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Abstract

Chromatographic techniques play a major role in the pharmaceutical
industries for separation, including clinical applications, environmental
applications, forensics, food analysis, and the analysis of biological
samples. Different chromatographic techniques are available for analysis,
like TLC, HPLC, UPLC, GC, LCMS, ion exchange, affinity, and Size
exclusion chromatography, etc. In each chromatographic technique, the
movable (Mobile) phase and fixed (Stationary) phases play a major role in
the separation of mixture compounds. In Liquid chromatography, the “small
particle size” of the stationary phase increased the performance of
chromatographic separation after adjustment in Column parameters (length
& internal diameters), resulting in reduced analysis time, consumption of
chemical/Solvent, and Cost of analysis which is support to Green
Chemistry. Isolation of content depends on partitioning between mobile and
stationary phases which is completed with the help of Vander Waals' forces
through dipole-dipole, dipole-induce dipole, a-complex bonding, hydrogen
bonding interaction, adsorption/desorption, Physico-chemical interaction,
capillary ways holding-bonding pattern, size and shape pattern, and ligand-
receptor phenomena. In all the above techniques the movable phase is liquid
or gas whereas the stationary phase contains solid material and solid support
coated with a liquid material.
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INTRODUCTION OF CHROMATOGRAPHY:

Chromatography is more than 100 years old and is used for the simplification, detection, and determination
of pharmaceutical substances in bulk and dosage forms, cosmetic products, amino acids, hormones, vitamins,
proteins, carbohydrates, etc. Chromatography is used in clinical applications for the detection of endogenous
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neuropeptides, the examination of blood and urine, structure elucidation, and the monitoring of unknown
pollutant molecules in environmental applications. Chromatography is very useful in the forensic field for
the analysis of drugs, steroid quantification, and analysis of cloth dyes in the field of textile, and it is very
helpful for the analysis of food, flowers and recognition of polycyclic compounds in vegetables. On March 8,
1903, M.S. (Mikhail Semenovich) Tswett introduced the term "chromatography" during his lecture, which
was presented in the Warsaw University Biological Section and titled “On a New Category of Adsorption
Phenomena and Their Application to Biochemical Analysis"

Mikhail Semenovich performed an experimental study using leaf pigments with a particular adsorption
method that is acceptable for the partition of the leaf pigments. Later that technique was refined, which
finally became famous as chromatography in 1906. The meaning of chromatography is color-writing which
was taken from Greek words. Colors mean ‘“chroma” and write means “Graphein”. Chromatography
indicates a separation technique, whereas a chromatograph is a system for performing Chromatography, M.S.
Tswett tested a plant extract with solvent (petroleum ether) using a glass tube which was filled with chemical
(CaCOg) fine particles and the plant extract separated with different colors, as shown in Fig. 1. The technique
of M.S Tswett's was continued by scientist: Gottfried Kranzlin in Germany, Charles Dhere in Switzerland,
and Leroy S. Palmer in the United States [1-4].

Petroleum ether
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Fig. 1Tswett's Experiment
CLASSIFICATION OF CHROMATOGRAPHY::

The term "chromatography" can be classified in three fundamental ways, as mentioned below [5-6].

Based on the nature of the Chromatographic Bed: In case shape of chromatographic bed look like a column
then it is called; column chromatography. If the shape of the chromatographic bed is plain then it is called,;
planar chromatography example: Paper chromatography & TLC.

Based on Physical Nature of the Mobile Phase and stationary Phase: Chromatographic techniques are
often classified in the below terms which specify the physical nature of MP (Mobile Phase) & SP (Stationary
Phase): Once gas is employed as a mobile phase and liquid/solid is applied as a stationary phase then that
term is called; Gas-liquid and Gas-solid chromatography. In case liquid is utilized as a mobile phase and
liquid/solid is used as a stationary phase then that term is called; Liquid-liquid and liquid-solid
chromatography.

Based on the Mechanism of Separation: It is categorized as Adsorption, Partition, Size Exclusion, ion
exchange, and Affinity chromatography.

ADSORPTION CHROMATOGRAPHY:

In Adsorption chromatography sample component is separated according to its adsorption/desorption
affinities on an active solid surface [5]. The Liquid/Gas is used as the movable phase and the polar substance
which has a broad Specific surface area utilized as the stationary phase (adsorbent), different types of
adsorbents as mention in Table 1 are used for chromatographic separation [3].
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Table 1

Solid Used to separate

Silica gel Sterols, Amino acids

Carbon Peptides, carbohydrates, amino acids
Aluminum sterols

silicate

Alumina Dyestuffs, vitamins, inorganic compounds
Magnesia Porphyrins

carbonate

Magnesia Esters, glycerides, alkaloids

silicate

Calcium Carotenoids

Hydroxide

Calcium xanthophylls

carbonate

Calcium Enzymes, proteins, polynucleotides
phosphate

Starch Enzymes

Sugar Chlorophyll, xanthophylls

A solute binds with an adsorbent and makes a frail life 'bond' via “Vander Waals forces/electrostatic
interaction/hydrogen bonds/hydrophobic interactions/dipole-dipole/dipole-induce dipole/iz-complex bonding
” on the outside of adsorbent as mention in Fig. 2 below [7-9].

:;::f__ Solute adsorbad
. = onsurface of stationary
* o phase

Fig. 2(Adsorption Chromatography)

During separation some components returned to the mobile phase, and adsorbent pores are free hence, these
pores are occupied with other Components. Thus, there is a continual interchange process among both
phases. Those molecules bind more tightly with adsorbent than others; the quantity of these molecules in
holes of adsorbent will be more than its quantity in the nearby liquid. Hence, we can suppose that they can be
perfectly separated, below is a separation factor:

k=(X/Y)S/(X/'Y)L

Where: k=separation factor for contents, X, Y= Two components, S= adsorbed phase, L= liquid phase [10-
11].

An example of adsorption chromatography is given below [12].
= Open Column Chromatography (LSC)

* TLC (LSC)

* HPLC (LSC)

= Gas- Chromatography (GSC)

Open-Column Chromatography (LSC): Silica, Alumina, and cellulose are filled within a cylindrical glass
tube; the size of the glass tube could be different in size depending on the number of components to be
separated. Silica, Alumina, and cellulose are used as filling substances to prepare the column [3].1t is a
preparative application on a range from micrograms to kilograms of stationary phase. To prevent the loss of
stationary phase different types of filters like glass wool plug/glass frit is used. A stopcock is attached to the
column used to control the solvent flow. Filter & stopcock design in the bottom of the column, in most
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conditions, two different types of techniques are applicable to arrange the column: one is the dehydrated
method, and the second hydrated method.

‘ -

—— Ground Glass Joint

=
=

Column (Silica gel)

Stopcock

Fig.3 (Systematic Setup of adsorption column chromatography)

In this technique, each component is separately moved through the column at its dissimilar speeds based on
its polarities, which means the component that has more holding or bonding with the stationary phase will be
eluted later and the component that has less holding or bonding with the stationary phase will be eluted fast.
When adding air pressure from the top, we can collect solvent fractions from the columns that contain
isolated (purified) components; Fig. 3 shows a systematic setup of Open-column chromatography [13-15].
The Following are the benefits and drawbacks of open-column chromatography [16].

Benefits of open column chromatography:

= Different types of mixture components can be separated.

= Several quantities of the same mixture can be used for separated by open-column chromatography.

= Column chromatography has a broad range of mobile phases for the separation of mixture components.
= Components can be separated and used again and it is a robust method.

= |t can be possible to run automation.

Disadvantages of open column chromatography:

= Time-taking chromatographic technique.

= Less capacity of separation comparison to other advanced separation techniques like HPLC, GC, and
UPLC/UHPLC.

» More consumption of solvent in that technique which is very costly.

= The computerization of this technique makes it more difficult and pricey.

Thin-Layer Chromatography (LSC): The progress of TLC is divided into three periods: first 1938 - 1951,
second 1956-1980, and third 1981 to the present, Progress of TLC mention in below Table 2 [17].

Table 2

1938 M. S. Shraiber and N. A. Izmailov use thin layer on microscope
slides

1949 J. E. Meinhard and N. F. Hall used binders to advance TLC.

1956 In 1956 Egon Stahl used silica gel as a sorbent film and introduced

to  his job titled Thin-Layer Chromatography. 1958 Stahl worked

1962  with manufacturers to introduce commercial materials for TLC and
In 1962 A varieties of progress chambers we re-established with
linear reservoirs and flat compartments.

1975 Business manufacture of HPTLC plates leads to upgrading in
practice and instrumentation.

1985 The technique for combining TLC with Mass Spectroscopy (MS)
was first explained.
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The TLC gives a rapid, low-cost, and moveable technigque for qualitative examination, this technique is used
to separate a mixture of components and identify unknown substances by matching their separation model to
that of known reference substances (Like Pharmacopoeia Substance-USP/BP/CRS, Primary Reference
Substance (PRS), Secondary Reference Substance (SRS), Related Compounds, etc.)[18]. It is a liquid-solid
adsorption chromatography. During separation, a solvent mixture moves the upper side of the plate by a
capillary phenomenon with different rates. This process is called the growth of the plate [17]. The
demonstration of the ascending growth for TLC is shown in Fig. 4, and the separation phenomenon is
explained in Fig. 5. (A, B& C molecules are separate with polarity phenomena against the stationary phase).
Component C of the sample mixture has more attraction with the stationary phase of TLC-Plate than
components A& B. Component B has more attraction than Component A but it has less attraction than
Component C, which means Components A, B &Care regularly separated from each other [19-20]. TLC
technique was refined in different stages and in the 1970s a fine-particle coat (~5um) and related
instrumentation were linked for their correct use and finally, it was become known as high-performance
thin-layer chromatography (HPTLC). It provides high sensitivity, reproducibility, and separation commands.
New HPTLC terminals are controlled by software and give superior results similar to those of HPLC and GC
instruments [21-22].
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Fig. 4 (Demonstration of ascending growth of TLC)

The TLC technique has the following advantages and disadvantages [17, 23-24].

Advantages of TLC:

= Itisalow-priced technique than the other modern techniques.

= Minimal material is required to perform that technique.

= TLC is easy to perform and interpret

= Less Solvent utilization.

= Minimal sample preparation.

= Useful for a wide range of applications.

= We can visualize the components in the presence of UV light.

= The non-volatile complex is separated by this technique.

Disadvantages Thin-Layer Chromatography (TLC):

= |t needs a larger sample size

= |t gives lower sensitivity, reproducibility, and Resolution capacity than other methods, such as HPLC,
UHPLC/UPLC, or GC

= Limited selectivity for certain components.

= It may require several solvents during separation.

= |t is an open system analysis so environmental factors (i.e. Temperature and humidity) can influence the
results.

= Reproduce of results is very complex.
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High-performance liquid chromatography (LSC): It is known as "Adsorption chromatography"” In this
technique movable phase is "liquid" and the fixed phase is "Solid”. In analytical chemistry, HPLC has an
important position for separation, identification, qualitative and quantitative analysis of drug material, drug
products, cosmetic products, amino acids, hormones, vitamins, proteins, and carbohydrates in the fields of
Pharmaceuticals, Nutraceuticals, Food industries, Cosmetics field, Environmental matrices, analysis of
forensic samples, and industrial chemicals. According to the working principle in this technique, a mobile
phase passes through packed columns (stationary phase) at high pressure, the value of pressure depends on
the flow rate, column diameter, column length, and particle size used to prepare of Column. In HPLC back
pressure increased when we used a column with has small particle size and increased flow rate of mobile
phase. The functional pressure resistance range for regular HPLC systems (Make: Agilent, Waters &
Shimadzu) is often 400-600 bars which is generally suitable for HPLC column packing material(fully porous
particle)[25].According to the mode of operation, HPLC is categorized as Normal phase and Reverse phase
in both conditions we can perform the analysis using Isocratic and Gradient Methods [26-29].
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Fig. 5 Separation of three components (A, B and C)
Normal Phase Chromatography:

- Non-polar like: hexane, toluene, chloroform, octane, etc. used in reservoirs known as mobile phase.

- Polar adsorbent silica is mostly used to prepare the stationary phase but for normal phase conditions, it is
chemically saturated with a silanol group at the end. These OH groups are statically spread outer walls of
that stationary phase and build a frail bond with molecules through dipole-dipole/dipole-induce dipole/n-
complex bonding, and hydrogen bonding interactions.

- The polar molecules have more affinity with the stationary phase than the Non-polar molecules hence non-
polar molecules eluted first.

- HPLC instrument at Normal phase condition Use for analysis of Steroid hormones, phospholipids,
saccharides, tocopherols, etc.

Reverse phase chromatography:

- The solvents that are soluble in water are used as mobile phases like Methanol, Acetonitrile, etc.

- Non-polar chemically modified silica with organic "silane groups” such as C8, C12, and C18 are used as
stationary phases in Reverse phase conditions.

- The non-polar molecules will favor hold with the non-polar stationary phase instead of the polar molecules.
As a result, it eluted later than the polar molecules.

- Used for Low molecular weight compounds.

Components of HPL.C system: The HPLC system is assembled or connected with different compartments.
In the market different brands/models of HPLC systems are available with advanced features; however
working principles are the same for all brands of HPLC systems, the physical setup and working principle of
HPLC are shown in Figs.6, 7 [30, 31].
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Fig. 6(HPLC-Waters Alliance Systems)

Solvent Reservoir: A glass bottle or stainless steel container is used as a solvent reservoir. Generally, glass
bottles are used for the solvent reservoir (mobile phase) glass bottles may be transparent or amber in color,
and the mobile phase suck by the solvent manager (pump) through plastic tubing [32-33].

Solvent Manager: It is a separate compartment in the HPLC instrument, A solvent (Liquid Mobile Phase)
Suck from the reservoir section by that compartment with the help of a pumping system, there is one or two
pumps are fitted in this section (Single Pump for Low-pressure gradient system & Two Pumps for High-
pressure gradient system)[34]. A degasser is fitted in this section to degas the mobile phase after that same
mobile phase is forced through the pump at a fixed flow rate (milliliter /minutes) to

Chromatograms
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Fig. 7(Work Flow of HPLC-System)

The next section (Column management), A pump can supply the mobile phase in both conditions (isocratic
gradient). During the analysis of the HPLC system, generally isocratic method are used due to its simplicity,
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suitability, reproducibility, and essay to prepare on the system. However, it is not preferred when a sample
containing components has a wide range of retention time [32-33].

Sample manager: The sampler manager is the section of HPLC where analyte solutions are kept in an
HPLC tray by filling HPLC Vials with systematic order at controlled Temperature. The same volumes are
automatically quantified (Like 10 pl, 50 pl, and 100 ul) and the same volumes of sample are injected in the
path of the mobile phase hence, it passes away from the column resulting in the separation of mixture
component [35].

Column management: It is the Thermostatic Column Compartment where the HPLC column joint with
inlet and outlet tubing of the mobile phase. The temperature of that compartment is set as per requirement.
The temperature plays a major role in separation as it can change the retention time & shape of peaks [36].
Column: In chromatographic techniques, the column plays a major role as a sample mixture separated into
columns so that it is known as the "Heart of the chromatograph"[35]. Most columns are manufactured with
stainless steel in a tubing shape, where an adsorbent material (Stationary phase) is filled, the stainless steel
wall is capable of resisting the higher pressure that is generated during separation, as well is comparatively
inert to chemical corrosion (chloride & lithium ions at low pH)[9]. Generally, columns are in straight shape,
some time may be a "U" shape. The columns are packed using different methods/techniques such as dry
packing with the "tap-fill" procedure, Slurry packing for hard gel columns, and Slurry sedimentation method
for soft gels [10].Columns can be dissimilar in length and internal width as shown in Fig. 8[37].

Fig. 8(HPLC Columns)

Particle size of filled material and physical parameters (length and internal diameter) of the column played
an important role in the separation of sample components, hence to understand the phenomena of separation
following two theories are explained

[29, 38].

- Plate theory: It is an aged theory that was given by Martin and Synge in 1941.

- Rate theory: It was projected via way of means of Van Deemter in 1956 and these days carried out in use

Plate theory: According to this theory a chromatographic column contains imaginary theoretical plates (Fig.
9c); in each plate, the analyte equilibrates between the Stationary and mobile phase as mentioned in Fig. 9(a)
there are two components (® A) are applied in the column hence the component (A ) has more affinity with
stationary phase eluted later, and the component (@) has less affinity with stationary phase eluted first.
During that separation process, a new balance is made in addition to fresh eluent, sample molecules which
are available in the mobile phase are partly adsorbed on the surface of the stationary phase, due to
distribution coefficients.
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Fig. 9(Separation of two components)

Hence previously adsorbed molecules come out again in the flow of the mobile phase (Fig. 9.c) the
movement of the solute continues in the column from one plate to the next plate [11, 9].

Theoretical plates: During the separation of both components a new balance was found [Fig. 9(c)] means
approx 3.5 particle diameters of the stationary phase involved as a single section. Hence, that section of the
stationary phase called as “Theoretical plate”. The theoretical plate concept comes from the distillation
theory [8].

A column with has higher number of theoretical plates will produce a narrow peak means superior
separation, so for better separation high theoretical plates are required, and the following factors are used[29,
9].

- Use Longer column

- Columns have small plate height

- Short distribution paths in pores of solid phase

Theoretical plates, length, and plate height can be expressed as below;

)

Where; H=Plate height, L= Length of column, N= Theoretical plates
The theoretical plates are determined from data obtained under isothermal, isocratic, or isodense conditions,
depending on the technique, following the equation, used to calculate the theoretical plates [29, 38].

7

IR )
Wi/

N =554

tr: component retention time
W12 width of peak at half-height

The width of the peak was measured at half height (1/2) instead of baseline because the broadening of the
peak is fast near to Baseline hence accurate measurement of peak width is hard so that 5.54 is used.
When peak width is calculated at the base-line then theoretical plates are calculated as per below equitation:
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tr: Retention time of the compound
W: width of the peak at the baseline

Rate theory: when sample molecules are injected into a column those molecules are moved in an
unintentional style and controlled by several factors:

- Eddy Diffusion

- Flow Distribution

- Longitudinal diffusion

- Mass transfer

The value of theoretical plate height (H) is influenced by the above factors, the minimum value of H shows
the most efficient separation and the high value of H gives poor separation. The lower value of H turn
maximizes N and gives way to sharp peaks. Any method that is responsible for band broadening of solute
will increase HETP (Height equivalent Theoretical plates) and decrease column efficiency. A statistical term
for the above factors, known as the van Deemter equation, that was first resultant by a group of Dutch
petroleum scientists by that equation we can find optimum velocity (Flow Rate) and minimum plate height
[8, 29, 39, 40]. The Van Deemter equation and its plot are mentioned below:

H=A+B/u+Cu 4)

Velocity, u

Fig. 10 (Van Deemter plot)

Where; A: Eddy diffusion, u: Flow Velocity, B: longitudinal diffusion C: Mass transfer, H: Theoretical
Plates Height.

Eddy diffusion (A): The column filled using small particles of solid materials (stationary phase), during
separation a mobile phase continuously runs through the column. The mixture components move with the
help of the mobile phase in this column hence some molecules are very lucky to leave the column than others
because they have a straight traveling path in the column, whereas other molecules leave the column later as
they have several diversions traveling paths (Fig. 11a). All sample molecules take different traveling paths in
columns, depending on mobile phase flow streams [9, 33]. A column packed with large particles has more
eddy diffusion resulting broad peak shape whereas small particles of stationary phase reduced the term-A
resulting in a well peak shape (Fig. 11 (b) & 11(c)) obtained as mentioned [41].
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(a) Phenomena of Eddy diffusion
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Fig. 11 (Eddy diffusion with Large and small particles)

Flow Distribution (u): When the mobile phase runs from the column then maximum flow shows at the
center of particles rather than it's near of particles (Fig.. 12), which means particles are affecting the flow of
the mobile phase, a high flow rate enhance the equilibration point (Cu) but reduce the longitudinal dispersion
of the solute particles (B/u). However, at extremely high flow rates, the equilibrium time will be less
resulting in enlargement of the band [8-9].

Stationary phase
particle

e Mobile

— phase

Fig. 12 (Flow distribution in a column)

Eddy diffusion and flow velocity affect the column performance, so to minimize the effects of these factors

column should following features:

- The column should be packed with uniformly sized particles

- The packing of particles should be collected with a thin-size distribution.

- A tightly packed column with a small particle size gives a small effect of eddy diffusion means a well-
packed column shows the value of eddy diffusion like zero (Fig.10) and can be negated [39-40].

Longitudinal diffusion (B): In longitudinal diffusion sample components are spread out in solvent just like
a sugar piece melts in water slowly exclusive of external force as shown in below (Fig.13).

(@) (b)

Fig. 13 (a) Sample immediately after injection. (b)Sample a later moment.

Longitudinal diffusion is controlled inversely by the speed of the mobile phase, low velocity means longer
staying of sample molecules in the column, resulting elution time of components will be longer (More time
for diffusion) and Band broadening, whereas at high linear velocity, the sample molecules quickly out from
column hence high flow gives less time for diffusion resulting "shaper peaks" In Simple word “Faster flows
= less time in the column = lower H = shaper Peaks” see in Fig. 14. To minimize the impact of Term —-B
The flow velocity of the mobile phase should be special so that longitudinal dispersion has no bad effect on
separation [9, 39, 33, 41].
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Fig. 14 (longitudinal diffusion at Low and High linear velocity)

Mass transfer (C): The mass transfer words arrive from the finite time required for the analyte to equilibrate
within the stationary phase & mobile phase. The stationary phase particles have several pores, they are filled
with a mobile phase that does not travel hence some molecules enter in pores of the stationary phase and take
additional time to re-enter in mobile phase flow than the others that are not entered into the pores, now the
gap of both molecules are small at low velocity resulting shaper peak observed (Fig.15a) but at higher flow
rate this gap is more means there is less time available for equilibration resulting band broadening (Fig.15b)
[39-41].

D

(a) Mass transfer - Low linear velocity (b) Mass transfer - High linear velocity|
Shaper Peak i
. Int. (AU) D i i Band broadening
HE'I‘P=A+G+Cu HETP=A+§+CU
u
& -
= £
Linear Velocity (u, mm/s) 0.0 t (min.) 1.0 Linear Velocity (u, mm/s) 00 t(min) 3.0

Fig. 15 (Mass Transfer at Low and high linear velocity)

In other words, sample molecules have small diffusion coefficients in "large particles” resulting in sample
molecules traveling slowly. Other hand sample molecules have large diffusion coefficients in "smaller
particles” resulting in sample molecules traveling fast.

To minimize the effect of the Term —C the column should be prepared with following features [8-9].

- Columns should be prepared using porous particles of small diameter.

- The column should be prepared using smaller particle sizes as they are reduced the mass transfer time
means reduced Term-C.

- The separation with small particles can be sped up by raising the flow rates without drastically reducing
efficiency (Fig.16) the slope of the line is reduced with a 1.8um Particle size [40].
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Fig. 16: (Van Deemter curve for different particle sizes)

As already discussed above particle size and column length play a major role in separation, small particle
size produced higher flow resistance than large particles, a sharp peak was observed with small particles, and
band broadening was observed with large particles. The particle size & length of the column can be
customized; hence ratio of column length (L) and particle size (dp) should be stable or in the range between
—25% to to+50% of the prescribed L/dp ratio. If particle size is reduced, then the flow rate needs to change,
because the column with a smaller particle size requires high speed to produce equal performance. If we
change the particle size and diameter of the column then the flow rate can be adjusted using the below
equation [38].

Fo=F1 x [(dc®x dpa)/ (dei®x dp2)]  where;

F1 = Original flow rate (ml/min)

F. = Adjusted flow rate (ml/min)

dc; =Original internal diameter of the column in (mm)
dc, = Adjusted internal diameter of the column (mm)
dp: = Original particle size in (um)

dp2 = Adjusted particle size in (um)

Example: Calculation of flow rate using the above formulas:
Fo=? F1=2.0 ml/min, dc;=4.6 mm, dc,=2.1 mm, dp:=5um, dp>= 3um.

F2=2.0 x [(2.12%x 5)/ (4.6%x 3)]

F,=2.0 x [(4.41x 5)/ (21.16x 3)]

F2=2.0 x [(22.05)/ (63.48)]

F,=2.0 x [0.347]

F>=0.7 ml/min.

Hence Flow decrease 0.7ml/minute from 2.0ml/minute.

Details of adjusted variables and their original and adjusted Conditions are mention in Table 3.

Table 3
Variable Original Adjusted
Conditions Conditions
Column length (L), in mm 150 100
Column diameter (dc), in mm 4.6 2.1
Particle size (dp), in um 5 3
L/dp 30.0 33.3
Flow rate, in mL/min 2.0 0.7
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The changes made to keep the constant Ratio of L/dp resulted in the performance of column (like; theoretical
plates) obtained similar and separation time reduced almost 10 times after the adjustment of variables, Fig.
17 and Table 4; show the effect of adjusted variables [9].

Table 4
Variable Original Conditions Adjusted
Conditions

Column length (L), inmm 200 60
Column diameter (dc), in 4.6 2.1
mm
Particle size (dp), in um 10 3
L/dp 20 20
Flow rate, in mL/min 2.0 0.7
Theoretical plates 7000 7000
Run time in minute 15 1.5

| Chromatogram with Adjusted Conditions

f T - T 1

0 5 10 min 15

Fig. 17 (Comparison of performance between stationary phases of different particle diameters)

In case the gradient method is used for analysis, to reduce the time and Cost of analysis Column parameters
have been adjusted, hence new Gradient time (tc2) shall be calculated using the below equation [38]:

tG2 =tG1 x (F1/ F2) [(L2xdc2?)/ (L1 x dci?)] Where;

tG2= New gradient time

tG1=Original gradient time

F1= Original flow rate (ml/min)

F2= Adjusted flow rate (ml/min)

L= Original Column length in mm
L,= Adjusted Column length in mm
dc;=0riginal Column diameter in mm
dc,= Adjusted Column diameter in mm

Example: Calculation of Gradient Time using the above formulas;
tG2=? tG1=@ (Table 5), F1=2.0 ml/min, F2=0.7 ml/min, L1=150mm, L,=100mm, dci=4.6mm, dc,=2.1mm

tG2= @ x (2.0/0.7) [(100x2.1%)/ (150x4.6%)]

tG2 =@x (2.857) [(441)/ (3174)]

tG2=@x (2.857) (0.138)

tG2=@x (2.857) (0.138)

tG2=@x0.4

Calculated new gradient time after adjustment of Column parameters and Flow rate shown in Table 5.
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Table 5
Mobile phase Gradient Ratio Original New Gradient
Mobile Mobile Time in Minute Time in Minute
Phase-A Phase-B (%) (@) (1G2)
(%)
70 30 0 (0x0.4) =0
70 30 3 (3x0.4)=1.2
30 70 13 [1.2+(10x0.4)] =5.2
70 30 16 [5.2+(3x0.4)] =6.4

Detection: It is a very important part of liquid chromatography due to physical or chemical attributes turn
into a measurable signal resulting in concentration or identity [42-43]. The detector is the ending section of
the HPLC instrument; the detector analyzes the sample after separation into columns. The concentration of
individual components is proportional to the electronic signal. In liquid chromatography, the Detectors are
mostly categorized into two groups: Bulk Property Detectors and Solute Property Detectors [44-45].
Different types of HPLC detectors and their use are given below [46].

= UV, VIS, and PDA Detectors

= Evaporative Light Scattering Detector

= Mass Spectrometer

= Fluorescence Detector

= Optical Rotation Detector

= Refractive-Index Detector

= Multi-Angle Light Scattering Detector

= Conductivity Detector

= UV, VIS, and PDA Detectors

UV Detector: A ultra-violet detector is used to analyze those compounds that have unsaturated bonds,
aromatic groups, or functional groups that have hetero-atoms, they have n* and ¢* nonbonding orbital. A
regular UV detector has a wavelength range between 195 to 370 nm.

VIS-Detector: The working principle is the same as a UV detector except for to range of wavelength i.e. 400
to 700 nanometers.

UV/Visible-Detector: the detector has a combined range of wavelength 195-700 nm so it is called a UV/VIS
detector.

PDA-Detector: The detector that provides three dimension results (wavelength, Time, and Light Intensity)
of the chromatogram is called a PDA Detectors whereas UV-Detector, Vis- Detectors and UV/VIS-Detector
can provide only two dimension results (Time and Light Intensity).

Evaporative Light Scattering Detector (ELS): it is used for non-volatile Analytes like lipids, sugar, and
high Molecular weight Analytes.

Mass Spectrometer: The Analytes are detected based on their molecular weight, due to that we can identify
the structure of the analyte.

Fluorescence Detector (FLR): This detector mostly uses natural products, clinical samples, Pharmaceutical
products, and petroleum products.

Optical Rotation Detector: It is used for the measurement of optical isomers. The column separates R- and
L-type optical isomers, they move towards detectors hence an optical Rotational Detector is identified which
isRorlL.

Refractive-Index Detector (RI): Sugar, Alcohol, and Inorganic ions are analyzed with RI- Detector as they
don't have UV- -absorbance.

Multi-Angle Light Scattering Detector: We can directly identify the molecular weight of the analyte by
this detector without using the calibration curve.

Conductivity Detector: This detector is generally used for lon- chromatography to measure electronic
resistance as a sample solution containing ionic components and they conduct electricity.

Advantages of HPLC [47-48].

= Use qualitative and quantitative analysis with high accuracy, High precision, High sensitivity, Speed, and
Cost-effective

= It can be used with mass spectroscopy
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= It is a faster and more automated technique than other techniques like column chromatography, TLC,
Paper chromatography, etc.

= In HPLC gradient elution is easily adjustable.

Disadvantages of HPLC [47-48].

= HPLC requires timely and costly maintenance.

= It required costly solvents, power supplies, expertise for operation, and Complexity.

= Precaution to avoid column contamination, column blockage, and Limited sample size.

= HPLC instrument is more costly than other chromatographic techniques like TLC, Paper chromatography,
and Column chromatography.

Novel Improvements in HPLC Technique: As we already discussed the smaller particles give better
separation, reduce the analysis time, and enhance resolution, speed, and sensitivity, the smaller particles
require higher pressures during the separation of the analyte, hence carry the mobile phase at higher pressure
HPLC instrument was refine and in 2004 "Waters" launched a new technique known as UPLC (Ultra
performance liquid chromatography). Other vendor’s refine the HPLC instrument similar to UPLC and it is
known as UHPLC (ultra high performance liquid chromatography) since UPLC is a Waters Trade Mark.
UPLC is capable of operating pressure up to 15000 psi whereas UHPLC is capable of up to 20000 psi
however working principle of UPLC/UHPLC is the same as HPLC [49-51].

Advantages of UPLC/UHPLC:

The analysis time is reduced by about 10 times than the HPLC analysis.

The consumption of solvents, chemicals, water, and electricity is reduced.

The productivity increased with the use of UPLC/UHPLC technology over the HPLC

Present the selectivity, sensitivity, and dynamic range of LC analysis.

For method development spent time can be reduced using the UPLC/UHPLC.

In UPLC/UHPLC small particle size is used as a stationary phase which reduces the analysis time (Fig.

Particle Size: Sum
Column ILength: 150mm
I./dp Ratio: 30.000

» O.‘O e
Particle Size: 3 Sum
/\ Column ILength: 100mm

L/dp Ratio: 28_571

A O wwview

Particle Size: 2 Sum
Column I ength: 75mm
L/dp Ratio: 30.000

2.6 Laatiay
Particle Size: 1 _ 7um
Column I ength: SOmm
JAN 1/dp Ratio- 20 412

Fig. 18 HPLC and UPLC Chromatograms

The particle size of the column (stationary phase) plays a major role during the separation of Analytes, we
can demonstrate the chromatographically in the above Fig. 18. A 50 mm long UPLC column packed with 1.7
pm particle size and another side HPLC column packed with 150 mm long 5 pm particle size, 100 mm long
3.5 pm particle size, and 75 mm long 2.5 pm particle size used for analysis. Hence L/dp (Length/Particle
size) Ratio is about constant for each column (HPLC/UPLC), The analysis time is shorted 10 times on UPLC
analysis while maintaining the resolution means after reducing the time on UPLC the Resolution is not
affected, the peak are well separated. The following are the benefits of UPLC/UHPLC analysis [52].

Disadvantage of UPLC/UHPLC [53-56].

= UPLC or UHPLC works at higher back pressure than the usual HPLC which may reduce the life of the
column.

= Costly instruments than the usual HPLC.

= Required Costly maintenance.
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Gas Chromatography: During analysis of sample solution, sample solution changes into a volatile stage at
a higher temperature then same transported with mobile phase (e.g. nitrogen, helium, or argon, etc.) and
comes into contact with a stationary phase (Solid/Liquid) hence, that sample separated by
adsorption/desorption and Physico-chemical interaction in a gas chromatographic column. The compounds
having lower molecular weight and stable at high temperatures are mostly analyzed on gas chromatographic
technique like; Residual solvents such as methanol, isopropyl alcohol, benzene, hexane, toluene, and others
are analyzed in drug products and drug substances. In this technique, different types of detectors are used
according to their suitability; the details of the detectors are mentioned below [57].

1. Electron Capture Detector (ECD)

2. Flame lonization Detector (FID)

3. NPD stands for Nitrogen-Phosphorus Detector.

4. Flame photometric detector (FPD)

Use of detectors:

= Electron Capture Detector (ECD): Used to analyze halogenated compounds.

= Flame ionization detector (FID): Used to analyze carbon-containing compounds.

= Nitrogen-phosphorous Detector (NPD): Used to analyze compounds that contain nitrogen or
phosphorous.

= Flame photometric detector (FPD): Used to analyze compounds containing sulphur or phosphorous.

GC-Column: In gas chromatography, capillary columns and packed columns are used for analysis. The
capillary column provides improved resolution and analysis speed than the packed column. The analyte has
been identified based on retention time (RT) which is similar to HPLC; Fig. 19 shows the basic hardware
Components of Gas chromatography [58].

Pressure regulator

N

p
Y £
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Injection pon\ “
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.

Computer Detector Gas chromatograph
controller and

data acquisition

Transfer line

Fig. 19 (Set-up of Gas chromatography)

Gas chromatography is divided into two parts based on the mechanism of separation

(A) Gas-Solid Chromatography which is part of adsorption chromatography

(B) Gas-Liquid Chromatography in comes under Partition chromatography.

Gas-Solid Chromatography:

The inert gas (nitrogen, helium, argon, etc.) is used as the mobile phase and solid substances are used as the
stationary phase. The active solid adsorbent material used to prepare the stationary phase means the inner
side of the column is coated with that material. During analysis on the Gas-Chromatographic instrument,
sample molecules (converted in gas form due to higher temperature) move with the mobile phase which is
also gas form; hence sample molecules are separated due to adsorption/desorption interaction. It is a very
useful technique to analyze samples at higher temperatures [59-61].

PARTITION CHROMATOGRAPHY:

The Stationary phase is always liquid on a solid/gaseous surface and, the Mobile phase may be liquid and
Gas in this technique ™. During separation, the mixture compound is distributed among two segments
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(Mobile & stationary phase), the solid stationary phase coated with liquid material according to its
distribution coefficient shown in Fig. 20 [62-63].

Solute dissolved
in liquid phase
coated on surface
of solid support

Fig. 20 (Partition Chromatography) [8]

= Partition paper chromatography (liquid-liquid chromatography).
= Partition column chromatography (liquid-liquid chromatography).
=  Gas chromatography (Gas-liquid chromatography).

Partition paper chromatography: It is a very cheap method in chromatography. In this technique, a minute
amount of sample is placed on paper sheets or strips, and that mixture is distributed in two liquid phases
(stationary phase, which holds fiber) and

a moving liquid phase called the mobile phase. During this process, mixture components separate according
to their different movement rates across the paper sheets, each compound of the mixture is separated
according to its attraction with the stationary phase (paper sheet) and the mobile phase (solvent), and the
entire separation is completed as per the capillary way of the pore in the stationary phase (paper sheet). This
technique was invented in 1943 by Martin and Synge.

Based on the method of development of chromatograms, partition paper chromatography can be classified as
mentioned below [64].

Ascending Paper Chromatography
Descending paper chromatography
Ascending-Descending Paper chromatography
Radial paper chromatography
Two-Dimensional Paper Chromatography

agrwdE

Ascending Paper Chromatography: It was first established by Consden, Gordan, and Martin and was later
modified by Williams and Kirby, during separation the solvent moves upward direction on the paper/strip as
it dips in a solvent which

R[ = ratio of the mobility (distance traveled)
of the compound to the mobility of the

front of liguid.
\N.
1 ] ‘_”,—
A0 e non-polar sclve nt
Least polar——— H f,-’ b (o affinity for cellidlose)
= -1 @
= - o
= - =
- P =
M [ H “ay
= I‘g 4 =
E @ :-‘“--._‘ ﬁ polar solvent
____i_-—-—-"" - - T o ({H-bonds to cellfilose]
Mo st polar = = E - “-—-‘ E
D -
A A AL A A
Mixture of polar {e.g., water)
and non-polar {e.g., isoproparnoal) In the i tumre -

- more podar molecule
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more rorr-pofar molecule
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Fig. 21 (Separation of Mixture component in ascending paper Chromatography) [65]
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Stores in the bottom of the beaker, that solvent is a mixture of polar and non-polar solvents, and, the
stationary phase is cellulose paper having a polar nature with (-OH) group, during the separation of the
mixture component, non-polar molecules spend maximum time with non-polar solvent resulting more
mobility than the polar molecules. The polar molecules make an H-bond with a stationary phase that has less
mobility resulting mixture compound separated. As a part of preventive action sample spot, should not be
dipped in the solvent system; it should be up from the solvent level (Fig. 21) is an example of ascending
paper chromatography [66].

Descending Paper Chromatography: The solvent reservoir is kept in the top position and the mobile phase
runs from top to bottom on the paper sheet (stationary phase), the sample mixture is spotted on that paper
sheet, and the mixture component is separated with polar and non-polar attraction phenomena. The
chromatographic setup is depicted in Fig. 22. [67].

e —— Tank Covetplate

Mobile phase Tank

Paper Support

MMobile Phaze Bun Downward

TLC Chamber

\ /

Fig. 22(Descending Paper chromatography)

Ascending-Descending Paper Chromatography: It is a combined (hybrid) technique of ascending and
descending chromatography. The top section of ascending chromatography was turned down over a glass
rod. The solvent moves upwards first like in ascending chromatography, and then the same solvent runs
downwards in that technique. Fig. 23 shows a Setup of ascending and descending chromatography [68-70].

Sample Spots

Paper fixed with
help of Glass Fode

Fig. 23 (Ascending and descending Paper Chromatography)

Radial paper chromatography: First, it was introduced by Rutter; a circular filter paper was used in that
technique. The mixture solvent was applied at the center of the circular filter paper, which allowed the wick
of the paper to be dipped into the mobile phase. The sample gets separated in the form of concentric rings,
whereas in other techniques the component is separated with a single spot. Radial paper chromatography
gives fast results with sharpness and resolution; we can easily remove test samples during and after
development. The setup of radial paper chromatography developments is shown in Fig. 24 (a, b) [66, 69, 71].

Circular filter

Y ___—— Sample spot
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— N Wick of the paper

Mobile phase
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Sample spotting

Circular
fringes

Solvent front Filter paper

(b)
Fig. 24 (a & b) Radial paper chromatography developments

Two-Dimensional Paper Chromatography: The mixture components are speckled on the turn side of an
angle paper sheet, hence sample spot is applied on one side of a paper sheet, and a single mobile phase is
used for separation in one direction. After completing that step, the paper sheet chromatogram is dried, then
turned 90° and developed again, using another mobile phase of different polarity for batter/clear separation.
That technique is very useful in cases where a complex mixture of similar compounds is separated, like
carbohydrates, amino acids, steroids, peptides, and many other organic compounds. Fig. 25: Setup of two-
dimensional paper chromatography developments [72-73].
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Fig. 25 Two- Dimensional paper Chromatography developments

Partition column chromatography: The mobile and stationary phases both are liquids (For the stationary
phase; a film of solvent coated on solid support which is not miscible with the mobile phase). The separation
depends on the relative solubility of the mixture sample in a stationary liquid layer because of different
partition coefficients different components of the sample are separated [12, 74-76].

Gas-Liquid chromatography (GC:

In case of mobile phase is Gas and the stationary phase is liquid over a solid surface then it is called Gas-
Liquid Chromatography, in that technique a thin layer coating of non-volatile liquid material like, dimethyl
silicone, or polyethylene glycol, diethylene glycol succinate (DEGS), etc. applied over the inactive solid
support (e.g. diatomaceous earth, crushed firebricks, glass powder, powdered Teflon, carbon black, etc.). In a
capillary column, that thin layer makes a partition in the sample component between the mobile phase
(carrier Gas) and stationary phase (Liquid-coated capillary column), that technique was not used at higher
temperatures as the liquid-coated film is unstable at that temperature. The Advantages and Disadvantages of
Gas chromatography are mentioned below [59-61].

Advantage:
» Using gas-liquid chromatography we can perform Qualitative and quantitative analysis.
» GC column separated the most complex mixture with higher resolution than the HPLC.
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= |t provided high sensitivity, precision, and resolving power.

= Thermal detectors or mass detectors can be used with gas-liquid chromatography.
» Analysis time can be completed in a short time Using gas-liquid chromatography.
= For analysis, low amounts of samples are required.

Disadvantage:

= The detectors used in GC are destructive.

= The sample cannot be recovered.

= Limited to analyze only volatile samples.

» We cannot change the ratio of the mobile phase.

SIZE-EXCLUSION CHROMATOGRAPHY (SEC):

It is also called gel-filtration chromatography (GFC) or gel-permeation chromatography (GPC). In this

technique, sample molecules are separated based on size and shape, which means molecules are separated

from largest to smallest; the molecules with a larger size than the pores of the stationary phase will be eluted

first, and smaller size molecules will be able to penetrate the pores of the stationary phase for a longer time,

resulting it will be eluted later. Generally, that technique is applied to large molecules and macromolecular

complexes such as industrial polymers and proteins [77- 78].

o If an aqueous solution is used to transport the sample molecules through the column, then it is known as
gel-filtration chromatography.

e In case an organic solvent is used to transport sample molecules, it is known as gel permeation
chromatography.

AFFINITYCHROMATOGRAPHY::

This is another category of liquid chromatographic technique that makes use of a mixture of chromatography
and bio affinity, which makes use of biological-like interactions for the separation and specific analysis of
sample components it is also known as "affinity purification." specific ligand/substrate/nucleic acid is
chemically immobilized or "fixed" to a solid support in a column. It's called a matrix, and the material for the
matrix should be chemically inert, have good flow properties, and have functional groups like Agarose,
polyacrylic amide, polystyrene, cellulose, silica, etc. when a complex mixture (Enzyme/Receptor/Protein)
run through that column, then the sample molecules which is having a specific binding affinity with
ligand/Substrate/Nucleic Acid, become bound and unbounded molecules (Enzyme/Receptor/Protein) are
washed away from the column, the molecules those are bounded with ligand/Substrate/Nucleic Acid,
stripped from the solid support with help of Buffer with different pH/lonic Strength, Competitive inhibitor,
resulting purified specific molecule from a complex mixture Fig. 26 shows the separation of affinity
chromatography[79-84].
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Fig. 26 (Affinity Chromatography flow of separation)
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ION-EXCHANGE CHROMATOGRAPHY:

lon-exchange chromatography is part of lon-Chromatography, which is used for the separation and
purification of ionic compounds like proteins, peptides, nucleic acids, polynucleotides, etc. lons are made of
a bond with attraction (positive and negative ions make a bond);

If two ions have similar charges, they will hate each other. The analyte ions; [anion (-) or cation (+)] are
bound with a stationary phase, which is of two types: an anion exchanger stationary phase and a cation
exchanger stationary phase. Fig. 27 shows the separation of ion exchanger chromatography [85-87].
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-CH, CH; NH; ', -CH,N" (CHjs); -COO, -CH,COO, -S073,-CH2505°

Fig. 27 (lon exchange chromatography)

Anion exchanger stationary phase: The stationary phase contains a positive (+) charge function group,
hence negative (-) ions attract with the positive charge stationary phase.

Cation Exchanger stationary phase: The stationary phase contains a positive (-) charge function group,
hence positive (+) ions attract with the negative charge stationary phase [88-89].
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