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 Tea (Camellia sinensis) is well known for bioactive metabolites especially 

polyphenols and caffeine, providing numerous health benefits, but the 

overconsumption of caffeine causes health risks to vulnerable people. The 

traditional decaffeination methods are primarily concerning potential chemical 

residues, the loss of beneficial compounds, the costly and complex processing. 

This study aims to evaluate an alternative decaffeination method by different 

adsorbents (Purolite C100, Mixbed and Mordenite Zeolite). In simulated 

caffeine solutions (400–2000 mg/L), the optimal adsorbent was MOR zeolite, 

Mixbed and Purolite C100. MOR Zeolite was applied in real green tea extract, 

yielding a caffeine removal rate of 85.895 ± 0.03% and adsorption capacity of 

10.194 ± 0.004 mg/g, while polyphenol removal rate of 21.079 ± 0.076% and 

adsorption capacity of 6.459 ± 0.023 mg/g. The kinetics models of MOR 

zeolite for caffeine systems were well represented by the pseudo-second-

order (PSO) model, while the pseudo-first-order (PFO) model fitted for 

polyphenol. 
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Introduction 

 

Tea (Camellia sinensis), is one of the popular recipes in 

Asian countries and now widely used around the world 

for health benefits of several bioactive compounds 

such as polyphenols, caffeine, fats, amino acids, 

flavoring chemicals, vitamins, chlorophyll and other 

substances. Polyphenols accounts for the majority dry 

weight of green tea and are reported for positive 

influence human health [1-5]. Meanwhile, caffeine is 

one the most popular stimulant and psychoactive 

substance in the world  [6, 7]. Caffeine is well known 

for its potential to enhance human health [8-10]. 

However, the overconsumption of caffeine can cause 

various adverse effects, especially toxicity leading to 

potentially life-threatening conditions, ranging from 

mild discomfort to severe toxicity, including life-

threatening complications such as seizures and cardiac 

arrhythmias [11-13].  

Several decaffeination methods have been developed 

to meet this demand, such as hot water extraction [14], 

ionic liquid [15-18], supercritical carbon dioxide 

processing [19-23] and membrane filtration [24-26]. 

However, the similar disadvantages of current 

decaffeination methods are the loss or alteration of 

flavor compounds and overall sensory quality; partial 

or non-selective removal of bioactive/health-beneficial 

compounds, energy-intensive or environmentally 

burdensome processes and technical complexity and 

strict process control. Adsorption-based techniques 
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have emerged as one of the most extensively 

investigated methods for caffeine removal, primarily 

due to their superior efficiency, ease of operation, and 

favorable environmental profile. This study experiments 

3 distinct classes of commercial adsorbents: Purolite 

C100, Mixbed ion-exchange resins, and MOR zeolite. 

Purolite C100 is a strong-acid cation-exchange resin 

(polystyrene-DVB matrix functionalized with sulfonic 

acid groups). Mixed-bed Indion MB-6SR resins are a 

combination of strong-acid cation and strong-base 

anion exchangers. Meanwhile MOR zeolite (Si/Al ≈ 10–

20) offers a microporous aluminosilicate framework 

with pore apertures of ≈6.5–7.0 Å, ideally suited to the 

molecular dimensions of caffeine (≈6.8 × 5.2 Å). Its 

high hydrophobicity/hydrophilicity balance and 

possesses a distinct two-dimensional pore system 

composed of large 12-membered ring (12-MR) 

channels (6.5 × 7.0 Å) interconnected with smaller 8-

membered ring (8- MR) channels (2.6 × 5.7 Å). The 

study aims to find the most effective adsorbent for 

caffeine removal with the ultimate goal of evaluating its 

adsorption behaviors in green tea extract. 

 

Experimental 

Chemical 

The MOR zeolite was synthesized by D.Lai [27] according 

to the technical notes provided by M.L. Mignoni [28]. The 

Purolite C100 (Cation Na+) was bought from Ecomax 

Water, which has polymer structure with divinylbenzene 

cross-linked polystyrene gel, acid sulfonic -SO3- functional 

group and Na+ ionic form. 

The Mixbed (Indion MB-6SR) was from India, which has 

polystyrene configuration linked with 2 groups primary 

sulfonic acid and trimethylamine, -SO3- (sulfonic acid) 

và -NR3+ (trimethylamine) functional groups and 

H+/OH- ionic form. 

Green tea leaves (C. sinensis) were sourced from a 

commercial plantation in Lam Dong Province, Vietnam. 

After being washed, the green tea leaves were 

removed from the hard branches, brown leaves, and 

wilted leaves, and steamed at 121oC for 5 minutes to 

inactivate the enzyme [29]. Then, the tea was ground 

by a food blender to recover the soluble substances, 

mixing with deionized water, the ratio of tea and water 

was 1: 3 (w/v) [30, 31]. The slurry was put into a filter 

cloth, and the press is used to squeeze out the residue 

to collect the extract. The extracted extract was roughly 

filtered using a filter bag with a pore size of 100 

microns and 25 microns. After dry filtration, the extract 

continued to be filtered through 2 polypropylene filter 

columns with a membrane pore size of 5 microns and 

1 micron. The extract was then stored at 4oC for 

following experiments. 

Other chemicals used in this study were of analytical 

grade and supplied by Sigma-Aldrich. 

Methods 

Green tea extract was assayed for total soluble solid 

content, total polyphenol, caffeine, pH, and antioxidant 

activity according to FRAP. 

The total soluble solid content of the tea extract was 

determined using a refractometer (Model 300010, Sper 

Scientific) at room temperature. Results were expressed 

as degrees Brix (◦Brix). 

Total polyphenol content was measured by ultraviolet-

visible (UV/Vis) spectrophotometry using Folin-

Ciocalteu assay at 765nm wavelength on UV-VIS 

spectrophotometer UV1100 in three replicates 

according to standard ISO 14502-1 [30]. 

Caffeine content was extracted from the infusion using 

chloroform and determined by UV–Vis 

spectrophotometry, with absorbance measured at 274 

nm in three replicates [31]. 

Antioxidant activity according to DPPH: The antioxidant 

activity of the extracts was evaluated on the basis of 

their ability to scavenge free radicals. This method is 

based on the ability of antioxidants to convert the stable 

free radical DPPH into its nonradical form, resulting in a 

color change of the solution from purple to yellow. The 

absorbance of the resulting mixture was recorded using 

UV–Vis spectrophotometry at 515 nm [30]. 

Antioxidant activity according to FRAP, the method 

operates on the principle that antioxidants convert the 

ferric–tripyridyl-triazine complex (Fe3+-TPTZ) into a 

blue ferrous form, which is measured by absorbance at 

595 nm [30]. 

Caffeine Adsorption Behavior in a Simulated Green Tea 

Extract Solution of Different Resins 

Sample preparation 

The simulation solution was prepared by dissolving 

99% crystalline anhydrous caffeine in distilled water at 

concentrations of 400 mg/L, 800 mg/L, 1200 mg/L, 

1600 mg/L and 2000 mg/L respectively. The purpose 

of using this solution is to remove interfering factors 

(such as complex systems between caffeine and 

polyphenols, minerals, proteins, etc.), factors that 

cause fouling of resin particles such as suspended 

particles in untreated natural tea water that will affect 

the ion exchange process. 
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Effects of pH 

Preparation: A simulated green tea solution with an 

initial caffeine concentration of 1600mg/L was 

prepared and the initial pH was modified to pH = 2, 3, 

4 and 5 using a 5% citric acid solution (pH = 1.81 ± 

0.02). The ratio of solution : adsorbent = 10 : 1 (v/w). 

Procedure: 10g of each adsorbent was added into a 

100mL Erlenmeyer with 100ml of each simulated 

solution, sealed and stirred at the speed of 200 r/min, 

at room temperature 30 ± 1oC. Then 1 mL aliquots 

were taken every hour for analyzing residual caffeine 

concentration until equilibrium. 

Adsorption capacity: reflected the amount of substance 

adsorbed per unit dry mass of the adsorbent – mg of 

substance/g of adsorbent (mg/g), at a given time Qt 

and at equilibrium Qe were determined by equation (3) 

and (4) 

 
(1)

 

 
(2)

 
where: Co – the initial adsorbate concentration (mg/L), 

Ct – adsorbate concentration at a given time (mg/L), Ce 

– equilibrium adsorbate concentration (mg/L), V – the 

volume of adsorbate solution (L), m – mass of the 

adsorbent (g). 

Removal efficiency: reflected the ratio of substance 

adsorbed by adsorbents compared to the initial 

concentration in the solution was determined by 

equation (3) 

 
(3)

 
where Co and Ce are the concentrations at the initial 

stage and at equilibrium, respectively. 

Kinetic model of caffeine adsorption 

Preparation: A simulated green tea solution with an 

initial caffeine concentration of 1600mg/L was 

prepared and the initial pH was modified to pH = 2 

using a 5% citric acid solution (pH = 1.81 ± 0.02). The 

ratio of solution : adsorbent = 10 : 1 (v/w). 

Procedure: 10g of each adsorbent was added into a 

100mL Erlenmeyer with 100ml of each simulated 

solution, sealed and stirred at the speed of 200 r/min, 

at room temperature 30 ± 1oC for 4 hours and the 

solution was collected for measuring residual caffeine 

concentration every 30 minutes. The kinetic data for 

caffeine adsorption were fitted to the pseudo-first-

order (PFO) and pseudo-second-order (PSO) models. 

Adsorption kinetics model 

The adsorption kinetic model explains the rate and 

mechanism of adsorption of contaminants onto the 

material surface, allowing prediction of treatment 

efficiency, optimization of operating conditions and 

design of adsorbent materials. The kinetics of the 

adsorption process is studied by two kinetic models: 

pseudo-first-order (PFO) (4) and pseudo-second-order 

(PSO) (5) [32, 33] 

 (4) 

 
(5)

 
where Qe - the adsorption capacity at equilibrium 

(mg/g); Qt - the adsorption capacity at time t (mg/g); t 

- the adsorption time (min); k1 and k2 - the first-order 

(1/min) and second-order (g/mg.min) rate constants, 

respectively. 

Isotherm model of caffeine adsorption 

Preparation: The simulated solutions with caffeine 

concentrations of 400 mg/L, 800 mg/L, 1200 mg/L, 

1600 mg/L and 2000 mg/L were adjusted to pH 2 with 

5% citric acid solution (pH 1.81 ± 0.02). The ratio of 

solution : adsorbent = 10 : 1 (v/w). 

Procedure: 10g of each adsorbent was added into a 

100mL Erlenmeyer flask with 100ml of each simulated 

solution, sealed and stirred at the speed of 200 r/min, 

at room temperature 30 ± 1 °C. The mixing time was 4 

hours for Purolite C100 and MOR zeolite, 7 hours for 

Mixbed, then the solution was settled and collected for 

analyzing residual caffeine concentration. The data for 

caffeine adsorption were fitted to the Langmuir and 

Freundlich models. 

Langmuir isotherm model [34] 

 
(5)

 
Where KL - equilibrium (affinity) constant, Qe – 

equilibrium adsorption capacity (mg/g) ,Qmax – 

maximum adsorption capacity on a monolayer (mg/g) 

and Ce – equilibrium adsorbate concentration (mg/L) 

Another index that can evaluate the compatibility of 

the Langmuir model is the dimensionless separation 

constant RL 

  
(6)

 
If RL = 0 – the model is irreversible, 0 < RL < 1 – the 

model is favorable adsorption, RL > 1 – the model is 

linear and RL > 1 – the model is unfavorable 

Freundlich isotherm model [35]: 

 
(7)

 

where both KF and  is Freundlich constant. If  = 0 – 

the model is irreversible, 0 < < 1 – the model is 
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favorable adsorption,  = 1 – the model is linear and  

> 1 – the model is unfavorable. 
 

Caffeine and polyphenol adsorption behavior of MOR 

zeolite in green tea extract 

Preparation: The green tea extract was adjusted to 

pH=2 by a citric acid 5% solution (pH = 1.81 ± 0.02). 

The ratio of solution : adsorbent = 10 : 1 (v/w). 

Procedure: 10g of MOR zeolite was added into a 

100mL Erlenmeyer flask with 100ml of green tea extract, 

sealed and stirred at the speed of 200 r/min, at room 

temperature 30 ± 1 °C, then the solution was collected 

every 30 minutes for analyzing residual caffeine and 

polyphenol concentration until equilibrium and the 

kinetic data for caffeine adsorption were fitted to the 

pseudo-first-order (PFO) and pseudo-second-order 

(PSO) models. 

Statistical analysis 

Each experiment was replicated three times (n = 3), 

with results that are presented as the mean ± standard 

deviation (SD). Statistical analysis was carried out using 

one-way ANOVA followed by Tukey–Kramer HSD post 

hoc tests using IBM SPSS Statistics 20. For all tests, a p 

value of less than 0.05 was considered to indicate a 

statistically significant difference. 

 

Results and discussion  

Components analysis of green tea extract 

The results showed in Table 1 that the total soluble 

solids content was 2.46 Brix, which showed that in 1L of 

green tea extract there were 2.46g of soluble solids. 

The pH of the tea extract was 4.63 ± 0.057, slightly 

acidic, which is similar to polyphenols and caffeine and 

can be explained by the large influence of the pH of 

the water used for processing during the process.[36, 

37]. 

Regarding the chemical components, total polyphenol 

content accounted for the largest component with 

124.57 ± 0.964 mg/g, and the total caffeine content 

was 48.246 ± 0.139 mg/g. Comparing to the previous 

study by Gonçalves Bortolini et al. (2021), the 

polyphenol content was in the range of 12.36 – 252.65 

mg/g while the caffeine content was higher than the 

reported data, 2.64 – 42.20 mg/g. Besides that, the 

total aluminum content Al in green tea extract was 

1.642 ± 0.001 mg/g, consistent with the surveyed 

content range of 0.272 - 3.26 mg/g in previous studies 

[38, 39]. This can be explained by the difference in 

origin, climate conditions, growth of different types of 

tea or maybe due to the conditions of the water source 

used in the process of processing the tea extract [37, 

40]. The antioxidant activity by FRAP method, Trolox 

concentration (μmol TE/g) was used to evaluate 

antioxidant activity, reaching a value of 171.028 ± 0.245 

μmol TE/g, which was fitted to the previous study with 

the antioxidant activity in the range of 164 - 175 𝜇mol 

TE/g [41] 

Table 1: Initial composition of green tea extract 

 

Caffeine adsorption behavior of different adsorbents in 

simulated solution 

Optimal conditions 

According to the results in caffeine removal efficiency, 

pH showed a significant impact on the adsorbents. 

Both Mixbed and MOR zeolite had the highest removal 

efficiency, 88.440 ± 0.01% and 89.089 ± 0.005%, at 

pH=2 and decrease gradually as pH increase. While 

the adsorption capacity and removal efficiency of 

Purolite C100 increase as pH increase from 2 and 

reached the maximum at pH = 3, 5.205 ± 0.002 mg/g 

and 32.534 ± 0.010% then decrease gradually from pH 

= 4 and 5. Moreover, Mixbed and MOR zeolite 

brought higher adsorption results, about 2-2.5 times, 

than Purolite C100. The decaffeination process of these 

materials occurs via adsorption, influenced by both the 

pKa value of caffeine (5.3 – 14) and the pH of the 

solution (pH = 2 – 3). When the pKa of caffeine is 

greater than the solution pH, the caffeine is 

protonated, becoming positively charged at the 

N8/N9, O11, and O12 groups [42, 43]. Caffeine has a 

high dipole moment, which increases with the polarity 

of the environment. This causes the positive charges 

on the caffeine groups to electrostatically interact with 

the negatively charged polar functional groups on the 

material surface, resulting in caffeine being retained on 

the adsorbent materials and removed from the 

solution [40]. Among the materials, mixed bed particles 

carry a negative charge due to the active SO3- group 

and OH- ions, which have the ability to interact 

electrostatically with a larger number of groups; MOR 

zeolites have a negatively charged aluminosilicate 

 Unit Value 

Total soluble solid Brix 2.46 ± 0.052 

Total polyphenol mg/g soluble solid 124.57 ± 0.964 

Total caffeine mg/g soluble solid 48.246 ± 0.139 

pH - 4.630 ± 0.057 

Antioxidant activity 

FRAP 

Trolox concentration 

(𝜇mol TE/g soluble solid) 
171.028 ± 0.245 
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framework (the extended isomorphic substitution of 

Si4+ by Al3+ in the tetrahedron, leading to a negative 

charge in the surrounding O-) and both yield high 

decaffeination results [44-47]. Meanwhile, cation 

exchange resins (Purolite C100) also have SO3- active 

groups, but the ions are in the form of Na+, which 

limits the decaffeination process (due to fewer 

electrostatically interacting groups) and results in lower 

efficiency under the same conditions. Didinedin’s 

research stated that pH had greatly influences on 

caffeine adsorption and  highly acidic solutions 

exhibited enhanced caffeine removal efficiency [39]. Or 

in another study of Bachmann et al. regarding the 

topic of caffeine removal by adsorption, studies have 

been compiled showing similar results: at lower pH, the 

caffeine adsorption capacity is higher [48]. The 

optimum pH depends on the surface charge of the 

adsorbent and the degree of ionization of the 

adsorbed molecules, so different pH values were 

optimal when evaluating different adsorbents used for 

caffeine removal [49]. From an application perspective, 

although pH = 2 is more acidic than typical beverage 

conditions and uncommon in industrial processes, 

particularly in extraction, purification, and food 

processing systems. Moreover, the adsorption step can 

be followed by a neutralization process to restore the 

pH of the final product. It is also important to note that 

the relatively mild operating temperature (30 ± 1°C) 

and controlled contact time help minimize the 

degradation of sensitive compounds, as reflected by 

the moderate loss of polyphenols observed in this study. 

Consequently, the pH = 2 was selected for other 

experiments due to high decaffeination efficacy in this 

study. Future researches should focus on optimizing the 

process under milder pH conditions while maintaining 

acceptable selectivity-performance trade-offs. 

With the increasing of caffeine concentration from 400 

to 2000 mg/L, the removal efficiency of all adsorbents 

decreased slightly when caffeine concentration 

increased, 37.022 ± 0.076 % to 22.382 ± 0.003% for 

Purolite C100, 88.734 ± 0.063% to 88.102 ± 0.006% for 

Mixbed, 89.204 ± 0.105% to 88.901 ± 0.004 % for MOR 

zeolite. This phenomenon can explain that initially the 

active sites of the adsorbent were still many, when 

increasing the caffeine concentration of the simulated 

solution, the larger the caffeine, the greater the 

adsorption force, this force was created from the 

concentration gradient, caffeine moved quickly 

towards the surface of the resin and the activity 

increased the interaction of caffeine with the active 

sites on the adsorbents [49]. During adsorption, 

caffeine molecules must first overcome the stagnant 

liquid film surrounding each adsorbent – a process 

governed by Fick’s first law. The flux, J, is given by J = k 

(C₀ – Cs), where k is the mass transfer coefficient, C₀ is 

the bulk concentration, and Cs is the surface 

concentration. When C₀ increases, (C₀ – Cs) grows, so 

more molecules penetrate the film per unit time [49-

52]. At low initial concentrations, the number of active 

sites were abundant relative to the number of caffeine 

molecules, leading to a high removal percentage. 

Conversely, at higher concentrations, the fixed number 

of active sites on the adsorbents became increasingly 

saturated, leaving a larger fraction of caffeine 

molecules unabsorbed in the solution and thus 

resulting in a lower overall removal efficiency. 

Adsorption kinetics  

Adsorption kinetic studies were conducted to 

investigate the rate of caffeine uptake by Purolite C100, 

Mixbed and MOR Zeolite to elucidate the rate-

controlling mechanism. To elucidate the adsorption 

mechanism, the kinetic data were analyzed using 

pseudo-first-order and pseudo-second-order models, 

with the corresponding parameters presented Table 2, 

the pseudo-second-order showed the best describe 

for Mixbed and MOR zeolite adsorbents due to higher 

coefficient of correlation and the consistency between 

its theoretical and experimental adsorption capacities 

and for Purolite C100 with higher coefficient of 

correlation but the consistency had larger difference 

than the pseudo-first-order. Therefore, all adsorbents 

well fitted the pseudo-second-order (PSO). The 

applicability of the pseudo-second-order model 

suggests that the rate-limiting step is the surface 

adsorption, where the removal from a solution is due 

to physicochemical interactions between the two 

phases [53]. Thereby, pseudo-second-order shows that 

the adsorbents share the same mechanism of chemical 

adsorption, rather than physical adsorption [54, 55]. 

The same results were obtained by several previous 

studies, the caffeine adsorption of adsorbents followed 

the pseudo-second-order [42, 48]. 

Adsorption isotherms  

Adsorption isotherms describe the distribution of 

adsorbate molecules on the adsorbent surface, thereby 

enabling determination of the adsorption mechanism 

under equilibrium conditions at a fixed temperature. In 

this work, the equilibrium data for caffeine adsorption 

onto Purolite C100, Mixbed and MOR Zeolite were 

obtained at room temperature by measuring the 

equilibrium capacity (Qₑ) at various equilibrium 

concentrations (Cₑ). To analyze these data, two well-



Vietnam Journal of Catalysis and Adsorption, 15 – issue 1 (2026) 34-43 

https://doi.org/10.62239/jca.2026.005 

39 
 

established isotherm models were employed: the 

Freundlich model, and the Langmuir model. Based on 

the data of Table 2, the Langmuir model demonstrates 

a better fit than the Freundlich model. The assumption 

of Langmuir model states that the surface of the 

adsorbent is homogeneous in energy, the adsorbed 

molecules form a monolayer on the solid phase 

surface. Besides that, the Freundlich exponent, 1/n, also 

known as the heterogeneity factor, is a crucial 

parameter that provides insight into the intensity of the 

adsorption and the heterogeneity of the active site. 

The magnitude of the 1/n value indicates the 

favorability of the adsorption process. A value in the 

range of 0 < 1/n < 1 signifies favorable adsorption on a 

heterogeneous surface, where high-energy sites are 

occupied first, followed by lower-energy sites. A value 

of 1/n > 1 would suggest cooperative adsorption. In 

this study, the calculated values of 1/n of all 3 

adsorbents were larger than 1, it was confirmed that 

the adsorption of caffeine onto the Purolite C100, 

Mixbed and MOR zeolite were not fitted. 

 

Table 2. Adsorption kinetic and adsorption isotherms parameters of Purolite C100, Mixbed and MOR zeolite 

adsorbents in simulated solution at room temperature 

 
Caffeine and polyphenol adsorption behavior in green 

tea extract 

MOR zeolite was selected as the most effective 

adsorbent for decaffeination. Based on Fig 1, MOR 

zeolite's caffeine adsorption behavior differed 

significantly between green tea extract and simulated 

solution, primarily due to the complex, multi-

component nature of the extract, which contains a high 

concentration of polar compounds, and the 

interference from competing ions and organic 

molecules. The MOR zeolite’s caffeine adsorption 

capacity in green tea extract increased gradually, 

reaching equilibrium after 240 minutes with 10.194 ± 

0.004 mg/g, which was lower than in the simulated 

solution of 17.780 ± 0.001 mg/g. Besides caffeine, a 

reduction in polyphenol content was also noted during 

the process. Similarly, the MOR zeolite’s polyphenol 

adsorption capacity also gradually increased with 

equilibrium at 6.459 ± 0.023 mg/g.  

The adsorption selectivity coefficient is an important 

parameter to evaluate an adsorbent's ability to 

preferentially adsorb one substance over another when 

both are present in the system. It is calculated 

according to the equation  

 

Here, Ce(caffeine) and Ce(polyphenol)  (mg/L) are the 

equilibrium concentrations of caffeine and polyphenol 

in the solutions, respectively; and Qe(caffeine) and 

Qe(polyphenol) (mg/g) are the equilibrium caffeine and 

polyphenol adsorption capacity, respectively [56]. This 

coefficient greater than 1 indicates preferential 

adsorption of caffeine over polyphenol, while values 

less than 1 suggest the opposite selectivity. The 

adsorption selectivity coefficient of caffeine versus total 

polyphenol was approximately 22.8, which represents 

exceptionally high selectivity for caffeine separation 

from polyphenolic compounds. A similar result was 

calculated to indicate preferential adsorption of 

caffeine over polyphenol showed the result of 22.5 

using polyvinylpolypyrrolidone (PVDF) for caffeine-

catechin separation [33]. For our specific objective of 

caffeine extraction from tea extracts, our material's 

selectivity coefficient of 22.8 (favoring caffeine 

adsorption) is particularly advantageous, being not 

only higher in magnitude than both literature examples 

but also sufficient for removing caffeine from green tea 

extract. The selective adsorption of caffeine was 

Adsorption 

kinetics 

Pseudo-first-order (PFO) Pseudo-second-order (PSO) Qe 

Qe 

(mg/g) 

k1 

(1/min) 

R2 

 

Qe 

(mg/g) 

k2 

(g/mg/min) 

R2 

 

exp 

(mg/g) 

Purolite C100 8.9 0.003 0.987 19.467 0.001 0.9945 4.406 

Mixbed 10.486 0.009 0.9596 17.252 0.006 0.9848 14.150 

MOR zeolite 10.673 0.021 0.9497 16.357 0.001 0.9924 14.254 

 

Adsorption  

isotherms 

Langmuir Freundlich 

 

KL Qmax R2 KF 1/n R2 

Purolite C100 0.059 7.391 0.9745 127.85 1.541 0.9629 

Mixbed 19.146 238.095 0.9401 12.031 1.035 0.9997 

MOR zeolite 36.444 434.783 0.9532 11.706 1.02 0.9999 
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explained in a research article of D.Lai [27], containing 

MOR zeolite’s material and surface analysis. Due to the 

reported results that crystal structure of MOR zeolites is 

such that the pores are spread throughout the crystal, 

allowing them to separate molecules with size 

differences as small as 1Å, and zeolites are size-

selective adsorbents [57]. This property reinforces their 

name as molecular sieves, which are widely used for 

separation of components based on size exclusion 

[58]. MOR zeolite possesses a distinct two-dimensional 

pore system consisting of large (6.5 × 7.0 Å) 12-

membered ring (12-MR) channels connected to smaller 

(2.6 × 5.7 Å) 8-membered ring (8-MR) channels [59, 

60]. Meanwhile, caffeine is a small molecule, measuring 

approximately 0.78 nm in length, 0.61 nm in width, and 

0.21 nm in height, making it the ideal size to be 

retained in the pores of zeolite [61]. In contrast, 

epicatechin—a relatively simple catechin and the 

dominant polyphenol in green tea extract—has a more 

complex molecular structure, characterized by two 

aromatic rings and five hydroxyl groups [62]. This 

allowed MOR zeolite to adsorb caffeine selectively and 

ensure minimal loss of polyphenols. However, there 

was still a certain number of polyphenols adsorbed but 

quite small for MOR zeolite due to the small size and 

the ability to access the pores in the structure of MOR 

zeolite [27]. The previous research of Damjanović, L., et 

al. also showed that the adsorption of polyphenol was 

based on molecular size hypothesis,  polyphenol could 

enter pores and bonded with zeolites through surface 

active sites [57]. The same results was reported in a 

research of N. Jiang et al., in which phenol could be 

adsorbed by zeolites but only revealed from the low 

adsorption capacity [63]. In addition, Nedić Vasiljević et 

al. studied that polyphenol created bonds with zeolite 

bonded through ferulic acid interaction with the 

functional groups such as -COOH, -CH3 and aromatic, 

which are relatively weaker and more surface-limited 

compared to the adsorption of caffeine [64].  

Moreover, the MOR zeolite adsorbent demonstrated a 

notable performance achieving 85.895 ± 0.03% 

caffeine removal rate in green tea extract which was 

also lower than in simulated solution of 89.089 ± 

0.006%, while preserving a majority of polyphenols 

with a loss of only 21.079 ± 0.076%. In fact that the 

there was a quantity of soluble solids in green tea 

extract solution that form a "cake layer" on the surface 

of MOR zeolite, increasing the diffusion path length 

and reducing the accessibility to the pores [50]. When 

caffeine was adsorbed on real liquids, the results were 

always lower due to competition in the adsorption 

process and fouling phenomenon, the “cake layer” 

formed on the surface of the adsorbent material [42]. 

In fact, zeolites are size-selective adsorbents: molecules 

which are to be adsorbed should be smaller than the 

pore size of the adsorbent, pollutant molecules with 

sizes larger than the pore opening of the zeolites can 

only be adsorbed on the external surface of the zeolite 

leading to covering, blocking and hindering caffeine 

from contacting the pores, and in this case adsorption 

efficiency was decreased [57].  

 

 
Fig 1: Caffeine and Polyphenol adsorption capacity and 

removal efficiency on MOR Zeolite as a function of 

time in green tea extract 

 

The kinetic analysis was then extended to the green tea 

extract to assess the impact of the complex matrix on 

the adsorption process. The same PFO and PSO 

models were employed to allow for a direct 

comparison with the single-component system 

previously studied. The R2 of pseudo-second-order 

was higher than that of pseudo-first-order (0.9741 > 

0.9319) and the Qe value of pseudo-second-order is 

closer to the experimental Qexp value. This showed that 

the caffeine adsorption of MOR zeolite is consistent 

with the pseudo-second-order (PSO) adsorption kinetic 

model. The adsorption of caffeine by zeolite takes 

place through the encapsulation process which was 

host-guest interaction (established between the 

functional groups of caffeine with the zeolite silanol 

groups) and parallel diffusion within the particles of 

caffeine molecules in the mesopores on the outer 

surface of the mineral particles [54]. The caffeine 

adsorption showed that the process fitted the pseudo-

second-order adsorption kinetic model and Langmuir 

isotherm model in most of the reports that were done 

[42, 48]. Besides that, for polyphenol, the results 

showed that the R2 of pseudo-first-order (PFO) was 

higher with 0.997 while that of pseudo-second-order 

(PSO) was only 0.9412 and the estimated Qe value of 

PFO was also closer to the experimental Qe. It can be 
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concluded that the MOR zeolite adsorption of 

polyphenol was consistent with the pseudo-first-order 

(PFO) adsorption kinetic model, following physisorption 

through hydrogen, dipole, ionic bonds...  [64]. 

Compared to a previous study of D.Lai [27], there was 

a difference in kinetic modeling can be attributed to 

the dominant rate-controlling mechanism, in which the 

adsorption process was well described by the pseudo-

first-order (PFO) model, suggesting that the diffusion 

and physisorption. Meanwhilte, in this research, the 

presence of coexisting soluble compounds and fouling 

phenomena likely increased mass transfer resistance 

and limited pore accessibility. As a result, the 

adsorption process became more dependent on 

surface interactions and intraparticle diffusion, leading 

to a better fit with the pseudo-second-order (PSO) 

model. Moreover, this difference may also arise from 

differences in raw materials, processing conditions, and 

pretreatment steps. Variations in tea composition and 

extraction procedures can significantly affect the 

concentration and nature of coexisting soluble 

compounds, thereby influencing fouling behavior and 

competitive adsorption. Furthermore, differences in 

zeolite synthesis and physicochemical properties (e.g., 

Si/Al ratio, crystal size, and external surface area) may 

alter pore accessibility and diffusion pathways. These 

factors collectively affect the rate-controlling step of 

the adsorption process, leading to different kinetic 

model fittings.  

The regeneration of adsorbents is a critical factor in 

evaluating the practical applicability of adsorption 

systems. In this case, the caffeine removal using 

mordenite (MOR) zeolite, the ability to restore 

adsorption capacity after saturation directly influences 

both economic feasibility and environmental 

sustainability. Although this study primarily focuses on 

adsorption performance, future work will systematically 

evaluate regeneration efficiency and adsorption–

desorption cycles to assess durability and performance 

retention. 

 

Conclusion 

 

This study successfully demonstrated the practical 

application of the decaffeination method by adsorption 

in green tea extract. All the adsorbents showed the 

capability of removing caffeine at the optimal 

conditions in simulated solutions, in which MOR zeolite 

removed the most of caffeine, then Mixbed and 

Purolite C100. From the experiments in simulated 

system, MOR zeolite was chosen as the optimal 

adsorbent and it was applied in green tea extract to 

evaluate. In green tea extract at the optimal conditions, 

pH=2, ratio of solution : adsorbent = 10 : 1 (v/w), 4 

hours and 30 ± 1oC, MOR zeolite was reported with 

caffeine removal rate of 85.895 ± 0.03% while 

polyphenol loss rate only 21.079 ± 0.076%. Kinetic 

studies revealed that caffeine adsorption in both 

simulated solutions and green tea extract well fitted the 

PSO model, whereas polyphenol adsorption process of 

MOR zeolite aligned the PFO model, indicating 

different adsorption behaviors between target and 

coexisting compounds. 

Importantly, the selective adsorption of caffeine by 

MOR zeolite can be strongly attributed to the 

geometric effects inherent to its microporous structure. 

The pore dimensions of MOR zeolite are comparable 

to the caffeine’s molecular size, allowing caffeine to 

effectively diffuse into the channels and bond with 

active sites. In contrast, polyphenol are larger and 

mostly blocked from entering the micropores, leading 

to the external surface adsorption, which is less 

favorable and more reversible. This molecular sieving 

effect not only enhances caffeine selectivity but also 

helps preserve valuable bioactive compounds in green 

tea extract. 

The results indicate that the potensstial application of 

the adsorption method in producing decaffeinated tea 

extract with all 3 different commercial adsorbents 

performed the capability of removing caffeine in 

simulated systems and MOR zeolite was the most 

effective. In real green tea extract, MOR zeolite 

exhibited a selective adsorption capacity for caffeine 

compared to polyphenols, a strong advantage 

compared to current applied methods. To enhance the 

effectiveness and practical applicability of this 

approach, future research should prioritize the 

assessing the effects of the adsorption process on 

other key tea constituents (e.g., amino acids and 

soluble sugars), optimizing the synthesis parameters of 

the adsorbent to better utilize locally available raw 

materials while increasing its specific surface area for 

greater adsorption efficiency, and examining the 

desorption characteristics and regeneration potential 

of the zeolite material. 
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