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Abstract  High-performance liquid chromatography (HPLC) is one of the most used analytical techniques for the 
identification and quantification of organic molecules in a variety of samples. In this simple laboratory experiment, 
quantification parameters and the factors affecting them were investigated using organic acids in plant material. 
Molar absorptivity (ε) and its implications on limit of detection (LoD) and limit of quantification (LoQ) were 
examined. Students prepared leaf samples by extraction and quantified the malic and fumaric acid concentrations 
based on calibration curves of a set of standards. Using the data the LoD, LoQ and ε were calculated and the 
implications of their values tested through a series of structured assessment questions. The learning goals include 
sample preparation, the application of theoretical calculations on method development, and calculating the organic 
acid concentrations. The experiment is suitable for senior undergraduate and early postgraduate students in analytical 
and environmental chemistry courses. 
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1. Introduction 

High-Performance Liquid Chromatography (HPLC) is a 
separation technique based on analyte polarity and falls 
within the section of chromatography and separation [1,2]. 
In most South African institutions, HPLC is taught at 
third-year undergraduate level [3,4]. Conventionally, 
liquid chromatography instrumentation and quantification 
is taught to undergraduate students with the emphasis on 
separation, identification and quantification of compounds 
[5,6]. The application of HPLC can be found in various 
industries and fields including pharmaceuticals, food and 
beverage, environmental, biochemistry, and forensic 
science [7,8]. HPLC is a powerful tool for analysing 
organic substance however, it can be utilised to analyse 
metal ions and ionic compounds. Due to the financial 
strains on most teaching institutions in South Africa, 
HPLC applications in laboratory experiments are 
conducted in groups or is taught as theory. 

Some of the concepts covered by undergraduate 
laboratory experiments specifically for HPLC include 
qualitative aspects (e.g. separation, identification of 
analytes) and quantification (e.g. calibration curves, and 
the limits of detection (LoD) and limits of quantification 
(LoQ). The latter are crucial parameters in analytical 
chemistry that provide essential information about the 
performance of an analytical method, helping to determine 
its suitability for specific applications and ensuring 

reliable results [9]. They are calculated using the 
following equations: 

 

 and  
Where,  
• σ is the standard deviation and  
• S the slope of the calibration curve 
A lesser explored concept is that of molar absorptivity 

(ε) with HPLC. Generally, undergraduate students are 
often exposed to this concept when learning about 
absorption techniques of analysis in their second year of 
study utilising a UV-Vis spectrophotometer to examine 
and understand the Beer-Lambert Law [3]. The focus with 
molar absorptivity (or molar extinction coefficient) at that 
level, is the light absorption capacity at a specific 
wavelength and, that compounds have unique molar 
absorptivity values at different wavelengths [10,11]. They 
are further introduced to factors that influence molar 
absorptivity (pH, temperature, structure) with a focus on 
how conjugation affects molar absorptivity using organic 
molecule examples to show how increasing the number of 
conjugated double bonds in a molecule typically leads to a 
longer wavelength and an increase in absorbance [12]. 
Students often learn about spectroscopy as the interaction 
of light with analytes based on Beer-Lambert's law and 
concentration, as demonstrated in laboratory experiments. 
However, they may struggle to understand the broader 
applications of molar absorptivity beyond traditional 
spectroscopy.  
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This lab allows them to reinforce their knowledge about 
separating mixtures using chromatography and 
quantifying them using spectroscopy. This experiment 
exploring the calculation and application of molar 
absorptivity in HPLC is therefore novel in its approach as 
it demonstrates the connection between chromatography 
and spectroscopy.  

The molar absorptivity for HPLC can be calculated 
using the equation [13,14]: 

 
Where,  
•  m is the slope of the calibration curve,  
•  MM Is the molar mass in g/mol,  
•  FR is the flow rate in mL/min,  
•  V is the sample volume in mL,  
•  0.06 is a dimensionless constant incorporating the 

various units (mL, min, ng) to SI units and  
•  l is the path length in cm for the Agilent 1100 (this 

is specific to each instrument).  
This equation is modified from our usual Beer-Lambert 

Law (A = εlc) since in HPLC the UV detector is a flow-
through cell rather than a static one e.g. a 
spectrophotometer. 

Student learning is often easier when they are able to 
relate to examples and samples/examples have relevance 
to their daily lives. In this instance, the samples selected 
are easily identifiable and the analytes two commonly 
found organic acids. Organic acid content impacts taste, 
aroma, and preservation of food and beverages [15]. 
Organic acid analysis is used to ensure product quality and 
consistency. For instance, it helps assess fruit ripeness or 
fermentation processes in wine. While there are several 
techniques for organic acid analysis, HPLC is one of the 
most commonly used technique [16,17]. It is the preferred 
method for organic acid analysis due to the separation of 
analytes, sensitivity, and reproducibility [17,18].  

HPLC lab experiments are widely available and there 
are several articles outlining their use with a wide range of 
samples and analytes. Typical applications include dyes in 
candy [19], caffeine and vitamin B6 in energy drinks [20], 
organic acids in thyme leaf extracts [21], turnips [22] and 
aflatoxins in wheat [23]. However, in these applications, 
emphasis tends to be on the analyte and its quantification 
specifically or more sample preparation using newer 
extractive techniques such as QuEChERS (quick, easy, 
cheap, effective, rugged, and safe) [24].  

This inquiry-based experiment aims to guide students 
through quantification of organic acids in leaf samples. By 
engaging students in sample preparation and data analysis, 
we enhance their understanding of chromatography and 
quantification in Analytical Chemistry. It also aims to 
solidify student understanding of the most fundamental 
quantification parameters used in Analytical Chemistry. 
The experiment serves as a constructive platform for 
extending spectroscopic knowledge into the realm of 
chromatography. It effectively demonstrates the relevance 
of analytical chemistry in industrial settings, particularly 
in ensuring the quality of food and beverages. This 
experiment stands out by teaching spectroscopy within the 
context of chromatography and data analysis. It effectively 
imparts theoretical knowledge of LODs, LOQs, and molar 
absorptivity while emphasizing their practical application 

in a cross-disciplinary setting. In addition, the simplicity 
of the sample preparation and analysis allows for student 
some hand-on learning with HPLC but the focus more 
specifically on the nuances of the data. It is versatile, the 
analytes chosen are commonly found in a range of 
samples, allowing for flexibility in sample choice. This 
basic data, together with the theory, provides students 
with a more integrated understanding of the concepts.  

1.1. Learning Goals 
This type of analysis is particularly relevant for research 
areas which quantify organic compounds using HPLC, 
and its applicability can therefore extend to most branches 
of chemistry. This experiment is most suitable for third 
year and Honours level students in the chemistry or 
environmental chemistry fields. It may also be carried out 
as one in a series of experiments which involve organic 
analysis. The laboratory outcomes for this experiment are 
the following: 

1.  sample preparation for organic acid analysis, 
2.  calculating the LoD and LoQ of a method,  
3.  calculating and understanding the implications of 

the molar absorptivity in a flow system, and  
4.  the effect that impurities have in chromatography. 
The primary objective is to make students aware of 

some important criteria to consider when using the HPLC 
for quantification.  

2. Experimental Details 

This practical experiment was successfully carried out 
in senior undergraduate laboratory sessions over a period 
of four years with the average class size between 30-80 
students with lab sessions working in rotation. Typically, 
groups of between 3-5 students carry out the lab with at 
least three students sharing data to accommodate their 
basic statistics. The active lab component runs for 
between 1.5 and 2 hours after which students were asked 
to continue working in their groups to assimilate data and 
discuss the key concepts. The most recent variation of the 
experiment was run using plant leaf samples, other 
samples include hard candy and apple juice. Each student 
was provided with leaf samples which were then crushed 
and extracted into Millipore or HPLC water. 
Approximately 0.3 g of sample was accurately weighed 
into a beaker together with 15 mL of warm water. After 
ten minutes, the solution was filtered and made up to 25 
mL. A further 50 times dilution was made up and a 
portion transferred to an HPLC vial for analysis.  

Calibration data and individual analyte standards were 
prepared and analysed by the teaching assistant. to allow 
students time for peer learning at the end of the lab session. 
Due to the class size, there was insufficient time for 
students to prepare standards themselves and carry out the 
analysis in the 3-hour time they are allocated for labs. This 
experiment could be modified to allow for individual 
standard preparation and analysis, especially if class sizes 
are smaller or more time is available. Individual standards 
(50 ppm) were made up using analytical grade malic and 
fumaric acids. Additionally, a range of mixed analyte 
calibration standards ranging from 0 – 100 ppm (0, 1, 10, 

 



 World Journal of Chemical Education 83 

50 and 100 ppm) were prepared. For the mobile phase, 
3.484 g of K2HPO4 was added to 900.00 mL of Millipore 
water. The pH was adjusted to 2.7 using phosphoric acid 
and then the solution was made up to 1.00 L. Analysis of 
all the standards (individual and mixed), and the samples 
were carried out on an Agilent 1100 set up for optimal 
separation (Table 1). 

Table 1. Operating parameters for the analysis of malic and 
fumaric acid 

Column C18 (Phenomenex Kinetex) 
Wavelength 220 nm 

Mobile Phase 20 mM potassium phosphate buffer (pH = 2.7) 
Flowrate 1.00 mL/min 

Injection Volume 10 µL 
Elution Isocratic (100% mobile phase) 

Run time 10 minutes 

l (path length) 60 mm  
** each instrument will have its own l value 

 
During the analysis of the samples, the basic theory of 

HPLC, an explanation of retention time, separation, 
resolution, column selection, integration molar 
absorptivity, and the Beer-Lambert law was explained by 
teaching assistants. This equipped students with a better 
understanding of their data and facilitated their 
interpretation and calculation of molar absorptivity.  

Each student was provided with the method details, 
individual standard chromatograms to allow them to 
identify the retention times of the analytes, standard 
chromatograms with (unidentified) analyte areas and 
sample chromatograms with peak areas for integrated 
peaks (analyte and other). 

3. Results 

Students used the individual standard retention times to 
identify the analyte peaks in their standards and in the 
sample chromatograms. The elution order for the standard 
mixtures was malic acid (2.5 min) and fumaric acid (5.1 
min). Identification of the analytes in the samples 
involved examining the individual standard 
chromatograms for matching analyte retention times. The 
retention time for fumaric acid did not directly match that 
of the standard (Figure 2A, B). However, analysing the 
sample spiked with fumaric acid (Figure 2C) allows 
students to recognise that the sample matrix may have the 
effect of shifting retention times. It further provides one 
instance of how to combat/overcome matrix related time 

shifts. The peak areas for each of their groups analyte 
standards and samples were then tabulated (Table 2).  

The calibration curves (Figure 1) were then derived 
(using Microsoft EXCEL®) and sample concentrations 
calculated. Using the LINEST function, students calculated 
the standard deviation (σ)  the curve required for the 
calculation of LoD and LoQ. The results of these 
calculations were concentrations for each of their samples, 
LoD and LoQ and ε values for each of the three analytes 
(Table 2). 

Identifying fumaric acid in the malic acid standard 
(Figure 2A) underscores the importance of molar 
absorptivity in assessing LOD, LOQ, and concentration, 
demonstrating its practical application in analytical 
chemistry. Students deduce that the likely impurities 
present in the malic acid standard are fumaric or maleic 
acid (from the product list provided). Matching the 
retention time of the impurity to fumaric acid allows for 
definitive identification. Next, they look at the molar 
absorptivity values, recognising that ε for fumaric acid at a 
given concentration is much higher than that of malic acid 
at that concentration. The implications of higher molar 
absorptivity on LoD and LoQ values are also explored. 
Finally, student understanding of how LoD and LoQ 
should be used in sample preparation is evaluated.  

Table 2. Data and calculations for a student group 

D
at

a 

 
Concentration 

/ ppm 
Malic Acid Area / 

mAU.s 
Fumaric Acid Area / 

mAU.s 

St
an

da
rd

s 

0 0.00 1.13 
1 0.46 45.68 

10 4.80 522.99 
50 19.48 2502.16 

100 37.80 5032.70 

Le
af

 0.3561 g 34.20 9.20 
0.3239 g 39.90 11.90 
0.2779 g 46.50 9.90 

C
al

cu
la

tio
ns

 

Slope 0.3760 50.25 
Intercept 0.4011 2.93 

R2 0.9996 0.9999 
σ 0.005952 0.1596 

LoD 0.04749 0.009530 
LoQ 0.1583 0.03176 

ε (M-1cm-1) 2.5207 x 106 2.9216 x 108 

 mg/kg µg/kg 
Replicate 1 12622 0.4943 
Replicate 2 16218 0.5504 
Replicate 3 22060 0.3144 

Average 
Concentration 16967 ± 4763 0.4530 ± 0.1233 
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Figure 1. Calibration curves obtained for 0 – 100 ppm a) malic and b) fumaric acid standards 

 

Figure 2. Sample chromatograms for A) 100 ppm standard with inset showing a magnified view of malic acid at 2.54 mins, B) leaf sample and C) a leaf 
sample spiked with 5 ppm fumaric acid to confirm the fumaric acid peak retention time 

4. Discussion 

This lab experiment has been performed as part of 
typical six-week teaching block where student rotation 
through different experiments teaching different analytical 
techniques. Each week 3-5 students performed the 
experiment and at the end of a complete teaching block, 
each student would have completed the HPLC experiment. 
A common practice in larger classes was to cycle students 
through sample preparation to maximize engagement. The 
laboratory was designed for a two-hour practical 
investigation and a one-hour interpretation and discussion 
session. In the practical investigation, students prepared 
and analysed their respective samples. Standards, single 
and multi-analyte, were provided to students. Once they 
obtained their data, students were able to identify and 
quantify organic acids (malic acid and fumaric acid) in 
their leaf samples. Students then sat together and 

completed a worksheet (which follows the basic flow of 
Table 2) discussing and interpreting their results. To 
further test their understanding, the following two 
application questions are included in the worksheet: 

•  There are several other unidentified peaks in your 
sample chromatograms. What structural 
information can you infer about these compounds? 

•  A candy sample has 21.06 mg/kg of fumaric acid. If 
the sample was prepared following the practical 
manual procedure, would you be able to quantify 
using the current HPLC method? 

By initially focusing on the individual components of 
an HPLC system, students gained a comprehensive, 
theoretical understanding of their functions [25,26,27]. 
This foundational knowledge serves as a basis for 
subsequent learning enabling students to develop well-
structured pre-lab use the data to solidify their theoretical 
grasp of the technique [28,29]. The assessment is 
structured to progressively deepen student understanding 
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in three parts. The first introduces data processing and 
interpretation, the next focuses on calibration curves and 
calculations. This also introduces the student to the 
concept of data processing and the importance of 
understanding the data. The last part extends learning 
beyond basic laboratory exercises, encouraging students to 
apply theoretical knowledge through collaborative 
problem-solving. Teaching assistants facilitate discussions 
and guide students towards solutions. Through analysis of 
standards, samples, and methods, students explore 
concepts such as impurities, peak identification, and 
equation modification. They use social constructivism to 
determine these answers and are taught skills in 
collaborative learning [30,31]. Peer collaboration exposes 
students to different viewpoints, leading to deeper 
understanding and critical thinking [32,33]. This also 
increases student motivation and engagement as they feel 
more connected to the learning process [34]. 

4.1. Pedagogical Reflection 
This experiment was developed for undergraduate 

students studying Analytical Chemistry, more specifically 
third-year students. Students are typically introduced to 
the concept of conjugation in second-year organic 
chemistry courses. Analytical chemistry courses in the 
second and third years emphasize chemical analysis and 
instrumentation, respectively. This constructivist approach 
enables students to grasp fundamental techniques and 
apply them to instrumental methods. The experiment was 
successfully implemented over several years and was 
successful in improving student understanding of 
interlinking concepts. The use of relatable samples 
stimulated student interest and cultivated their awareness 
of the application of chemistry in industrial and research 
environments. This provides a good guide for their 
academic development. The purpose of this experiment 
was to enable students to master not only the basic 
principles of chromatography, but to learn the appropriate 
quantification methods in Analytical Chemistry. Upon 
completion of the experimental teaching method, 
components that received positive student feedback 
(interesting samples, practicing Microsoft EXCEL® for 
calculations, relevance of molar absorptivity) have been 
incorporated into subsequent courses. Areas identified as 
difficult by students (e.g. the back calculation example in 
the worksheet) were revised in lectures.  

Analytical chemistry is highly practical, underpinning 
both industry and research. The experimental aspect 
involves not only technical proficiency but also cultivating 
an understanding of its real-world applications and 
scientific significance. Analytical Chemistry requires 
rigorous adherence to standardized procedures and since 
its practical applications often involve precise 
measurements, students must not only master 
experimental techniques but also cultivate a rigorous 
scientific approach to their work. 

5. Conclusions 

This experiment reinforces the basic skills of sample 
preparation outlined by other lab experiments, and the use 

of HPLC for organic analyte analysis. It focuses on the 
basic principles of compound identification, separation, 
and quantification. It expands on this knowledge and 
introduces concepts, molar absorptivity, LoD and LoQ, at 
an undergraduate level. The setup of the laboratory 
session is unique in the sense of reinforcing social 
constructivism. Students complete the sample preparation 
and analysis, thereafter, discussing and completing the 
worksheet promoting collaborative learning, facilitated by 
the teaching assistant. The scaffolding of knowledge is 
promoted by the teaching assistant who provides them 
with prepared questions to help students understand the 
theory and apply it to the laboratory experiment.  
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