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logical developments can also be determined using analytical chemistry. The field 
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related principles and theories with a practical approach. This advancement makes 
it easier for chemists to analyze their studies deeply for optimum utilization of 
materials in various areas.

This edited book is for researchers, postgraduate students, and all those associated 
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Chapter 1

Advances in Derivative
Voltammetry - A Search for
Diagnostic Criteria of Several
Electrochemical Reaction
Mechanisms
Myung-Hoon Kim

Abstract

Newmethods for analysis of current-potential curves in terms of their derivatives
are presented for studying various types of electrode processes – such as simple elec-
tron transfer reactions (reversible, quasi-reversible, and irreversible electron transfer)
aswell as chemically coupled electron transfer reactions alongwith a diagnostic scheme
for differentiating these various types of electrochemical reaction mechanisms.
Expressions for first- and higher order derivatives are derived from theoretical analyt-
ical solutions for currents for the different types of electrodemechanisms. The deriva-
tive curves are analyzed in terms of various parameters which characterize peak shape
or peak symmetrywith an emphasis on the second derivativeswith well-defined anodic
and cathodic peaks. Second derivatives can yield, in a simpler manner, the symmetry
ratios; i.e., a ratio of anodic to cathodic peak-currents (ip

a/ip
c), and a ratio of anodic to

cathodic peak-widths (Wp
a/wp

c) and a ratio of anodic to cathodic peak potential
differences (ΔEp

a/ΔEp
c) or a peak separation (Ep

a-Ep
c) are evaluated, and these ratio

can be related to kinetic parameters associated with a particular types of electrode
mechanisms. Peaks are found to be symmetrical for a simple reversible electron trans-
fer process (Er). However, peaks become asymmetricalwhen the electron transfer
become slower (namely, irreversible, Eirr) or e

� transfer reaction is coupled with
homogeneous chemical reactions such as a prior reaction (CEr) or a follower-up reac-
tion (ECr). Frommeasured values of such symmetry ratios above, one can gain insight
to the nature of the electrochemical systems enabling us to determine various kinetic
parameters associated with a system. A diagnostic criteria for assigning an electrode
mechanism is devised based on the values of asymmetry parameters measured, which
are unity for a simple reversible electron transfer process.

Keywords: Derivative Voltammetry, Electrochemical Reaction Mechanism,
Electrode Kinetics, Reversible, Quasi-reversible, and Irreversible Electron Transfer,
Chemically Couple Electron Transfer, Diagnostic Criteria for Electrode Processes

1. Introduction

The aim of this Chapter is several folds (1) to provide a brief background on the
derivative approach in measurements and its various applications in science and
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engineering fields, (2) to review some of our research work on advances on deriv-
atives voltammetry (DV) which have been scattered among dozens of different
journls and conference presentations/proceedings in the past, together with addi-
tional new findings and development which have not been published yet, (3) to
analyze and compare those characteristic results from each of different electro-
chemical reaction mechanisms, and to construct a master table of diagnostic criteria
for differentiating various types of the electrode mechanisms. Namely, as the sub-
title indicates, the primary goal of the project is, utilizing derivative voltammetry,
to invent a general criteria for differentiating various types of electrode processes,
in order to complement other methods such as cyclic voltammetry(CV), which is
the most popular one, or Cyclic Square-Wave Voltammetry (CSWV).

1.1 Backgrounds

Derivatives approaches in analyzing data signals, have attracted much interests
producing numerous research articles in the past [1–32]. Although earlier
pioneering reports on the derivative approach in electrochemistry are found in the
reference sections in our previous reports in electronalyticalchemistry [11–15], the
approach with derivatives is not only limited to electrochemical methods but also
have extended to other various fields of science and engineering [23–27, 33]. These
reviews and earlier articles introduces basics of the method and techniques of signal
processing [2–4, 28, 34], as applied to spectroscopic and spectrophotometric data
[2–9, 34], electrochemical data [10–21], and other signals from seismic data [23]
and data from biomechanics measurements [24–27, 33]. Several group [3, 6]
extended the derivatives to as high as fourth order for enhanced peak resolutions.
For example, a single broad peak of UV absorption spectrum from a ternary mix-
ture of amino acids (phenylalanine, tyrosine and tryptophan), were separated and
resolved in its second and fourth derivatives [3]; the physiological states of certain
algae have been assessed from an analysis of 4th derivative of absorption spectra of
chlorophyll a and b [6]; a second order derivatives of an IR spectra of a DNA in
malignant tissues exhibits some differences from those of a normal one [7]. The
ever increasing interests in the derivative approaches in analysis of signals stem
from (a) the information hidden behind in the raw data can be easily exposed from
analysis of finer features emerged in the shapes of derivatives, the higher order the
more the revelation, and (b) the technical advances in digital signal enhancing
methods [2, 14, 15, 23–29, 34] that improve the S/N ratio which was not possible
from analog instruments. A review of signal processing in electrochemistry with an
introduction of software packages and extensive references therein by Jakubowska
[29] may provide further assistance for interested readers.

In the field of electrochemical analysis, the derivative approach has been applied
to potentiometric [10, 16] as well as to voltammetric measurements [10–22] with
the enhanced resolution and better signal-to-noise (S/N) ratios.

More recent applications for derivative techniques have also been reported for
analysis of oxidation of methanol [21], for improved quantification of ill-defined
peaks in determining Pt in water and sediments [35], for analysis of alloxan [36],
and for quantitation of naringin, an antioxidant [37].

1.2 Application to study of electrochemical reaction mechanisms

Most reports of derivative approach on electrochemical system has been for its
application in chemical analysis [10, 19, 20] while only few groups have attempted
to apply the approach to the study of kinetics of electrode reactions [11–18, 21, 22].
Elucidation of electrochemical reaction mechanisms on electrode surface is not only
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important in developing electroanalytical methods for determining an analyte in a
system but also devising effective electrochemical energy storage cells and other
applied fields of engineering.

1.2.1 Drawbacks of cyclic voltammetry

As far as method of studying electrode reaction mechanisms concerned [1, 38],
the cyclic voltammetry (CV) has been dominant in the field [39–41]. However, we
have developed this new derivative approach to investigate electrode kinetics
[11–15] in order to help in elucidating electrochemical reaction mechanisms: this is
because CV has drawbacks of complications arising from the interference of the
capacitive current to charge the electrical double layer at the interface; as results
those peaks from CV are not purely Faradaic, and giving problems associated with
defining/evaluating peak currents (ip), and peak potentials (Ep) and peak widths
(Wp). In present work, currents are taken in normal pulse voltammetric (NPP)
mode by sampling the current near the end of a pulse in order to minimize the non-
Faradaic currents: then, first-, second-, and third- derivatives are taken from the
NPP data.

1.2.2 Several common types of electrochemical systems

The electrochemical systems under present investigation includes the simple
electron transfer process; the reversible electron transfer reaction (Er type of
mechanism), and quasi-reversible (Equasirev type) and irreversible (Eirr type) elec-
tron transfer [11, 15], and chemically coupled e� transfer processes with a prior
chemical equilibrium (CEr type) [12, 13, 42] as well as those with a post-kinetic
process (ErC type) [14] all on a planar electrode. The observed currents may be
influenced by the heterogeneous kinetic constants for an electron transfer reactions
(i.e., the transfer coefficient, α, and heterogeneous rate constant, ko) for Eirr and
Equasirev type of processes [15], as well as the homogeneous rate constant (k) and
equilibrium constant (Keq) for ErC or CEr type of processes [13, 14]. In this study,
the effects of these various kinetic variables on the current and it’s derivatives are
also investigated.

1.2.3 Experimental measurements of derivatives

The theoretical voltammogram (zeroth-order derivative) is basically to emulate
a normal pulse voltammogram (NPV) obtained with a normal pulse mode from an
electrochemical analyzer with a DME or HMDE or SMDE (static mercury drop
electrode) [11]; typically, with a pulse period of 1.000 s, pulse width of 50 ms,
current sampling time of 33 ms, and scan rate of 1 mV/sec or 2 mV/s with a
commercial electrochemical analyzer such an instrument as BAS-100 and Tacussel
PRG-5 Pulse Polarograph. In calculation of theoretical currents, the original cur-
rents are normalized by dividing them with the diffusion controlled current (id) to
obtain a dimensionless currents.

1.3 Basic scheme with symmetry in the peaks associated with derivative
voltammetry and definitions of various parameters from the plots of
currents and it’s derivatives

Please refer to the Figure 1 for the definitions of all the dependent variables
associated with the current-potential curve (zeroth order derivative) and it’s first,
second and third derivatives. All measured variable and derived variables associated
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with current and the derivatives are listed in Table 1 along with those values for a
reversible e- transfer process, which is the most simple type [15].

1.3.1 Symmetry parameters

A quantitative measure of symmetry in the original current are not readily avail-
able, but can be found indirectly (and inconveniently) from a ratio of difference in
several potentials defined from an original voltammogram (zeroth order
deivatives): namely, a quarter-wave potentials (E1/4, at which a current reaches a
quarter of the diffusion current, id), half-wave potentials (E1/2 or Eh) and a three-
quarter-wave potentials, E3/4, at which a current becomes (3/4)id); then a ratio of
an anodic to cathodic quarter-wave potential differences from a half-wave poten-
tials (i.e., ΔEq

a/ΔEq
c = (E1/2-E1/4)/(E1/2-E3/4) = Rq

o) is calculated. It is very limited.
However, measurements of symmetry parameters from the first derivatives are

much easier than those from the oignal current, yielding a variety of (half a dozen)
of variables. Namely, in addition to that based on peak potential differences (with
respect to Eo), a peak current, half-peak width and anodic and cathodic and
quarter-peak widths, and a ratio of anodic to cathodic quarter-peak width
(Rw

1 = Wq
a/Wq

c) are also available. The second derivative can be characterized by
more (about ten) variables, such as peak potentials and their ratio (RΔE

2 = ΔEp
2a/

ΔEp
2c), peak currents and their ratio (Ri

2 = |ip
2a/ip

2c|), and half-peak widths and a
ratio of anodic to cathodic half-peak widths (Rw

2 = W½
2a/W½

2c). For the third
derivative, with appearance of an additional third peak, the number of variables
doubles to about twenty: three peak potentials, the differences among them, and

Figure 1.
Normal pulse voltammograms (A) and their higher order derivatives: 1st order (B), 2nd order (C), and 3rd
derivatives (D). Several important experimental variables (parameters) such as peak-potentials, peak-currents
and peak-widths are defined on the graph,, for two different electrode mechanisms; (1) for a simple Erev type
mechanism (solid lines), and (2) for a reversible electron transfer coupled with a follow-up chemical reaction
ErC type mechanism (dotted line). Potentials (x-axis) are with respect to a formal potential, Eo, or E1/2 for the
Erev reaction. Calculated for T = 298 K and t = 0.952 s. the currents are normalized with respect to the diffusion
currents and dimensionless; thus, the unit of first derivatives is V�1, second derivatives is V�2, third derivatives
is V�3.Note: For the original currents (A), only the half-wave potential (E1/2) is graphically defined. Graphic
definitions of the quarter-wave potential (E1/4) and three-quarter-wave potential (E3/4), are omitted in order
to make the figure simple.
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three peak currents an their ratios, and three half-peaks widths and their ratios.
Among the ratios from third derivative, the ratio of anodic to cathodic peak poten-
tial difference (RΔE

3 = ΔE3a/ΔE3c), the anodic to cathodic peak currents ratio
(Ri

3 = ip3a/ip3c), and a ratio of anodic to cathodic half-peak widths (Rw
3 = W½

3a/
W½

3c) are most notable. All of these ratios are particularly noticeable being utilized
as symmetry parameters: and all of these values of symmetry parameters are unity
(1.00) for an Er type. Unlike Er that exhibits a well-defined perfect symmetry in the
derivative curves, these parameter values become no longer unity for other type of
slower electron transfer mechanisms (Eirr, and Equasirev) or a fast e

� transfer reac-
tion (Erev) is chemically coupled homogeneously (namely, CEr and ErC type),
introducing asymmetry in those curves.

As far as analysis of the derivatives concerned, most of the work have dealt with
only the linear diffusion (on a planar electrode) or semi-infinite liner diffusion (on
DME, or SMDE), not with spherical diffusion (on a spherical electrode), even

Parameters Definitions Er Parameters Definitions Er

Current 3rd Der.

E1/4 (mV) +28 Ep
3a (mV) 59

E1/2 (mV) 0 Ep
3m (mV) 0.00

E3/4 (mV) -28 Ep
3c (mV) -59

ΔEq
a (mV) E1/4-E1/2 28 ΔE3

p (mV) Ep
3a-Ep

3c 118

ΔEq
c (mV) E1/2-E3/4 28 ΔE3

a (mV) Ep
3a-Ep

3m 59

ΔEh
0 (mV) E1/4-E3/4 56.4 ΔE3

c (mV) Ep
3m-Ep

3c 59

Rq
0 ΔEq

a/ΔEq
c 1.0 RΔE

3 ΔE3a/ ΔE3c 1.00

1st Der. ip
3a 2461

ΔE1
p (mV) Ep-E

o 0.0 ip
3m -7382

Ri
1 ip/id 9,7 ip

3c 2461

W½ (mV) 90.5 Ri
3 ip

3a/ip
3c 1.00

Wq
a (mV) 45.3 Ri

3a |ip
3a/ip

3m| 0.32

Wq
c (mV) 45.3 Ri

3c |ip
3c/ip

3m| 0.32

Rw
1 Wq

a/Wq
c 1.00 W½

3a (mV) 54

2nd Der. W½
3m (mV) 41

Ep
2a (mV) 34 W½

3c (mV) 54

Ep
2c (mV) -34 Rw

3 W½
3a/W½

3c 1.00

Ep
2 (mV) Ep

2a-Ep
2c 68 Rw

3a W½
3a/W½

3m 1.32

RΔE
2 ΔEp

2a/ΔEp
2c 1.00 Rw

3c W½
3c/W½

3m 1.32

ip
2a 14

ip
2c -14

R i
2 |ip

2a/ip
2c| 1.00

W½
2a (mV) 64

W½
2c (mV) 64

Rw
2 W½

2a/W½
2c 1.00

Table 1.
Definitions of original and derived parameters and the values for the simple reversible e� transfer reaction.
Calculated for n = 1 and at 298 K.
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though there are many studies on the original currents (not derivatives) with
spherical electrodes from earlier days of polarographic/voltammetric works as given
in general monographs [30, 38, 43, 44] as well as in articles on particular systems
and methods [45–55]. These include studies on EC mechanisms [45, 46], CE mech-
anisms [46, 47, 54], on various pulse polarographic methods [48, 55], on DC
polarography [49], on AC polarography [72], on cyclic voltammetry [51], on cata-
lytic EC mechanism with the square-wave voltammetry [52], on a double potential
method [53] and on DPV at spherical and microelectrodes [56].

1.3.2 Effects of electrode sphericity

Current-potentials curves depends not only on types of the electrode mecha-
nisms but also shape (geometry) of electrodes. However, present study focuses on a
planar electrode with a linear diffusion. The effect of electrode sphericity can be
minimized on planar electrode in pulse or ultrafast voltammetry because the diffu-
sion layer thickness near the electrode is also depend on the duration of the applied
potentials [43]: with application of short pulses, diffusion onto a spherical electrode
(for cases with DME, HMDE, and SMDE) is approximated to a linear diffusion by
minimizing the diffusion layer thickness, Nevertheless, effects of electrode sphe-
ricity on the derivatives of currents have been addressed by other groups [18, 54, 56]
and author’s group [31, 32]. Recently, Molina and coworkers [18] took a different
approach that examine the dependence of peak-potentials (Ep) and peak-currents
(ip) in first derivatives on the dimensionless rate constant (χ = kτ) and on the
dimensionless electrode sphericity (ξ = (Dt)1/2/r); and found that, as the sphericity
increases, the peak-potentials (Ep) moves towards more negative potentials for EC
and moves oppositely towards more positive potentials for CE mechanism, while
peak currents (ip) for both types of mechanisms decreases. As far as DV concerned,
our recent work [31, 32] show that even slower electron transfer processes exhibits
symmetry when electrode sphericity increases: this suggess that planar electrode is
much more effective than the spherical electrode with the present DP method.

1.3.3 Similar analysis from differential pulse polarography (DPP)

Our group has adopted a different approach focusing on the analysis of peak
shapes in terms of symmetry parameters as reported in our earlier studies on the first-
and higher- order derivatives [12–15, 42], instead of examining shifts in peak
potentials and changes in the magnitude of peak currents which is adopted by the
other group [18, 54, 56]. Namely, in our previous studies [57–61], we have intro-
duced the approach of analyzing peak asymmetry found in the differential pulse
polarography/voltammetry (DPP/DPV): namely, the differential pulse
voltammograms can be viewed as a pseudo-derivative of the i-E curve which is
emulated mechanically and/or electronically with the voltammetric/polarographic
analyzer. In the earlier works, two peaks are generated from DPP; namely, a
cathodic peak generated from a reduction process with a pulse going with the same
direction as the scan direction (with a pulse amplitude of ΔE = -50 mV), and an
anodic peak generated with a pulse going against the scan direction (with
ΔE = +50 mV) to drive oxidation of reduced species back to the oxidized form, then
the two peaks are compared and analyzed. In the original normal pulse program, the
currents are assigned as positive for the reduction process. In the derivative
voltammetry, however, if values of the derivative are positive or the peak appears
in more positive potentials, it is labeled as “anodic”, if the values are negative, or the
peak appears in more negative potentials, it is labeled as “cathodic” regardless of
actual redox reaction occurring on the electrode surface, following the previous
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convention [12–15, 42]. In addition to the analysis of peak in term of peak-currents
and peak-potentials [57–60], an analysis in terms of half-peak-widths was intro-
duced later [61]. In present study a focus is given more to the second derivative
because (a) it generates two well-defined peaks of anodic and cathodic that parallel
to two peaks of DPP, (b) it is more sensitive and practical than first derivative
which has only one peak and fewer visible parameters, and (c) it is less complicated
and more practical than third derivative even though it is less sensitive than the
third derivative.

1.3.4 Other approaches for diagnostic criteria with cyclic square-wave voltammetry
(CSWV)

Cyclic square-wave voltammetry (CSWV), which is an extension of SWV
[62–65], has been adopted by Bottomley group [66–70]. Like pulse voltammetric
techniques, SWV is effective in removing the interference from the capacitive
current that is inherent in cyclic voltammetry(CV). SWV, like DPV, is a pseudo-
derivative technique in which a derivative-shaped peak is obtained from the current
with electronic control of input of square-wave potentials and current sampling
times [62]. Diagnostic criteria as a tool for studying electrode mechanisms based on
CSWV scheme have been investigated by the group for reversible [66] and quasi-
reversible [67] processes, EC type [68], ECE type [69], CE type [70] mechanisms,
and other non-unity stoichiometric cases [71]. Basically, the impact of experimental
SW parameters - such as pulse heights (or amplitude), step heights (or potential
increments), switching potentials, and period – on the peak-currents, peak-
potentials and separations, peak-widths were examined. It was found that those
observed peak-related quantities changes characteristically according to each par-
ticular types of the electrochemical mechanisms, which make it feasible to be
utilized as diagnostic parameters.

2. Theory

2.1 Advantages of derivative approach

In general, original signals (y) from a measurement can be given in a polyno-
mials of a dependent (x) variable:

y ¼ axn þ bx n�1ð Þ þ cx n�2ð Þ þ � ��þ fx2 þ gxþ h

Taking its firstst derivative of a signal above removes a constant component (h)
which represent a background process yielding the signals, and taking 2nd deriva-
tive removes a linear component (gx term) which represent a secondary process for
a signal component, thus revealing the hidden higher order processes. In other
words, from these operations, (a) undesired components in the signal (a constant
term, a linier component, and quadratic component) can be removed successively
upon repeated differentiations) leaving higher order terms only. Thus, upon differ-
entiations, changes (in- or de-creases) in the signal can be developed to yields peaks
which were hidden behind the original signal; hence the better-defined peaks,
makes the analysis of curve much easier than the original curves; thus revealing
concealed features in the original function. Basically, higher order non-linear com-
ponents in the function (original signals) transforms into peaks in the process of
differentiations.
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2.2 Peak currents, peak potentials, and peak widths and the ratios

Theoretical expressions for the first- second- and third- derivatives of current-
potential curves were analytically derived from successive differentiations of the
original current expression (i.e., zeroth order derivative) obtained; then the deriv-
atives as function of potential were computed and plotted. The raw and derived
parameters (Figure 1) for the simple reversible process (Erev), calculated from the
theoretical equations (Eq. 1–21; refer to Section 3.1.1) for lower order derivatives
and those values given in the last column of Table 1; this analytical approach
requires only a pencil and papers. However, for third derivatives for Erev and all
derivatives for other types (Eiir, CEr, and ErC), it is difficult to derive analytical
solutions (equations) to calculate values of the parameter. Thus, numerical
approaches had to be employed; namely, the values of a parameter as a function of
an independent variable (such as a rate constant, k) had to be plotted on a graphs
first, then a possible value or ranges of values were read from the graphs, and an
equation for the relationships to calculate the parameters had to be found from such
graphs, and this numerical approach requires much of computations, graph papers
and a ruler. Those values of parameters, found analytically or numerically/
graphically are summarized (refer to the results sections for details) in Table 2 for
four types of the mechanisms for comparisons.

2.3 Obtaining theoretical derivatives for various types of electrode
mechanisms - analytical method vs. numerical (digital) method

Theoretical equations for first, second and third derivatives for irreversible (and
quasi reversible) processes are obtained with successive differentiations of analytical
expressions of the current [15]. The derivatives of the CE type of mechanism are
obtained with successive differentiations in a similar fashion [12, 13, 42]. Whenever
possible, analytical solutions are sought after first because it is computationally less
expensive. Numeral differentiations had to be adopted when analytical solution cannot
be found. Thus, the analytical solutions of current expression and it’s first derivative
for the EC type of mechanisms are so complicated that analytical differentiations for
the second and third derivatives were practically impossible [11, 14], numerical dif-
ferentiations had to be adopted [14]. A value of ΔE = 1.0 mV was used for a finer
resolution for all curves. The differentiation methods are summarized in Table 3.

3. Results and discussions

3.1 Derivation of the original current expression for various types of electrode
mechanisms

3.1.1 Simple reversible electron transfer reaction (Erev or Er)

A theoretical current (i) as a function of the applied potential (E), under semi-
infinite linear diffusion, is expressed by the following relationship for a simple
reversible electron-transfer process [1, 38]

Oþ ne� ! R Nernstianð Þ (1)

i Eð Þ ¼ id 1= 1þ eð Þ½ � (2)
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Parameters Definitions Er Eirr ErC CEr

Current E1/4 (mV) +28 <28 (-205)

E1/2 (mV) 0 <0 (-253) >0 <0

E3/4 (mV) -28 <-28 (-295)

ΔEq
a (mV) E1/4-E1/2 28 >28 (48) <28 >28

ΔEq
c (mV) E1/2-E3/4 28 >28 (42) <28 >28

ΔEh
0 (mV) E1/4-E3/4 56.4 >56.4 (90) <56.4 >51.5, <56.4

R0
qw ΔEq

a/ΔEq
c 1.0 >1.00 (1.14) >1.00 <1.00

Ri
0
(normalized o Er) 1.0 <1.0 (0.64) 1.0 <1.0

1st Der. ΔE1
p (mV) Ep-E

o 0.0 <0.0 (-265) >0 <0.0

ip 9.6 <9.6 (6.4) >9.6 <9.6

Ri
1
(normalized o Er) 1.00 <1.00 (0.67) >1.00 <1.00

W½ (mV) 90.5 >90.5 (143) <90.5 <90.5

Wq
a (mV) 45.3 >45.3 (80) <45.3 >42, <45.3

Wq
c (mV) 45.3 >45.3 (63) <45.3 >40, <45.3

Rw
1 Wq

a/Wq
c 1.00 >1.00 (1.27) > 1.00 <1.00

2nd Der. Ep
2a (mV) 34 <34 (-210) < 34 > 34

Ep
2c (mV) -34 <-34 (-319) <-34 >-34

ΔEp
2 (mV) Ep

2a-Ep
2c 68 >68 (108) < 68 >59, <68

RE
2 ΔEp

2a/ΔEp
2c 1.00 <1.0 (0.66) >1.0 >1.0

ip
2a 14 >14 (51) > 14 >10

ip
2c -14 <14 (-72) >-14 >10

R i
2 |ip

2a/ip
2c| 1.00 <1.00 (0.71) >0.71, <1.00 >1.0, <1.25

W½
2a (mV) 63 >63 (111) >50, <63, <63

W½
2c (mV) 63 >63 (81 ) > 35, <63 <63

Rw
2 W½

2a/W½
2c 1.00 >1.00 (1.37) >1.00, <1.45 <1.0

3rd Der. Ep
3a (mV) 59 <59 (-165) >59 >-180

Ep
3m (mV) 0.00 <0.00 (-275) >0.00 >-230

Ep
3c (mV) -59 <-59 (-353) >-59 >-300

ΔE3
p (mV) Ep

3a-Ep
3c 118 >118 (188) <118 <118

ΔE3
a (mV) Ep

3a-Ep
3m 59 >59 (110) <59 <59

ΔE3
c (mV) Ep

3m-Ep
3c 59 >59 (78) <59 <59

RΔE
3 ΔE3a/ ΔE3c 1.00 >1.00 (1.41) >1.0, <�1.6 <1.00

ip
3a 2461 <2641 (449) <3692 <2461

ip
3m -7382 >-7382 (-1961) >-15500 >-7382

ip
3c 2461 <2461 (1061) < 8367 <2461

Ri
3 ip

3a/ip
3c 1.00 <1.00 (0.42) >0.4, <1.0 >1.0, <1.27

Ri
3a |ip

3a/ip
3m| 0.32 <0.32 (0.22) >0.2, <0.32 >0.32, <0.36

Ri
3c |ip

3c/ip
3m| 0.32 >0.52 (0.52) >0.32,<0.60 >0.28,<0.32

W½
3a (mV) 54 >54 (102) >50, <54 >42.5, <54

W½
3m (mV) 41 >41 (64) >32, <54 >35, <41
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id ¼ nFADo
1=2Co= πtð Þ1=2 the diffusion‐controlled currentð Þ (3)

e ¼ exp nFE=RTð Þ (4)

and E is an applied potential with respect to the reversible polarographic half-
wave-potential, E1/2 (rev) or Eh. Other parameters and variables have their usual
meanings. Eq. 2 is derived assuming DO = DR. Successive differentiations of Eq. 2
with respect to E yields [15].

i0 Eð Þ ¼ �id nF=RTð Þ e= 1þ eð Þ2
h i

(5)

i} Eð Þ ¼ �id nF=RTð Þ2 e e� 1ð Þ= 1þ eð Þ3
h i

(6)

i}0 Eð Þ ¼ �id nF=RTð Þ3 e e2 � 4eþ 1
� �

= 1þ eð Þ4
h i

(7)

Examination of Eq. 2 reveals that

i �Eð Þ ¼ id � i Eð Þ (8)

i 0ð Þ ¼ id=2 (9)

This implies that the i-E curve (solid line, Figure 1A) is symmetrical with respect to
its inflection point (0, id/2).

Parameters Definitions Er Eirr ErC CEr

W½
3c (mV) 54 >54 (63) >32, <42 >50, <54

Rw
3 W½

3a/W½
3c 1.00 >1.00 (1.62) >1.0, <1.7 >1.00,<1.19

Rw
3a W½

3a/W½
3m 1.32 >1.32 (1.60) >1.3, <1.6 >1.19,<1.32

Rw
3c W½

3c/W½
3m 1.32 <1.32 (0.98) >1.0, <1.3 >1.32, <1.43

Notes: (a) Calculated for n=1and T=298oK for the reversible e� transfer rection (Third Column).
(b) All values for the irreversible case were calculated for ko=1.0x10�5cm/s and αn=0.50;
For the case with αn 6¼ 0.50, these values are not restricted to the ranges given above. those values the parentheses are
calculated with ks=1.0x10

�5cm/s
(c) Values for quasi-reversible processes, calculated for αn=0.5, lie in between those for reversible processes and those
for irreversible processes, hence the column for quasi-reversible cases is omitted.

Table 2.
Comparisons of values independent variable and derived parameters for various mechanisms.

Types of Mechanisms Current
i

1sit Der.
i’

2nd Der.
i”

3rd Der.
i”’

di’/dE di”/dE di”’/dE

Er(rev) i di’/dE di”/dE di”’/dE

Eirr(irreversible) i di’/dE di”/dE di”’/dE

CEr (Prior Chemical) i di’/dE di”/dE di”’/dE

ErC(Post Chemical) i di’/dE Δi”/ΔE
(numerical)

Δi”’/ΔE
(numerical)

Table 3.
Methods of differentiation for various electrode mechanisms. Derivatives are obtained from the analytical
solutions of currents for each cases, except for i”, i”’ with the post kinetics system (ErC).

10

Analytical Chemistry - Advancement, Perspectives and Applications

3.1.1.1 For the first derivatives

Eq. 5 shows

i0 �Eð Þ ¼ i0 Eð Þ (10)

This means that the first derivative is symmetrical with respect to an axis E = 0
(Figure 1B, solid line). The value of the peak-width at a half-height for the revers-
ible process proved to be 90.5/n mV at 298 K [18]. A shape parameter from the first
derivative can be defined; the peak widths are divided into positive (anodic) and
negative (cathodic) parts to define two semi-peak widths (Wq

a and Wq
c,

Figure 1B) and their ratios. For a reversible process it was found [14].

W1=2 ¼ 90:5mV (11)

Wq
a ¼Wq

c ¼ 1=2ð ÞW1=2 ¼ 45:3=n mV at 298 K (12)

Wq
a=Wq

c ¼ 1 at any temperature (13)

3.1.1.2 For the second derivatives

One can examine the second derivative (i”), Eq. (6), to find

i} �Eð Þ ¼ �i} Eð Þ and i} 0ð Þ ¼ 0 (14)

Thus, the second derivative (Figure 1C, solid line) has the same symmetry as the
current with respect to its inflection point. One can define shape parameters W1/2

2a and
W1/2

2c which are the peak-widths for the anodic (positive) and cathodic (negative)
peaks in the second derivative. It should be pointed out that the adjectives “anodic”
and “cathodic” in this context are not related to the actual redox processes associ-
ated with the peaks. The two peak heights for the anodic, ip

2a, and the cathodic, ip
2c,

peaks are defined at two peak potentials, Ep
2a and Ep

2c, respectively (Figure 1C).
Following relationships are found for Er type.

1. Peak Potentials

Ep
2a � Ep

2c ¼ 68=n mV at 298 Kð Þ (15)

∣Ep
2a=Ep

2c∣ ¼ 1:00 (16)

2. Peak Currents

ip2a ¼ �ip2c (17)

∣ip2a=ip2c∣ ¼ l:00 (18)

3. Peak Widths

W1=2
2a ¼W1=2

2c ¼ 62:5=n mV at 298 Kð Þ or (19)

W1=2
2a=W1=2

2c ¼ 1:00 (20)

The peak-potentials in Eq. 15 can be found by solving i’“(E) = 0 (Eq. 7) for E.
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�id nF=RTð Þ3 e e2 � 4eþ 1
� �

= 1þ eð Þ4
h i

¼ 0 (21)

As given in the value of the unity (1.0) for those symmetry parameters (i.e.
anodic to cathodic peak-current ratios, anodic to cathodic half-peak-width ratios,
and anodic to cathodic peak potential ratios) for first or second derivatives, the
derivative curves are symmetrical.

3.1.1.3 For the third derivatives

It’s symmetry is the same as that of the first derivative, being symmetrical with
respect to E = 0. One can find the ranges of parameter values in similar fashion for
the third derivatives. Details of the work can be found elsewhere [15]: the key
findings on the peak potentials, peak current and half peak widths and the various
ratio for symmetry are given in Tables 1 and 2. It should be noted that all those
values for the anodic to cathodic symmetry parameters (those ratios Rs) are unity,
the same as in lower order derivatives.

As shown above, the values of parameters above for Er process are derived
analytically from the equations which are much simpler than others. However, for
an irreversible electron process (Eirr, or Equasirev) and chemically coupled electron
transfer reactions such as ErC and CEr, the expressions for the current and their
derivatives are so complicated that it is practically impossible to derive the values of
those parameters analytically by solving algebraic equation (Refer to later section).
Therefore, a numerical approach had to be adopted. Namely, (a) about 10 curves
for derivatives vs. potentials at various values of independent variables (the het-
erogeneous rate constant ko and αn for simple electron transfer; the homogeneous
constant Keq, kf, kb and k for chemically coupled electron transfer) had to be
calculated, (b) then, all those curves are plotted out, and (c) those plots are ana-
lyzed graphically by examining the curves carefully in order to obtain values or
equations (relationships) for those parameters.

3.1.1.4 Simple values of symmetry parameters of reversible electrochemical process (Er)

The symmetric relationship among the symmetry parameters are found from the
simple fast electron transfer process; namely, a reversible electron transfer (Erev, or
Er) type in which the electrode process is basically Nernstian. What will happen to
the shapes of voltammograms and its derivatives if the system involve non-
Nernstian behavior with a slower irreversible electron transfer rate (Eirr type), or
the electron transfer is coupled with a prior chemical equilibrium (CEr Type) or an
Er coupled with a follow-up chemical reactions (ErC). These studies have been
already done mostly and discussed in detail by our group [14]; to summarize, the
symmetry exhibited in the derivatives in Er disappears for the non-Nernstian elec-
tron transfer (i.e., irreversible) system. Namely, the asymmetry strongly depends
on those the electron transfer parameters (α and ko) for Eirr type, and the kinetic
parameters (i.e., k and Keq) for chemically coupled processes (CrEr and ErCirr

Type). In this work, comparisons are made for the symmetry parameters for the
different electrode mechanisms. Details are given in later sections for each of
corresponding mechanisms.

3.1.1.5 Reversibility in electrochemical reactions

In general, reversibility in electrochemical reactions is divided into three kinds
depending on the magnitude of the standard heterogeneous rate constant ko (or ks)
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with respect to the diffusion coefficient (D): an electron transfer reaction is consid-
ered reversible if e� transfer is much faster the diffusion (i.e., ko > > (D/t)1/2), and
irreversible if e� transfer is much slower the diffusion (ko < < (D/t)1/2) and quasi-
reversible if those competing rates are comparable (ko � (D/t)1/2).

In terms of values of ko, by adopting typical values of D (=5x10�5 cm2/s) and t
(=1.000 s).

reversible for ko > 0.020 cm/s,
quasi-reversible for 0.020 cm/s > ko > 5x10�5cm/s,
irreversible for ko < 5x10�5cm/s.
In the following sections, other types of processes than the simple reversible

process will be treated.

3.1.2 Theoretical expression for and the derivatives for Equasirev and Eirr types of electron
transfer

Currents (i) as a function of the applied potential (E) for non-Nernstian (i.e.,
irreversible and quasi-reversible) system with a slower electron transfer, have been
previously derived and given in several references [44, 54–56, 72, 73], and has final
forms of the following equations for a planar diffusion:

I ¼ nFACokf exp Q2t
� �

erfc Qt½
� �� �

(22)

assumed DR = DO = D.
All symbols have their usual meanings and may be refer to the reference for

details,
where,

Q ¼ kf þ kbð Þ=D½ (23)

kf ¼ ko exp �αnF E� Eoð Þ=RTf g (24)

kb ¼ ko exp 1� αð ÞnF E� Eoð Þ=RTf g (25)

E1=2 ¼ Eo þ RT=nFð Þ ln DR=DOð Þ½ ¼ Eo (26)

normalizing the current, Eq. (22), to the diffusion current, Eq. (3), yields

in ¼ πt=Dð Þ1=2kf exp Q2t
� �

erfc Qt½
� �� �

(27)

where,

F Qt1=2
� �

¼ exp Q2t
� �

erfc Qt½
� �

(28)

This normalized current, which is independent of the concentration and electrode
surface area, mostly is dependent on the heterogeneous rate constants (ko), the
transfer coefficient (α) and n, and the curve found to exhibit an asymmetry [15].

Successive differentiations of the current yield the following expressions for the
first-, second- and third- derivatives respectively [15]. Taking derivative of the
current with respect to potential (E) yields the first derivative,

i’ ¼ πt=Dð Þ1=2kf �nF=RTð ÞF Qt1=2
� �

þ 2Q ’ QtF Qt1=2
� �

� t=πð Þ1=2Þ
h ih

(29)
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depending on the magnitude of the standard heterogeneous rate constant ko (or ks)
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with respect to the diffusion coefficient (D): an electron transfer reaction is consid-
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reversible if those competing rates are comparable (ko � (D/t)1/2).
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(=1.000 s).
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irreversible for ko < 5x10�5cm/s.
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process will be treated.

3.1.2 Theoretical expression for and the derivatives for Equasirev and Eirr types of electron
transfer

Currents (i) as a function of the applied potential (E) for non-Nernstian (i.e.,
irreversible and quasi-reversible) system with a slower electron transfer, have been
previously derived and given in several references [44, 54–56, 72, 73], and has final
forms of the following equations for a planar diffusion:

I ¼ nFACokf exp Q2t
� �

erfc Qt½
� �� �

(22)

assumed DR = DO = D.
All symbols have their usual meanings and may be refer to the reference for

details,
where,

Q ¼ kf þ kbð Þ=D½ (23)

kf ¼ ko exp �αnF E� Eoð Þ=RTf g (24)

kb ¼ ko exp 1� αð ÞnF E� Eoð Þ=RTf g (25)

E1=2 ¼ Eo þ RT=nFð Þ ln DR=DOð Þ½ ¼ Eo (26)

normalizing the current, Eq. (22), to the diffusion current, Eq. (3), yields

in ¼ πt=Dð Þ1=2kf exp Q2t
� �

erfc Qt½
� �� �

(27)

where,

F Qt1=2
� �

¼ exp Q2t
� �

erfc Qt½
� �

(28)

This normalized current, which is independent of the concentration and electrode
surface area, mostly is dependent on the heterogeneous rate constants (ko), the
transfer coefficient (α) and n, and the curve found to exhibit an asymmetry [15].

Successive differentiations of the current yield the following expressions for the
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where

Q ’ ¼ �αnF=RTð Þkf=Do
1=2– 1� αð ÞnF=RTð Þkb=Dr

1=2 (30)

The analytical differentiations of i’ and expressions for the second- and third-
derivatives are more involved and given elsewhere [15]. Alternatively, it is also
possible to obtain second and third derivative curves from successive numerical
differentiations starting from the values of first derivative.

As shown above, the current expression for or an irreversible e�transfer and
quasi-reversible much complicated than that of reversible case, because the current
depends not only on the applied potential but also ko and αn which introduces much
differences in the peak shapes and peak symmetry. Comparisons of the cases are
made in Figure 2 for a contrast for Er and Eirr processes.

It can be readily seen from the curves that as the reduction becomes more
difficult (i.e., with smaller ko) (a) all curves shifts to negative (cathodic) direction
for the quasi-reversible and irreversible process, (b) the curves and peaks become
widened, and (c) the curve becomes asymmetric which is much pronounced in the
second and third derivatives although it is not readily seen from the current and its
first derivative. By analyzing the formula and the curves graphically, one can find
possible values and their ranges for the following variables or asymmetric parame-
ters listed on Table 1: such values of the irreversible process are summarized in
Table 2 along with those of the reversible process for comparisons.

3.1.2.1 For the first derivative

First derivative is obtained by differentiating Eq. (27) and (28), the details of
differentiation and the results were given elsewhere in original work [15] of the
author’s group: for the irreversible or quasi-reversible process, following relation-
ships are found from plots

Figure 2.
Comparison of currents (normalized at 100, black), and their first (blue), second (green), and third
derivatives (red). Those for a simple reversible electron transfer are given in solid lines on the left, and those for
an irreversible electron transfer reaction (with ko = 10�5 cm/s, n = 1, and α = 0.5 at T = 298 K) are in dotted
lines on the right. The derivatives were scaled appropriately in order to bring all of them in the same plotting
area: Scaling factors are given in the parentheses.
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1. Peak Potentials
It is found that the peak potential for totally irreversible process
(ko < 10�5 cm/s) is directly proportional to log (ko), shifting towards cathodic
direction as ko decreases for a given αn, and is inversely proportional to αn at a
constant ko [15].

Ep ¼ Eo þ 60:3ð Þ log koð Þ þ 165½ Þ� 1=αnð Þ mVð Þ (31)

<0 (because log(ko) is always negative for Eirr).

2. Peak Currents
The normalized peak heights is directly proportional to αn, decreasing from
9.6 (for Er) to 6.2 as ko decreases [15]

ip=id ¼ 12:3 αnð Þ � 6:2< 9:6 for αn ¼ 0:5 (32)

3. Peak-Widths.
The half-peak width (W½), the anodic half-peak width (Wq

a), and the
cathodic half-peak width (Wq

c) at 298 K for a totally irreversible reaction are
independent of ko, but inversely proportional to αn [15]

W½ ¼ 2:80 RT=Fð Þ 1=αnð Þ Vð Þ ¼ 72 1=αnð Þ mVð Þ
¼ 144 ðmVÞ > 90:4 ðmVÞ for αn ¼ 0:5 (33)

Wq
a ¼ 1:62 RT=Fð Þ 1=αnð Þ Vð Þ ¼ 41:7 1=αnð Þ mVð Þ
¼ 83:4 ðmVÞ >45:3ðmVÞ for αn ¼ 0:5

(34)

Wq
c ¼ 1:26 RT=Fð Þ 1=αnð Þ Vð Þ ¼ 32, 4 1=αnð Þ mVð Þ
¼ 64:8 ðmVÞ  >  45:3ðmVÞ for αn ¼ 0:5

(35)

Wq
a=Wq

c ¼ 1:28> 1:00 for all αn (36)

3.1.2.2 For the second derivative

Second derivative was obtained by differentiating the first derivative, Eq. (29).
The details of the derivation and the results are given elsewhere and following
relationships were found [15]:

1. Peak-Potentials and Peak Separation
Both peak potentials (anodic and cathodic) of the second derivatives for
totally irreversible processes (ko < 10�5 cm/s) are directly proportional to log
(ko) for a given αn, moving to cathodic direction as ko decreases, which is the
same trend as for Ep in the first derivative.

Ep
2a ¼ Eo þ 60:3ð Þ log koð Þ þ 201f g 1=αnð Þ mVð Þ (37)

Ep
2c ¼ Eo þ 60:3ð Þ log koð Þ þ 67f g 1=αnð Þ mVð Þ (38)

and Ep
2a-Ep

2c = 2.3(RT/F)(1/αn) = 0.0591(1/αn) (mV)

¼ 118 mV> 68mV for αn ¼ 0:5 (39)

15

Advances in Derivative Voltammetry - A Search for Diagnostic Criteria of Several…
DOI: http://dx.doi.org/10.5772/intechopen.96409



where

Q ’ ¼ �αnF=RTð Þkf=Do
1=2– 1� αð ÞnF=RTð Þkb=Dr

1=2 (30)

The analytical differentiations of i’ and expressions for the second- and third-
derivatives are more involved and given elsewhere [15]. Alternatively, it is also
possible to obtain second and third derivative curves from successive numerical
differentiations starting from the values of first derivative.

As shown above, the current expression for or an irreversible e�transfer and
quasi-reversible much complicated than that of reversible case, because the current
depends not only on the applied potential but also ko and αn which introduces much
differences in the peak shapes and peak symmetry. Comparisons of the cases are
made in Figure 2 for a contrast for Er and Eirr processes.

It can be readily seen from the curves that as the reduction becomes more
difficult (i.e., with smaller ko) (a) all curves shifts to negative (cathodic) direction
for the quasi-reversible and irreversible process, (b) the curves and peaks become
widened, and (c) the curve becomes asymmetric which is much pronounced in the
second and third derivatives although it is not readily seen from the current and its
first derivative. By analyzing the formula and the curves graphically, one can find
possible values and their ranges for the following variables or asymmetric parame-
ters listed on Table 1: such values of the irreversible process are summarized in
Table 2 along with those of the reversible process for comparisons.

3.1.2.1 For the first derivative

First derivative is obtained by differentiating Eq. (27) and (28), the details of
differentiation and the results were given elsewhere in original work [15] of the
author’s group: for the irreversible or quasi-reversible process, following relation-
ships are found from plots

Figure 2.
Comparison of currents (normalized at 100, black), and their first (blue), second (green), and third
derivatives (red). Those for a simple reversible electron transfer are given in solid lines on the left, and those for
an irreversible electron transfer reaction (with ko = 10�5 cm/s, n = 1, and α = 0.5 at T = 298 K) are in dotted
lines on the right. The derivatives were scaled appropriately in order to bring all of them in the same plotting
area: Scaling factors are given in the parentheses.

14

Analytical Chemistry - Advancement, Perspectives and Applications

1. Peak Potentials
It is found that the peak potential for totally irreversible process
(ko < 10�5 cm/s) is directly proportional to log (ko), shifting towards cathodic
direction as ko decreases for a given αn, and is inversely proportional to αn at a
constant ko [15].

Ep ¼ Eo þ 60:3ð Þ log koð Þ þ 165½ Þ� 1=αnð Þ mVð Þ (31)

<0 (because log(ko) is always negative for Eirr).

2. Peak Currents
The normalized peak heights is directly proportional to αn, decreasing from
9.6 (for Er) to 6.2 as ko decreases [15]

ip=id ¼ 12:3 αnð Þ � 6:2< 9:6 for αn ¼ 0:5 (32)

3. Peak-Widths.
The half-peak width (W½), the anodic half-peak width (Wq

a), and the
cathodic half-peak width (Wq

c) at 298 K for a totally irreversible reaction are
independent of ko, but inversely proportional to αn [15]

W½ ¼ 2:80 RT=Fð Þ 1=αnð Þ Vð Þ ¼ 72 1=αnð Þ mVð Þ
¼ 144 ðmVÞ > 90:4 ðmVÞ for αn ¼ 0:5 (33)

Wq
a ¼ 1:62 RT=Fð Þ 1=αnð Þ Vð Þ ¼ 41:7 1=αnð Þ mVð Þ
¼ 83:4 ðmVÞ >45:3ðmVÞ for αn ¼ 0:5

(34)

Wq
c ¼ 1:26 RT=Fð Þ 1=αnð Þ Vð Þ ¼ 32, 4 1=αnð Þ mVð Þ
¼ 64:8 ðmVÞ  >  45:3ðmVÞ for αn ¼ 0:5

(35)

Wq
a=Wq

c ¼ 1:28> 1:00 for all αn (36)

3.1.2.2 For the second derivative

Second derivative was obtained by differentiating the first derivative, Eq. (29).
The details of the derivation and the results are given elsewhere and following
relationships were found [15]:

1. Peak-Potentials and Peak Separation
Both peak potentials (anodic and cathodic) of the second derivatives for
totally irreversible processes (ko < 10�5 cm/s) are directly proportional to log
(ko) for a given αn, moving to cathodic direction as ko decreases, which is the
same trend as for Ep in the first derivative.

Ep
2a ¼ Eo þ 60:3ð Þ log koð Þ þ 201f g 1=αnð Þ mVð Þ (37)

Ep
2c ¼ Eo þ 60:3ð Þ log koð Þ þ 67f g 1=αnð Þ mVð Þ (38)

and Ep
2a-Ep

2c = 2.3(RT/F)(1/αn) = 0.0591(1/αn) (mV)

¼ 118 mV> 68mV for αn ¼ 0:5 (39)

15

Advances in Derivative Voltammetry - A Search for Diagnostic Criteria of Several…
DOI: http://dx.doi.org/10.5772/intechopen.96409



Both peak potentials (Ep
2a and Ep

2a) are dependent on ko as well as αn values
yielding �210 mV and -319 mV respectively, with ko = 10�5 cm/s and αn =0.5.
However, the peak potential difference depends only on αn values, not on ko.

ΔEp
2a=ΔEp

2c ¼ 210mV=319mV ¼ 0:66< 1:00 (40)

2. Peak-Heights and Their Ratios.
A plot of the two peak-heights (ip

a for anodic and ip
c cathodic side) of the

second derivative depend heavily on αn, a magnitude of both heights increases
with increasing αn. However, ip

c is greater than ip
a for most of the case unless

αn = 0.3 which is strange.

∣ipa=ipc∣ ¼ 0:78< 1:00 for αn ¼ 0:5 (41)

3. Peak-Widths and Their Ratio.
Two half-peak-width (anodic and cathodic) of the second derivatives, and the
ratio for Eirr processes are given below

W½
2a ¼ 2:10 RT=Fð Þ 1=αnð Þ Vð Þ ¼ 54:0 1=αnð Þ mVð Þ

¼ 108 mV> 64 mV for αn ¼ 0:5
(42)

W½
2c ¼ 1:53 RT=Fð Þ 1=αnð Þ Vð Þ ¼ 39:4 1=αnð Þ mVð Þ

¼ 78:8 mV> 64 mV for αn ¼ 0:5
(43)

W½
2a=W½

2c ¼ 1:37> 1:00 for all αn (44)

Here again, it should be noted that although the two half-peak-widths
depends on αn, their ratio is invariant.

3.1.2.3 For the third derivatives

Third derivative are obtained by differentiating the second derivative. The
details of the derivation and results were given elsewhere [15]. The number of
parameters increases, and results on the parameters increase as three peaks are
available, and those parameters (peak separations, peak-current ratios, and half-
peak ratios were analyzed from various plots. The results with possible ranges of the
values are summarized in Table 2.

3.1.2.4 Sensiivity increases with increasing order of derivatives

In Table 2, the key results from irreversible process (as well as two chemically
coupled processes) are juxtaposed here for a ready comparison of the differences
observed among the types of mechanisms. Basically, the symmetry observed in the
curves for the reversible process, disappears as the electron transfer rates become
slower (i.e., irreversible type): the unity (1.00) values of the ratio parameters
becomes no longer 1.00 for irreversible (Eirr) process and for other types of electrode
mechanisms. Namely, the ratio of anodic to cathodic peak-widths (W½

a/W½
c)

increases to 1.27 (an increase of 27%) for the first derivative, and it increases to 1.37
(an increase of 37%) for the second derivative, while it increases to1.62 (an increase
of 62%) for the third derivative. In general these ratios increases systematically, as an
order of a derivative increases; the higher the order is, the larger the changes are.
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These changes (or sensitivity) of symmetry parameter values with increasing order of
a derivative are also observed in CEr as well as ErC. In short, the values of the
symmetry parameters with a ratio of anodic values to cathodic values (all R’s) are
1.00 for reversible electron transfer reactions; however it will deviates from the unity
(<1.00 or > 1.00) for other types of processes as shown in later sections.

3.1.2.5 Notes on computations for quasi-reversible and irreversible processes

All computations are carried out with ko = 1.0x101cm/s for a reversible case,
ko = 1.0x10�3cm/s for a quasi-reversible case, ko = 1.0x10�5 cm/s for an irreversible
case for simple e� transfer reactions. A value of αnof 0.50 is used for all quasi-
reversible and irreversible cases. For quasi-reversible processes, only the case with
αn ¼ 0.5 is reported. The values for all parameters for quasi-reversible process (with
αn = 0.5) lies in between those for reversible and those for irreversible case. Those
values for quasi-reversible case with αn 6¼ 0.5 exhibits much complicated behaviors
depending on values of αn [15]. This is because depending on values of the kinetic
parameters (ko and αn) the changes in some dependent variables become not
monotonic,, often exhibiting discontinuity at around αn ¼ 0.3.

Propagations of round-off errors, associated with differentiations (or subtrac-
tions) which result in a loss of significant figures, encountered in evaluating the
derivatives (Eq. 27–30): the error were so severe that an extended quadruple-
precision mode (32 significant digits) had to be employed for all calculation:
namely, the function exp.(x2)erfc(x): namely F(Qst

½) = exp.(Qs
2t)erfc(Qst

½))
(Eq. 28) had to be evaluated to the 32 digit-precision [13].

3.1.3 Reversible electron transfer coupled with a prior chemical equilibrium (CEr)

3.1.3.1 Theoretical expressions for and the derivatives

Full derivations of the derivatives from a current expression are given elsewhere
[1, 42]: the basic rection scheme and final forms of formula are presented here.

This mechanism that involves pre-chemical step can be given as follows.

Y ⇌
kf

kb
O Keq ¼ kf=kb in solutionð Þ (45)

Oþ ne� ! R Nernstian at the electrodeð Þ (46)

At a more interesting case of Keq<< 1, the currents [1, 13] is given by

i ¼ id πtð Þ1=2 Keqkf
� �1=2 exp Keqkf 1þ eð Þ=Keq

� �2t
h �

erfc Keqkf
� �1=2 1þ eð Þ=Keq

� �
t½Þ�

(47)

Successive differentiations of the current yield the first-, second- and third-
derivatives, respectively.

i’ ¼ id nF=RTð Þ 2kf tð Þe 1þ e=Keq
� �

i� 1
� �

(48)

Second derivative becomes

i” ¼ id nF=RTð Þ2 2kf tð Þe 1þ e=Keq
� �

iþ RT=nFð Þ 1þ e=Keq
� �

i’� 1
� �

(49)

Third derivative becomes
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[1, 42]: the basic rection scheme and final forms of formula are presented here.

This mechanism that involves pre-chemical step can be given as follows.

Y ⇌
kf

kb
O Keq ¼ kf=kb in solutionð Þ (45)

Oþ ne� ! R Nernstian at the electrodeð Þ (46)

At a more interesting case of Keq<< 1, the currents [1, 13] is given by

i ¼ id πtð Þ1=2 Keqkf
� �1=2 exp Keqkf 1þ eð Þ=Keq

� �2t
h �

erfc Keqkf
� �1=2 1þ eð Þ=Keq

� �
t½Þ�

(47)

Successive differentiations of the current yield the first-, second- and third-
derivatives, respectively.

i’ ¼ id nF=RTð Þ 2kf tð Þe 1þ e=Keq
� �

i� 1
� �

(48)

Second derivative becomes

i” ¼ id nF=RTð Þ2 2kf tð Þe 1þ e=Keq
� �

iþ RT=nFð Þ 1þ e=Keq
� �

i’� 1
� �

(49)

Third derivative becomes
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i”’ ¼ id nF=RTð Þ3 2kf tð Þe 1þ 4e=Keq
� �

iþ 2RT=nFð Þ 1þ 2e=Keq
� �

i’þ RT=nFð Þ2 1þ e=Keq
� �

i”� 1
h i

(50)

Such curves according to the derivative formula are given in Figure 3. Full
details of derivations of the three derivatives above and the analysis of the all
parameters from those graphs were presented elsewhere [12, 15, 42], and only
important key results are presented here, and summarizedin the Tables 2 and 4.

Typical i-E curves at various kf value for CE process are given Figure 3A in two
dimensions, and Figure 4A in three dimensions with an additional axis for log(kf).
The plots of the original currents and three derivatives were calculated according to
the Eq. (47), (48), (49), and (50). As it can be expected the entire i-E curve moves
upward with the diffusion-controlled current as kf increases. Asymmetry is not
readily noticeable in the current and first derivatives, but it becomes more visible in
the second and third derivatives: namely, anodic side of the peak height is larger
than the cathodic side in both second and the third derivatives, This is more evident
for larger kf where currents are larger in all potentials. All the relationships are
obtained graphically [42], because finding the analytical solution of the dependent
variables and parameters from the theoretical equations are too involved to be
calculated. Graphic analysis of the curves yields the following results: the full
account for the analysis of the derivative curves can be found in Ref. [12, 42].

3.1.3.2 For the first derivative

For a CEr process, following relationships can be obtained from analysis of the
graphs for the first derivative.

1. Peak-Potentials

Figure 3.
Normalized currents (a), their first (B), second (C) and third (D) derivatives at various values of forward rate
constant at Keq =10�2 for CEr type mechanism: (a) kf = 10 s�1 (for the lowest current and derivatives), (b)
5.62, (c) 3.16, (d) 1.78, (e) 1.00 (for the highest current and derivatives), calculated for T = 298, t = 1,0, and
n = 1.
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Peak potentials always shifts to more cathodic direction as the equilibrium
constant for the prior chemical step, Keq (or kf), becomes smaller. Namely, Ep

is more negative than Eo,

Eo � Ep >0:0 (51)

2. Peak Current
Normalized peak currents found to be smaller than 9.6.
As expected, ip deceases as K (hence kf) decreases from the reversible value of 9.6

ip < 9:6 (52)

3. Peak Width
Half-peak-withs become less than 90.4/n (mV), approaching to 80/n (mV) as
K (hence kf) decreases

W1=2 < 90:5=n mVð Þ (53)

The anodic part of a half-peak is always smaller than the cathodic part.

Wq
a <Wq

c <Wq
a revð Þ<Wq

c revð Þ ¼ 90:5=n mVð Þ (54)

Wq
a/Wq

c < 1.00.

Parameters Definitions Er Eirr ErC CEr

Current

ΔEh
0 (mV) E1/4-E3/4 56.4 >56.4 (90) <56.4 >51.5, <56.4

Rq
0 ΔEq

a/ΔEq
c 1.00 >1.00 (1.14) >1.00 <1.00

1st Der.

W½ (mV) 90.5 >90.5 (143) <90.5 >90.5

Rw
1 Wq

a/Wq
c 1.00 >1.00 (1.27) >1.00 <1.00

2nd Der.

ΔEp
2 (mV) Ep

2a-Ep
2c 68 >68 (108) < 68 >59, <68

RΔE
2 ΔEp

2a/ΔEp
2c 1.00 <1.0 (0.66) >1.00 >1.00

R i
2 |ip2a/ip2c| 1.00 <1.00 (0.71) >0.71, <1.00 >1.0, <1.25

Rw
2 W½

2a/W½
2c 1.00 >1.00 (1.37) >1.00, <1.45 <1.00

3rd Der.

RΔE
3 ΔE3a/ ΔE3c 1.00 >1.00 (1.41) >1.0, <�1.6 <1.00

Ri
3 ip3a/ip3c 1.00 <1.00 (0.42) >0.4, <1.0 >1.0, <1.27

Ri
3a |ip

3a/ip
3m| 0.32 <0.32 (0.22) >0.2, <0.32 >0.32, <0.36

Ri
3c |ip

3c/ip
3m| 0.32 >0.52 (0.52) >0.32,<0.60 >0.28, <0.32

Rw
3 W½

3a/W½
3c 1.00 >1.00 (1.62) >1.0, <1.7 >1.00, <1.19

Rw
3a W½

3a/W½
3m 1.31 >1.31 (1.60) >1.31, <1.6 >1.19, <1.31

Rw
3c W½

3c/W½
3m 1.31 <1.31 (0.98) >1.0, <1.31 >1.31,<1.43

Notes: All values calculated with the same conditions as in Table 2.

Table 4.
Summary of asymmetry parameters which are more sensitive to the kinetics.

19

Advances in Derivative Voltammetry - A Search for Diagnostic Criteria of Several…
DOI: http://dx.doi.org/10.5772/intechopen.96409



i”’ ¼ id nF=RTð Þ3 2kf tð Þe 1þ 4e=Keq
� �

iþ 2RT=nFð Þ 1þ 2e=Keq
� �

i’þ RT=nFð Þ2 1þ e=Keq
� �

i”� 1
h i

(50)

Such curves according to the derivative formula are given in Figure 3. Full
details of derivations of the three derivatives above and the analysis of the all
parameters from those graphs were presented elsewhere [12, 15, 42], and only
important key results are presented here, and summarizedin the Tables 2 and 4.

Typical i-E curves at various kf value for CE process are given Figure 3A in two
dimensions, and Figure 4A in three dimensions with an additional axis for log(kf).
The plots of the original currents and three derivatives were calculated according to
the Eq. (47), (48), (49), and (50). As it can be expected the entire i-E curve moves
upward with the diffusion-controlled current as kf increases. Asymmetry is not
readily noticeable in the current and first derivatives, but it becomes more visible in
the second and third derivatives: namely, anodic side of the peak height is larger
than the cathodic side in both second and the third derivatives, This is more evident
for larger kf where currents are larger in all potentials. All the relationships are
obtained graphically [42], because finding the analytical solution of the dependent
variables and parameters from the theoretical equations are too involved to be
calculated. Graphic analysis of the curves yields the following results: the full
account for the analysis of the derivative curves can be found in Ref. [12, 42].

3.1.3.2 For the first derivative

For a CEr process, following relationships can be obtained from analysis of the
graphs for the first derivative.

1. Peak-Potentials

Figure 3.
Normalized currents (a), their first (B), second (C) and third (D) derivatives at various values of forward rate
constant at Keq =10�2 for CEr type mechanism: (a) kf = 10 s�1 (for the lowest current and derivatives), (b)
5.62, (c) 3.16, (d) 1.78, (e) 1.00 (for the highest current and derivatives), calculated for T = 298, t = 1,0, and
n = 1.

18

Analytical Chemistry - Advancement, Perspectives and Applications

Peak potentials always shifts to more cathodic direction as the equilibrium
constant for the prior chemical step, Keq (or kf), becomes smaller. Namely, Ep

is more negative than Eo,

Eo � Ep >0:0 (51)

2. Peak Current
Normalized peak currents found to be smaller than 9.6.
As expected, ip deceases as K (hence kf) decreases from the reversible value of 9.6

ip < 9:6 (52)

3. Peak Width
Half-peak-withs become less than 90.4/n (mV), approaching to 80/n (mV) as
K (hence kf) decreases

W1=2 < 90:5=n mVð Þ (53)

The anodic part of a half-peak is always smaller than the cathodic part.

Wq
a <Wq

c <Wq
a revð Þ<Wq

c revð Þ ¼ 90:5=n mVð Þ (54)

Wq
a/Wq

c < 1.00.

Parameters Definitions Er Eirr ErC CEr

Current

ΔEh
0 (mV) E1/4-E3/4 56.4 >56.4 (90) <56.4 >51.5, <56.4

Rq
0 ΔEq

a/ΔEq
c 1.00 >1.00 (1.14) >1.00 <1.00

1st Der.

W½ (mV) 90.5 >90.5 (143) <90.5 >90.5

Rw
1 Wq

a/Wq
c 1.00 >1.00 (1.27) >1.00 <1.00

2nd Der.

ΔEp
2 (mV) Ep

2a-Ep
2c 68 >68 (108) < 68 >59, <68

RΔE
2 ΔEp

2a/ΔEp
2c 1.00 <1.0 (0.66) >1.00 >1.00

R i
2 |ip2a/ip2c| 1.00 <1.00 (0.71) >0.71, <1.00 >1.0, <1.25

Rw
2 W½

2a/W½
2c 1.00 >1.00 (1.37) >1.00, <1.45 <1.00

3rd Der.

RΔE
3 ΔE3a/ ΔE3c 1.00 >1.00 (1.41) >1.0, <�1.6 <1.00

Ri
3 ip3a/ip3c 1.00 <1.00 (0.42) >0.4, <1.0 >1.0, <1.27

Ri
3a |ip

3a/ip
3m| 0.32 <0.32 (0.22) >0.2, <0.32 >0.32, <0.36

Ri
3c |ip

3c/ip
3m| 0.32 >0.52 (0.52) >0.32,<0.60 >0.28, <0.32

Rw
3 W½

3a/W½
3c 1.00 >1.00 (1.62) >1.0, <1.7 >1.00, <1.19

Rw
3a W½

3a/W½
3m 1.31 >1.31 (1.60) >1.31, <1.6 >1.19, <1.31

Rw
3c W½

3c/W½
3m 1.31 <1.31 (0.98) >1.0, <1.31 >1.31,<1.43

Notes: All values calculated with the same conditions as in Table 2.

Table 4.
Summary of asymmetry parameters which are more sensitive to the kinetics.

19

Advances in Derivative Voltammetry - A Search for Diagnostic Criteria of Several…
DOI: http://dx.doi.org/10.5772/intechopen.96409



3.1.3.3 For the second derivative

Following relationships can be obtained from analysis of the graphs for the
second derivative.

1. Peak-Potentials and Peak Separation and the Ratio
The separation of the two peaks decreases as K (hence kf) from 68.0/n (mV),
the value for Er.
Ep

2a-Ep
2c < 68.0/n (mV)

ΔEp
2a=ΔEp

2c > 1 (55)

2. Peak Currents and the Ratio
It is observed that the anodic peak currents are always larger than the cathodic
ones, but smaller than 1.25.

1:00< jip2a=ip2cj< 1:25 (56)

3. Peak Widths and the Ratio
The anodic half-peak is always smaller than the cathodic one

W1=2
a <W1=2

c <W1=2
a revð Þ<W1=2

c revð Þ ¼ 64=n mVð Þ (57)

Wq
a/Wq

c < 1.00

Figure 4.
Three-dimensional plots of normalized current-potential (i-E) curves at various forward rate constants (kf)
with Keq = 10�4. The perspectives of the current (A) and first derivative(B) is different from those of the second
(C) and third derivatives (D) for a better view of valleys present in second and third derivatives.
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3.1.3.4 For the third derivative

Parameters associated with the third derivatives can be graphically analyzed in a
similar fashion, and the results are given in the Table 2 for the various values for
three peaks, peak separations, peak-current ratios, and half-peak ratios. Refer to
Ref. [42] for full details.

3.1.4 Reversible Electron transfer coupled with a follow-up chemical reaction (ErC)

3.1.4.1 The mechanism and derivation of the current and it’s derivatives

This e� transfer reaction with a post kinetic process mechanism can be given as
follows [11].

Oþ ne� ! R Nernstian at the electrodeð Þ (58)

R!k P in solutionð Þ (59)

The closed form of the analytical solution of the concentration gradient and the
current at the specific boundary conditions for this ErC mechanism can be found
elsewhere, but the solutions for the current include Dawson Integrals are too
lengthy and complicated be reproduced here and can be found elsewhere [11].
Nonetheless, we managed to obtain the first derivatives by analytically differenti-
ating the current equation. However, further analytical differentiation of the first
derivative in order to obtain second and third derivatives were nearly impossible;
thus, a numerical approach had to be adopted; namely, the two higher order deriv-
atives i.e., (second and third derivatives) were obtained with ΔE being as small as
1 mV in order to increase a resolution of peaks [14]. Such derivatives thus obtained
are given in Figure 5. In general, all curves shift to the left (i.e., anodic direction) as
the rate constant (k) increases.

3.1.4.2 For the first derivative

For an ErC type mechanism, following relationships have been observed from
the analysis for the first derivative.

1. Peak Potentials
Peak potentials always shift to anodic direction as the rate constant (k)
for the follow up chemical reaction increases. Namely, Ep is more positive
than Eo,

Eo � Ep <0:0 (60)

2. Peak Currents
Peak currents increase from 9.6 (the value for Er) as the rate constant (k)
increases to a value of 12.3, thus

ip > 9:6 (61)

ip (normalized) > 1.00.
which is opposite of CEr.

3. Peak Width
Half peak-with decreases from 90.5/n (mV) as the rate constant (k) increases,
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3.1.3.4 For the third derivative
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W1=2 < 90:5 mVð Þ (62)

The anodic part of a half-peak is always larger than the cathodic part.

Wq
c <Wq

a <Wq
a revð Þ ¼Wq

c revð Þ ¼ 45:3=n mVð Þ (63)

Wq
a=Wq

c > 1:00 (64)

It should be noted again that these trends are the opposite of those fromCEr type.

3.1.4.3 For the second derivative

Following relationships have been observed from the analysis of the second
derivative.

1. Peak-Potentials and Peak Separation
As shown in Figure 6, both peak potentials shift anodically, and the separa-
tions of the two peaks decrease from 68.0n (mV) and approach to 54 mV as
the rate constant (k) increases.

54=n mVð Þ<Ep
2a � Ep

2c < 68:0=n mVð Þ (65)

This suggests that the homogeneous rate constant, k. can be directly determined
from the measurements of the peak separation of the second derivative.

2. Peak-Currents and their Ratio
As shown in Figure 7, normalized values of both peak currents increase with
inceasing k. However, the peak current ratios always degreases from 1.0 to
about 0.71 as k increases.

Figure 5.
Theoretical normalized current (A), and its first (B), second (C), and third derivatives (D) at various values
of the homogeneous rate constant(k) for the ErC type of electrode reaction. Calculated for k values of (a) 0 (b)
0.3, (c) 0.562, (d) 1.0, (e) 1.78, (f) 3.0, (g) 5.62, (h) 10.0 (i) 30.0 s�1, and T = 298 K and t = 0.952 s. the
normalized currents are dimensionless; thus, the first derivatives are in a unit of V�1, second derivatives in V�2,
third derivatives in V�3.
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0:71< ∣ip2a=ip2c∣< 1:00 (66)

This implies that the rate constant, k. can be directly determined from the
measurements of the peak currents ratio of the second derivatives.

3. Peak-Widths and their Ratio
As shown in Figure 8, as a follow-up chemical reaction occurs faster, both
anodic and cathodic half-peak-width decreases (i. e., become sharper), but
cathodic one become sharper than the anodic one at a higher rate, resulting in
an increase in the half-peak ratio of larger than 1 as illustrated in the Figure 8.

W1=2
c <W1=2

a <W1=2
a revð Þ ¼W1=2

c revð Þ ¼ 63=n mVð Þ (67)

W1=2
a=W1=2

c > 1:00

Figure 6.
Effect of k (A) on the (a) the anodic, (b) cathodic peak potentials of the second derivative, (B) effect of k on the
peak separation (Ep

2a-Ep
2c).

23

Advances in Derivative Voltammetry - A Search for Diagnostic Criteria of Several…
DOI: http://dx.doi.org/10.5772/intechopen.96409



W1=2 < 90:5 mVð Þ (62)

The anodic part of a half-peak is always larger than the cathodic part.

Wq
c <Wq

a <Wq
a revð Þ ¼Wq

c revð Þ ¼ 45:3=n mVð Þ (63)

Wq
a=Wq

c > 1:00 (64)

It should be noted again that these trends are the opposite of those fromCEr type.

3.1.4.3 For the second derivative

Following relationships have been observed from the analysis of the second
derivative.

1. Peak-Potentials and Peak Separation
As shown in Figure 6, both peak potentials shift anodically, and the separa-
tions of the two peaks decrease from 68.0n (mV) and approach to 54 mV as
the rate constant (k) increases.

54=n mVð Þ<Ep
2a � Ep

2c < 68:0=n mVð Þ (65)

This suggests that the homogeneous rate constant, k. can be directly determined
from the measurements of the peak separation of the second derivative.

2. Peak-Currents and their Ratio
As shown in Figure 7, normalized values of both peak currents increase with
inceasing k. However, the peak current ratios always degreases from 1.0 to
about 0.71 as k increases.

Figure 5.
Theoretical normalized current (A), and its first (B), second (C), and third derivatives (D) at various values
of the homogeneous rate constant(k) for the ErC type of electrode reaction. Calculated for k values of (a) 0 (b)
0.3, (c) 0.562, (d) 1.0, (e) 1.78, (f) 3.0, (g) 5.62, (h) 10.0 (i) 30.0 s�1, and T = 298 K and t = 0.952 s. the
normalized currents are dimensionless; thus, the first derivatives are in a unit of V�1, second derivatives in V�2,
third derivatives in V�3.

22

Analytical Chemistry - Advancement, Perspectives and Applications

0:71< ∣ip2a=ip2c∣< 1:00 (66)

This implies that the rate constant, k. can be directly determined from the
measurements of the peak currents ratio of the second derivatives.
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This suggets that the homogeneous rate constant, k. can be directly determined
from themeasurements of a ratio of the two half-peak-width of the second derivatives.

3.1.4.4 For the third derivative

Third derivatives can be also analyzed graphically in the same fashion, and the
details of the graphic analysis and descriptions can be found elsewhere [14]. Only
key results are summarized in Table 2 for the various symmetry parameters, and
Table 4 for key parameters of ratios (several peak-current ratios, half-peak ratios,
peak separations or their ratios).

3.2 Advantages of derivative voltammetric method

The scheme of derivative voltammetric (DV) approach is simpler, more
straight-forward and faster compared with other methods of studying electrode
reaction mechanisms, namely, CV [1, 38–41] and CSWV [66–70]. The present DV

Figure 7.
Effect of k (A) on the (a) the anodic, (b) cathodic peak currents of the second derivative, which are normalized
with respect to the values of reversible process. (B) Effect of k on the ratio of the anodic to cathodic peak current
ratio, ip

2a/ip
2c.
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only requires, in general, a single scan for a system under investigation: few exper-
imental variables need to be changed although some experimental variables (such as
duration of the pulse) can be optimized at an initial stage of measurement. Mostly, a
single scan at a optimized condition will suffice while other methods such as CV and
CSWV requires multiple scans (mostly six or more). In present DV method, analy-
sis of the second derivative can be enough for most cases: however, for a system
requires a better resolution and a higher sensitivity, one may resort to the third
derivatives for more diagnostic parameters.

4. Conclusions

A quantitative measure of symmetry in the original current are not readily avail-
able, can be found indirectly from a ratio of difference in several potentials defined
from a voltammogram: namely, a quarter-wave potentials (E1/4), half-wave poten-
tials (E1/2) and a three-quarter-wave potentials); then a ratio of an anodic to
cathodic quarter-wave potential differences (i.e., ΔEq

a/ΔEq
c = (E1/2-E1/4)/(E1/2-E3/4)

is very limited. Nevertheless, the ratio is unity for a symmetrical curve (for a revers-
ible case), but it deviates from one if the curve becomes asymmetrical, yielding 1.14
for Eirr (Table 2). On the other hand, asymmetry in first derivatives is more readily
found in terms of a ratio of anodic-to-cathodic quarter-peak ratio (Wq

a/Wq
c): this

Figure 8.
Effect of k (A) on the (a) the anodic, (b) cathodic half peak-widths of the second derivative, an those values
normalized to the values for the reversible case whose scales are given at the right side, (B) on the anodic to
cathodic half-peak ratios, W½

2a/W½
2c.
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This suggets that the homogeneous rate constant, k. can be directly determined
from themeasurements of a ratio of the two half-peak-width of the second derivatives.

3.1.4.4 For the third derivative

Third derivatives can be also analyzed graphically in the same fashion, and the
details of the graphic analysis and descriptions can be found elsewhere [14]. Only
key results are summarized in Table 2 for the various symmetry parameters, and
Table 4 for key parameters of ratios (several peak-current ratios, half-peak ratios,
peak separations or their ratios).

3.2 Advantages of derivative voltammetric method

The scheme of derivative voltammetric (DV) approach is simpler, more
straight-forward and faster compared with other methods of studying electrode
reaction mechanisms, namely, CV [1, 38–41] and CSWV [66–70]. The present DV

Figure 7.
Effect of k (A) on the (a) the anodic, (b) cathodic peak currents of the second derivative, which are normalized
with respect to the values of reversible process. (B) Effect of k on the ratio of the anodic to cathodic peak current
ratio, ip

2a/ip
2c.
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only requires, in general, a single scan for a system under investigation: few exper-
imental variables need to be changed although some experimental variables (such as
duration of the pulse) can be optimized at an initial stage of measurement. Mostly, a
single scan at a optimized condition will suffice while other methods such as CV and
CSWV requires multiple scans (mostly six or more). In present DV method, analy-
sis of the second derivative can be enough for most cases: however, for a system
requires a better resolution and a higher sensitivity, one may resort to the third
derivatives for more diagnostic parameters.

4. Conclusions

A quantitative measure of symmetry in the original current are not readily avail-
able, can be found indirectly from a ratio of difference in several potentials defined
from a voltammogram: namely, a quarter-wave potentials (E1/4), half-wave poten-
tials (E1/2) and a three-quarter-wave potentials); then a ratio of an anodic to
cathodic quarter-wave potential differences (i.e., ΔEq

a/ΔEq
c = (E1/2-E1/4)/(E1/2-E3/4)

is very limited. Nevertheless, the ratio is unity for a symmetrical curve (for a revers-
ible case), but it deviates from one if the curve becomes asymmetrical, yielding 1.14
for Eirr (Table 2). On the other hand, asymmetry in first derivatives is more readily
found in terms of a ratio of anodic-to-cathodic quarter-peak ratio (Wq

a/Wq
c): this

Figure 8.
Effect of k (A) on the (a) the anodic, (b) cathodic half peak-widths of the second derivative, an those values
normalized to the values for the reversible case whose scales are given at the right side, (B) on the anodic to
cathodic half-peak ratios, W½

2a/W½
2c.
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ratio increases from 1.00 (for Erev) to 1.27 for Eirr. The anodic and cathodic parts of
the peak-width (Wq and Wq

c) in the first derivative can be more conveniently
measured than three potentials (i.e., E1/4, E1/2 and E3/4) in the zeroth derivative; in
addition, the change of the ratio in the first derivative is more sensitive than the ratio
in the zeroth derivatives (namely, 27% vs. 14%).

In the second and third derivatives, compared to first derivatives, asymmetry in the
peak shape is more pronounced, and more than one symmetry parameters are readily
obtained, which are given in terms of ratios of different peak-heights, and peak-
widths, and peak-potentials; these parameters are based on peak heights (ip

a and
ip
c) as well as peak widths (W½

a and W½
c) and peak potentials (Ep and Ep). Thus,

symmetry ratios of ip
2a/ip

2c, W1/2
2a/W1/2

2c and ΔEp
2a/ΔEp

2c are introduced for
second derivatives, and ip

3a/ip
3c,W½

3a/W½
3c, and ΔEp

3a/ΔEp
3c for third derivative

(in Tables 2 and 4). All of these values become unity (1.00) for the reversible
processes, indicating the symmetry in the curves; but they become no longer unity
for quasi-reversible/irreversible electron transfer or chemically coupled processes as
the shapes become asymmetrical. The results are summarized in Tables 2 and 4
with all types of types of processes included. Basically, all of the symmetry param-
eters for the 0th derivative (ΔEa

q/ΔEc
q), for the 1st derivative (Wq

1a/Wq
1c), and for

2nd derivative (ip
2a/ip

2c, W1/2
2a/W1/2

2c, & ΔEp
2a/ΔEp

2c) and for third derivative
(ip

3a/ip
3c, W½

3a/W½
3c, ΔEp

3a/ΔEp
3c) are unity for Erev, they become no longer unity

for Eirr, Equasi-rev and two chemically coupled processes of CErev and ErevC. With the
third derivatives, there are also minor symmetry parameters associated with the
middle peak with values of 0.32 for the two peak-height ratios (ip

3a/ip
3m and ip

3c/ip
3m)

and 1.32 for the two peak-width ratios (W1/2
3a/ W1/2

2m, and W1/2
3c/W1/2

3m) for
reversible but these ratios are not as simple as the major ones, but changes to 0.22,
0.52, and 1.62 and 0.98 respectively for the irreversible case.

5. Summary

From careful analysis of derivatives of voltammetric current-potential curves, it
is possible to extract various parameter which are associated with asymmetry of the
derivatives associated with various types of electrode mehanisms. Among those
parameters, some of them are strongly influenced by electron transfer kinetics and
electrode reaction mechanisms associated with a system, and these parameters are
particularly useful in elucidating the reaction mechaisms. In particular, the ratios of
the anodic to cathodic peak-currents (ip

a/ip
c), and the ratios of the anodic to

cathodic peak-widths (W½
a/W½

c) and the ratio of the difference in the anodic and
cathodic peak potentials (ΔEa/ΔEc) or the anodic and cathodic peak potential dif-
ference (ΔEa-ΔEc) are most sensitive and useful when a simple reversible electron
system is disturbed by other kinetics, breaking the symmetry in the derivatives. The
parameters of each particular systems respond differently to each type of electrode
process; thus analysis of symmetry parameters can provide much insight to the
mechanistic nature of electrochemical systems. A useful master table for such
a diagnostic criteria for differentiating several common types of electrode
mechanisms is devised and presented.
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Abstract

Over the past decade, food safety has become an important issue worldwide 
due to higher incidences of food contamination. Currently, one of the great chal-
lenges in food safety is the analysis of emerging food contaminants. Moreover, 
the scope, relevance, and level of food safety and testing have never been in 
such complexity than in today’s global marketplace. In recent years, a novel 
technology ultra performance liquid chromatography (UPLC) coupled with mass 
spectroscopy (MS) has been developed to estimate the food contaminants, as 
well as food components with better accuracy, sensitivity, precision, and high 
throughput. UPLC–MS works on van Deemter principle, which states that, the 
flow rate of smaller particles are much faster in compare with large particles 
as well as unfolding the correlation of flow rate and plate height. Additionally, 
various food components as well as food contaminants such as vitamins, amino 
acid, metabolite identification, adulteration, forensic testing, toxicity studies, 
phytoconstituents, pesticide in agricul ture, antibiotic residue, hormones, dyes 
and pigment analysis can be performed using UPLC–MS. Moreover, uniqueness 
of UPLC-MS and its wide range of application makes it an important tool for 
food safety laboratory around the world.
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1. Introduction

Food safety has become an important key issue worldwide, because of the 
emergence of several new chemical hazards present in food [1]. In addition to 
that, maintaining food safety has become very challenging at the operational 
level, as production of food and their consumptions are currently involved in 
a series of events that must be adequately accomplished to ensure the safety 
of food [2]. Therefore, food safety has become an increasingly important 
public health issue all over the world and due to which governments are esca-
lating their efforts to improve and ensure food safety. These efforts can also 
be recognized in response to a growing number of food safety problems and 
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be recognized in response to a growing number of food safety problems and 
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increasing consumer health safety concerns [3]. A very well-know proverb from 
nutritionists or dietitians is “we are what we eat”. Definitely, it does not mean 
that if we eat apple we become apple, but for good or for ill, the components 
we eat must be incorporated, transformed, and/or excreted by our bodies. 
Because, food is an indispensable ingredient of life, and access to food is often 
the limiting factor in the size of a given  populace [4]. There are several incidents 
of food safety outbreak, which has received major attention from all parts of 
the world such as occurrence of benzene in carbonated drinks (UK), foods 
contaminated with pesticides (Japan), presence of dioxins in milk products 
and pork sample (Belgium), incidence of pesticides in soft drinks (India) and 
occurrence of melamine in dairy products (China). Such incidents have made 
people distressful of their food consumption worldwide [5]. In addition to that, 
such contemporaneous incidents are growing concerns, mainly because of mass 
production of agronomic products and industrialization at a very fast pace to 
meet the requirement of current population. Moreover, it has been considered 
that mainly increasing worldwide population is making farming people to force 
mass production of agronomic products without giving ample consideration to 
the safety and quality of food produce. In addition to that, changes in life style 
patterns of consumers have been called responsible for food safety hazards [6]. 
Due to fast-paced urbanization, food products such as ready-to-eat, processed 
food and junk foods has increased, but due to rise in application of chemicals 
usage, such processed food has also come under the scanner of food safety 
 professionals [1, 7].

Moreover, the scope, relevance, and level of food safety and testing have 
never been in such complexity than in today’s global marketplace. In recent 
years, a novel technology UPLC-MS has been developed to estimate the food 
contaminants as well as food components with better accuracy, sensitivity, pre-
cision, and high throughput. In addition to that, this advanced novel technique 
provided the platform to estimate different analytes at very lower levels, with 
better accuracy, and more importantly in less time. Moreover, the uniqueness 
of UPLC-MS has marked several applications to food safety. Various food safety 
parameters such as residual analysis, vitamins, amino acid, metabolite identifi-
cation, adulteration, forensic testing, toxicity studies, phytoconstituents analy-
sis, pesticide in agriculture, antibiotic residue, hormones, dyes and pigment 
analysis can be performed by using UPLC-MS [8, 9]. In addition to that, wide 
range of analysis makes UPLC-MS as an integral part of food safety laboratory 
around the globe. Moreover, in this chapter a detailed study and exploration has 
been made for better understanding of principles and applicability of UPLC-MS 
in food safety.

2. Chromatography and food safety

Today, our food supply is more diverse and highly processed than ever before. 
However, to ensure the nutritive value and to improve the food safety several 
states have disseminated regulations that states the acceptable limit for each com-
ponents likewise, food additives, food residues and contaminants in food or food 
products. Consequently, a better and safe food can only be ensured when we have 
good approach to analyze such food components, contaminants, or chemical con-
taminants. In past few decades, chromatography has been recognized as one of 
important tool to identify and quantify food contaminants to ensure food safety. 
This novel technique allows the separation, purification, and identification from 
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a mixture of the components for both qualitative and quantitative analysis. In 
current years, a unique technology UPLC-MS has been developed to estimate 
the food contaminants as well as food components for improving food safety. 
Therefore to obtain such targets, in 2004 Waters launched a brand of liquid 
chromatography (LC) called UPLC having a significant advancement in column 
particle size and column dimension having a small and porous particle (sub 
2 μm) [10, 11].

3. Ultra performance liquid chromatography

UPLC is a novel technique that offers a new pathway for LC. UPLC enhances 
the capability of LC in four main areas like increasing speed, sensitivity, resolution 
and accuracy. UPLC is also known as ultra high-performance liquid chromatog-
raphy (UHPLC). In comparison to high-performance liquid chromatography 
(HPLC), UPLC has been upgraded with column packing materials of less than 
2 μm in diameter, which increases the speed, accuracy, resolution and sensitivity. 
Moreover, particle size used in HPLC, UPLC column ranges from 3 to 5 μm and 
< 2 respectively as well as mobile phase flow rate in HPLC is usually 3.0 ml/min 
compared to UPLC flow rate 0.6 ml/min. The basic difference in the principle of 
UPLC and HPLC is the column packing material, which makes a huge difference 
over the sensitivity and accuracy of the novel techniques. Apart from the principle 
involved in the LC, there is not much change in basic principle except the pressure 
generated or created in the instruments make it a more efficient technology. The 
development of UPLC techniques has urged the scientists to improve the prevailing 
instrumentation capability for LC, which has the advantage of improved parting 
performance and constant pressure. Efficiency of this technique is equivalent to 
the dimension of the column and inversely proportional to the radius of the atoms. 
As the name suggest ultra performance or ultra-pressure, UPLC works under very 
high pressure up to 1000 bars, however for HPLC, pump pressure not go more 
than 300–400 bars. A schematic diagram of UPLC and its internal diagram are 
presented here in Figure 1. In recent years, UPLC has become an integral part of 
any food safety laboratories, as it reduces the time of run as well as cost of analysis 
for any analysis [9, 12, 13].

Figure 1. 
Flow diagram of ultra performance liquid chromatography-mass spectrometry.
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for any analysis [9, 12, 13].

Figure 1. 
Flow diagram of ultra performance liquid chromatography-mass spectrometry.
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3.1 Principle

UPLC works on the van Deemter principle, which describes the correlation 
between the flow rate and height of chromatogram. The van Deemter states that, 
“the flow rate of smaller particles are much faster in compare with large particles 
as well as unfolding the correlation of flow rate and plate height”. According to van 
Deemter equation, when the porous particle size reduced to less than 2.5 μm, there 
will be increase in efficiency; however, the efficiency does not weaken at increased 
flow rates or linear velocities.

The following equation describes the relationship between linear velocity (flow 
rate) and plate height [13, 14].

 A B / C= + + vH v  (1)

where,
A, B and C = Constants.
v = Linear velocity of carrier gas flow rate.
A = It is independent of velocity and represents “eddy” mixing. This is smallest 

when the packed column particles are small and uniform.
B = It stands for axial diffusion or the natural diffusion tendency of molecules. 

This effect is diminished at high flow rates and so this term is divided by v.
C = It represent kinetic resistance to equilibrium in the separation process.
According to van Deemter equation, resistance of kinetics is the time lag 

involved in traveling from the gas phase to the packing stationary phase and back 
again. Moreover, higher the gas flow, greater will be a molecule to lag behind in 
the mobile phase on packed stationary phase. Therefore, the term is proportional 
to v. Moreover, there will be a chance to surge throughput, and thus the rapidity 
of analysis without affecting the chromatographic performance [15]. However, 
UPLC performance is not much efficient until unless it is coupled with tandem mass 
spectrometry or other spectrometry techniques as it helps in molecular analysis by 
using mass-by-charge ratio [16, 17].

3.2 Mass spectrometry

Spectrometry method for the molecular analysis of any compound requires 
mass spectrometry (MS). The principle of MS was first proposed by Dr. Wien, 
which suggests that, refraction of charged particle in electric or magnetic field can 
analyzed by using MS. Mass spectrometer is an important tool to for the molecular 
mass analysis [18]. MS methods identifies the ionized molecules in gaseous phase in 
different ways

• Qualitative analysis of unknown compounds or mixture

• Quantitative estimation of any mixture or solution

• Structure characterization

• Molecular weight determination

MS works on the principle of fragmentation of molecule and separation or 
filtration of ions on the basis of their mass-to-charge (m/z) ratio. The molecular 
mass resulting from mass spectrum and produced ions are a function of mass by 
charge ratio [19]. Consequently, fragmentation of molecular mass in MS make 
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it principally a very important technique over any other traditional chromato-
graphic techniques. Notwithstanding that, on account of the capacity of MS to 
create m/z proportion, it considered as an exceptionally novel, straightforward, 
sensitive, accurate, and particular for the quantitative investigation of any 
mixture or blend [20, 21].

3.3 Tandem mass spectrometry (MS/MS)

There are mainly five techniques for analyzing mass of any compound by using 
MS like, quadrupole mass filter (single and triple), time of flight, quadrupole ion 
trap and Fourier transform ion-cyclotron resonance instruments. Furthermore, 
MS gave a thought of molecular mass, however on the other hand it does not give 
authentication of molecular structure. In this way, to conquer the restriction of past 
mass spectrometry, improvement of couple mass spectroscopy (MS/MS) rises. This 
MS/MS system work into two stages, first to choose parent ions generated from par-
ent ion cells and to disintegrate into daughter ions after the collision of parent ion 
into at least one daughter ions. In mass spectrometry parent ions and daughter ions 
gets isolated, divided, and distinguished into single ion cell. In addition to that, fast 
collisions of compounds performed in argon cell, where translational energy gets 
transformed into ion internal energy to make ions in excited state and unimolecular 
decay progresses [22]. The breaking of compound in ion cell of MS/MS spectrum 
is selected based upon parent and daughter ions. Collision of compound can be 
performed in in single ionization cell or triple quadrupole system (TQS). TQS is 
the most frequently used now a day MS/MS techniques as compared to other mass 
analyzer [23].

3.4 Small-size particles and their chemistry

Small-size particles not only enhance proficiency, nonetheless it also increases 
the flexibility to enhance linear velocity without losing efficiency of the column. 
Moreover, efficiency is the essential separation factor in UPLC, as it depends on 
the selectivity and retention activity as in HPLC. Below equation shows that: (Rs) 
resolution is directly proportional to the square root of N.

 
1Rs

4 1
α−   =   α +  

N k
k  (2)

However, N is inversely proportional to particle size (dp): as the particle size 
is lowered by a factor of three, from, for example, 5 μm (HPLC scale) to 1.7 μm 
(UPLC-scale), N is increased by three and resolution by the square root of three or 
1.7. N is also inversely proportional to the square of the peak width:

 2
1N
w

α  (3)

This demonstrates that the narrower the peaks are, the easier would be to 
separate from each other. Moreover, peak width height is inversely proportional to 
the peak height:

 
1H
w

α  (4)

Therefore, decrease in particle size increases N and subsequently Rs, and by 
virtue of which sensitivity increased, taller peak as well as narrower peak mean 
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However, N is inversely proportional to particle size (dp): as the particle size 
is lowered by a factor of three, from, for example, 5 μm (HPLC scale) to 1.7 μm 
(UPLC-scale), N is increased by three and resolution by the square root of three or 
1.7. N is also inversely proportional to the square of the peak width:
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This demonstrates that the narrower the peaks are, the easier would be to 
separate from each other. Moreover, peak width height is inversely proportional to 
the peak height:
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Therefore, decrease in particle size increases N and subsequently Rs, and by 
virtue of which sensitivity increased, taller peak as well as narrower peak mean 
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more peak capacity per unit time in gradient separations, as per the requirement in 
several food safety application notes. Moreover, another equation comes into play 
when migrating toward smaller particles:

 xxx
1

dpc
α =F  (5)

Van Deemter equation revealed that, as particle size decreases, the optimum 
flow F opt to reach maximum N increases. However, flow rate is directly propor-
tional to back pressure as smaller particle sizes needed much higher operating pres-
sures. Efficiency is inversely proportional to the particle size however proportional 
to column length.
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Moreover, the column can be shortened by the same factor as the particle size 
without loss of resolution. Although non-porous, high-efficiency 1.5-μ particles 
are easily available in market, but these non-porous particles suffer poor load-
ing capacity as well as poor retention because of low surface area. However, 
silica-based column have good mechanical strength nonetheless, it can undergo 
to a number of disadvantages, such as limited pH range and tailing of basic 
analytes. In addition to that, polymeric columns can overcome pH limitations. 
Moreover, packed column bed and their uniformity are also important, mainly if 
shorter  columns have to uphold resolution while achieving the objective of faster 
 separations [9, 13, 15].

4.  Application of ultra performance liquid chromatography 
in food safety

In recent years, the demand of UPLC-MS/MS in food analysis has increased, 
because of the novel characteristics of UPLC with good resolution, better accuracy 
and sensitivity and reproducibility. Since its inception, it has reduces the time of 
food scientists as well as cost of the analysis because of its capability of producing 
more valuable, reliable, and reproducible data. The UPLC sensitivity has reached 
to ppb and ppt levels by virtue of which a food analyst would be more confident in 
ensuring safe food for consumption. Analysis of several food components as well as 
food contaminants has been performed using UPLC-MS/MS technique. By using this 
technique, below-mentioned food matrices can be tested for ensuring better food 
safety and we can also get more accurate qualitative and quantitative data of samples 
with high standards [11].

• Determination of antibiotic residue in food matrices

• Quantification of pesticides residues in food [24–26]

• Amino acid profiling [9, 27]

• Multi-drug residue quantitation in food matrix [28]

• Metabolomics study in food safety [9]

• Analysis of food contaminants in food matrices

37

UPLC-MS: An Emerging Novel Technology and Its Application in Food Safety
DOI: http://dx.doi.org/10.5772/intechopen.92455

• Determination of phytoconstituents

• Analysis of natural medicine and herbal medicine [9]

• Determination of acrylamide in food matrix [29]

• Analysis of mycotoxin in food [30, 31]

• Determination of bromate in drinking water [32]

• Pesticide in fruit and vegetables [33]

• Determination of food-borne carcinogens heterocyclic amines [34]

• Capsaicinoids analysis in capsicum species [35]

• Analysis of vitamin in food

• Determination of alkaloids in cocoa

• Lactose content determination in milk

• Phenolic content determination in fruits and vegetables

• Analysis of food based coloring agent [36]

4.1 Determination of antibiotic residue in honey

Several antibiotic residues such as streptomycin (Figure 2), chloramphenicol, 
tetracycline etc. has been identified and quantified in honey by using UPLC-MS 
coupled along with electron spray ionization [37, 38].

4.2 Multi pesticide residue analysis in cereal grains

Pesticides are chemicals widely used against plant pests in agriculture and farm-
ing to increase crop production, either against plant diseases or prophylactic usage. 
Currently, more than 350 pesticides are known, which are used to protect plants or 
plant products; however these pesticide are not allowed more than the permitted 
level. In addition to that, these chemicals could be dangerous to human health. The 
function of full scan UHPLC-Orbitrap-MS/UPLC-MS is adequate enough to enable 
detection and accurate analysis of mass measurement of a broad range pesticides 
residue at very lowest concentration in complex sample matrices [24–26].

4.3 Amino acid profiling

Amino acid profiling is one of the important proximate analyses parameter 
in food safety, as it contributes major portion of protein and an essential compo-
nent of human diet. However, among the several protein food resources mam-
malian milk is purest food available over the globe. However, free amino acids 
are calculated from total nitrogen present in milk. UPLC coupled to electrospray 
ionization tandem mass spectrometry (ESI-MS/MS) system has been estimated 
for free amino acid analysis in milks of human, rat, and cow as presented in 
Figure 3. Moreover, UPLC-ESI-MS/MS allowed the quantitation of 21 free amino 
acids in 10-minute run time using labeled amino acids as internal standard in 
mammalian milk [27].
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4.4 Metabolomics study in food safety

In recent years, the performance of UPLC has set the stage for a myriad of 
metabolomics analysis in plants and plant products. UPLC along with qTOF (quad-
rupole time of flight) system has been applied for semi-polar metabolite analysis in 
tomato fruit model. Moreover, UPLC coupled with qTOF mass spectrometer pro-
duces high-resolution and mass accuracy, good dynamic range, and a fast spectral 
acquisition capacity, which makes UPLC one of the most appropriate techniques 
for extensive profiling of many plant metabolites. In addition to that UPLC-MS 

Figure 3. 
Free amino acid ion chromatogram obtained in human milk (cumulative).

Figure 2. 
Chromatogram showing blank honey sample (A) vs. spiked honey sample (B).
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along with multivariate data analysis has been used for metabolomics profiling of 
Trignella seed. Metabolomic study of all the three Trigonella species T. caerulea, 
T. corniculata, and T. foenum-graecum identified 93 metabolites including 26 sapo-
nins, 5 peptides, 22 C/O-flavonoid conjugates, and 9 fatty acids as determined in 
Figure 4. Out of which, various novel compounds such as dipeptides, flavonoids 
were reported for first time [39–41].

4.5 Multi-drug residue quantitation in poultry muscle

In recent year, poultry industries have become million dollar industries due to 
higher consumption among the world population. However, multi-drug residue is 
very common in poultry muscles as poultry husbandry people illegally feed several 
drugs such as quinolones, amantadine, sulfonamides, tetracycline, amoxicillin, lin-
comycin, and so on. UHPLC-ESI-MS/MS has been used to analyses such veterinary 
drug residues in poultry muscle ranging from very polar to nonpolar compounds. 
UHPLC-ESI-MS/MS operating in positive multiple reactions monitoring (MRM) 
has been operated to quantify most of the multi-drug residue in sample [28].

4.6 Method development and validation

Method development plays a great role in concluding for any analytical method. In 
quantitative evaluation, development of method can roughly divided into three parts

• Optimization of chromatography conditions

• Mass spectrometry parameters

• Preparation of sample

Depending upon physical or chemical characteristics of analyzing components 
method development could be easily performed considering the following factors 

Figure 4. 
Metabolomic analysis of T. caerulea, T. corniculata, and T. foenum-graecum using UPLC-qTOF-MS.
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like selection of column, mobile phase, pH, and particle size and flow rate in any 
chromatographic setting.

The benefits of using UPLC-MS method over others were better recovery, good 
repeatability, and amount of extraction solvent volume. The selection of ionization 
techniques is depending on analytical results with pretreated samples. UPLC-MS/
MS tuning parameters and scan modes are decided by uninterrupted infusion of 
standard solution, depending on the sensitivity and specificity needed. Few key 
elements for method development are sample pre-treatment, chromatography, 
internal standard, choice between electrospray ionization (ESI) and APCI, and 
mass spectrometry [42]. On the other hand, method validation results support for 
new analytical procedures or new drug development such as Carnosol, Carnosic 
acid, and Rosmarinic acid in food matrices. Validation required defining perfor-
mance of developed method and reliability of obtained results. The analytical 
developed method could be utilized for quantitation application then it would be 
better to be validated to ensure minimum requirement of validation experiments 
along with satisfactory results [43].

4.7 Determination of acrylamide in food matrices

Acrylamide as a risk factor come to scientists attention recently, as its dis-
covery in food was accidental. Formation of acrylamide in different types of 
cooked food or processed food at high temperatures reported recently. Several 
researchers have validated an analytical method for the analysis of acrylamide in 
food by UPLC-MS/MS as determined in Figure 5. Various reports suggests that 
processed food such as potato, coffee, bakery and other human dietary products 
contain acrylamide. One of the study carried out in Cyprus found that potato 
crisp had highest amount of acrylamide (642 ppb), followed by French fries and 
biscuits. Concurrently, regular consumption of such food products may lead to 
 carcinogenicity [29].

4.8 Determination of phytoconstituents

Determination of phytoconstituents analysis involves usage of several analytical 
techniques for the isolation and characterization of phytoconstituents. Primitive 
techniques basically involved usage of UPLC-MS for the isolation and determina-
tion of phytoconstituents. Analysis and identification of chemical constituents of 
fenugreek by UPLC-MS and UPLC-Q-TOF-MS revealed that, 57 saponins and 19 
flavonoid components. In addition to that, characterizations and quantitation of 
phytoconstituents has been reported in Piper betle. Moreover, quantitative data 
revealed significant variances in the contents of the major bioactive components in 
Piper betle species [44, 45].

Figure 5. 
UPLC-MS chromatogram for acrylamide standard solution at 500 ng ml−1.
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4.9 Determination of food contaminants in food matrices

In current years, various food such as legumes, cereals, potatoes, eggs, aquatic 
foods, dairy products, vegetables, fruits, and beverages reported to have several 
mycotoxins such as beauvericin, enniatin A, enniatin B, alternariol, tentoxin, and 
tenuazonic acid (Figure 6). These mycotoxins have been considered as a major 
food contaminates. In recent years, UPLC-MS has emerged as one of the most 
suitable method for the determination of these food contaminants. UPLC-MS has 
advantages over other instruments because of having better detection level, fast and 
accurate. UPLC-MS has emerged as a powerful tool for monitoring and measuring 
dietary exposure assessment of such mycotoxins [30].

4.10 Analysis of antioxidant and phenolic compound using UPLC-MS

It’s been well-know that antioxidant has ability to fight against free radicals since 
free radicals are considered as a causative agent for several diseases. However, use 
of antioxidant has increased in food industry due to its antimicrobial property. 
Nowadays, natural as well as synthetic antioxidant such as butylated hydroxyani-
sole (BHA), butylated hydroxytoluene has been extensively used in food industry. 
However, the safety and toxicity of synthetic antioxidant is still a matter of concern 
for human health. On the other hand, several phenolic compounds have been well 
known for human nutrition. Moreover, these components are used for retarding 
microbial growth, increasing shelf life, reducing undesirable fragrances, enhanc-
ing nutritional value as well as delaying the formation of toxic oxidation. Phenolic 
profiling as well as antioxidant activities can be analyzed UPLC-ESI-MS/MS in Salvia 
species in some of the medicinal plants from South West Anatolia, Turkey. Moreover, 
it is assumed that, it was first reported for the analysis of individual phenolic profiles 
of S. potentillifolia, S. albimaculata, and S. nydeggeri [46].

4.11 Bromate in drinking water

Most of the drinking water contains bromide, as the primary source of 
bromide is soils containing bromide or sea water containing excess amount of 

Figure 6. 
Chromatogram (100 ng/mL) showing complete separation of a mixture of 10 mycotoxin standards at  
(100 ng/mL) using UPLC-MS method.
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bromide. During the ozonation process bromide gets converted into carcinogenic 
bromate [47]. International Cancer research agency has found that, bromate 
has carcinogenic property in human beings. UPLC-MS techniques have been 
reported to quantify bromate at very low detection levels, that is, 0.01 ng/mL as 
found in Figure 7. UPLC-MS method is found to be rapid, selective, and sensi-
tive for routine analysis of bromate at very low level in drinking water as well as 
sea water [32].

4.12 Analysis of capsaicinoids in capsicum species

Capsaicinoids are the pungent metabolites of the fruit capsicum. Capsaicinoids 
are a group of more than 13 alkaloids having structure of vanillylamide with 
branched fatty acid in the 9–11 carbons. Moreover, the most predominant capsa-
icinoids are capsaicin and dihydrocapsaicin. These two major capsaicinoids are 
responsible for the spiciness of capsicum (Figure 8). UPLC-MS is used to analyze 
capsaicinoids in various capsicum species. Analysis is carried out to measure the 
amount of all the capsaicinoids such as capsaicin, dihydrocapsaicin, nordihy-
drocapsaicin, homocapsaicin, and homodihydrocapsaicin in different species of 
capsicum. Based upon the UPLC-MS analysis limit of detection is calculated 0.05, 
0.06, 0.15, 0.2, and 0.1 g/g for capsaicin, dihydrocapsaicin, nordihydrocapsaicin, 
homocapsaicin, and homodihydrocapsaicin, respectively [35].

4.13 Foodborne carcinogens

Foodborne carcinogens are a metabolic product of food after food processing (e.g., 
heating, curing, smoking) and during food preparation (e.g., baking, frying, grill-
ing). Sometimes, fungi and plant-derived products also tend to produce foodborne 
carcinogens. Dietary carcinogens produced by chemical and physical food processing 
are N-nitroso compounds, heterocyclic aromatic amines, polycyclic aromatic hydro-
carbons, and acrylamide. However, infected grains and peanuts have been reported 
to contain mold Aspergillus flavus and Aspergillus parasiticus, which is considered for 
produc ing secondary metabolite such as aflatoxins (carcinogenic potential) [48]. 

Figure 7. 
Chromatograms showing a UPLC-MS/MS peak of bromate in drinking water.
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Researchers have developed an analytical method for biomonitoring of cooked meat 
carcinogens and their metabolites in human urine [34].

4.14 Vitamin analysis using UPLC-MS

Vitamins can be defined as biologically active organic compounds that have a 
relatively low molecular weight. Vitamins are present in minute quantity; however it 
is very important for human health and overall growth. Vitamin can be fulfilled only 
from regular diet or nutrition supplement, because these nutrients help in the metab-
olism of carbohydrates, fat, and proteins. In addition to that, it is also reported that, 
it reduces damage from free radicals. On the other hand deficiency in vitamin may 
lead to various diseases. UPLC-MS is very well known for the analysis of vitamins. 
Several UPLC-MS methods have been reported for the analysis of vitamin B complex 
(thiamin, riboflavin, biotin, nicotinic acid, pyridoxine, pyridoxamine, pyridoxal, 
pantothenic acid, FAD, and nicotinamide) analysis in human milk. UPLC-MS 
coupled with ESI techniques is used to analyze vitamin B from milk sample [49].

4.15 Determination of alkaloids, theobromine, and caffeine in cocoa

Ortega et al. [50] reported identification and quantification of alkaloids, 
theobromine, and caffeine in cocoa sample using UPLC-MS/MS. UPLC instrumen-
tations are the most common techniques for routine analysis of such components 
in field of trace analysis. On the other hand, UPLC-MS has also been reported 
for alkaloid profiling of medicinal plants having cytotoxic properties. It is used 
for analysis of various alkaloids such as sanguinarine, berberine, protopine, and 
chelidonine [50].

4.16 Analysis of lactose in human and cow’s milk

Sugars are found in a variety of food matrices as either naturally or artificially 
added. Fructose, glucose, and sucrose are important constituents of various fruit 
juices. Maltose is found in products derived from corn and grain products. Lactose, 
also known as milk sugar, exists in dairy products. This set of sugars is known 
as the five food sugars. Analysis of these sugars is important for quality control 
purposes, or to determine authenticity or adulteration of food products (Figure 9). 

Figure 8. 
UPLC-MS chromatogram showing different capsaicinoids extracted from red chili.
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Figure 7. 
Chromatograms showing a UPLC-MS/MS peak of bromate in drinking water.
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In addition to that, lactose is most important source of sugar for infant, kids as well 
as adult. UPLC-MS/MS can be easily used for determination of lactose in cow’s or 
human milk as well as other food products [51].

4.17 Pesticides in fruit and vegetables

Fruit and vegetables are important crops of horticulture, as they are an integral 
part of the human diet. Fruit and vegetables provide carbohydrate, protein, vita-
mins, minerals, fiber and help in the maintenance of a healthy life style. However, 
in current years demand of fruit and vegetables has increased tremendously, 
because of high consumption and population demand. Therefore to boost the 
production, farmers are using so many chemicals in terms insecticides, fungicides, 
herbicides, acaricides, and rodenticides for prophylactic use or in diseased condi-
tion. However, it has been reported that, these chemical has very harmful effect on 
human health [52]. Savini et al. [33] reported a quick and sensitive UPLC method 
coupled with Orbitrap for determining highly polar pesticides and contaminants in 
processed fruits and vegetables.

4.18 Analysis of food-based dyes using UPLC-MS

Synthetic oil-soluble mono-azo coloring agents such as Sudan dyes and Para Red 
are very common in food industries. Due to minimal expense and high intensity 
color it is very commonly used as food additives particularly in chili. However, 
International Agency for Research on Cancer (IARC 1975) categorized these dyes 
a potential cancer-causing agent. Moreover, illegal use of these dye such as Sudan 
Red 7B, Sudan I–IV and Para Red have been still found in food impacting consumer 
health. UPLC-MS has been reported as one of best choice of instrument analysis of 
such dyes due to their highest sensitivity.

Figure 9. 
Chromatogram showing standard lactose (A) vs. milk sample (B).
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Analysis of the Electrochemical
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Barium Cerate for Proton
Conductivity in Low Humidity
Conditions: A Review
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Abstract

Proton-conducting perovskites are among the most promising electrolytes for
Proton Ceramic Fuel Cells (PCFCs), electrolysers and separation membranes. Par-
ticularly, yttrium-doped barium cerate, BaCe1-xYxO3-δ (BCY), shows one of the
highest protonic conductivities at intermediate temperatures (σ � 10�3 S cm�1 at
400°C); values that are typically achieved under humidified atmospheres
(pH2O � 10�2 atm). However, BCY has commonly been discarded for such applica-
tions due to its instability in the presence of water vapour and carbonaceous atmo-
spheres. A recent discovery has shown that BCY10 exhibits pure protonic
conductivity under very low humidity contents (�10�5–10�4 atm), owing to its
very high equilibrium constant for hydration. This peculiar characteristic allows this
material to retain its functionally as a proton conductor in such conditions, while
preventing its decomposition. Hence, this chapter explores the electrochemical
properties of the BaCe0.9Y0.1O3-δ (BCY10) composition, comprehensively
establishing its limiting operation conditions through defect chemistry and thermo-
dynamic analyses. Moreover, the importance of such conditions is highlighted with
respect to potential industrially relevant hydrogenation/de-hydrogenation reactions
at low temperatures under low humidity.

Keywords: perovskite, barium cerate, protonic conductivity, transport number,
nominally dry conditions

1. Introduction

Ceramic proton conductors have been highlighted for electrochemical synthesis,
as potential membranes in hydrogenation and dehydrogenation reactions [1]. One
of the best compositions for this role is that of the doped barium cerate, e.g.
BaCe1-xMxO3-δ (M = Y3+, In3+, Gd3+, etc.), which can show very high levels of
proton conductivity at intermediate temperatures (i.e. σ � 10�3 S cm �1 at 400°C)
[2–9]. This material belongs to the perovskite family with ABO3 ceramic oxide
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structure, including a divalent alkaline earth element, such as Ba2+ (also, Sr2+ or Ca2+),
in the A-cation site, while a tetravalent rare-earth element, Ce4+, is present in the
B-cation site. The introduction of dopants in the B-site with suitable acceptor ele-
ments, such as Y3+, In+3 or Gd3+ trivalent cations, leads to the formation of charge
compensating oxygen vacancies [9]:

BaOþ 1� y
� �

CeO2 þ y
2

� �
M2O3¼)BaxBa þ 1� y

� �
CexCe þ y

� �
M0Ce þ 3� y

2

� �
Ox

O þ
y
2

� �
V••

O

(1)

In addition to potential oxide-ion conductivity, these acceptor-substituted
materials are also capable of offering both protonic and electronic conductivity,
depending on the temperature and atmospheric conditions. The protonic conduc-
tivity is the most significant characteristic of these materials that is usually associ-
ated with the existence of protonic defects (OH•

O), upon filling of these oxygen
vacancies in the presence of water vapour, as expressed by Eq. (2) [10–13]:

H2Oþ V••
O þOx

O ⇔ 2OH•
O (2)

Accordingly, the equilibrium constant for hydration, Kw, is given by the
following equation:

Kw ≈
OH•

O

� �2
pH2O V••

O

� �
Ox

O

� � (3)

Due to the significant importance of humidity to promote protonic conductivity,
most of the reported studies of barium cerate based materials have focused on
highly wetted atmospheres with typical water vapour partial pressure pH2O � 3 �
10�2 atm [14–18]. Unfortunately, these works also underline the tendency of this
material for reacting with acidic gases, viz. carbon dioxide (CO2) and water vapour
(H2O), leading to the formation of insulating carbonate or hydroxide phases,
respectively, on the surface of the material. This complication impedes the ability of
this material to be used in highly humidified and carbon-based fuels, thus, limiting
its potential application range [3, 14–20]. The typical degradation reactions in such
atmospheres include:

BaCeO3 sð Þ þ CO2 gð Þ ! BaCO3 sð Þ þ CeO2 sð Þ (4)

BaCeO3 sð Þ þH2O gð Þ ! Ba OHð Þ2 gð Þ þ CeO2 sð Þ (5)

The chemical stability of doped barium cerates is well documented in the litera-
ture and huge efforts have been made to explore the reasons behind its chemical
instability, using both conventional and non-conventional techniques [21–25]. For
instance, Matsumoto et al. [22] studied the effect of dopant M in BaCe0.9M0.1O3-δ
(M = Y, Tm, Yb, Lu, In, or Sc) on the electrical conductivity in the temperature
range 400–900°C and on the chemical stability with respect to CO2 by
thermogravimetry (TG). Both the electrical conductivity (moistened H2 or O2,
pH2O = 1.9 � 10�2 atm) and the stability against carbonate formation were shown to
decrease with increasing ionic radius (Figure 1), corresponding to an increase in
basicity. Nonetheless, all compounds were found to interact with pure CO2 at
temperatures below 900°C, failing to succeed in the mitigation of the chemical
instability in the doped barium cerate.
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Against this scenario, one common alternative is the use of the barium
zirconates or compounds containing both Ce and Zr elements, where the introduc-
tion of Zr can significantly increase their chemical stability. Nonetheless, it has also
been demonstrated that increased amounts of Zr negatively impact the total con-
ductivity of these materials, due to an increase in their refractive nature and in their
grain growth, which aggravate the problem of resistive grain boundaries. As such,
much lower values of total conductivity are, typically, reported for the zirconate
materials than for their cerate analogues, even though their bulk protonic conduc-
tivities are actually greater [9, 26–33].

More recently, the work of Kim et al. [34] reported that the chemical instability
of the barium cerates is due to the presence of a nanometre-thick amorphous phase
found at the grain boundaries in proton-conducting BaCeO3 polycrystals, which not
only leads to a reduced proton mobility, but also can act as a penetration path for
H2O and CO2 gas molecules, facilitating chemical decomposition and collapse of the
microstructure (Figure 2a). Furthermore, this effect could be minimised by con-
trolling the composition to obtain Ba-deficient samples in which the intergranular
amorphous layer could be minimised, leading to a mitigation of the reactivity with
such gases (Figure 2b). The presence of an amorphous layer on the interfaces
between grains has also been documented in barium zirconate-based compositions
[26, 35], where this feature can exert significant complications during fabrication of
complete electrochemical cells [19, 36].

In summary, the high electrical conductivity and the facile processing of the
doped barium cerates demands further investigation to succeed to overcome their
limited stabilities. In fact, it is only very recently that research in these materials has
moved towards a more fundamental and, yet, critical aspect, concerning a deeper
understanding of the limiting atmospheric conditions that are necessary to retain
their functionality. Taking this into account, Loureiro et al. [37] reanalysed the
barium cerate stability limits by thermodynamic calculations, considering its
decomposition products in the presence of water vapour and CO2 (Figure 3).
According to this theoretical study, no degradation would be expected for humidity
values of �3 � 10�2 atm and temperatures higher than �500°C. However, when
considering the formation of barium carbonate (Figure 3), the thermodynamics
predict that much stricter conditions need to be applied, where only very low partial

Figure 1.
Carbonate formation temperature (blue) and the conductivity isotherm at 400°C of BaCe0.9M0.1O3-δ (M = Y,
Tm, Yb, Lu, In or Sc) in moist H2 as a function of the ionic radius of the dopant. Adapted from [22].
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tion of Zr can significantly increase their chemical stability. Nonetheless, it has also
been demonstrated that increased amounts of Zr negatively impact the total con-
ductivity of these materials, due to an increase in their refractive nature and in their
grain growth, which aggravate the problem of resistive grain boundaries. As such,
much lower values of total conductivity are, typically, reported for the zirconate
materials than for their cerate analogues, even though their bulk protonic conduc-
tivities are actually greater [9, 26–33].
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of the barium cerates is due to the presence of a nanometre-thick amorphous phase
found at the grain boundaries in proton-conducting BaCeO3 polycrystals, which not
only leads to a reduced proton mobility, but also can act as a penetration path for
H2O and CO2 gas molecules, facilitating chemical decomposition and collapse of the
microstructure (Figure 2a). Furthermore, this effect could be minimised by con-
trolling the composition to obtain Ba-deficient samples in which the intergranular
amorphous layer could be minimised, leading to a mitigation of the reactivity with
such gases (Figure 2b). The presence of an amorphous layer on the interfaces
between grains has also been documented in barium zirconate-based compositions
[26, 35], where this feature can exert significant complications during fabrication of
complete electrochemical cells [19, 36].

In summary, the high electrical conductivity and the facile processing of the
doped barium cerates demands further investigation to succeed to overcome their
limited stabilities. In fact, it is only very recently that research in these materials has
moved towards a more fundamental and, yet, critical aspect, concerning a deeper
understanding of the limiting atmospheric conditions that are necessary to retain
their functionality. Taking this into account, Loureiro et al. [37] reanalysed the
barium cerate stability limits by thermodynamic calculations, considering its
decomposition products in the presence of water vapour and CO2 (Figure 3).
According to this theoretical study, no degradation would be expected for humidity
values of �3 � 10�2 atm and temperatures higher than �500°C. However, when
considering the formation of barium carbonate (Figure 3), the thermodynamics
predict that much stricter conditions need to be applied, where only very low partial

Figure 1.
Carbonate formation temperature (blue) and the conductivity isotherm at 400°C of BaCe0.9M0.1O3-δ (M = Y,
Tm, Yb, Lu, In or Sc) in moist H2 as a function of the ionic radius of the dopant. Adapted from [22].
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pressures of CO2 (e.g. pCO2 < �10�8 atm at 400°C) are able to avoid barium cerate
degradation.

For this reason, only very few reports can be found on successful applications of
BCY membranes for chemical reactions. Most of these have concerned, ammonia
synthesis [39–41], or the conversion of propane to propylene [42]. In these cases, no
chemical instability has been reported and the survival of the BCY material is likely
to be related to the effective absence of CO2 or significant water vapour in these
operations. To understand this further, Figure 4 presents the maximum water
vapour partial pressure (pH2O) that could be tolerated in different carbonaceous
atmospheres to provide an equilibrium partial pressure of CO2 that remains below

Figure 2.
Schematic representation of microstructural changes upon reaction with water and carbon dioxide:
(a) Ba-stoichiometric compositions (thick amorphous intergranular phase); (b) Ba-deficient compositions
(thin amorphous intergranular phase).

Figure 3.
Thermodynamic stability of carbon dioxide partial pressure (pCO2) and water vapour partial pressure (pH2O)
as function of temperature considering the equilibrium of BaCeO3 and its decomposition products (i.e. BaCO3
and Ba(OH)2) [38] (reproduced by permission of The Royal Society of Chemistry).
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that of the BCY stability limit. These results demonstrate that, for example, at 400°
C, these values should range between the values of 10�3 < pH2O < � 10�4 atm in
order to avoid decomposition of the perovskite phase, for the potential hydrocarbon
atmospheres of CH4, C3H8 or C6H6 [43].

Nonetheless, one of the requirements for operating in such low water vapour
partial pressures is that the protonic conductivity must be maintained in order to
ensure the functionality of the electrolyte membrane in these applications. In this
respect, protonic conductors are complex materials as they are capable to offer
mixed conductivity (protonic, oxide-ion and electronic), depending on the tem-
perature and on the nature of the surrounding atmosphere [37, 38]. One of the most
promising compositions for this type of application is that of the yttrium-doped
barium cerate, BaCe1-xYxO3-δ (BCY), which has very high protonic conductivity at
lower temperatures under humidified atmospheres (e.g. �10�3 S cm�1 at 400°C,
pH2O � 10�2 atm) [1, 38].

Therefore, the current chapter will be focus on the electrochemical transport
properties of the BaCe0.9Y0.1O3-d (BCY10) in reducing and oxidising conditions
when operating in very low humidity levels. The aim of this chapter is to compre-
hensively explain the working limits of BCY10 and to assess its applicability as an
electrolyte membrane for fuel cell, electrolysers and other electrochemical-based
applications, with special focus on operation under low water vapour partial
pressures.

2. Electrochemical properties of BCY10 in nominally dry reducing
conditions

Figure 5 depicts the total conductivity of BCY10 analysed by impedance spec-
troscopy between 100 and 500°C in H2, 10%H2-N2 and N2, highlighting that no
significant differences can be observed in the conductivity measured under these
atmospheres. In addition, at the higher temperature range, a notable decrease of the
activation energy is observed in all cases, as a result of the exsolution of protons
from the structure of BCY10, and the concomitant decrease of the protonic contri-
bution to the electrical transport [37]. Interestingly, and also surprisingly at first

Figure 4.
Thermodynamic equilibrium for the formation of carbon dioxide from a hydrocarbon-based mixture and water
at 400°C [38] (reproduced by permission of The Royal Society of Chemistry).
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sight, current results of total conductivity in nominally dry H2 are close to those
corresponding to the available data in literature for humidified H2 (Table 1).

To analyse the contribution of electronic conductivity to this material in nomi-
nally dry conditions, the total conductivity was also analysed as a function of
hydrogen partial pressure (pH2) [37], as shown in Figure 5b. A slight increase in
total conductivity can be observed towards higher pH2 values.

To be able to understand this behaviour, firstly the potential for an electronic
component to conductivity must be assessed. In reducing conditions (e.g. H2-
containing atmospheres), the cerium cations from the B-site of the perovskite
structure of BCY10 can reduce from a higher oxidation state, Ce4+, to a lower one,
Ce3+, altering the contribution of the concentration of the electronic charge carriers.
This phenomenon is well documented in the literature for various cerium-based
compositions [37, 38, 44–47], being described as small-polaron electronic conduc-
tivity (i.e., a localised, mobile electron, Ce0Ce). Due to the high mobility of electronic
conductors, such electronic contribution can exceed that of the ionic, under very
reducing conditions and high temperatures [37, 45–47]. However, in the case of
BCY10, the extent of cerium reduction has been assessed by Loureiro et al. [37],
who performed coulometric titration measurements to study the potential role of
electronic contribution in BaCe0.9Y0.1O3-δ in reducing conditions as a function of
temperature. This technique has been widely adopted to quantify the changes in the

Figure 5.
(a) Temperature dependency of the total conductivity of BCY10 obtained in the temperature range 100–500°C
in nominally dry conditions for H2, 10% H2-N2 and N2; (b) BCY10 total conductivity as function of hydrogen
partial pressure (pH2) under nominally dry conditions in the temperature range of 350–600°C [37]
(reproduced by permission of The Royal Society of Chemistry).

Conductivity (S cm�1) pH2O (atm) Reference

3.59 � 10�3 �10�5 atm (dry H2) [37]

2.67 � 10�3 �10�2 atm (wet H2) [14]

1.85 � 10�3 [17]

1.96 � 10�3 [15]

2.60 � 10�3 [16]

8.48 � 10�4 [18]

Table 1.
Comparison of literature studies of total conductivity of BCY10 in nominally dry and wet H2 at 400°C [37]
(reproduced by permission of The Royal Society of Chemistry).
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oxygen non-stoichiometry (Δδ), which can be associated with the reduction of Ce4+

to Ce3+, following the equation:

2CexCe þ Ox
O ⇔V••

O þ 2Ce0Ce þ
1
2
O2 (6)

with the equilibrium constant for reduction reaction given by:

KR ¼
V••

O

� �
Ce0Ce
� �2p O2ð Þ12
Ox

O

� �
CexCe
� �2 (7)

The results of coulometric titration (Figure 6) [37] show considerable variations
of Δδ with oxygen partial pressure only at very high temperature, with a lower
impact as temperature decreases. Thus, Figure 6 demonstrates that very extreme
reducing conditions and very high temperatures are required to produce apprecia-
ble increase in the oxygen-vacancy and electronic concentrations in BCY [47, 48].
These results contrast with those of fluorite-ceria-based materials which usually
show high reducibility under milder conditions [46, 49].

Thus, to take the possibility of reduction into account, the methodology applied
by Loureiro et al. [37] for the determination of reduction equilibrium follows the
method reported elsewhere [50], as described below.

The corresponding mass action constant (Eq. (7)) can be combined with the
electroneutrality condition:

2 V••
O

� �þ OH•
O

� �
≈ Y0Ce
� �þ Ce0Ce

� �
(8)

and other mass and lattice position restrictions, on neglecting defect interactions
and assuming nearly ideal behaviour, with the following relations between the
concentrations of relevant species, stoichiometric changes (Δδ), and fraction of
trivalent additive (x):

Ce0Ce
� � ¼ Z

v0
2Δδð Þ (9)

Figure 6.
Oxygen non-stoichiometry as function of oxygen partial pressure (pO2) [37] (reproduced by permission of The
Royal Society of Chemistry).
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reducing conditions and very high temperatures are required to produce apprecia-
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V••
O

� � ¼ Z
v0

Δδþ x
2

� �
(10)

CexCe
� � ¼ Z

v0
1� x� 2Δδð Þ (11)

Ox
O

� � ¼ Z
v0

3� x
2
� Δδ

� �
(12)

where Z is the number of atoms per unit cell and n0, the unit cell volume.
Substitution in Eq. (7) leads to the values of the equilibrium constant for reduction
(KR) from the entire range of values of Δδ versus pO2 at a given temperature T:

KR Tð Þ ¼ 4Δδ2 Δδþ x
2

� �
p1=2
O2

3� x
2 � Δδ

� �
1� x� 2Δδð Þ2 (13)

The following equation was then determined to describe the temperature
dependence of KR, from the results of oxygen-nonstoichiometry shown in Figure 6:

KR Tð Þ ¼ 4:47 � 1014 exp �7:85 � 104=T
� �

atm1=2 (14)

with an enthalpy for reduction, ΔHR = 804.99 kJ mol�1. This value is signifi-
cantly higher than those obtained by other authors for fluorite ceria-based materials
(Table 2) [46, 49], underscoring the low reducibility of BCY10 in such conditions
from intermediate to low temperatures.

On the basis of these results, the potential rehydration of the BCY10 material
was then assessed by thermogravimetric experiments [37]. Figure 7 depicts the
concentration of protonic charge carriers as a function of temperature, calculated
from the following methodology.

By expressing the equilibrium constant for water incorporation reaction
(Eq. (3)) in terms of entropy, ΔSw, and enthalpy, ΔHw:

Kw ¼ exp
ΔSw
R

� �
: exp �ΔHw

RT

� �
(15)

where T and R have usual meanings. Given Eq. (1) and knowing that the
number of oxygen sites per formula unit of barium cerate is restricted to 3, implying
the site restriction relationship:

Compound δhr (kJ mol�1) Reference

BaCe0.9Y0.1O3-x/2-Δδ 805 [37]

Ce0.9Gd0.1O2-x/2-Δδ 410-420 [46]

438 [51]

Ce0.8Gd0.2O2-x/2-Δδ 430 [46]

385 [51]

Ce0.9Sm0.1O2-x/2-Δδ 400 [52]

Ce0.8Sm0.2O2-x/2-Δδ 385 [52]

375 [49]

Table 2.
Enthalpy (ΔHR) for reduction of different ceria-based based solid solutions materials.
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2 V••
O

� �þ OH•
O

� �þ Ox
O

� � ¼ 3 (16)

with Eqs. (3), (15), (16), Kw can be reformulated as

Kw ¼ exp
4 OH•

O

� �2
pH2O S� OH•

O

� �� �
6� S� OH•

O

� �� �
 !

(17)

and then, the concentration of protonic defects is given by

OH•
O

� � ¼ 3:K0 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9K0 � 6K0:Sþ K0:S2 þ 24S� 4S2

p

K0 � 4
(18)

where K0 = Kw.pH2O and S = [YCe’]. Because the formation of protonic defects is
usually accompanied by a significant weight increase, the concentration of protonic
defects as a function of temperature and water vapour partial pressure is generally
measured by thermogravimetric analysis (TG). From Figure 7, one can observe an
increase in the concentration of protonic species as a function of decreasing tem-
perature, even in nominally dry 10%H2/N2. This factor is most likely related to the
intrinsic formation of water vapour under the presence of hydrogen and oxygen
impurities in the feed stream:

H2 gð Þ þ
1
2
O2 gð Þ $ H2O gð Þ (19)

This result emphasises the existence of protonic conductivity in nominally dry
hydrogen-containing atmospheres, as even trace amounts of oxygen can form water
vapour, potentially contributing to the hydration of the BCY10 material. Hence, the
partial conductivities can be obtained by combining the results from both coulom-
bic titration and TG experiments using a defect chemistry methodology [37].

Figure 8 shows the partial conductivities of all species (protons, oxide-ions and
electrons) obtained at the temperature range (350–600°C) in nominally dry H2

(pH2O � 10�4 atm). One can observe a dominance of the ionic charge carriers over
the electronic carriers in the whole temperature range, corroborating the negligible
reducibility of cerium cations measured by coulombic titration (Figure 6).

Figure 7.
Concentration protonic defects obtained from TG in N2 and from the simulation performed in [37]
(reproduced by permission of The Royal Society of Chemistry).
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Furthermore, at the low temperature range (350–400°C), the dominance of
protonic conductivity is related to the high equilibrium constant for water incorpo-
ration in BCY10, allowing a significant hydration even at pH2O values as low as
�10�4 atm [53], as confirmed by TG (Figure 7). This behaviour also explains the
slight pH2 dependence of conductivity shown in Figure 5b that is due, not to
electronic behaviour, but to changes in the effective water vapour partial pressure
arising from Eq. (19) and subsequent slight increase in ionic conductivity due to a
higher level of hydration Eq. (18). In contrast at higher temperatures in the (550–
600°C) range, oxide-ion conductivity starts to become dominant at due to the loss
of protons from the structure (Figure 7).

3. Electrochemical properties of BCY10 in low humidity oxidising
conditions

The transport numbers of BCY10 in oxidising atmospheres were firstly studied
by Oishi et al. [54] and by Grimaud et al. [55]. Later, Lim et al. [56] determined the
concentration of charge carriers in BCY10 by thermogravimetric analysis (TGA)
under two different humidity conditions (dry and wet, pH2O � 10�5 and 10�3 atm,
respectively). More recently, Loureiro et al. [38] focused on the determination of
the transport properties of this composition at temperatures below 600°C and
under very low humidity levels (pH2O ≤ 10�4 atm).

In oxidising conditions, the absence of hydrogen species, shifts the water for-
mation reaction, Eq. (19), away from the water product, leading to a lower intrinsic
water vapour partial pressure that can, in turn, decrease the protonic transport
number [38]. Therefore, at the intermediate temperature range, 350–600°C, it is
necessary to externally add humidity to guarantee a sufficient level of protonic
conductivity. Moreover, BCY10 is known to possess p-type electronic conductivity
in oxidising atmospheres, which can importantly impact the total conductivity in
these conditions [38], as expressed by

Figure 8.
Total (experimental and calculated) and partial conductivities vs. temperature. Data obtained in the
temperature range 350–600°C in nominally dry conditions [37] (reproduced by permission of The Royal
Society of Chemistry).
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Figure 9 shows the total conductivity of BCY10 measured in the temperature
range 350–600°C in wet and low humidity O2 and N2. From Figure 9, this expected
decrease in the concentration of protonic species is corroborated, as in both, N2 and
O2, total conductivity is shown to be higher in wet conditions (pH2O � 10�3 atm)
than in low humidity conditions (pH2O � 10�7 atm). It is also possible to observe
that low humidity N2 (pH2O � 10�7 atm) the total conductivity is lower in the whole
measured temperature range in comparison to wet N2 (pH2O� 10�3 atm), as a result
of dehydration of the sample according to Eq. (22). In contrast, in O2, the total
conductivity in low humidity and wet conditions are similar, particularly at higher
temperatures, a factor that can be explained due to the presence and dominance of
p-type electronic conductivity [57, 58] (see Eq. (20)):

2OH•
O ⇔H2Oþ V••

O þ Ox
O (22)

In agreement, the presence of p-type electronic conductivity can explain the
slightly higher activation energy registered in low humidity O2, 0.49 eV, in com-
parison to the other studied atmospheres.

Figure 10 illustrates the partial conductivities obtained in wet (pH2O� 10�3 atm)
and low humidity (pH2O � 10�7 atm) conditions in N2 and O2. Figure 10a and b
show that in moderate wet conditions (pH2O � 10�3 atm) the protonic conductivity
is dominating in both atmospheres with activation energies similar to that obtained
for the protonic conduction (�0.4–0.5 eV) [16, 17]. In contrast, in low humidity
conditions (Figure 10c and d) a drop on protonic conductivity with increasing
temperature is observed, due to predominant oxide-ion conductivity in both

Figure 9.
Total conductivity of BCY10 in wet (pH2O � 10�3 atm) and low humidity (pH2O � 10�7 atm) N2 and O2.
Reproduced from [38] with permission from Elsevier.
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atmospheres. In the case of hole conductivity, the activation energies obtained were
found to be lower at low humidity conditions (0.61–1.03 eV,T = 350–500°C) in
comparison with those obtained in wet conditions (1.29–1.75 eV,T = 350–500°C).
This can be explained by the creation of electronic defects (Eq. (20)), upon filling
the oxygen vacancies.

4. Comparison between reducing and oxidising conditions
under low humidity

As discussed previously, to maximise the protonic conductivity is necessary to
maintain a minimum level of humidity in the order of 10�4–10�5 atm. It is also
important to emphasise that, while this level of humidity is intrinsically formed in
nominally dry hydrogen-containing atmospheres, in the case of oxidising atmo-
spheres this level must be externally supplied. A comparison of the partial conduc-
tivities in all cases is shown in Figure 11, for pH2O � 10�4 atm. At temperatures

Figure 10.
Partial conductivities obtained in wet and low humidity conditions in (a) and (b) N2, and (c) and (d) O2. The
activation energy values, Ea, were calculated in the temperature range 350–500°C. Reproduced from [38] with
permission from Elsevier.
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below 450°C, the total conductivity is dominated by protonic conductivity, with the
oxide-ion conductivity taking a negligible role. In contrast, at higher temperatures
(T > 450°C), the oxide- ion conductivity dominates the total conductivity with a
simultaneous decrease of protonic conductivity. With respect to the electronic
conductivity, this term increases as pO2 increases, being only relevant in oxidising
conditions and/or high temperatures. This can be explained due to the creation of
electronic holes, which become more relevant with increasing pO2 and temperature
(Eq. (20)).

Overall, BCY10 is shown to be a predominant protonic conductor in both
reducing and oxidising atmospheres at sufficiently low temperatures ≤500°C, even
under relatively low water vapour partial pressures (pH2O � 10�4–10�5 atm).
Moreover, the level of conductivity measured at 400°C in these conditions is high,
e.g. �10�3 S cm�1. The origin of protonic conductivity is due to a high equilibrium
constant for water absorption that allows this material to offer high bulk protonic
conductivity at intermediate temperatures in these very low humidity conditions.
From Figure 12, one can immediately envisage that this is a particular behaviour of
BCY10 that cannot be obtained in other competing proton-conducting perovskites,
due to their much lower values of Kw.

Figure 11.
Temperature dependence of partial conductivities in at pH2O � 10�4 atm: (a) H2, (b) N2 and (c) O2.
Activation energy values, Ea, calculated in the temperature range 350-500°C. Reproduced from [38] with
permission from Elsevier.
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This is a very exciting result since it opens a wide range of possibilities for using
the BCY material, in particular, in different applications that involve very low
humidity levels and low temperatures of operation. The most well-known is that of
ammonia electrochemical synthesis [39–41], although many other processes
concerning hydrogenation and de-hydrogenation reactions can also be considered
that agree with these operating conditions (Table 3).

5. Conclusions

The current chapter highlights that the transport properties of BaCe0.9Y0.1O3-δ
(BCY10) in very low humidity conditions are dependent on the nature of the
surrounding atmosphere and on the temperature, being significantly different in
reducing and oxidising conditions and at high and low temperatures. In reducing
conditions, BCY10 shows a very high protonic conductivity (e.g. � 10�3 S cm�1) at

Figure 12.
Equilibrium constant for hydration of several perovskite proton conductors. Adapted from [9].

Type Reaction ΔH0
298=kJ mol�1

Dehydrogenations 2CH4 gð Þ⇌C2H4 gð Þ þ 2H2 gð Þ 202

6CH4 gð Þ⇌C6H6 gð Þ þ 9H2 gð Þ 89

C3H8 gð Þ⇌C3H6 gð Þ þH2 gð Þ 124.3

iC4H10 gð Þ⇌iC4H8 gð Þ þH2 gð Þ 122

C8H10 gð Þ⇌C8H8 gð Þ þH2 gð Þ 117.6

Hydrogenations C10H8 gð Þ þ 2H2 gð Þ⇌C10H12 gð Þ �134
C6H10 gð Þ þH2 gð Þ⇌C6H12 gð Þ �120
C6H6 gð Þ þ 3H2 gð Þ⇌C6H12 gð Þ �207
N2 gð Þ þ 3H2 gð Þ⇌2NH3 gð Þ �109

Reproduced from [38] with permission from Elsevier.

Table 3.
Examples of dehydrogenation/hydrogenation reactions that can occur at very low humidity conditions.
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low temperatures i.e. < 400°C, even in nominally dry atmospheres with negligible
oxide-ion/electronic influence.

In the other hand, in oxidising conditions, the same behaviour can only be
obtained by externally supplying humidity in the range (pH2O � 10�4–10�5 atm) at
low temperatures ≤500°C. At higher temperatures, at this low humidity, the onset
of hole conductivity can be noted at higher oxygen partial pressures due partial
material dehydration.

The present discussion shows the importance of controlling the humidity levels
in order to maximise the protonic conductivity of BCY under operation. The very
low levels of humidity required (pH2O � 10�4–10�5 atm), to ensure predominant
proton conductivity in both reducing and oxidising atmospheres at low tempera-
tures ≤500°C, are highly interesting as they highlight the possibility of using this
composition in applications where low humidity levels and temperatures are
required, such as the suggested de-hydrogenation/hydrogenation chemical reac-
tions, while maintaining its stability against decomposition.
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Abstract

Carbon nanomaterials (CNMs), especially carbon nanotubes and graphene, 
have been attracting tremendous attention in environmental analysis for rapid and 
cost effective detection of various analytes by electrochemical sensing. CNMs can 
increase the electrode effective area, enhance the electron transfer rate between the 
electrode and analytes, and/or act as catalysts to increase the efficiency of elec-
trochemical reaction, detection, adsorption and removal are of great significance. 
Various carbon nanomaterials including carbon nanotubes, graphene, mesoporous 
carbon, carbon dots exhibited high adsorption and detection capacity. Carbon and 
its derivatives possess excellent electro catalytic properties for the modified sen-
sors, electrochemical methods usually based on anodic stripping voltammetry at 
some modified carbon electrodes. Metal electrode detection sensitivity is enhanced 
through surface modification of working electrode (GCE). Heavy metals have the 
defined redox potential. A remarkable deal of efficiency with the electrochemical 
sensors can be succeeded by layering the surface of the working electrode with film 
of active electro-catalytic species. Usually, electro catalysts used for fabrication of 
sensors are surfactants, nano-materials, polymers, carbon-based materials, organic 
ligands and biomaterials.

Keywords: nanomaterials, redox active site, carbon nanotube,  
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1. Introduction

Sustainable environment requires development of portable sensors for monitor-
ing heavy and toxic metallic pollutants. Nanomaterials and nanostructures play a 
vital role as an adsorption sites into sensors [1] that leads to shift sensitivity, selec-
tivity, multiplexed detecting ability towards high performance in terms of capabil-
ity and portability [2]. Nanomaterials-based sensors exhibit an extremely high 
surface area, which can increase the number of binding sites [2] available for the 
adsorption of metal ions. Heavy metal pollution becomes a concern for global 
sustainability. Carbon nanomaterials [3] act as electrochemical sensors because they 
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1. Introduction

Sustainable environment requires development of portable sensors for monitor-
ing heavy and toxic metallic pollutants. Nanomaterials and nanostructures play a 
vital role as an adsorption sites into sensors [1] that leads to shift sensitivity, selec-
tivity, multiplexed detecting ability towards high performance in terms of capabil-
ity and portability [2]. Nanomaterials-based sensors exhibit an extremely high 
surface area, which can increase the number of binding sites [2] available for the 
adsorption of metal ions. Heavy metal pollution becomes a concern for global 
sustainability. Carbon nanomaterials [3] act as electrochemical sensors because they 
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have higher sensitivities, lower limit detection, and faster electron transfer kinetics 
than traditional detection electrodes [4]. An electrochemical sensor is an analytical 
device in which a recognition element is integrated within or intimately associated 
with a physical transducer [5] (an electrode) that transfers the analytical signal to 
an electronic circuit for the purpose of detecting a target analyte. The development 
of active electro catalysts plays a key role in the design of efficient, reliable, stable, 
and innovative sensing devices. Electrochemical detection is highly favored by the 
characteristics of rapid detection, high sensitivity and selectivity, high adsorption 
capability and large surface area [6]. Functionalized CNTs are good electrochemical 
sensing materials and can impart strong electro catalytic activity [7] to electro-
chemical reaction for most environmental pollutants such as heavy metal ions, 
organic pollutants containing electro active group. Environmental pollution is 
considered as a worldwide public problem, including heavy metals, inorganic/
organic compounds, toxic gases, pesticides, antibiotics [8], bacteria, etc., which 
becomes a serious issues to human health and smooth environment [9]. The cat-
echol (1, 2-dihydroxybenzene) is a phenolic compound which is extensively used in 
dye, petroleum refinery, plastic, antioxidant, cosmetics, medicines. The high 
toxicity and low degradability cause eczematous dermatitis, depression of the 
central nervous system (CNS) and a prolonged rise of blood pressure. With indus-
trial development, many metal ions have discharged into natural environment. 
Unfortunately, metal ions, especial heavy metal ions, are easily caused soil and 
water polluted. Ordered mesoporous carbon have well-ordered and tunable porous 
structures and surface which have pore sizes in the range of 2–50 nm, Porosity 
offers high specific surface areas (more than 2000 m2g−1). However, the grafting of 
organic, inorganic or biomaterials into mesoporous carbon produces different 
functional groups and binding capacity which further improving their analytical 
performances. CNMs have received significant attention as candidate materials for 
detecting [10, 11] NOx, NH3, CO, SO2 etc. For example, sensing of nitrogen oxide 
(NOx), a major air pollutant emitted from power plants, which causes neurodegen-
erative diseases. The interfacial interaction can be enhanced by the surface-func-
tionalization of nanotubes. The polar groups [12] on the nanotube surface increase 
the adsorption affinity of the electron-donor or acceptor pollutants and conse-
quently offer better response. The detection of mercury ion at the Au-NPs interface 
is more sensitive and selective because they can form amalgam only with Hg 
compared to other metal ions. The electrochemical sensing performance had a 
relationship with the adsorption capacity, which excites the design of new sensing 
materials. The amino group on the surface of functionalized CMS [13] is bringing 
increased attractive force in adsorption of heavy metal ions. Though increasing the 
deposition time improves the sensitivity, it also lowers the detection limit because of 
the surface saturation at high metal ions concentrations. Carbon nanomaterials 
endowed with unique physiochemical properties were found to be most suitable for 
electrochemical detection of heavy metal due to their ease to modify, high sensitiv-
ity, good selectivity and high reproducibility. Unmodified CNTs are unable to 
chelate metal ions in aqueous solutions and cannot work as good electrode materials 
for the ASV analyses. The hydrophilic hybrid nanocomposites are able to adsorb 
heavy metal ions from aqueous solution due to the rich chelating groups. Carbon 
nano tubes (CNTs) exhibited effective adsorbent as well as sorbents for heavy metal 
ions. Therefore, it is reasonable to construct electrochemical sensors using the CNT 
or graphene-functionalized redox electrodes entity for detection of heavy metal 
because they are capable to detect simultaneously a majority of heavy metal ions 
with high resolution for defined and measured concentrations. The stripping 
techniques and particularly square wave and differential pulse anodic stripping 
voltammetry ensured alternative and extensive explored sensitive electrochemical 
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methods for heavy metal ions detection. The carbon bound Fluorine [14] exhibited 
both ionic as well as covalent interface and significantly enhanced the capacitive 
performance of fluorinated GO compared to pristine GO. Further, the fluorinated 
GO has high affinity for the simultaneous detection of heavy metal ions Cd2+, Pb2+, 
Cu2+ and Hg2+ using square wave anodic stripping voltammetry (SWASV) as 
electrochemical tool. Fluorinated-graphene has gained great attention because of 
unique properties such as its high temperature resistance and enhanced electro 
catalytic activity. Electron withdrawing nature is arising from the strong electro-
negativity of F and electron donating nature from the lone-pair electrons. Graphene 
or reduced graphene oxide (rGO) are used as an working electrode material; 
however, low sensitivity and potential interferences lowers their sensing capacity 
due to inherent irreversible agglomeration of graphene particle which excites 
researcher to develop green idea in the designing of native grapheme [15] based 
detecting electrodes as electrochemical sensor. Low sensitivity and poor selectivity 
related with the large over potential and the interference from the reduced sub-
stance, such as oxygen, H2O, encountered in the nitro aromatic compound (organic 
pollutants). Nitrophenols readily accumulate in organisms and are difficult to 
naturally degrade because of the high structural stability. The sensitivity can be 
improved by incorporating metal nano-particle over the surface of functional sites 
[16]. Owing to the high specific surface area, chemical stability, high p-conjugation 
and hydrophilic properties, GO can offer an excellent electrode platform for 
adsorbing other molecules. High surface to volume ratio with active sites, controlled 
distribution of pore size, exceptional sorption capacity and high sorption profi-
ciency make CNTs suitable material for the development of electro-analytical 
systems dedicated for the detection of heavy metal ions. Hence, ionated CNTs play 
important role in the metal ion sensing due to their better ion exchange capacity. 
Oxidized CNTs have a great potential for cation uptake compared to non oxidized 
CNTs. In other words, non oxidized CNTs have tendency towards uptake of anions 
compared to oxidized CNTs. The presence of an extended π-conjugation in organic 
conducting polymer (OCPs) confers the required mobility to charges that are 
present on polymer backbone and makes them electrically conducting [17]. The 
sensing intensifier played a facilitating role between the GCE surface and the target 
metal ions by bringing analytes closer to transducer surface resulting in appearance 
of intense electrochemical signals. CNFs with high length-to-diameter ratio are 
capable of offering additional active sites for nanoparticle loading or deposition. 
The carbon nanotubes alone as well as in their oxidized and in their composite 
forms have tremendous ability to adsorb the heavy metal ions. Unmodified CNTs 
are unable to chelate metal ions in aqueous solutions and cannot work as good 
electrode materials. This is due to deficiency of functional group and sufficiency of 
hydrophobic environment. The effective combination of two carbon nanostructures 
can not only improve solubility and conductivity but also make up functional 
deficiencies [18]. Functionalization could significantly assist in the improvement of 
surface capacitance. Thus, the modified GCE exhibits good electro oxidative 
activity towards pollutants.

2. Nanomaterials extended electrochemical sensing platforms

Electrochemical Carbon Nanotube Filter Oxidative Performance [19] as a 
Function of Surface adsorption. The presences of surface resident reactive groups, 
or edge-plane like sites that are situated at the ends of their structures, and at defect 
sites, are responsible for the excellent electro catalytic activity of carbon nanoma-
terials. Nanoparticles exhibited high surface to volume ratio with functional and 
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methods for heavy metal ions detection. The carbon bound Fluorine [14] exhibited 
both ionic as well as covalent interface and significantly enhanced the capacitive 
performance of fluorinated GO compared to pristine GO. Further, the fluorinated 
GO has high affinity for the simultaneous detection of heavy metal ions Cd2+, Pb2+, 
Cu2+ and Hg2+ using square wave anodic stripping voltammetry (SWASV) as 
electrochemical tool. Fluorinated-graphene has gained great attention because of 
unique properties such as its high temperature resistance and enhanced electro 
catalytic activity. Electron withdrawing nature is arising from the strong electro-
negativity of F and electron donating nature from the lone-pair electrons. Graphene 
or reduced graphene oxide (rGO) are used as an working electrode material; 
however, low sensitivity and potential interferences lowers their sensing capacity 
due to inherent irreversible agglomeration of graphene particle which excites 
researcher to develop green idea in the designing of native grapheme [15] based 
detecting electrodes as electrochemical sensor. Low sensitivity and poor selectivity 
related with the large over potential and the interference from the reduced sub-
stance, such as oxygen, H2O, encountered in the nitro aromatic compound (organic 
pollutants). Nitrophenols readily accumulate in organisms and are difficult to 
naturally degrade because of the high structural stability. The sensitivity can be 
improved by incorporating metal nano-particle over the surface of functional sites 
[16]. Owing to the high specific surface area, chemical stability, high p-conjugation 
and hydrophilic properties, GO can offer an excellent electrode platform for 
adsorbing other molecules. High surface to volume ratio with active sites, controlled 
distribution of pore size, exceptional sorption capacity and high sorption profi-
ciency make CNTs suitable material for the development of electro-analytical 
systems dedicated for the detection of heavy metal ions. Hence, ionated CNTs play 
important role in the metal ion sensing due to their better ion exchange capacity. 
Oxidized CNTs have a great potential for cation uptake compared to non oxidized 
CNTs. In other words, non oxidized CNTs have tendency towards uptake of anions 
compared to oxidized CNTs. The presence of an extended π-conjugation in organic 
conducting polymer (OCPs) confers the required mobility to charges that are 
present on polymer backbone and makes them electrically conducting [17]. The 
sensing intensifier played a facilitating role between the GCE surface and the target 
metal ions by bringing analytes closer to transducer surface resulting in appearance 
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capable of offering additional active sites for nanoparticle loading or deposition. 
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can not only improve solubility and conductivity but also make up functional 
deficiencies [18]. Functionalization could significantly assist in the improvement of 
surface capacitance. Thus, the modified GCE exhibits good electro oxidative 
activity towards pollutants.
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or edge-plane like sites that are situated at the ends of their structures, and at defect 
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terials. Nanoparticles exhibited high surface to volume ratio with functional and 
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highly redox active core center leading to increasing the sensitivity and selectivity 
of the sensor. Thus, a highly active site has great affinity towards molecules result 
in molecule gets adsorbed on the surface of electrode to undergo a redox reaction. 
The conducting and chelating group has marked effect on the designation of sensor. 
Nanomaterials provide a special platform for the purification of contaminated 
water due to the high surface area of nano-sorbents and their capability of chemical 
modification and easier regeneration. NPs, QDs with some functionalization are 
used as tools, immobilization platforms [20] or electro active labels to improve the 
sensing performance exhibiting higher sensitivity and stability. The nano-particles 
and quantum dots [20] structures from the electrodes have significantly made a 
contribution to increasing the electro-catalytic properties because the functional-
ization of the structures could improve the high surface area, conductivity, stability, 
porosity, and mechanical rigidity.

2.1 Nanomaterials and its chemical functionalization

Nanomaterials have one dimension <100 nm [1] and possess physico-chemical 
properties dictated by their unusually small size, large surface area, shape and 
chemical composition. Nanomaterials usually require the surface functionalization 
for specific detection of metal ions. The p-type (anion doped) CNTs can behave as 
an electron deficient surface which can easily adsorb reductive molecule (NO2) on 
its surface. The electrochemical sensitivity can be enhanced through attachment of 
active redox center either via physical or chemical forces over the reactive surface 
of carbon nanotube. Non-covalent functionalization normally involves physical 
forces (ion dipole, dipole–dipole, electrostatic force) for the binding of CNTs with 
catalysts (e.g., metal nanoparticles and metal oxides). Covalent functionalization 
[21] involves chemical forces (chemical reaction) for tagging of functional group 
with CNTs. In other words, it is realized through covalent attachment of chemi-
cal groups on the conjugated surfaces (edge, plane core) of CNTs. The number 
of oxygenated functional groups (e.g., –OH, –CO, and –COOH) created during 
calcinations, purification and isolation processes. As a result, controlled function-
alities are susceptible to determine the sorption capacity of CNTs. These chemical 
groups greatly reduce the hydrophilicity and improve the capacity of ion exchang-
ing behavior, leading to strong interactions with pollutants (e.g., heavy metal ions 
and organic compounds). Especially, the hydrophilic –OH and –COOH groups on 
the surface of CNTs exhibit superior sorption phenomenon towards low molecular 
weights and polarity. Their large surface area as pore volumes, functional surface 
groups and two basal planes are quite useful for the adsorption of pollutants. CNTs 
have been exploited in multiple electrochemical sensors because of their ability 
to facilitate electron transfer reactions [22] with electroactive species in solution 
and the electrode interface. Thiruppathi et al. reported functionalities of a carbon 
surface may assist the heavy metal ion adsorption properties. To improve their 
conductivity, FGO and GO were electrochemically reduced at −1.2 V for 300 s in a 
0.1 M acetate buffer (pH = 5.0).Fe3O4 possessed electrostatic adsorption interaction 
with lead, and amine [13] acted as a better ligand displaying good chelation with 
lead. Xiong et al. designed amine –Fe3O4 modified glassy carbon electrode [23] as 
electrochemical sensor for detection of Pb(II) with a detection limit of 0.15 μM and 
10.07 μA/μM sensitivity. Graphene-based nano-adsorbents are excellent advanced 
materials for the removal of the organic contaminants [24] from the water because 
of their nano-scaled size, high surface area, and ability to interact via pi-pi stack-
ing. F-doped carbon nanomaterials have gained great attention because of unique 
properties such as its high temperature resistance, capacitance and enhanced elec-
trocatalytic activity. The cross linked and bridged group exhibited high affinity and 
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attract environmental pollutants more efficiently. Strength of binding varies with 
functional group. The Hydrophilic HOOC-MWCNTs [25] can improve MWCNTs 
in synergistically electrocatalytic ability and adhesive ability. The introduction of 
organic, inorganic or biomaterials into ordered mesoporous carbon produces differ-
ent functional groups which can tailor the sensing behavior.

3. Functionalized carbon nanomaterials and its sensing capacity

The functionalization of MWCNT [26] will give more active surface area and 
also the ionic interaction with anions would be more compared to the pristine 
MWCNT. The enhanced surface area and ionic interaction are very important for 
the real sample analysis at nanomolar concentrations, especially for the detection of 
harmful analytes. HOOC-MWCNTs [11] modified glassy carbon electrode (GCE) 
exhibited high sensing and adsorption capacity towards binary and ionic pollut-
ants. The cyclic voltammetry resolve clear anodic peaks of SO3

2− and NO2
−. The 

anodic peak currents were gradually increases with concentration of ions. The peak 
separation between sulfite and nitrite are comparatively higher to probe the sens-
ing of anions in nanomolar concentrations, it was found to be around 420 mV by 
cyclic voltammetry (CV) technique. This potential difference is highly attractive to 
determine the sulfite and nitrite simultaneously. The HOOC-MWCNTs decorated 
GCE had low limit of detection (LOD) of 215 nM and 565 nM for SO3

2− and NO2
−. 

The electrochemical sensing and detection was found to be two electron transfer 
oxidative reaction. The sulphate and nitrate ions were produced over the nano 
surface. Sablok et al. reported amine functionalized reduced grapheme oxide/
carbon nanotube decorated novel electrochemical sensor for ultra-trace detection 
of Trinitrotoluene (TNT) up to 0.01 ppb with good reproducibility (n = 3). The 
sensing capacity was enhanced due to formation of charge transfer complex between 
electron rich surface of sensor and electron deficient ring of TNT. The binding of 
electron-deficient TNT to the amine [27] groups on the nano-sensor surface modu-
late electrical and optical properties of nano sensing elements. Devi et al. reported 
GCE/rGO-SH/Au-NPs [28] electrode as fascinating electrochemical sensor to 
analyze mercury (Hg2+) ions in the aqueous solution. The working electrode capture 
Hg2+ ions electrochemically and consequently get adsorbed on the redox active core 
surface followed by electrochemical oxidation by differential pulse voltammetry 
(DPV) with the increased oxidation current at +0.172 V. Moreover, this sensor plat-
form revealed linear response for Hg(II) detection from 1–10 μM in phosphate buf-
fer saline (PBS) solution and the detection limit was found to be 0.2 μM (S/N = 3). 
Wang et al. designed a GCE with MWCNT-CO-PANi [29] as a electrochemical sensor 
for detection of Pb2+ because the porous structure of conducting PANI surface can 
retard the bulk surface active compounds from reaching the sensing surface and 
thus minimizes the passivation of the working electrode. In addition, the PANI 
matrix offers binding capacity which can firmly hold the MWCNTs on the electrode 
surface. Dai et al. reported the improvement in stripping peak signals of heavy ions 
on PA/PPy/GO can be attributed to the high surface area of GO and the excellent 
electrical conductivity of PPy could enhance the electron transfer during the detec-
tion processes and peak intensity collaborated with number of functional groups 
with large negative charges on PA and GO is beneficial to improving the adsorp-
tion capacity of heavy metal ions. Phytic acid [30] consists of six membered rings 
with six phosphate group and two hydroxyl groups, could enhance complexation 
ability. Figure 1(a) shows strip peaks with resolved potential which demonstrates 
suitability of electrochemical sensor [30]. Zhang et al. reported size controlled 
AuNPs (5–15 nm)/CNFs/GCE electrochemical sensor for simultaneous tracing of 
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highly redox active core center leading to increasing the sensitivity and selectivity 
of the sensor. Thus, a highly active site has great affinity towards molecules result 
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and quantum dots [20] structures from the electrodes have significantly made a 
contribution to increasing the electro-catalytic properties because the functional-
ization of the structures could improve the high surface area, conductivity, stability, 
porosity, and mechanical rigidity.
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for specific detection of metal ions. The p-type (anion doped) CNTs can behave as 
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catalysts (e.g., metal nanoparticles and metal oxides). Covalent functionalization 
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cal groups on the conjugated surfaces (edge, plane core) of CNTs. The number 
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weights and polarity. Their large surface area as pore volumes, functional surface 
groups and two basal planes are quite useful for the adsorption of pollutants. CNTs 
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attract environmental pollutants more efficiently. Strength of binding varies with 
functional group. The Hydrophilic HOOC-MWCNTs [25] can improve MWCNTs 
in synergistically electrocatalytic ability and adhesive ability. The introduction of 
organic, inorganic or biomaterials into ordered mesoporous carbon produces differ-
ent functional groups which can tailor the sensing behavior.

3. Functionalized carbon nanomaterials and its sensing capacity

The functionalization of MWCNT [26] will give more active surface area and 
also the ionic interaction with anions would be more compared to the pristine 
MWCNT. The enhanced surface area and ionic interaction are very important for 
the real sample analysis at nanomolar concentrations, especially for the detection of 
harmful analytes. HOOC-MWCNTs [11] modified glassy carbon electrode (GCE) 
exhibited high sensing and adsorption capacity towards binary and ionic pollut-
ants. The cyclic voltammetry resolve clear anodic peaks of SO3

2− and NO2
−. The 

anodic peak currents were gradually increases with concentration of ions. The peak 
separation between sulfite and nitrite are comparatively higher to probe the sens-
ing of anions in nanomolar concentrations, it was found to be around 420 mV by 
cyclic voltammetry (CV) technique. This potential difference is highly attractive to 
determine the sulfite and nitrite simultaneously. The HOOC-MWCNTs decorated 
GCE had low limit of detection (LOD) of 215 nM and 565 nM for SO3

2− and NO2
−. 

The electrochemical sensing and detection was found to be two electron transfer 
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GCE/rGO-SH/Au-NPs [28] electrode as fascinating electrochemical sensor to 
analyze mercury (Hg2+) ions in the aqueous solution. The working electrode capture 
Hg2+ ions electrochemically and consequently get adsorbed on the redox active core 
surface followed by electrochemical oxidation by differential pulse voltammetry 
(DPV) with the increased oxidation current at +0.172 V. Moreover, this sensor plat-
form revealed linear response for Hg(II) detection from 1–10 μM in phosphate buf-
fer saline (PBS) solution and the detection limit was found to be 0.2 μM (S/N = 3). 
Wang et al. designed a GCE with MWCNT-CO-PANi [29] as a electrochemical sensor 
for detection of Pb2+ because the porous structure of conducting PANI surface can 
retard the bulk surface active compounds from reaching the sensing surface and 
thus minimizes the passivation of the working electrode. In addition, the PANI 
matrix offers binding capacity which can firmly hold the MWCNTs on the electrode 
surface. Dai et al. reported the improvement in stripping peak signals of heavy ions 
on PA/PPy/GO can be attributed to the high surface area of GO and the excellent 
electrical conductivity of PPy could enhance the electron transfer during the detec-
tion processes and peak intensity collaborated with number of functional groups 
with large negative charges on PA and GO is beneficial to improving the adsorp-
tion capacity of heavy metal ions. Phytic acid [30] consists of six membered rings 
with six phosphate group and two hydroxyl groups, could enhance complexation 
ability. Figure 1(a) shows strip peaks with resolved potential which demonstrates 
suitability of electrochemical sensor [30]. Zhang et al. reported size controlled 
AuNPs (5–15 nm)/CNFs/GCE electrochemical sensor for simultaneous tracing of 
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Cd(II), Pb(II) and Cu(II) with SWASV and detected three signal at −0.8, −0.5 and 
0 V over a linear range of concentration 0.1 μM - 1 μM at a deposition potential of 
−1.8 V. Mohamed Shaban reported a porous Anodic Alumina (PAA) membrane was 
functionalized with CoFe2O4 nanoparticles and used as a substrate for the growing 
of very long helical-structured Carbon Nanotubes (CNTs) with a diameter less than 
20 nm. The designed electrode was found to be suitable for detection of Hg2+, Cd2+ 
and Pb2+ ions. Figure 1(b) indicates concentration dependent profile which demon-
strates maximum range of concentration of detection for which sharp and intense 
peak appeared sensitively [30].

3.1 Design of selective electrochemical sensor

Ferrocene (Fc) functionalized MWCNTs works as a ratio metric electrochemi-
cal sensor. The Fc-MWCNTs/GCE modified sensor was used for detection of 
o-nitrophenol and p-nitrophenol present in water as toxic pollutants. When 
Fc-MWNTs/GCE [31] was dipped in 50 μM of o-NP and p-NP, the reduction peak 
of Fc remained fixed, but two well-separated peaks at about −0.66 V and-0.79 V 
could be detected which correspond to the reduced peaks of o-NP and p-NP, 
respectively. The process implies that the modified Fc can effectively separate 
the reduction peaks of o-NP and p-NP by about 0.13 V, which makes suitable it 
to detect o-NP and p-NP individually and simultaneously. Figure 2(a) demon-
strates ferrocene functionalized MWCNTs as a ratio-metric and selective sensor 
[32]. Figure 2(b) indicates suitability of modified sensor and influence of metal 
nanoparticle on sensitivity [30].

3.2 Electro active carbon nanomaterials and its high surface density

Carbon nanomaterials mainly include zero-dimensional fullerene (C60) and car-
bon dots (CDs), one-dimensional carbon nanotubes (CNTs) and carbon nanohorns 
(CNHs), Carbon nanofiber, two- dimensional graphene and its derivatives, and 
ordered mesoporous carbon (OMC). The hydrogen bonding interaction between 
the oxygenated groups of CNMs and hydroxyl groups has been utilized for the 
adsorption of pollutants containing functional groups (e.g., amine, hydroxyl and 
carboxyl groups. The CNF [33] is functionalized for improving its solubility and 
also remove the catalytic impurities for enhancing the electrochemical properties by 

Figure 1. 
(a) DPV of PA/GO, PA/PPy, PPy/GO and PA/PPy/GO modified electrodes in 0.1 M acetate buffer solution 
(pH 4.5) containing 50 μg/L Cd(II) and Pb(II). (b) Calibration curve for Pb2+ determination, from down to 
up0.2, 0.5, 1, 5, 15, 20, 30, 40, 60,80, 100, and 130 μg/L Pb2+ in 0.1 M acetate buffer (pH 4.5) at PPy/CNFs/
CPE under the optimized experimental.
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the generation of more anchoring sites and surface reactive groups (carboxylic acid, 
hydroxyl, and carbonyl groups) on the open end and side walls of CNF. Ramaraj et 
al. reported BiFeO3-F-CNF modified GCE is an effective electrode for electrochemi-
cal detection of catechol. The lowest value of ΔEp (0.106 V) and higher redox peak 
current response are indicating that BiFeO3-CNF/GCE has faster electron transfer 
kinetics than that of other modified electrodes. The electrode is fabricated to anchor 
more recognition sites on the surface of the electrode and to achieve high affinity 
for the chemical adsorption of heavy metal ions. Polyaniline is combined with the 
rGO and glycine for strengthening the collective capacity for metal ions through 
nitrogen functionalities for example amine (-NH-) and imine (=N-) functional 
groups [13, 33]. Chitosan (CS) is a polysaccharide and its chemical modification can 
introduce new chelating groups along the CS chains, which can not only prevent its 
dissolution in acidic solutions but also improve the adsorption capacity and selec-
tivity of an existing group for a specific metal ion. The MWCNT can be adhered 
through thiol functionalized Chitosan [21] which enhances the surface density 
to capture heavy metal ions. MWCNTs can lead to formation of good conduction 
pathway in the CS-SH film for better electro-analysis. Li et al. reported the simul-
taneous stripping analysis of Cd2+ and Pb2+ at the nitrogen doped carbon quantum 
dots modified grapheme oxide NCQDs-GO/GCE. The recorded ASV curves depict 
individual and highly resolved peaks at around −0.75 V for Cd2+ and − 0.50 V for 
Pb2+, respectively. The peak to peak separation potential is about 0.250 V, which 
is large enough to recognize selective detection of Cd2+ and Pb2+ simultaneously. 
GO are served as a novel support to load nitrogen doped carbon quantum dots 
(NCQDs) and improve the conductivity and electron transfer rate of the hybrid. 
The AuNPs [34] modified working electrode can provide more electro active sites 
and faster electron transfer rate, all of which contribute to enhance the sensitivity 
of the simultaneous determination of Hydroquinone and catechol. It is difficult 
to simultaneously determine catechol and hydroquinone due to their overlapping 
peaks at ordinary electrode [35].

4.  Analytical role of square wave anodic stripping voltammetry 
(SWASV)

Electrochemical techniques have the capability to maintain environmental 
interfacial processes at high rates and efficiencies by directionally and accurately 
controlling the electron transfer processes. An electrochemical technique where the 
analyte of interest is first electrodeposited onto the sensing electrode and removed 

Figure 2. 
(a) Ferrocene functionalized MWCNT, (b) SWASVs for simultaneous detection of Cd2+, Pb2+ and Cu2+ with 
the modified AuNPs/CNFs/GCE, CNFs/GCE and bare/GCE.
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of very long helical-structured Carbon Nanotubes (CNTs) with a diameter less than 
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and Pb2+ ions. Figure 1(b) indicates concentration dependent profile which demon-
strates maximum range of concentration of detection for which sharp and intense 
peak appeared sensitively [30].

3.1 Design of selective electrochemical sensor

Ferrocene (Fc) functionalized MWCNTs works as a ratio metric electrochemi-
cal sensor. The Fc-MWCNTs/GCE modified sensor was used for detection of 
o-nitrophenol and p-nitrophenol present in water as toxic pollutants. When 
Fc-MWNTs/GCE [31] was dipped in 50 μM of o-NP and p-NP, the reduction peak 
of Fc remained fixed, but two well-separated peaks at about −0.66 V and-0.79 V 
could be detected which correspond to the reduced peaks of o-NP and p-NP, 
respectively. The process implies that the modified Fc can effectively separate 
the reduction peaks of o-NP and p-NP by about 0.13 V, which makes suitable it 
to detect o-NP and p-NP individually and simultaneously. Figure 2(a) demon-
strates ferrocene functionalized MWCNTs as a ratio-metric and selective sensor 
[32]. Figure 2(b) indicates suitability of modified sensor and influence of metal 
nanoparticle on sensitivity [30].

3.2 Electro active carbon nanomaterials and its high surface density

Carbon nanomaterials mainly include zero-dimensional fullerene (C60) and car-
bon dots (CDs), one-dimensional carbon nanotubes (CNTs) and carbon nanohorns 
(CNHs), Carbon nanofiber, two- dimensional graphene and its derivatives, and 
ordered mesoporous carbon (OMC). The hydrogen bonding interaction between 
the oxygenated groups of CNMs and hydroxyl groups has been utilized for the 
adsorption of pollutants containing functional groups (e.g., amine, hydroxyl and 
carboxyl groups. The CNF [33] is functionalized for improving its solubility and 
also remove the catalytic impurities for enhancing the electrochemical properties by 

Figure 1. 
(a) DPV of PA/GO, PA/PPy, PPy/GO and PA/PPy/GO modified electrodes in 0.1 M acetate buffer solution 
(pH 4.5) containing 50 μg/L Cd(II) and Pb(II). (b) Calibration curve for Pb2+ determination, from down to 
up0.2, 0.5, 1, 5, 15, 20, 30, 40, 60,80, 100, and 130 μg/L Pb2+ in 0.1 M acetate buffer (pH 4.5) at PPy/CNFs/
CPE under the optimized experimental.
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the generation of more anchoring sites and surface reactive groups (carboxylic acid, 
hydroxyl, and carbonyl groups) on the open end and side walls of CNF. Ramaraj et 
al. reported BiFeO3-F-CNF modified GCE is an effective electrode for electrochemi-
cal detection of catechol. The lowest value of ΔEp (0.106 V) and higher redox peak 
current response are indicating that BiFeO3-CNF/GCE has faster electron transfer 
kinetics than that of other modified electrodes. The electrode is fabricated to anchor 
more recognition sites on the surface of the electrode and to achieve high affinity 
for the chemical adsorption of heavy metal ions. Polyaniline is combined with the 
rGO and glycine for strengthening the collective capacity for metal ions through 
nitrogen functionalities for example amine (-NH-) and imine (=N-) functional 
groups [13, 33]. Chitosan (CS) is a polysaccharide and its chemical modification can 
introduce new chelating groups along the CS chains, which can not only prevent its 
dissolution in acidic solutions but also improve the adsorption capacity and selec-
tivity of an existing group for a specific metal ion. The MWCNT can be adhered 
through thiol functionalized Chitosan [21] which enhances the surface density 
to capture heavy metal ions. MWCNTs can lead to formation of good conduction 
pathway in the CS-SH film for better electro-analysis. Li et al. reported the simul-
taneous stripping analysis of Cd2+ and Pb2+ at the nitrogen doped carbon quantum 
dots modified grapheme oxide NCQDs-GO/GCE. The recorded ASV curves depict 
individual and highly resolved peaks at around −0.75 V for Cd2+ and − 0.50 V for 
Pb2+, respectively. The peak to peak separation potential is about 0.250 V, which 
is large enough to recognize selective detection of Cd2+ and Pb2+ simultaneously. 
GO are served as a novel support to load nitrogen doped carbon quantum dots 
(NCQDs) and improve the conductivity and electron transfer rate of the hybrid. 
The AuNPs [34] modified working electrode can provide more electro active sites 
and faster electron transfer rate, all of which contribute to enhance the sensitivity 
of the simultaneous determination of Hydroquinone and catechol. It is difficult 
to simultaneously determine catechol and hydroquinone due to their overlapping 
peaks at ordinary electrode [35].

4.  Analytical role of square wave anodic stripping voltammetry 
(SWASV)

Electrochemical techniques have the capability to maintain environmental 
interfacial processes at high rates and efficiencies by directionally and accurately 
controlling the electron transfer processes. An electrochemical technique where the 
analyte of interest is first electrodeposited onto the sensing electrode and removed 
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(a) Ferrocene functionalized MWCNT, (b) SWASVs for simultaneous detection of Cd2+, Pb2+ and Cu2+ with 
the modified AuNPs/CNFs/GCE, CNFs/GCE and bare/GCE.



Analytical Chemistry - Advancement, Perspectives and Applications

78

or ‘stripped’ with a sharp and intense peak by applying an oxidizing potential. 
During removal of pollutants, the peak current is measured as a function of time or 
function of the potential between the indicator (sensor) and reference electrodes. 
The redox probe is introduced as the inner reference to provide a built-in correction 
towards the signal transduction. The peak current ratio of analyte signal to probe 
signal is employed as the detected signal for analyte determination. The potential 
is varied as a square wave superimposed on a linear sweep. The potential separa-
tion between the stripping peaks can clear enough to distinguish the various heavy 
metal ions. The detection is expressed as sensing signals. The stripping peak cur-
rents are controlled by the amount of target metal ions adsorbed on the electrode 
surface. Striping peak current is directly proportionate to concentration of analyte. 
The SWASV is more prone over other voltammetry technique because of excellent 
sensitivity and unique ability to detect metals simultaneously. SWASV includes two 
independent procedures: deposition and stripping. First, in the deposition process 
(electrochemical reduction), metal ions can be reduced under a certain potential 
from the analyte solution to the working electrode. Inversely, when anodic potential 
is applied, the reduced metals are oxidized to their ions. Interference ions reduce 
the peak current for detected analyte during electrochemical analysis. Peak cur-
rent varies with concentration of analyte and it increases linearly up to optimum 
concentration range which is also referred to as linear range concentration profile. 
Square-wave anodic stripping voltammetry is commonly used for metal detection 
due to its high sensitivity and low (nM–pM) detection limits. Figure 3 indicates 
schematic sensing analysis and detected signal for pollutants [15].

5. Adsorption sites and its electrochemical sensitivity

The adsorption activity is related to the number of active functional groups on 
the surface of the carbon nanomaterials with highly oxidized surfaces showed a 
greater adsorption affinity for the stabilizers. Electro catalytic activity is related with 
hydrophobic or hydrophilic, positive or negative redox active groups of carbon nano-
materials. Li et al. reported MWCNTs are highly efficient to remove perfluoroocta-
noic acid (PFOA) and perfluorooctane sulfonate (PFOS) from aqueous solution in 
light of their environmental persistence [36]. Bismuth modified CNT polystyrene 
Sulfonate (PSS) composite electrode for simultaneous detection of Pb(II) and 
Cd(II) by anodic stripping voltammetry. The designed composite electrode shows 
synergistic effect of bismuth and Polystyrene sulfonate. Since, polymeric dopant 
acts as cation-exchanger and CNT as an efficient signal transducer for sensitive and 
simultaneous detection of lead and cadmium. The detection limits were estimated to 
be 0.04 ppb for Pb(II) and 0.02 ppb for Cd(II) at 2 min accumulation. The presence 

Figure 3. 
General scheme of electrochemical sensing and detection of inorganic pollutants (heavy metal ions) 
through SWASV.
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of MWCNTs can greatly enhance the conductivity of the hybrid nanocomposites and 
also make the GO plane unfold, whereas, the GO components can give the hybrid an 
important property to capture metal ions in aqueous. The CNT/rGO as nanohybrid 
materials exhibit strongly adsorption the organic components through the π-π inter-
actions, a high electrical transport, and conductivities [37]. Ruecha et al. developed 
of an electrochemical sensor for simultaneous detection of Zn(II), Cd(II), and 
Pb(II) using a graphene–polyaniline (G/PANI) nanocomposite electrode in a linear 
working range of 1–300 μg/L. The anodic peak potential −1.31, −0.98 and − 0.75 V 
were recorded with well separation. Table 1 shows different capacity for different 
electrochemical sensor towards inorganic /organic pollutants. The carbon nanomate-
rials are integral part of sensing materials. The CNMs are very prone to stabilize the 
structural integrity and reproducibility.

5.1 Influence of surface group (chromophores) and sensing sites

The electro catalytic properties of Carbon nanodots material depend on the 
presence of functional groups on the surface electrode because the material is a 
great electron acceptor and donor electron with the presence of some functional 
groups such as hydroxyl groups. Calixarenes [39] have three-dimensional spheri-
cal basket, cup or bucket shapes. Figure 4(a) depicts structural integrity of 
Calixarenes [39]. The spherical core volume is utilized in ion selective electrodes 
and membranes. It can capture stationary phases. The macrocyclic ring structure 
is efficient ionophores for metal ions viz. Na+, Cd2+, Pb2+ and Fe3+. Coordination 
depends on macrocyclic ring size and ionic size of metal ion. Calixarenes can 
coordinate with the metal ions to increase the sensitivity of the electrochemical 
sensors. The metal ions, Fe(III), Cd(II), and Pb(II) gave a linear relationship with 
their concentrations at 1.0–10 nM on the CA/RGO/GCE.

Designed sensor/GCE Pollutants Sensitivity LOD Technique Reference

GQDs-Au NPs

CA/RGO

Au NPs/CNF

PAA-CoFe2O4/CNTs

CyS-MWCNT

BifeO3-CNF
Gly/RGO/PANi

CS-HS-MWCNTs
CNPE-(CTS-ECH)
G/PANi

PPy/CNFs
NCQDs-GO

AuNPs-HOOC-MWCNT

Hg(II)
Cu(II)
Fe(III),Cd(II) 
Pb(II)
Cd(II),Pb(II) 
Cu(II)
Pb(II), Hg(II)
Cd(II)
Pb(II)
Cu(II)
Catechol
Cd(II)
Pb(II)
Hg(II)
Cu(II)
Zn(II)
Cd(II),Pb(II)
Pb(II)
Cd(II)
Pb(II)
Hydroquinone
Catechol

2.47 μA/Nm
3.69 μA/nM
-

-

-

-

-
15.20 μA/μM
41.3 μA/μM
36 μA/μM
212 μA/μM

-

-
-
-
45.53 μA/μM

0.02 nM
0.05 nM
0.02 nM

0.1 μM

1 ppb

1 ppb
15 ppb
0.0015 μM
0.07 nM
0.02 nM
3 nM
10 nM
1.0 μg/L
0.1 μg/L
0.05 μg/L
7.45 μg/L
1.17 μg/L
0.17 μM
0.89 μM

SWASV

SWASV

SWASV

DPASV

DPV
SWASV

SWASV
-

SWASV
SWASV
SWASV
SWASV
SWASV
SWASV

[38]

[39]

[32]

[40]

[41]

[42]
[33]

[43]
[44]

[45]

[46]
[47]

[21]

CNHs/GO 4-NCB 54.47 μA/μM 10 nM SWASV [48]

Table 1. 
Different electrochemical sensor for detection of pollutants and analytical parameters.



Analytical Chemistry - Advancement, Perspectives and Applications

78
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signal is employed as the detected signal for analyte determination. The potential 
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tion between the stripping peaks can clear enough to distinguish the various heavy 
metal ions. The detection is expressed as sensing signals. The stripping peak cur-
rents are controlled by the amount of target metal ions adsorbed on the electrode 
surface. Striping peak current is directly proportionate to concentration of analyte. 
The SWASV is more prone over other voltammetry technique because of excellent 
sensitivity and unique ability to detect metals simultaneously. SWASV includes two 
independent procedures: deposition and stripping. First, in the deposition process 
(electrochemical reduction), metal ions can be reduced under a certain potential 
from the analyte solution to the working electrode. Inversely, when anodic potential 
is applied, the reduced metals are oxidized to their ions. Interference ions reduce 
the peak current for detected analyte during electrochemical analysis. Peak cur-
rent varies with concentration of analyte and it increases linearly up to optimum 
concentration range which is also referred to as linear range concentration profile. 
Square-wave anodic stripping voltammetry is commonly used for metal detection 
due to its high sensitivity and low (nM–pM) detection limits. Figure 3 indicates 
schematic sensing analysis and detected signal for pollutants [15].
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materials. Li et al. reported MWCNTs are highly efficient to remove perfluoroocta-
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light of their environmental persistence [36]. Bismuth modified CNT polystyrene 
Sulfonate (PSS) composite electrode for simultaneous detection of Pb(II) and 
Cd(II) by anodic stripping voltammetry. The designed composite electrode shows 
synergistic effect of bismuth and Polystyrene sulfonate. Since, polymeric dopant 
acts as cation-exchanger and CNT as an efficient signal transducer for sensitive and 
simultaneous detection of lead and cadmium. The detection limits were estimated to 
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of MWCNTs can greatly enhance the conductivity of the hybrid nanocomposites and 
also make the GO plane unfold, whereas, the GO components can give the hybrid an 
important property to capture metal ions in aqueous. The CNT/rGO as nanohybrid 
materials exhibit strongly adsorption the organic components through the π-π inter-
actions, a high electrical transport, and conductivities [37]. Ruecha et al. developed 
of an electrochemical sensor for simultaneous detection of Zn(II), Cd(II), and 
Pb(II) using a graphene–polyaniline (G/PANI) nanocomposite electrode in a linear 
working range of 1–300 μg/L. The anodic peak potential −1.31, −0.98 and − 0.75 V 
were recorded with well separation. Table 1 shows different capacity for different 
electrochemical sensor towards inorganic /organic pollutants. The carbon nanomate-
rials are integral part of sensing materials. The CNMs are very prone to stabilize the 
structural integrity and reproducibility.

5.1 Influence of surface group (chromophores) and sensing sites

The electro catalytic properties of Carbon nanodots material depend on the 
presence of functional groups on the surface electrode because the material is a 
great electron acceptor and donor electron with the presence of some functional 
groups such as hydroxyl groups. Calixarenes [39] have three-dimensional spheri-
cal basket, cup or bucket shapes. Figure 4(a) depicts structural integrity of 
Calixarenes [39]. The spherical core volume is utilized in ion selective electrodes 
and membranes. It can capture stationary phases. The macrocyclic ring structure 
is efficient ionophores for metal ions viz. Na+, Cd2+, Pb2+ and Fe3+. Coordination 
depends on macrocyclic ring size and ionic size of metal ion. Calixarenes can 
coordinate with the metal ions to increase the sensitivity of the electrochemical 
sensors. The metal ions, Fe(III), Cd(II), and Pb(II) gave a linear relationship with 
their concentrations at 1.0–10 nM on the CA/RGO/GCE.

Designed sensor/GCE Pollutants Sensitivity LOD Technique Reference

GQDs-Au NPs

CA/RGO

Au NPs/CNF

PAA-CoFe2O4/CNTs

CyS-MWCNT

BifeO3-CNF
Gly/RGO/PANi

CS-HS-MWCNTs
CNPE-(CTS-ECH)
G/PANi

PPy/CNFs
NCQDs-GO

AuNPs-HOOC-MWCNT

Hg(II)
Cu(II)
Fe(III),Cd(II) 
Pb(II)
Cd(II),Pb(II) 
Cu(II)
Pb(II), Hg(II)
Cd(II)
Pb(II)
Cu(II)
Catechol
Cd(II)
Pb(II)
Hg(II)
Cu(II)
Zn(II)
Cd(II),Pb(II)
Pb(II)
Cd(II)
Pb(II)
Hydroquinone
Catechol

2.47 μA/Nm
3.69 μA/nM
-

-

-

-

-
15.20 μA/μM
41.3 μA/μM
36 μA/μM
212 μA/μM

-

-
-
-
45.53 μA/μM

0.02 nM
0.05 nM
0.02 nM

0.1 μM

1 ppb

1 ppb
15 ppb
0.0015 μM
0.07 nM
0.02 nM
3 nM
10 nM
1.0 μg/L
0.1 μg/L
0.05 μg/L
7.45 μg/L
1.17 μg/L
0.17 μM
0.89 μM

SWASV

SWASV

SWASV

DPASV

DPV
SWASV

SWASV
-

SWASV
SWASV
SWASV
SWASV
SWASV
SWASV

[38]

[39]

[32]

[40]

[41]

[42]
[33]

[43]
[44]

[45]

[46]
[47]

[21]

CNHs/GO 4-NCB 54.47 μA/μM 10 nM SWASV [48]

Table 1. 
Different electrochemical sensor for detection of pollutants and analytical parameters.
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Different binding energies of functional groups have a great impact on absorp-
tion; weaker binding energies facilitate easier desorption [27]. As one of the best 
hydrophilic functional groups, the amidoxime groups modified on the electrode 
surface largely intensified the adsorption of heavy metals and lowered the imped-
ance of the material when compared with an unmodified electrode. Amidoxime 
[49] group for functionalizing the carbon felt electrodes because of its superior 
adsorption ability for metal ions resulting from their coordination active sites. 
Figure 4(b) shows the structure of amidoxime [49]. The amidoxime group can 
coordinate with cations to form stable pentacyclic compounds, suggesting that this 
coordination bond should be stronger than other kinds of monodentate groups. The 
organic ligands having the amide functional moiety revealed strong and selective 
complexing ability towards metal ions when used to fabricate electrochemical 
sensor. The presence of carboxylate and pyridinium functional groups as nega-
tive and positive charge bearers over the surface of CNMs enhances the affinity of 
electrochemical sensing of cations and anions, respectively. The potential to modify 
carbon nanotubes with multiple chelating molecules with different selectivity 
towards various analytes attract designing of fancy sensor [12, 13].

5.2 Sensing reaction over electrochemical integrity

Composite phase provides more recognition sites on the surface of the electrode 
to achieve high affinity for the binding of inorganic pollutants. Conducting polymer 
enhances the collective capacity of carbon nanomaterials towards metal ions [33].

a. Accumulation/adsorption at working electrode

Gly/RGO/PANi + M2+ (solution phase) + 2e− → M0----Gly/RGO/PANi

b. Anodic striping (electro analytical operation)

M0----Gly/RGO/PANi → Gly/RGO/PANi + M2+ (solution phase) + 2e−

Highly efficient ionophores was developed for removing Cd2+ and Pb2+ using 
(PyTS-CNTs) [8]. The small conjugative surface is recalled 1, 3, 6, 8-pyrenetetrasul-
fonicacid sodium salt as the sensing material. The working window was from 1.0 μg/L 

Figure 4. 
Structure of organic compounds with core functional and sensing unit.
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to 110 μg/L for both Pb2+ and Cd2+ ions. The limit of detection (LOD) was 0.02 and 
0.08 μg/L, respectively. Functional groups greatly improve the hydrophobicity and ion 
exchange capacity, leading to strong interactions with pollutants. Figure 5(a) depicts 
the structural entity as a sulfonated salt of pyrene which can detect the pollutants 
through adsorption and ion exchange phenomenon [9]. Figure 5(b) demonstrates 
thiol and Au NPs anchor the adsorption and electrochemical reduction through 
enhanced charge transport [30].

5.3 Influence of cross linked structure and core integrity

Analytical performances of sensors are proportional to the surface concentra-
tion of the receptors. Cross-linking can enhance the electrochemical properties 
of electrochemical sensor. The CNT possess –COOH group. The cross linked and 
grafted CNT improve adsorption, adhesion, completion, chelation and ion exchange 
phenomenon along with fast charge transport [6]. This enhances selectivity and 
sensitivity. Cross linking increases the capturing integrity over the surface of carbon 
nanotube [43]. The chemical modifications of the chitosan by covalently attaching of 
selected molecules to the amino or hydroxyls groups can improve the ion-transport 
and ion-exchange proprieties of the biopolymer. Strong electron transmission 
from substituent (bridge) to carbon nanomaterial enhances the kinetics of sensing 
phenomenon [34]. Janegitz et al. developed functionalized carbon nanotubes paste 
electrode (CNPE) modified with cross-linked chitosan [crosslinked with glutaralde-
hyde (CTS-GA)] for determination of Cu(II) in industrial wastewater [44]. Chitosan 
is a cross linked [50] biopolymer having enriched –NH2 and –OH functionality.

6. Factors influencing electrochemical detection

6.1 Nature and structure of sensor

The pore radius and pore volume decides enhanced redox peaks with much 
higher current and the kinetics of electro analytical process otherwise; signal dis-
tortion appears during detection of environmental pollutants. Different structures 
have different activation energy of adsorption and binding.

6.2 Deposition potential

The decrease in stripping current is attributed to the inadequate accumulation of 
the metal ions at lower negative potential and the initiation of hydrogen evolution 
reaction at a higher negative potential that may damage the surface of the electrode. 
The optimum deposition potential will resolve the ions efficiently and selectively.

Figure 5. 
(a) Structure of functionalized pyrene. (b) Schematic representation for adsorption and electro-reduction of 
Hg(II) at rGO-SH/Au-NPs functionalized sensor.
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6.3 Deposition time

The stripping peak currents show a linear increase with a prolonged period 
holding the maximum peak current which indicates the saturation of all the pos-
sible attachment sites on the functionalized electrode by the adsorption of the 
heavy metal contaminants.

6.4 pH (buffer capacity) of medium

The pH-value have significant influence onto the size of the square wave voltam-
metric peaks and also assists in the hydrolysis of metal ions, therefore, it is crucial to 
choose a suitable pH-value for the sensing of metal ions. At the high concentration 
of hydrogen ion, the intensity of peak current is reduced due to protonation of 
hydrophilic groups on the surface of sensing material which leads to the decrease in 
the attachment sites for the adsorption of the heavy metal ions. Proper pH main-
tains originality of electron rich functional group over the sensing integrity.

6.5 Supporting electrolyte

Supporting electrolytes are introduced to purge off the electro-migration effect. 
Therefore, the stripping voltammetric response of the peaks of current for the metal 
ions determination was also assessed by varying the nature of the stripping medium.

7. Conclusion and perspectives

In summary, non modified electrochemical sensor exhibited week binding and 
week adsorption capacity. The introduction and modification of surface functional 
groups was explored to improve the chemical selectivity and charge density at 
the active surface. The detection capacity can be improved through attachment 
of functional group having high affinity towards environmental pollutants. The 
electrochemical detection depends on the nature and structure of sensing electrode. 
The sensitivity and selectivity are critical core sites which enhances electrochemical 
analysis. CNTs enable faster transfer of electrical signal due to its high conduc-
tivity and conjugated polymers provide advanced affinity towards metal ions. 
Functionalized CNPs can result in highly sensitive redox sensors for a number of 
analytes. It can be demonstrated that the modified electrode showed excellent elec-
tro catalytic activity, increase the rate of electron transfer electron and the adsorp-
tion of the pollutants (inorganic/organic)molecules on the surface of the electrode.
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Chapter 5

Surface Plasmon Resonance
Sensors for Concentration and
Reaction Kinetic Detections
Xiaoying Wang, Mingqiang Ma, Xueliang Wang
and Shoujuan Wang

Abstract

Surface plasmon resonance (SPR) is an optical phenomenon that occurs on the
metal (normally gold or silver) film surface and the light that excited this phenom-
enon changes with the refractive index of materials on the metal surface. SPR
sensors are constructed based on this phenomenon and are used in fields of biolog-
ical and chemical analyses, drug screening, environmental monitoring, and so on.
Here, we will make an introduction to applications of SPR sensors on reaction
kinetic and concentration detections. To make this chapter readily comprehensible,
we will divide it into three portions. The first part will be an abbreviated depiction
of surface plasmon excitation and constructions of an SPR sensor. Then, we will aim
at an introduction to the bimolecular interactions in SPR sensors. At last, we will
make a summary on applications of SPR sensors.

Keywords: surface plasmon resonance, concentration, dissociation constant,
kinetics, molecular reaction, sensors

1. Introduction

Surface plasmon phenomenon has been observed for over one century [1], and
its applications in sensors have over 40 years [2, 3]. Surface plasmon resonance
(SPR) sensors constructed based on this phenomenon are sensitive to the binding
and unbinding of molecules on the sensor chip surface [4]. By online recording the
reaction process, we obtained the SPR sensorgram and applied it to analyte concen-
tration, especially molecular reaction kinetics analyses. These sensors are applied to
the detections of the reactions between protein and protein, protein and DNA/RNA,
small molecules and proteins/DNA/RNA, proteins/DNA/RNA/ small molecules and
cells, and so on [5–8]. The application fields include chemical and biological ana-
lyses, food safety and environmental monitoring, and drug screening [9, 10].

Since the automatic sampling system and a series of commercial chips have been
developed, the SPR instruments have been becoming operation-oriented design.
And this is further expanding the application fields. But it still cannot maintain the
molecular reactions occur at an ideal condition. As the reactions are occurred in
solutions, the hydrodynamic conditions are a great variable factor [11]. To be better
understanding of this technique and obtaining reliable data, we have to possess a
good knowledge on the theory of molecular reactions in the SPR system.
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Chapter 5

Surface Plasmon Resonance
Sensors for Concentration and
Reaction Kinetic Detections
Xiaoying Wang, Mingqiang Ma, Xueliang Wang
and Shoujuan Wang

Abstract

Surface plasmon resonance (SPR) is an optical phenomenon that occurs on the
metal (normally gold or silver) film surface and the light that excited this phenom-
enon changes with the refractive index of materials on the metal surface. SPR
sensors are constructed based on this phenomenon and are used in fields of biolog-
ical and chemical analyses, drug screening, environmental monitoring, and so on.
Here, we will make an introduction to applications of SPR sensors on reaction
kinetic and concentration detections. To make this chapter readily comprehensible,
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of surface plasmon excitation and constructions of an SPR sensor. Then, we will aim
at an introduction to the bimolecular interactions in SPR sensors. At last, we will
make a summary on applications of SPR sensors.

Keywords: surface plasmon resonance, concentration, dissociation constant,
kinetics, molecular reaction, sensors
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2. SPR sensors

2.1 Excitations of surface plasmon

Surface plasmon (SP) phenomenon was first observed as anomalies in the
metallic diffraction grating experiment by wood in 1902 [1]. In 1941, Fano con-
cluded these anomalies on the metallic surface to the excitation of electromagnetic
wave [12].

Figure 1 shows the relationship between the incident light angle and the
reflected light intensity in the absence and presence of thin gold film [13]. The total
reflection occurs at 39 degree in the prism and air system (Figure 1A and B) and a
dip (the drop of reflection) is observed around 43 degree in the presence of gold
film (Figure 1C and D).

This approximated semicircular prism (Figure 1A and C) makes it possible that
the angle of incident light remains unchanged. This significantly simplifies the
optical system. As a result, Kretschmann geometry [14], which couples a prism and
attenuates the total reflection, is the most common used excitation approach. In
another geometry, Otto also used a prism to implement the SP excitation [15], but
placed the dielectric layer between the prism and metal layer.

Figure 1.
(A) A polarized light illuminates the interface of air and a prism. (B) The intensity of reflected light
corresponding to different incident light angle in panel (A). (C) a polarized light illuminate the interface of
gold and prism. The dielectric material on the opposite side of the gold film is air. Panel (D) is the reflected light
intensity in panel (C). The dielectric constants of air and the prism are 2.29 and 1, respectively. The thickness of
the gold film is 50 nm, and its real and imaginary parts of dielectric constants are �12.3 and 1.29. The
simulation was finished via the Winspall software.
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As the SP wave intensity decays exponential along with and perpendicular to the
propagation direction (Figure 1C), the SPR sensor can only be sensitive to the
reflective index change next to the metallic surface and the sensitivity decays along
with the distance from the metallic surface.

At last, the shape and position (resonance angle) of the dip (Figure 1D) are also
affected by the reflective index of the materials next to the metallic film. For
instance, the dip is much sharper in an air system than water, thus the sensor is
more sensitive in an air solution than water.

Similar as Wood’s observation, the metallic diffraction grating is also applied to
accomplish the SP excitation (Figure 2). This method is based on the diffraction of
light and is named as grating coupling [16].

The third method is the waveguide coupling method [4]. As is shown in
Figure 3, a metal film is striped on the wave guiding layer to achieve the SP
excitation, and a superstrate is placed on the other side of the metal film for analytic
applications.

2.2 Constructions of an SPR sensor

The successful excitations of SP via convenient methods introduce a various
applications of this optics. Surface plasmon was first used to characterize thin
films in 1978 [2]. In 1982, Nylander and Liedberg applied it to gas detection and
biosensors [17].

Nowadays, a series of operation-oriented SPR instruments have been developed.
As a result, the main work for the construction of an SPR sensor is choosing an
appropriate sensor chip and establishing a reproducible procedure.

Figure 2.
An incident light with different wavelength illuminate the metallic grating and the narrow dark band is caused
by the surface plasmon phenomenon.

Figure 3.
Waveguide coupling method for surface plasmon excitation.
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Nonetheless, a brief introduction on the structure of the SPR sensor is helpful on
the construction of an adequate chip. Figure 4 shows a typical SPR sensor, it
consists of the portions for surface plasmon (SP) excitation, solutions delivery,
signal detection and conversion, and data processing [18].

The solution delivery portion is applied for the transportation of solutions,
which contain the analyte solutions and running buffers. It combines the SP excita-
tion portion on the SPR sensor chip. In a typical Kretschmann geometry, the SP
excitation accessories are placed next to the glass side of the sensor chip, and the
hydrophobic fluidic channels, which have a width down to hundreds of microme-
ters, are placed next to the metallic film. The receptors pre-immobilized on the
metallic side are reversed for the analytes in the solution transported by the fluidic
channels. The reaction between the analytes and receptors causes the reflective
index change next to the sensor chip surface (see Section 2.2.3). Furthermore, it
causes the resonance angle shift. This shift is online collected by the detector and
output as SPR signal. At last, we gather the SPR signal for data processing.

2.2.1 The dilution in the sample delivery

The dilution in the solution delivery process is a hindrance for obtaining reliable
data. Figure 5 shows the concentration distribution of an analyte and its
corresponding SPR sensorgram in a system without any molecular reactions or
physical adsorptions. This concentration change can be confused with the concen-
tration change caused by the mass transport limitation, and miss leading the data
processing procedure.

Figure 4.
The configuration of an SPR sensor.

Figure 5.
(A) The dilution in a laminar flow tube during sample delivery. The arrow indicates the flow through
direction. (B) The SPR sensorgram of the solution shown in panel (A).
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To solve this problem, the microfluidic systems are applied. Also, the bi-direct
flow system is efficient on cutting off the diluted samples [19, 20]. In reality, this
problem can be alleviated by decreasing the sample delivery distance and increasing
the sample delivery rate.

2.2.2 Constructions of SPR sensor chips

SPR sensor chip is the most critical accessory in the whole instrument for the
construction of a sensor [21]. It contains a glass substrate and a thin metallic film.
For simplify, this glass slide normally has the same reflective index as the prism in
the instrument. To simplify the storage condition of the sensor chips and supply a
longer shelf life, we usually choose gold film as a substrate. However, silver film
supplies a more sensitive experimental condition.

Bare gold chip, containing glass slide and gold film, is the most common used
sensor chip and is basic for the constructions of other chips. As this chip is suscep-
tibly contaminated and is not so biocompatible, the surface modifications are
essential. Besides, these modifications also satisfy the condition for the receptors
immobilization (see Section 2.2.3).

Figure 6 shows the most common applied modification case, the self-assemble
method based on the interactions of gold and thiol- or disulfide groups [22]. The
uniform of the alkyl chains on the chip surface is maintained by the van der Waals
interactive force. The active groups on the other side of the alkyl chains are essential
for the immobilization of receptors.

The dextran chip, containing carboxyl groups on the alkyl chain, is applied to
construct a series of chips for certain applications. These commercial sensor chips
include nitrilotriacetic acid chips (histidine tag capture), streptavidin chips (biotin
capture), and lipid capture chips. The chips rely on DNA hybridization or the
interactions of streptavidin and biotin are also produced. Other commercial chips
contain click chemistry chips, cell capturing chips, and hydrophobic chips [23].

2.2.3 Molecular reactions on the sensor chip

The molecular reactions on the SPR senor chip are different from the reactions
in solutions. As is shown in Figure 7, receptors (B) are immobilized on the sensor
chip surface and analytes (A) are transported to the fluidic channel on the top of the
sensor chip to accomplish the reactions. The immobilization of A causes the change

Figure 6.
The self-assembled monolayer on a bare gold sensor chip.
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of reflective index next to the sensor chip surface and further leads to the dip
shifting from position 1 to 2 (bottom right in Figure 7). This change is recorded by a
camera (the detector) and transfers to the SPR signal [24]. By gathering the signal
collected at a specific time interval, we obtained the SPR sensorgram and applied it
for data processing.

3. Bimolecular interactions

The molecular reactions in reality solutions can be affected by a series of factors,
like temperature, concentration, mass transport, and so on. To obtain a better
signal, the temperature is normally remained at 25°C in the SPR system. But the
temperature control usually allows a higher temperature interval to satisfy different
reactions.

As the receptors (B) are pre-immobilized on the chip surface, whose total
amount is inalterable, the molecular reaction is the receptors’ consumption process.
For the analytes (A), they are being transporting to react with B during the binding
process. In an ideal condition, the analyte concentration can be maintained the same
during the binding process. For the bimolecular reaction between B and A, it can be
regard as a pseudo first-order reaction under this circumstance. It is the most
common reaction in the SPR system and is a basic reaction for multiple molecules
reactions (one B and more than one A).

3.1 Pseudo first-order reaction

Eq. (1) is the bimolecular reaction between B and A in the SPR system at an ideal
condition.

Bþ A !
ka

 
kd

AB (1)

where ka and kd are the association and dissociation rate constants.
If the binding rate of A is higher than its unbinding rate, the SPR signal

increases. In reverse, the signal decreases. Figure 8 are the SPR sensorgrams show-
ing analytes (A) pass through the fluidic channel in the presence and absence of

Figure 7.
A scheme shows the bimolecular reactions on the SPR sensor chip surface and the signal transformation in this
process.
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receptors (B) on the sensor chip surface. Figure 8A shows the concentration change
of A without any reactions, and Figure 8B is the binding and unbinding of A on the
sensor chip surface. By combining the sensorgram with a mathematical approxi-
mate model, we obtain the kinetic constants of the reaction.

In an ideal condition, the concentration of analytes, [A] or C, maintains the same
during the reaction. The pre-immobilized receptors can be divided into two por-
tions, free receptors on the sensor chip surface (B) and receptors have already been
combined with analytes (AB). The formation rate of AB can be expressed as
[25, 26].

d AB½ �
dt
¼ ka A½ � B½ � � kd AB½ � (2)

where [B] is the concentration of free receptors and [AB] is the concentration of
AB. As [AB] is proportional to the SPR signal R and the total amount of B is
proportional to the highest SPR signal Rmax, Eq. (2) can be further expressed as

dR
dt
¼ kaC Rmax � Rð Þ � kdR (3)

After the integral, Eq. (3) can be expressed as

R ¼ kaCRmax

kaCþ kd
1� e� kaCþkdð Þt
h i

(4)

At the end of the binding process, [A] or C becomes to zero. Analytes begins to
unbind from the sensor chip surface. Eq. (2) can be expressed as

d AB½ �
dt
¼ �kd AB½ � (5)

or

dR
dt
¼ �kdR (6)

After the integral, Eq. (6) can be expressed as

R ¼ R0e�kdt (7)

where R0 is the SPR signal at the point [A] becomes to zero.

Figure 8.
SPR sensorgram showing analyte A flow through an SPR sensor chip surface in the absence (A) and presence of
B (B). On the sensor chip surface, A can only react with B.
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By making a good match between the experimental and simulated sensorgrams,
the reaction rate constant ka and kd can be obtained. Furthermore, the association
and dissociation constants can be obtained via Eq. (8).

KA ¼ 1
KD
¼ ka

kd
(8)

where KA is the association constant and KD is the dissociation constant.
At the condition, Eq. (4) is used for concentration detections, a higher

amount of receptors have to be pre-immobilized to obtain a higher SPR signal. It
also leads to a huge consumption of the analytes. At the point that the amount of
analytes bound with receptors is higher than the analytes transported to the sensor
chip surface, the concentration of the analyte next to the sensor chip surface
changed.

By combining Eqs. (4) and (8), we obtain Eq. (9)

R ¼ Rmax

1þ K
C

1� e� kaCþkdð Þ
h i

(9)

where Rmax and KD are constant for a given reaction. This decreased analyte
concentration (C) directly leads to the numerical increase of ka. But the value of ka
should be the same for a given reaction at a certain temperature and pressure. Thus,
the equations above cannot fit any more.

By introducing the mass transport coefficient into the reactions at a mass transfer
limited condition [27], we obtain Eq. 10.

A !
km

 
km

Aþ B !
ka

 
kd

AB (10)

where km is the mass transport coefficient. For the laminar flow system in the
SPR fluidic channel, km can be expressed as

km ¼ 0:98 D=hð Þ2=3 f=bxð Þ1=3 (11)

where D is the diffusion coefficient, h and b are the height and width of fluidic
channel, f is the volumetric flow rate, x is the distance from the receptor immobili-
zation site.

Still, Eqs. (4) and (7) can be expressed as the following at the mass transport
limited condition.

R ¼ k0aCRmax

k0aCþ k0d
1� e� k0aCþk0dð Þth i

(12)

and

R ¼ R0e�k
0
dt (13)

where k0a and k0d are the association and dissociation rate constants at the mass
transport limited condition and they can be expressed as

k0a ¼
kakm

ka B½ � þ km
(14)
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and

k0d ¼
kdkm

ka B½ � þ km
(15)

Although the association and dissociation rate constants are affected by the mass
transport, KA and KD can still be calculated via k0a and k0d.

KA ¼ 1
KD
¼ kd

ka
(16)

Eq. (12) can be used for concentration detections at mass transport limited
condition. Two methods are available, one is built on the equilibrium value Req and
the other one is based on the curve at the beginning of the binding.

Req is a thermodynamic constant, and it cannot be affected by the mass transport
limitation.

Req ¼ kaCRmax

kaCþ kd
¼ k0aCRmax

k0aCþ k0d
¼ CRmax

Cþ KD
(17)

or

1
Req
¼ KD

Rmax
∙
1
C
þ 1
Rmax

(18)

Figure 9 are the SPR sensorgrams showing the bimolecular reactions at an ideal
(solid line) and a mass transport limited (long dash line) condition. The mass
transport limitation significantly prolongs the time to reach the equilibrium. As a
result, the method based on Req is reliable, but not time consuming.

The method based on the curve at the beginning of the binding is attractive, as it
is calibration free and high efficient. Although the calibration curve seems to be

Figure 9.
SPR sensorgrams showing analytes binds to the receptors on the sensor chip surface at the condition with (solid
line) and without (long dashed line) mass transport limitation.
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(12)

and

R ¼ R0e�k
0
dt (13)

where k0a and k0d are the association and dissociation rate constants at the mass
transport limited condition and they can be expressed as

k0a ¼
kakm

ka B½ � þ km
(14)
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and

k0d ¼
kdkm

ka B½ � þ km
(15)

Although the association and dissociation rate constants are affected by the mass
transport, KA and KD can still be calculated via k0a and k0d.

KA ¼ 1
KD
¼ kd

ka
(16)

Eq. (12) can be used for concentration detections at mass transport limited
condition. Two methods are available, one is built on the equilibrium value Req and
the other one is based on the curve at the beginning of the binding.

Req is a thermodynamic constant, and it cannot be affected by the mass transport
limitation.

Req ¼ kaCRmax

kaCþ kd
¼ k0aCRmax

k0aCþ k0d
¼ CRmax

Cþ KD
(17)

or

1
Req
¼ KD

Rmax
∙
1
C
þ 1
Rmax

(18)

Figure 9 are the SPR sensorgrams showing the bimolecular reactions at an ideal
(solid line) and a mass transport limited (long dash line) condition. The mass
transport limitation significantly prolongs the time to reach the equilibrium. As a
result, the method based on Req is reliable, but not time consuming.

The method based on the curve at the beginning of the binding is attractive, as it
is calibration free and high efficient. Although the calibration curve seems to be

Figure 9.
SPR sensorgrams showing analytes binds to the receptors on the sensor chip surface at the condition with (solid
line) and without (long dashed line) mass transport limitation.
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ubiquitous and reliable for most of the concentration calculations, the standard
samples normally cannot be obtained for a novel biomarker. This significantly
hinders the development of the corresponding detection methods.

At a total mass transport limited condition, the binding rate of analytes is
decided by the mass transport rate.

dR
dt
¼ km C0 � Cð Þ ∙MW ∙ 109 (19)

where C0 is the analyte concentration in the bulk solution, and MW is the
molecular weight of the analyte. At the beginning of the binding process, C is zero.
Thus, this equation can be expressed as

dR
dt
¼ kmC0 ∙MW ∙ 109 (20)

where the value of dR=dt approximately is equal to the slope of the curve at the
beginning of the bimolecular interaction.

3.2 Other reactions

Bimolecular reaction is the basic reaction in some multistep reaction. For
instance, the Eq. (21) can be expressed as Eq. (22), which contains two bimolecular
reactions.

2Aþ B!
ka

 
kd

A2B (21)

Aþ B!
ka1

 
kd1

ABþ A!
ka2

 
kd2

A2B (22)

4. Applications

The SPR sensors are available for both concentration and reaction kinetic detec-
tions [28]. Their application fields include biological and chemical analyses, drug
screening, environmental and food safety monitoring [29].

The concentrations of the biomarkers are essential information for the early
diagnose of disease [30]. The reaction kinetics is a crucial parameter for drug
screening [31], biological molecules interactions, and chemical industry. The asso-
ciation/dissociation constant is helpful on estimating the strength of the bond
[32, 33]. The SPR sensor equipped with different chips affords a friendly condition
for the biological molecular reactions. And the chips modified with specific mate-
rials (fibronectin, polylysine, and so on) can satisfy the condition for cell culturing
[34]. This enlarges the applications of the SPR sensors on biomarker concentration
detections, reaction kinetics of molecules, and reaction kinetics between cell
membrane and molecules [8].

Natural compounds are usually more biocompatible than synthetic ones, thus
they are more suitable drug candidates. But natural compound normally has a low
concentration and mixes with other chemicals. The low detection limit and the
convenient kinetic detection method make SPR sensors to be widely used in small
molecule drug screenings [35]. Furthermore, the high throughput [36, 37] and
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mapping technique allow a quick grasp of drugs from natural compounds [22, 23],
and even reprocessing of approved drugs.

The contaminants in the environment and food are harmful to our healthy
[38, 39]. The SPR sensors not only can detect the concentration of a certain con-
taminant, but also can make a rough screening of the unknown chemical and
biological contaminants. For possible contaminants, the SPR sensor can grasp the
molecules or cells for further analyses.

5. Summary

The binding and unbinding of analytes on the SPR sensor chip surface induces
the refractive index change next to the thin metallic film. Surface plasmon reso-
nance sensors are sensitive to this refractive index change and transfer this change
to the shift of the resonance angle. By a real time recording of the angle change, we
obtained the SPR signal for data processing.

The bimolecular reaction is a basic reaction on the sensor chip. By making a good
match of the simulated and experimental SPR sensorgrams, we obtained the kinetic
constants. Furthermore, we also use the SPR sensors on concentration detections.
The concentration detection method based on the Req value is sensitive but time
consuming. The novel calibration free method based on the curve at the beginning
of the binding process is time saving. Besides, it efficiently avoids the demand of
standard samples. Although its sensitivity is not high, it is still a promising method.

Right now, SPR sensors have been applied in the field of biological and chemical
analyses, drug screening, environmental and food safety monitoring. As its integra-
tion with new technologies, the application fields of SPR sensors will be further
enlarged.
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mapping technique allow a quick grasp of drugs from natural compounds [22, 23],
and even reprocessing of approved drugs.

The contaminants in the environment and food are harmful to our healthy
[38, 39]. The SPR sensors not only can detect the concentration of a certain con-
taminant, but also can make a rough screening of the unknown chemical and
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molecules or cells for further analyses.
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Chapter 6

Crude Distillation Unit (CDU)
Serge-Bertrand Adiko and Rifat Radisovich Mingasov

Abstract

The chapter considers the technology of the crude distillation unit in general.
The crude distillation unit is at the front-end of the oil refinery. The desalting
process and distillation of crude oil are included in the crude distillation unit
(CDU). The desalting process of crude oil is imperative to ensure the good quality of
crude oil, that is, to remove impurities before its transfer to refining. This procedure
minimizes or eliminates harmful substances such as sulfur, water, salts, and even
mechanical impurities, which ensures a long operation of pipelines. However, the
desalting process is only part of the distillation unit. The other phase of this unit is as
already mentioned above is: distillation. Distillation is a more physical than a
chemical process. The distillation process is characterised by mass-thermal transfer
of materials, which leads to the obtaining of fractions. The distillation in the crude
distillation unit is carried out consecutively in two ways: atmospheric and vacuum.
In the Russian Federation, we classify oil refining plants in general as follows: fuel,
fuel-oil, fuel-petrochemical, and fuel-oil-petrochemical. Also, regardless of the pro-
file of the refinery, great importance is given to the crude distillation unit. The
crude distillation unit, if well modeled and organized, makes it possible to obtain
already more light products at this stage; therefore, there is a reduction of heavy
residues, the refinement of which requires more expensive processes such as
hydrocracking or catalytic cracking. The oil topping column K-1, within this
framework, has been adopted in several oil refining plants in addition to the main
column commonly referred to as K-2. The principal purpose of column K-1 is the
separation of light gasoline and the major part of dissolved gases from crude oil.
This first step of distillation at K-1 has the effect of normalizing the amount of
gasoline hydrocarbons and stabilizing the operation of the main column K-2 despite
possible fluctuations in the composition of crude oil. Besides, the CDU equipped
with column K-1 demonstrates an increase in some valuable products such as
methane, ethane, naphtha, etc.

Keywords: demulsifiers, crude oil, desalting process, desalter, electrostatic
desalter, sump, separator, crude distillation units, atmospheric distillation units,
vacuum distillation units, K-1 oil topping column, K-2 main atmospheric column

1. Introduction

Many crude oils usually contain besides the basic elements of its chemical com-
position hydrocarbons such as sulfur, oxygen, nitrogen, and mechanical impurities
[1]. Oil also contains the gaseous phase as methane, ethane, and liquid phase. Gas
typically dissolves in the liquid, whereas in the balance’s case remains strong. It is
noticed with the experience that natural gas fields are close to oil fields [2]. In
general, there are four or three oil: aromatic, paraffin, naphthenic. But there is also a
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mixed type [1]. The classification of crude oil is carried out for various reasons. The
criteria for classifying crude oil refer more or less to its quality [3]. For a better
understanding of classificatory at the quality (quality/price), the Petroleum world
has adopted a benchmark called stallion as Brent Blend produced in the North Sea,
West Texas Intermediate (WTI) from the USA, Dubai Crude from Dubai... How-
ever, there are other possibilities to classify oil by density, sulfur content, and
viscosity. Crude oil supplied to refineries must meet requirements [4]. The pre-
treatment of oil from harmful impurities occupies an important place among the
main processes associated with the production, collection, and transportation of oil
to refineries or export [5]. The harmful impurities of oil can be divided into two
groups: hydrophilic (lipophobic) and hydrophobic (lipophilic). The hydrophobic
impurities are soluble in oil. These hydrophobic impurities are organometallic com-
pounds (metalloporphyrin complexes), organic acids, among which the most
undesirable organochlorine compounds. The Hydrophilic impurities include impu-
rities that are inherently insoluble in oil, these impurities are water and inorganic
salts dissolved in it, as well as solid salts, mechanical impurities (sand, clay),
hydrogen sulphide, etc. These hydrophilic impurities are in another phase (water),
which are dispersed in the oil in the form of drops of water [6, 7]. Therefore, the
degree of pre-treatment oil in production areas is an imperative and significantly
affects the efficiency and reliability of transportation by pipeline, tanker, rail, and
even road transportation [2]. These requirements should facilitate the transporta-
tion and future processing of Petroleum. The requirements are summarized as
follows: water content, the content of mechanical impurities, saturated steam pres-
sure, the content of chloride salts, and organochlorine compounds [5]. Usually, the
degree of pre-treatment of oil for transportation does not consider the content of
chloride salts and the content of organochlorine compounds [8], literally because all
salts are large in water and not in oil [9], in connection with the decision of the
Russian Federation to join the world trade organization (WTO), the requirements
for oil are unified following the requirements for prepared oil according to ASTM
D1250-97 [4] and EN 224 [3]. However, countries such as Russia use the GOST R
51858-2002 standard for oil, established by oil and gas companies for transportation
by oil pipeline [5] for delivery to oil refining plants in the Russian Federation and
export. In Russia, the pipeline transport takes into account the above-mentioned
points [3, 10]: salt content (100–900 mg/l), water content from 0.5 to 1.0% of mass,
impurity content (not over 0.05% of mass).

1.1 Pre-treatment of crude oil

The crude distillation unit is the first phase of oil refining. That’s what we usually
hear. However, if we are very careful, we can notice that oil refining began at the
level of oil wells with its pre-treatment; the first pre-treatment of crude oil. How-
ever, additional pre-treatment is essential before the first separation (fractions our
cups) are obtained. This additional pre-treatment and the manufacturing of these
first fractions are carried out at the crude distillation unit as shown in Figure 1.
As well, in our humble opinion for a better understanding of this unit, before
getting into the thick of the topic, it is important to make the list of the main devices
that make up it: The desalination plant, furnaces, distillation columns (atmospheric
and under vacuum). Furthermore, in this process, there are also auxiliary equip-
ment that is also very important, such as pumps, valves, heat exchangers, coolers,
automatic process control systems, etc. The Russian Federation, as a major partici-
pant in the world oil industry alongside the United States of America, Saudi Arabia,
Canada, Argentina, and other countries, has developed its own standards incorpo-
rating international standards. In a similar approach, ordinarily, in Russia, they
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appoint the distillation unit: Atmospheric-vacuum distillation unit (AVDU). AVDU
is itself subdivided into two other units which are: Atmospheric distillations unit
(ADU) and vacuum distillation unit (VDU). As a result, in this chapter, we tried to
explain the operation of the atmospheric distillation crude, to model it, and to
compare the usual model of the crude distillation unit with the model of the Russian
Federation.

1.2 Description of the crude oil and demulsifier

1.2.1 Oil emulsion

An emulsion is a suspension of small droplets of a liquid (water) in a second
liquid (oil crude) [11]. The liquids, in a stable emulsion, can only be separated by a
treatment process which calls the desalting process [10]. The electrical conductivity
of oil emulsions in the literature note that it has an ionic nature. A detailed theory of
ionic conductivity of liquid dielectrics. Despite the low dielectric constant, the polar
components of crude oil dissociate into ions and create a fairly significant amount of
electrical conductivity. The reason of this manifestation is asphalt-resinous sub-
stances in oil [12]. Oil emulsion is illustrated in Figure 2.

1.2.2 The demulsifier (surfactant)

The demulsifier is a chemical additive to break the crude oil emulsion. The
emulsifier destroys the emulsion by reducing the mechanical resistance of the
protective shells formed on the surface of the water droplets. By maintaining a strict
hydrophilic-lipophilic balance [6]. These emulsions are destroyed using synthetic
surfactants (demulsifiers) added to the oil emulsion [13]. The criteria for selecting
and evaluating the demulsifier in terms of technology, that is, yield, are as follows
[8, 12, 14]:

• The velocity of separation of water from oil;

• Quality of destruction of emulsions (fullness of water separation);

Figure 1.
P& ID diagram flow process of crude distillation unit without vacuum distillation. We would like to emphasize
that reboilers were used in this scheme in this way, just for esthetics. Less flow to the reboilers is done differently.
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• Reliability in changing production conditions;

• The demulsifier must have a good quality/price or cost/efficiency ratio.

1.3 Mechanisms and devices of process of dehydration-desalination
(pre-treatment) of oil crude

The process of dewatering of crude oil enters the oil production process. At the
initial production period of a fresh field, wells often produce either anhydrous or
low-water oil. However, over time, the water content of the oil produced increases
at different rates and sometimes reaches 80–90% in old fields [1, 14]. The desalting
(dewatering) processes depend on the type of oils and its content, any of the
following typical processes of desalting of crude oil are combined a lot of methods
like thermal, chemical, electrical and mechanical Often, a combination of Thermal
and chemical methods with the mechanical or the electrical method is used to
achieve effective Dehydration of crude oil [11]. The chemical treatment presents
itself as a good option. It consists to use a demulsifier. The demulsifier must be
introduced as early as possible (at the bottom of the well). This is an increased
contact time and the interaction capacity of the demulsifier with emulsion for
maximum destruction of the system [15, 16]. The injection of the demulsifying
agent before the pump ensures proper contact with the crude oil and minimizes the
formation of an emulsion [15]. The Industrial application of demulsifiers is not
based on non-electrolytes, as their use is associated with excessive consumption or
high price, as well as complex separation from oil after the deposition of the water
layer. Preference is given to colloidal surface-active substances, among which are
anionic, cationic, and nonionic types [13]. The number of steps (one, two or three)
during oil desalination is determined by the characteristics of the initial oil emulsion
and the salts contained therein For the desalination of oil emulsion independently of
the stage: At the well or the refinery, the main types of equipment used for oil
dewatering are electrostatics disasters, sumps, and separators [7], and they are
detailed in Figure 3 [7, 17]:

• thermo-chemical dehydrator;

• sump;

• ultrasonic;

• centrifugal;

• electrostatic desalter.

Figure 2.
Oil emulsion.
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Each of the above-mentioned apparatus has its own peculiarities and its own
derivatives, according to the precise tasks to be accomplished:

• Advanced separators-vertical flow, horizontal unit with advanced electrostatic
oil dehydration capabilities.

• Desalting device-vertical flow, horizontal device with improved capabilities of
electrostatic dehydration and desalting of oil. The process can occur in one or
two stages.

Figure 3.
Some examples of devices for crude oil dewatering, degassing, and desalting. (a) Sump. (b) Separator.
(c) Three-phases separator. (d) Hydrodynamic phase separator.
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• Field separator-electrostatic coagulator, horizontal apparatus of electrostatic
coagulator. It contains the initial section of the chimney of the heating section
for preheating.

• Electromechanical separators-a horizontal device that is characterized by a
combination of electrostatic grids, coalescing blocks, and the initial section of
the chimney heating section for preheating.

The selection criterion of devices, it is recommended to consider the following
parameters when choosing the equipment [8, 12, 18]:

• properties of formation fluid and its quantity;

• stream type;

• the resistance of emulsion;

• pressure into the device;

• temperature regime.

In the separators, they usually separate gas is usually from the oil in two or three
steps under slight pressure or dilution. The separators of the first stage simulta-
neously play the role of buffer reservoirs and are usually located on the deposit. The
separators of the second and third stages are mostly on the territory of central
collection and distribution points (the sites of pre-treatment and pumping of oil)
[7, 17]. The vertical separators are more productive in comparison with horizontal
ones, but also the vertical separators have a higher price. They are suitable for
enterprises with high production capacities, as well as if the emulsion contains
many solid particles [18]. The horizontal separators are the best option for
processing small volumes of material, as well as liquids with a high content of
dissolved gas. They are in the greatest demand, as they are quite productive and
affordable. To achieve maximum efficiency when using horizontal oil and gas
separators, the oil is mixed in the separation process; the temperature is increased,
and the pressure is reduced. To increase the depth and improve the quality of
separation in Russia, introducing hot drainage water before separation with a three-
phase separator is often used. Thus, they use heat, which increases the selection of
gas, intensifies the process of demulsification of oil, improves the quality of spilled
formation water, reduces investments, energy costs of processes, and significantly
improves the conditions of Environmental protection. The three-phase separator
can split oil, gas, and water at once. However, separators have limits. Even with a
three-stage separation, complete separation of gas from oil is not achieved [8].
Besides, it should be noted that, despite the improvement in oil and gas separation
techniques and technologies, field separators remain cumbersome and expensive
devices [19]. Their operation is based on an inefficient gravitational principle and
they are unproductive; the separators cease to function when the oil and gas mix-
ture forms foam. The loss of energy contained in the flow of oil and gas, with a
decrease in the pressure in the degassing in stages, leads to the need to use more
pumping and compressor units for the collection and transportation of oil and gas
through the pipeline [7, 8].

The final processes of dewatering and desalting are carried out at oil refineries
with electrostatic desalter [20]. At the refinery, three types of electrostatic desalter
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are mainly operated as oil pre-treatment equipment: vertical, horizontal, and ball
electrostatic desalter [1].

1.4 The salts in crude oil

The salts and minerals often present in the oil are mainly magnesium, calcium,
and sodium chlorides with sodium chloride being the abundant type. These salts
cause corrosion of equipment. For example, hydrogen chloride (HCl). Hydrogen
chloride dissolves in the emulsion’s water producing hydrochloric acid, an
extremely corrosive acid. However, NaCl = Na+ + Cl�. Water, though slight, but
dissociates into ions, and the equilibrium is established: H2O=H

++OH�, thus, in the
salt solution, there is a mixture of Na+ cations and OH�, Cl�anions. Ions in the
solution move randomly and constantly collide with each other [21]. But these
collisions of Na+ and OH� ions, H+ and Cl� ions do not lead to the formation of
compounds, since NaOH is a strong base, and HCl is a strong acid. Since weak
electrolytes are not formed when sodium chloride is dissolved in water, sodium
chloride is not hydrolyzed. The concentration of H+ ions is equal to the concentra-
tion of OH� ions, so the color of the indicators does not change [13, 20]. All
chemical compounds based on chlorine hydrolyze, except for NaCl, hydrolyze at
high temperature to hydrogen chloride:

CaCl2 þ 2H2O! Ca OHð Þ2 þ 2HCl (1)

MgCl2 þ 2H2O! Mg OHð Þ2 þ 2HCl (2)

Any remaining salts are neutralized by the injection of sodium hydroxide which
reacts with the calcium and magnesium chloride to produce sodium chloride
because NaCl does not hydrolyze to the corrosive hydrogen chloride.

CaCl2 þ 2NaOH! Ca OHð Þ2 þ 2NaCl (3)

1.5 Description of dewatering of oil emulsions with electrostatic desalter

The electrical conductivity of oil emulsions is due to the ionic conductivity of oil,
the conductivity of dispersed water droplets in oil. Under certain conditions,
droplets of emulsified water in oil form conductive structures in the form of
“chains”, located along the field lines [12, 22]. The electrical conductivity of the
system in such cases increases sharply (hundreds and thousands of times) in com-
parison with the electrical conductivity of anhydrous oil. Electrical Conductivity of
hydrocarbons (oil), the hydrocarbons have three types of conductivity regimes in
general [23]:

• The stable insulating regime, this regime is characterized by very high
resistance. In this state, conduction is related to traces of dissolved water in the
hydrocarbon.

• The semiconductor, this regime is independent of the presence of water in the
hydrocarbon.

• Conductor, relatively stable. The regime, however, it disappears by sufficient
removal or reduction of the applied electric field and reappears when it is
restored to its initial value.
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1.5.1 Description of electrostatic desalter and its process

The modern desalting units are designed with electric dehydrators only horizontal
execution and are part of the equipment for preparing oil: both atmospheric and
atmospheric-vacuum installations. The horizontal design of electrostatic desalter has
several advantages, such as a large area of the electrodes and, accordingly, a greater
amount of oil per unit of section of the device, a lower vertical speed of the moving
flow of oil, which provides favorable conditions for settling water, as well as
implementing processes with higher pressure and temperature [22, 24]. The dominant
types of electrostatic desalter are shown in Figure 4. The increases of the electrical
conductivity are related to traces of dissolved water in the oil; it has the effect of slowly
eliminating this water, correlative elimination of an indefinite increase in resistivity.
The work and efficiency of the electrostatic desalter are based on the Stokes formula
[25] for the time of deposition of water droplets and the specific electrical conductivity
(γ, Omm�1) is the electrical conductivity of a substance measured between flat
electrodes of the same area, located at a distance (L) in meter, and divided by the
electrode area [12]. The principle of operation of the electrostatic desalter is quite
simple. We have one inside two electrodes that have two opposite charges. The oil is
supplied to the lower stage of the device, which provides its additional washing and
passing through two (2) electric fields: weak and strong as shown in Figure 5. The
charges of these electrodes change alternately, resulting in a separation of the different
phases: oil, water, and gas [11, 26]. The water has a higher density than the oil and by
the gravitational force, so the water is concentrated at the bottom of the electrostatic
desalter. The oil and the gas without water, so without salts, come out from the upper
part of the electrostatic desalter by manifold as shown in Figure 6 [20]. In the litera-
ture, there are indications that the electrical conductivity of oil and petroleum products
is largely determined by the content of polar surfactants (asphalt-resins) in them [25].

1.5.2 Desalting processes at a refinery

They can be one and two-stage (respectively, with one or two electrostatics
desalters) [20]. To increase the efficiency of the operation, the demulsifiers are added
to the crude oil. Two-stage installations are used to reduce the flow of freshwater when
washing crude oil [13]. The desalter of this design achieves 90% salt removal.
However, 99% salt removal is possible with two-stage desalters [7, 20] as shown in
Figure 7. A second stage is also essential since desalter maintenance requires a lengthy
amount of time to remove the dirt and sediment which settle at the bottom. Therefore,
the crude unit can be operated with a one stage desalter while the other is cleaned.

1.6 Example of modeling of electrostatic desalter at refinery

The electrostatic desalter volume 96 m3, which length-10 m, diameter –3 m.
U (voltage of the electrodes) = 22000 v. Maximum emulsion pre-treatment capacity

Figure 4.
The major types of electrostatic desalter.
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Figure 5.
Technical schema of electrostatic desalter design.

Figure 6.
The simplified work description of electrostatic desalter.
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is 140 tons/h. The program used in our modeling is Mathcad, to calculate the
material balance and mechanical calculations of electrostatic desalter. The
characteristics of the feedstock are presented in Table 1 [27, 28].

1.6.1 Materials balances of electrostatic desalter

The establishment of a material balance is necessary for modeling [7, 25, 29].
The material balance material allows us to have an idea of the results we need to get
and correct some errors during the project in order to have a satisfactory perfor-
mance of our facilities. To calculate the material balance of electrostatic desalter, it
is necessary to know the data:

• the temperature at the entrance of feedstocks into the electrostatic desalter,
t1 = 90°C;

• the temperature at the outlet of feedstocks in the electrostatic desalter,
t2 = 145°C.

The quantity of oil emulsion chosen is 140 t/h. the water Content of the initial
emulsion is 1% of the total mass. The consumption of the demulsifier (surfactant) is
30 g/t. Our work in this part is to makematerial balances of the pre-treatment of the oil
at the refinery. Electrostatic desalter performs two procedures at the same time which
are: dehydration and desalination. The descriptive diagram e of the desalting process is
presented in Figure 8. The amount of freshwater or water processing supplied at the
desalting stage is 10% of the mass. The reagent is fed only at the dehydration stage.We
consider the reagent water-soluble. First, the status of “incoming” is drawn up. The

Figure 7.
Two-stage desalting flow processing of crude oil.

Indicators Methods Units of measure Values

Density at 15°C NF EN 12185 kg/m3 884

Water content NF EN 9029 % mass 1

Total acid number ASTM D 664 mg KOH/g 0.619

Sulfur content NF EN 8754 % m/m 0.254

API ASTM D1298 — 29

Kinematic viscosity at 100°C ASTM D445 cSt 1.9

Freezing point NF EN ISO 3016 °C �17

Table 1.
The physicochemical characteristics of Bonga crude oil.
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status “Expense” is similar to the desalting- dewatering process. 140 t of emulsion�
1.4 t of water in emulsion = 138.6 t of oil. The status “Expense” is similar to the
desalting-dewatering process. Loss is equal: 138:6�0:3ð Þ

100 = 0.4191 t. The amount of
dewatered oil or desalted oil will be 138.6 t – 0.4158 t = 138.0897 t. According to this
task and Russian GOST R 51828-2002, the water content in the desalted oil shall not
exceed 0.5% of the mass. Thus, the water contained in the desalted oil will be:

138:0897 t� 99:95% mass: (4)

X� 0:05% mass: (5)

The amount of water X is 0.0691 t.

The water content-X is 0.0691 t in the desalted oil. The total water content phase
in the “incoming” status is 14 t + 0.14 t = 14.14 t.

Based on the previous results and by the possibility that we can really have more
losses. We arbitrarily decide to multiply our losses by 2; the total loss is:
0.4191 t + 0.4191 t = 0.8383 t. Consequently, the summary material balance of the
installation is made. The total amount of drainage water is equal to the drainage
water by oil treatment stage: 0.9332 t + 14.07 t = 15.0032 t. The material balance of
the electrostatic desalter installation is presented in Table 2.

1.6.2 Modeling of the desalting process with electrostatic desalter

The exercise of modeling is a variant very often useful and used in the modeling
of units and devices [7, 14, 19]. This task is interesting in case we do not have a
simulator or simulation and modeling program like Hysys Aspen to solve this
operation. In the framework of modeling the desalination unit, we use the ASTM D
341-2003 standard is based on Walter’s equation and proposes the dependence of
the kinematic viscosity of crude oil (hydrocarbon):

lg � lg νþ 0, 8ð Þ ¼ aþ b� lgT, (6)

a ¼ lg � lg ν1 þ 0, 8ð Þ � b� lgT1 (7)

Figure 8.
The descriptive diagram of the desalting process.
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b ¼
lg � lg ν1þ0, 8ð Þ

lg ν2þ0, 8ð Þ
h i

lg T1
T2

, (8)

where ν – viscosity, cSt, T is the absolute temperature, K; a and b are the
constants determined by two known values of viscosity ν1 and ν2 at temperatures,
respectively, T1 and T2. The empirical formula of formula Filonov – Reynolds is
more convenient for analytical solutions:

μt ¼
1
C
� C � μto
� �χ (9)

where.

χ ¼ 1
1þ α t� toð Þ � lg C � μto

� � ; (10)

νt, νo – Dynamic viscosity of the oil at temperatures t and to, respectively, mPa�s;
α and C are empirical coefficients.

If νo ≥ 1000 mPa � s, then C ¼ 10, 1=mPa � s; α ¼ 2:52 � 10�3 1=°C; (11)

If 10≤ νo < 1000 mPa � s, then C ¼ 100, 1=mPa � s; α ¼ 1:44 � 10�3 1=°C; (12)

If νo < 10 mPa � s, then C ¼ 1000, 1=mPa � s; α ¼ 0:76 � 10�3 1=°C: (13)

x ¼ 1
1þ 0:76� 90� 100ð Þ½ � � log 1000� 0:0014144ð Þ

ν= 1
1000� 1000� 0:0014144ð Þx ¼ 7.055�10�4

In modeling of electrostatic desalter to determine his maximum performance
and the required number of devices for desalting crude oil.

ECritical ¼ θ �
ffiffiffiffiffiffiffiffiffiffiffiffi
2� λ

ϕ� d

s
, v=cm, (14)

The interaction between water droplets can be increased by increasing the
electric field strength, Е.

EReal ¼ U
l
, v=cm (15)

Feedstocks ton/h % mass Products ton/h % mass

1. Oil emulsion, including:
• Oil
• Water

2. Surfactants (Demulsifiers)
3. Water processing
(freshwater)

140.0000
138.6000
1.4000
0.0004
14.0000

100.0000
99.0000
1
0.0003
10

1. Stable oil, including:
• Desalted oil
• Water

2. Drainage water
3. Loss

138.1589
138.0897
0.06916
15.0032
0.8383

98.6849
98.6355
0.0495
10.7191
0.5988

Total 154.0004 110.0003 Total: 154.0004 110.0003

Table 2.
The material balance of electrostatic desalter.
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For to determine the E-Critical and E-Real for the desalter with the following
data. Water content in oil – 1%; λ (interfacial surface tension) = 12 dyn/cm; d (the
diameter of the droplets) = 1.5 � 10–2.55 m or 4.228�10�1 cm; φ (dielectric constant of
the emulsion) = 2; l (distance between electrodes) = 20 cm; U (voltage of the
electrodes) = 22000 v.

ECritical ¼ 382�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2� 12
2� 4:228 � 10�1

r
¼ 2035:1 V=cm:

EReal ¼ 22000
20

¼ 1100 V=cm:

E-Real < E-Critical, consequently, the dispersion of droplets will not. The elec-
trostatic desalter receives crude oil, the amount of Q = 162 m3/h with temperature
900С (preheat). ρ90 crude oil = 838.4 kg/m3, ρ90Н20 = 965.3 kg/m3, the kinematic
viscosity of crude oil μoil crude = 7.055 � 10�4 m2/s, the diameter of the globules of
water – 1.5�10–2.55 meter. The residence time of the emulsion in the apparatus –
30 minutes is applied to the device volume 96 m3, which length – 10.19 m, diam-
eter – 3 m. The maximum surface deposition: S ¼ D� L ¼ 10:19� 3 ¼ 30:57 m2.
The efficiency of the electric desalter depends on the values S/V, where S – the
average area of the horizontal section of the device, m2; V – the volume of the
device, m3. For effective sludge must be met the condition τ≥ τW , where τ - oil
residence time in the apparatus, h; τW – time required for precipitation of water
droplets, an hour.

τ ¼ hEm
UEm

, (16)

where hEm – the height of the emulsion layer in the apparatus, m; UEm – the
velocity of the crude oil flow during its lower flow, m/h.

τW ¼ hEm
UReal

¼ hEm
Uwater �Uwo

, (17)

where Uwater – deposition rate of water droplets in a stationary medium, m/h;
Uwo – real deposition rate of water droplets in the rising oil flow, m/h.

Uwater �Uwo ≥UEm or UWater ≥ 2� UEm: (18)

The linear velocity of the oil in the electrostatic desalter must be at least 2 times
less than the calculated rate of water droplet deposition. The deposition rate is
calculated using the Stokes formula [7, 25]:

UWater ¼
d2 � g � ρH2O � ρcrudeoil

� �
18� μcrudeoil � ρcrudeoil

m=s, (19)

where d – diameter of water drops, m; ρH2O, ρ crude oil – the density of water and
oil, kg/m3.

μcrude oil – kinematic viscosity of oil at sludge temperature, m2/s.

UWater ¼
1:5:10�2,552
� �2 � 9:81� 965:3� 838:4ð Þ

18� 7:055� 10�4 � 838:4
m=s
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Uwater = 0.0021 m/s.

It is necessary to check the Reynolds number (Re) by the formula:

RUWater � d
νcrudeoil

: (20)

The condition must be met:

10�4 ≤Re≤0:4 (21)

R0:00208974� 1:5:10�2,55
7:055�10�4=0.0125, Re < 0.4

hEm is the height of the emulsion level in the devices, m = meter

hEm ¼ 0:75�D� h1, (22)

where h1 the distance from the bottom of the electric Hydrator to the oil-water
interface. We choose h1 = 0.75 m � UEm – the velocity of the oil flow during its
lower flow, m/h, hEm ¼ 0:75� 3� 0:75 ¼ 1:69 m

UEm ¼ hEm
τ

(23)

UEm ¼ 1, 69
0:75 ¼ 2:25m/h = 6.259 � 10�4 m/s.

Knowing the Uw, determine the Uwo and the required cross-section of the elec-
tric dehydrator (S). The actual deposition rate of water droplets in the rising oil
stream will be:

UReal ¼ Uwater � UEm (24)

UReal ¼ 2:08� 10�3 � 6:259� 10�4 ¼ 1:464 � 10�3m/s.

The performance of the desalter:

J ¼ UReal� S,m3=s (25)

J ¼ 1:464 � 10�3 � 30:57 ¼ 0:045 m3/s = 161.3 m3/h.

The number of devices (N):

N ¼ Q
J
, (26)

where Q – the quantity of emulsion supplied to the unit, m3/h; J – The
performance of the desalter, m3/h.

The required number of parallel running for the electrostatic desalter:

N ¼ 162
161:3

¼ 1:005
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1.6.3 Mechanical modeling of electrostatic desalter (theory)

This task is as interesting as the one already solved. In case we do not have a
simulator or simulation and modeling program like Ansys to solve this vital opera-
tion [1, 18, 29, 30]. The calculation of the strength of a cylindrical shell under
internal pressure. The wall thickness is determined by the formula (25).

SR ¼ P�D
2� σ½ � � ϕ� P

; (27)

Permissible internal overpressure.

p½ �D ¼
2� σ½ � � ϕ� S� Cð Þ

Dþ S� Cð Þ (28)

P is the pressure in the device, mPa; SR – the calculated value of wall thickness,
mm; D- intern diameter of the shell, mm; σ½ � – permissible voltage, mPa (depends
on the steel grade and operating temperature).

The steel grade is chosen depending on the properties of the processed medium.
For butt and t-shaped double-sided seams performed by automatic welding, the
coefficient of the strength of the weld ϕ ¼ 1, for the same manual stitches, φ = 0.9.
Increase taking into account corrosion C is determined by the formula:

С ¼ V� T, (29)

V is the rate of corrosion (usually take 0.1–0.2 mm/year); T – the service life of
the device (usually take 10–12 years). For materials resistant to the processed
medium, in the absence of data on permeability, it is recommended to take
C = 2 mm. Condition for reliable operation Р< P½ �D must be observed.

The choice of corrosion resistance of materials is made concerning this environ-
ment is resistant to corrosion.

S≥ SR þ C (30)

The wall thickness calculated using this formula is rounded up to the nearest
standard sheet thickness (4, 6, 8, 10, 12, 14, 18, 20 mm). The calculation of shells
loaded with external over-pressure consists in determining the permissible external
pressure since the wall thickness of the shell was determined earlier. Permissible
external pressure:

p½ �pp ¼
Р½ �рffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ Р½ �р
Р½ �Е

� �2r , (31)

P½ �р durability allowable pressure corresponding to the strength condition:

P½ �D ¼
2� σ½ � � ϕ� S� Cð Þ

Dþ S� Cð Þ : (32)

i – coefficient of stability (for the operating conditions of i = 2.4), lR – the
estimated length of the shell.

lR ¼ l� 2� h0 þHD

3
, (33)
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E is the modulus of elasticity. l = length of the cylindrical part of the corpus; h0 –
the height of the bottom flanging, HD – the height of bottom edge. Allowable
pressure of conditions of stability within the limits of elastic deformation:

Р½ �E ¼
18 � 10�6 � Е

i
� D
lR

100� S� Cð Þ
D

� �2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
100� S� Cð Þ

D

r
(34)

Condition for reliable operation Р½ �Е ≤ p½ �pp must be observed.

1.6.4 Resolution example based on our electrostatic desalter

P – pressure in the device, mPa = 1.1; D-inner diameter of the shell, mm = 3000.
The increase in corrosion C is determined by the formula (27).

С = 0.2 � 20 = 4 mm

V is the rate of corrosion (usually take 0.1–0.2 mm/year); T – the service life of
the device (usually take 10–12 years), but we take 20 years. For materials resistant
to the processed medium, in the absence of data on permeability, it is recommended
to take C = 2 mm. According to the table of corrosion resistance of materials, we
choose the steel grade 316Ti, S31635-USA (ASTM/AISI), or 1.4571,
X6CrNiMoTi17-12-2-Germany (DIN/WNr). σ½ � = 168.6 mPa. The coefficient of the
strength of the weld is assumed ϕ ¼ 1. The service life is 20 years. The corrosion
rate is 0.2 mm/year. Increase taking into account corrosion C = 4 mm.

SR= 1:1�3000
2�168:6�1�1:1 = 9.819 mm.

S = 9.819 + 4 = 13.819 mm.

The wall thickness calculated using this formula is rounded up to the nearest
standard sheet thickness (4, 6, 8, 10, 12, 14, 18, 20 mm). We assume S = 14 mm.

p½ �D= 2�345�1� 14�4ð Þ
3000þ 14�4ð Þ = 1.12 mPa.

Condition for reliable operation Р< P½ � (1.1 mPa < 1.12 mPa) observed.
The calculation of shells loaded with external over-pressure consists in deter-

mining the permissible external pressure since the wall thickness of the shell was
determined earlier.

P½ �р the allowable pressure corresponding to the strong condition.

P½ �р ¼
2� 168:6� 1� 14� 4ð Þ

3000þ 14� 4ð Þ ¼ 1:12

E is the modulus of elasticity, i – coefficient of stability (for the operating
conditions of i = 2.4), lR – the estimated length of the Desalter. Е = 1.86�105 mPа;
l = 10,190 mm; HD = 1500 mm; h0 = 25 mm.

lR ¼ 10190� 2� 25þ 1500
3
¼ 10640mm

Allowable pressure of conditions of stability within the limits of elastic
deformation:
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Р½ �Е ¼ 18�10�6��1:86�10�5
2:4 � 3000

10640� 100� 14�4ð Þ
3000

h i2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
100� 14�4ð Þ

3000

q
= 0.0252 mPa

Permissible external pressure:

p½ �pp ¼ 1:12ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1:12

0:0252319ð Þ2
q =0.0252 mPa.

Condition for reliable operation Р½ �E ≤ p½ �pp (0.0252 mPa ≤ 0.0252 mPa) observed.

1.7 Summary

The desalting and dewatering of crude oil take begins on the oil fields. This
operation is part of the processing of crude oil, and a good pre-treatment of crude
oil implies:

• degassing – removal of gases from crude oil;

• dewatering – removal of water from crude oil.

If the desalting of crude oil is carried out qualitatively, the oil has almost no
harmful effect on the equipment. Most of the impurities that cause corrosion of the
metal are in the remains of formation water. Therefore, the fundamental task of
desalting is to remove water drops from the oil. This is a fairly complex process,
because the water in crude oil is in the form of droplets with a size quantity often.
The improvement and appreciation of the oil pretreatment process level are char-
acterized by:

• providing effective sludge at high viscosity and density of oil through the use
of a sump with intermediate partitions of variable height;

• increasing the degree of dehydration and desalination of oil due to effective
washing with water from salts;

• improving the efficiency of the sump and improving the quality of the
prepared oil due to more complete and qualitative removal of the intermediate
layer from it, as well as due to a more uniform distribution of fluid flow rates
when entering the sump and its cross-section;

• ensuring uniform receipt of production of wells for the installation of oil
treatment and prevention of failures of its work through the use of the
reservoir;

• improving the performance of the electrostatic desalter, that is, expanding the
range of workloads, improving the efficiency of desalination and dehydration,
as well as reducing the cost of oil pre-treatment.

The poor pre-treatment (desalting process) of crude oil can lead to considerable
extra costs. We are talking about the high cost of transportation if the product is not
cleared of unnecessary substances that give it extra volume and weight as well as
financial investments in equipment. After all, oil, which is not derived from salt,
can very quickly damage the pipeline. The requirements for the oil content of the
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water and especially for chlorides more stringent on the refineries. The oil content
of water before processing must be no more than 0.1% of the mass and for salts-no
more than 5 mg/l [3, 31]. These related requirements using much more expensive
equipment (columns, heat exchangers, reboilers, etc.). Also, these the requirements
induce to reduce the energy consumption, to reduce the corrosion of the equip-
ment, to increase the life of the catalysts, improves the quality of the petroleum
products. If these requirements not performed, the oil is necessarily subjected to
desalting and dehydration at the electric desalting plant (electrostatic desalter). The
surfactants are added if the crude oil contains a lot of suspended solids. The crude
oil is heated usually to a temperature of 50 to 90°C to reduce viscosity and surface
tension for easier mixing and separation of water.

2. Atmospheric Distillation Unit (ADU)

2.1 Introduction

The distillation is heating a liquid solution or mixture of liquid stream to produce
steam, and then collecting and condensing that steam. In the simplest case, the
products of the distillation process are limited to the upper distillate and the bot-
tom, the composition of which differs from the feed. Thus, the major purpose of
distillation is the separation or splitting into two or more products from a feed [32].
The distillation or rectification is one of the oldest and most common methods of
chemical separation [33]. Historically, one of the most famous uses is the produc-
tion of spirits from wine. More simply, in other words, the target of distillation is
usually to remove the light component from the heavy component mixture, or vice-
versa, to separate the heavy product from the light component mixture [32]. One of
the components of crude oil refining is distillation, therefore a stage of refining. Oil
refining is a rather complex technological process that begins with the transporta-
tion of oil from the field to refineries. The fractionation or distillation column exists
in practically all oil refining technologies through reforming, thermal cracking,
hydrocracking, etc. [20]. Before receiving the petroleum products common to
users, the oil goes through several stages before becoming a finished product. Some
of these stages are [1, 9, 20, 21]:

• pre-treatment of crude oil;

• distillation atmospheric and vacuum;

• catalytic reforming, isomerization;

• alkylation, visbreaking, coking;

• catalytic cracking, hydrocracking;

• treatment of petroleum products (hydrotreatment, desulphurization, etc.)

2.2 Description and characteristics crude distillation unit (CDU)

The oil emulsion is a complex mixture of naphthenic, paraffin, aromatic carbo-
hydrates, which have different molecular weight and boiling point, and sulfur,
oxygen, and nitrogen organic compounds. At distillation receive a big range of oil
products and semi-products. The principle of the process is based on the difference
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between the initial boiling point of the components. As a result, the oil is divided
into fractions up to fuel oil and tar and even base oil. The distillation of oil can be
carried out [34]:

• Single evaporation or flash vaporization

• Multiple evaporations

• Gradual evaporation

The single evaporation of oil is a one-step separation technique. The single
evaporation process involves heating the oil to increase the temperature and
enthalpy to the true boiling point (TBP) of the vapor-liquid mixture. The process of
multiple evaporations is a sequence of single evaporation with a gradual increase in
the heating temperature. Distillation by gradual evaporation is a slight change in the
oil’s state with every single evaporation. The main devices in which the distillation
of oil are distillation columns, reboilers, furnaces, etc. [1].

The difficulty of separating crude oils is mainly determined by the volatility of
the key components or by the difference in the boiling point of the key components
[34]. The closer the relative volatility is to one per mole, the more plates or plates
are needed and more irrigation is needed to achieve the same purity of distillate
and residue. For key components, two adjacent components are taken for key
components, one belonging to the distillate, the other to the residual product.
The relative volatility of these adjacent components and their proportion in crude
oil are the main criterion determining the difficulty of sufficiently clear separation
from crude oil [34]. More the tangent of the angle of inclination of the TBP
increase, the easier the separation conditions are. The wider the crude oil TBP
intervals, more the distillate and the residue obtained during the process are clean.
As we all know, crude oil from the bowels of the Earth contains salt as dissolved salt
in a tiny drop of water that forms water into an emulsion [1, 9]. This water cannot
be completely separated by gravity or mechanical means. The deep separation
of water from the emulsion occurs with electrostatic at the plant, before the
distillation process [20].

After desalting process, the crude oil is heated in heat exchangers or reboilers
(preheating of crude oil). Of course, preheating is not sufficient, since the oil must
be partially evaporated to the extent that all products except atmospheric residues
must be in the vapor phase when the oil enters the atmospheric column. Thus, the
furnace is required to raise the temperature between 330 and 385°C depending on
the components of oil [35]. The partially evaporated crude oil is transferred to the
flash zone column located at a point below the distillation column and above what is
called the stripping section. The main distillation column is generally up to 50 m
with a 30–50 valve [34]. The size of the column is determined by the number of
plates and the amount of steam. Besides, the amount of steam is determined by the
content of crude oil in volatile elements or compounds. As a result, the rising steam
in huge amounts and at top flow rates, requires a large diameter column above the
flash zone [1, 34]. At the bottom of the section, water vapor is injected into the
column to remove the atmospheric residue of any light hydrocarbon and reduce the
partial pressure of hydrocarbon vapors in the flash zone [20]. This causes the true
boiling point of hydrocarbons to decrease and causing more hydrocarbons to boil
and raise the column to eventually thicken and removed as lateral flows. As hot
vapors grow from the flash zone, they ascend into the column through the plates to
the upper zone of the column [36]. A portion part of the light fraction of naphtha or
gasoline returns to the column in the form of reflux. This reflux allows controlling
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the quality of the distillate and the pressure in the column. The main products of
atmospheric petroleum distillation are [33]:

• Gas

• Gasoline (35–200°C)

• Kerosene (220–275°C)

• Diesel or gas oil (200–400°C)

• Atmosphere residue (above 350°C).

The distillation process is carried out in columns with plates inside and it is as
follows: hot vapors, rising on the column, in contact with the cooler liquid (reflux)
flowing down. There is a cooling of the vapors, hence condensation; a transition
from vapors to liquid. This is the process of mass transfer and heat exchange; the
contact efficiency is provided by the plates. Most of the side currents (light frac-
tions) pass through the striping section, where they are again dispersed to control
their starting and ending boiling point, while the liquid is heated, the low boiling
components evaporate [36]. The temperature and pressure have a great influence
on the processes (movement of fluids) due to the plates inside the column [32]. The
distillation plates are designed to create close contact between Steam and liquid
during the grinding process. Mainly apply grid, groove, cap, s-shape, valve, and
other types of plates. The design of the plates, besides the close contact between
steam, and liquid must ensure sufficient performance of the column, have a low
hydraulic resistance to the flow of steam. For example, the movement of vapors in
distillation columns depends on the types of plates shown in Figures 9 and 10 [32].
The materials used in the design are also of great importance because they influence
the metal capacity of structures, ease of assembly, and cleaning.

2.3 Description of the distillation column and its operation

The distillation is designed to separate gas and liquid mixtures comprising two or
more components or fractions. We can classify distillation columns according to
various characteristics [32, 34]:

• by technological application;

• by an internal device (plates) ensuring contact between the steam and the
liquid;

• columns of atmospheric vacuum.

Figure 9.
The types of plate in the column: (a) cap, (b) grid, (C) valve.
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The quality of distillation depends on the number of plates in the column and the
amount of irrigation. The speed of movement of vapors in the column and the
distance between the plates is great significance. The design of distillation plates is
important in the column’s performance. Thus, under practical conditions, the heat
exchange between steam and liquid on the plate does not reach the equilibrium
state, so the concept of plate efficiency (energy conversion efficiency) was intro-
duced. It depends on the design and operating conditions and usually varies
between 0.4 and 0.8 [32]. The distillation column comprises three (3) zones: the
separation zone, the crude supply (feeding zone), and the heating zone. The feeding
zone is generally below the separation zone. However, in some columns like the
stripping columns, the feeding zone is located in the upper area of the column. Also,
we can say that the separation zone in this type of column is non-existent. In short,
this type of column is a column stabilization.

In oil refining, the first oil separation process is very often operated with com-
plex columns or main columns [20]. The oil is sent to the atmospheric distillation
column and after the desalination process. The oil is supplied to the feeding area in
the form of steam, liquid, or vapor-liquid mixture. This area is called evaporative.
Above the entrance (feeding zone) to the oil is the separation zone of the column,
and below-the heating zone. In the evaporation zone of the column, there is single
evaporation of the oil heated long before in the furnace or the heat exchanger. The
purpose of atmospheric distillation is the primary separation of various “Fractions”
of hydrocarbons: fuel gases, liquefied petroleum gas, naphtha, kerosene, diesel fuel,
and from the bottom of the distillation; the atmospheric residue (heavy hydrocar-
bon residue). The residues from the atmospheric distillation column or atmospheric
residues are sent to the vacuum distillation column. The atmospheric residues in the
vacuum column (under the vacuum condition) and temperatures above 400°C give
new fractions (heavy gasoil) [1, 32].

2.4 The plates for distillation columns of oil plants

In oil refining, a fairly large number of plate types are widespread; new
types are being developed. This situation is explained by the desire to develop
more productive and economic plates than those used previously. The choice of
the types of plate depends on a load of steam and liquid, the physical properties
of steam and liquid [34]. In order to ensure optimal conditions for the operation
of columns in various technological processes, it is necessary to use plates of
different designs [32]. In atmospheric columns, steam and liquid charges are
moderate. While in vacuum columns, large vapor loads and small liquid loads
are observed, that is low volumetric expenditures of liquid and high linear
velocities of vapors. Thus, for some varieties of columns, several types of plates are

Figure 10.
The movement of steam and liquid flows on the cap plates.
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recommended, depending on the particular conditions of operation and use of these
columns. These operating conditions of the column provide a comparative assess-
ment of the different types of plates under these operating conditions as shown
in Table 3. The comparison is carried out on the following characteristics and
indicators [34]:

• efficiency;

• operating stability range;

• hydraulic resistance;

• ability to work on contaminated raw materials;

• cost (or weight) of the column.

As already noted above, there is a multitude of types of plates. Then we will talk
about the most frequent plates in oil plants.

2.4.1 The lattice or grid plates

The plates with holes, usually have holes on 3/16 inch to 1 inch. Pairs come out of
the holes to get a multi-hole effect. The Steam or vapor velocity prevents liquid
from passing through the holes. The number and size of the hole are based on the
fall of steam in the column. The fluid flow is transported down the tower using
triggers, a dam, and a bypass device on the side of the plate. The Minimum capacity
sieve tray capacity is about 70% [30].

2.4.2 The cap plates

The cap plate is a “classic” plate, although it is still very widespread nowadays, it
is gradually replaced by plates of other, more effective types. The dominant part of
the cover plate is a steel disc (or cover plate) with holes for steam pipes. Usually
provided with slots for passing steam, the steam will be in contact with the liquid
bubble formed on the next tray. It can operate at low steam and liquid velocities
[36] (less than 2 gallons per minute per foot of average flow width). The fittings are
welded to the disc. Above the nozzles, caps with a diameter of 60 or 80 mm are
installed. Caps have slots with a height of 15; 20 or 30 mm.

Types columns or application Plates types Restrictions on
column diameter

AVDU units or CDU C or S-shaped plates No

Atmospheric distillation of CDU or ADU, with
including stripping

C or S-shaped plates No

Valve plates No less 3 m

Jet plates Not over 3.2 m

Vacuum distillation of CDU or VDU Jet plates with bumpers No

Any installation, especially if there is no reliable design
data

Cap plates No

Table 3.
Types of plates common in refining oil plants.

126

Analytical Chemistry - Advancement, Perspectives and Applications

2.4.3 The valve plates

The valve plates are mainly used in CDU or AVDU and gas plants. The dominant
element of the plate is a valve of round or rectangular shape that closes the holes at
the base of the plate of appropriate shape. Structurally, the valve is made so that it
cannot be raised to a certain height. The arrangement of the valves of round shape
on the plane of the plate is the same as the plugs on the cap plate. The valve plate is
used that rises with increasing steam velocity and then decreases as the stream
velocity decreases, which stops the liquid from flowing. The valve can be round or
rectangular, with or without a frame. The disk rises with an increase in the velocity
of steam [30, 36].

2.4.4 The jet plates

The jet plate consists of a flat sheet, on which there are offset slots made in the
form of a tongue with the cut-out part bent upwards. All slots are bent at a side
angle. The plate has a drainage device of the usual design, but does not have a drain
bar at the outlet of the liquid from the plate [32].

2.5 Examples of material balances of crude distillation unit and with its major
blocks or units like the furnace

2.5.1 Determination of the yield (material balance) of the furnace

The role of the furnace is to heat the oil to a temperature in the range of
330–385°C in order to achieve a vapor-liquid balance before the distillation
column [1, 7, 25, 29]. The most popular furnace in the Russian Federation is the
tube furnace, as shown in Figure 11. The tube furnace is a unit designed to heat
and force chemical processes inside the chamber, which are achieved by using the
heat generated when fuel is burned. To calculate the heat balance of the atmo-
spheric column, it is necessary to determine the heat of the furnace by the vapor
phase and the liquid phase, therefore determine the material balance of the furnace.
For example, the furnace material balance we used Bonga crude and the following
data [25]:

• the temperature at the entrance of raw materials into the convection chamber
t1 = 250°C;

• the temperature at the outlet of raw materials in the convection chamber
t2 = 380°C;

• the pressure at the exit of the furnace, p = 2 bars;

• the data of the molar and mass composition of desalted crude are presented in
Table 4.

We use the method of gradual approximation to calculate the percentage of the
top product’s distillate, with the Eq. (35).

Fn emolð Þ ¼
X
i

Cmoli
1þ emol� Ki � 1ð Þ (35)
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Where, Cmol-molar composition of the upper product (distillate); emol- the
mole fraction of the distillate; Ki-phase equilibrium constant of components i under
conditions. The graph or Figure 12 shows the proportion of distillation through the
formula (33) of Bonga crude – 138158.9 kg/h.

From the graph (Figure 12) we determine that the molar fraction of
distillation is emol = 0.855. The molar composition of the liquid is also found by the
formula (36).

Yi ¼ Ki � Yi, (36)

The mass fraction of distillation is calculated by the formula (37):

emas ¼ emol�MsrP
MsrC

, (37)

where MsrP is average molecular weight of the vapor phase; MsgC is average
molecular weight of feedstocks.

Figure 11.
Cross-sectional with heat exchange chamber of a tube furnace.
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Molecular masses are calculated according to the rule of additivity (38):

MsrP ¼
X

Mi � Yi (38)

Accordingly, MsrР = 180.54; MsrC = 206.77. emas = 0.747.
The amount of steam and liquid mG phases is determined by the formulas

(39), (40):

Components kg/kmol kg/h % mass Mole fraction Steam

C2H6 30 22.11 0.02 0.00 1028.85

C3H8 33 388.23 0.28 0.01 404.90

Iso-C4H10 58 563.69 0.41 0.01 135.04

N-C4H10 58 886.98 0.64 0.02 126.43

Iso-C5H12 72 124.34 0.09 0.00 85.12

N-C5H12 72 31.78 0.02 0.00 84.19

75–105 95.1 4863.19 3.52 0.08 103.15

105–125 107.72 3550.68 2.57 0.05 25.25

125–145 118.72 4738.85 3.43 0.06 19.53

145–165 130.52 9035.59 6.54 0.10 15.72

165–185 143.12 2528.31 1.83 0.03 12.51

185–205 156.52 5526.36 4.00 0.05 9.84

205–225 170.72 5567.80 4.03 0.05 7.66

225–245 185.72 7046.10 5.10 0.06 5.88

245–265 201.52 4324.37 3.13 0.03 4.47

265–285 218.12 6769.79 4.90 0.05 3.35

285–305 235.52 7046.10 5.10 0.04 2.47

305–325 253.72 8469.14 6.13 0.05 1.80

325–345 272.72 15017.87 10.87 0.08 1.30

345–375 297.6 21456.08 15.53 0.11 0.92

>375 443.91 30132.46 21.81 0.10 0.58

H2O 18 69.08 0.05 0.01 0.05

Table 4.
Data of the molar and mass composition of desalted crude.

Figure 12.
Graph of the vapor-liquid state isotherm.
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Components kg/kmol kg/h % mass Mole fraction Steam

C2H6 30 22.11 0.02 0.00 1028.85

C3H8 33 388.23 0.28 0.01 404.90

Iso-C4H10 58 563.69 0.41 0.01 135.04

N-C4H10 58 886.98 0.64 0.02 126.43

Iso-C5H12 72 124.34 0.09 0.00 85.12

N-C5H12 72 31.78 0.02 0.00 84.19

75–105 95.1 4863.19 3.52 0.08 103.15

105–125 107.72 3550.68 2.57 0.05 25.25

125–145 118.72 4738.85 3.43 0.06 19.53

145–165 130.52 9035.59 6.54 0.10 15.72

165–185 143.12 2528.31 1.83 0.03 12.51

185–205 156.52 5526.36 4.00 0.05 9.84

205–225 170.72 5567.80 4.03 0.05 7.66

225–245 185.72 7046.10 5.10 0.06 5.88

245–265 201.52 4324.37 3.13 0.03 4.47

265–285 218.12 6769.79 4.90 0.05 3.35

285–305 235.52 7046.10 5.10 0.04 2.47

305–325 253.72 8469.14 6.13 0.05 1.80

325–345 272.72 15017.87 10.87 0.08 1.30

345–375 297.6 21456.08 15.53 0.11 0.92

>375 443.91 30132.46 21.81 0.10 0.58

H2O 18 69.08 0.05 0.01 0.05

Table 4.
Data of the molar and mass composition of desalted crude.

Figure 12.
Graph of the vapor-liquid state isotherm.
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mP ¼ F� emas, (39)

mG ¼ F� 1� emasð Þ, (40)

where F (feedstock) is the exiting flow from the electrostatic desalter, and
entering the tube furnace.

The mass of the vapor phase = 103,104 kg/h, the mass of liquid
phase = 35054.88 kg/h. The mass composition of crude oil, vapor, and liquid phase
after furnace are presented in Table 5.

2.5.2 Examples of material balance of atmospheric distillation unit (ADU)

The production capacity of the atmospheric distillation unit for processing crude
oils is 1,159,200 tons/year, with an initial load of 140 kg/h. This material balance as
shown in Table 6 was made based on the physicochemical characteristics of Bonga
crude oil and the typical CDU model without the K-1 oil topping column.

Components Feedstock Products

Crude oil composition Vapor phase composition Liquid phase composition

kg/h % mass kg/h % mass kg/h % mass

C2H6 22.11 0.02 22.10 0.02 0.05 0.00

C3H8 388.23 0.28 388.05 0.38 1.47 0.00

Iso-C4H10 563.69 0.41 562.91 0.55 4.85 0.00

N-C4H10 886.98 0.64 885.67 0.86 8.16 0.00

Iso-C5H12 124.34 0.09 124.07 0.12 1.37 0.00

N-C5H12 31.78 0.02 31.71 0.03 0.35 0.00

75–105 4863.19 3.52 4827.44 4.68 135.74 0.00

105–125 3550.68 2.57 3517.01 3.41 112.85 0.00

125–145 4738.85 3.43 4683.13 4.54 169.45 0.00

145–165 9035.59 6.54 8902.49 8.63 368.15 0.01

165–185 2528.31 1.83 2481.17 2.41 118.91 0.00

185–205 5526.36 4.00 5394.59 5.23 303.92 0.01

205–225 5567.80 4.03 5396.30 5.23 362.68 0.01

225–245 7046.10 5.10 6762.91 6.56 550.50 0.02

245–265 4324.37 3.13 4095.48 3.97 410.07 0.01

265–285 6769.79 4.90 6293.92 6.10 787.63 0.02

285–305 7046.10 5.10 6384.01 6.19 1014.91 0.03

305–325 8469.14 6.13 7401.03 7.18 1519.84 0.04

325–345 15017.87 10.87 12475.46 12.10 3365.64 0.10

345–375 21456.08 15.53 16251.21 15.76 6314.27 0.18

>375 30132.46 21.81 6154.41 5.97 19501.56 0.56

H2O 69.08 0.05 68.95 0.07 2.51 0.00

Total 138158.9 100 103,104 100 35054.88 100

Table 5.
The material balance of tube furnace.
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2.6 Crude distillation unit (CDU) used in Russia compared to the typical model

Based on the evaluation of the concept of the technological scheme for the
construction of a technological scheme of crude distillation unit at refineries in
Russia. The topping column K-1 in most cases is a simple design as shown in
Figure 13 [28], although it fractionates the crude oil into the many components like
ethane, light gasoline, etc.. There are schemes in which light gasoline is displayed
under the distillate in the top of the column, and heavy gasoline on the side flanks of
the column. The topping column K-1 collects 50–60% of the potential of light
gasoline. The residues of column K-1 are therefore the raw material of the main
atmospheric column. The composition of this raw material is weighted in such a
way that an excessively high feed temperature is required, permissible temperature
(380°C). The singularities of the topping column K-1 operation are as follows
[1, 28]:

• The low yield of rectified gasoline (5–15% of the mass of the column load)
makes it difficult to collect the gasoline fraction from the oil;

• Extremely high liquid loading in the heating zone of the pre-evaporation
column due to the low steam load worsens the conditions for steaming light
fractions from the residue under the action of hot jet reflux;

Feedstocks ton/year %
mass

Products ton/year %
mass

1. Oil emulsion
2. Chemical

agent
(demulsifiers)

3. Water
processing
(freshwater)

4. Water vapor

1,159,200
3.48

115.92

4968

99.56
0.00

0.01

0.43

1. Gases (LPG)
2. Fractions 35–145
3. Fractions 145–230
4. Fractions 230–320
5. Fractions 320–350
The target products. (sum. fractions)
6. Associated product (Atmospheric

residues)
7. Drainage water

4938.72
69109.88
125052.05
201243.36
231212.84
631556.87
413475.76

119254.770

0.42
5.93
10.74
17.28
19.86
54.25
35.51

10.24

Total 1164287.39 100 Total 1164287.39 100

Table 6.
The material balance of atmospheric distillation unit with operating time 340 days by year (365 days
�20 days) ∙ 24 h = 8280 h.

Figure 13.
Possible schemes of operation with oil topping column K-1. (a) Column K-1 with back topped crude.
(b) Column K-1 with heavy gasoline and back topped crude. (c) Column K-1 without back topped crude.
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• The relatively small enthalpy of crude oil (220°C) introduced into the column
does not create sufficient heat flow for distillation, therefore, it is necessary to
introduce additional heat in the form of hot jet reflux;

• Maintaining high pressure in the column to ensure air and water condensation
of light gasoline fractions in condensers-refrigerators (separators).

The purpose of this column is to extract from the oil the remains of dissolved gas
(if the oil has not been stabilized) and a light gasoline fraction with a boiling point
of 85°C. After atmospheric residue of K-2 shipped to the vacuum column K-5 for to
obtain vacuum distillates (heavy gasoil) and tar. In order to illustrate our argument,
a typical P&ID flow diagram process of the atmospheric distillation unit in Russian
refineries is presented in Figure 14.

2.7 Summary

A general technological approach to the atmospheric distillation unit (ADU) can
be described as below [28].

The oil topping column K-1:

• Top temperature, °С – no higher than 245;

• Low temperature, °С – no higher than 150;

Figure 14.
The typical P&ID flow diagram process of atmospheric distillation unit at refineries in Russian Federation.
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• Pressure, bar – no more than 3.0.

The typical products of K-1 are;

• Gases

• Light straight run naphtha (light gasoline or light naphtha)

• Heavy gasoline (or military jet fuel)

• Topped crude

The main atmospheric column K-2:

• Top temperature, °С – no higher than 350;

• Low temperature, °С – no higher than 150;

• Pressure, bar – no more than 1.4.

The typical products of K-2 are:

• Heavy gasoline (or military jet fuel)

• Kerosene (light distillate or jet fuel)

• Middle distillates or light gas oil (LGO) – Diesel

• Heavy distillates – atmospheric gas oil (AGO) or heavy gas oil (HGO)

• Crude column bottoms -atmospheric residue or topped crude

The distillation processes are the processes of oil separation into more or less
homogeneous fractions without chemical conversion of its constituent substances.
The process of separation of liquid substances by their boiling temperatures is
atmospheric and vacuum. The atmospheric distillation can be carried out in the
following ways:

• With a single separation – furnaces and separation of distillate in one (main)
distillation column k-2;

• Double separation in two distillation columns- in the pre-evaporation column
k-1 with separation of light gasoline fractions and the main column-2;

• Gradual separation.

The oil topping column K-1, in atmospheric distillation, collects 50–60% of the
potential of light gasoline from oil [28]. Otherwise, the composition of oil for the
atmospheric column K2 is so weighted that an excessively high supply temperature
is required, permissible temperature (380°C). The oil topping column K-1 is espe-
cially important in the general crude distillation unit technology in Russia. We
know that the choice of flow process technology is dictated by the physicochemical
properties of the oils and their compounds. Indeed, the choice of structure of
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atmospheric vacuum distillation units or atmospheric distillation units is deter-
mined by the characteristics of crude oil. Finally, according to our studies, the
distillation unit with the oil topping column K-1, is more flexible and versatile,
which on the whole allows processing any feedstock. Table 7 shows the conclusions
on the different types of atmospheric distillation [28].

3. Conclusion

The crude oil is a complex mixture of paraffin, naphthenic, aromatic, and other
hydrocarbons with different molecular masses and boiling temperatures. Also, the
oil contains sulfur, oxygen, and nitrogen-containing organic compounds. There-
fore, to obtain from oil commodity products for various purposes, apply methods of
separation of oil into fractions or groups of hydrocarbons. The modern dewatering-
desalting processes are designed with electrostatic desalter only by horizontal
geometry design: Atmospheric and atmospheric-vacuum. The horizontal design of
electrostatic desalter has a lot of advantages, such as a large area of electrodes and,
accordingly, a larger amount of oil per unit section of the device, a lower vertical
speed of the moving oil flow, which provides favorable conditions for water
sedimentation, as well as implementing processes with higher pressure and
temperature. The electrostatics desalters are characterized by:

• More favorable conditions for the deposition of water drops;

• Specific performance, 3 times higher than vertical and ball structures in the
presence of low specific gravity and lower cost of the device;

• Simplicity of design, a small amount of electrical equipment, ease of
installation, availability of maintenance and maintainability;

• Ability to work with high pressure and temperature parameters.

However, the pretreatment of crude oil is not only concerned with its desalting and
dewatering, but also with its degasification and packaging into a semi-product under
the standard like ASTM D 1250-97, API PetroleumMeasurement and GOST R 51858.

Types of
CDU

Crude distillation unit with K-1 Crude distillation unit
without K-1

Advantages • Flexibility of technology for adaptation on any
crude oil

• Increased reliability with more products (range of
products more)

• Stabilization of oil for K-2 (main column)
• Increased durability and viability of the

equipment by avoiding the overload of k-2 (main
column)

• Simplicity of construction
compares to those with k-1

• Known technology is widely
used

• Reasonable project cost
• Less scrap metal

Disadvantages • The increase in the complexity of the design
• The increase in the cost of the project
• More scrap metal

• Modeling more stringent for
to determine oil

• No flexibility of technology
for adaptation on any crude
oil

• Not enough products

Table 7.
Summary of advantages and disadvantages of different types of technology.
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The distillation processes are the processes of oil separation into more or less
homogeneous fractions (cups) without chemical conversion of its constituent sub-
stances. The process of separation of liquid substances by their boiling temperatures
is atmospheric and vacuum. The oil distillation via single and multiple evaporations.
In industrial conditions, the processes are carried out on the equipment of continu-
ous action. During the single-evaporation distillation, the oil is heated to a certain
temperature and all fractions that have passed into the vapor phase are collected.
The distillation of the oil by multiple evaporations consists in that the oil is first
heated to a temperature allowing to separate the light gasoline fraction. Then the
crude without the fraction of light gasoline is heated to a higher temperature, and
fractions that boil at about 375°C (that is, fractions of heavy gasoline, jet fuel, and
diesel fuel) are also collected. In the residue from distillation, atmospheric residues
are obtained. The atmospheric residues are distilled under vacuum, from which the
lubricating oil fractions are obtained. Finally, the tar is obtained as residues from
vacuum distillation. In other words, oil is consistently heated three times, each time
separating the vapor phase from the liquids. The resulting steam and liquid phases
are subjected to rectification in columns. Thus, industrial processes of oil distillation
are based on a combination of distillation with single and multiple evaporations and
subsequent rectification of the steam and liquid phases. We want to emphasize that
this is the case, we use the K-1 oil topping column. However, if the process is
executed without column k1, the same process is shorter and with the results
already mentioned above. In the distillation column, there are distillation plates on
which the vapors rising along the column are in contact with the flowing liquid
(reflux). Reflux is created due to the fact that part of the upper product returns to
the liquid state to the upper plate and flows down, enriching the rising vapors with
low-boiling components. One of the ways to increase the concentration of high-
boiling components in the residue from oil distillation is to introduce an evaporator
into the lower part of the distillation column. As such, you can use water vapor,
inert gas (nitrogen, carbon dioxide, petroleum gas), gasoline vapor or kerosene. The
water vapor is most widely used as an evaporator for oil refining. Its presence in the
distillation column reduces the partial pressure of hydrocarbons, and therefore their
boiling point. As a result, the lowest-boiling hydrocarbons in the liquid phase, after
single evaporation, pass into a vaporous state and, together with water vapor, rise
up the column. In many literatures, it is recommended to use super-heated water
vapor and enter it into the column with a temperature equal to the temperature of
the feedstock or slightly higher. Usually, the water vapor used after steam pumps
and turbines at a pressure of 2–3 bar is superheated in a tube furnace and introduced
into a column with a temperature of 350–450°C. The use of wet vapor steam is not
practiced, since its temperature and pressure are interrelated, for example, when
introducing a column of 350°C, its pressure is equal to 170 bar. Besides, with
increasing pressure, the cost of saturated water vapor increases sharply, so it is not
economical to use it. If the wet vapor steam enters a column of low-pressure
saturated water vapor, for example, 10 bar and, accordingly, with a temperature of
180°C, then part of the heat will go to heat it.

Abbreviation

GOST Russian Interstate-standard
ASTM American Society for Testing and Materials
NF EN ISO French Norms European Norms International Organization for

Standardization
ρ90 density at 90°С
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μoil crude kinematic viscosity of crude oil
AVDU atmospheric-vacuum distillation unit
ADU atmospheric distillations unit
CDU crude distillation unit
Refinery petroleum refinery plant
VDU vacuum distillation unit
K1 oil topping atmospheric column
K2 main atmospheric column
TBP true boiling point
t/h ton/hour
kg/h kilogram/hour
WV water Vapor
P&ID piping and instrumentation diagram
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CO2-Philic Surfactants Structural 
Morphology Prerequests for CO2 
Philicity for Foam Durability for 
EOR Applications
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Abstract

In oil fields CO2-EOR have extravagant interest because of its increasing microscopic 
sweep efficiency. As a balance and dense solution over a huge range of temperature and 
pressure, carbon dioxide can improve viscosity reduction and oil swelling because of 
all partial miscibility with heavy oils and proportion miscibility with light oils, and also 
carbon dioxide has mutual solubility with water and hydrocarbons that these proper-
ties result in increasing microscopic sweep efficiency in mechanism of CO2 injection. 
However, due to CO2 lower viscosity than water and oil, CO2-EOR efficiency is limited 
that causes near well-bore conformance issue and mobility contrast problem such as 
gravity override and fingering. The carbon dioxide philic surfactant blends traditionally 
includes foam booster, foam stabiliser and foaming surfactant. An integrated property-
performance analysis of blends of anionic surfactants includes carbon dioxide philic 
groups such as twin-tailed carbonyl group, propylene-oxide and methyl group of CO2-
philic groups under the circumstances of reservoir showed that carbon dioxide philic 
surfactants can be the mixture of CO2 problems. Here we will underline that modifying 
the surfactant tail can be a proper path to surpass foaming performance.

Keywords: EOR, foam, CO2-philic surfactants

1. Introduction of foam

Foam is the gas dispersion in liquid. The liquid phase is called exterior stage and 
the stage of gas is spread in interior stage. We can see the foam formation in Figure 1. 
We called thin fluid film lamella. In Foam we can separate a lamella into internal 
gas bubbles. The Point where the lamella contact with each other is called ‘Plateau 
border. It is shown in Figure 1. There is a density difference between the medium 
and gas bubbles due to which the system rapidly split in to two layers and the gas 
bubbles moved to the top [1]. Pure liquid could not foam. They only foam when 
they have a surface-active material [1, 2]. We find that whenever a bubble of gas is 
injected under the surface of liquid, its outburst instantly. If we use diluted surfac-
tant solution then a restoring force is created that effort to launch the equilibrium, 
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as the air/liquid interface enlarge the surface equilibrium changes, this leads to form 
polyhedral structure as shown in Figure 2.

2. Types of foam

According to the structure, a foam may be distinguished in two main types [2, 3]:

2.1 Spherical foam

We can say it as a provisional dilute dispersion of bubbles in the liquid. It 
involves of gas bubbles separated by thick films of viscous liquid formed in recently 
prepared systems.

2.2 Polyhedral gas cells

In polyhedral gas cells thin flat “walls” are produced on ageing with connection 
points at plateau borders [2].

Mainly, the spume can be categorised as:

2.2.1 Bulk foam

The bulk foam is an “agglomeration of gas bubbles parted from One another 
by thin liquid films. In bulk foam the total volume of gas (discontinues phase) is 

Figure 1. 
A schematic of three bubbles meeting at a plateau border.

Figure 2. 
Foam stabilisation and formation of polyhedral structure foam.
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relatively much larger than the thin liquid films (continues phase). It is regarded as 
a single stage of homogenous. The gas content in bulk foams is high which 60–97% 
is usually. In bulk form foams are produced when gas links a liquid in the presence 
of powered agitation.

2.2.2 Foam in porous media

In porous media foam occurs as a distinct micro gas bubbles which is contact 
along the wetting fluid of aperture walls. Thin liquid films (lamella) make the 
bridge between these micro gas bubbles in order to separate them. In permeable 
media, the behaviour of spume and bubble size reliant on pore throat and pore size 
distribution. Mostly foam spread as bubble train in matrix of reservoir rock. In 
many cases, specific foam bubbles in reservoir matrix rock may be numerous pore 
bodies in length. Foam bubbles are mostly larger than pore bodies in porous media. 
As Foam present in the form of bubble trains in reservoir-rock porous media where 
the Plateau border of the foam lamellae is made at the pore wall and has, for station-
ary non flowing foam in the pore body, an angle of about 90° in the middle of the 
liquid lamellae and the pore wall [4–6].

Foam may also have classified as:

• Transient foam: All foams are thermodynamically unstable reason is the high 
interfacial free energy. Affording to breakdown kinetics of foam films, the 
foam films may be of two types: The foams having very short life time only 
in seconds are called unstable foams. They are mostly produced using “mild” 
surfactants, e.g., pine oil, phenol. Short-chain alcohols, aniline [7, 8].

• Stable foam: Second type of foam is permanent type with lifetime of hours, 
called metastable foams. These foams are generated by using good foaming 
agents (surfactants) proteins solid particles or long-chain fatty acids.

3. Condition to form foam

To create a foam three condition are required.1st Condition is the mechanical 
work so that the surface area is increased. This can be done by, dispersing a high 
volume of gas in the liquid, agitation, or inserting a gas in the liquid [9, 10].

The second condition is surfactants that must be available so that surface tension 
decreases. And the last is foam must be produced more rapidly than it break.

4. Stability of foam

Lamella’s stability is the stability of foam. It depends on different factors which 
are rate of capillary drainage, mechanical deformations, surfactant concentration, 
like gas diffusion, aqueous phase salinity, anti-foaming effect of oil, disjoining 
pressure [1, 4, 11–13].

4.1 Drainage of film

In film drainage process the lamella undergoes a thin method. Which goes 
toward the super thin or rupture of liquid films.it is also called structure of black 
spot. Gravity drainage and capillary suction can be done by two means. The 
drainage of gravity is usually occur in lamella that is thick .in this process due to 
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work so that the surface area is increased. This can be done by, dispersing a high 
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The second condition is surfactants that must be available so that surface tension 
decreases. And the last is foam must be produced more rapidly than it break.

4. Stability of foam

Lamella’s stability is the stability of foam. It depends on different factors which 
are rate of capillary drainage, mechanical deformations, surfactant concentration, 
like gas diffusion, aqueous phase salinity, anti-foaming effect of oil, disjoining 
pressure [1, 4, 11–13].

4.1 Drainage of film

In film drainage process the lamella undergoes a thin method. Which goes 
toward the super thin or rupture of liquid films.it is also called structure of black 
spot. Gravity drainage and capillary suction can be done by two means. The 
drainage of gravity is usually occur in lamella that is thick .in this process due to 
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the gravity the film is moved downward .we can slow this process by decreasing 
the liquid in the foam and increasing the bulk viscosity. The two indicators are the 
lamella’s time to reach the crucial broadness and the limited broadness beneath 
which the lamella coalesces. The signals reliant on different factors like viscosity, 
surfactant solubility, elasticity of surface, adsorption on the plane and ratio of gas 
to liquid. Usually as the attentiveness of the surfactant extended, the critical thick-
ness decreases [14, 15].

4.2 Gas diffusion

With the side pressure of lamella could not be equal so the gas is dissolved in 
lamella the by diffusion it escape .it is common when the porous media trapped the 
bubbles. When the moving lamella is reshaped continuously then the inter bubble 
diffusion is complicated. In high flow rates the gas diffusion may be negligible. 
The main foam film drainage tool is capillary drainage. The reason of the occur-
rence is the capillary tube (at plateau border suction). The curvature at centre of 
film is comparatively higher than the radius of the curvature at the plateau border. 
The reason is the fact at the middle of foam lamella the film border is nearly equal. 
While, at plateau boundary, the curvature is further curved [16].

4.3 Oil effect

The oil-foam contacts are significant as the oil occurrence has incompatible 
belongings on stability of foam. However, the damaging consequence on spume 
strength by the oil is prevalent. Oil interaction with surfactant creates some 
problems like it causes in lamellae liquid depletion which brings alteration in wet 
ability and this scattering of oil on lamella become reasons for destabilisation of 
the interface. Surfactant and oil solution makes the emulsion and they break the 
structure of foam. Three coefficients typically used to describe the mechanisms of 
oil destabilising foam. The spreading coefficient, S: the entering coefficient E, and 
the bridging coefficient B. Coefficients are described as: [17–21].

Spreading (S), entering (E), and bridging (B) coefficients are described to assess 
the possibility of oil droplet to enter the gas-water surface. Eqs. 1–3 explaining the 
foam destabilisation.

 gw ow ogE = σ + σ + σ  (1)

 gw ow ogS = σ −σ −σ  (2)

 gw ow ogB = σ + σ + σ2 2 2  (3)

where, σgw, σow, and σog stand for gas/water, oil/water, and gas/oil surface.
If the E, entering coefficient is in positive, a drop of oil is predicted to be drawn 

up in the lamellar area among two bubbles. This will breaching the air/water inter-
face causes the film to drop the foam become stable ability and skinny to rupture 
point. When bridging coefficient, B, is positive, the oil droplet bridges the lamellar 
area among the two neighbouring bubbles. When the spreading coefficient, S, is 
positive, the droplet of oil in the lamella area is predicted to extent like a lens above 
a foam. The extent of a droplet of oil above a foam lamella reasons the lamella’s foam 
to break (Figure 3).
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4.4 Effect of temperature

The stability of foam depends on temperature. A high temperature results in 
decreased foam drainage time and therefore causing the foam stability decrease 
with the temperature increase.

5. Role of surfactant in foam generation and stability

The generation is not the serious challenge alone; the important ones are foam 
quality, form and its stableness mainly when it is in proximity with oil. Surfactants 
is used for foam spread have low endurance with salinity and results in extreme 
adsorption on carbonate rocks. The surfactants are capable of playing central 
roles in enhancement of oil recovery, not only in foam generation but also in IFT 
reduction. The modern type of surfactants CO2-phillic surfactants are used for CO2 
control application movability and for the stability of foam in the creation. As the 
traditional surfactants, these have two surfactants that have well defined areas, tail 
and head; nonetheless, surfactants tail has a capability for stabilising the CO2 gas. 
The reference of foam stability, surfactants that are non-iconic are minor but their 
stability at high temperatures is a problem. A foam usually absorbs on the rock 
matrix, deteriorates over time, and has a higher deterioration at high temperatures 
in the existence of oil. When the Carbon dioxide gas is used the problems become 
more severe. This phenomena was particularly created to produce fresh surfactants 
with an affinity for CO2 gas under controlled conditions and to defeat the problems 
that arise from traditional surfactants. The surfactants novel can produce much 
balance spume at a higher temperature and in the existence of oil with less adaption 
problems.

6. Problems with conventional surfactants in foam stability

The creation of spume, alone, is not a serious problem; the highlighted ones 
are quality of spume, formation of spume and its balance is particularly when it is 
in contact with oil. The surfactants used for spume creation have low endurance 
with salinity and result in extreme adaption on rocks of carbonate. With reference 
to stability of foam, the surfactants of non-ionic are lesser but the problem is their 

Figure 3. 
Oil destabilising foam mechanism.
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stability at high temperatures. Usually, a foam that absorbs on the rock matrix 
becomes worse over time, and has a higher decay at increased temperatures if 
present with oil. These problems become worse when the CO2 gas is present. This 
phenomena was particularly created to produce fresh surfactants with an affinity 
for CO2 gas under controlled conditions and to defeat the problems linked with 
surfactants that is conventional. The surfactants of novel can produce much balance 
foam at an increased temperature and in the existence of oil with lesser adaption 
problems.

7. CO2-philic surfactants

Like conventional surfactants, the surfactants of carbon dioxide phallic are pure 
amphophilic compounds but rather than lipophilic and hydrophilic parts, they are 
made up of carbon dioxide-phobic fragments and carbon dioxide philic. Usually the 
ends of these surfactants are attracted toward CO2, and are known as the surfac-
tants of CO2-philic segments, and CO2-phobic parts are head group of the surfac-
tant [22]. Phobic segments of carbon dioxide are usually selected as a traditional 
group of hydrophilic, formerly we have identified the segment of tail of the carbon 
dioxide-philic surfactant. The distinctive form of a carbon dioxide philic surfactant 
is illustrated in Figure 4.

8. CO2-philic surfactants for foam

The leading group of researchers have informed that non-fluorinated, hydrocar-
bon-based systems can be created in a way that they are CO2-philic in nature. These 
surfactants resolve the above mentioned foam problems [23–26]. Since CO2 is a 
weak solvent, the polar and high molecular weight substances are only partially sol-
uble, but CO2 can dissolve in other few volatile and low molecular weight solvents. 
The carbon dioxide is a Lewis acid because it has an accepting electron nature, in 
spite of the fact that it has low polarisable properties [27]. The CO2 can take part in 
Lewis acid–base interactions because of CO2 having an electron accepting property. 
Many researchers have proved this kind of carbon dioxide bonding with other stuff 
like polymers and surfactants, etc. Fin and Lei Hong have expressed this kind of 
collaboration in their phenomena.

Fin also stated in his work that ab initio molecular simulation research have 
shown that the O2 (ester or ether) in the side chain play an major role in promot-
ing philicity of carbon dioxide because of the carbonyl oxygen. They recognised 
the three different ways the CO2 linked with a hydrocarbon end of the molecule. 

Figure 4. 
Structure of a CO2-philic surfactant.
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They need the Isopropyl acetate molecule as a sample. In the picture below, the 
red colour imitate oxygen, black represents carbon and white is used for atoms of 
hydrogen [17, 28–32].

9. Requirements for CO2-philic surfactants for CO2-philicity

Maximum attraction with the CO2 and minimum intermolecular attractions 
are the basic requirements involved in designing a CO2-philic molecule. Few of the 
Carbon dioxide philic appearance are splitting, less molecular weight hydrophobes, 
tip tail, and presence of groups of carbonyl, methyl, propylene oxide (PO), tert-
butyl tip and a minimum number of methylene groups [22, 27, 33, 34]. A detailed 
discussion of the important factors that favour the carbon dioxide philicity of a 
surfactant will be followed in the next few sections.

9.1 Branches

The surfactants branching is a key factor for the carbon dioxide philicity of the 
hydrophobic part. It is because of the effect that when chain length decreases, the 
CMC (aqueous) increases; while, an increase in branching increases the solubility 
in CO2. According to Ben Tan branching in the diacid as well as diol moiety has the 
increasing effect on solubility, and acyl chains branching increases the solubility up 
to 20 times.

9.2 Number of tails

It is observed that in case of CO2-philic compounds the solubility is greatly 
affected by the tail number. With the increase in the number of tails the dissolved 
surfactants in the carbon dioxide increases. A huge and emergent part of literature 
is fixated on the phenomena of interfacial of the carbon dioxide/H2O interface 
and proposes that there should be more contact with the interface for a double tail 
surfactant and as a result offers more stability for the micro emulsion. When a third 
chain is added in the surfactant structure the surfactant’s solubility is increased in 
carbon dioxide even more [35–38].

9.3 Tail length and tip

In the past the relationship of CO2-philicity with the tail length has been widely 
studied and the interdependency of CO2-philic properties and surfactant tail struc-
ture was observed. At various temperature and pressure values, different double tail 
fluorinated surfactants have been studied for the phase behaviour [6, 7, 39]. This 
study leads to specifications for the optimization of tail length which is suitable for 
the maximum water/carbon dioxide emulsion formation at micro level. The phase 
behaviour for the oligomers is altered by the end-group modification of the oligomer 
PVAc-OH. Audrey DuPont examined P and T phase stability, chain structure effect 
and the aggregation structure. Surfactant free volume and surfactant packing are 
the parameters to view the effects of the chain lengths. Carbon dioxide solubility 
in esters is significantly affected by small structural changes in them. Depending 
upon the number of carbon atoms we can observe even/odd effects on solubility 
of carbon dioxide. According to observations made by Bray Christopher the acyl 
chain length is important with the carbon dioxide solubility for the molecule. With 
the increase in length of the chain by 10 carbon atoms the solubility increases in a 
systematic way. The influence of minor structural changes to the solubility of CO2 
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molecule proposes that a qualitative as well as quantitative study of property– 
structure relationship is possible, that leads to the ability to predict properties 
associated with carbon dioxide solubility of molecules [8, 16].

9.4 Methyl groups, PO groups and methylene groups

CO2-philicity is also favoured by the increase in methyl group number. Other 
factors that are considered in surfactant development are a smaller chain length, 
low molecular weight, lower no. of methylene and the propylene oxide groups.

9.4.1 Carbonyl groups

Beckman and Styranec have formulated CO2-philic compounds by the use of 
only oxygen, hydrogen and carbon comprising precursors. They observed the 
polyether solubility was significantly influenced by the side chain or by adding 
the carbonyl group in its backbone. Addition of acetate group in the side chain 
gives an increase in solubility to a certain limit after that limit the solubility tends 
to decrease. According to the studies of Fink et al., the solubility of CO2-philic 
compounds in carbon dioxide was significantly influenced by the addition of a 
good number of ester-functional side chains. The effect of numerous fluorine and 
vinyl-acetate groups in the side chain was studied by Bilal Baradie. He observed the 
polyether solubility was strongly changed with the side chain or with the addition of 
the carbonyl group [9, 40].

9.4.2 Molecular weight

A lot of research studies have claimed that carbon dioxide solubility greatly 
depends on the MW (weight of molecular) of the compound, as PVAc. At low 
pressures oligomer PVAc-OH (Mw < 3000 g/mol) is found to be dissolved in carbon 
dioxide but as the molecular weight increases it decreases in solubility. It was 
determined by Tan et al. Polymer’s solubility such as PEC and PEE is significantly 
dependent upon their molecular weight as well as chemical structure of those 
polymers. A series of trials was conducted by Matthew B. Miller* by the mixing of 
different solvents with various extents of carbon dioxide to measure the compat-
ibility for both mixture components having bubble point as basis. It is observed 
that species with low MM (molar mass) having minimum one atom of O2 in ether, 
acetate groups/or carbonyl would have most favourable interaction with carbon 
dioxide through Lewis base/Lewis acid interactions [17].

10. CO2-philic surfactants as potential CO2 gas mobility control agent

Although carbon dioxide has many advantages as being not-toxic, inexpensive, 
and gas that is not flammable overall process wipe-out efficiency is limited by the 
minimum viscosity, low density and the increase movement of the carbon dioxide. 
Most significantly, the poor process sweep efficiency that is caused due to the low 
density resulting in high velocity of carbon dioxide gas results in sticky fingering, 
an soon breakthrough of the inserted carbon dioxide gas and override of gravity. 
This undesired ratio of movement brings the process to a week wipe-out efficiency 
and subsequently oil recovery is less anticipated.

To reach the high recovery of oil, concerns regarding carbon dioxide move-
ment have to be solved. By the use of foam the carbon dioxide movement can 
be efficiently controlled [7–10]. The velocity of carbon dioxide can be reduced 
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by foam and it brings down the breakthrough of the inserted gas along with the 
reduction in the production of gas cap gas. With many advantages of foam it also 
has a few disadvantages, as instability beneath reservoir situation, For example, 
maximum salinity, maximum temperature, and particularly in the existence of oil. 
Incorporation of CO2-philic surfactants promotes the foam stability. Surfactants are 
very distinctive molecules having a H2O soluble part (head) as well as an oil soluble 
part (tail). From the generation of foam to IFT reduction, the surfactants tends 
to play vital roles in increasing oil recovery. For stable foam generation in carbon 
dioxide mobility control applications the CO2-philic surfactants are employed. Like 
the other surfactants, these surfactants also have two different parts, tail and head; 
therefore, the tail for these surfactants has an empathy for carbon dioxide gas to 
balance the spume [41–45].
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According to the International Conference for Harmonization (ICH), the 
 validation and verification data must be included in the Electronic Common 
Technical Document. The validated analytical procedure gets automatically Food 
and drug approved (FDA) if it is part of New drug application (NDA), Abbreviated 
new drug application (ANDA) or Biologic license application (BLA). The analytical, 
bioanalytical and stability-indicating methods are essential part of all above said 
regulatory submissions. There are certain ways to generate these analytical methods 
like U.S. pharmacopeia/National Formulary which are Food and drug approved. 
The validated analytical method can also be submitted by any researcher or agency 
which can gets the food and drug approval. It is necessary that the methods which 
are Food and drug approved can only be applied to the various drugs and drugs 
products. In the current chapter, the meaning and requirements of analytical 
methods, procedures, acceptance criteria and evaluation of stability indicating 
methods, need, recommendations for bioanalytical methods are discussed in detail. 
The analytical techniques like HPTLC, HPLC, Spectrophotometry and Hyphenated 
techniques are also discussed as these are playing important role in validation of 
these methods.
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1. Introduction

The United States of America (USA), Europe and Japan were developed the 
Common Technical Document (CTD) which should be implement while apply-
ing for registration of pharmaceutical product for human use. For the develop-
ment of these guidelines International conference for Harmonization (ICH) 
plays important role and currently these are becoming the part of ICH guidelines 
[1]. The identity, strength, quality, purity and potency are important points 
of Investigational new drug application (IND), New drug application (NDA), 
Abbreviated new drug application (ANDA). The related analytical methods of 
drug substance and product should be included in NDA and ANDA. A Complete 
description, total manufacturing process including analytical procedures should 
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description, total manufacturing process including analytical procedures should 
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ensure compliance with standards and potency should be part of Biologics license 
application (BLA). It is must to meet all standards of guidelines provided for 
analytical procedures. All these parameters should be suitable for their purpose 
wherever applicable. Detail Analytical procedures including detail validation 
parameters are the important part of Electronic Common Technical Document 
Specification as per International conference of Harmonization (ICH). The analyti-
cal procedure is Food and Drug Approved (FDA) if it a part of Approved NDA, 
ANDA or BLA. These methods can be generated from FDA recognized sources like 
U. S. Pharmacopeia/National Formulary (USP/NF) or if anyone submits validated 
procedure that will be accepted by FDA. The only validation or verification data of 
FDA approved methods of new products are considered for applications to various 
drug products (Figure 1).

Every manufacturer must generate large amount of corrected data for safety and 
efficacy of drug for commercial viewpoint. As it is mandatory to follow Current 
Good Manufacturing practices (cGMPs) for manufacturing purpose, likewise each 
analytical activity must follow Good Analytical Practices.

Method Validation, calibrated instrument, and training are three important 
tasks of Good analytical practices (GAPs). Commercially available dosage form is 
an outcome of several steps which are systematically carried out during product 
development. It is very important that all steps should be carried in systematic 
manner to ensure complete drug development stage. In recent years there is special 
focus on efficiency and efficacy of drug product and for this clinical study is most 
important task but apart from this there are various behind the scene activities 
are associated with drug development process without which pharmaceuti-
cal drug development is not possible. Among these behind the scene activities 
Method Development and Validation has its own uniqueness to ensure the drug 
development.

Figure 1. 
Flow chart showing essential requirements of registration of pharmaceutical product.
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2. Noncompendial analytical method validation

The objective and plan of work should be clearly defined prior to start the 
work. This data is based on scientific findings from the method development and 
Optimization. The validation of results should be obtained by approved protocol. 
Then sponsor must follow cGMP’s which includes detail procedure, validation charac-
teristics and acceptance criteria by the use of qualified instrumentation. All the proto-
cols of drug substance and product analytes in respective matrices should be prepared 
and followed. All the results of validation studies, application should be included.

3. Compendial analytical procedures

The analytical procedure official in pharmacopeias, are cross checked for imple-
mentation stage and its suitability should be checked. The verification protocol 
should include details of data which explains suitable analytical procedure official 
in USP/NF for drug product or drug substance.

The following points are to be included in the verification protocol

1. The compendia method which should be verified with acceptance criteria’s.

2. All parameters related to each aspect of method that is reagent, equipment, 
validation characteristics that is specificity, Limit of quantitation (LOQ ), 
Precision, accuracy, should be included in validation are covered by proce-
dure and extent of verification. There is no need to include robustness study 
for compendia assays if there is no deviation. For a BLA, if the methods are 
already specified in FDA regulations, there is must to take pre-approval from 
FDA to change in analytical method.

3.1 Statistical analysis

The statistical analysis is important work after finishing the method develop-
ment and validation. The statistical values of validation are compared with the 
predetermined acceptance criteria.

The statistical parameters used are based on proper principle and required for 
evaluation of parameter. The methods like analysis of variance (ANOVA) for analysis 
of regression analysis, (R2-Correlation coefficient) to measure the linearity are applied 
for studying validation characteristics. In case of observed data is not distributed then 
it is transformed normal distribution or distribution free approach. By using validates 
software or independent verification for correctness the data can be analyzed.

3.2 System suitability requirement for potency assay

Before starting actual analysis of standard sample, it is necessary to check 
whether system is working properly or not. This important task can be completed 
by analyzing system suitability. In this all integral system that is equipment, elec-
tronics, analytical operations and samples are evaluated. These system suitability 
parameters are depending on method or procedure under validation.

System suitability can be evaluated according to following points:

1. The system suitability measures the performance of given system of samples 
on a given day. 2. The variable parameters like chromatographic columns, col-
umn aging, mobile-phase variations, changes in instrumentation are checked 
whether they are working properly or not.
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2. It is nothing but the part of method validation. The experience and informa-
tion obtained at the time of method development, which is helpful to deter-
mine system suitability of final method.

3. At every time when system is used for performing the assay there is necessary 
to use system suitability test. For longer period if it is continuously in use then 
there is need to reevaluate the system suitability at proper intervals.

4. The system suitability means criteria and parameters obtained collectively 
which can explain the system are working properly [2].

The important aspects of pharmaceutical development program are analyti-
cal method development, validation method transfer but it is fact that they are 
less considered in sense of total contribution in development process, time and 
economy. At the time of drug development phases, all the analytical method related 
activities are interrelated. In early development stages they are related and occur 
one after another in coming phases of development. During drug development pro-
cess the changes may require to be performed in current methods and these changes 
in methods again requires validation or method transfer treatment.

If one’s objective of method development and validation is achieved, then it 
can prove that the laboratory facilities are accurate and fit for further develop-
ment process that is one can say optimized. Method validation is the “process of 
demonstrating that analytical procedures are suitable for their intended use.” Both 
method validation and methods transfer have important share in drug development 
and further changes in methods. To generate supportive data during manufactur-
ing and quality control, these methods provides a valuable data by comparing with 
specifications including all types stability study, Safety, characterization and drug 
performance can obtain with these supportive methods.

Method development is the simultaneous process as the gradual development of 
drug product continues. The system suitability parameters are set of tests to checks 
the proper working of the system. After performing robustness with proper statisti-
cal data collection one can set the criteria for final system suitability of the method.

These methods focus on active pharmaceutical ingredient (API) behavior. As 
the knowledge about API and drug product goes on progress the analytical methods 
become more refined. The important aspects of analytical method are that should 
be robust, simple and meeting the regulatory guidelines. Various trial an error 
experiments are to be carried out to develop the method. The performance criteri-
on’s to be finalized before the final validation of method. Forced degradation study 
which is integral part of stability-indicating method and system suitability tests are 
one of the key points of method development and final validation [3].

3.3 Impurity profiling

The International Conference for Harmonization (ICH) guidances are available 
that are related to the qualification of impurities in new drug substances that are 
produced by chemical synthesis. These impurities can be addressed in two perspec-
tives that are chemistry aspects and safety aspects. The chemistry aspects explain 
the identification and classification of impurities, the various analytical procedures 
and setting of specifications. In the safety aspects explains the qualification of 
impurities which are not addressed in clinical trials. In this aspect the threshold lim-
its are defined. This ICH guidance classifies impurities in three classes as Organic, 
Inorganic and Solvent. Each class of impurities should be properly reported, with 
all aspects, developed during synthesis, storage of the new drug product. The 
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analytical procedure including validation reports related to impurities should be 
properly reported [4]. In concern with the above discussed guidelines related to 
qualification of impurities in new drug substances produced by chemical synthesis, 
impurities which are classified as degradation product developed with the reac-
tion with excipients or container closure system may termed as reaction products. 
All the observed degradants during manufacturing and stability study should 
be reported. All the data related to their identification, specification, analytical 
procedures for quantification, their limits of detection and quantification should be 
reported [5].

4. Stability-indicating method

To ensure safety, efficacy and quality of drug product there are need of stability 
indicating methods. The Food and Drug Administration (FDA) defines the stability 
indicating method as a validated analytical procedure that accurate and precisely 
measure active ingredients (drug substance or drug product) free from process 
impurities, excipients and degradation products [6].

To obtain forced degraded samples for assessing selectivity of method, method 
development and method validation are three important steps of stability indicat-
ing methods.

4.1 Importance of forced degradation

As per guidance document available for stability indicating method does not 
contain any explanation about extent up to which the degradation should be carried 
out. There are no certain guidelines regarding stress degradation. Therefore, it is 
always necessary to keep all experimental conditions of degradation with more 
reality and deliberate degradation.

The main purpose of forced degradation is to obtain stability of drug. It should 
provide information about route of degradation and utility towards the stability 
indicating [6].

Forced degradation can be able to judge excipients or non-drug substances. It 
also provides information useful for structure elucidation of degradation products. 
Importantly it gives data related to thermal, hydrolysis, and oxidation and photo deg-
radation behavior of drug substance and drug product. It is very important to know 
about chemical behavior of drug product and drug substance in formulation devel-
opment, manufacturing and packaging. The data helps in quality improvement [7].

4.2 Acceptance criteria for forced degradation

There are vast discussions among the various scientists that what should be the 
limits of stress testing? Generally, values in between 5–20% are proper and accept-
able for chromatographic assays. The acceptable stability limit for small molecules 
are 90% of label claim and generally employed by pharmaceutical scientist that is 
10% degradation is optimum for use in analytical validation. There are some experi-
ments in which very little or no degradants are obtained due to exceptional stability 
of molecule under study in such case accelerated storage 400 c for 6 months should 
be carried out. If positive result is obtained, then the stability of drug is noted. But 
overstressing the drug substance may produce false results [7].

According to the recent recommendations of Food and Drug administra-
tion (FDA) and ICH guidelines, the stability indicating property of analytical 
method can be obtained by carrying out forced degradation study. The pathway 
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2. It is nothing but the part of method validation. The experience and informa-
tion obtained at the time of method development, which is helpful to deter-
mine system suitability of final method.
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to use system suitability test. For longer period if it is continuously in use then 
there is need to reevaluate the system suitability at proper intervals.

4. The system suitability means criteria and parameters obtained collectively 
which can explain the system are working properly [2].

The important aspects of pharmaceutical development program are analyti-
cal method development, validation method transfer but it is fact that they are 
less considered in sense of total contribution in development process, time and 
economy. At the time of drug development phases, all the analytical method related 
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one after another in coming phases of development. During drug development pro-
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If one’s objective of method development and validation is achieved, then it 
can prove that the laboratory facilities are accurate and fit for further develop-
ment process that is one can say optimized. Method validation is the “process of 
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3.3 Impurity profiling

The International Conference for Harmonization (ICH) guidances are available 
that are related to the qualification of impurities in new drug substances that are 
produced by chemical synthesis. These impurities can be addressed in two perspec-
tives that are chemistry aspects and safety aspects. The chemistry aspects explain 
the identification and classification of impurities, the various analytical procedures 
and setting of specifications. In the safety aspects explains the qualification of 
impurities which are not addressed in clinical trials. In this aspect the threshold lim-
its are defined. This ICH guidance classifies impurities in three classes as Organic, 
Inorganic and Solvent. Each class of impurities should be properly reported, with 
all aspects, developed during synthesis, storage of the new drug product. The 
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of decomposition from API, solution and formulation also be determined. The 
structural information, their characterization and isolation of major degradants are 
the important part of the new drug approval (NDA). The use of forced degradation 
study is primary to understand molecular chemistry of drugs, its stability indicating 
properties and its degradation products and their pathways. In most of the cases the 
Hydrolysis, Oxidation, Photolysis, Racemization, and Decarboxylation are the type 
of reactions that are responsible for decomposition of most the drugs. However, the 
regulatory guidelines do not define the procedures to carry out degradation study. 
Therefore, there are various approaches to carry out forced degradation study [8].

4.3 Stress conditions

In pharmaceutical industry thermal, hydrolysis, oxidation and photo degrada-
tion are generally employed. If one must serve the purpose of degradation, the 
expected degradation should be achieved. The optimum percentage of degradation 
should be obtained in all types of conditions or in minimum of one according to 
FDA guidelines. If no degradation is achieved, then in that case, all reports related 
degradation experiment carried out should be produced. It is important fact to 
obtain the degradation as per expected level. The degradation in between 5 and 20% 
is recommended [9].

4.4 Hydrolysis

By using acid and base the hydrolysis studies are performed. Generally, a chemi-
cal reaction is carried out with water to obtain decomposed analyte. The wide pH 
range that is from 2 to 12 is used for acid and base, which is to be used for hydrolysis 
purpose. For acid hydrolysis generally Hydrochloric acid (HCl) or Sulfuric acid 
(H2SO4) is used and for base hydrolysis Sodium or Potassium hydroxide is used. 
According to stability of molecule, the concentration of acid or base is decided. 
One can used more than one stress conditions to obtain desired degradation. If the 
desired degradation is not achieved at room temperature, then higher temperature 
is used. After the degradation process completed the degraded samples are neutral-
ized by same acid or base so as it can easily injected in HPLC column without any 
harm to silica stationary phase. For water insoluble samples alcoholic acid or base 
are used for obtaining degradation [9].

4.5 Oxidation

To carry out oxidation degradation of drug substance or drug product, generally 
hydrogen peroxide is used. Apart from hydrogen peroxide metal ions, oxygen and 
radical initiators can also be employed. The oxidizing agent, its quantity require-
ment, properties are depending on the drug substance under study. If hydrogen 
peroxide is used as a degradant, in that case combination of stress should not be 
employed. If elevated temperature is used in case of Hydrogen Peroxide, it leads to 
hydrolysis instead of oxidation because in Hydrogen Peroxide O-O are not stable 
and they may decompose at ambient temperature also. Due to heating, these bonds 
break faster and oxidation occurs. Sodium metabisulfite solution is used for neu-
tralization of oxidation degraded samples [9].

4.6 Heat

Active pharmaceutical ingredients, Dosage form with or without humidity can 
be undergoing thermal degradation. The sample is exposed to heat. (weather there is 
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humidity or absence of humidity as mentioned earlier) In case of liquid, humidity is 
completely avoided. While applying stress to liquid samples especially for injections, 
oral solutions, and syrups as further diluting the samples, the precaution should be 
taken because these types of samples may loss water and concentration of actual 
sample. By obtaining multiple time results, the detail information about primary 
and secondary degradation can collected. If any molecule is so stable that it cannot 
generate degradation, in such situation the energy analogous to the accelerated stress 
condition is to be applied to express efforts taken for obtaining degradation [9].

4.7 Photo stability

The exposure to light is one of the important degradation steps to obtain degra-
dation caused by light. This degradation is evaluated by obtaining any unacceptable 
change due to light. The recommendations related to photo stability are described in 
ICH guidelines Q1B.The UV–VIS light exposure with not less than 1.2 million hours 
to achieve degradation of sample. The samples are preferably exposed to cool white 
fluorescent light and near ultraviolet lamp. The natural light can be used, if specific 
instrument is not available, but there will be intensity problem as it is varying with 
time, weather conditions, pollution etc. due to which natural light becomes not 
suitable for degradation [9].

4.8 Evaluation of results

After generating forced degradation samples obtained by accelerated stress 
conditions, their evaluation is the important task. For evaluation purpose, each 
sample should be studied individually. The Chromatographic techniques includ-
ing High performance liquid chromatography (HPLC), Ultra-performance liquid 
chromatography (UPLC), UHPLC and Capillary Electrophoresis are commonly used 
techniques for this important task. The most important work is development and 
validation of stability-indicating method which can be able to separate every degra-
dation product from each other and from drug. Therefore, peak purity is important 
in sense of selectivity determinations of the method. One more important parameter 
is sensitivity, which can be helpful to asses’ impurities at lower level. There are 
chances that the impurity peak may get depressed at the time of method develop-
ment which is co-eluted. Many times, it may happen that two unknown impurity get 
merged due to which false results are appear for stability, therefore it is important to 
implement such analytical method that can have capacity to resolve each unknown 
impurity and that is helpful to control out of specification results [9] (Figure 2).

Figure 2. 
Important parameters and acceptance criteria for impurity profiling and stability indicating methods.
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instrument is not available, but there will be intensity problem as it is varying with 
time, weather conditions, pollution etc. due to which natural light becomes not 
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sample should be studied individually. The Chromatographic techniques includ-
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5. Bioanalytical method development and validation

There were various regulatory agencies had done serious efforts to regulate 
bioanalytical method development and validation. Almost from last three decades 
there were large progresses in this area. The various regulatory agencies that were 
worked can be listed as US FDA, American association of pharmaceutical scien-
tists (AAPS), Health protection Branch HPB, Association of analytical chemists 
(AOAC), Center for Veterinary medicine (CVM), U. S. Department of Health and 
Human Services Food and drug Administration, Center for Drug Evaluation and 
Research (CDER), European Medicine Agency (EMA), China Food and Drug 
Administration (CFDA), European Bioanalytical forum (EBF), Global CRO Council 
(GCC), The Brazilian health regulatory agency (ANVISA, Brazil). To regulate 
and harmonize bioanalytical method development and validation first workshop 
was held in 3–5 December 1990, report of which was published in pharmaceutical 
research and in other journals. On basis of the reports of this workshop, the FDA 
was issued draft guidance on bioanalytical method development and validation in 
January 1999.The second FDA guidance was published in May 2001 on the basis of 
workshop which was held in January 2000.The recommendations for bioanalytical 
method development and validation for macromolecules was published in 2006. 
The recommendations for regulation and harmonization of bioanalytical methods 
were again refreshed in 2006. In 2010, a draft guidance was published by EMA for 
development and validation of bioanalytical methods. As per above discussion this 
can be concluded that there were serious efforts carried out to regulate bioanalytical 
method development and validation by the various abovementioned regulatory 
agencies.

6. Need of bioanalytical method development and validation

The various manufacturers are applying for Investigational new drug applica-
tion (IND), New drug application (NDA), Abbreviated new drug application 
(ANDA) to FDA. There was harmonization in this process related to human clinical 
pharmacology, bioavailability (BA) and Bioequivalence (BE), pharmacokinetic 
evaluation (PK), non-human pharmacology and toxicology studies and preclinical 
studies, which should be included in abovementioned applications. To obtain the 
data related to abovementioned requirements, there is need of development and 
validation of bioanalytical methods in biological matrices such as blood, serum, 
plasma or urine [10].

The most recent FDA guidance document on bioanalytical method development 
and validation was released in May 2018. Before this there was a guidance docu-
ments in 2001 and its revision in 2013 were released. The overall previous recom-
mendations remain same, only the following points are revised.

• The validation criteria for dilution and carryover

• There was clarification on the number of Quality control (QC) samples and 
replicates

• There will be no acceptance criteria for QCs for accuracy and precision

• The QCs should have to cover the sample concentration range

• The LLOQ should be evaluated for interference for each run
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• There will be the further acceptance criteria within the different batches

• The internal standard (IS) and the drift should be monitored

In this document following clarity regarding Ligand Binding Assay (LBA) 
was added

• The accuracy and precision runs

• The control of each sample should be included with clear definition

• The consistency in standard calibrator preparations

The significant change in final document, the incurred sample reanalysis sec-
tion was added which includes endogenous compounds, biomarkers, diagnostic 
kits, bridging data and dried blood spots [11]. The guidance documents (M10) on 
Bioanalytical Method Development and Validation was released by International 
Council for Harmonization of technical requirements for pharmaceuticals for 
Human Use (ICH), in February 2019. Simultaneously, American association of 
Pharmaceutical scientists (AAPS), European bioanalysis forum (EBF), Japan 
Bioanalysis forum (JBF), China Bioanalysis forum (CBF) were organized a 
workshop of industry, academia, and health authorities to discuss this draft guid-
ance. The objective of these discussions was the M10 guidelines which are for 
Bioanalytical Method Development and validation which are part of regulatory 
submissions. This guidance document explains the validation of Bioanalytical 
Methods form, which the concentration of analyte is determined from biological 
fluids. The concentration was obtained from pivotal nonclinical pharmacokinetic 
studies which are useful for taking the decisions over the regulatory submission 
including all phases of clinical trials [12].

6.1 Key principles of bioanalytical method validation and establishment

• Accuracy, precision, selectivity, sensitivity, reproducibility and stability are 
the fundamental parameters that ensure the acceptability of bioanalytical 
method.

• There should be specific protocol, study plan, report or SOP for bioanalytical 
method development and validation.

• How the analyte is being get affected by environmental, matrix, or procedural 
variables? Every step, including time of collection of matrix and overall inves-
tigation time, should be clarified.

• The physiological nature of samples gives variable matrix. When there are 
Liquid Chromatography-Mass spectrometry-Mass Spectrometry (LC-MS-MS) 
based procedures, then protocol should be designed to avoid matrix effect, 
matrix may change during method validation.

• It is necessary to validate bioanalytical method for the intended use or 
application.

• There should be written method validation report to claim the results.
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• The same biological matrix as the matrix in the intended samples should be 
used for validation purposes. It is necessary in case of limited availability of 
matrix like bone marrow.

• The stability at the time of matrix during collection and storage should be 
assessed before analysis.

• The stability of analyte in matrix from dosed subjects should be finalized in 
case of potentially labile metabolites.

• The parameters like accuracy, precision, reproducibility, response function, 
and selectivity of method for endogenous substances, metabolites, and known 
degradation products should be set for biological matrix.

• In case of selectivity the evidence should be produced that substance being 
quantified is the intended analyte.

• The concentration range of analyte should be defined on standard samples 
including their statistical parameter which clears the standard curve.

• To define concentration and response relationship an enough sample should 
be analyzed. This relationship should be continuous and reproducible. For this 
purpose, the standard used should be from dynamic range and nature of the 
concentration-response relationship. Generally, six to eight concentrations 
excluding blank can be used to define standard curve. In case of nonlinear 
concentrations more standard may be recommended.

• There should be proper demonstration to show the ability to dilute samples 
originally above the upper limit of the standard curve by accuracy and preci-
sion parameters in the validation.

• In case of high throughput analyses like multiplexing, multicolumn and paral-
lel systems, enough Quality control (QC) samples should be assessed to prove 
control of the assay. Based on the run size, the number of QC samples should 
be determined.

There should be proper placement of the QC samples in the run.

• There is a need to set a specific acceptance criterion for bioanalytical method 
to be considered as a valid method. That should be achieved for accuracy and 
precision for validation of QC samples over the range of standards.

6.2 Specific recommendations for bioanalytical method validation

• There should be minimum six standard points for matrix based standard curve 
excluding blank, which may be single or replicates and should cover the entire 
range of expected concentrations.

• Standard curve should explain the concentration-response relationship with 
appropriate weighting and statistical tests for goodness of fit.

• The Lower limit of quantitation, (LLOQ ) should be measured with accept-
able accuracy and precision which is the lowest concentration of the standard 
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curve. By using a least five samples independent of standards and its coef-
ficient of variation, the LLOQ can be established. The LLOQ should not 
be confused with the limit of detection and/or the low-Quality Control 
(QC) samples. The upper limit of quantification will be defined by highest 
standard.

• The accuracy and precision should be determined by using minimum of five 
determinations per concentration level excluding blank samples. The average 
value should be within ±15% of the theoretical value. The LLOQ should be 
up to ±20%. The coefficient of variance of precision should not exceed 15% 
and for LLOQ should not exceed 20%. The methods which give the results 
of accuracy and precision with these above-mentioned values should be 
acceptable.

• There should be proper demonstration of concentration of analyte in biologi-
cal matrix with which the accuracy and precision is determined. This can be 
performed by analyzing replicate sets of QC samples from same biological 
matrix. This QC sample should be representative of entire concentration range 
selected for standard curve. From which one concentration within LLOQ , one 
should be middle one that is middle QC (MQC) and last should be upper limit 
of standard curve that is High QC (HQC).

• All outliers should be included in reported method validation data and accu-
racy and precision data. The values of outliers that are determined statistically 
can also be reported with the calculations of accuracy and precision.

• The storage temperature stability in biological matrix should be determined for 
analyte. The freeze-thaw stability at minimum of three cycles of two concen-
trations in triplicates should be studied.

• The ambient temperature stability of analyte should be determined over the 
time period equal to typical sample preparation, sample handling and analyti-
cal run times.

• In case of instrument failure, reinjection reproducibility should be evaluated to 
determine an analytical run could be reanalyzed.

• For determination of specificity of assay method, a minimum of six concen-
tration of same matrix should be studied. In case of hyphenated techniques 
like mass-spectrometry based methods, it is not important to study six 
independent matrices. There should not any compromise to study matrix 
effect to ensure precision, selectivity and sensitivity in case of Liquid 
Chromatography-Mass spectrometry (LC-MS) and Liquid Chromatography-
Mass spectrometry-Mass Spectrometry (LC-MS-MS) based procedures. The 
selectivity should be evaluated throughout method development, method 
validation and it should be continued up to the application of method to 
actual study samples.

The acceptance/rejection criteria for spiked, matrix-based calibration standards 
and validation of QC samples should be based on theoretical concentration of 
analytes. For studying accuracy and precision, the specific criteria should be set in 
the standard concentration range [13] (Figure 3).
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7. Analytical techniques for method development and validation

The various analytical techniques are available for Qualitative and Quantitative 
analysis, which can be used in above explained types of analytical methods. The 
chromatographic techniques used as a separation tool and spectroscopic techniques 
are used for an identification and to obtain structural information. Among all these 
techniques High performance liquid chromatography, High performance thin layer 
chromatography, Spectrophotometric techniques and Hyphenated techniques are 
explained in brief.

7.1 High performance liquid chromatography

When we draw the attention towards the working principle of HPLC, which 
involves the injection of small sample (Generally in μl) into the stationary phase 
composed of 3–5-micron tiny particles. The injected components of the sample 
moved through the abovementioned stationary phase with the mobile phase which 
is forced through high pressure by the pump.

The HPLC technique is having advantage of High speed, Efficiency, Sensitivity 
and vastly superior over the simple liquid chromatography. The process of separa-
tion of components of sample involves chemical and physical interactions with the 
stationary phase particles. The separated components are detected at the end of 
column by the detector in the form of the liquid chromatogram (Figure 4).

The HPLC can be applied for separation of non-volatile compounds like Aspirin, 
Ibuprofen, Acetaminophen and then for separation of salts like Sodium Chloride, 
Potassium Phosphate. For the separation of proteins like Egg white and Blood 

Figure 3. 
Sequence showing development and validation of bioanalytical method.
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proteins. The HPLC can also be applied for separation of Organic Polymers, Heavy 
Hydrocarbons, Natural Products, Thermally unstable compounds and Enzymes [14].

For separation of many complex mixtures including biological samples high 
performance liquid chromatography is the best form of liquid chromatography 
(HPLC). HPLC is widely used for qualitative and quantitative analysis of differ-
ent types of pharmaceuticals due to its sensitivity. By using HPLC, one can obtain 
individual sample with its role in that sample. In 20th century, the HPLC methods 
were appeared for assay of bulk drugs and later become a principal method of 
Pharmacopeia. The interaction among the solute molecules and stationary phase, 
decides the mode of chromatography. HPLC is more versatile technique as vari-
ous modes are available. By using HPLC, the proper values of precision can obtain 
with excellent specificity of the methods. Though the specificity, precision and 
accuracy are obtained with HPLC methods, the system suitability parameters are 
first analyzed before analyzing these parameters. The more attention should also be 
providing for high accuracy, precision and specificity. By doing wide literature sur-
vey it was observed that HPLC is widely used technique among all chromatographic 
techniques. One of the reasons for this is detection system of HPLC which can able 
to detect every component of mixture. The UV detector is most widely used detec-
tor for HPLC. The Ultra-violet (UV) detector can analyze various wavelengths 
simultaneously by giving multiple wavelength programmers on HPLC software. 
Every component present in mixture which UV can detect that can be obtained 
by UV detector. A Photodiode array (PDA) detector is one of useful spectroscopic 
detector. By placing at the image plane of spectrophotometer various wavelength 
can be scanned simultaneously. For analysis of alcohols, sugars, carbohydrates, fatty 
acids and polymers, the refractive index detector is used as there is restriction for 
UV absorption of these compounds. The Refractive Index (RI) detector is one of the 
lowest sensitivity detectors but it can be applied for trace detection with low noise. 
For analyzing oxidizable and reducible substances, the electrochemical detector 
is implemented. In this detector the electrical output obtained by electron flow 
due to chemical reaction at electrode surface due to presence of above-mentioned 
compound is used for qualitative and quantitative analysis of these types of 
samples. Among various detectors available for HPLC, the most sensitive detector 
is fluorescence detector. The sensitivity of fluorescence detector is 10–1000 times 
more sensitive as compared with the UV detector. If sample contains any specific 

Figure 4. 
Flow diagram of working principle of HPLC.
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fluorescent compound, then it can be easily detected by this detector. For estimation 
of pharmaceuticals especially fluorescence detector is applied. As most of pharma-
ceuticals are polar in nature, there analyses are carried out as reverse phase HPLC. 
In recent years most of the researchers used reverse phase chromatography with UV 
detection, due to that the results are obtaining with best reliability, analysis, repeat-
ability and sensitivity. Generally, in pharmaceutical industry Octadecyl silyl (ODS) 
C18 is mostly used stationary phase. Many drugs can be easily obtained in pharma-
ceutical formulations and biological fluids by using HPLC. Nowadays, HPLC is one 
of the important tools for solving many problems in pharmaceutical industry. There 
are certain limitations to HPLC that high price of column, HPLC grade solvents and 
it is difficult to obtain long term reproducibility due to nature of column packings.

The Liquid Chromatography-Mass spectrometry (LC-MS) is wide choice for 
quality control and quality assurance in various stages in pharmaceutical industry. 
The LC-MS can be easily applied for assay of many drugs and pharmaceuticals also 
applied for analysis of impurities and degradation products. The most hyphenated 
technique like Liquid Chromatography-Mass spectrometry-Mass spectrometry 
(LC-MS-MS) is also available for above mentioned work [15].

7.2 High performance thin layer chromatography (HPTLC)

The advancement of Thin layer chromatography (TLC) is the HPTLC that 
is, High performance thin layer chromatography which an instrumental semi or 
automatic form of TLC. It is fast working, sensitive and can be able to analyze wide 
range of samples.

The HPTLC is advantageous to handle a sample with short analysis time for analy-
sis of even complex samples including crude drugs. As automation with the instrument 
it can be able to analyze entire chromatogram with many parameters without any 
interruption. The samples can be analyzed simultaneously or independently with 
standard that shows the reliability of technique. The HPTLC is equipped with high 
performance adsorbent layers having refined uniform particles, approx. 5 microns in 
diameter. All processes of experimentation including method development, optimi-
zation of various parameters and documentation are performed with standardized 
methods. The HPTLC can be applied for both qualitative and quantitative analysis of 
mixtures, as the technique is automated, the quantitative mode is more optimized as 
compared with the TLC. Also, it can be used for the assay of the compound (Figure 5).

The advantages of the HPTLC are as follows:

• Colored samples can be easily separated

• Many samples can be assessed easily on single plate which reduces the cost and 
time.

• Two-dimensional mode is possible

• Visualizing agent used which are Specific and Sensitive for detection purpose

• Other evaluation technique can be implemented for different samples with 
different light absorption characteristics.

• Radio labeled compounds can be monitored and microbial activity can be 
assessed.

• No regeneration and cleanup are required as the technique is disposable.
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Development of plate and evaluation of plate are separate processes therefore 
both can perform as per time available differently [15].

The important advantages of the HPTLC are fast, inexpensive method of analy-
sis. It can prove over high-performance liquid column chromatography when it is 
performed by skilled person for quantitative analysis. The qualitative and quantita-
tive analysis by the HPTLC with automated sample application and densitometric 
scanning shows very sensitive and reliable results. The HPTLC has important 
advantage of providing chromatographic fingerprints which can be stored as an 
electronic image [16].

7.3 UV-spectrophotometric methods

For the quantification of components present in solution, the UV absorption 
spectroscopy works on the principle of Beer-Lambert law [17] (Figure 6).

According to Beer-Lambert law,

 0A = log I / I = .c.lε  

where A = Absorbance.
I0 = intensity of incident light.
I = intensity of emergent light.
ɛ = molar absorptivity.

Figure 5. 
Diagram showing components of HPTLC.
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c = molar concentration of solute.
I = length of sample cell.
The natural Ultra-Violet (UV) absorption methods and chemical reactions 

spectrophotometric methods are having importance in pharmacopeia. In these 
methods quantitative data of reflection or transmission by the analyte as function 
of wavelength is measured. The method is based on the fact, that functional group 
of analyte absorbs UV radiation at specific wavelength in a solvent system. The 
λmax is the term used for maximum absorption of wavelength which is indepen-
dent of concentration. These methods require less time and less labor consumption. 
The method also gives best precision. The UV-Visible methods are applied for 
multicomponent analysis of samples [15].

7.4 Brief introduction of other spectroscopic techniques

The Near Infrared spectroscopy (NIRS) is one of the spectroscopic techniques 
that can be applied for multicomponent analysis of all types of samples and having 
advantage of non-destructive technique. For the purpose of raw material testing, 
quality control of finished product and to monitor the process, the NIR spectros-
copy plays important role in recent years. The great advantage of NIR is there no 
requirement of sample pre-treatment, the use of fiber optic probes and both the 
chemical and physical parameters can be obtained in single spectrum [15].

The Nuclear Magnetic Resonance (NMR) spectroscopy is one of the advanta-
geous techniques over UV and IR spectroscopy that it can detect the intermediate 
products like ions, reaction complexes, solvents of chemical reaction. The NMR 
spectroscopy provides unique information on the structure of intermediate due 
to which there is no need to restore various hypotheses to explain the mechanism 
of the process [18]. The mass spectrometry is one of the outstanding techniques 
in all type’s spectroscopies due to its sensitivity, detection limits and its wide 
range of application. It is widely applied in biochemical problems like proteome, 
metabolone, drug discovery and metabolism. This technique can also be applied 
for pollution control, food control, forensic science and natural product or process 
monitoring. It can also be applied in atomic physics, reaction physics, reaction 
kinetics, inorganic chemical analysis, ion-molecule reactions and determination of 
thermodynamic parameters [19].

7.5 Hyphenated techniques

Generally, for the qualitative and quantitative analysis of the samples, the 
separation technique is combined with the identification technique. In the analysis, 

Figure 6. 
Flow diagram of working principle of UV spectrophotometer.
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chromatographic and electrophoresis are used for separation or isolation of the 
required components. The quantitative determination or structural information 
of the sample under study is performed by spectrophotometry. The Hyphenated 
technique is nothing but the combination of both above said techniques that are 
separation and spectrophotometric technique. The various hyphenated techniques 
like Liquid chromatography-Mass spectrometry (LC-MS), Gas chromatography-
Mass spectrometry, Liquid Chromatography-Nuclear Magnetic resonance 
(LC-NMR), Liquid chromatography-Fourier transform infra-red spectroscopy 
(LC-FTIR), Capillary electrophoresis-Mass spectrometry (CE-MS) are used widely 
for qualitative and quantitative analysis. There may be a combination of more than 
one separation or detection technique like Liquid chromatography-Photodiode 
array-Mass spectrometry (LC-PDA-MS), Liquid chromatography-Mass spectrom-
etry-Mass spectrometry (LC-MS-MS), Liquid chromatography-Nuclear magnetic 
resonance-mass spectrometry (LC-NMR-MS), Liquid chromatography-photodiode 
array-nuclear magnetic resonance-Mass spectrometry (LC-PDA-NMR-MS) [20].
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Chapter 9

Cost-Effective Technical Tips for
Agarose Gel Electrophoresis of
Deoxyribonucleic Acid
Noboru Sasagawa

Abstract

Agarose gel electrophoresis is one of the most fundamental experiment in bio-
chemistry and/or molecular biology, especially in analyzing deoxyribonucleic acid
(DNA) or ribonucleic acid (RNA). Many laboratories do agarose gel electrophoresis
almost every day. Besides, sometimes we need to prepare tens of agarose gels at a
time for training and/or practices of students. In such situations, the more cost-
effective way we have, the much more experiments in laboratories/trainings of
students we can achieve. Actually, experiments of using agarose can be achieved in
a more inexpensive way. In this manuscript, conditions of agarose gel electropho-
resis experiment (agarose, buffer, and equipment) are considered, and achieve-
ments of such efforts are described.

Keywords: agarose, electrophoresis, buffer, equipment

1. Introduction

In molecular biology and biochemistry, the size of biomolecules (molecular
weight of protein, length of nucleic acids, and so on) is an important key informa-
tion in the experiment. One of the popular methods for size fractionation of such
molecules is electrophoresis. Agarose is often used as the gel structure for electro-
phoresis to fractionate nucleic acids. Although polyacrylamide gel is also usable,
agarose gel is the most major compound for electrophoresis of nucleic acids,
because of its easy handling [1–3]. A fractionation effect depends on the pore size in
the gel. Generally, nucleic acids for research have rather large size (around 20 to
several thousand base pairs), and the pore size of agarose gel is enough for such
large molecule (nucleic acids) to be fractionated. The pore size of 1% agarose gel is
estimated to be around 200 nm [4]. Basically, 0.3–2.0% (weight per volume in
buffer) of agarose is used in electrophoresis [5].

In this manuscript, several cost-effective ways of agarose gel electrophoresis of
DNA are explained. On the other hand, a modification to develop a quality of
agarose gel electrophoresis is reported; adding and mixing graphene oxide powder
in agarose gel enhances a separation quality of electrophoresis [6]. Furthermore,
several modifications of agarose gel electrophoresis by adding a special reagent in
the agarose gel are proposed [7, 8]. The principle of these modified electrophoresis
methods is basically the same as the traditional method described here, and the cost-
saving method in this manuscript will also be applicable for such modified methods.
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Agarose gel electrophoresis is a very popular experiment for training of students
in educational institutions [9–11]. Cost-effective methods described here should be
good news for such institutions, because running costs cannot be ignored in student
training practices.

2. Agarose

Agarose is a kind of carbohydrate macromolecules (polysaccharides), also
known as a kind of dietary fibers. Agarose is purified from a certain red seaweed
Rhodophyta. Polysaccharides from Rhodophyta mainly consist of agarose and
agaropectin. Agaropectin is not capable of forming gels and has to be removed as
impurities from the agarose/agaropectin mixture. The quality of agarose depends on
such purification steps, and these steps push up agarose commercially much
expensive.

2.1 Quality of agarose

In Asian countries, agar is widely known as an ingredient in foods and/or
desserts (e.g. mitsumame, yokan, and so on in Japan). Agar is also a well-known
gelling reagent for bacteria medium.

“Agarose” and “agar” are sold as different merchandises, but the origin of them
is the same; both are made from the same seaweed. It can be said that agar for
bacteria medium is a partially and roughly purified form of sea weeds and is of
lower quality than agarose for electrophoresis.

In my experience, agar for bacteria medium is quite suitable for a gel
electrophoresis reagent. INA AGAR® BA-30 (Ina Food Industry Co., Ltd. (Nagano,
Japan)—Funakoshi Co., Ltd. (Tokyo, Japan)) (Figure 1, left) is an agar of which
grade is for bacteria, but its quality is very good for electrophoresis. The cost for this
reagent goes to about 1/5 of standard agarose for electrophoresis. Moreover, Ina
agar S-7 (Ina Food Industry Co., Ltd. (Nagano, Japan)) (Figure 1, right) is an agar

Figure 1.
Agars for not electrophoresis but other use. Left, INA AGAR BA-30 for bacteria medium. Right, INA S-7 agar
for cooking.
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for cooking, the quality of which is adequate for agarose gel electrophoresis. In this
case, the cost is as much as 1/20. Although there is no warranty or trust for results
(i.e. a quality test should be done at each package), it is worth doing in each
laboratory to test agars for bacteria and/or for cooking. An example of the result by
using BA-30 is shown in Figure 2, and S7 is shown in Figure 3.

Generally, agarose of low purity is more breakable because of its low gel
strength. This disadvantage was critical especially when Southern or northern blot-
ting was achieved in the experiment. In recent days, such blotting techniques have
given way to the other; for example, polymerase chain reaction (PCR) to see DNA
polymorphism and real-time PCR to see gene expressions. The major visualizing
way of DNA in agarose gel is to use ethidium bromide (EtBr) or the other DNA
intercalators that make fluorescence excited in certain wavelength [12]. Several
protocols for staining reagent to intercalate DNA are known; (a) add the reagent in
the gel before solidifying, (b) add the reagent in the loading buffer at

Figure 2.
INA agar BA-30 for agarose gel electrophoresis. 2% weight per volume of agar was applied.

Figure 3.
Result of the electrophoresis by using INA S-7 agar. The gel is 1% weight per volume.
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electrophoresis, and (c) soak the gel in the reagent buffer after electrophoresis
(Figure 4). In (a) and (b), a photograph of the gel can be taken with a gel tray,
when the tray is clear. In such a situation, a low gel strength does not disturb
electrophoresis and DNA visualization. Based on these reasons, a low gel strength
seems not a too much annoying point when simply doing electrophoresis and taking
photographs.

2.2 Recycling and reusing of agarose

It is known that used agarose gel is reusable again and again. Recycling of
agarose after electrophoresis is very effective for cost-saving. Several reports are
published [13, 14], in which used agarose gels are simply boiled and poured to a gel
tray. After cooling to make the recycle gel solid, the recycled gel is enough for
applying another electrophoresis. On the other hand, the DNA staining reagent
(such as EtBr) still remains in the used agarose gel. EtBr is well known as toxic
mutagen [15, 16], so when used and stained gel is boiled, toxic fumes containing

Figure 4.
Scheme for staining and visualizing of DNA in agarose gel electrophoresis.

Figure 5.
Recycled gel (1% weight per volume) was applied to the electrophoresis.
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EtBr appear. This fume will be hazardous when incorporated through the respira-
tory system.

To avoid such hazardous fumes, a freeze-and-thaw of used agarose gel is very
effective for removing toxic EtBr from the gel [17]. By repeating freeze-and-thaw, the
EtBr concentration of used agarose gel dramatically reduces to as much as a negligible
level. The result of electrophoresis by recycled agarose is shown in Figure 5.

Agarose is hydrolyzed in acidic condition. Therefore, repeating the boiling and
melting step in acidic condition might degrade the polymer structure of the agarose.
The freeze-and-thaw method mentioned above is free from such a degradation.

3. Electrophoresis buffer

The most standard buffer for agarose gel electrophoresis is TAE buffer (tris,
acetic acid, EDTA). TBE (tris, boric acid, EDTA) is the second major buffer. It is
said that TBE has an advantage to fractionate small length DNA; in an old sequence
analysis, a combination of acrylamide gel and TBE buffer was a standard condition.

When TAE is compared with TBE, the cost of TBE is higher than TAE. This is
because of the difference of the price of acetic acid and boric acid.

For RNA electrophoresis, MOPS buffer (MOPS, sodium acetate and EDTA) is
another standard, although this buffer is much expensive. Anyhow, daily agarose
gel electrophoresis is achieved in a condition of using TAE in standard.

Yet another electrophoresis buffer is SB buffer, which is obtained from sodium
borate. The vast majority of SB buffer is the cost, 1/4 of TAE and 1/10 of TBE [18].

In my experience, DNA is well migrated and fractionated in the agarose gel
electrophoresis with SB buffer, although small but many air cavities appeared after
finishing the electrophoresis. The cavities do not exist when starting the electro-
phoresis, but they do appear several ten minutes after switching on and/or staining
the gel after electrophoresis (Figure 6).

3.1 Concentration of buffer

It is a very simple and effective idea of cost-saving that dilution of the buffer is
available or not. If 1/2 dilution is available, the cost also will be 1/2. In my experi-
ence, 0.5� TAE buffer works fine (Figure 7).

Figure 6.
SB buffer resulted in small but many air cavities in the gel.
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A low concentration of ions in the buffer results in higher resistance in an
electric circuit, which leads to heating of the buffer. Therefore, too much dilution of
the buffer might result in boiling of buffer and melting of agarose gel.

4. Equipment

There is so much commercial equipment for agarose gel electrophoresis, but
unfortunately, they are rather expensive for its purpose; for example, tens of elec-
trophoresis tanks are needed at a time in students’ practice, but it is sometimes
difficult to buy so many tanks at a time. One of the major reasons of this higher cost
is that platinum is used as electrodes in the tank. Platinum is a precious and noble
metal, which is very stable and never degraded in electrolysis. The second reason is
that the buffer tank of the equipment has a special shape. Generally, the bottom
face of the buffer tank has an anti-U-shaped structure (Figure 8). The third reason
is that the equipment is sold with the special power supply. It seems that no
electrophoresis is available without the manufacturer’s specified power supply.

4.1 Buffer tank

The anti-U-shaped structure is not always necessary in buffer tank. Basically, a
structure of an electrophoresis tank can be much more simple, and we can make it
by do-it-yourself (DIY) (Figure 9).

Figure 7.
Agarose gel electrophoresis with 0.5% TAE.

Figure 8.
A horizontal view of typical buffer tank for agarose gel electrophoresis.
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4.1.1 Making DIY buffer tank

A plastic basket in variety store (so-called 100-yen shops, 99 cents store, Dollar
store, etc.) is good enough for electrophoresis tank. Plastic tape is put on the basal
plane in three- to fourfold repeatedly, which works as a stopper of the gel during
electrophoresis (Figure 9).

4.1.2 Electrodes

Although carbon stick like a lead of a pencil works as an electrode, stainless steel
wire in hardware stores is a good choice of electrodes for agarose gel electrophore-
sis. No expensive metal is needed; almost the cheapest one will be worth testing.
Wireframe of 1-2 mm in diameter leads to a good result. Wires are run at the
bottom corner of the tank, simply put by mending tape (Figure 10).

Figure 9.
DIY buffer tank for agarose gel electrophoresis. Note that the basket has a flat bottom, unlike a standard
commercial buffer tank.

Figure 10.
An inexpensive stainless wire as electrodes of electrophoresis tank. This wire is 1.2 mm in diameter.
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Figure 7.
Agarose gel electrophoresis with 0.5% TAE.

Figure 8.
A horizontal view of typical buffer tank for agarose gel electrophoresis.
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4.1.1 Making DIY buffer tank
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One avoidable notice is that copper is included in the wire as a component of
wire. Copper is thought to be toxic, and it is ionized and flow out into the buffer
during electrophoresis. Such a wire should be avoided, and it can be easily and
clearly determined if copper is ionized because copper ion turns the buffer blue.

Figure 11.
An alternating current (a), half-wave rectified current (b), full-wave rectified current (c), and a true direct
current. (b) and (c) are enough for doing agarose gel electrophoresis, and true direct current like (d) is not
needed.
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4.2 Power supply

Basically, agarose gel electrophoresis is achieved in around 100 volts [19]. In
laboratories of molecular biology and biochemistry, power supply for SDS-PAGE is
very popular equipment. This supply gives fine and direct current, promising pro-
teins to migrate correctly. Of course, this power supply is also available for use in
agarose gel electrophoresis. But actually, such a high-quality direct current is not
needed in agarose gel electrophoresis.

Generally, the household electric power is supplied as alternating current
(Figure 11(a)). This alternating current is not usable as electrophoresis. The current
is passed through a diode, and an odd part of the current is picked up (half-wave
rectification (Figure 11(b))). A combination of diode enables to make all
the alternating current as one direction (full-wave rectification (Figure 11(c))).
Half-wave rectified current and full-wave rectified current are a kind of pulsating
current, which is not a true direct current (Figure 11(d)). It is known that such half-
wave or full-wave rectified current is enough for agarose gel electrophoresis [20].

4.2.1 DIY power supply

To make half-wave or full-wave rectified current is not so difficult. Figure 12 is
a diagram showing full-wave rectification from alternating current. Four diodes are
needed in this diagram, and they are substituted by one Graetz bridge.

Figure 12.
A simple circuit diagram of full-wave rectification for agarose gel electrophoresis.

Figure 13.
A DIY power supply based on a diagram of Figure 12.
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Figure 13 is an example of DIY power supply, which is based on the diagram of
Figure 12. Figure 14 is a close view of the same DIY power supply, in which only
one Graetz bridge is used. A fuse is incorporated in this supply for safety.

5. Concluding remarks

In this manuscript, several technical tips for low-cost agarose gel electrophoresis
have been described. The key factor of the tips is agarose (or agar) selection,
recycling of agarose, buffer selection, and DIY equipment. Several experiments
need a step to recover and isolate fractionated DNA from the agarose gel. In such
cases, a high quality of agarose can affect the experiment. Nevertheless, such a high-
quality agarose is not always needed for simply checking the band patterns of
fractionated DNA. Agarose quality can be changed in its purpose, time, place, and
occasion.

Agarose gel electrophoresis is a simple technique. Based on its principle, it can be
modified and customized as how much cost you spend to the experiment. More-
over, technical tips described here do not mean downgrading of experiment quality;
DNA can migrate and be fractionated as the same way as the standard protocol. The
important point is that a calibration test is needed at each reagent and equipment. In
my experience, gel strength varies in each product, and concentration of the agar in
the gel should be adjusted at each condition.

In this manuscript, the topic has been focused into mainly DNA electrophoresis
by agarose gel. RNA is far more sensitive to nuclease (ribonuclease for ribonucleo-
tides) than DNA (deoxyribonuclease for deoxyribonucleotides). This also means
that much higher quality of reagents is required for RNA electrophoresis, especially
eliminating a contamination of ribonuclease. Moreover, some special technique is
required in RNA electrophoresis for denaturation of tertiary structure of single
strand RNA. Even though there stand such points to take account of RNA, the

Figure 14.
A close view of the DIY power supply (Figure 13). An inexpensive Graetz bridge (AM1510) is used in the
supply.
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buffer tank and power supply in this manuscript will also be able to work in RNA
electrophoresis, because of the same principle of the electrophoresis of nucleic
acids.
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Chapter 10

Application of PCR Technique 
to Detect Polymorphism of the 
KRTAP1.1 Gene in Three Sheep 
Breeds - A Review
Theopoline Omagano Itenge

Abstract

The quality of wool and pelt products depends on the quality of the wool and 
pelt grown on farm. Genes coding for the proteins involved in the structural com-
ponents of wool fibre; keratin intermediate filaments (KRTs) and keratin keratin-
associated proteins (KAPs) have been extensively researched. The KAPs form a 
matrix in which the KRTs are embedded. In sheep, KRTAP1.1 (previously B2A) is 
one of the four genes encoding proteins that make up the KAP1.n family. The ovine 
KRTAP1.1 gene is clustered with the KRTAP1.3 and KRTAP1.4 genes on chromo-
some 11. In this chapter, the Polymerase Chain Reaction (PCR) – Applied Fragment 
Length Polymorphism (AFLP) typing method used to detect polymorphism in the 
KRTAP1.1 gene is reviewed. Three length variation KRTAP1.1 alleles; named A, 
B and C, of the lengths 341 base pair, 311 base pair and 281 base pair, respectively 
have been reported in three sheep breeds; Romney sheep of New Zealand, Merino 
sheep of New Zealand and Swakara sheep of Namibia. Genetic variation within the 
KRTs and KAPs can be further exploited to determine as to whether such variation 
impacts on wool quality. The presence of genetic variation within KRTs and KAPs 
offers opportunities for the development of gene markers affecting wool and pelt 
quality traits.

Keywords: genetic variation, KAPs, KRTs, KRTAP1.1, PCR, pelt, sheep, wool

1. Introduction

Domesticated Sheep (Ovis aries) are a major source of meat, wool, milk, and 
pelts/skin or fur, around the s the generic name of hair from animals such as goat, 
camel, vicuna, alpaca, angora rabbit and yak [1]. Wool grows from follicles on 
the sheep’s skin, similar to the way that hair grows on human skin. Wool fibres 
are resistant to sunlight, ultraviolet radiation, heat and fire [2]. Because of the 
unique attributes of wool (excellent insulative properties, breathability and fire 
resistance [2], the fibre is widely used for clothing, bedding, carpets and other 
interior textiles.

High quality pelts are produced from Swakara sheep of Namibia, although 
there are other pelt-producing sheep breeds. Swakara is a fat-tailed sheep that is 
very hardy and well adapted to arid conditions and mainly kept for the production 
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of pelts [3–6], though it may also be reared for meat and wool. Originating from 
Uzbekistan in Central Asia, and imported into Namibia in 1907 (as Karakul sheep 
then) [3], the intensive research and strategic breeding programmes which were 
subjected to Karakul sheep in Namibia has resulted in the production of a unique 
breed named Swakara in Namibia [6]. Swakara pelt production is an exclusive 
industry that produces outstanding quality pelts characterised by short hair, 
exceptional patterns and better hair texture [7]. The main product produced from 
Swakara pelt is high quality leather apparel of various colours that is sought after in 
the fashion industry. Other accessories, such as hand bags, carpets, shoes, car seat 
covers, belts are processed.

Wool fibre is made up of three main structures: the cortex, cuticle, and in some 
coarse wools, the medulla [8]. The cortical cells comprise 90% of the wool fibre, 
and are responsible for the major physical properties of wool fibre [9]. The cortex 
consists of the microfibrils, made up of keratin intermediate-filament proteins 
(KRTs) and embedded in a matrix of keratin intermediate-filament-associated 
proteins (KAPs) [8, 10, 11] through disulphide cross-linkages [12, 13]. The matrix 
consists of KAPs, and is divided into three groups based on their amino acid com-
positions; high-sulphur (HS), ultra-high sulphur (UHS) and high-glycine-tyrosine 
(HGT) KAPs [8, 14].

The HS KAPs occur at relatively high concentrations in the paracortex when 
compared to the orthocortex [15], and are encoded by five multigenes families 
referred to as KRTAP1.n, KRTAP2.n, KRTAP3.n, KRTAP11.n and KRTAP13.n 
[12]. The HS KAPs are highly conserved at both the amino acid and nucleotide 
sequence levels [16]. However, there is a consecutively repeated decapeptide 
unit (QTSCCQPTSI), which varies in its frequency between the HS KAPs [17]. 
This decapeptide occurs between four times in the KRTAP1.1, three times in the 
KRTAP1.2, twice in the KRTAP1.3 and five times in the KRTAP1.4 protein [18]. The 
KAP1.n family is composed of four known proteins, referred to as KAP1.1, KAP1.2, 
KAP1.3 and KAP1.4, previously referred to as B2A, B2B, B2C and B2D, respectively. 
The genes that code for the proteins making up the KAPl.n family lack introns and 
they usually occur in gene clusters [19]. The majority of genes coding for the KAPs 
have a conserved 18-bp sequence that varies slightly, immediately 5′ to the initiation 
codon [20, 21]. This suggests that KAPs evolved from a common ancestor, and that 
their expression may have elements in common.

The KRTAP1.1 gene has been mapped to ovine chromosome 11, clustering with 
other KRTAP genes [22]. KRTAP1.1 has been reported to be polymorphic in Romney 
sheep breed of New Zealand [18, 23]; Merino sheep breed of New Zealand [24, 25] 
and Swakara sheep breed of Namibia [26].

Furthermore, the region spanning the KRTAP1.1/KRTAP1.3/KRT33A loci on 
ovine chromosome 11 has been associated with variation in wool staple strength in 
Romney sheep [27].

A number of typing methods have been developed to detect polymorphism in 
genes that code for traits of economic importance in sheep. These methods are 
used depending on the specific gene being studied, and the resources available to 
researchers. In this chapter, the PCR – Applied Fragment Length Polymorphism 
(AFLP) typing method used to detect polymorphism in the KRTAP1.1 gene is 
reviewed. Other techniques used to identify polymorphism in keratin genes 
include PCR - Single strand conformational polymorphism (PCR-SSCP) and 
PCR - Restriction Fragment Length Polymorphism (PCR-RFLP).

Many studies have described genetic variation within genes that code for the 
KRTs and the KAPs using PCR-SSCP, including those of Gong et al., [28–31], Rogers 
et al., [18], Itenge-Mweza et al., [24], Chai et al., [32].
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Similarly, many studies have described genetic variation within genes that code 
for the KRTs and the KAPs using PCR-RFLP. The RFLP patterns were obtained by 
cutting the KAP1.3 locus defining a 598 bp amplimer using Bsr I restriction enzyme 
in sheep breeds by Xu et al., [33], Chen et al., [9], Kumar et al., [34], Mahajan et al., 
[35] and Meena et al., [36]. Parsons et al., [37] reported a diallelic polymorphism at 
the KAP6 locus using BamHI PCR-RFLP to give alleles designated A1 (24.5 kb) and 
A2 (14.1 kb). Rogers et al., [38] reported a di-allelic polymorphism at the KRT33A, 
formerly known as KRT1.2 defining a 480 bp amplimer in Romney sheep, while 
Arora et al., [39] found three genotypes (MM, MN, NN) at the KRT33A locus defin-
ing 480 bp amplimer in Indian native sheep breeds. Furthermore, Kumar et al., [34] 
reported three KRT33A genotypes (MM, MN, NN) in Patanwadi and Nali sheep 
breeds. McLaren et al., [22] reported two alleles at the KRT83, formerly known as 
KRT2.10 locus using a Bsr DI.

2. Polymerase chain reaction (PCR)-agarose gel electrophoresis

2.1 Polymerase chain reaction

Developed by Kary Mullis in 1983, Polymerase Chain Reaction (PCR) is a 
molecular biology technique that is used to produce relatively large numbers of 
DNA molecules from very small quantity or poor quality. The reaction involves the 
amplification of a specific segment of the template DNA. A very important require-
ment is that the sequence of nucleotides on either side of the sequence of interest 
must be known, so that primers on either side of the sequence of interest can be 
designed [40]. Primers are short, single-stranded DNA sequence, typically about 
18–30 nucleotides in length, that are used as a starting point in DNA synthesis 
and define the region of the DNA to be amplified. Primers are also referred to as 
oligonucleotides. In addition to the template DNA and primers, other ingredients 
needed for the PCR reactions are the DNA polymerase, all four deoxyribonucleo-
tides (dNTP) and magnesium ion (Mg2+). The DNA polymerase used is usually 
Taq Polymerase, isolated from hot springs bacterium, Thermus aquaticus, which 
can withstand the denaturing temperatures [40]. The cycling can be continued 
without interruption in PCR machines that are simply programmable water baths 
that accurately and rapidly can change the water temperature that surrounds the 
reaction mixture [40]. Up to 96 samples can be processed at a time.

2.2 Agarose gel electrophoresis

Gel electrophoresis is a technique by which charged molecules are separated 
according to their size, by moving through a gel while an electric current is being 
applied [41]. Agarose is a macromolecular substance that is derived from the cell 
walls of a number of genera of red algae, such as Gelidium and Gracilaria [42]. It 
can be purified to a whitish granular powder which, when mixed with water and 
heated, it sets like a jelly. This is called a gel and it is used as a molecular sieve for the 
DNA molecules that can be characterised by both charge and size [41]. DNA has a 
negative charge due to the negative charge of its phosphate groups attached to the 
5′ carbon of one nucleotide and the 3′ carbon of the next nucleotide. When put in 
solution and an electric field is applied, DNA fragments move from the negative 
(black) terminal to the positive (red) terminal because of the net negative charge 
in solution [41]. The movement of charged molecules is called migration. DNA is 
loaded into pre-cast wells in the gel and a current applied.
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of pelts [3–6], though it may also be reared for meat and wool. Originating from 
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unit (QTSCCQPTSI), which varies in its frequency between the HS KAPs [17]. 
This decapeptide occurs between four times in the KRTAP1.1, three times in the 
KRTAP1.2, twice in the KRTAP1.3 and five times in the KRTAP1.4 protein [18]. The 
KAP1.n family is composed of four known proteins, referred to as KAP1.1, KAP1.2, 
KAP1.3 and KAP1.4, previously referred to as B2A, B2B, B2C and B2D, respectively. 
The genes that code for the proteins making up the KAPl.n family lack introns and 
they usually occur in gene clusters [19]. The majority of genes coding for the KAPs 
have a conserved 18-bp sequence that varies slightly, immediately 5′ to the initiation 
codon [20, 21]. This suggests that KAPs evolved from a common ancestor, and that 
their expression may have elements in common.

The KRTAP1.1 gene has been mapped to ovine chromosome 11, clustering with 
other KRTAP genes [22]. KRTAP1.1 has been reported to be polymorphic in Romney 
sheep breed of New Zealand [18, 23]; Merino sheep breed of New Zealand [24, 25] 
and Swakara sheep breed of Namibia [26].

Furthermore, the region spanning the KRTAP1.1/KRTAP1.3/KRT33A loci on 
ovine chromosome 11 has been associated with variation in wool staple strength in 
Romney sheep [27].

A number of typing methods have been developed to detect polymorphism in 
genes that code for traits of economic importance in sheep. These methods are 
used depending on the specific gene being studied, and the resources available to 
researchers. In this chapter, the PCR – Applied Fragment Length Polymorphism 
(AFLP) typing method used to detect polymorphism in the KRTAP1.1 gene is 
reviewed. Other techniques used to identify polymorphism in keratin genes 
include PCR - Single strand conformational polymorphism (PCR-SSCP) and 
PCR - Restriction Fragment Length Polymorphism (PCR-RFLP).

Many studies have described genetic variation within genes that code for the 
KRTs and the KAPs using PCR-SSCP, including those of Gong et al., [28–31], Rogers 
et al., [18], Itenge-Mweza et al., [24], Chai et al., [32].
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Taq Polymerase, isolated from hot springs bacterium, Thermus aquaticus, which 
can withstand the denaturing temperatures [40]. The cycling can be continued 
without interruption in PCR machines that are simply programmable water baths 
that accurately and rapidly can change the water temperature that surrounds the 
reaction mixture [40]. Up to 96 samples can be processed at a time.

2.2 Agarose gel electrophoresis

Gel electrophoresis is a technique by which charged molecules are separated 
according to their size, by moving through a gel while an electric current is being 
applied [41]. Agarose is a macromolecular substance that is derived from the cell 
walls of a number of genera of red algae, such as Gelidium and Gracilaria [42]. It 
can be purified to a whitish granular powder which, when mixed with water and 
heated, it sets like a jelly. This is called a gel and it is used as a molecular sieve for the 
DNA molecules that can be characterised by both charge and size [41]. DNA has a 
negative charge due to the negative charge of its phosphate groups attached to the 
5′ carbon of one nucleotide and the 3′ carbon of the next nucleotide. When put in 
solution and an electric field is applied, DNA fragments move from the negative 
(black) terminal to the positive (red) terminal because of the net negative charge 
in solution [41]. The movement of charged molecules is called migration. DNA is 
loaded into pre-cast wells in the gel and a current applied.



Analytical Chemistry - Advancement, Perspectives and Applications

188

The speed that the DNA travels through a gel is inversely proportional to the 
size of the DNA. A molecular weight marker (MM) also known as DNA marker 
or size standard is often included on the gel to give an indication of the fragment 
size. The fragments in the MM are of a known length, and can therefore be used to 
 approximate the size of the fragments in the samples.

Smaller molecules migrate through the gel more quickly than large DNA molecules, 
as they are less physically restrained by the gel matrix and therefore travel further than 
larger fragments that migrate more slowly and will therefore travel a shorter distance. 
As a result, the molecules are separated by size.

Agarose gel electrophoresis can be affected by the following factors:

• The size of DNA molecule

• The percentage of agarose, which affects the sieving of the DNA molecules.

• The voltage applied during the electrophoresis, which cause the DNA  
molecules to move.

• The type of agarose

• The electrophoresis buffer.

To make a gel, agarose powder is mixed with a running buffer and heated to a 
high temperature until all of the agarose powder has melted. The most common gel 
buffers are TBE buffer (89 mM Tris, 89 mM orthoboric acid, 2 mM Na2EDTA) and 
TAE (Tris-acetate-EDTA).The main difference between the two buffers is that TAE 
buffer has better conductivity than TBE. Therefore, DNA fragments migrate faster 
in TAE buffer than TBE. Nonetheless, TBE buffer supports better agarose cross-
linkage, and better resolution of large DNA fragments is obtained better in TBE 
buffer and better resolution of smaller DNA fragments in TAE buffer.

The molten gel is left to cool down, and then poured into a gel casting tray 
before it solidifies. To make wells for the sample, a “comb” is placed at one end of 
the casting tray. The gel is left to set for about 30 minutes, and the comb is removed. 
The gel is placed in a gel box, also called electrophoresis tank and can be used 
immediately, or wrapped in plastic wrap and stored at 4 °C until use [43]. Enough 
running buffer is added into the tank to cover the surface of the gel. It is important 
to note that the same running buffer is used as the one used to prepare the gel [43].

The DNA samples are mixed with loading dyes (0.25% bromophenol blue, 
0.25% xylene cyanol, 30% glycerol) prior to loading them into the wells of a gel. 
The loading dyes have three main functions; firstly, they add density to the sample, 
allowing it to sink into the gel. Secondly, they provide colour and therefore helps 
to track how far DNA sample has travelled, and finally, they move at standard rates 
through the gel, allowing for the estimation of the distance that DNA fragments 
have migrated. Agarose gel electrophoresis is the most effective way of separating 
DNA fragments of varying sizes ranging from 100 to 25,000 bp [43]. Table 1 shows 
the typical agarose gel concentration used to resolve DNA fragments. It is worth 
noting that base pairs less than 500 are better separated using polyacrylamide gel, 
with gel percentage between eight to 20%.

After the electrophoresis is complete, the molecules in the gel can be stained 
with an appropriate dye to make them visible. This may be performed either with 
Ethidium bromide (EtBr) to a concentration of 0.5–1 μg/ml, silver staining, or 
coomassie blue dye. Though other methods may also be used to visualise the separa-
tion, EtBr is the most common reagent used to stain DNA in agarose gels. It works 
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by intercalating itself in the DNA molecule in a concentration dependent manner. 
This allows for an estimation of the amount of DNA in any particular DNA band 
based on its intensity [43].

To visualise the DNA, the gel is stained with a fluorescent dye that binds to 
the DNA, and is placed on an ultraviolet transilluminator which will show up the 
stained DNA as bright bands. EtBr is the most common reagent used to stain DNA 
in agarose gels. When exposed to ultraviolet light, electrons in the aromatic ring 
of the EtBr molecule are activated. EtBr works by intercalating itself in the DNA 
molecule in a concentration dependent manner. This allows for an estimation of the 
amount of DNA in any particular DNA band based on its intensity.

2.3 Length variation of the KRTAP1.1 gene

2.3.1 KRTAP1.1 primers

KRTAP1.1 primers were designed by Itenge-Mweza et al., [24], designed to 
amplify a 311 bp fragment of the KRTAP1.1 gene, based on a published gene 
sequence [10]; GenBank accession number X01610). The primers were: KRTAP1.1up 
5’-CAA CCC TCC TCT CAA CCC AAC TCC-3′ and KRTAP1.1dn 5′- CGC TGC TAC 
CCA CCT GGC CAT A-3′.

2.3.2 Amplification of KRTAP1.1 gene using PCR

PCR amplifications was performed by process discussed by Itenge-Mweza  
et al. [24] using Merino Sheep; Itenge [25], Rogers et al., [18] using Romney 
sheep and Nyoni et al., [26] using Swakara sheep. Amplification consisted of 
1 min denaturation at 95 °C, followed by 30 cycles of denaturation at 95 °C for 
1 min, annealing at 65 °C for 1 min and extension at 72 °C for 1 min, with a final 
extension of 72 °C for 7 min. Amplimers were stored at 4 °C until they were 
subjected to agarose gel electrophoresis, described in Itenge-Mweza et al., [24] 
and Rogers et al., [18].

2.3.3 Amplified fragment length polymorphism (AFLP) in KRTAP1.1

KRTAP1.1 amplicons visualised by electrophoresis in 2% SeaKem® LE agarose 
(FMC Bioproducts) gels, and a photograph was taken for records [24]. A study by 
Rogers et al., [18] was the first to report length polymorphism in the KRTAP1.1 
gene of Romney sheep. Three variants were identified, designated Aα, Aβ and 
Aγ, (GenBank accession numbers L33885, L33886 and L33887, respectively), and 
ranging from largest to smallest. The frequency of the Aα, Aβ and Aγ alleles in 19 
unrelated Romney sheep was calculated to be 0.13, 0.71 and 0.16, respectively.

DNA fragment (bp) Agarose gel percentage (%)

1000–30,000 0.5

800–12,000 0.7

500–10,000 1.0

400–7,000 1.2

200–3,000 1.5

100–2,000 2.0

Table 1. 
Typical agarose gel concentration for resolving DNA fragments.
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by intercalating itself in the DNA molecule in a concentration dependent manner. 
This allows for an estimation of the amount of DNA in any particular DNA band 
based on its intensity [43].

To visualise the DNA, the gel is stained with a fluorescent dye that binds to 
the DNA, and is placed on an ultraviolet transilluminator which will show up the 
stained DNA as bright bands. EtBr is the most common reagent used to stain DNA 
in agarose gels. When exposed to ultraviolet light, electrons in the aromatic ring 
of the EtBr molecule are activated. EtBr works by intercalating itself in the DNA 
molecule in a concentration dependent manner. This allows for an estimation of the 
amount of DNA in any particular DNA band based on its intensity.

2.3 Length variation of the KRTAP1.1 gene

2.3.1 KRTAP1.1 primers

KRTAP1.1 primers were designed by Itenge-Mweza et al., [24], designed to 
amplify a 311 bp fragment of the KRTAP1.1 gene, based on a published gene 
sequence [10]; GenBank accession number X01610). The primers were: KRTAP1.1up 
5’-CAA CCC TCC TCT CAA CCC AAC TCC-3′ and KRTAP1.1dn 5′- CGC TGC TAC 
CCA CCT GGC CAT A-3′.

2.3.2 Amplification of KRTAP1.1 gene using PCR

PCR amplifications was performed by process discussed by Itenge-Mweza  
et al. [24] using Merino Sheep; Itenge [25], Rogers et al., [18] using Romney 
sheep and Nyoni et al., [26] using Swakara sheep. Amplification consisted of 
1 min denaturation at 95 °C, followed by 30 cycles of denaturation at 95 °C for 
1 min, annealing at 65 °C for 1 min and extension at 72 °C for 1 min, with a final 
extension of 72 °C for 7 min. Amplimers were stored at 4 °C until they were 
subjected to agarose gel electrophoresis, described in Itenge-Mweza et al., [24] 
and Rogers et al., [18].

2.3.3 Amplified fragment length polymorphism (AFLP) in KRTAP1.1

KRTAP1.1 amplicons visualised by electrophoresis in 2% SeaKem® LE agarose 
(FMC Bioproducts) gels, and a photograph was taken for records [24]. A study by 
Rogers et al., [18] was the first to report length polymorphism in the KRTAP1.1 
gene of Romney sheep. Three variants were identified, designated Aα, Aβ and 
Aγ, (GenBank accession numbers L33885, L33886 and L33887, respectively), and 
ranging from largest to smallest. The frequency of the Aα, Aβ and Aγ alleles in 19 
unrelated Romney sheep was calculated to be 0.13, 0.71 and 0.16, respectively.
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Typical agarose gel concentration for resolving DNA fragments.
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A study by Itenge-Mweza et al, [24] reported three variants of the KRTAP1.1 gene 
that varied in length in Merino sheep breed of New Zealand. These were designated as 
A, B and C (Figure 1) and differed in part through variation in the length of a conserved 
30 nucleotide repeat sequence; GenBank accession numbers AY835603, AY835603 
and AY835605, respectively). The lengths of the coding sequences of alleles A, B and 
C reported by Itenge-Mweza et al., [24] were 341 bp, 311 bp and 281 bp, respectively, 
and these compared with the alleles reported by Rogers et al., [18]. Sequence analysis 
revealed that the length of each of these AFLP bands were 341 bp, 311 bp and 281 bp, 
respectively (Figure 2). Sequence comparison shows that Alleles A and C in Itenge-
Mweza et al. [24, 25] correspond to those of [17]. On the contrary, Merino allele B 
(GenBank accession no. AY835604) shows five single nucleotide differences from the 
sequence by Rogers et al., [18], suggesting a possible fourth KRTAP1.1 allele. Sequencing 
analysis also confirmed that the length variation detected in Itenge-Mweza et al., [24] 
was the result of an insertion or deletion of a 30 bp region of the sequence (Figure 2).

Three length polymorphism alleles within the KRTAP1.1 gene were identified by 
Nyoni et al., [26] in Swakara sheep, designated as A, B and C. The band sizes of the 
alleles (A-C) estimated from the molecular marker included on a 2% agarose gel indi-
cated that they were similar to the sizes reported by Itenge-Mweza et al., [24], of 341 bp, 
311 bp and 281 bp, respectively. Sequencing results of the three alleles revealed that the 
A allele had 100% homology with GenBank accession number AY835603. Allele B had 
100% homology with GenBank accession numbers FJ169479 and FJ169479.1, while 
allele C had 100% homology with GenBank accession number MG641066.

Figure 1. 
Length polymorphism within the KRTAP1.1 amplimer, separated in a 2% agarose gel electrophoresis at a 
constant 10 Vcm−1 for 90 min. Lane 1 contains a molecular weight marker (MM) [32].
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A major difference between the KRTAP1.1 alleles is the insertion/deletion of 
a 30 bp nucleotide, which produces a decapeptide (QPTSIQTSCC) in the gene 
[24]. Interestingly, it was reported by [22, 23, 41] that the inserted/deleted deca-
peptide is the same as the consecutively repeated decapeptide unit of the other 

Figure 2. 
Comparison of KRTAP1.1 alleles a, B and C (GenBank accession numbers AY835603 - AY835605, respectively) 
with [11] alleles α, β and γ, (GenBank accession numbers L33885, L33886 and L33887, respectively) and part of 
the published KRTAP1.1 gene sequence X01610 [32]. Upstream and downstream primers are underlined and the 
start codon is bolded. Dashes represent similar nucleotide to a allele above and dots represent nucleotide missing 
in the alleles. Represent chi-like sequences. Represent tandem repeat sequence. It is of note that there is minor 
sequence variation at the DNA level both within and between the genes.
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A, B and C (Figure 1) and differed in part through variation in the length of a conserved 
30 nucleotide repeat sequence; GenBank accession numbers AY835603, AY835603 
and AY835605, respectively). The lengths of the coding sequences of alleles A, B and 
C reported by Itenge-Mweza et al., [24] were 341 bp, 311 bp and 281 bp, respectively, 
and these compared with the alleles reported by Rogers et al., [18]. Sequence analysis 
revealed that the length of each of these AFLP bands were 341 bp, 311 bp and 281 bp, 
respectively (Figure 2). Sequence comparison shows that Alleles A and C in Itenge-
Mweza et al. [24, 25] correspond to those of [17]. On the contrary, Merino allele B 
(GenBank accession no. AY835604) shows five single nucleotide differences from the 
sequence by Rogers et al., [18], suggesting a possible fourth KRTAP1.1 allele. Sequencing 
analysis also confirmed that the length variation detected in Itenge-Mweza et al., [24] 
was the result of an insertion or deletion of a 30 bp region of the sequence (Figure 2).

Three length polymorphism alleles within the KRTAP1.1 gene were identified by 
Nyoni et al., [26] in Swakara sheep, designated as A, B and C. The band sizes of the 
alleles (A-C) estimated from the molecular marker included on a 2% agarose gel indi-
cated that they were similar to the sizes reported by Itenge-Mweza et al., [24], of 341 bp, 
311 bp and 281 bp, respectively. Sequencing results of the three alleles revealed that the 
A allele had 100% homology with GenBank accession number AY835603. Allele B had 
100% homology with GenBank accession numbers FJ169479 and FJ169479.1, while 
allele C had 100% homology with GenBank accession number MG641066.

Figure 1. 
Length polymorphism within the KRTAP1.1 amplimer, separated in a 2% agarose gel electrophoresis at a 
constant 10 Vcm−1 for 90 min. Lane 1 contains a molecular weight marker (MM) [32].
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A major difference between the KRTAP1.1 alleles is the insertion/deletion of 
a 30 bp nucleotide, which produces a decapeptide (QPTSIQTSCC) in the gene 
[24]. Interestingly, it was reported by [22, 23, 41] that the inserted/deleted deca-
peptide is the same as the consecutively repeated decapeptide unit of the other 

Figure 2. 
Comparison of KRTAP1.1 alleles a, B and C (GenBank accession numbers AY835603 - AY835605, respectively) 
with [11] alleles α, β and γ, (GenBank accession numbers L33885, L33886 and L33887, respectively) and part of 
the published KRTAP1.1 gene sequence X01610 [32]. Upstream and downstream primers are underlined and the 
start codon is bolded. Dashes represent similar nucleotide to a allele above and dots represent nucleotide missing 
in the alleles. Represent chi-like sequences. Represent tandem repeat sequence. It is of note that there is minor 
sequence variation at the DNA level both within and between the genes.
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HS KAPs (KRTAP1.2, KRTAP1.3 and KRTAP1.4. The number of alleles reported 
in the KRTAP1.2, KRTAP1.3 and KRTAP1.4 genes are two, ten and nine alleles, 
respectively.

It is not yet clear as to why KRTAP1.1 would have an inserted/deleted decapep-
tide unit. However, the decapeptide contains two cysteine amino acids. The supply 
of cysteine is limiting to wool growth [44]. Itenge-Mweza et al., [24] stated that 
analysis of sheep from diverse breeds may reveal even more KRTAP1.1 alleles, and 
recommended that a new typing method be developed as the amplified fragment 
length polymorphism (AFLP) does not differentiate between all of the alleles at 
the KRTAP1.1 locus in sheep. It was also proposed by Gong et al., [12] that further 
investigation using other typing methods, rather than AFLP in the KRTAP1.1 is 
needed, in order that full extent of variation in this gene is revealed, should it exist.

2.4 Length variation of other wool genes

Other than KRTAP1.1, there are other wool genes that have been reported to 
contain length polymorphism due to a change in the number of repeat sequences. 
These include trichohyalin (an important wool follicle protein) [45], and the Type 
II keratins genes [46, 47].

3. Conclusion

Genetic variation within the genes which make up the structural component 
of wool fibre can be further exploited to determine as to whether such variation 
impacts on wool quality. The presence of genetic variation within genes that code 
for the proteins involved in the structural components of wool fibre offers opportu-
nities for the development of gene markers affecting wool quality traits.
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Chapter 11

Considerations for Stability of 
Environmental Samples in Storage 
for Long-Term Studies
Susan Marie Viet, Maire S.A. Heikkinen and Michael Dellarco

Abstract

It is often advantageous to store collected environmental samples for future 
retrospective analyses. However, information about sample stability is necessary 
to determine if there will be analyte loss or gain or degradation under the specified 
storage conditions and storage period. Failure to evaluate stability could result 
in inaccurate results and biased exposure assessments. As part of the National 
Children’s Study pilot, we considered which types of environmental samples could 
be stored for extended periods of time. We conducted an extensive literature 
review and considered the conduct of long-term stability studies for environmental 
samples. We present our findings and experience below as guidance for consider-
ation by the environmental research community.

Keywords: Sample stability, Sample storage, Environmental samples, Long-term 
studies

1. Introduction

For long-term environmental studies, such as for prospective epidemiology 
studies, it is often advantageous to store collected environmental samples for future 
retrospective analyses. Traditionally, stored environmental samples have included 
human tissue and fluids, animal and plant tissues, soils, sediments, and ice cores 
[1]. Such samples can be used to evaluate results of government policies, health of 
an animal population, or temporal trends in ecosystems or exposures [2]. In longi-
tudinal studies, this also permits spreading costs of analyses over time – an impor-
tant consideration as analysis for environmental contaminants can be expensive. 
Additionally, it provides more flexibility to analyze subsets of samples in nested 
case–control studies for specific health outcomes or for inclusion of new target ana-
lytes or analysis methods. For instance, concern about the presence of pesticides, 
pharmaceuticals and personal care products (PPCPs) has heightened over the past 
several years due to the presence of these chemicals in wastewater, groundwater, 
surface water and drinking water [3–10].

Information about sample stability in long-term studies is critical to determine, 
if there will be analyte loss or gain or degradation under specified storage condi-
tions and storage period. Failure to evaluate stability could result in inaccurate 
results and biased exposure assessments due to partial or complete analyte decom-
position, chemical transformation, or loss/gain.
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tions and storage period. Failure to evaluate stability could result in inaccurate 
results and biased exposure assessments due to partial or complete analyte decom-
position, chemical transformation, or loss/gain.
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The National Children’s Study (NCS) was a longitudinal cohort study that aimed 
to follow 100,000 children from birth until 21 years of age to evaluate the health 
effects of environmental exposures, including chemical, physical, biological, and 
psychosocial factors. A variety of different types of samples were collected dur-
ing the NCS pilot study including environmental samples and biospecimens. The 
environmental samples that could not be stored because of known instability (e.g., 
badge samples for air oxidants) were analyzed immediately after collection. Other 
samples and biospecimens were stored in the NCS repository. The plan was to store 
the other environmental samples (e.g., water, soil, and dust) and biospecimens 
(e.g., blood, urine) until children aged, analyzing only samples as requisitioned for 
children included in subsequent case–control studies.

As part of the NCS pilot, we considered which types of environmental samples 
could be stored for extended periods of time. Many factors can affect stability of 
chemical compounds in stored environmental samples over time, such as tem-
perature, humidity, pH, and microbial enzymatic activity of the sample matrix, 
physicochemical properties of the analytes themselves and their reactions with the 
matrix, container materials, and other analytes present in the sample [11].

2. Literature survey

The literature was surveyed through 2020 in PubMed, Web of Science and other 
commercial sources to identify published sample preparation and storage informa-
tion of contaminants in any environmental matrix. Stability of analytes in analyti-
cal standards and in stored biospecimens were not included in this review.

Table 1 summarizes the 63 peer-reviewed articles and 8 reports and book chap-
ters selected after initial screening that discussed stability of anthropogenic chemi-
cal compounds in environmental matrices. The most common analytes studied were 
pesticides and trace elements. Various environmental matrices were considered, 
including air, water, soil/sediment, dust, and food (plant and animal tissue).

Two major scopes for stability studies were identified: (1) long-term stability in 
storage (retained samples, environmental specimen banking), and (2) short-term 
stability of samples in transport conditions. There was no generally accepted pro-
cedure for performing a stability study. Stability samples were sometimes prepared 
and stored all at the same time with some samples removed for analysis at various 
time periods. Alternatively, samples were prepared and stored at different time 
points and analyzed all at the same time. The former procedure is subject to day-
to-day and longer term variability and changes in analysis procedures; the latter is 
subject to variability and changes in the preparation and analysis procedures when 
the time points are far apart.

Another sample stability test procedure, generally used for reference standards 
and sample transport, is isochronous testing, where samples are prepared at the 
same time and stored in conditions that offer the best stability, or the least degrada-
tion, until they are moved to the storage conditions to be tested for the specified 
time periods [43]. At the end of the testing period, each sample set is moved back 
to the original storage until all samples are removed for analysis at the same time. 
This procedure avoids the challenges of varying sample preparation and analysis 
conditions.

The determination of stability of an analyte in a sample is measured as the ratio 
of the concentration measured at time point t, compared to that measured at time 
point 0. The sample size required to make a decision with specified confidence for 
each analyte depends on the precision of the analysis method at each concentration 
level and the amount of change at which samples are considered to have degraded. 

199

Considerations for Stability of Environmental Samples in Storage for Long-Term Studies
DOI: http://dx.doi.org/10.5772/intechopen.97445

M
at

ri
x

A
na

ly
te

s
A

na
ly

si
s m

et
ho

d(
s)

St
or

ag
e c

on
di

tio
ns

Re
su

lts
Re

fe
re

nc
es

Te
m

pe
ra

tu
re

T
im

e
O

th
er

A
ir

En
do

to
xi

n 
on

 P
M

 fi
lte

rs
 a

nd
 

fil
te

r e
xt

ra
ct

s
LA

L
4 

°C
 fi

lte
rs

, 
−

20
°C

 ex
tr

ac
ts

3 y
St

or
ed

 w
el

l b
ot

h 
in

 ex
tr

ac
t a

nd
 

on
 fi

lte
r

[1
2]

En
do

to
xi

n 
on

 P
M

 fi
lte

rs
 a

nd
 in

 
ex

tr
ac

ts
LA

L
−

20
°C

, 4
°C

14
 d

 fi
lte

rs
, 

24
 h

 ex
tr

ac
ts

Fi
lte

r, 
de

ss
ic

an
t

St
or

e b
ot

h 
fil

te
rs

 an
d 

ex
tr

ac
ts

 
fr

oz
en

[1
3]

C
at

 (F
el

 d
 1)

, d
og

 (C
an

 f 
1)

, 
m

ou
se

 (M
us

 m
 1)

, a
nd

 m
ite

 
(D

M
, D

er
 p

 1,
 T

P)
 a

lle
rg

en
s

A
nt

ig
en

-s
pe

ci
fic

 
im

m
un

oa
ss

ay
RT

 E
D

C,
 

−
20

°C
 

an
d 

−
 8

0°
C

 
ex

tr
ac

ts

1.
5 y

Bu
ff

er
ED

C 
4.

8%
 lo

ss
 C

an
 f 

1 e
ve

ry
 

30
 d

, e
xt

ra
ct

s −
20

°C
 1.

2%
 lo

ss
 

D
M

 ev
er

y 
30

 d
, e

xt
ra

ct
 w

ith
 

Tw
ee

n

[1
4]

A
m

m
on

ia
In

do
ph

en
ol

 
sp

ec
tr

op
ho

to
m

et
ry

RT
0,

 1,
 2

, 4
, 6

 d
Co

nc
en

tr
at

io
n

Lo
ss

 10
–1

7%
 at

 1 
d,

 4
0–

64
%

 
at

 6
 d

, d
ep

en
di

ng
 o

n 
co

nc
en

tr
at

io
n

[1
5]

15
 v

ol
at

ile
 o

rg
an

ic
 ch

em
ic

al
s 

(V
O

C
) i

n 
SU

M
M

A
 ca

ni
st

er
 an

d 
so

rb
en

t t
ub

es

G
C

-F
ID

, G
C

-E
CD

N
ot

 sp
ec

ifi
ed

7 d
, 3

0 
d

Su
ita

bl
e f

or
 co

m
po

un
ds

 te
st

ed
[1

6,
 17

]

2,
3,

3,
3-

te
tr

af
lu

or
op

ro
pe

ne
 o

n 
so

rb
en

t
G

C
-F

ID
RT

, f
ro

ze
n,

 
re

fr
ig

er
at

ed
3,

 7,
 14

, 3
0 

d
so

rb
en

t
30

 d
 is

 ac
ce

pt
ab

le
, a

na
ly

sis
 

w
ith

in
 14

 d
 d

ue
 to

 m
ig

ra
tio

n
[1

8]

Fo
rm

al
de

hy
de

, a
ce

ta
ld

eh
yd

e o
n 

so
rb

en
t

H
PL

C
4 

°C
4,

 1
2 

d
St

ab
le

 o
n 

so
rb

en
t f

or
 at

 le
as

t 
12

 d
[1

9]

O
rt

ho
-p

ht
ha

la
ld

eh
yd

e (
O

PA
) 

on
 so

rb
en

t
H

PL
C

-M
S

Ex
tr

ac
t 

re
fr

ig
er

at
ed

5 d
Ex

tr
ac

t s
ta

bl
e f

or
 at

 le
as

t 5
 d

[2
0]

1,
2-

D
ib

ro
m

o-
3-

ch
lo

ro
pr

op
an

e 
(D

BC
P)

, 1
,3

-d
iC

lp
ro

pe
ne

 
(D

CP
) o

n 
ch

ar
co

al

G
C

-E
CD

RT
, 5

.6
,-1

4°
C

2,
 3,

 11
 d

U
ns

ta
bl

e 2
 d

 at
 R

T
St

ab
le

 1 
w

k.
 at

 −
14

°C
[2

1]

Vo
la

til
e a

lip
ha

tic
 an

d 
ar

om
at

ic
 

so
lv

en
ts

 o
n 

so
rb

en
ts

G
C 

(d
et

ec
to

r n
ot

 
sp

ec
ifi

ed
)

RT
, −

22
°C

7, 
14

, 2
8 

d
So

rb
en

t
St

ab
le

 at
 R

T 
fo

r C
hr

om
os

or
b 

(e
xc

ep
t c

yc
lo

he
xa

no
ne

),
 b

et
te

r 
at

 −
22

°C
 fo

r a
ll 

so
rb

en
ts

[2
2]



Analytical Chemistry - Advancement, Perspectives and Applications

198

The National Children’s Study (NCS) was a longitudinal cohort study that aimed 
to follow 100,000 children from birth until 21 years of age to evaluate the health 
effects of environmental exposures, including chemical, physical, biological, and 
psychosocial factors. A variety of different types of samples were collected dur-
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As part of the NCS pilot, we considered which types of environmental samples 
could be stored for extended periods of time. Many factors can affect stability of 
chemical compounds in stored environmental samples over time, such as tem-
perature, humidity, pH, and microbial enzymatic activity of the sample matrix, 
physicochemical properties of the analytes themselves and their reactions with the 
matrix, container materials, and other analytes present in the sample [11].

2. Literature survey

The literature was surveyed through 2020 in PubMed, Web of Science and other 
commercial sources to identify published sample preparation and storage informa-
tion of contaminants in any environmental matrix. Stability of analytes in analyti-
cal standards and in stored biospecimens were not included in this review.

Table 1 summarizes the 63 peer-reviewed articles and 8 reports and book chap-
ters selected after initial screening that discussed stability of anthropogenic chemi-
cal compounds in environmental matrices. The most common analytes studied were 
pesticides and trace elements. Various environmental matrices were considered, 
including air, water, soil/sediment, dust, and food (plant and animal tissue).

Two major scopes for stability studies were identified: (1) long-term stability in 
storage (retained samples, environmental specimen banking), and (2) short-term 
stability of samples in transport conditions. There was no generally accepted pro-
cedure for performing a stability study. Stability samples were sometimes prepared 
and stored all at the same time with some samples removed for analysis at various 
time periods. Alternatively, samples were prepared and stored at different time 
points and analyzed all at the same time. The former procedure is subject to day-
to-day and longer term variability and changes in analysis procedures; the latter is 
subject to variability and changes in the preparation and analysis procedures when 
the time points are far apart.

Another sample stability test procedure, generally used for reference standards 
and sample transport, is isochronous testing, where samples are prepared at the 
same time and stored in conditions that offer the best stability, or the least degrada-
tion, until they are moved to the storage conditions to be tested for the specified 
time periods [43]. At the end of the testing period, each sample set is moved back 
to the original storage until all samples are removed for analysis at the same time. 
This procedure avoids the challenges of varying sample preparation and analysis 
conditions.

The determination of stability of an analyte in a sample is measured as the ratio 
of the concentration measured at time point t, compared to that measured at time 
point 0. The sample size required to make a decision with specified confidence for 
each analyte depends on the precision of the analysis method at each concentration 
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The change in concentration over time that indicates significant degradation is 
often set to 5 or 10 percent, particularly for biological samples. This level is likely 
too stringent for environmental samples where, for instance, sample processing 
may itself introduce a reduction of 5 to 10 percent and, therefore, a decision crite-
rion of 20 percent change is most often used.

Despite the widespread practice and numerous and strong benefits of long-term 
environmental sample storage, we found very little documentation to support 
preservation of analytes during long-term storage. The findings of the literature 
review were disappointing in that many questions went mostly unanswered for 
many sample matrices and analytes of interest, in particular:

• What are acceptable long term storage times for various sample types? 
Storage times in the identified studies varied from a few days up to five 
years. One study extended the storage study to 12 years for air samples [82]. 
For water, only a few published reports were found on storage stability over 
6months, mostly on pesticide stability. These studies do not fully address the 
compounds or tap water matrix [4, 7, 28, 73, 83–86].

• What are acceptable long term storage conditions for various samples 
types? Storage conditions in the identified studies included ambient or room 
temperature (generally around 20°C), refrigerator (4°C), freezer (−20°C), 
and/or cryogenic temperatures (−60–80°C). Environmental specimen banks 
store samples for 50–100 years in cryogenic conditions [79, 80, 87], but do 
not document the rationale for sample stability under these conditions and 
time periods. For longer-term storage, some researchers have extracted water 
contaminants through solid phase extraction (SPE) cartridges and stored 
frozen for up to a year. Interestingly, colder storage does not always equate to 
less analyte degradation, as commonly assumed [74].

We also reviewed standard analysis methods for the samples and analytes of 
interest in the NCS. We found that standard methods are generally focused on regu-
latory compliance and do not consider long term storage. For example, for ambient 
vapor and gas sampling, updated storage studies of SUMMA and whole air canisters 
are needed (US EPA method allows storage of only 30days).

3. NCS stability study experience

The overall objective of the planned NCS storage studies was to determine 
the stability of target analytes in NCS environmental samples stored in collection 
containers at specific storage conditions, including reconstitution after thawing 
and re-freezing of samples, as applicable. For instance, the objective of the tap 
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The change in concentration over time that indicates significant degradation is 
often set to 5 or 10 percent, particularly for biological samples. This level is likely 
too stringent for environmental samples where, for instance, sample processing 
may itself introduce a reduction of 5 to 10 percent and, therefore, a decision crite-
rion of 20 percent change is most often used.

Despite the widespread practice and numerous and strong benefits of long-term 
environmental sample storage, we found very little documentation to support 
preservation of analytes during long-term storage. The findings of the literature 
review were disappointing in that many questions went mostly unanswered for 
many sample matrices and analytes of interest, in particular:

• What are acceptable long term storage times for various sample types? 
Storage times in the identified studies varied from a few days up to five 
years. One study extended the storage study to 12 years for air samples [82]. 
For water, only a few published reports were found on storage stability over 
6months, mostly on pesticide stability. These studies do not fully address the 
compounds or tap water matrix [4, 7, 28, 73, 83–86].

• What are acceptable long term storage conditions for various samples 
types? Storage conditions in the identified studies included ambient or room 
temperature (generally around 20°C), refrigerator (4°C), freezer (−20°C), 
and/or cryogenic temperatures (−60–80°C). Environmental specimen banks 
store samples for 50–100 years in cryogenic conditions [79, 80, 87], but do 
not document the rationale for sample stability under these conditions and 
time periods. For longer-term storage, some researchers have extracted water 
contaminants through solid phase extraction (SPE) cartridges and stored 
frozen for up to a year. Interestingly, colder storage does not always equate to 
less analyte degradation, as commonly assumed [74].

We also reviewed standard analysis methods for the samples and analytes of 
interest in the NCS. We found that standard methods are generally focused on regu-
latory compliance and do not consider long term storage. For example, for ambient 
vapor and gas sampling, updated storage studies of SUMMA and whole air canisters 
are needed (US EPA method allows storage of only 30days).

3. NCS stability study experience

The overall objective of the planned NCS storage studies was to determine 
the stability of target analytes in NCS environmental samples stored in collection 
containers at specific storage conditions, including reconstitution after thawing 
and re-freezing of samples, as applicable. For instance, the objective of the tap 
water study was to evaluate the effect of prolonged storage at −20°C on the stability 
of the pesticide and pharmaceutical target analytes spiked in analyte-free water. 
The results of this study were to be used to extrapolate the observed changes in the 
target analyte concentrations to the stability of those compounds in the NCS study 
samples.

3.1 Planning

The stability study plans included stability samples similar to environmental 
field samples, sample processing, analytes or classes of analytes of interest, and 
analysis methods. The in-depth literature review addressed the prevalence of 
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potential analytes and classes of analytes of interest in an indoor environment, 
concentrations measured, sampling and analytical methods, reaction or degrada-
tion products in these matrices, and storage conditions and stabilities. In addition, 
experts, agencies and groups with relevant experience, e.g., National Institute of 
Standards and Technology (NIST), the U.S. Environmental Protection Agency 
(EPA), the Children’s Center Study, National Human Exposure Assessment Survey 
(NHEXAS), Children’s Total Exposure to Persistent Pesticides and Other Persistent 
Organic Pollutants (CTEPP), and New York State Department of Health/Love Canal 
project researchers, were contacted for information. This information was used 
to develop the plans for the preparation and analysis of the stability samples and 
archiving of both the field and stability samples.

Storage effects due to freeze–thaw cycles, sample pretreatment, and reconstitu-
tion were also considered. For example, freeze–thaw cycles can affect the volatile 
and semi-volatile compound concentrations on a filter or in bulk dust. The pretreat-
ment of samples before storage is performed when metabolism or reaction after 
collection is known to be of concern. For example, water samples for metals analysis 
are usually acidified to pH < 2 [86], and dust samples are sometimes irradiated to 
stop microbial growth and metabolism.

3.2 Acquisition of samples

Stability study samples with known concentrations of analytes were planned to 
be acquired in similar matrices to the NCS samples, i.e., particulate filters, wipes, 
and vacuum filters. These samples were to include (1) newly-prepared samples that 
have been spiked with known concentrations of analytes, and (2) pre-tested ‘real-
world’ samples.

Surface dust wipe and air diffusive samples could be made by spiking study 
sampling media and tap water samples by spiking analyte-free water with known 
amounts of the target analytes. These kind of samples can be purchased from 
reference material producers, proficiency testing sample providers, and/or accred-
ited laboratories. To allow for a possible difference in reaction/degradation rate 
of analytes with their concentration in matrix, each matrix was to be spiked at 
environmentally relevant concentration levels, based on the literature review, and 
at concentrations that can be most reliably quantified by the analytical method 
employed, preferably at concentrations near the midpoint of the instrumental 
calibration range. Another benefit of this approach was that the concentration of 
the stability samples could be set to match the concentration used in the laboratory 
QC samples for increased comparability [7].

Some samples cannot be spiked onto matrices in a manner representative of the 
corresponding environmental samples, or it would be very difficult to do so. There 
may be a difference in behavior of analytes in environmental samples and in similar 
spiked matrices due to pH, microbial enzymatic activity of the sample matrix, 
physicochemical properties of the analytes themselves and their reactions with the 
matrix, and other analytes present in the environment. For example, for vacuum 
filter and deposition plate stability samples, dust from non-participant homes could 
be obtained, homogenized, and aliquoted before storage.

Each spiked and real-world sample should represent the environmental sample 
matrix as close as possible to account for inter-analyte and analyte-matrix interac-
tions. If it is not possible to include all analytes of interest in one matrix sample, 
they can be classified into groups by their chemical characteristics, and include 
representative analytes of each group deemed most unstable. Because sample 
homogeneity is very important, for example, surface wipe and dust samples should 
be aliquoted before spiking and the whole sample used for analysis.
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All samples were planned to be collected on exactly the same collection media 
using the same samplers and stored in the same containers as used in the field study 
and one manufacturer’s lot of each media and containers used, whenever possible. 
Blank media was to be stored together with the samples for each sample type and 
analysis time point and unused sample media provided to the analysis laboratories, 
as required. There should be additional samples stored as back-up for sample loss 
due to, for instance, filter or container breakage, and for repeat analyses. Additional 
samples should also be stored to account for the possibility that laboratories or 
analysis methods may change during the study and simultaneous measurements 
are necessitated. For each sample type, to the extent possible, samples should be 
analyzed by one laboratory in order to minimize inter-laboratory bias. For NCS, 
standard laboratory methods were specified for each analysis, identical to those 
planned for the field sample analysis.

3.3 Number of samples and analysis time points

Samples are usually analyzed before storage (time point 0) to determine analysis 
method recovery, concentrations at the beginning of the study (time 0), and to 
verify the homogeneity of the aliquots. This will take into account any analyte losses 
during pre-analysis, such as extraction and processing. The frequency of future 
time points and the number of samples required for statistical significance at each 
point should be planned carefully before start of the study.

The frequency of time points is chosen to detect the instability of samples and 
analytes, such as VOC, as early as possible. It is assumed that in most cases, par-
ticularly for the organic analytes, the rate of degradation would be highest at the 
beginning, that is, first order kinetics; this corresponds to a linear change in the 
log transformed measurement over time [65, 82, 88]. In the NCS stability plans, at 
each test time t, it is tested statistically with a t-test if a specified percentile of the 
concentration measurements (the target percentile) will be greater than the speci-
fied limit of 80 percent at some future time, assuming stability decreases exponen-
tially (or the log transformed stability decreases linearly) with time. For calculating 
sample size, it was assumed that the log transformed ratios have a normal distribu-
tion and the mean log transformed recovery decreases linearly over time.

As the study proceeds there will be accumulating data from prior test times that 
can also be used to get a more precise estimate of the slope or fit a nonlinear trend. 
Calculating samples size when using all prior data is more complicated than calcu-
lating sample size for a t-test. The calculations depend on the analysis that might 
be performed. The number of samples depends on: the alpha and target power for 
a slope of zero; the standard deviation of the measurement error; the standard 
deviation of the slope factor; the target percentile (80%); and, the timing of the 
time points. The test-wise alpha and power for no degradation were set to achieve 
an overall mean alpha of 5% and an overall power of 95%.

The standard deviation of the measurement error can be estimated from the 
variation among replicate samples or aliquots, typically measured as a relative 
standard deviation or, equivalently, a coefficient of variation (CV). The sample 
sizes were calculated using the error term calculated from the estimated coefficient 
of variation of the measurement methods. This model was assumed to be adequate 
for calculating sample sizes and for a variety of sample collection designs, analyses, 
and distributional or statistical model assumptions. The planned frequency of time 
points for the NCS was 0, 1, 2, 3, 5, 8, 13, 21, 32, 48, 72, 108, 160, and 240months, 
altogether 14 time points (or test times). The numbers of planned stability samples 
varied by sample type and were mostly around 300. The variation was due to the 
variation of the CV of different analysis methods.
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4. Conclusions

Collection and analysis of environmental samples for various analytes in large-
scale or longitudinal cohort studies is useful to investigate the contribution of the 
environment on health outcomes. Storing samples for long periods of time is neces-
sary but expensive in these kinds of studies. Information about preserving sample 
quality and analyte stability in stored environmental samples is limited. Design and 
implementation of sample stability studies like those described here are recom-
mended to ensure that samples are stored properly and generate reliable analytical 
results when required. Publication of environmental sample stability study results 
will likely provide valuable information to investigators who design and implement 
large-scale longitudinal environmental health studies.

5. Considerations for the environmental research community

Storage of environmental samples is an important component of large-scale 
and prospective studies. The environmental research community must address and 
document the answers to the questions above by conducting and providing data on 
stability of samples stored over long periods.

• If more stability data are available than presented here, these data should be 
provided in technical guidelines, study manuals, or published papers.

• Conduct and report on environmental sample storage stability studies, espe-
cially for new analytes of interest.

• In the interim, based on our research, a sample stability program should be 
integrated with sample collection as a part of the quality assurance procedures 
for the study.
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Chapter 12

Improving the Technology of
Synthesis Absolutized Bioethanol
Sergiy Kurta and Khatsevich Olga

Abstract

The article describes the technology of synthesis of absolute ethyl alcohol, as
well as the types, properties and efficiency of water-withdrawing reagents and
types, properties and efficiency of reagents (CaO, tetraethoxytitanium), which
chemically bind water and dehydrate ethanol. The composition and properties of
the absolutized ethanol were studied using the infrared spectroscopy, mass spec-
troscopy and gas-chromatography. The octane number of gasoline with the addition
of absolutized ethanol together with the combustion activator (diethyl ether) was
measured as well. It has been shown that the content of even very small amounts
(up to 2%) of the combustion activator in absolutized ethanol results in the increase
of the octane number and improves running abilities of gasoline.

Keywords: technology, absolutized ethanol, calcium oxide, tetraethoxytitanium,
diethyl ether, octane number

1. Introduction

Some methods for obtaining absolute alcohol are well known, namely: (1) by
binding water to water by subtracting substances; (2) pressure absolutization on
many column rectification (distillation) plants; (3) the so-called azeotropic
rectification using methods based on the phenomenon of azeotropism of three-
component systems; (4) using methods based on the phenomenon of vapor
diffusion through porous partitions or molecular sieves [1, 2]. Using as a desiccant,
calcined calcium oxide can achieve an ethanol concentration of 99.8%, using mag-
nesium sawdust—89.95%. With the combined use of sodium alcoholate ethanol can
be absolutized to 99.5% [3].

Another way to obtain absolute ethyl alcohol is to separate the mixtures in
distillation columns operating at different pressure values. The method is based on
the dependence of ethanol content in the mixture on pressure. Typically, the
installation consists of two columns. In the first column receive the alcohol strength
of 70–95%, which comes in second column under pressure. The pressure in differ-
ent methods varies from 8 kPa to 7.6 MPa. It is in the second column that absolute
alcohol (99.2%) is obtained. The absolute alcohol (99.2%) is obtained in the second
column. The disadvantage of these methods is their high energy consumption,
because the rectification columns operate under pressure and require of the using of
vapor or other high-temperature media to provide the necessary parameters [4–10].
Many industrial distillation plants that produce absolute ethanol are azeotropic
using a third component, which forms an azeotrope with the components of the
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using a third component, which forms an azeotrope with the components of the
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mixture—alcohol and water. Analysis of the literature shows that substances such as
benzene, toluene, isooctane, cyclohexane and hexane can form the third compo-
nent, which is capable of forming azeotropes with ethanol and water. The concen-
tration of alcohol, obtained by this method, is reached to 99.7% [11–21].

Others are the methods built on the application of the phenomenon of adsorption.
For this purpose, the alcohol-water mixture should be converted into a vapor phase in
which the water molecules are in dissociated form and can be separated by adsor-
bents that absorb only water molecules from the vapor mixture and can be
regenerated for reuse. Such adsorbents include polymer compositions based on
dioxols, silica gel, synthetic zeolites and the like. Technologically, they can be made in
the form of membranes, which are ceramic tubes, the inner layer of which is covered
with a thin layer of zeolite or in the form of molecular sieves. Different composition
of synthetic zeolites is known, but aluminum-potassium and aluminum-sodium zeo-
lites have become the most widely used because they have a high adsorption capacity
[22–33]. Due to the high cost of synthetic zeolites, ethanol absolutization methods
have been developed, using the so-called natural zeolites—clinoptilolite:
(NaK)4CaAl6Si30O72�24H2O andmordenite, which are widespread in the form of ores
in certain territories of Ukraine, which is an undeniable advantage of their use [34].

Due to stabilization production of the volume petroleum and decrease in its
price and the ban on the use of the tetraethyl lead gasoline in recent years, many
countries of the world tend to increase the usage of oxygen-containing compounds
as the additions in commercial high-octane gasoline. Methyl (MA), ethyl (EA) and
tert-butyl (TBA) alcohols, methyl tert-butyl ether (MTBE), having high octane
numbers and low boiling points are quite widely used among the oxygen-containing
compounds. The usage of these additions results in an increase of the octane num-
ber and the improvement of the oxygen coefficient and the efficiency of the fuel
combustion. All types of the fuel with oxygen-generating additives reduce the
release of carbon monoxide (CO) and unburnt fuel parts (C) into the atmosphere.
Thus, the addition of 10–15% MTBE reduces CO content in exhaust gases by 20%.
The use of alcohol-gasoline mixtures as a motor fuel is also promising. The world
ethanol production has recently reached 90 million m3 per year [35]. The main
producers are the USA, Brazil and India. It should be noted that more than 80% of
produced ethanol is used as a component of motor fuels (fuel ethanol). The rest is
used for manufacture of the strong drinks, solvents, the ethyl ethers and esters
synthesis and as a raw material for organic synthesis [36].

In many countries of the world, gasoline with 10–15% of various fuel additives is
already used. In particular, a mixture of gasoline and ethanol (10–12%) is success-
fully used in the USA, Canada and Brazil, where its production is based on a
national program. In the United States, 80% of produced ethanol is used as a fuel. In
France, fuel containing ethanol (5%) is used too. Ukraine consumes around 200
million tons of fuel and energy resources annually and has a deficit of energy
resources because the needs for energy consumption are covered only up to 53% by
its own resources. The rest is covered by import: 75% of the required volume of
natural gas and 85% of crude oil and petroleum products. Such a structure of the
energy economy creates Ukraine’s dependence on oil and gas exporters and is
threatening its energy and national security. Motor transport occupies a leading
place in the transportation of goods. The prognosis of the development of Ukraine’s
motor car park proves the tendency toward a steady increasing of the number of
cars and fuel consumption. In 2016, the total motor car park and the park of light
commercial vehicles in Ukraine consist of, according to AUTO-Consulting,
9121,000 cars, which consume 32.7 million tons of motor fuel. The alcohol industry
of Ukraine fully provides internal needs of alcohol for the manufacture of alcoholic
drinks, working only up to 30% of its total capacity [37].
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Recently, ethanol production of Ukraine has decreased almost twice from 310
million liters in 1996 to 140 million liters in 2017. Today, 25% of the 80 distilleries
with a total capacity of 480 million liters per year operate. To date, in Ukraine there
are more than 40 licensed distilleries that can process 900,000 tons of grain per
year and obtain 320 million liters of grain ethanol. The annual need of beet molasses
is 1.1 million tons, from which you can get other 300 million liters of ethanol. In the
structure of realization of rectified ethanol the largest part is occupied by vodka and
ethanol from 81 to 94.5% in 2015. In January 2016, the manufacturer “Ukrspirt”
produced more than 860,000 l of ethyl alcohol, 85,000 l of strong drinks and
756,000 l of car washers. At the same time, the company work is provided by 16
factories [38].

In recent years, the production of bioethanol has been steadily increasing. From
2000 to 2014 the amount of produced ethanol has increased by five times. The
market leaders are: USA (corn), Brazil (sugar cane), Germany and France (sugar
beet and grain). Governments of these countries intend to increase the bioethanol
production by 70%. If 10% of bioethanol is added to gasoline, emissions of aerosol
particles are reduced by 50% and carbon monoxide emissions by 30%. Therefore,
there is a Directive 2009/28/EC, which requires up to 10% bioethanol in a motor
fuel by 2020. Ukraine signed the Association Agreement with the European Union,
so it should undertake the similar obligations. While in the EU this index is gradu-
ally approaching 5% in Ukraine, it does not exceed 1% [39].

Macroeconomic analysis has shown that adding 20% of bioethanol to gasoline
leads to an annual decrease in gasoline import by $ 400 million, which will result in
$ 640 million increase in Ukraine’s gross domestic product (GPD). Replacing 20%
of heavy distillates with biodiesel will reduce imports by $ 1 billion, which can
increase Ukraine’s GDP by $ 1.4 billion.

In August 2014, there were 13 enterprises operating in Ukraine that produced
alcoholic fuels, 10 of which based on the state alcohol distilleries with a capacity of
23,700 tons/month. However, in August 2014 there was introduced 99 EUR tax on
alternative gasoline in favor of importers and network monopolists, resulting in the
fact that by the beginning of 2015 only two plants (“Haysinsky” and “Ekoeenergy”)
with a total capacity of 2700 tons/month worked [39]. The cost of growing rape
grain in recent years ranged from 800 to 1200 UAH/t. At the same time, when the
seed market price is 3000 UAH/t, the cost of production of biodiesel from the fossil
is 11,000–12,000 UAH/t (about 10 UAH/l), which is 2.5 times lower than the
existing prices for diesel oil from oil [40]. The dynamics of growth of bioethanol
and biodiesel part in the world represented by the author [37] speaks for itself, so
the production of bioethanol has exceeded 100 billion liters, and biodiesel amount
reaches 30 billion liters.

It is known that for homogenization of gasoline ethanol mixtures the third
component is used. This component is aromatic hydrocarbons [41], which are
added to ordinary gasoline to increase the octane number. In addition, it is not
profitable, because the cost of toluene is by many times higher than the cost of
absolute ethanol. As for the preparation of perfect mixtures of bioethanol and
biodiesel with gasoline and diesel, only absolute ethanol (99.95%) must be used,
therefore the research of new methods and reagents of ethanol absolutization is an
actual problem and purpose of our work, which has a practical and economic value.

2. Experimental

The properties of known oxygen-generating additives which activate the motor
fuel combustion are presented in Table 1 [38]. The table shows reagents which do
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not contain water, including ethyl alcohol and ethers, but in this work it is not
described how the ethyl alcohol was absolutized, therefore in different sources it
has a different octane number. Consequently, we propose our own method of
ethanol absolutization with calcium oxide or tetraethoxytitanium (TET).

Researches of the method of ethanol absolutization by chemically binding water
reagents such as calcium oxide and TET are conducted. Alcohols practically do not
interact with alkalis, because among the reaction products there is water that
decomposes formed alcoholate and a reverse reaction takes place.

2СН3СН2ОHþ CaO! СН3СН2OCaOСН2СН3 þ 2H2O↑

! 2СН3СН2ОHþ Ca OHð Þ2 (1)

Therefore, fresh prepared (1123 K, 2 h) mineral calcium carbonate, which has
the following characteristics, presented in Table 2, was used for ethanol
absolutization.

After calcination, samples of CaO were cooled in a vacuum desiccator, to reduce
air access and to re-carbonize calcium oxide. Only 1 grade with minimum content of
impurities was taken for work (Table 2).

It was suggested that if you take freshly calcined calcium oxide, then absolutized
ethyl alcohol and alcoholates of the corresponding metals can be obtained during an
irreversible reaction:

СН3СН2ОH �H2Oþ CaO! Ca OНð Þ2↓þ СН3СН2ОH (2)

2СН3СН2ОHþ CaCO3 ! СН3СН2OCaOСН2СН3 þ 2H2Oþ CO2↑

! 2СН3СН2ОHþ Ca OНð Þ2↓ (3)

Indices MTBE ETBE MTAE DIPE Methanol Ethanol tert-
Butanol

Research octane number
(RON)

112–130 120 105–115 111.6 120 106 108

Motor octane number (MON) 75–115 102 95–105 98.4 90 95 98

Octane number index
(RON + MON)/2

110 111 105 105 101 100.5 103

Saturated vapor pressure, МPа
(at 293 K)

0.06 0.03 0.02 0.03 0.42 0.13 0.07

Table 1.
Octane number of oxygen generating gasoline additives, which is measured by different methods.

The component content of calcium oxide Types of CaO obtained from mineral calcium
carbonate, CaCO3

1 2 3

Active CaO ≤90 ≤80 ≤70

Active MgO ≥5 ≥5 ≥5

CaCO3 and MgCO3 carbons ≥3 ≥5 ≥10

Impurities SiO2 and Al2O3 ≥1 ≥10 ≥15

Table 2.
Properties of calcium oxide.
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The insoluble calcium hydroxide in the alcohol was filtered off, and the absolute
ethyl alcohol by reactions (4) and (3) was discharged through a direct refrigerator,
and the calcium hydroxide remained in the flask in the precipitate form.

Tetraethoxytitanium (CH3CH2O)4Ti as a dehydrator acts in different way.

СН3СН2Оð Þ4Tiþ 4H2O! 4СН3СН2ОHþ Ti OHð Þ4↓ (4)

During the hydrolysis of TET the titanium tetrahydroxide, which is insoluble in
alcohol, precipitates and can be filtered out; the absolutized alcohol is distilled at a
special installation under vacuum, or with air dehydrators under normal conditions.

As can be seen from Table 3 [42], ethanol has the most similar properties with
gasoline according to the main indicators (boiling point and octane number). In
addition, it is the cheapest and most affordable as a bioethanol—a product of
natural raw materials processing, therefore, it was selected for absolutization. The
ethanol concentrations were measured by the weight pycnometer method and
determined by theoretical data [43]. The volume concentration of alcohol is deter-
mined by the areometers (ASP-1, ASP-2) using tabular data. Chromatography of
ethanol and gasoline is carried out on by a gas–liquid chromatography, a method for
determining oxygen-containing compounds in gasoline (HPCHEM\SEQUENCE
\D161124A. S\METHOD\ D4815N.M) by internal standard (ISTD) based on 15
known calibrated substances, including ethanol (Figures 2–4). Infrared spectros-
copy of ethanol samples is carried out by IR spectroscope (IS 50 FT-IR “NICOLET”
Slovensko). Mass spectroscopy of the samples is carried by a mass spectroscope
(MX-7304A, AO.SELMI, Sumy, Ukraine, 1 to 210 mass range). Determination of
the cetane number of diesel fuel L-0.2-40 and the octane number of petrol A-80, as
well as the freezing point of diesel fuel was carried out using the laboratory analyzer
“Octane meter” of Shatox sx-100 k type [44]. Also, an assessment of the petrol
gasoline by a motor method was carried out at the “OKKO” quality control labora-
tory in Galich, Ivano-Frankivsk region of Ukraine.

Parameter Units Methanol Еthanol Butanol Gasoline

Molecular formula СН3ОН С2Н5ОН С4Н9ОН С6Н6

Molecular weight g/mol 32.04 46.07 74.12 78.11

Melting point K 175 159 183 278

Boiling point K 338 351 390 353

Density g/cm3 0.791 0.789 0.81 0.879

Saturated vap. pres. kPa, 298 K 16.2 6.5–7.5 0.8 12.7

Vapor density g/l, 298 K 1.3 1.9 2.4 3.2

Water solubility g/100 ml Unlimited Unlimited 7.9 g/100 ml 1800 mg/l

Viscosity s�Pа, 298 K 0.544 1.074 – 0.649

Henry’s constant Сair=CH2O,
298 K

1.087Е�4 2.097Е�4 to
2.571Е�4

– 2.219Е�1

Energy density МJ/l 16 19.6 29.2 –

Octane number RON – 156 132 104 82.5–98.0

Cetane number MON – 92 89 78 95

Table 3.
Comparative physico-chemical characteristics of oxygen generating additives—gasoline combustion
activators [42].
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3. Results and discussion

Table 4 shows the results of the ethanol absolutization using tetraethoxy-
titanium. As can be seen from the table, absolutized ethanol can be obtained
with the ethanol concentration, which increases from 92.5 to 93–96 wt%
(or 95.41–99.50 vol%), but does not reach 100 wt%.

Therefore, at the second stage of our research, we used a more reactive
dehydrator—calcium oxide which was calcined at 1123 K; its characteristics are
presented in Table 2. We selected a sample no. 1 with a minimum content of
magnesium oxide (MgO—5%), carbonates (CaCO3 + MgCO3�3%) and other impu-
rities (SiO2 + Al2O3–1%). As can be seen from the results presented in Table 4, the
CaO consumption decreases to 17 wt%, compared with 25 wt% of (C2H5O)4Ti, and
the concentration of absolutized ethanol increases to 99.5–100.0 wt %, or 99.7–
100.0 vol%. In addition, the loss of alcohol decreases. After absolutization with
(C2H5O)4Ti these losses reaches 15–25% C2H5OH (Table 3), while for CaO they
decrease to 8–13% relative to the initial C2H5OH (Table 4). So we can say that
calcium oxide as a chemically binding water reagent is much more effective dehy-
drator. As can be seen from Figure 1, the ethanol concentration after treatment with

Initial
ethanol
amount,
SSU

4221:200
95 vol%,
92.5 wt %

The amount
of ethanol

obtained after
absolutization

Ethanol yield
after

absolutization

The
amount of

Ti
(OC2H5)4

Ethanol density
after

absolutization

Ethanol
concentration

after
absolutization

V, ml m, g V, ml m, g wt% m, g % g/cm3 vol% wt%

100 82.15 85 69.07 84.08 26.65 25 0.8126 95.41 93.0

100 82.16 85.1 70.72 86.08 27.55 25.11 0.8065 95.85 93.5

100 82.10 77.59 62.1 75.14 29.15 26.20 0.8014 97.49 96.0

100 82.10 77.59 62.1 75.14 29.15 26.20 0.8014 99.50 96.0

Table 4.
Properties of ethanol after absolutization with tetraethoxytitanium.

The initial
ethanol
amount,
95 vol%,

92.5% mas.

The amount
of ethanol

obtained after
absolutization

Ethanol yield
after

absolutization

The
amount
of СаО

Ethanol density
after

absolutization

Ethanol
concentration

after
absolutization

V, ml m, g V, ml m, g wt% m, g % g/cm3 vol% wt%

100 82.15 96 75.77 92.23 18 17.9 0.7893 100.0 100.0

100 82.16 93 73.42 89.36 17.8 17.8 0.7894 99.97 99.95

100 82.10 93 73.42 89.43 17.5 17.5 0.7895 99.93 99.89

100 82.10 90 71.69 87.32 17 17.1 0.7899 99.72 99.51

Table 5.
Properties of ethanol after absolutization by CaO (90%).
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calcined calcium oxide (17.5% CaO) reaches 99.95 wt%, while the absolutization
with tetraethoxytitanium increases the concentration of ethanol only to 96.5 wt%.

At the same time, the non-absolutized 95% ethanol contains an admixture of
MTBE (0.09531 wt %). In this case, the low-boiling impurity in the non-absolute
ethanol is absent (Figure 2).

According to the chromatogram (Figure 2), the concentration of non-
absolutized ethanol reaches 97.8499 vol % against 95.0%, as it was measured by the
weight pycnometer method (Tables 4 and 5). At the same time, the concentration
of ethanol absolutized with calcium oxide (Figure 3) is 97.5724 vol %. Taking into
account 2.3432% of unidentified low-boiling impurity (Tb = 308–310 K) and
0.03433% of MTBE (according to the chromatogram in Figure 3), the total con-
centration of absolutized ethanol is 99.95 vol %, as it was determined by the
pycnometric method (Tables 4 and 5).

Taking into account the chromatogram data in Figure 3 and its interpretation,
we determine the qualitative composition of one of the unknown components
(X = 2.3432%), which appears in the chromatogram of ethyl alcohol (99.95%),
absolutized with CaO for 2.8 min. At the same time, the chromatographic analysis
of 99.99% ethyl alcohol absolutized by industrial method [43] (Figure 4), shows
100.03 vol % of ethanol. The difference of 0.03% might be a mistake of the device
or an alcohol supplier analysis method.

Unfortunately, this impurity is not identified by graded chromatograms of alco-
hols and ethers, therefore, an IR spectral analysis of this alcohol is performed, which

Figure 1.
Dependence of the ethyl alcohol concentration after absolutization with tetraethoxytitanium (25%
(C2H5O)4Ti) and calcium oxide (20% CaO).

Figure 2.
Chromatogram of the initial, non-absolutized ethanol (95.0 vol%) with corresponding interpretation.
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Initial
ethanol
amount,
SSU

4221:200
95 vol%,
92.5 wt %

The amount
of ethanol

obtained after
absolutization

Ethanol yield
after

absolutization

The
amount of

Ti
(OC2H5)4

Ethanol density
after

absolutization

Ethanol
concentration

after
absolutization

V, ml m, g V, ml m, g wt% m, g % g/cm3 vol% wt%

100 82.15 85 69.07 84.08 26.65 25 0.8126 95.41 93.0

100 82.16 85.1 70.72 86.08 27.55 25.11 0.8065 95.85 93.5

100 82.10 77.59 62.1 75.14 29.15 26.20 0.8014 97.49 96.0

100 82.10 77.59 62.1 75.14 29.15 26.20 0.8014 99.50 96.0

Table 4.
Properties of ethanol after absolutization with tetraethoxytitanium.

The initial
ethanol
amount,
95 vol%,

92.5% mas.

The amount
of ethanol

obtained after
absolutization

Ethanol yield
after

absolutization

The
amount
of СаО

Ethanol density
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absolutization

Ethanol
concentration
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absolutization

V, ml m, g V, ml m, g wt% m, g % g/cm3 vol% wt%
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100 82.10 90 71.69 87.32 17 17.1 0.7899 99.72 99.51

Table 5.
Properties of ethanol after absolutization by CaO (90%).
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calcined calcium oxide (17.5% CaO) reaches 99.95 wt%, while the absolutization
with tetraethoxytitanium increases the concentration of ethanol only to 96.5 wt%.

At the same time, the non-absolutized 95% ethanol contains an admixture of
MTBE (0.09531 wt %). In this case, the low-boiling impurity in the non-absolute
ethanol is absent (Figure 2).

According to the chromatogram (Figure 2), the concentration of non-
absolutized ethanol reaches 97.8499 vol % against 95.0%, as it was measured by the
weight pycnometer method (Tables 4 and 5). At the same time, the concentration
of ethanol absolutized with calcium oxide (Figure 3) is 97.5724 vol %. Taking into
account 2.3432% of unidentified low-boiling impurity (Tb = 308–310 K) and
0.03433% of MTBE (according to the chromatogram in Figure 3), the total con-
centration of absolutized ethanol is 99.95 vol %, as it was determined by the
pycnometric method (Tables 4 and 5).

Taking into account the chromatogram data in Figure 3 and its interpretation,
we determine the qualitative composition of one of the unknown components
(X = 2.3432%), which appears in the chromatogram of ethyl alcohol (99.95%),
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of 99.99% ethyl alcohol absolutized by industrial method [43] (Figure 4), shows
100.03 vol % of ethanol. The difference of 0.03% might be a mistake of the device
or an alcohol supplier analysis method.

Unfortunately, this impurity is not identified by graded chromatograms of alco-
hols and ethers, therefore, an IR spectral analysis of this alcohol is performed, which
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Dependence of the ethyl alcohol concentration after absolutization with tetraethoxytitanium (25%
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Chromatogram of the initial, non-absolutized ethanol (95.0 vol%) with corresponding interpretation.
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is compared with the IR spectra of the original (95%) and pure absolute (100%)
ethyl alcohol (Figure 5). As can be seen from Figure 5, the IR spectra of all three
samples do not differ significantly from each other. Only in two absorption regions
3320–3330 and 1630–1640 cm�1, there is a noticeable difference in the absorption
intensity of the fluctuations of the corresponding groups, which significantly
decrease from the maximum in the original non-absolutized 95% C2H5OH (curve 1,
Figure 5) to a minimum in absolute 100% C2H5OH (curve 3, Figure 5).

First of all, the amount of water in samples of ethanol decreases from 4–5% in
the initial non-absolutized alcohol (curve 1, Figure 5) to 0.1–0.05% in the absolut-
ized with CaO ethanol (curve 2, Figure 5) and up to 0% in the absolutized 100%
C2H5OH (curve 3, Figure 5). Therefore, the absorption intensity in the region of
3320–3330 cm�1, which corresponds to the valence fluctuations of the hydroxyl
groups of the H2O molecules, decreases by 20% (according to the spectrograms in
Figure 5). This is noticed in the transition from the non-absolutized 95% C2H5OH
(curve 1, Figure 5) to the absolutized with CaO ethanol (curve 2, Figure 5) and to
the absolute 100% ethanol (curve 3, Figure 5). In addition, in the spectrograms of
the absolutized with CaO 99.95% C2H5OH (curve 1, Figure 5) and absolute 100%
ethanol (curve 3, Figure 5) absorption disappears in the region of deformation
oscillations 1630–1640 cm�1 of double bonds C]C or C]O [10] compared with
non-absolutized 95% alcohol (curve 1, Figure 5), which can be identified as the
presence of ketones, aldehydes, complex esters and ethers, and corresponds to the

Figure 3.
Chromatogram of the ethanol (99.95 vol%), absolutized with calcium oxide with corresponding interpretation.

Figure 4.
Chromatogram of the ethanol (99.99 vol%), absolutized by industrial method [43] with corresponding
interpretation.
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presence of MTBE in ethyl alcohol, which is identified in chromatograms of non-
absolutized 95% and absolutized with CaO 99.95% ethyl alcohol (Figures 2 and 3)
in the range of 0.034–0.095%.

For identification and more proper determination of the composition and struc-
ture of the impurity (X = 2.3432%) in ethanol, which is identified in the chromato-
gram of the absolutized with CaO ethanol at 2.845 min (Figure 5), we carried out a
mass spectrometric analysis of our samples of non-absolutized 95% and absolutized
with CaO 99.95% ethanol by the mass spectroscope MX-7304A, AO.SELMI shown
in Figure 6.

Figure 5.
Infrared spectra of different ethyl alcohols: 95.0 vol% non-absolutized C2H5OH (1); 99.95 vol% C2H5OH
absolutized with CaO (2) and 100% C2H5OH of industrial product (3).

Figure 6.
Mass spectra of initial 95% ethanol (a) and absolutized with CaO 99.95% ethanol (b).
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presence of MTBE in ethyl alcohol, which is identified in chromatograms of non-
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For identification and more proper determination of the composition and struc-
ture of the impurity (X = 2.3432%) in ethanol, which is identified in the chromato-
gram of the absolutized with CaO ethanol at 2.845 min (Figure 5), we carried out a
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with CaO 99.95% ethanol by the mass spectroscope MX-7304A, AO.SELMI shown
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Figure 5.
Infrared spectra of different ethyl alcohols: 95.0 vol% non-absolutized C2H5OH (1); 99.95 vol% C2H5OH
absolutized with CaO (2) and 100% C2H5OH of industrial product (3).

Figure 6.
Mass spectra of initial 95% ethanol (a) and absolutized with CaO 99.95% ethanol (b).

229

Improving the Technology of Synthesis Absolutized Bioethanol
DOI: http://dx.doi.org/10.5772/intechopen.92332



As can be seen in the mass spectrogram of non-absolutized 95% ethyl alcohol
(Figure 6a), radical composition of the impurity is formed by the electron action of
the mass spectrometer, there can be three types of free radicals with molecular
weights such as 32.01 m.u.—C2H5• = 29 m.u.; 76.99 m.u.—(CH3)3O• = 73 m.u.;
105.1 m.u.—C(CH3)3OOCH2• = 103 m.u. They may be formed by the action of
electrons of the mass spectrometer on ethyl alcohol C2H5OH and methyl tret-butyl
ether C(CH3)3OOCH2, which are identified in the chromatograms of the initial non-
absolutized 95% alcohol (Figure 2). At the same time, for absolutized with calcium
oxide 99.95% ethanol (Figure 6b) in the composition of the impurity radicals
formed by the action of electrons of the mass spectrometer, there can be only two
types of free radicals with molecular weights such as 45.15 m.u.—C2H5O• = 44 m.u.
and 73.16 m.u.—(C2H5)2O• = 74 m.u. They can be formed by the electron influence
of the mass spectrometer on ethyl alcohol C2H5OH and diethyl ether (C2H5)2O,
which are identified in a chromatogram of the 99.95% ethanol absolutized with CaO
(Figure 3) [44, 45].

Taking into account that we know the retention time of the impurity
(X = 2.3432% at 2.845 min), which is not identified in the chromatogram of 99.95%
ethanol, absolutized with CaO (Figure 3), therefore, we have constructed depen-
dence the retention time of three kinds of alcohol: i-propanol, ethanol, methanol
and diethyl ether (DEE) depending on the boiling points of this substances in the
chromatogram, shown in Figure 7.

The analysis of the curves shows that the diethyl ether retention time at the
boiling point of 307.6 K (34.6°C) is 2.85 min, which coincides with the chromato-
gram data (2.845 min). In this way, we confirm the assumption that during the
absolutization of 95% ethanol with calcium oxide, ethyl alcohol containing 2.3432%
of diethyl ether and 97.5724% C2H5OH can be obtained.

We checked how 2.3432% of diethyl ether influences the ethanol octane number
and the gasoline octane number. Previously, the physico-chemical characteristics of
some oxygen-generating additives for gasoline, shown in Figure 8, were analyzed.
As can be seen from Figure 8, the density and molecular mass of diethyl ether are
close to those of gasoline A-95. The boiling point of the diethyl ether 307.6 K is
lower than that of gasoline. It is approaching the boiling point of the first fraction of
gasoline, which is 307.6 K. These properties are especially useful for accelerated
engines of gasoline cars in winter, when ignition is hampered by a lowered ambient

Figure 7.
Dependence of retention time (min) of i-propanol (355.4°K), ethanol (351.37°K), methanol (337.6°K), and
diethyl ether (DEE) (307.6°K), and the boiling points of these substances from the chromatogram (Figure 3).
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temperature (below 263 K). Thus, the diethyl ether presence improves the
gasoline combustion efficiency, which we have checked by adding 10–95%
absolutized (97.5%) alcohol containing 2.34% of diethyl ether, which is presented
in Figure 9 [46].

Octane numbers of A-80 gasoline with absolute ethanol additives (gasoline-
ethanol mixture) are counted according to the authorship formula which is derived
from experimental data [47]. These octane numbers are compared with the octane
numbers of gasoline, in which ethanol with diethyl ether is added.

ONGE ¼ 26:44—0:29 ON0ð Þ½ �lnCeþ 1:32 ON0ð Þ—29:49½ � (5)

where ONGE—octane number of gasoline-ethanol mixture; ON0—octane
number of initial gasoline; Ce—ethanol content [48].

Obtained data of the octane number dependence is performed in Figure 9 (curve 1)
and compared with the octane number of gasoline-ethanol mixtures to which

Figure 8.
Physico-chemical characteristics (1, boiling temperature oC; 2, density g/sm3 � 10; 3, molecular weight; 4,
octane number) of oxygen-generating additives (DME—dimethyl ether, DEE—diethyl ether, methanol,
ethanol) in comparison with the characteristics of gasoline A-95.

Figure 9.
Dependence of the octane number of gasoline A-80 on the amount and kind of added ethanol: theoretically
calculated ON (1) of gasoline-ethanol mixtures from the formula [46] and experimentally obtained ON (2) of
gasoline-ethanol mixtures with the addition of absolutized ethyl alcohol containing 2.34% of diethyl ether.
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temperature (below 263 K). Thus, the diethyl ether presence improves the
gasoline combustion efficiency, which we have checked by adding 10–95%
absolutized (97.5%) alcohol containing 2.34% of diethyl ether, which is presented
in Figure 9 [46].

Octane numbers of A-80 gasoline with absolute ethanol additives (gasoline-
ethanol mixture) are counted according to the authorship formula which is derived
from experimental data [47]. These octane numbers are compared with the octane
numbers of gasoline, in which ethanol with diethyl ether is added.

ONGE ¼ 26:44—0:29 ON0ð Þ½ �lnCeþ 1:32 ON0ð Þ—29:49½ � (5)

where ONGE—octane number of gasoline-ethanol mixture; ON0—octane
number of initial gasoline; Ce—ethanol content [48].

Obtained data of the octane number dependence is performed in Figure 9 (curve 1)
and compared with the octane number of gasoline-ethanol mixtures to which

Figure 8.
Physico-chemical characteristics (1, boiling temperature oC; 2, density g/sm3 � 10; 3, molecular weight; 4,
octane number) of oxygen-generating additives (DME—dimethyl ether, DEE—diethyl ether, methanol,
ethanol) in comparison with the characteristics of gasoline A-95.

Figure 9.
Dependence of the octane number of gasoline A-80 on the amount and kind of added ethanol: theoretically
calculated ON (1) of gasoline-ethanol mixtures from the formula [46] and experimentally obtained ON (2) of
gasoline-ethanol mixtures with the addition of absolutized ethyl alcohol containing 2.34% of diethyl ether.
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ethanol containing 2.34% of diethyl ether was added (curve 2). Thus, it was shown
that ethyl alcohol containing diethyl ether can more effectively increase the octane
number of gasoline A-80 [49], The content of 20–40% of such ethanol in gasoline
A-80 increases its octane number to 91–95 U. While conventional 99.95% ethanol
increases the octane number of gasoline A-80 only to 85–88 U. In the case of the
maximum possible absolutized ethanol content up to 80–90% in gasoline A-80, the
octane number reaches 91–93 U, and the introduction of the same amount of
99.95% ethanol containing 2.34% of diethyl ether in gasoline A-80, the octane
number reaches 97–97.5 U [50].

4. Conclusions

The properties and high ability of calcium oxide and tetraethoxytitanium as
dehydrators for chemical binding of water and absolutization of 96% ethyl alcohol
to 99.95% have been investigated. The dependence of the properties and composi-
tion of the absolute alcohol on the dehydrator nature was shown. Infrared spectros-
copy, mass spectroscopy, and gas-liquid chromatography confirmed the presence of
2–2.34% of diethyl ether in ethanol, which is absolutized by freshly prepared cal-
cium oxide. It was determined that the octane number of gasoline A-80 with the
addition of 20–90% of the absolutized ethanol containing 2.34% of the combustion
activator—diethyl ether—increases gasoline octane number more significantly than
with the addition of the same amount of an ordinary absolute 99.95% alcohol
without diethyl ether and reaches 95–97 U, whereas the octane number of gasoline
with ordinary absolute ethanol reaches only 88–95 U. We confirmed literary data
that the content of even very small amounts of ethers, as combustion activators,
combined with the absolute ethyl alcohol leads to an improvement in the gasoline
running abilities [45].
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increases the octane number of gasoline A-80 only to 85–88 U. In the case of the
maximum possible absolutized ethanol content up to 80–90% in gasoline A-80, the
octane number reaches 91–93 U, and the introduction of the same amount of
99.95% ethanol containing 2.34% of diethyl ether in gasoline A-80, the octane
number reaches 97–97.5 U [50].

4. Conclusions

The properties and high ability of calcium oxide and tetraethoxytitanium as
dehydrators for chemical binding of water and absolutization of 96% ethyl alcohol
to 99.95% have been investigated. The dependence of the properties and composi-
tion of the absolute alcohol on the dehydrator nature was shown. Infrared spectros-
copy, mass spectroscopy, and gas-liquid chromatography confirmed the presence of
2–2.34% of diethyl ether in ethanol, which is absolutized by freshly prepared cal-
cium oxide. It was determined that the octane number of gasoline A-80 with the
addition of 20–90% of the absolutized ethanol containing 2.34% of the combustion
activator—diethyl ether—increases gasoline octane number more significantly than
with the addition of the same amount of an ordinary absolute 99.95% alcohol
without diethyl ether and reaches 95–97 U, whereas the octane number of gasoline
with ordinary absolute ethanol reaches only 88–95 U. We confirmed literary data
that the content of even very small amounts of ethers, as combustion activators,
combined with the absolute ethyl alcohol leads to an improvement in the gasoline
running abilities [45].
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