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A B S T R A C T

Caffeine is an emerging contaminant frequently detected in aquatic environments, and its effective removal and 
adsorbent regeneration remain key challenges for sustainable water treatment. In this study, caffeine adsorption 
and subsequent adsorbent regeneration were investigated using two activated biochars derived from birchwood 
pellets and miscanthus, with a commercial mineral-derived activated carbon as a reference. Adsorption per
formance was evaluated through batch experiments by optimizing contact time and pH conditions. The 
miscanthus-derived activated biochar exhibited the highest caffeine adsorption capacity (up to 176 mg g− 1) at 
optimal pH condition, outperforming both birchwood-derived biochar (97 mg g− 1) and commercial activated 
carbon (172 mg g− 1), despite having a lower specific surface area. This behavior was attributed to differences in 
pore structure and surface functional groups, highlighting the importance of surface chemistry beyond surface 
area alone. Regeneration of caffeine-loaded adsorbents was examined using solvent desorption with various 
solutions, as well as supercritical CO2 (scCO2) extraction. Polar organic solvents, particularly ethanol and 
methanol, achieved the highest desorption efficiencies, reaching 78% for ASMB, while acidic, alkaline, and 
aqueous media exhibited markedly lower efficiencies (<27%). Supercritical CO2 enabled solvent-free regener
ation, with desorption efficiencies ranging from 20 to 35% strongly dependent on adsorbent composition and 
surface polarity. Carbon-rich adsorbents exhibited higher scCO2 compatibility, while oxygen-rich biochars 
showed reduced desorption. In conclusion, by directly comparing solvent-based desorption and scCO2 extraction 
within a single framework, this study provides new insights into the regeneration potential of caffeine-loaded 
biochars and underscores the role of adsorbent properties in selecting sustainable recovery strategies.

1. Introduction

Caffeine, a widely consumed methylxanthine alkaloid found in cof
fee (Coffea) and tea (Camellia sinensis), is commonly used in beverages, 
food, and pharmaceuticals for its stimulant effects [1,2]. Despite its 
classification as “Generally Recognized as Safe” by the U.S. Food and 
Drug Administration, caffeine has raised environmental concerns due to 
its high solubility in water (21.6 g L− 1) and persistence in aquatic eco
systems [3]. A considerable portion of ingested caffeine (1–10%) is 
excreted unmetabolized, entering wastewater streams where conven
tional treatment methods are often inadequate for its complete removal 
[3]. As an emerging contaminant, caffeine has drawn attention for its 
adverse effects on aquatic organisms and its role as a marker for 
anthropogenic activity [4]. For instance, even concentrations as low as 

0.5 μg L− 1 of caffeine impaired immune function in mussels (Mytilus 
galloprovincialis) after 7 days, while 18 μg L− 1 caused metabolic 
disruption and oxidative stress in mollusks like Ruditapes philippinarum 
over 28 days [4]. Due to its widespread presence, the U.S. Environ
mental Protection Agency identifies caffeine as a wastewater contami
nation tracer, emphasizing the need for improved removal strategies 
[4]. While advanced oxidation processes, membrane filtration, and 
biodegradation have been explored, these methods face challenges such 
as high cost, limited efficiency, and secondary pollution risks [4,5].

Adsorption-based techniques have emerged as a promising alterna
tive for caffeine removal from water due to their simplicity, cost- 
effectiveness, and potential for adsorbent regeneration. Biochar, a 
carbonaceous material produced via the pyrolysis of biomass under 
limited oxygen, has gained attention as a sustainable and versatile 
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adsorbent due to its high surface area, porosity, and functional group 
diversity, which enhances organic contaminant adsorption [6,7]. Its 
renewability, low cost, and carbon sequestration potential further sup
port its potential for sustainable water treatment. Recent studies have 
demonstrated that biochar derived from a variety of biomass sources – 
including Tingui shells [8] and plant like Gliricidia sepium [3] – exhibits 
substantial caffeine adsorption capacities, with values ranging from 
87 mg g− 1 to 190 mg g− 1 depending on production conditions and 
modifications [3,8]. Caffeine adsorption mechanisms were explored, for 
example, a study on bagasse-derived biochar has shown a direct corre
lation between apparent surface area, pore structure, and maximum 
caffeine adsorption capacity, highlighting pore filling as a dominant 
mechanism for small, planar molecules such as caffeine (molecular 
radius ≈ 0.376 nm) [9]. In addition to diffusion-controlled pore filling, 
π–π donor-acceptor interactions between the aromatic structure of 
caffeine and carbonaceous surfaces, hydrophobic interactions, and 
hydrogen bonding associated with oxygen-containing functional groups 
(e.g., phenolic and carbonyl groups) collectively enhance caffeine 
retention on biochar surfaces [9]. Similarly, a study on engineered egusi 
seed shell biochars produced at higher pyrolysis temperatures demon
strated enhanced caffeine uptake, attributed to increased specific sur
face area (up to 688 m2 g− 1) and micropore volume, with Langmuir 
maximum adsorption capacities of approximately 121 mg g− 1 [2]. 
Spectroscopic analyses further indicated that oxygen-containing func
tional groups (e.g., phenolic and carbonyl groups) facilitate hydrogen 
bonding with caffeine, while π–π and n–π interactions were also 
observed under conditions where electrostatic effects are negligible [2]. 
These structure-property relationships are consistent with adsorption 
trends reported for aromatic organic contaminants on engineered bio
chars, where surface area, pore accessibility, and aromaticity were 
identified as key factors controlling adsorption performance [2,9,10]. 
More recent studies on advanced carbonaceous adsorbents have simi
larly highlighted the importance of pore structure, oxygen-containing 
surface functionalities, and active-site accessibility in governing 
adsorption performance and interfacial interactions [11–14].

Although adsorption effectively removes contaminants from waste
water, it generates spent adsorbents that pose disposal and regeneration 
challenges. Consequently, the reusability of spent adsorbents through 
desorption techniques has become an important focus for improving the 
sustainability and cost-effectiveness of adsorption processes. Various 
regeneration approaches, including thermal, ultrasonic, microwave, 
electrochemical, solvent desorption, and supercritical fluid extraction, 
have been explored for this purpose [10,15,16]. Among these methods, 
thermal regeneration of granular activated carbon – the most widely 
applied industrial approach – typically results in 5–15% carbon loss per 
regeneration cycle due to burn-off and attrition, along with high energy 
consumption and CO2 emission, which substantially increase opera
tional costs and environmental burdens [17,18]. As an alternative, 
solvent-based desorption efficiencies have been shown to depend 
strongly on solvent properties, with higher-polarity solvents such as 
methanol and ethanol exhibiting greater effectiveness through disrup
tion of π–π stacking and hydrogen bonding interactions that retain ad
sorbates on carbonaceous surfaces [10].

Despite advancements in adsorption research, studies specifically 
addressing the desorption and regeneration of caffeine-loaded adsor
bents remain limited. For example, caffeine-saturated ground coffee 
waste-derived carbon adsorbents were successfully regenerated through 
ethanol desorption, enabling multiple adsorption-desorption cycles 
[19]. Similarly, the reusability of magnetically engineered activated 
carbon, maintaining approximately 95% caffeine removal efficiency 
over four cycles, was demonstrated using alkaline solvent regeneration 
(0.1 M NaOH and water) assisted by ultrasonication [5].

Beyond solvent-based approaches, supercritical fluid extraction of
fers distinct advantages, including reduced solvent consumption, mini
mal environmental impact, and enhanced penetration into the porous 
structure of adsorbents. In particular, supercritical carbon dioxide 

(scCO2) is appealing due to its moderate critical temperature (31 ◦C), 
non-toxicity, non-flammability, and ease of separation from desorbed 
products [10,20,21]. Despite its limited affinity for polar compounds, 
scCO2 has demonstrated promising compatibility with caffeine, sup
porting its potential as a desorption agent. For instance, a 66% caffeine 
removal efficiency was achieved during scCO2 extraction from Korean 
green tea at 323 K and 40 MPa [22]. More recent research focusing on 
the decaffeination of green coffee beans utilized a pressure swing scCO2 
extraction method, which successfully achieved nearly 100% decaffei
nation at 353 K and 30 MPa [23].

Considering the existing literature, several knowledge gaps remain 
regarding the integrated removal of caffeine and the regeneration of 
caffeine-loaded carbonaceous adsorbents. To the best of our knowledge, 
systematic comparisons of biochars with distinct physicochemical 
properties produced under comparable conditions are scarce while 
numerous studies have reported caffeine adsorption on individual bio
chars derived from different feedstocks, limiting the understanding of 
how feedstock origin and surface chemistry influence caffeine adsorp
tion performance. Moreover, while solvent desorption and scCO2 
extraction have been independently investigated for caffeine removal or 
decaffeination in food systems, a direct comparison of solvent-based 
desorption and scCO2 extraction for the regeneration of caffeine- 
loaded adsorbents has not yet been reported. Consequently, the rela
tive effectiveness, selectivity, and regeneration potential of these re
covery strategies remain insufficiently understood.

The novelty and main objective of this study lie in the systematic 
evaluation of both adsorption and recovery stages within a single 
framework, combining a comparative assessment of biochars with 
different properties and a direct comparison of solvent and scCO2 
desorption for adsorbent recovery. Specifically, this study explores a 
two-phase process involving caffeine removal from water via adsorption 
onto biochar, followed by recovery of adsorbent. In detail, the caffeine 
adsorption performance of two biochars derived from the pyrolysis of 
birchwood pellets and miscanthus were compared by optimizing key 
process parameters, including contact time and pH, using a mineral- 
derived commercial activated carbon as a reference. Birchwood was 
selected as a representative woody biomass, whereas miscanthus was 
selected as a herbaceous biomass, allowing comparison of biochars 
derived from feedstocks with different lignocellulosic composition and 
mineral content. Subsequently, adsorbent recovery was investigated 
through solvent extraction using various media (water, ethanol, meth
anol, 0.1 M sulfuric acid and 0.1 M sodium hydroxide), as well as 
through supercritical CO2 extraction.

2. Materials and methods

2.1. Materials and characterization

This study involved two biochars derived from waste biomass feed
stocks. Birchwood pellets, obtained from Northern Flame (St. Cathar
ines, Ontario, Canada), were converted into biochar (birchwood pellet 
biochar, BPB) using a pilot-scale pyrolysis horizontal reactor (PYROH) 
(Fig. 1) at the Institute for Chemicals and Fuels from Alternative Re
sources (ICFAR), Western University, Canada. The PYROH reactor 
operated at a pressure below 5 psi and within a temperature range of 
450–500 ◦C, at a feed rate of 0.3 kg min− 1. Standard Miscanthus Biochar 
(SMB) was purchased from the UK Biochar Research Centre, University 
of Edinburgh, UK (www.biochar.ac.uk), and was produced via pyrolysis 
at 450 ◦C.

Both biochars were physically activated at ICFAR using a 1.3 m-long 
horizontal fixed-bed tube furnace (Across International, New Jersey, 
USA) at 900 ◦C (heating rate of 10 ◦C⋅min− 1) for 3 h under a constant 
CO2 flow of 2 L min− 1. These activation conditions were selected based 
on previous optimization studies reported in our earlier work, in which 
different CO2 activation parameters were evaluated and the selected 
condition provided enhanced adsorption performance of the resulting 
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biochar-based adsorbents [10]. CO2 activation was selected as a physical 
activation method due to its ability to effectively develop microporosity 
and increase surface area while avoiding the use of chemical activating 
agents that may generate secondary waste streams and introduce re
sidual chemicals into the adsorbent structure [24]. The resulting acti
vated biochars are hereafter referred to as ABPB and ASMB. The 
adsorbents were used in their original pellet form without additional 
grinding or sieving prior to the adsorption experiments. A commercial 
mineral-derived activated carbon (CACminerals) supplied by Amtra, Italy 
(https://amtra.net/en/) was included in all experiments as a reference 
material.

The physicochemical properties of ABPB, ASMB, and CACminerals 
were characterized in triplicate. Brunauer-Emmett-Teller (BET) analysis 
was performed using liquid nitrogen at − 196 ◦C to determine the spe
cific surface area (SSA) and pore size distribution, employing a Nova 
2000e surface area and pore size analyzer (Quantachrome Instruments, 
Anton Paar Quanta Tec Inc., Florida, USA). Ash content was determined 
by proximate analysis following the ASTM D1762-84. Surface functional 
groups were identified using Fourier-Transform Infrared (FTIR) spec
trometer (PerkinElmer, Massachusetts, USA). To evaluate the aroma
ticity, hydrophilicity, and polarity of the adsorbents, H/C, O/C, and (O 
+ N)/C atomic ratios were determined via CHNS elemental analysis 
using an EA 1112 Series CHNS elemental analyzer (Thermo Fisher Sci
entific, Massachusetts, USA). The chemical composition was determined 
by inductively coupled plasma optical emission spectroscopy (ICP-OES) 
performed by PPB Analytical Inc. (Toronto, Ontario, Canada). The zeta 
potential of each adsorbent was measured using a Zetasizer Nano ZSP 
(Malvern Panalytical, Worcestershire, UK).

Caffeine, methanol, and ethanol were obtained from Sigma-Aldrich 
(Massachusetts, USA). Sulfuric acid was obtained from Caledon 
(Ontario, Canada) and sodium hydroxide was obtained from Fisher 
Scientific (Ontario, Canada). All chemical reagents used were of 
analytical grade. Deionized (DI) water was used in all experimental 
procedures requiring water.

2.2. Adsorption tests

Batch adsorption tests were carried out using caffeine (500 mg L− 1) 
and the adsorbents ABPB, ASMB and CACminerals in triplicate. The tests 
were performed by placing 50 mL of aqueous caffeine solution in contact 
with the adsorbent at a concentration of 1.0 g L− 1 at room temperature 

(298 K) under magnetic stirring. This dosage was selected as a repre
sentative condition for the present study based on our previous study 
[6]. After mixing, the supernatants were collected and filtered through 
0.22 μm membrane filters (Maple Lab Systems, Mississauga, Canada). 
The caffeine concentration in the supernatants was analyzed using a 
UV-Vis spectrometer at a wavelength of 273 nm [25]. The effect of 
contact time on adsorption was evaluated by withdrawing and analyzing 
supernatant samples at fixed times. To investigate the influence of pH on 
adsorption, the solution pH was adjusted to 2, 7, and 11 using 0.1 M 
sulfuric acid and 0.1 M sodium hydroxide solutions.

The adsorption capacity (qe, mg⋅g− 1) and removal percentage were 
calculated using equations (1) and (2), respectively: 

Adsorption capacity
(
mg ⋅ g− 1)= qe =

(C0 − Ce) × V
M

(1) 

Percentage removal (%)=
(C0 − Ce)

C0
× 100 (2) 

where qe is the equilibrium uptake capacity of the adsorbent (mg⋅g− 1), 
C0 is the initial caffeine concentration (mg⋅L− 1), Ce is the equilibrium 
caffeine concentration (mg⋅L− 1), V is the solution volume (L), and M is 
the mass of the adsorbent (g).

2.3. Desorption tests

2.3.1. Solvent desorption
The desorption efficiency of various solvents (methanol, ethanol, 

0.1 M H2SO4, 0.1 M NaOH, and deionized (DI) water) towards caffeine 
was examined by placing 100 mg of spent adsorbent from the adsorption 
tests in contact with 100 mL of solvent under magnetic stirring for 20 h, 
a contact time selected based on previous adsorption-desorption studies 
reporting that extended desorption periods are often required depending 
on the adsorbate-adsorbent binding strength [26,27]. Previous studies 
have similarly employed desorption contact times of several hours for 
the solvent regeneration of carbonaceous adsorbents [28–30]. Then, the 
concentration of desorbed caffeine in the solvent was analyzed using 
UV-Vis spectroscopy at 272 nm with a UV-Vis Onda UV30 Scan spec
trometer. The amount of substance desorbed was calculated using 
equation (3), while the desorption efficiency was determined as a per
centage using equation (4): 

Desorbed amount
(
mg ⋅ g− 1)= qd =

Cd × V
W

(3) 

Desorption efficiency (%)=
qd

qa
× 100% (4) 

where qd (mg⋅g− 1) is the desorbed amount,
Cd (mg⋅L− 1) is the concentration of the desorbed substance in the 

solvent, V (L) is the volume of the solvent, W (g) is the weight of the 
adsorbent, and qa (mg⋅g− 1) is the total amount of sorbate initially 
adsorbed on the adsorbent.

2.3.2. Supercritical CO2 desorption
Supercritical CO2 desorption experiments were conducted using a 

bench-scale supercritical fluid extractor unit (Fig. 2), which was spe
cifically designed and assembled for this study. The unit was constructed 
of 316 stainless steel and included an extraction chamber (outer diam
eter 60.3 mm, inner diameter 42.8 mm, total volume 0.3 L) equipped 
with a band heater (Zesta, Mississauga, Ontario, Canada), a 2000-psi 
pressure gauge, and a fast-acting pressure relief valve. Two collection 
chambers, each equipped with a 600-psi pressure gauge, were placed in 
a water bath (ice packs were added during cooling to lower the tem
perature to approximately 15 ◦C). To control and safely release pressure, 
a back-pressure regulator was installed between the collection chambers 
and the vent leading to the fume hood. To prevent clogging from oil or 
solid particles, an oil filter was positioned before the back-pressure 

Fig. 1. Outline of the Pyrolysis Horizontal Reactor (PYROH) used to produce 
the birchwood pellet biochar.
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regulator. The system included three needle valves, located before the 
extraction chamber, between the extraction and collection chambers, 
and between the collection chambers and the vent. A bypass line was 
incorporated to directly connect the extraction chamber to the back- 
pressure regulator, providing a safety mechanism in case of pipeline 
failure between the extraction and collection chambers.

During the supercritical CO2 desorption tests, the extraction chamber 
was filled to its full volume with each adsorbent, which had been pre- 
loaded with caffeine under adsorption conditions to achieve satura
tion, then securely sealed and liquid CO2 was introduced. The temper
ature was then raised to 60 ◦C, resulting in pressures exceeding 1150 psi, 
and the extraction was carried out for 1 h. Subsequently, the caffeine- 
CO2 mixture was transferred to the collection chambers for an additional 
1 h to ensure separation of caffeine from CO2. To achieve complete 
desorption, the entire procedure was repeated under the same condi
tions. The system was tested with commercial GAC saturated with 
caffeine and then operated with samples of spent adsorbent derived 
from the batch adsorption tests. The amount of desorbed caffeine 
(Wdesorbed) was calculated using equation (5), while the desorption ef
ficiency (Ed) was calculated from the weight difference of the spent 
adsorbent before (Winitial) and after (Wfinal) the double-extraction using 
equation (6): 

Wdesorbed(g)=Winitial(g) − Wfinal(g) (5) 

Ed(%)=
Wdesorbed

Wadsorbed
× 100% (6) 

where Winitial (g) is the weight of the spent adsorbent before 
desorption,

Wfinal (g) is the weight of the adsorbent after desorption,
Wdesorbed (g) is the weight of the caffeine desorbed,
Wadsorbed (g) is the initial amount of adsorbed caffeine, and.
Ed (%) is the desorption efficiency.

3. Results and discussion

3.1. Characterization of adsorbents

The elemental composition and ash content of the feedstock, bio
chars, and activated adsorbents are presented in Table 1. The birchwood 
pellet feedstock (BPF) exhibited moderate carbon content and low ash 
content. After pyrolysis, the resulting birchwood pellet biochar (BPB) 
showed a substantial increase in carbon content and a decrease in H/C 
and O/C ratio, reflecting the progressive carbonization and devolatili
zation that occur during thermal conversion [31]. For the 
miscanthus-derived material, the standard miscanthus biochar (SMB) 
exhibited a higher ash content compared to BPB, which is consistent 
with the generally higher mineral content of herbaceous biomass.

A high ash content can restrict the formation of micropores during 
the development of mesopores, thereby limiting the increase in specific 
surface area (SSA) and total porosity [32]. The formation of mesopores 
is often associated with the catalytic effect of inorganic compounds in 
ash, which facilitates the conversion of micropores into mesopores [33]. 
ASMB exhibited the highest ash content but had the lowest SSA and 
micropore surface area compared to ABPB and CACminerals. The elevated 
ash content in ASMB is likely attributed to inorganic mineralization and 
the presence of impurities in the feedstock during pyrolysis [34]. Ash, 

Fig. 2. Outline of the supercritical CO2 extraction system.

Table 1 
Elemental composition and ash content of feedstock, biochars, and activated adsorbents (BPF: birchwood pellet feedstock; BPB: birchwood pellet biochar; ABPB: 
activated birchwood pellet biochar; SMB: standard miscanthus biochar; ASMB: activated standard miscanthus biochar; CACminerals: commercial activated carbon 
derived from minerals).

Adsorbents BPF BPB ABPB SMB ASMB CACminerals

Ash content [%] 0.57 2.72 14.25 12.15 34.34 13.51
Elemental analysis C [%] 46.28 89.61 76.62 75.41 41.68 79.16

H [%] 6.80 1.26 0.05 2.42 0.19 0.00
N [%] 0.58 0.00 0.00 0.78 0.00 3.91
S [%] 0.00 0.00 0.00 - 0.00 0.00
Ob [%] 45.76 6.40 9.08 9.24 23.79 3.42

Atomic ratio H/C 1.75 0.17 0.01 0.38 0.06 0.00
O/C 0.74 0.05 0.09 0.09 0.43 0.03
(O + N)/C 0.75 0.05 0.09 - 0.43 0.07

aThe analyses are obtained from the UK biochar research center.
bThe oxygen content was calculated by the difference and subtracted the ash content.
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particularly inorganic components such as alkali and alkaline earth 
metals, may enhance adsorption performance through mechanisms such 
as ion exchange and electrostatic interactions [35].

The H/C, O/C, and (O + N)/C atomic ratios serve as key indicators of 
the structural and chemical characteristics of the adsorbents, including 
aromaticity, hydrophilicity, and polarity, respectively [31]. A lower H/C 
ratio signifies a greater degree of carbonization and higher aromaticity, 
while an increase in the O/C atomic ratio suggests enhanced hydro
philicity. Similarly, a high (O + N)/C ratio corresponds to greater po
larity. ABPB exhibited a lower H/C ratio than ASMB, indicating a higher 
degree of carbonization and greater aromaticity. In contrast, ASMB 
displayed higher O/C and (O + N)/C ratios compared to ABPB and 
CACminerals, suggesting that ASMB has greater hydrophilicity and po
larity. These findings highlight the distinct physicochemical properties 
of each adsorbent, which significantly influence their adsorption 
behavior and potential applications in pollutant removal from aqueous 
systems.

The FTIR spectra of ABPB, ASMB, and CACminerals (Fig. 3) revealed 
several characteristic peaks corresponding to key functional groups 
associated with surface chemistry. The spectral region between 
2600 cm− 1 and 3000 cm− 1 corresponds to -OH stretching vibrations, 
characteristic of carboxylic acid functional groups [36]. Peaks observed 
between 1700 cm− 1 and 1900 cm− 1 represent the stretching vibration of 
the carbonyl (C=O) functional group [36,37]. Additionally, peaks found 
in the 1300 cm− 1 to 1600 cm− 1 range correspond to C=C-C stretching 
within aromatic rings, signifying the presence of conjugated π-electron 
systems [36–38]. The presence of C-O stretching vibrations is evident 
from a distinct peak at 1030 cm− 1 [36–38], while a peak at 400 cm− 1 

corresponds to aromatic C-H bond stretching [14]. The FTIR findings are 
consistent with the elemental analysis of the adsorbents. ASMB exhibi
ted the most intense C-O stretching peak, indicating a higher oxygen 
content relative to the other adsorbents. In contrast, ABPB displayed a 
stronger peak in the aromatic C=C-C stretching region, suggesting a 
greater degree of aromaticity and carbonization compared to ASMB. 
These results highlight the chemical composition differences among the 
adsorbents, which play a crucial role in their adsorption capabilities and 
interaction mechanisms with target contaminants.

Table 2 illustrates the substantial increase in SSA of BPB and SMB 
after activation, from 5.3 m2 g− 1 to 437.3 m2 g− 1, while that of SMB rose 
from 33.6 m2 g− 1 to 398.3 m2 g− 1. Expanded SSA and the creation of 
porous structures typically increase the number of accessible active 

sites, which improves the adsorption capacity [39]. CACminerals had the 
highest SSA (585.0 m2 g− 1), compared to ABPB and ASMB. The differ
ences observed in BET surface area and pore structure may also be 
associated with the intrinsic properties of the precursor biomass. In 
particular, the higher ash content observed in the miscanthus-derived 
material may influence pore development during activation, as min
eral components can catalyze structural transformations and affect the 
formation of micro- and mesopores [32,33]. However, ASMB exhibited 
the highest exterior surface area (Sext) value at 107.6 m2 g− 1, followed 
by ABPB at 74.9 m2 g− 1, and CACminerals at 71.0 m2 g− 1. The nitrogen 
adsorption-desorption isotherms of ABPB, ASMB, and CACminerals show 
Type I behavior, as classified by IUPAC classification [40] (Fig. 4). Type 
I isotherms, characteristic of microporous materials, display a steep ni
trogen uptake at low relative pressures (P/P0 < 0.1), followed by a 
plateau at higher pressures. This trend indicates the dominance of mi
cropores (diameter <2 nm), where rapid pore filling occurs due to strong 
adsorbate-adsorbent interactions. The available pore volume appears to 
be mostly inside the microporous range, according to this adsorption 
pattern, which restricts further multilayer adsorption at higher pressures 
[41]. Additionally, the existence of H4 hysteresis loops at the relative 
pressure surpasses 0.4 indicates a minor contribution of slit-like meso
pores (diameter 2–50 nm) to the overall pore structure. These findings 
highlight the importance of surface area and pore structure for adsor
bents, as a well-developed microporous network is crucial for achieving 
high adsorption efficiency.

The chemical composition of the adsorbents varied significantly 
(Table 3). Fe was the most abundant element in ABPB (41 g/kg), fol
lowed by Ca (25 g/kg) and Ni (12 g/kg). CACminerals contained the 
highest level of Ca (5 g/kg), followed by Al (1 g/kg), while Fe and Ni 
were present at much lower concentrations (452 ppm and 55 ppm, 
respectively). Al was also notable in ABPB (619 ppm). In ASMB, P was 
the most abundant element (437 ppm), followed by Ca (327 ppm), 
whereas Fe, Ni, and Al were detected at much lower concentrations of 
69 ppm, 19 ppm, and 6 ppm, respectively. The significantly higher Al 
content in CACminerals and ABPB compared to ASMB suggests its po
tential contribution to structural properties [42]. P was another key 
element, with 6 g/kg in ABPB compared to 667 ppm in CACminerals. S 
levels in CACminerals (170 ppm) and ASMB (19 ppm) were significantly 
lower than in ABPB (413 ppm).

The point of zero charge (pHpzc) is a crucial factor in determining the 
surface charge properties of adsorbents. When the aqueous phase pH is 

Fig. 3. Fourier-Transform Infrared Spectroscopy (FTIR) of adsorbents (ABPB: activated birchwood pellet biochar; ASMB: activated standard miscanthus biochar; 
CACminerals: commercial activated carbon derived from minerals).
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below the pHpzc, the adsorbent surface becomes protonated, leading to a 
positive charge. In contrast, when the pH surpasses the pHpzc, the sur
face undergoes deprotonation, acquiring a negative charge [39,43]. A 
positively charged surface promotes the adsorption of anionic 

pollutants, while a negatively charged surface enhances the adsorption 
of cationic species due to electrostatic attraction [44]. The pHpzc values 
measured for the tested adsorbents were determined as 5.3 for ABPB, 3.4 
for ASMB, and 5.6 for CACminerals (Fig. 5). The knowledge of these values 

Table 2 
Results of B.E.T. analysis of adsorbents (BPB: birchwood pellet biochar; ABPB: activated birchwood pellet biochar; SMB: standard miscanthus biochar; ASMB: activated 
standard miscanthus biochar; CACminerals: commercial activated carbon derived from minerals; SSA: specific surface area; Smicro: surface area of micropores; Sext: 
external surface area; Vtotal: total pore volume; Vmicro: pore volume of micropores).

Adsorbents SSA (m2⋅g− 1) Smicro (m2⋅g− 1) Sext (m2⋅g− 1) Vtotal (cm3⋅g− 1) Vmicro (cm3⋅g− 1) Average pore diameter (nm)

BPB 5.3 - - - - -
ABPB 437.3 362.5 74.9 0.27 0.19 1.24
SMBa 33.6 - - - - -
ASMB 398.3 290.6 107.6 0.27 0.15 1.37
CACminerals 585.0 514.0 71.0 0.33 0.26 1.13

a The analysis was obtained from the UK biochar research center.

Fig. 4. Nitrogen adsorption-desorption isotherms of the adsorbents (CACminerals: commercial activated carbon derived from minerals; ABPB: activated birchwood 
pellet biochar; ASMB: activated standard miscanthus biochar; Ads: adsorption; Des: desorption.)
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is strategic, as by understanding the electrostatic interactions between 
adsorbents and target pollutants at different pH levels, the solution pH 
can be adjusted to optimize adsorption efficiency. The lower pHpzc 
observed for ASMB compared to ABPB can be attributed to the higher 
abundance of oxygen-containing functional groups on the ASMB surface 
[45]. These acidic functional groups increase surface acidity and shift 
the pHpzc toward lower values. This interpretation is consistent with 
FTIR spectra (Fig. 3), where ASMB exhibits a stronger C-O stretching 
band, indicating a greater presence of oxygenated surface groups. In 
contrast, the lower O/C and H/C ratios of ABPB indicate a higher degree 
of carbonization and aromaticity, which is typically associated with 
fewer acidic surface groups and therefore a higher pHpzc.

3.2. Adsorption

The optimal contact time was calibrated on the commercial adsor
bent. For CACminerals the recorded adsorption capacities were 
38.9 mg g− 1 at 2 h, 61.0 mg g− 1 at 3 h, 99.1 mg g− 1 at 5 h, 129.4 mg g− 1 

at 18 h, 135.9 mg g− 1 at 20 h, and 136.6 mg g− 1 at 24 h (Fig. 6). 
Therefore, 20 h was identified as optimal duration for adsorption 
experiments.

The results of the adsorption tests (Fig. 7) revealed notable 

differences in caffeine adsorption capacities among the tested materials, 
with ABPB reaching 94 mg g− 1, while ASMB demonstrated a signifi
cantly higher capacity of 173 mg g− 1. The superior adsorption perfor
mance of ASMB can be attributed to its unique physical and chemical 
characteristics. Although ASMB possesses a lower SSA (398 m2 g− 1) 
compared to ABPB (437 m2 g− 1) and CACminerals (585 m2 g− 1), it still 
exhibited the highest adsorption capacity. This suggests that factors 
beyond surface area, such as pore structure, size distribution, and sur
face chemistry, play a critical role in adsorption efficiency. Elemental 
analysis further supports this observation, showing that ASMB has a 
lower carbon content (41.7%) compared to ABPB and CACminerals, along 
with a hydrogen content of 0.2%. An inferior carbon content indicates a 
higher presence of other elements or functional groups, which may in
fluence its adsorption properties. In contrast, the relatively higher car
bon content in ABPB and CACminerals suggests a more carbon-rich 

Table 3 
Chemical composition of the adsorbents (ABPB: activated birchwood pellet 
biochar; ASMB: activated standard miscanthus biochar; CACminerals: commercial 
activated carbon derived from minerals; LOD: limit of detection; LOQ: limit of 
quantification.)

Chemical 
element

LOD 
(ppm)

LOQ 
(ppm)

ABPB ASMB CACminerals

Aluminum 0.010 0.031 618.945 5.798 1006.245
Antimony 0.025 0.074 ND <LOQ ND
Arsenic 0.015 0.044 ND 0.678 ND
Barium 0.005 0.015 309.814 2.143 72.262
Beryllium 0.002 0.007 ND 0.085 <LOQ
Cadmium 0.027 0.082 ND ND ND
Calcium 0.039 0.117 25004.250 326.652 4828.175
Chromium 0.005 0.014 232.643 0.962 <LOQ
Copper 0.037 0.110 37.260 0.503 ND
Iron 0.011 0.033 40916.125 68.508 451.844
Lead 0.015 0.045 ND ND ND
Manganese 0.005 0.014 3980.963 4.168 19.635
Molybdenum 0.007 0.020 452.762 0.613 14.674
Nickel 0.090 0.269 11904.213 18.505 54.606
Phosphorous 0.043 0.128 5839.175 437.130 667.310
Selenium 0.017 0.051 ND ND ND
Sulfur 0.009 0.029 412.903 19.284 170.065
Tin 0.017 0.051 103.684 <LOQ ND
Vanadium 0.034 0.101 <LOQ <LOQ <LOQ
Zinc 0.026 0.079 ND 1.954 ND

Fig. 5. Values of point of zero charge of the adsorbents (ABPB: activated 
birchwood pellet biochar; ASMB: activated standard miscanthus biochar; 
CACminerals: commercial activated carbon derived from minerals; Error bars 
represent the standard deviation (n = 3)).

Fig. 6. Optimization of contact time on caffeine adsorption with commercial 
activated carbon derived from minerals (Error bars represent the standard de
viation (n = 3)).

Fig. 7. Caffeine adsorption capacity measured for the adsorbents (ABPB: acti
vated birchwood pellet biochar; ASMB: activated standard miscanthus biochar; 
CACminerals: commercial activated carbon derived from minerals; Error bars 
represent the standard deviation (n = 3)).
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composition. Although hydrogen content across all adsorbents was low, 
its presence contributes to hydrogen bonding potential, with ASMB 
exhibiting a slightly greater capacity for such interactions than ABPB 
and CACminerals due to its marginally higher hydrogen content.

The FTIR spectra of ABPB, ASMB, and CACminerals indicated the 
presence of hydroxyl (-OH), carboxyl (-COOH), and aromatic functional 
groups, all of which facilitate interactions with caffeine molecules. Hy
droxyl groups contribute to hydrogen bonding, enhancing adsorption 
efficiency, while carboxyl groups – being polar – enable electrostatic 
interactions and hydrogen bonding with caffeine. Additionally, the ar
omatic structures present on the adsorbent participate in π-π interactions 
with the aromatic rings of caffeine, further boosting adsorption perfor
mance. Specifically, FTIR analysis of ABPB showed pronounced aro
matic C=C stretching, suggesting high aromaticity, which enhances π-π 
interactions with caffeine. ASMB, on the other hand, exhibited strong C- 
O stretching peaks, indicating the presence of oxygen-rich functional 
groups capable of forming strong hydrogen bonds with caffeine. These 
functional groups collectively enhance adsorption efficiency by 
providing multiple interaction sites, thereby increasing caffeine removal 
from aqueous solutions. These findings suggest that ASMB is a highly 
promising adsorbent for this application due to its superior adsorption 
capacity and favorable surface chemistry.

The initial pH value of a solution is crucial in adsorption processes, as 
it influences the physical and chemical properties of the adsorbent 
surface and the composition of adsorbate species in solution [39]. Bio
char's amphoteric nature dictates its surface charge, which varies based 
on the solution pH and its point of zero charge (pHpzc). Fig. 8 illustrates 
the variation of adsorption capacity with pH observed in the batch tests. 
Although only three representative pH values (2, 7, and 11) were 
examined in this study, these conditions provide a general assessment of 
adsorption performance under acidic, neutral, and alkaline environ
ments. The maximum adsorption capacity values recorded were 
97 mg g− 1 for ABPB, 176 mg g− 1 for ASMB, and 172 mg g− 1 for CAC
minerals. Even though caffeine has a pKa of 10.4 [25], its charge state 
remains relatively neutral across a wide pH range because it lacks 
ionizable protons. As a result, electrostatic interactions between caffeine 
and biochar are negligible. The low pH dependence suggests that 
caffeine adsorption onto biochar is primarily driven by alternative in
teractions, including pore filling with π-π interactions, hydrogen 
bonding, van der Waals forces, and n-π interactions [2,9,36]. Given 
caffeine's molecular structure, these mechanisms likely dominate its 
adsorption onto biochar.

A comparison with previously reported caffeine adsorption studies 
provides context for the adsorption performance observed in this work. 
CO2-activated macrophyte-derived biochar exhibited a maximum 
adsorption capacity of approximately 118 mg g− 1, with adsorption 
governed primarily by π-π interactions and hydrogen bonding [4]. Bio
chars produced from fique bagasse showed lower capacities 
(~81 mg g− 1), yet similarly demonstrated pH-independent adsorption 
behavior dominated by non-electrostatic interactions [9]. Egusi-shell 
biochar pyrolyzed at 800 ◦C achieved an adsorption capacity of 
121 mg g− 1, attributed to enhanced porosity and increased aromatic 
surface structures facilitating π-π and n-π interactions [2]. In contrast, 
pine-needle-derived biochars prepared at high temperatures exhibited 
substantially lower adsorption capacities (9–12 mg g− 1), which were 
linked to limited pore development and less favorable surface chemistry 
[46]. Compared with these studies, the adsorption capacities obtained in 
the present work (97–176 mg g− 1) fall within the upper range of values 
reported for biochar-based adsorbents. This comparison highlights the 
strong affinity of ABPB, ASMB, and CACminerals for caffeine and re
inforces that pore structure and aromatic surface chemistry – rather than 
electrostatic interactions – are the dominant factors governing caffeine 
adsorption onto biochar.

3.3. Desorption

3.3.1. Solvent desorption
Desorption efficiency varied significantly among the solvents 

(Fig. 9). Methanol and ethanol exhibited the highest efficiency, partic
ularly for ASMB, which achieved 78% desorption with ethanol and 62% 
with methanol. CACminerals showed 62% efficiency with methanol and 
53% with ethanol, while ABPB displayed moderate desorption at 38% 
(in methanol) and 37% (in ethanol). 0.1M H2SO4, 0.1M NaOH, and DI 
water exhibited significantly lower desorption efficiency, all below 27% 
across all adsorbents. The superior performance of methanol and 
ethanol can be attributed to their high polarity, which facilitates strong 
interactions with caffeine, disrupting adsorption forces [47,48]. Their 
hydrogen bonding capabilities further enhance desorption by interact
ing with caffeine's functional groups [49]. Methanol's lower viscosity 
and smaller molecular size also aid penetration into the adsorbent pores, 
enhancing desorption. However, ethanol demonstrated comparable 

Fig. 8. Effect of pH on the adsorption of caffeine on the adsorbents (ABPB: 
activated birchwood pellet biochar; ASMB: activated standard miscanthus 
biochar; CACminerals: commercial activated carbon derived from minerals; Error 
bars represent the standard deviation (n = 3)).

Fig. 9. Caffeine Desorption Efficiency from Various Adsorbents Using Different 
Solvents (ABPB: activated birchwood pellet biochar; ASMB: activated standard 
miscanthus biochar; CACminerals: commercial activated carbon derived from 
minerals; scCO2: Supercritical Carbon Dioxide; Error bars represent the stan
dard deviation (n = 3)).
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efficiency, suggesting it as a viable alternative. In contrast, 0.1M H2SO4, 
0.1M NaOH, and DI water showed low desorption efficiency due to 
weaker interactions with caffeine and the limited solubility of organic 
compounds in these solvents. These findings underscore the importance 
of solvent selection in optimizing desorption efficiency. While methanol 
is often favored for its solvent properties, ethanol provides a comparable 
alternative.

The desorption behavior observed in this study is consistent with 
previous reports on solvent-assisted regeneration of caffeine-loaded 
adsorbents. Dos Santos Lins et al. [50] demonstrated that methanol 
enabled more effective regeneration of MgAl-LDH/biochar composites 
compared with NaCl solutions, which was attributed to the stronger 
affinity of caffeine for polar organic solvents. Similarly, Lekene et al. [2] 
reported that ethanol and methanol were the most effective eluents for 
regenerating biochar-based adsorbents, whereas acidic, basic, and saline 
solutions exhibited limited regeneration performance. Although these 
studies primarily evaluated regeneration efficiency through 
adsorption-desorption cycles rather than directly quantifying caffeine 
desorption, their results consistently highlight the superiority of polar 
organic solvents. This trend aligns well with the present study, in which 
ethanol and methanol achieved the highest desorption efficiencies 
across all adsorbents, underscoring the critical role of solvent polarity in 
disrupting caffeine-adsorbent interactions.

3.3.2. Supercritical CO2 desorption
Caffeine desorption efficiencies in scCO2 were 27% for ABPB, 20% 

for ASMB, and 35% for CACminerals (Fig. 9). The differences in desorption 
efficiency can be attributed to surface chemistry, CO2-philicity, and the 
presence of inorganic components in the adsorbents. ASMB exhibited 
the lowest desorption efficiency, likely due to its higher oxygen- 
containing functional groups, which make the surface more polar and 
less CO2-philic. Since supercritical CO2 is a nonpolar solvent, it interacts 
less effectively with ASMB, leading to inefficient caffeine removal. 
Additionally, ASMB's higher ash content suggests a greater presence of 
minerals, which may have introduced stronger adsorption sites for 
caffeine, further hindering desorption.

In contrast, ABPB and CACminerals demonstrated higher desorption 
efficiencies, likely due to their higher carbon content and lower ash 
content, which make them more compatible with scCO2. Their surface 
chemistry and pore structure facilitate better interactions between 
scCO2 and caffeine, promoting more effective desorption.

These findings highlight the critical role of adsorbent composition 
and CO2-philicity in scCO2 desorption efficiency. Further optimization, 
such as modifying surface chemistry or introducing co-solvents, may 
improve caffeine removal under supercritical conditions.

From a practical perspective, factors such as economic cost, energy 
consumption, and environmental impact should also be considered 
when selecting regeneration strategies for large-scale applications. 
Solvent-based desorption using organic solvents such as methanol or 
ethanol can achieve higher regeneration efficiencies but may require 
solvent recovery and generate secondary waste streams. In contrast, 
supercritical CO2 regeneration offers the advantage of using CO2 as a 
relatively clean solvent that can be easily separated after the process. 
However, the operation of supercritical CO2 systems typically requires 
specialized equipment and higher energy input due to elevated pressure 
conditions. Therefore, while the present study focuses primarily on 
regeneration efficiency and technical feasibility, further techno- 
economic and environmental assessments will be necessary to eval
uate the practical applicability of these regeneration approaches.

4. Conclusions

This study systematically evaluated caffeine adsorption and subse
quent adsorbent regeneration using two CO2-activated biochars derived 
from birchwood pellets and miscanthus, with a commercial mineral- 
derived activated carbon as a benchmark. By integrating adsorption 

performance and desorption behavior within a single experimental 
framework, this work provides new insights into the role of adsorbent 
physicochemical properties in both caffeine removal and adsorbent 
recovery.

Among the tested materials, the activated miscanthus biochar 
(ASMB) exhibited the highest caffeine adsorption capacity, reaching up 
to 176 mg g− 1, despite having a lower specific surface area 
(398.3 m2 g− 1) than both activated birchwood pellet biochar (ABPB, 
437.3 m2 g− 1) and commercial activated carbon (585.0 m2 g− 1). This 
result highlights that caffeine adsorption is governed not solely by sur
face area, but also by pore structure and surface chemistry. In particular, 
the higher abundance of oxygen-containing functional groups in ASMB 
enhanced hydrogen bonding interactions with caffeine, while aromatic 
domains contributed to π-π interactions and pore-filling mechanisms. 
The weak dependence of adsorption capacity on solution pH further 
confirmed that non-electrostatic interactions dominate caffeine 
adsorption onto carbonaceous adsorbents.

Regeneration of caffeine-loaded adsorbents was strongly influenced 
by the desorption method and the chemical nature of the adsorbents. 
Solvent-based desorption demonstrated that polar organic solvents, 
particularly ethanol and methanol, achieved the highest desorption ef
ficiencies across all materials, reaching up to 78% for ASMB. In contrast, 
acidic, alkaline, and aqueous media were considerably less effective 
(<27%), underscoring the importance of solvent polarity and hydrogen 
bonding capacity in disrupting caffeine-adsorbent interactions. Super
critical CO2 (scCO2) desorption enabled solvent-free regeneration but 
exhibited lower desorption efficiencies compared to organic solvents, 
ranging from 20% to 35% depending on the adsorbent. Carbon-rich 
adsorbents with lower oxygen content, such as ABPB and commercial 
activated carbon, showed greater compatibility with scCO2, whereas the 
more polar and ash-rich ASMB exhibited limited desorption. These 
findings emphasize the crucial role of surface polarity, ash content, and 
CO2-philicity in determining scCO2 desorption performance.

Overall, this study demonstrates that activated biochars derived 
from waste biomass can outperform commercial activated carbon in 
caffeine adsorption while offering viable regeneration pathways. The 
direct comparison between solvent-based and scCO2 desorption pro
vides a practical basis for selecting regeneration strategies tailored to 
adsorbent composition and sustainability objectives. While organic 
solvents currently offer higher regeneration efficiencies, scCO2 repre
sents a promising green alternative that could be further optimized 
through surface modification or the use of co-solvents. These results 
contribute to the development of sustainable adsorption-regeneration 
systems for the removal of emerging contaminants from water.
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