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Abstract

This study reports on the preparation of activated carbon using Aframomum angustifolium fruit shells (FPAA) and its
application for the removal of caffeine from aqueous solution. The activated carbon was prepared using KOH activation in
a 1:2 ratio, followed by pyrolysis at 500 °C for 1 h. The activated carbon (AC-K) was characterized using the point of zero
charge of potential of hydrogen (pHpzc), N, adsorption—desorption analysis, scanning electron microscopy—energy-dis-
persive X-ray spectroscopy (SEM—-EDX), X-ray diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR).
The surface of AC-K exhibited a mesoporous structure with an increased BET surface area from 335 to 407.6 m%/g. The
classical method and response surface methodology (RSM) using Box—Bohnken design (BBD) were used to optimize the
performance of AC-K to remove caffeine from aqueous solutions. The results indicated that the adsorption aligned best
with the Langmuir model (R?=0.996 and RMSE=0.3531), indicating the formation of a monolayer film. In addition, the
adsorption was described by the pseudo-second-order model (R?=0.995 and RMSE=0.017). The highest caffeine removal
efficiencies were 78.67 and 90.40% as determined using classical and BBD methods, respectively. Therefore, the prepara-
tion and use of an eco-friendly and previously unexplored precursor for activated carbon preparation is demonstrated in
the current study. This study contributes to sustainable waste valorization while offering a promising alternative material
for the removal of emerging contaminants such as caffeine from water systems.
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Introduction lakes, oceans, and groundwater (Li et al. 2020b). Caffeine

may bio-accumulate in living organisms in aquatic environ-

Caffeine (1,3,7-trimethylxanthine) is an emerging environ-
mental contaminant, largely due to its extensive use in phar-
maceuticals, beverages, and personal care products (Korekar
et al. 2020). It is naturally present in over 60 plant species
like coffee, tea, and cocoa (Reddy et al. 2024). The indus-
trial caffeine production is rising to meet growing global
demand (Korekar et al. 2020) as approximately 80% of
the world’s population consumes caffeine daily (Samoggia
and Rezzaghi 2021). However, 1-5% of consumed caffeine
is excreted in unchanged form (Yang et al. 2025). Conse-
quently, they enter into aquatic environments like rivers,
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ments and cause negative impacts due its toxic nature at
high doses (Rodrigues et al. 2025). The effects of caffeine
residues such as altered swimming and feeding patterns, as
well as increased mortality rates, were reported in Zebraf-
ish (Teixeira et al. 2025). Additionally, the development of
abnormalities in the cardiovascular, nervous and neuromus-
cular systems of Zebrafish embryos and larvae have been
observed (Clayman and Connaughton 2022). Therefore, the
removal of caffeine from the aqueous environment is highly
needed.

Conventional treatment techniques for the removal of
caffeine from aqueous systems have been widely investi-
gated (Rigueto et al. 2020; Rathinam et al. 2026). The tech-
niques that have been reported include biological processes,
chemical processes (advanced oxidation, flocculation-
flocculation), and physical processes (membrane filtration)
(Toniciolli Rigueto et al. 2020). Biological treatments, such
as activated sludge systems, can partially degrade caffeine;
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however, they are often limited by long retention times and
incomplete removal, especially at higher concentrations
(Toniciolli Rigueto et al. 2020). Advanced oxidation pro-
cesses such as ozonation and photocatalysis, can achieve
high degradation efficiencies; however, they are associated
with high operational costs, energy demand, and the poten-
tial formation of toxic by-products (Babuponnusami et al.
2023). Membrane-based technologies, such as nanofiltra-
tion and reverse osmosis, provide high removal efficiencies
but they suffer from membrane fouling, high maintenance
costs, and concentrate disposal (Abdulsalam et al. 2025).
Similarly, coagulation—flocculation methods are generally
inefficient for removing low-molecular-weight and highly
soluble compounds like caffeine. Thus, the adsorption has
emerged as a promising alternative in removing micropol-
lutants from water. It is regarded as one of the most effec-
tive methods for water remediation due to its operational
simplicity, effectiveness, and versatility in utilizing a broad
spectrum of adsorbent materials (Tran 2023).

Activated carbon (AC) is one of the highly effective
adsorbents due to its extensive porous network and large
surface area (Sharma et al. 2022). However, the commercial
AC from non-renewable sources, such as coals, lignite, peat
and petroleum pitch is expensive because its production
requires high energy (800-1000 °C) (Neolaka et al. 2023).
Thus, the development of alternative and cost-effective
methods for the production of AC from plant-sourced bio-
mass has attracted recent research attention. Consequently,
the use of abundant biowastes such as mango peels, nut-
shells, and straw for the preparation of activated carbon has
been reported (Ramutshatsha-Makhwedzha et al. 2022; Dao
and Le Luu 2020). The conversion of biowastes into AC
directly addresses the management of biowastes and pro-
vides a sustainable solution to water treatment (Ullah et al.
2024).

The plant species Aframomum angustifolium produces
fruits that are consumed as food in several African coun-
tries, including the Democratic Republic of Congo, Tan-
zania, and Uganda (Kyayesimira et al. 2019; Tugume and
Research 2020). Following the consumption, the fruit shells
are typically disposed of as waste in landfills. The accumu-
lation of this biowaste presents a growing environmental
challenge, as its natural decomposition in landfills releases
greenhouse gases such as methane that contribute to global
warming (Sri Shalini et al. 2021). Like many other forestry
and agricultural biowastes, these fruit shells are composed
of lignocellulose, primarily cellulose, hemicellulose, and
lignin (Parmar 2017). This chemical composition is suitable
for the preparation of AC, as it provides a robust carbona-
ceous framework that can be converted into a highly porous
structure. However, there is limited information on the use
of AC from A. angustifolium fruit shells and its application
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for the adsorption of caffeine from aqueous solutions.
Therefore, this study aimed to address this research gap by
attempting to prepare activated carbon from the biowaste
and investigate its performance for the removal of caffeine
from aqueous solutions.

Optimization plays a crucial role in improving process
efficiency, reducing energy consumption and maximizing
profit (Saghir et al. 2025; Zhang et al. 2023). Therefore, dif-
ferent conventional methods have been employed to deter-
mine the effect of individual factors on process outcomes.
Most of these methods are simple to apply; however, they
are often time-consuming, resource-intensive, and unable
to capture interactive effects among variables (Azeez et
al. 2022a). In contrast, statistical optimization techniques
based on the response surface methodology (RSM) offer a
systematic and efficient means of evaluating the combined
effects of multiple parameters simultaneously. They are
based on the application of the factorial design to establish
optimum experimental conditions. Among RSM designs,
the Box—Bohnken Design (BBD) has gained significant
attention due to a reduced number of experimental runs and
effective modelling of quadratic responses without requir-
ing extreme factor level combinations (Azeez et al. 2022b).
The method is helpful for the simultaneous study of the
experimental factors, optimization and interactions to deter-
mine the influence of multiple factors on the properties of
interest. Therefore, the application of RSM-BBD ensures
robust process modelling and enhances the reliability of
predicted optimum conditions (Adetokun et al. 2018). In
the current study, the conventional and RSM-BBD methods
were applied to optimize factors such as pH, adsorbent dos-
age, initial caffeine concentration, and adsorption time to
achieve optimal caffeine removal efficiency.

Materials and methods
Materials

Aframomum angustifolium fruits were collected from
Kasulu District, located in Kigoma Region, Tanzania.

Chemicals

Potassium hydroxide, KOH (85%) from Loba Chemie,
Mumbai, India, sodium dihydrogen orthophosphate,
NaH,PO,-2H,0 (98%) from a Fisher Scientific Interna-
tional Company, di-sodium hydrogenphosphate-2-hydrate,
Na,HPO,-2H,O (99.5%) from Riedel-deHaén, ethanol,
CH;CH,OH from Scharlau Chemical Company in Spain,
sodium hydroxide, NaOH (97%), sodium chloride, NaCl
(99.5%), hydrochloric acid (37%) and caffeine from Loba
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Chemie PVT Ltd, 107 Wodehouse Road, Mumbai 400005
India were used in this study.

Instrumentation

Muffle furnace from Medlab Scientific Equipments, Mum-
bai, India ,Oscillating water bath from Sheldon manufac-
turing, inc.300 N.26th CORNELIUS, OR97113, Porosity
analyzer, Quantachrome NovaWin©1994-2013, Qunta-
chrome Instruments V11.03, 6715 UV/Vis Spectrophotome-
ter JENWAY), X-ray diffraction (Malvern Analytical Aeris
Benchtop XRD), Scanning electron microscope (JOEL,
JSM-6610LV), and IRAffinity-1S Fourier transform infra-
red spectrophotometer-SHIMADZU.

Sample preparation

The sample preparation was performed following the
reported procedures (Kasazi et al. 2026). Briefly, 4. angus-
tifolium fruits were washed, peeled, and sun-dried for
1 week. The dried shells were ground into a fine powder
using a blender, sieved (125 um mesh), and stored in poly-
ethylene bags.

Preparation of AC

The preparation of AC followed the previously established
protocol with minor modifications (Chagu and Mwakalesi
2026). The shell powder (FPAA) and potassium hydroxide
(KOH) were mixed at an impregnation ratio of 1:2 (30 g
FPAA: 60 g KOH). The mixture was soaked in 600 mL of
distilled water for 24 h and then filtered using Whatman fil-
ter paper (125 mm diameter). The collected solid sample
was transferred to a crucible, and dried in an oven at 110 °C
for 36 h. The dried material was carbonized at 500 °C for 1 h
to produce KOH-activated carbon (AC-K) that was allowed
to cool for 1 h. The AC-K was then ground and soaked in
500 mL of a 20% ethanol-water solution for 3 h, and fil-
tered. The collected AC-K was then resoaked in 500 mL of
0.1 M hydrochloric acid (HCI) solution for 1 h to neutralize
basic residues. The AC-K was then washed repeatedly with
distilled water until the wash water reached a stable pH of
7. The washed AC-K was dried in an oven at 105 °C for
12 h and allowed to cool. Finally, the AC-K was ground and
resultant powder stored in a vial wrapped in a polyethylene
bag for subsequent use.

Characterization of AC
Surface area analysis was performed using the BET method

(Quantachrome NovaWin® v11.03, Quantachrome Instru-
ments). The functional groups of FPAA (precursor) and

AC-K were analyzed using FTIR spectroscopy (Shimadzu
IR Affinity-1S). For this, approximately 2.0 mg of the sam-
ple was mixed with 0.1 g KBr using a mortar and pestle,
compressed into pellets, and analysed using the FTIR
instrument. The surface morphology and elemental compo-
sition of FPAA and AC-K were examined using scanning
electron microscopy coupled with energy-dispersive X-ray
spectroscopy (JEOL JSM-6610LV SEM). The 100 mg of
sample was put on a clean aluminium stub with carbon tape
using a clean spatula. The stub was then placed in a sputter
coater with Pd/Au at a current of 20 A for 60 s. Then, the
stub was transferred to the SEM/EDS stage, secured, and
pumped down to the vacuum. The phase structure and gra-
phitic properties of FPAA and AC-K were analyzed using
an X-ray diffractometer (Malvern Panalytical Aeris Bench-
top XRD). The sample was further powdered to 10 um
and mounted to the sample holder provided by Aeris sys-
tem, and levelled using a glass slide. The sample was then
inserted in the X-ray tube (Cu-Ko, L=1.5415 A) of the XRD
machine and then scanned at 20 range of 5°-90°. The zero
point charge pH (pHpzc) was determined by the pH drift
method as previously described (Mpaka and Mwakalesi
2025). Briefly, solutions with different pH ranging from 2
to 12 were prepared using 0.1 M NaCl as background elec-
trolyte, with pH adjusted using 0.1 M HCl or 0.1 M NaOH.
The AC-K (50 mg) was added to 40 mL aliquots of each
pH solution and shaken for 24 h at an agitation speed of
100 rpm and 25 °C. Thereafter, the mixtures were filtered
for the determination of the final pH. The plot of final pH
versus initial pH was constructed to obtain the equilibrium
pH that reflects a zero charge pH (pHpzc).

Adsorption experiment

The adsorption experiments were performed in batch
mode by suspending the appropriate mass of adsorbent
(20-120 mg) in 5 mL of aqueous caffeine solutions of con-
centrations (20-600 mg/L). The mixture was then placed
in a water bath and agitated at 100 rpm. During the pro-
cess, sample aliquots were withdrawn at regular intervals.
The caffeine concentration in these aliquots was quantified
by measuring the absorbance at 276 nm using a UV—Vis
spectrophotometer (Rzyska-Szczupak et al. 2025). The
performance was evaluated using removal efficiency (%)
and equilibrium adsorption capacity (Q) determined using
Egs. 1 and 2.

R(%) = (CC;C) x 100 (1)

C*o - Ce

m

Qe = xV 2
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where R is the removal efficiency of caffeine (%), C, (mg/L)
is the initial concentration of caffeine (mg/L), C, (mg/L) is
the concentration of caffeine at equilibrium, O, (mg/g) is the
adsorption capacity, m (g) is the mass of AC, and V' (L) is the
volume of caffeine solution.

Results and discussion
Characterization of AC-K adsorbent
N, adsorption—desorption analysis

Surface area of AC-K was characterized using the N,
adsorption—desorption analysis. The BET surface area of
AC-K increased to 408 m?/g from 336 m?/g of the precursor,
FPAA (Table 1). The observed increase in the surface area
was possibly caused by the removal of volatile compounds
to create a highly porous AC. This thermal decomposition
releases gases like CO and CO,, tearing open the internal
structure of the material to develop pores (Tihay and Gillard
2010). The process, often enhanced by high temperatures
and chemical agents, leaves behind a carbon skeleton with
vastly increased surface area. The temperature of (500 °C)
was used for the activation process performed in the cur-
rent study as the temperature greater than 500 °C produced
low yield. Furthermore, the total pore volume increased
from 1.186 to 1.880 cm?/g, while the average pore diam-
eter increased from 0.605 to 0.682 nm. The pore volume
increased from 0.292 to 0.390 cm?/g, and the pore surface
area increased from 185.874 to 240.480 m?/g. The observed
increase in the total pore volume and pore volume aligns
with findings reported for the preparation of activated car-
bon using cashew nut shell biomass (Fonseca-Bermudez
et al. 2024). The significant increases in BET surface area,
total pore volume, average pore size, pore volume, and pore
surface area in AC-K compared to FPAA demonstrate its
suitability as an effective adsorbent.

The findings for the N, adsorption—desorption isotherm
(Fig. la, b) showed that the FPAA and AC-K exhibited a
type IV adsorption—desorption isotherm, demonstrating the
presence of a mesoporous structure (Guan et al. 2024). Sim-
ilarly, the pore size distribution of the AC-K, as presented in
Fig. 1c (BJH) and Fig. 1d (DFT), indicated the presence of
mesopores. A similar AC with mesopores prepared using a
mixture of rice husk and beet sugar was also reported (Kum-
agai et al. 2013). The mesoporous structure improves the
rate of adsorption by facilitating faster diffusion of larger
molecules (Valencia et al. 2019). Therefore, the mesoporous
structure is a possible indicator that the prepared activated
carbon is a versatile adsorbent for the removal of various
contaminants.
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BIH pore surface area (m%/g)

185.874
240.480

BJH pore diameter (nm)

3.391

BIH pore volume (cm®/g)

0.292
0.390

Average pore size (nm)

0.522
0.682

Total pore volume (cm’/g)
1.186

1.880

BET surface area (m?%/g)

335.809
407.645

Table 1 BET surface, total pore volume, average pore size, pore volume, pore diameter, and pore surface area of FPAA and AC-K

Type of material

FPPA
AC-K

3.374
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Fig. 1 Adsorption—desorption isotherms of FPAA (a) and AC-K (b) with BJH pore size distribution (¢) and DFT pore size distribution (d)

SEM-EDX analysis

Scanning electron microscopy (SEM) was employed to
analyze the morphological changes that occurred during the
activation processes. The findings (Fig. 2a) showed that the
precursor material (FPAA) exhibited a relatively smooth
surface with no observable porosity. However, the surface
of AC (Fig. 2b) displayed a highly textured surface with
distinct, randomly distributed pores. This enhanced porosity
is possibly attributed to structural modifications induced by
KOH chemical activation and subsequent pyrolysis. Dur-
ing pyrolysis, KOH acts as a dehydrating agent, promoting
the decomposition of the lignocellulosic framework and
the release of volatile matter. Concurrently, it reacts with
carbon atoms in a series of redox reactions, which actively
etch the carbon matrix. This corrosive action creates mostly
mesopores and widens existing pores, while the subsequent

release of gaseous products (such as H2 and CO) upon fur-
ther heating contributes to the development of a highly
porous and high surface area structure. The observed trans-
formation from a relatively smooth to a roughened, porous
morphology aligns with findings previously reported (Ibra-
him et al. 2024). Thus, the generated porosity provides the
extensive surface area and active sites necessary for the
adsorption process.

The elemental composition of the FPAA (Table 2 and
Fig. S1) and the AC-K (Table 2 and Fig. S2) provides
direct evidence of the chemical transformations induced by
the activation process. The analysis revealed a significant
enrichment in carbon content alongside a sharp decline in
oxygen content within the AC-K sample. This inverse rela-
tionship is an indicator of the successful carbonization and
activation. The process facilitates a series of dehydration,
decarboxylation, oxidation and dehydrogenation reactions,
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Fig.2 SEM images (a) FPAA (b) AC-K

Table 2 Elemental compositions of FPAA and AC-K

Element Weight % of FPAA Weight % of AC-K
C 49.96 84.53
(o) 46.72 14.31
N 2.07 -

Na - 0.01
Mg 0.49 0.53
P 0.18 -

Cl - 0.06
K 0.45 0.07
Ca 0.05
Fe 0.05 -
Mn 0.06 -

which cleave and remove heteroatoms (O, H, N) in the form
of volatile gases like H,0, CO, CO,, NO,, NO and CH,
(Durak et al. 2026). Reports indicated that cellulose, hemi-
cellulose and lignin components of the precursor materials
decompose during the pyrolysis process (Tan et al. 2015).
The removal of non-carbon elements is linked to the devel-
opment of the material’s porosity. As these volatile com-
pounds are expelled, they create a network of pores within
the carbon matrix that increases the surface area. Conse-
quently, the changes observed correlate with the develop-
ment of the highly porous structure that determines the
effectiveness of activated carbon.

XRD analysis

The structural changes introduced during the development
of the activated carbon were analyzed using X-ray diffrac-
tion (XRD). The results (Fig. 3) indicated that the FPAA
spectrum exhibits broad peaks at 20~20°, 35° and 43°,
while AC-K shows peaks at 20~15°, 24° and 43°. The
peak at 260=~24° in AC-K corresponds to the (002) diffrac-
tion plane of graphitic carbon, indicating the development
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of graphite-like layered structures or an enhanced stacking
order within carbon sheets (Nandi et al. 2023). The peak at
20~=43° for AC-K represents the (100) plane of graphitic
carbon. This peak is broader and less intense in both materi-
als, reflecting a disordered carbon structure. Its persistence
in AC-K suggests partial graphitization or alignment of aro-
matic rings occurred during activation (Mohite et al. 2024).
The shift of the broad diffraction feature from 20~=20° in
FPAA to 20~15° and 24° in AC-K indicates an increase
in the interlayer spacing between graphitic sheets result-
ing from the activation process (Minakshi et al. 2024). The
broad nature of all observed peaks confirms that AC-K pos-
sesses predominantly amorphous character (Phuoc et al.
2023).

FTIR analysis

The FTIR results (Fig. 4) showed that the FPAA spectrum
exhibits characteristic peaks at 1029 cm ™! and 1251 cm™'
(C-0), 1381 cm™' (CH; or N=0), 1610 cm ' (C-N),
1724 ecm™' (C=0), 2980 cm ' (C-H stretch), 3344 cm™'
(O-H), and 3658 cm™! (free O—H) (Megherbi et al. 2025;
Pavia et al. 2001). In contrast, the AC-K FTIR spec-
trum showed the disappearance of the broad O-H peak at
3344 cm™! | indicating the possible removal of oxygen-con-
taining groups through dehydration or decarboxylation that
occured during the activation. The disappearance of peaks
at 2980 cm™ ' (C-H), 3344 cm ™! (O-H of alcohol, phenol),
and 3660 cm ™! (free O—H) was also observed. The observed
disappearance was due to thermal degradation during the
pyrolysis and reactions caused by KOH. The AC-K showed
appearance a new peak at 1583 cm™! (C=C) and retained a
peak with reduced intensity at 1029 cm™! (C-0) due to a
new bonding environment. The similar peaks were previ-
ously reported in rice husk biochar (Miotto et al. 2024).
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Fig.4 FTIR results for FPAA and AC-K

Adsorption study
Effect of pH

The solution pH influences the adsorption process by affect-
ing both the adsorbent surface charge and adsorbate specia-
tion. The zero point charge pH of AC-K was determined as
6.0 (Fig. 5b), indicating a neutral surface charge at this pH.

on the FTIR spectrum for AC-K (Fig. 3 and Table S1). The
adsorption of caffeine using a similar nature of interactions
was also reported by others (Mahgoub et al. 2024). Though
the highest removal (70.19%) and adsorption capacity
(0.7 mg/g) occurred at pH 8, pH 7 (68.22% and 0.68 mg/g)
was selected as optimal for environmental relevance, as
most natural waters exhibit near-neutral pH. The selection
of a similar pH for the adsorption of caffeine as in this study
was reported in a previous study (Mahgoub et al. 2024).
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Fig. 5 Effect of pH on the adsorption of caffeine. Experimental condi-
tions: Solution pH (2-8), dosage of adsorbent (20 g/L), initial concen-
tration of caffeine (20 mg/L), solution temperature (298 K), agitation
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Fig.6 Effect of dosage of adsor- 80 16
bent on the adsorption of caffeine. mm RE % —o—Qe
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(298 K), agitation speed (100 rpm) 192
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Effect of adsorbent dosage site accessibility (Rahmawati et al. 2024). The increase in

the removal efficiency is possibly attributed to increased

The influence of AC-K adsorbent dosage on caffeine
removal efficiency is shown in Fig. 6. Increasing AC-K
dosage from 4 to 20 g/L enhanced removal efficiency from
54.35 to 68.22%, attributed to greater availability of active
adsorption sites. However, further dosage increases beyond
20 g/L resulted in slightly diminished efficiency (57.18% at
24 g/L), likely due to particle aggregation causing reduced
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adsorption sites due to increased dosage of AC (Alawa et al.
2025). Conversely, the adsorption capacity of caffeine using
AC-K decreased as the adsorbent dosage increased from
1.358 mg/g at 4 g/L to 0.409 at 24 g/L adsorbent dose. This
was due to too much adsorbent, which led to a reduction
in caffeine amount per unit mass of adsorbent. The similar
findings on the increase of removal efficiency and decrease
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in adsorption capacity as dosage increased were previously
reported on the adsorption of methyl orange and methylene
blue using activated bio-carbon made from birchwood (Lee
et al. 2024) and the adsorption of methylene blue using oak
charcoal-based activated carbon (Koubhi et al. 2023).

Effect of initial concentration

The effect of initial caffeine concentration on removal
efficiency and adsorption capacity using AC-K is shown
in Fig. 7. The results showed that the removal efficiency
increased as the initial concentration of caffeine increased
up to an optimal concentration. The maximum removal effi-
ciency (78.67%) occurred at 100 mg/L. Beyond this thresh-
old, a decrease in efficiency was observed. The observed
increase in the removal efficiency was possibly attributed
to increased driving force for adsorption and more mole-
cules to interact with the adsorbent’s active sites. However,
as the initial concentration becomes too high, the adsorp-
tion efficiency can decrease because the adsorbent’s limited
active sites become saturated, making it unable to adsorb
all the available molecules (Banerjee and Chattopadhyaya
2017). This trend aligns with Rahmawati et al. (2024), who
reported similar concentration-dependent behaviour during
the removal of ceftriaxone and ciprofloxacin using corn cob-
derived graphene oxide (Rahmawati et al. 2024). In both
studies, the removal efficiency increased with concentration
until reaching a saturation point. In contrast, the adsorption
performance of caffeine using AC-K increased as the ini-
tial concentration increased. A similar finding related to an
increase in removal efficiency up to a certain threshold and
an increase in adsorption capacity without a threshold level

on the adsorption of caffeine was previously reported using
multi-wall carbon nanotube (Bahrami et al. 2017).

Adsorption isotherm

The Langmuir, Freundlich, and Temkin isotherm models
were studied to evaluate the nature of the adsorption pro-
cess. The experimental data were fitted to nonlinear iso-
therm equations (Table 3) to determine model adherence.
As shown in Table 3 and Fig. 8, the adsorption of caffeine
onto AC-K conformed to the Langmuir model, as its R?
value is close to 1 (0.996) compared to that of Freundlich
(0.951) and Temkin models (0.946). Also, the root mean
square error (RMSE) value (Eq. 3) for Langmuir was lower
(0.3531) compared to RMSE values for Freundlich (1.7719)
and Temkin model (0.6376), further confirming the best fit of
Langmuir model and 0.951 for Freundlich. The observations
indicate that the adsorption process involves the formation
of a monolayer film, with no interaction between adsorbed
caffeine molecules. The maximum adsorption capacity of
22.02 mg/g obtained from the fitted model (Langmuir). The
adsorption capacity reflects favorable interaction between
caffeine molecules and the AC-K surface, primarily through
n -m-interactions, hydrogen bonding, Van Der Waal forces
(dipole—dipole interactions and London dispersion forces)
and pore filling. A similar finding on fitting to the Langmuir
model was previously reported on the adsorption of caffeine
and acetaminophen adsorption using biomass-derived acti-
vated carbon (Melliti et al. 2024).

Fig.7 Effect of initial concentra- 90 18
tion of caffeine. Experimental e RE (%) =o=Qe (mg/g)
conditions: dosage of adsorbent 80 16
(20 g/L), initial concentration (20—
600 mg/L) of caffeine, temperature
(298 K), agitation speed (100 rpm) 70 - - 14
and contact time (1 h)
60 12
=)
2 50 10 5
W E
40 8 @
(¢
30 | 6
20 4
10 2
0 0

20 50

100 200 300

400 500 600

Initial concentration of caffeine
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Table 3 Langmuir, Freundlich
and Temkin adsorption isotherm
parameters for the adsorption of

caffeine on AC-K

Fig. 8 Langmuir, Freundlich

and Temkin isothermal models.
Experimental conditions: dosage of
adsorbent (20 g/L), initial concen-
tration (20-600 mg/L), temperature
(25 °C), agitation speed (100 rpm)
and contact time (1 h)

Model Equation Parameters Value
Langmuir Qe = Qli;f*zgc Qnax (Mg/g) 22.02
K (L/g) 0.011
R? 0.996
RSME 0.353
Freundlich Qu s, CLI™ Kp(mg/g)(L/mg)" 0.916
n 1.896
R? 0.951
RSME 1.772
Temkin Qe = %m(KTC’e) b (J/mol) 4.342
K (L/g) 0.149
R? 0.987
RMSE 0.638

Where Q,,,, (mg/g) is the adsorbent’s maximum monolayer adsorption capacity, Ce (mg/L) is concentra-
tion of adsorbate at equilibrium, q, is the adsorption capacity at equilibrium, K; is the Langmuir con-
stant which is related to free energy of adsorption (L/mg), K. is the Freundlich constant which indicates
adsorption capacity (mg/g), n is the adsorption intensity (dimensionless), K is the Temkin constant (L/g),
b is the heat of adsorption (J/mol), T is the absolute temperature (K) and R is the universal gas constant

(8.314 Jmol ' K1

18
16
14
12 1
© 10+
O
E 3.
o 6 = Experimental data
] —— Langmuir Model
4 —— Freundlich Model
5] —— Temkin model
0 .
50 100 150 200 250 300
C. (mg/L)

RMSE =

S|

where e eap, experimental adsorption capacity value,
Ge,preq predicted adsorption capacity value from the model,

n
Z (qe,exp - qe,pred)2
=1

and 7 is the number of data points.

@ Springer

(€)

Adsorption kinetics

The kinetics of caffeine adsorption onto AC-K were inves-
tigated by monitoring uptake over time intervals ranging

from 0 to 300 min. To elucidate the adsorption mechanism
and rate-controlling steps, experimental kinetic data were

analyzed using nonlinear regression using four kinetic mod-
els (as detailed in Table 4). Among these, the pseudo-sec-
ond-order (PSO) model provided the most relevant fits for
this system, as shown in Table 4 and Fig. 9. The nonlinear
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Table 4 Kinetics parameters for the adsorption of caffeine on AC-K

Kinetic model Equation Parameter Value
Pseudo-first order Qi—Qe(1 — efklt) R? 0911
Q. (mg/g) 7.002
Q. (mg/g) 7.392
k, (s 0.14594
RMSE 0.108
Pseudo-second order Qi = - Q2 kot R? 0.995
+Qchat Q,." (mg/g) 7.454
Q. (mg/g) 7.392
k, (Lmol 's™h 0.03204
RMSE 0.017
Elovich Qi=Lin(aBt + 1) R? 0.883
o (mg/g) 26.329
B (mg/g) 1.312
RMSE 0.930
Weber’s intraparticle diffusion Q. = kdifthl/2 +C R? N 0.618
kg (mg g min~ ") 0.218
C (mm) 4.537
RMSE 7.154

Where Q, is the amount adsorbate adsorbed at equilibrium (mg/g), Q, is the amount of adsorbate adsorbed at any time (mg/g), t is the adsorption
time (min), o is the initial adsorption rate (mg/g min), f is desorption constant, which is related to the surface coverage and activation energy
of chemisorption (mg/g), k4 is the intraparticle diffusion rate constant (mg g’ min~"?) and C is the thickness of boundary layer (mm), k, is the

first rate constant (s ) and k, is the second rate constant (L mol™* s7%)

regression analysis yielded correlation coefficients (R?) of
0.911 for the PFO model, 0.995 for the PSO model, 0.883
for the Elovich model and 0.618 for Weber’s intraparticle
diffusion model. The exceptionally high R? value for the
PSO model, very close to 1 (0.995), strongly indicates that
the adsorption of caffeine onto AC-K predominantly fol-
lows PSO kinetics. Additionally, the determined root mean
square error (RMSE) value for PSO was lower (0.017) com-
pared to those of PFO (0.108), Elovich (0.930) and Weber’s
intraparticle diffusion (7.154). The dominance of PSO kinet-
ics suggests that the overall adsorption rate is proportional
to the square of the availlable adsorption sites or adsorbate
concentration. This finding aligns with previous research
on the adsorption kinetics of organic contaminants, such as
phenol and methylene blue, onto activated carbons derived
from non-woody waste biomass (Thithai et al. 2025).

Comparative study

The caffeine adsorption performance of AC-K from aque-
ous solutions was compared with other adsorbents based on
adsorption capacity and removal efficiency (Table 5). AC-K
achieved a maximum adsorption capacity of 22.02 mg/g
and 78.67% removal efficiency. The observed performance
of AC-K is lower than that of the activated carbon/alginate
(ACA) (725.05 mg/g, 97.32%) and coconut leaf-derived AC
(73.13 mg/g). The observed higher performance could be
attributed to their larger surface areas of 678.03 m%/g and
720 m*/g for AC from coconut leaf, and activated carbon/

alginate (ACA), respectively. AC-K with the surface area
of 407.645 m?/g demonstrates superior adsorption capac-
ity (22.02 mg/g) compared to some adsorbents, such as
oxidized pine needle biochar (6.26 mg/g), fique bagasse
biochar (9.129 mg/g), and engineered tea-waste biochar
(15.4 mg/g). The observations indicate that AC-K is a poten-
tial adsorbent for removing caffeine and related organic pol-
lutants from aqueous solutions.

Optimization of adsorption process using RSM
model

Box-Bohnken design

Response surface methodology (RSM) was implemented
using Design-Expert® Software Version 13 to optimize
adsorption conditions via a Box—Bohnken design (BBD),
with experimental parameters detailed in Table 6. The BBD
approach evaluates the interactive effects of multiple fac-
tors on adsorption performance. Four variables examined
were solution pH, caffeine initial concentration, adsorbent
dosage, and adsorption time. The experimental matrix com-
prised 29 randomized runs (Table 7), assessing AC-K’s
caffeine removal efficiency across variable combinations,
presenting both actual and predicted outcomes (Table 7).
The results demonstrated significant response variation,
with removal efficiencies ranging from 30.04 to 90.40% for
actual outcomes, and from 28.95 to 91.88% for predicted
outcomes.
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Fig.9 Kinetics for the adsorption of caffeine on AC-K

ANOVA analysis

Analysis of variance (ANOVA) was employed to evaluate
the influence of independent variables on the performance
of the fitted quadratic polynomial model describing caffeine

Table 5 Caffeine adsorption capacity of different adsorbents

Table 6 The Box Bohnken design (BBD) of independent variables for
the adsorption of caffeine

Variables Unit Symbols Level of variables
-a 0 +a
Solution pH A 2 5 8
Concentration of caffeine  mg/L B 20 60 100
Dosage of adsorbent g/L C 11 20
Adsorption time min D 5 62.5 120

removal by AC-K (Table S2). The results demonstrate the
model’s high statistical significance. An exceptionally high
model F-value of 241.06 for removal efficiency indicates a
robust model, with only a 0.01% probability that this value
could arise from random noise. The very low regression p
value (<0.0001) further confirms the model’s significance.
Among the 14 model terms, 11 model terms were statisti-
cally significant (p<0.05): B, C, AB, AC, AD, BC, BD,
CD, A%, B2, 2, and D% The remaining three model terms
(A, D, and CD) were excluded from the final model equa-
tion because they were insignificant (p>0.05). The selec-
tive retention of significant terms in the equation enhances
the model’s predictive capability and theoretical relevance.
A similar finding was previously reported (Ambarita et al.
2023).

Model validity was further confirmed through diagnostic
metrics (Tables S2 and S3). The lack of fit F-value (2.33) was
not significant relative to pure error (p=0.2105), indicating
a 21.05% probability that it could result from noise. The
observed non-significant lack of fit is desirable, confirm-
ing that the model adequately describes the experimental
data. Additionally, the close agreement between predicted
R? (0.9786) and adjusted R* (0.9917) with a difference of
only 0.0131 (<0.2) supports model adequacy. This similar
results was previously observed (Grich et al. 2025). The
Adeq precision value of 51.362, substantially exceeding the
threshold of 4, indicates a strong signal-to-noise ratio.The
similar finding was previously reported (Ayele et al. 2022).

Adsorbent materials Kinetic and isothermal model ~ Surface Dosage pHpzc of  Solu- g, RE % References
area and initial adsorbent tion (mg/g)
(m%*g)  concentration pH
AC from coconut leaves PSO 678.03 - 7.9 4 73.13 - Oliveira et al.
Redlich-Peterson (2022)
Ficus Benjamina zero-valent PSO - 0.2 gL - 5 3434 86 Abdel-Aziz
iron/copper nanoparticles Langmuir 5 mg/L et al. (2020)
Oxidized biochar obtained PSO - - - 4 6.26 - Anastopoulos
from pine needles Freundlich and Langmuir et al. (2020)
Fique Bagasse Biochar Freundlich, Langmuir and - - - 6 9.129 - Correa et al.
Redlich-Peterson (2019)
Activated carbon/alginate PSO 790 0.lg - 7 725.05 97.32 Mahgoub et
(ACA) Freundlich and Langmuir 0.5 mg/L al. (2024)
Engineered tea-waste biochar Freundlich and Temkin 576.09 1g/L - 3.5 15.4 - Keerthanan
50 mg/L et al. (2020)
AC from FPAA (AC-K) PSO Langmuir 407.645 20 ¢g/L 6.0 7 22.02  78.67 This study
100 mg/L
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Table 7 Design matrix and response value for both actual and expected values for the adsorption of caffeine

Run Factor 1 Factor 2 Factor 3 Factor 4 Response efficiency %
A: pH B: Initial C: Adsorbent D: Adsorption Actual Predicted
concentration (mg/L) dosage (g/L) time (min)
1 2 20 11 62.54 52.41 52.15
2 2 60 11 120 85.82 84.30
3 5 100 2 62.5 30.04 28.95
4 5 20 11 5 57.31 59.11
5 5 100 20 62.5 87.48 86.81
6 8 60 20 62.5 77.22 77.88
7 2 60 20 62.5 90.4 91.88
8 5 60 20 5 87.76 87.95
9 5 60 20 120 86.64 86.27
10 8 100 11 62.5 59.87 61.43
11 5 20 11 120 65.94 67.90
12 8 60 2 62.5 49.13 48.72
13 5 20 2 62.5 36.06 34.37
14 5 60 11 62.5 87.38 86.84
15 5 60 11 62.5 86.5 86.84
16 8 20 11 62.5 70.93 70.40
17 5 60 2 5 41.77 43.44
18 8 60 11 5 82.46 81.62
19 5 20 20 62.5 61.1 59.83
20 8 60 11 120 78.23 77.79
21 5 60 11 62.5 85.01 86.84
22 5 60 11 62.5 88.31 86.84
23 5 60 11 62.5 87.01 86.84
24 2 60 2 62.5 37.31 37.72
25 5 60 2 120 46.37 47.47
26 2 60 11 5 80.04 78.11
27 5 100 11 120 71.8 71.07
28 5 100 11 5 78.39 77.50
29 2 100 11 62.5 80.85 82.68

Based on this analysis, the significant terms were used to
develop the final quadratic polynomial model (Eq. 4). This
equation quantifies the impact of independent variables on
caffeine removal efficiency: Positive coefficients indicate a
favorable effect on adsorption capacity, while negative coef-
ficients denote an inhibitory effect. The model provides a
statistically validated mathematical framework for optimiz-
ing and interpreting the adsorption process.

Removal efficiency = 86.84 — 0.7492A + 5.39B
+20.83C 4+ 0.5892D—9.87AB
—6.25AC—2.50AD + 8.1BC (4)
— 3.80BD — 1.43CD — 4.31A?

—15.87B% — 18.48C? — 2.08D?

Figure S3a compares the predicted removal efficiency (RE
%) from the regression model against the experimental
values. The close alignment of data points along the 1:1
line demonstrates a strong linear relationship, confirm-
ing the model’s ability to accurately predict experimental
outcomes. Figure S3b presents the residual analysis used

to assess model accuracy. The residuals exhibit a normal
distribution pattern with no significant outliers or discern-
ible patterns in their variance. This indicates the model’s
assumptions regarding error structure are valid. Figure S3c
further validates the model by plotting the external Studen-
tized residuals for each experimental run. All residuals fall
within the critical range of =3, confirming the absence of
significant outliers or influential data points. The diagnostic
plots (Fig. S3a—c) support the robustness and validity of the
developed quadratic model.

Effect of independent variables

Four independent variables (pH, initial caffeine concentra-
tion, adsorbent dosage, and contact time) were evaluated
for their effect on adsorption efficiency. The response sur-
face methodology visualized these effects through 3D sur-
face plots and contour diagrams (Fig. 10, each pairing two
variables while maintaining others at constant levels. These
plots illustrate interactive effects by displaying independent
variables on orthogonal axes (X1, X2) with removal efficiency
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on the z-axis (3D) or through iso-response lines (contours),
enabling comprehensive analysis of variable interactions on
caffeine adsorption performance.

Effect of initial concentration and pH The influence of ini-
tial caffeine concentration and solution pH on adsorption
efficiency by AC-K is presented in Fig. 10a. The removal
efficiency initially increased proportionally with rising caf-
feine concentration up to 60 mg/L and solution pH up to 5.
Under these conditions, the maximum removal efficiency
of 87% was achieved. However, further increases beyond
these optimal points resulted in a decline in the removal
efficiency. At concentrations exceeding 60 mg/L, the
available adsorption sites on AC-K likely approached sat-
uration, reducing the efficiency increment per unit concen-
tration increase. This positive trend can be attributed to the
enhanced driving force for mass transfer at higher concen-
trations and the likely optimization of interactions between
the caffeine molecules (neutral at pH 3-8) and the AC-K
surface (positively charged) at pH 5). The interactions of
AC-K with caffeine at the pH range 3-8 are mainly based on
pore filling, m—m-interactions, and hydrogen bonding with
no electrostatic interaction. The dissimilar finding was pre-
viously reported, where removal efficiency increased as the
initial concentration of caffeine was also increased, with less
impact of pH for caffeine removal using Elaeis guineensis
AC (Melo et al. 2020). The study similarly identified opti-
mal conditions (specific concentration and pH) maximizing
removal, beyond which efficiency decreased, underscoring
the general importance of optimizing these parameters for
efficient contaminant removal using activated carbons. The
consistency between these systems highlights the critical
role of adsorbate speciation, adsorbent surface charge, and
site saturation in determining adsorption performance.

Effect of adsorbent dosage and initial concentration Adsor-
bent dosage and initial caffeine concentration significantly
influence adsorption efficiency. As shown in Fig. 10D,
increasing either the dosage or the initial concentration
leads to higher caffeine removal efficiency. This interac-
tion likely occurs because a higher adsorbent dosage pro-
vides more available adsorption sites, while a higher initial
concentration increases the number of adsorbate molecules
available for attachment. These factors enhance the prob-
ability of caffeine molecules encountering and binding to
active sites. Similar findings have been reported for the

decolourization of Blue 19 using Dictyota bartayresiana
biosorbent (Geethamala et al. 2025).

Effect of adsorption time and initial concentration Adsorp-
tion time and initial caffeine concentration both influence
adsorption efficiency, as shown in Fig. 10c. The caffeine
removal efficiency increases with higher initial concentra-
tions, reaching an optimum of 87% at 62.5 min and 60 mg/L.
However, as concentration exceeds 60 mg/L, removal effi-
ciency decreases. The adsorption time shows no effect on
caffeine removal using AC-K. This is demonstrated by two
key observations varying initial concentration (at any fixed
time) directly alters removal efficiency, while at a near-con-
stant initial concentration (~60 mg/L), efficiency remains
essentially unchanged across the entire tested time range
(5-120 min). This time-independent behavior contrasts
with the adsorption of Rhodamine B onto AC from Delonix
regia Seeds and Pods, where efficiency increased continu-
ously with time until equilibrium was reached (Azeez et al.
2022b).

Proposed adsorption mechanism

The adsorption of caffeine was proposed to involve mul-
tiple interactions, as shown in Fig. 11. The oxygenated
surface of AC offers numerous active sites capable of form-
ing hydrogen bonds. Caffeine molecules also contain het-
eroatoms (nitrogen and oxygen) within amide, amine, and
carbonyl groups that allow them to participate in hydrogen
bonding. Additionally, AC-K and caffeine possess conju-
gated aromatic ring systems with delocalized m-electrons.
The interaction between these m-electron clouds arises from
electrostatic forces, including quadrupole—quadrupole inter-
actions, as well as London dispersion forces. These n—n
interactions promote the association of caffeine molecules
with the graphitic basal planes of AC-K. Additionally, Van
Der Waals forces such as London dispersion forces and
dipole—dipole interactions contribute significantly to the
adsorption process between adsorbent and caffeine mol-
ecules (Mukherjee et al. 2024). The presence of oxygen
and nitrogen atoms in caffeine, along with similar hetero-
atoms on the AC-K surface, generates regions of partial
positive and partial negative charges. These charge distri-
butions facilitate dipole—dipole attractions. London disper-
sion forces further arise from temporarily induced dipoles
formed between adjacent atoms of caffeine and the AC-K
surface. Therefore, the caffeine adsorption onto AC-K is a
synergistic process rather than a single, isolated mechanism.
Hydrogen bonding, dipole—dipole interactions, London
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Fig. 11 A proposed adsorption mechanism of caffeine on AC-K

dispersion forces, and m—r interactions collectively deter-
mine the overall adsorption behavior of caffeine.

Conclusions

This study demonstrated that activated carbon (AC-K)
derived from A. angustifolium fruit shells is a sustainable
adsorbent for the removal of caffeine from aqueous solu-
tions. The activated carbon prepared using KOH activat-
ing agent and pyrolysis at 500°C exhibited increased pore
surface area, pore diameter and pore volume. A maximum
adsorption capacity of 22.02 mg/g was obtained using pH
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7,20 g/L AC-K dosage, 20—600 mg/L initial caffeine con-
centration, 25 °C temperature, 100 rpm agitation speed, and
1 h adsorption time. The Langmuir isotherm and pseudo-
second-order kinetic model best described the adsorption
behavior of caffeine. Thus, the adsorption of caffeine mol-
ecules formed a monolayer film that was adsorbed on the
surface of AC-K using multiple interactions. The results
from this study suggest that the shells from 4. angustifolium
fruit is a potential precursor for producing activated carbon
suitable for the removal of emerging contaminants such as
caffeine and related chemicals from aqueous solutions.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s11696-0
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