, or by constructing calibration curves using 
standards with matrices similar to samples, effectively 
incorporating activity effects into the calibration. 

The potentiometric cell consists of two essential 
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electrodes: the indicator (or working) electrode, which 
develops a potential dependent on the analyte ion 
activity, and the reference electrode, which maintains a 
constant potential regardless of solution composition. The 
measured cell potential represents the sum of several 
potential contributions including the indicator electrode 
potential, reference electrode potential, liquid junction 
potential, and any additional potential sources in the 
measurement circuit. Careful cell design and 
standardization procedures minimize or account for these 
additional potential sources to ensure accurate 
measurements. 

For ion-selective electrodes, the potential-determining 
process occurs at the interface between the ion-selective 
membrane and the sample solution. The membrane 
contains sites that selectively interact with the target ion, 
establishing an equilibrium distribution of this ion 
between the sample and membrane phase. This 
distribution creates a potential difference proportional to 
the logarithm of the ion activity, following Nernstian 
behavior. 

The slope of the electrode response (mV per decade 
concentration change) provides critical information about 
electrode performance. A perfectly functioning electrode 
for a monovalent ion should display a slope of 59.16 
mV/decade at 25°C. Deviations from this theoretical slope 
may indicate electrode aging, interference effects, or 
membrane deterioration. Most practical applications 
consider slopes between 55-60 mV/decade as acceptable 
for monovalent ions, with proportionally adjusted ranges 
for multivalent ions. 

Temperature exerts a significant influence on 
potentiometric measurements through its direct presence 
in the Nernst equation. The factor RT/F is directly 
proportional to absolute temperature, resulting in 
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approximately 2% change in slope per degree Celsius. 
Modern potentiometric instruments incorporate 
temperature sensors and automatic compensation 
algorithms to account for this effect. 

The detection limit of potentiometric sensors depends 
on several factors including membrane composition, 
interfering ions, and measurement system noise. 
Theoretical lower detection limits are often determined by 
the presence of interfering ions that may create a 
competing response. For many pharmaceutical 
applications, practical detection limits typically range 
from 10-5 to 10-6 M, though specialized electrodes may 
achieve lower limits. 

Response time represents another important 
theoretical consideration in potentiometry. The time 
required to achieve a stable reading depends on 
numerous factors including membrane composition, 
thickness, analyte concentration, stirring efficiency, and 
temperature. Theoretical models describe this as a 
diffusion-controlled process, with logarithmic approach 
to equilibrium potential. For pharmaceutical applications, 
response times from seconds to minutes are typical, with 
lower concentrations generally requiring longer 
equilibration periods. 

Ion-Selective Electrodes (ISEs) 

Types and Characteristics 
Glass membrane electrodes represent the oldest and 

most widely used type of ion-selective electrode, with the 
pH electrode being the most common example in 
pharmaceutical laboratories. These electrodes consist of a 
thin glass membrane containing metal oxides (typically 
SiO2, Na2O, CaO) in specific proportions that create 
selective binding sites for hydrogen ions. The glass 
composition can be modified to enhance selectivity for 
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other ions including sodium, potassium, and lithium. 
Glass membrane electrodes offer excellent selectivity, 
stability, and reproducibility for their target ions, making 
them indispensable for pharmaceutical pH measurements 
and quality control. Their limitations include fragility, 
relatively slow response at low temperatures, and 
potential alkaline errors at high pH values where sodium 
ions can interfere with the response. 

Solid-state electrodes employ crystalline or 
polycrystalline inorganic materials as the ion-selective 
membrane. These materials contain mobile ions within a 
rigid crystal lattice, creating sites for selective ion 
exchange with the sample solution.  

Common examples include silver halide electrodes 
(Ag/AgCl, Ag/AgBr) for halide determination, lanthanum 
fluoride (LaF3) for fluoride measurements, and silver 
sulfide (Ag2S) alone or in combination with other sulfides 
for measuring ions like Cu2+, Pb2+, or Cd2+. Solid-state 
electrodes typically offer excellent selectivity, long 
operational lifetime, and resistance to harsh chemical 
environments. In pharmaceutical analysis, these 
electrodes find applications in raw material testing, 
counterion determination, and stability studies. Their 
main limitations include potential surface poisoning and 
somewhat slower response compared to other electrode 
types. 

Liquid membrane electrodes contain an organic ion-
exchanger or neutral carrier dissolved in a hydrophobic 
solvent, retained in a porous polymer support between 
the sample and internal reference solutions. The ion-
exchanger selectively binds the target ion, facilitating its 
transport across the membrane and generating a potential 
difference proportional to ion activity. 
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