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1. HPLC Introduction 

High Performance Liquid Chromatography (HPLC) is a beneficial tool for quantifying the amount 
of an active ingredient in a sample, determining molecular weight of a polymer, and much more.  
Before HPLC was available, liquid chromatography analysis was carried by gravitational flow of 
the eluent (the solvent used for LC analysis) thus required several hours for the analysis to be 
completed.  Even the improvements added in later time were able to shorten the analysis time 
slightly.  The initial liquid chromatography systems are called “low pressure chromatography” or 
“column chromatography.” 

In 1970s in the US, Jim Waters founded Waters Corporation and began to sell HPLC instruments, 
promoting the use of HPLC for practical analysis.  The liquid chromatography systems that Waters 
Corporation developed used a high-pressure pump that generates a rapid-flow of eluent, and thus 
resulted in dramatic improvement in the analysis time.  Compared to the “low pressure 
chromatography” the newer types were called “high pressure liquid chromatography”.  HPLC 
initially was the abbreviation for High Pressure Liquid Chromatography, however more recently it 
was commonly agreed that HPLC would abbreviate High Performance Liquid Chromatography.  
Another big change from initial used of HPLC is the data acquisition methods.  Instead of 
observing the changes of layers by eyes, detector system was coupled to the LC and out-put was 
recorded on paper chart.  If we were to demonstrate early analysis result on a chart 
(chromatogram), it will be similar to Figure 1 below. 

  

 
Figure 1. Representation of early LC analysis where 1. Orange 2. Yellow 3. Yellowish Green 4. Bluish Green. 

 
 

 

Ideally obtained LC separation result should provide a symmetrical peak shape seen in Figure 
2a. When there is a problem, the peak will not be a symmetrical one and may show leading 
(Figure 2b) or tailing seen in Figure 2c. 



 
Figure 2.  Examples of peak shapes. (a) Normal Peak, (b) Leading, and (c) Tailing. 

 

The high performance column will provide a narrower peak (Figure 3a) and low performance 
column will provide wider peak (Figure 3b).  Theoretical plate number (TPN) is used to measure 
the performance of the column, where larger the TPNs indicate better columns.   

 

𝑁𝑁 = 16 (
𝑡𝑡𝑡𝑡
𝑊𝑊)2 

tr= retention time, W= peak width 

 

TPN is directly proportional to the column length, i.e., if the column length was doubled or two 
columns were used in a series, the TPN is also doubled. When comparing the Shodex™ column 
with other company’s TPN, ensure both column lengths are the same. Shodex™ states TPN per 
column, but some other manufacture states TPN per meter, causing the need to pay an attention 
variation of the units. The internal diameter of the column also influences the TPN, but it is not as 
significant as that of column length. TPN may also differ if different LC settings were used.   

 

 
Figure 3.  Peak shapes with (a) High TPN and (b) Low TPN columns. 

 



For the separation of two components in the sample, it is ideal to have separation at the baseline 
level (Figure 4a).  When two peaks are too close, they may overlap resulting with an insufficient 
separation (Figure 4b-c).  The column with a higher TPN provides sharper peaks, reducing the 
possibility of overlapping peaks. 

 
Figure 4. Separation of two components. (a) Baseline separation, (b) Some peak overlapping and (c) Poor 

separation. 

 

When peak overlapping was observed, this may be solved by changing the analytical conditions 
(e.g. changing mobile phase, flow rate, etc).  If the separation cannot be improved by the 
conditional changes, different types of columns may be used.  For the qualification analysis, peak 
overlapping may not be a big concern. However, for the quantification analysis, the baseline 
separation is required for the precise measurement. 

 

2. Reversed Phase  

The reversed-phase mode is the most commonly used separation mode of HPLC. This mode is 
based on the hydrophobic interaction between the portion of low polarity of the packing and the 
portion of low polarity of the sample. Hence, elution occurs in descending order of polarity. A key 
to successful organic acid analysis in reversed-phase mode resides in thoroughly suppressing 
the dissociation of organic acids and reducing the polarity of the sample. Organic acids are 
generally reported to become non-dissociated when the eluent has a pH value lower than the pKa 
by 1.5. 

 
The separation mode of reversed phase chromatography is based on the hydrophobic 
interactions governing the distribution/adsorption equilibrium between nonpolar groups and the 
surface of the packing material (Figure 7).  The surface of the packing material’s polymer or silica-
based gel is bound with a hydrophobic functional group such as octadecyl (C18).  Some types of 
polymer gels can be used for reversed phase chromatography without the need for a functional 
group because the base material in itself is hydrophobic.  Samples with a higher hydrophobicity 
are retained more strongly, so samples are eluted from the most hydrophilic one. 
 



 
Figure 5.  Reversed phase elution  

 
 

3. Size Exclusion Chromatography 

 
Size exclusion chromatography (SEC) relies on the separation of molecules based on their size 
where larger molecules elute faster.  The principle of size exclusion chromatography is shown 
below in Figure 5. 
 
 



 
Figure 6. Images demonstrating the principle of size exclusion chromatography. 

 
 

SEC has a disadvantage which is a low loading capacity and the impossibility to increase the 
capacity factor (k’) above 1.0.  SEC is therefore not suitable for the separation of complex 
samples.  Although SEC is frequently used as the first screening method for the separation of 
unknown proteins because of the following three reasons: 

1. The eluent can easily be selected 
2. It is possible to separate by molecular size 
3. The purification ratio is effective. 

 
 

Gel permeation chromatography (GPC) is a widely-used technique for determining the molecular 
weight distributions of polymers and proteins.  For the determination of the molecular weight 
distribution of a polymeric substance by GPC, typically a number of serially connected columns 
of different pore sizes, or to use three to four serially connected units of a column packed with a 
mixed gel (mixture of gels having different pore sizes).  These connections are diagramed in 
Figure 6a and Figure 6b. When using these configurations, we have observed the following 
problems: 

 

• It was difficult to obtain a highly linear calibration curve even when columns with individual 
pore sizes were connected in series. (Figure 6a) 



• Even when a highly linear calibration curve was obtained using columns with mixed gel 
having different pore sizes (Figure 6b), there are cases that a true molecular weight 
distribution curve cannot be obtained due to abnormal or inflectional chromatograms with 
some samples. 

 

 

 
Figure 7. Model of three types of columns with different gels.  (a) Different pore sizes (b) Mixed gels of different pore 

sizes in the same column (c) “Multi-pore” gel. 

 

 
To resolve these issues, Shodex developed a new gel with a wide pore size distribution.  The 
pore size distribution of this gel has been adjusted to obtain a linear calibration curve.  Using a 
single type of column packed with this gel, a wide range of molecular weights was covered and 
the above problems were resolved.  The ‘multi-pore’ gel is diagramed in Figure 6c. 
 

 
 
 

4. HILIC – Polymer Based 

HILIC, hydrophilic interaction chromatography, is a relatively new member of partition 
chromatography. It is considered as a part of normal phase because of its high polarity on the gel 
surface, however the mobile phase is not limited to non-polar organic solvents. The base material 
can be either silica or polymer and they may be modified with different types of polar functionalities 
such as amide, amino, diol, and cyano; each having a hydrophilic nature allowing the column to 
retain hydrophilic compounds longer than hydrophobic compounds. The separation is based on 
the differences in analytes polarity. 

Compared to normal mode, the mobile phase used for HILIC is very similar to RP mode mobile 
phase such as mixture of water and acetonitrile.  Hydrophilic compounds that were “too polar” to 
be retained by reversed phase can be analyzed by HILIC using the mobile phase similar to 
reversed phase condition. Because of this feature HILIC is popularly used for the separation of 
carbohydrates, especially saccharide which is hydrophilic. 



   

 

 

 

 

5. Ligand Exchange, Ion Exclusion 

Ligand exchange refers to a mode of separation based on the interaction (ligand exchange 
potential) between hydroxyl groups and metal ions to form a complex. 
 
In organic acid analysis, ion exclusion can be described as a strong cation exchange resin with 
sulfo-groups bound to the packing surface is used. Weak acids, such as organic acids, exhibit 
only partial dissociation when dissolved in water. In a dissociated state (negatively charged), the 
positive charge of the cation is neutralized and excluded by the negative charge of the sulfo-
groups on the resin surface. There is no concern over organic acid adsorption into the resin. In 
un-dissociated state, on the other hand, ion exclusion does not occur; hydrophobic adsorption 
into the resin substrate occurs instead to allow organic acids to be retained by the resin (Figure 
8). 

 
Figure 8. 

Hence, organic acids are eluted in ascending order of pKa (descending order of acidity) and in 
descending order of polarity. The packing substrate of KC-811 is a styrene-divinylbenzene 
copolymer, therefore it is recommended to use NN-814, which has a higher polarity of packing 
substrate than KC-811, when analyzing aromatic organic acids of low polarity. The packing 
substrate of NN-814 is poly(hydroxymethacrylate). 
 
 

6. Ion Chromatography 
 

Ion chromatography, separates and quantifies inorganic anions and cations, organic acids, 
organic bases, and a variety of other ions.  It is commonly used to assess the quality of 
environmental water, such as river water and ground water.  Nitrogen compounds, nitrite, nitrate, 
and ammonium ions are key indicators of water pollution.  Ammonium ions in environmental 
waters come from various biological activities, one of the main causes of acid rain.  Environmental 
acidification is due to nitrification and overabundance of nutrients in closed water systems. 



Therefore it is quite important to monitor them. Cation chromatography is used to quantify 
ammonium ions. 
 
In ion-exchange chromatography, electrostatic interactions resulting from Coulomb forces are 
used to separate counterions on ion exchange resin. Using anion analysis as an example, below 
Figure 9 presents the principles of ion chromatography. 
 
A conductivity detector is generally used for ion analysis because ions are excellent conductors.  
Current flows when a voltage is applied across two electrodes immersed in an ionic solution. 
Conductivity refers to the capacity of an electrolyte to conduct current.  The concentration of ions 
can be determined through the evaluation of the conductivity of a standard sample of known 
concentration of target ions.  Ion chromatography employs an electrolytic solution as an eluent, 
which means that the eluent itself also exhibits conductivity.  An eluent with high conductivity (i.e., 
background conductivity) results in high background noise and consequently decreases 
sensitivity.  There are two methodologies of electrical conductivity detection.  Suppressed 
conductivity method removes counter ions of the eluent after separation, therefore reducing 
background noise. The other methodology, non-suppressed conductivity detection, uses a low-
conductivity eluent instead. 
 
Prior to sample injection, anions in the mobile phase (eluent) are retained by the modified 
functional groups (cations).  While moving through the column, eluent anions continuously 
compete with each other (a process known as ion exchange) seen in Figure 9-1. 

 
Figure 9.  Principles of ion chromatography 

 
 



 
Once injected, the sample anions displace the eluent anions and are retained by the functional 
groups Figure 9-2.  Moving through the column, the sample anions compete with the eluent 
anions and are eventually eluted from the column Figure 9-3.  An ion with a larger charge and 
smaller hydrate ionic radii experience a stronger retention by the ion exchange resin.  Placing a 
device called a suppressor between the analytical column and the conductivity detector reduces 
the background conductivity. Suppressor method makes it possible to detect the analytes at low 
micrograms per liter range.  The configuration of non-suppressor method (i.e., without 
suppressor) is simple and relatively less expensive than suppressor-method.  
 
Alternatively, ultraviolet/visible absorbance detectors, electrochemical detectors, mass 
spectrometers, and other detectors may be used depending on the target ions. 
 
 

7. Ion exchange 

The North and South ends on the magnet attract each other while N and N or S and S ends will 
repeal each other. The similar phenomenon occurs for electronics: positive charge and negative 
charge attract each other while positive and positive or negative and negative charges repeal 
each other. When compounds dissociate and become ions, they will have electronic charges. 
Positive ion is called cation and negative ion is called anion. Ion exchange mode uses ionic 
attraction and repulsion forces. What is different from magnet is that N end of magnet is always 
N, but molecular ion such as protein can be an anion or a cation depending on the surrounding 
conditions (mobile phase).  By changing the electronic characteristics of the mobile phase, the 
electronic charge of each component in the sample also changes.  They may change from cation 
to anion (or vice versa) and this creates the interaction between the component and the packed 
gel. One time it may cause attraction and other time it may cause repulsion.  Since the 
components that experience repulsion will be eluted out (and attraction causes retention) from 
the column, each component is separated based on their ionic strengths. 

It is common to change the mobile phase during an analysis for ion exchange mode.  Such 
method (changing mobile phase) is called gradient method.  Most frequent method used for 
gradient elution is to prepare two mobile phases and change the ratio of two solvents over a time. 
Contrast to gradient method, the method uses single solvent throughout the run is called isocratic 
method. 

Packed gel for ion exchange column is modified with either anion or cation functional groups. 
Commonly used functional groups are followings: 

• Quaternary ammonium (QA): Strong anion exchanger 

• Diethyl aminoethyl (DEAE): Weak anion exchanger 

• Sulfopropyl (SP): Strong cation exchanger 

• Carboxylmethyl (CM): Weak cation exchanger 

 

Most gels used in packing HPLC columns are porous (having pores on the surface).  However for 
the ion-exchange gel, small-sized gel (2.0-2.5 um) without pores can be used periodically.  Gels 
without pores are called non-porous gel and it is effective for fast analysis.  Both polymer-based 
and silica-based columns are used for ion-exchange columns.  Unlike reversed phase columns 



that mainly uses silica base, ion-exchange columns sometimes require a use of alkali conditions.  
Creating a high importance of polymer-based materials to be used with ion-exchange columns 
instead of reversed phase columns.  Ion exchange is frequently used in biochemistry area such 
as separation of protein, peptide, and nucleic acids. 

 

 
Figure 10.  Ion exchange chromatography 

 

 

 

 

8. Multimode  

Multimode chromatography refers to the utilization of chromatographic methods of more than one 
form of interaction between the stationary phase of the analytes to obtain separation. Using 
multiple modes of chromatography can lead to higher selectivity as well as other advantages. This 
complex separation mode may provide a separation between the molecules with similar molecular 
sizes.  Another type of separation can include positive, negative and neutral substances 
undergoing separation through reversed phase/anion-cation exchange column in a single run.  
The loading capacity of the column may be increased which can ultimately lead to new selection 
and semi-preparative and preparative chromatography.   

Another advantage of multimode chromatography would be using a single column instead of two 
or more single mode columns which would drastically decrease analysis time.  This could also be 
considered economic and eco-friendly as the stationary phase would be reduced using less of 
the raw materials. 

Some forms of multimode chromatography include ion exchange and hydrophobic interaction 
chromatography.  This combination is used for the separation of many biological products as it 
has enhanced selectivity since it uses both electrostatic and hydrophobic interactions.  Another 
form could include a combination of HILIC and reversed phase, this can adjust the retention by 
altering the organic phase in the mobile phase.  One last example of multimode chromatography 
includes SEC, reversed phase chromatography, and ion exchange. Hydrophobic interactions in 
protein SEC and reversed phase are relatively weak at low ionic strength, the addition of electrostatic 



effects may contribute significantly to retention, and this allows us to use an SEC column as a weak 
ion exchanger.  (Figure 11) 

 

 

 
 

Figure 111.  The overlap in multimode chromatography 
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