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ABSTRACT

Caffeine, a natural psychostimulant, enhances
arousal by inhibiting the effects of adenosine on
the dopamine pathway. This study aimed to
analyze and compare caffeine concentrations in
seven robusta coffee samples (coded RC) and five
black tea bags (coded BT) using both qualitative
and quantitative methods. Qualitative tests
employed Dragendorff reagents for coffee and
Parry reagents for tea, confirming -caffeine
presence  through  colorimetric  changes.
Quantitative analysis utilized reverse-phase
UHPLC, with a mobile phase of aquabidestilata
and methanol (60:40), a C18 stationary phase at
40°C, and detection at 272 nm. Validation
parameters demonstrated strong performance,
with an RSD of 0.573%, a linear correlation
coefficient of 0.998 for concentrations between
100-250 ppm, a LoD of 1.02 ppm, a LoQ of 3.10
ppm, and 99.88% accuracy. Results showed
robusta coffee sample RC3 contained the highest
caffeine concentration at 26.00 mg/serving, while
black tea sample BTB3 exhibited 2.44
mg/serving. Despite higher caffeine levels in
robusta coffee compared to black tea, both
remained below the SNI threshold of 50
mg/serving, confirming their safety for
consumption.
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INTRODUCTION

Caffeine is a widely consumed stimulant found primarily in coffee and
tea. In the context of tea bags and Robusta coffee, it becomes important to analyze
the caffeine content to ensure quality control and meet consumer expectations.
Ultra-High Performance Liquid Chromatography (UHPLC) is frequently
employed for this purpose, offering precise and rapid quantification. Studies
have demonstrated that UHPLC provides superior sensitivity and faster
retention times, especially compared to traditional methods like HPLC (High
Performance Liquid Chromatography) (Morales et al., 2020). For instance,
caffeine concentrations in Robusta coffee were observed to vary depending on
geographical factors and bean preparation, typically ranging between 0.445% to
2.18% by weight using UHPLC methods. Similarly, caffeine levels in tea also
vary, influenced by the type of tea and its processing (Pires et al., 2021). Coffee
and tea are globally popular beverages, each offering unique flavors and cultural
significance. Tea's appeal in Indonesia, driven by its fragrance, taste, and simple
preparation, reflects a preference for various types categorized by fermentation
levels, including black, oolong, green, and white tea (Sundalian & Nugrahani,
2018; Ramdan et al., 2022). Fermentation significantly influences caffeine content,
with black tea typically containing the highest levels (Wardani & Fernanda,
2016). Indonesia is also a leading coffee producer, ranking third worldwide in
2022, with provinces like Lampung contributing significantly to its Robusta
coffee output, known for high caffeine content and distinct bitterness (BPS, 2021;
USDA, 2023). Research indicates that Robusta coffee exhibits a caffeine
concentration between 2,741 mg/L to 3,814 mg/L, offering a sharper flavor
profile compared to Arabica coffee (Aditya et al., 2015; Prasetyo et al., 2020).
These findings underscore the importance of production methods in shaping the
chemical composition and taste of both tea and coffee.

Caffeine, a natural alkaloid present in both tea and coffee, acts as a
stimulant of the central nervous system, contributing to increased alertness and
reduced fatigue. Its concentration varies significantly across plant types, with
environmental and processing factors playing crucial roles. For instance, caffeine
levels in tea can range from 2% to 4% depending on the variety —white and green
teas often contain more caffeine than black teas due to differences in processing
and leaf maturity. Similarly, Robusta coffee beans tend to exhibit higher caffeine
content compared to Arabica beans, offering a more robust flavor and stronger
stimulant effects (Horzi¢ et al., 2009; Athayde et al., 2000). Analytical studies
emphasize the use of chromatographic techniques, such as UHPLC, to accurately
measure caffeine concentrations, as the precision of these methods is essential for
quality control and consumer health assessments (Fernando & Soysa, 2016).
These findings highlight the importance of precise caffeine quantification in
various beverages, providing insights into their impact on human health.

The Ultra-High Performance Liquid Chromatography (UHPLC) method
is highly effective in analyzing caffeine due to its ability to provide rapid, precise
results with minimal sample preparation. UHPLC typically operates under
higher pressure than conventional HPLC, allowing for faster analysis and better
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resolution with smaller particle sizes in the columns. For caffeine analysis,
isocratic elution is commonly used, involving a mobile phase composed of
methanol or acetonitrile mixed with water or a buffer. A reversed-phase column,
such as the TSK-GEL ODS-100V or ODS-140HTP, is often employed, as it ensures
sharp peak resolution for small molecules like caffeine (Sharma et al., 2005). The
temperature for optimal caffeine separation is usually maintained between 25°C
and 40°C, with a detection wavelength around 274 nm, which is ideal for
identifying caffeine peaks (Tzanavaras & Themelis, 2007). In recent studies,
caffeine eluted at about 1.9 to 5 minutes, depending on column length and
particle size, ensuring high-throughput analysis even in complex mixtures such
as coffee or tea extracts (Douglass, 2007).

Caffeine, an alkaloid derived from xanthine, plays a significant role in
enhancing cognitive and physical performance, yet excessive intake can result in
adverse effects, from minor musculoskeletal issues to severe metabolic and
gastrointestinal disorders (Belguidoum et al., 2014; McLellan et al., 2016; Wilson,
2018). Adolescents, particularly males, are among the most frequent consumers,
raising concerns about long-term health risks (Pant, 2023; Rahmatika, 2023).
While numerous analytical methods are available for quantifying caffeine—
including UV/Vis spectroscopy, gas chromatography, FTIR, HPLC, mass
spectrometry, and electrochemical approaches —HPLC remains preferred for its
high sensitivity and accuracy (Sereshti et al., 2014; Shiferaw et al., 2018; Aprilia
et al., 2018). Despite the wealth of research on caffeine quantification and health
impacts, there is limited comparative analysis using advanced UHPLC methods
across different beverages, such as tea and Robusta coffee. This study aims to fill
that gap by exploring caffeine content across these two popular beverages,
providing more precise data that could inform both public health strategies and
product quality control.

The objective of this study is to determine the optimal conditions for
analyzing caffeine content using UHPLC and to compare the caffeine
concentrations in tea and Robusta coffee. By employing UHPLC, known for its
superior precision and rapid detection, the study aims to provide more reliable
data on the caffeine variations between these two beverages. Understanding
these differences can contribute to enhanced product quality control and offer
insights into their health implications, supporting public health awareness and
guiding consumer choices.

The following is the framework of this research:

[ UHPLC condition J ;[ Caffeine ]

Figure 1. Conceptual Framework
METHODOLOGY
This study employed saturated sampling, targeting all available Robusta
coffee and black tea bags from supermarkets in Pringsewu Regency. A total of
seven Robusta coffee powder samples, labeled as RC1 to RC7, and five black tea
bag samples, labeled as BTB1 to BIB5, were included. The criteria for selection
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required that the coffee samples be native Robusta from Lampung province,
while the black tea bags contained pure black tea without additives, ensuring
consistency in sample quality (BPS, 2021). These diverse samples enabled
comprehensive analysis of caffeine content across both beverages.

The research utilized a reverse-phase UHPLC system equipped with a C18
octadecyl silica column (250 x 4.6 mm, 5 um pore size) to perform both qualitative
and quantitative analyses. Coffee and tea samples were extracted using
optimized reflux techniques to prevent caffeine degradation. For coffee, the
extraction process involved refluxing for 1 hour, followed by centrifugation with
zinc ferrocyanide reagents, and chloroform extraction to isolate caffeine crystals
(Rahmawati et al., 2021). Tea samples underwent multiple chloroform extractions
and were ultrasonicated at 36°C to ensure complete dissolution of caffeine
crystals. Each extract was prepared for UHPLC injection by filtration through
0.45 pm syringe filters (Widhyani et al., 2021; Bina et al., 2020).

The UHPLC analysis was conducted using a mobile phase consisting of a
60:40 mixture of aquabidestillate and methanol under isocratic conditions at 1.0
mL/min flow rate. The caffeine concentration was determined based on the Area
Under Curve (AUC) values obtained from chromatograms detected at a
wavelength of 272 nm (Rahmawati et al., 2021). The data were processed by
inserting AUC values into a linear regression equation (y = b(x) + a) to calculate
caffeine content. The study's replication process ensured accurate measurement,
with caffeine concentrations expressed as %w/w for comparison across the
coffee and tea samples (Mutmainnah, 2017; Fajara, 2017).

RESULT AND DISCUSSION

This study utilized Lampung Robusta coffee powder obtained from
Pringsewu Regency, focusing on removing non-caffeine components such as
tannins, proteins, and lipids, which can disrupt UHPLC analysis by forming
colloidal particles (Nollet & Toldrd, 2015). To achieve this, the coffee samples
were subjected to a reflux extraction process, chosen for its suitability in handling
coarse-textured samples that resist direct heating (Utami et al., 2023). Reflux
extraction ensures the optimal isolation of caffeine by maintaining a consistent
temperature for one hour, balancing sufficient extraction without risking the
thermal degradation of caffeine (Rahmawati et al., 2021). The caffeine’s semi-
alkaloid nature and limited hydrophilic carbonyl groups necessitate careful
temperature management to maximize its solubility in water-based solvents.

In addition to reflux extraction, zinc ferrocyanide reagents were employed
to clarify the coffee extracts by precipitating large molecular components that
could interfere with UHPLC analysis (Padilla, 2017; Zhang et al., 2022). Zinc
acetate and potassium ferrocyanide were sequentially added to induce the
formation of a precipitate, isolating non-caffeine compounds while leaving
caffeine in the filtrate (Rahmawati et al., 2021, Wade & Aini, 2021). This step
ensures the removal of both colloidal materials and pigments that might cause
turbidity and obstruct accurate analysis (Nollet & Toldra, 2015). By using this
multi-step preparation process, the study ensures that the caffeine isolated is
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suitable for precise quantification using UHPLC. The reaction resulting in
colloidal formation from the combination of zinc acetate and potassium
ferrocyanide in the sample is illustrated in the below figure (Rahmawati et al.,
2021):

Zn2 + [Fe(CN)s] +— Znz[Fe(CN)e]|

This study utilized centrifugation to enhance the separation of zinc
ferrocyanide precipitates from the coffee filtrate, with the centrifugation
conducted at 4000 rpm for five minutes (Rahmawati et al., 2021). This process
was essential to eliminate non-caffeine colloids that could interfere with the
UHPLC analysis. Higher centrifugation speeds enhance sedimentation, whereas
lower speeds reduce it, affecting the clarity of the filtrate (Holkar et al., 2019;
Sulaiman et al., 2023). Following centrifugation, the filtrate was treated with 10
N NaOH, transforming caffeine into a stable salt suitable for further extraction
(Rahmadona et al., 2022).

Caffeine, as a weak monoacidic base, readily dissolves in organic solvents
like chloroform after alkali treatment. Chloroform was chosen for its efficiency in
isolating caffeine due to its low boiling point of 61-62 °C, which ensures rapid
evaporation without degrading caffeine molecules (Roossenda & Sunarto, 2016).
This ensures that the caffeine extracted remains stable during the evaporation
process, as caffeine's decomposition point is well above chloroform’s boiling
point at 178 °C (Atkins & Paula, 2014; Clayden et al., 2012). Using chloroform
instead of other solvents like diethyl ether or n-hexane further optimizes caffeine
isolation (Rahmawati et al., 2021).

In preparing black tea samples, a similar reflux extraction was applied,
followed by the addition of Pb(CHsCOO). to precipitate tannins and other heavy
compounds that could interfere with caffeine isolation (Mutmainnah, 2017;
Widhyani et al., 2021). The pH of the filtrate was adjusted with NaOH to ensure
caffeine's transition to a free base form, facilitating its subsequent extraction into
chloroform (Constructor et al., 2020). The extraction process was repeated three
times to ensure maximal recovery of caffeine from the tea filtrate.

During extraction, chloroform formed two distinct phases, with caffeine
dissolving into the chloroform phase (bottom layer), while other aqueous
components remained in the upper layer (Ramdan et al., 2022). The chloroform
extracts were combined and evaporated at 90°C to eliminate residual solvents.
This temperature ensured complete chloroform removal without compromising
caffeine’s structure (Irawati et al., 2018; Nugraheni et al., 2017).

The final stage involved caffeine crystallization, where the caffeine
crystals obtained from tea and coffee exhibited needle-like morphologies with a
brownish-yellow hue (Yunida et al., 2021). This appearance confirmed the purity
and identity of the isolated caffeine, aligning with previous research that
characterized caffeine crystals with similar physical properties (Builder et al.,
2020; Anonymous et al., 2021). The crystallization process thus ensured that the
caffeine isolated from both coffee and tea samples was of the highest purity,
ready for quantitative analysis.

The qualitative examination of the robusta coffee sample employs the
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Dragendorff reaction. The research findings are presented in Table 1. The colour
reaction test utilising Dragendorff reagent indicated that samples RC1, RC2, RC3,
RC4, RC5, RC6, and RC7 tested positive for caffeine.

Table 1. Results of qualitative tests of robusta coffee
Dragendorff reagent (orange precipitate)

Sample code

Positive Negative
RC1 +
RC2 +
RC3 +
RC4 +
RC5 +
RC6 +
RC7 +
Total 7 0

Annotation: RC (Robusta coffee

The sample's interaction with Dragendorff reagent, indicated by the
formation of an orange precipitate, confirms the presence of caffeine through the
creation of a potassium-alkaloid complex. This reaction occurs due to the
interaction between the nitrogen atoms in caffeine’s alkaloid structure and
potassium ions from potassium tetraiodobismutate (III) [Bil4] complexes,
resulting in coordinated covalent bonds (Halimatussakdiah et al., 2018; Azizah
et al., 2019). The potassium-alkaloid complex formation highlights the reagent's
effectiveness in detecting alkaloids by leveraging its metal-ion interactions, a
phenomenon also observed in other alkaloid assays (Kayaputri et al., 2014;
Auliah et al., 2024).

Dragendorff reagent, which contains bismuth, serves as a reliable tool for
alkaloid identification. It is produced by dissolving bismuth nitrate in
hydrochloric acid to prevent hydrolysis, ensuring the stability of bismuth ions
(Alviani et al., 2022). In this study, the observed orange precipitate aligns with
previous research findings, confirming that the substitution of nitrogen ligands
with iodine ions in the reagent facilitates precipitation, making the Dragendorff
reagent a valuable tool in caffeine and alkaloid detection (Rahmawati & Gustiani,
2023; Wigati et al., 2018). These results reinforce the consistency of caffeine assays
using this method across various studies. Simultaneously, the qualitative

analysis of black tea samples yielded results as presented in Table 2.
Table 2. Results of qualitative test of black tea bags
Parry reagent (Moss green color)

Sample code

Positive Negative
BTB1 +
BTB2 +
BTB3 +
BTB4 +
BTB5 +
Total 5 0

Annotation: RC (Robusta coffee
The qualitative analysis of caffeine in five black tea bag samples confirmed
the presence of caffeine using Parry reagents, yielding a positive green
coloration. This outcome resulted from the interaction of cobalt ions (Co?*) with
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the nitrogen moiety of caffeine, producing the characteristic green hue (Fajriana
& Fajriati, 2018, Anonymous et al.,, 2021). Acidic solutions were introduced
during testing to convert caffeine into its salt form, enhancing its reactivity with
the color reagent (Wilantari et al., 2018). Additionally, precision testing was
conducted using standard caffeine solutions at concentrations of 100, 150, 200,
and 250 ppm. The method's reliability was validated with a relative standard
deviation (RSD) below 2%, indicating high precision and confirming the

approach's validity for caffeine quantification (Sarmento et al., 2020).
Table 3. Percent (%) RSD Result

Replication AUC
100 150 200 250
1 196.097 318260 416.360  522.844
2 195330 315.870 410.379  522.623
3 194.017 315396  411.699  519.433
4 194137 314.623  414.853  521.181
5 195.814  313.457 415.659  523.966
6 195580 310,575 405533  516.304
7 193.309  306.611 402235 525.138
X 194.897  313.5417 410.9597 521.6412
sSD 1.065254 3.854306 5.367458 2.989331

%RSD 0.54657  1.22928  1.306079 0.573062
The accuracy and precision of an analytical method are essential for
determining its reliability (Tyas, 2021). Precision is evaluated by the recovery
percentage, also known as % Recovery, which reflects how well the method can
reproduce results (Harmita et al., 2019). According to Tyas (2021), an acceptable
recovery range typically falls between 80% and 120%, ensuring that the method
provides consistent and accurate outcomes within these limits. The results of the

accuracy test for the analytical method are presented in Table 4.

Table 4. Accuracy results
Concentration (PPM) Peak Area (AUC) % Recovery ~ Average % Recovery

100 196.097 97.429
150 318.260 102.714
99.881
200 416.360 99.779
250 522.844 99.605

y =2.1567 - 14.029

Accuracy is a critical component of method validation, reflecting how
closely the analytical results align with the actual concentrations of the analyte
(Ayuni, 2022). The % Recovery data, presented in Table 4, demonstrated
tavorable results within the acceptable range of 80-120%, validating the UHPLC
method for precise caffeine analysis. Additionally, the limits of detection (LoD)
and quantification (LoQ) were determined using signal-to-noise ratios of 3:1 and
10:1, respectively, through linear regression analysis of the caffeine standard
curve. The LoD was identified as 1.02, indicating the lowest concentration
detectable by the method, while the LoQ, calculated at 3.10, represents the
minimum concentration measurable with accuracy and precision under defined
conditions. These results confirm the robustness of the UHPLC method for
caffeine quantification.
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Table 5. LoD and LoQ results

Concentration (ppm) Lod LoQ
100
150 1.02 3.10
200
250

The chromatogram in Figure 2 provides the data needed to construct a
calibration curve correlating caffeine concentration with the Area Under the
Curve (AUC). The linear regression equation derived from the standard caffeine
curve is y = 2.1567x - 14.029, where y represents AUC and x indicates the caffeine
concentration, with an r-value of 0.998. This high r-value demonstrates strong
linearity, meeting the method validation requirements (Sarmento et al., 2020).
Using this equation, the caffeine concentration in Robusta coffee samples was
calculated by inputting the AUC values from their chromatograms. Among the
samples, RC3 exhibited the highest caffeine concentration, confirming the
robustness of the UHPLC method in distinguishing caffeine levels across

different coffee samples.
Table 6. Analysis of caffeine content in black tea samples.

Sample AUC Concentration Rate % 1x serving @8g 1 day
Code (pg/ml) (w/b) coffee (mg) (mg)
RC1 13.529 12.777 0.028 2.299 9.199
RC2 17.811 14.763 0.033 2.657 10.629
RC3 153.746 77.792 0.175 14.002 56.010
RC4 114.649 59.664 0.134 10.739 42.958
RC5 33.548 22.060 0.049 3.970 15.883
RC6 6.407 9.475 0.021 1.705 6.822
RC7 24.904 18.052 0.040 3.249 12.997

The data indicate that the caffeine concentration in Robusta coffee is
significantly higher than in black tea bags, influenced by various environmental
and agricultural factors such as altitude, temperature, rainfall, and nutrient
availability in coffee plantations (Komes & Vojvodi¢, 2014). Additionally, the
roasting process plays a critical role, as higher roasting temperatures reduce
caffeine levels in coffee beans (Fajriana et al., 2018; Virhananda et al., 2022).
Similarly, the caffeine content in tea is impacted by factors including plant
maturity, leaf age, cultivation conditions, and production methods, with carbon
dioxide levels also contributing to caffeine variations (Maria & Nofita, 2018). Both
Robusta coffee and black tea bag samples analyzed in this study were found to
have caffeine levels within acceptable legal limits, meeting the guidelines set by
the FDA and SNI 01-7152-2006, which cap caffeine intake at 150 mg per day and
50 mg per serving. If caffeine concentrations were higher, decaffeination would
be necessary to reduce potential health risks, but none of the samples exceeded
the regulatory threshold, ensuring compliance and safety.

CONCLUSION AND RECOMMENDATION

This study concludes that the caffeine content in Robusta coffee is
significantly higher than that in black tea, as confirmed by qualitative testing
using Dragendorff reagent, which produced an orange precipitate for coffee and
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amoss green solution for tea. The method validation showed high precision, with
an RSD of <2%, a recovery percentage of 99.88%, and strong linearity with an r-
value of 0.998. Additionally, the limits of detection (LoD) and quantification
(LoQ) were determined to be 1.02 and 3.10, respectively, confirming the
reliability of the UHPLC method. Among the tested samples, the RC3 Robusta
coffee exhibited the highest caffeine concentration at 26.00 mg per serving, while
the black tea sample BTB3 showed a maximum concentration of 2.44 mg per
serving. These results demonstrate that the caffeine levels in both beverages are
within safe consumption limits. Future research is recommended to explore
caffeine content from other sources for a broader understanding of its presence
across different products.

ADVANCED RESEARCH

Further research could focus on exploring the variations in caffeine
content across different processing methods or growing conditions for robusta
coffee and black tea, which may influence caffeine concentration. Additionally,
investigating the impact of other bioactive compounds in robusta coffee and
black tea on health outcomes could provide a more comprehensive
understanding of their benefits and risks. Future studies might also examine
consumer caffeine metabolism variations, considering factors such as age, health
status, or genetic differences, which could affect individual responses to caffeine
intake. Furthermore, expanding the study to include other regions or coffee and
tea varieties would allow for broader comparisons and insights. Lastly, assessing
consumer awareness and understanding of caffeine content and its effects could
support public health efforts to promote safe and informed consumption.
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