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Caffeine is one of the emerging pollutants with a diverse chemical composition. It is mixed with the
hydrobiota as a result of its high consumption, and when certain dose intervals are exceeded, it re-
enters the human body through indirect routes such as plants, animals, soil, water, and the food chain,
causing health problems that are difficult or impossible to treat, and irreversible environmental problems.
This situation raises concerns about the presence of pollutants emerging in water resources, igniting
interest in water treatment processes and the development of alternative methods. Although there are
several methods for removing caffeine from aqueous media, adsorption is the most popular because it is
less expensive than other methods and has the highest removal efficiency. Furthermore, it has the
benefit of selectively attaching the molecules in solution. In this article, studies on the caffeine
adsorption process have been examined, and the caffeine adsorption efficiency of various adsorbents
has been summarized by compiling information such as pH, contact time, temperature, and
concentration of adsorbent and adsorbate, which are considered as optimum processing conditions. The
binding mechanism was investigated, and it was clearly stated how caffeine adheres to the adsorbent
surface. Among the equilibrium adsorption isotherms, the isotherm model with the best agreement with
the experimental data was attempted to be determined. Many studies clearly show that the process of
developing environmentally friendly and high-capacity adsorbents in sustainable processes and in
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the increase in the human population and the increasing
technological and industrial developments in parallel, many
pollutants are mixed into the receiving waters. The concern
about the possibility of experiencing water scarcity due to the
risk of depletion of water resources in the future or the risk of it
being insufficient is one of the biggest reasons for the rapid
increase in research on dangerous and toxic compounds called
“new emerging pollutants”.>?

1. Introduction

In recent years, the increase in the concentration of pollution
parameters in the hydrobiota, which forms the basis of life in
the ecosystem, has emerged as a serious problem." As a result of
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Emerging pollutants are defined by the United States Envi-
ronmental Protection Agency (USEPA) as chemical compounds
that do not have a status yet.* They are pollution parameters
such as caffeine, which have been present in our environment
before now, but cannot be determined because the analytical
methods used are not sensitive enough. Although caffeine is an
emerging pollutant, it is accepted as the most important
representative pollutant of pharmaceutical active substances.®

Caffeine is an organic chemical compound that can be found
in many plant species, its chemical formula is CgH;,N,O,, its
systematic name is 1,3,7-trimethylxanthine, and its molecular
weight is 194 g mol .5 Caffeine, a natural alkaloid, is a stim-
ulant found both in daily foods and beverages (coffee, tea, soda,
energy drinks, chocolates, etc.) and in many pharmaceutical
products, since it is obtained from many plant species.’ Some
cold and flu remedies may also contain caffeine.'* Furthermore,
over-the-counter drugs that do not require a prescription and
are illegal to sell and use, such as drugs, contain caffeine.” As
a result, caffeine has been identified as one of nature's most
common pharmaceutically active compounds.*** Pharmacovi-
gilance has become an important application for assessing the
environmental risks posed by caffeinated drugs and imple-
menting the necessary actions. Specifically, ecopharmacovigi-
lance (EPV), a subfield of pharmacovigilance, has taken its place
today as an important environmental management program
that operates to minimize the hidden dangers posed by phar-
maceutical pollutants in the environment.*

Caffeine is consumed by approximately 90% of the adult
population. The main sources of caffeine as a result of this
consumption are metabolic excretion wastes formed as a result
of caffeine consumption, rinsing of dishes used for caffeinated
beverages, caffeinated beverages that are not consumed by
throwing them in the sink, improper accumulation of expired,
or unused pharmaceutical products containing caffeine, and
the production facility wastes of these products originate from
hospital wastes and the like.**”

After consumption of foods, beverages or drugs containing
caffeine, the part that cannot be metabolized is excreted from
the body. Discarded caffeine first reaches the sewer and then to
the wastewater treatment plants.'® Waste caffeine, which is not
biodegradable or is not destroyed during treatment in the
treatment plant, enters the water cycle and may even mix with
drinking water.'>** The presence of caffeine and its metabolites
in surface waters or groundwater, which can be removed up to
99% during wastewater treatment, indicates that they can
escape treatment systems or that re-pollution from human
activities contributes.*

Furthermore, caffeine detected in the environment in the
absence of natural caffeine sources (tea and coffee) is a sign of
contamination caused by humans.” Caffeine is thus an
anthropogenic biomarker (Fig. 1).'>?*

Chronic toxicity, endocrine disruption, the development of
bacteria resistant species, and congenital anomalies are known
to occur in organisms as a result of exposure of aquatic flora to
pollutants such as caffeine.**** The water flora, as well as the
quality of life and health of living things, are adversely affected
by wastewater discharges that do not meet the wastewater
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Fig. 1 Average caffeine removal rate by adsorption process.

discharge criteria. The wastewater treatment plant's effluent
can also be used to irrigate agricultural land. Mixing these
waters with the soil reduces soil fertility, and by mixing with
groundwater, they can accumulate in plant tissues, eventually
reaching humans and animals via the food chain.*

Although caffeine has potential side effects, the Federal Drug
Administration has classified it as “Generally Safe” and it is now
legal in most countries.”® Caffeine is a hydrophilic and lipo-
philic substance that can disperse into all body fluids and pass
through all biological membranes in humans and animals.
Caffeine consumption in moderation does not pose a health
risk, as long as it is not excessive.”

It is true that daily caffeine consumption varies by country
and by age group. In addition, the amount of caffeine consumed
on a daily basis should be considered. For healthy adults, doses
up to 400 mg are safe, but doses exceeding 400 mg may cause
difficult or incurable side effects.” The right amount of caffeine
helps to keep the metabolism active. Capillaries expand, blood
flow accelerates, and you feel more vigorous and lively as
a result of caffeine stimulating the central nervous system.?*°
Caffeine, while necessary to keep people awake in these situa-
tions, has been shown to increase anxiety, raise blood pressure,
and reduce hand stability.®® The maximum daily dose for
pregnant women is 300 mg. Women who consume more than
300 mg of caffeine per day are known to have a lower fertility
rate and a higher risk of miscarriage.?®* It is recommended not
to exceed 25-50 mg d ' for children aged 2-5 and 50-75 mg d "
for children aged 10-15.>° In other words, caffeine consumption
in children and adolescents should not exceed <100 mg d~".%?

Due to the potential negative effects of caffeine on human
and environmental health, special methods are needed to effi-
ciently remove it from wastewater before discharge.®> When
compared to methods such as membrane filtration or oxidative
processes, which are among the different alternative technolo-
gies for caffeine purification, adsorption stands out due to its
easy applicability, high efficiency and lower cost.**** The high
(80-95%) removal efficiency of pollutants,® as well as the ability
to selectively adsorb targeted substances, are the important
advantages of the method.*¢

Because adsorption is a surface treatment, the ability to
functionalize an adsorbent using physical and/or chemical
methods is the most important factor in increasing its effi-
ciency. The pore structure of the adsorbent is another impor-
tant factor that influences adsorption efficiency. The adsorbent
surface's large and porous structure allows for a more efficient
adsorption process. Natural adsorbents and adsorbents ob-
tained through engineering studies are the two types of
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adsorbents available. Although natural adsorbents are used
without being functionalized, their surface area and pore size
are usually limited. Engineering adsorbents, on the other hand,
are adsorbents whose surfaces have been modified to make
them more efficient for the adsorption process. Acid treatment,
organic modification, surfactant modification, polymer modi-
fication, heat treatment, and other activation processes are
examples.”>*7** The most commonly used and preferred
methods are heat treatment and acid treatment to functionalize
the adsorbent.

Among the studies that can be used effectively in caffeine
adsorption, there are many different adsorbents and activation
studies, some of them: activated carbon obtained from grape
stalk,"” thermally modified Verdo-lodo bentonite,* activated
carbon from date stone,*” biochar obtained from pine needles,*’
oxidized activated carbon from Luffa cylindrica** and organically
modified saponites.*

In this study, the 3D molecular structure in Fig. 2 and the
adsorption of caffeine molecules, whose chemical properties
are given in Table 1, from the aqueous solution by adsorption
were investigated.

2. Caffeine adsorption and affecting
parameters

The adsorption process is divided into two stages: “film diffu-
sion”, in which dissolved substances in the solution pass
through the solvent liquid film surrounding the adsorbent, and
“pore diffusion”, in which substances approaching the adsor-
bent surface enter the interior of the pores. The pH of the
solution, the ambient temperature, the properties of the
adsorbent, the adsorbed substance, and the solvent are all
factors that affect adsorption during this process.

Table 2 lists the adsorbents used in current caffeine
adsorption studies, as well as experimental conditions, inlet
adsorbate and adsorbent concentrations, and the maximum
adsorption capacity obtained under these conditions.

2.1. Effect of pH

The adsorbent surface charge and degree of ionization of the
adsorbate molecules are affected by the pH of the solution,
which is very important in the adsorption process.**>*® The
adsorbent surface can be positively or negatively charged
depending on the pH of the solution. In general, because the

o
C

Fig. 2 3D molecule structure of caffeine.
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Table 1 Physical properties of caffeine

Molecular weight 194.19 g mol !

Molecular formula CgH;(N,0O,
pK, 14 (25 °C)
Log Kow —0.07

Water solubility 21.600 mg L !
pH 6.55

adsorbent surface is positively charged at acidic pH values, it is
more suitable for negatively charged ions, and because the
surface is negatively charged at high pH, it is more suitable for
positively charged ions. Because caffeine is a weak electrolyte,
its ionization is highly influenced by pH.>**” It has a pH of 6.55
in nature.”® Adsorption experiments were carried out at various
pH values in many studies, and the optimum pH value for the
chosen adsorbent was discovered. The optimum pH is deter-
mined by the adsorbent's surface charge and the degree of
ionization of the adsorbate molecules. Adsorption increases as
long as the ionization of adsorbed molecules is prevented, and
adsorption reaches its maximum when the molecules are not
completely ionized.

It is possible to see different pH values as optimum when
evaluating various adsorbents used for caffeine removal. The
results of the studies reviewed, however, show that caffeine is
absorbed more efficiently in an acidic environment.7#%#1:4445:50

When the pH of the solution is lower than the pH of the
adsorbent with zero surface charge, the adsorbent becomes
positively charged, which aids in the attraction of molecules in
the electron donor.” The hydrogen bonding forces between the
adsorbent and the adsorbate explain the increase in caffeine
removal efficiency at low pH values.®

Couto et al. investigated the effects of Babassu and Dende
coconut activated carbons functionalized in an inert atmo-
sphere on caffeine removal in relation to pH in a paper pub-
lished in 2015. The results showed that 3 was the best working
pH for this study.”® Grape stalk were used to remove caffeine in
another study based on this one."” The researchers compared
three types of grape stalk: unfunctionalized grape stalk (GS),
modified grape stalk with phosphoric acid (MGS), and activated
carbon (GSAC) obtained from grape stalk. GS and MGS had the
best pH at 2, while GSAC had the best pH at 4. Lenzi et al. used
bentonite clay calcined at 773 K as an adsorbent in a study
published in 2020. This study shows that caffeine is adsorbed
more efficiently in an acidic environment, revealing that pH 2 is
the best pH for the adsorption process.

In the study published by W. A. Cabrera-Lafaurie et al. in
2012; investigated the effect of clays functionalized with tran-
sition metals and calcination on the caffeine removal, and as
seen in Table 3, when the caffeine adsorption of different
adsorbents at different pH conditions was evaluated, it was
concluded that better efficiency was achieved in an acidic or
neutral environment.*

Anastopoulos et al., in their optimization study of caffeine
adsorption with oxidized biochar obtained from pine needles in
2020, confirmed that the adsorption capacity increases with
increases up to 4 in solution pH, and then begins to decrease

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04501j

View Article Online
RSC Advances

Review

61761 — — (4 — — €S'EY pcIUOIUD(] PAQ-XIg
S 0C a1 ST — 4 81T << TBY00Iq puIoRAY 197BM
0T S0 1 ST 0¥ T LY £c2IUOIUBQ pauId[e)
0T €0 a1 o€ 00€ S 0°29¢ 1UOQIBD PajRAlIdR auld
ocSAe[d pazeqid
4" £9°9 a ST 08% S'9 GG o1UEB3I10-d1UBZIOUT PAYIPOW [IIN
S0 10 T (4 0ct 7’9 LTt mwocﬁwsmeo
00T 0°€¢ S 0€ 088¢ 69 0°'6L mvmﬁvmoﬁvx uoqre)
ST S0°0 L1 ST 0¥ 9 0'88 ,U0QIBD P3JBANOR TR[NUBID
00T e S 0€¢ 081-0CT €9 0°9CT oy UOQIBD PIJBALIOR SUO0IS yoead pazIpxO
00T e S 0€¢ 08T1-0CT €9 0°09¢ o H0Q1BD PIJBALJOE 9U0)S [okad
opoIoydsoune 119Ul Ul uoqIed
00T 0S°0 a1 €T (1[4 € 0'90€ P3IBATIOR SSBUIOI( INUOI0D PIYIPOIA
opRIoydsoune 119Ul Ul uoqIed
00T 00 a1 €C 0oct € 0°99T pajeanioe Jnu0s0d apuad payIpoN
opoIoydsoune 119Ul Ul uoqIed
00T 0S°0 a1 €T 0ct € 0°S€T P33BAIOR JNU0D0D NSSeqed PIYIPOIN
00T 0s°0 a1 €C 0ct € 0¥9T1 ¢ H0QIBI PIajeAloe 000) apuad
00T 05°0 a1 €T (1[4 € 0°50T <, UOQIBD PIJBAIIOR 000D NSseqed
0L (Un? a1 - ovvL 14 08 5 [BODTEYD MSNY 20T
10 [43(] a1 ST ovvT — LT gpAomdourpy
0¢ 00T a1 ST 0ve 9 0°88 pSonuodes pagipow A[[edsruedio
Ly DoLpuil©
Sv L9°1 a1 ST 08 14 6°6S DffT WOl PIALISP UOGIED PIZIPIXO
opSOIPaaU
0s L9°T 11 S¢ 0ST 14 'S ourd wo1j paurelqo IeYd0Iq PaZIPIXO
00€ 0T 1ad o€ 08T L 8'9LT 6£P29S T8I WO} 18YD0I] 94ROV
00S 9°0 a1 (4 06 9 9°1¢T ggU0QIBD PaJBAIIOR wnssp3ivs
(4% 0’8 — 0S-S¢ 08 — 0'8¢C ,¢U0QTeD P3JBATIOR 9UOIS ed
cgPNuoIuaq
548 0°09T 1 ST 00¥¢ — T'1¢ OPO[-OPIdA PayTpowl A[[eULIdY],
00S 0T 1 54 (1}44 8'G [ § 4140qIBd pajeanoe soaed] yueld sjddesurd
— 0T S ST 0¢ 14 0°S6€ ,/U0qIed pajeanoe y[ess adein
PE
— 0°ST S ST 0¢ (4 9°6CT ouroydsoyd yam ypels adeid pagrpo
- 0°S¢T S S¢ oy (4 T°68 ,leIs ade1n
(;_13w) (,_13) SWLIdYIOST (Do) (uru) Hd (;,_8 Sw) Kroedes JUqIOSPY
UONBIIUIOUOD 3JB(IOSPY UOTBIIUIOUOD JUSQIOSPY uondiospe wnuqinbyg armeradway], Eliijalbzateee) uondiospe "xely

SuUONIPuod [eIUdWILIAAXT

'80US217 PaNoduN '€ [ RJBWWODUON-UO NG LMY suowiwoD aaieas) e sopun pasusol|stapnesiyl |IIETEEL (o)
"INd €2:62°TT G20Z/v/ZT U0 papeo|umod "Z20z fequisides 9T uo paus!iand 801y sseooy usdo

saipnys uondiospe suieyged g alqel

RSC Adv, 2022, 12, 26504-26513 | 26507

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04501j

Open Access Article. Published on 16 September 2022. Downloaded on 12/4/2025 11:29:23 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

Table 3 Adsorption capacity to remove selected pollutants from
water at 25 °C and different pH®°

Ci(mgL")

Low pH Normal pH High pH
Al-NaBt 0.95 0.94 0.80
AlOr-NaBt 0.45 0.32 0.29
AlOr-NaBt (partial calc.) 0.82 0.85 0.06
CoAlOr-NaBt (partial calc.) 1.81 1.88 0.00
CuAlOr-NaBt (partial calc.) 1.79 1.88 0.00
NiAlOr-NaBt (partial calc.) 1.77 1.75 0.00
CoAlOr-NaBt 1.31 0.47 0.29
CuAlOr-NaBt 1.30 0.53 0.36
NiAlOr-NaBt 1.37 1.37 0.72

after 4. In addition, another study confirming that caffeine
adsorption occurs with higher efficiency in acidic medium by
catching the highest adsorption efficiency at pH 4.

Ngeno et al. in their study published in 2016, investigated
the adsorption of caffeine on pyrolytically derived water
hyacinth biochar and determined the highest pH value of g,
(mg g7"). They concluded that it is possible in 2. They revealed
that the g. value decreased at pH values after 2.3

The majority of studies have found that caffeine adsorption
is more efficient in an acidic or neutral environment. Caffeine
adsorption is relatively consistent in the pH range of 5-8,
according to studies. Because hydroxyl ions, which may exist in
higher concentrations, compete with caffeine for sorption to the
acidic sites on the adsorbent at a more basic pH, a decrease in
yield is expected.”

2.2. Effect of reaction time (adsorption equilibrium time)

It's a crucial parameter because it determines the adsorbate
removal rate and adsorption equilibrium time during the
reaction. At the beginning of the adsorption process, the
adsorption rate is higher due to the empty pore structure of the
adsorbent, and it decreases as the time progresses.®® The pore
ratio in the adsorbent structure decreases as the number of
molecules attached to the surface increases over time. The
adsorption rate may vary depending on the material's adsorp-
tion capacity.®*> With the decrease of the solvent accessible
surface area, the adsorbent reaches the saturation value, and
the adsorption takes place by inclusion, and the increased
reaction time decreases the adsorption efficiency due to the
smaller inner surface area. It can be said that the small increase
in adsorption capacity over time is due to the increasing diffi-
culty of occupying the vacant active sites due to the repulsive
effects of the caffeine molecules on the adsorbed molecules.*®

Different optimum reaction times were determined in the
studies listed in Table 2. Mohammed Danish studied the
removal of caffeine from date stone using activated carbon,
explaining that the adsorption efficiency increased rapidly for
the first 15 minutes, then began to decline, and the adsorption
reached equilibrium in 80 minutes. Initially, the abundance of
empty spaces suitable for adsorption on the adsorbent surface

26508 | RSC Adv, 2022, 12, 26504-26513
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and the amount of adsorbate caused the adsorption to be
faster.’”

Grape stalk (GS), grape stalk modified with phosphoric acid
(MGS), and activated carbon (GSAC) obtained from grape stalk
were used to adsorb caffeine in a study conducted by Portinho
et al. in 2017. The equilibrium times of the reactions were found
to be 40 minutes, 30 minutes, and 30 minutes, respectively, in
experiments using three different types of adsorbent obtained
from grape stalk. Later in the reaction, after reaching equilib-
rium, a small increase in adsorption capacity was observed. The
caffeine molecules are attached to the active sites on the
adsorbent at the start of the reaction. The small increase in
adsorption capacity is due to the difficulties that arise because
the caffeine molecules clinging to the pores create a repulsive
force against the caffeine molecules in the solution that want to
cling to the empty active sites.”® Furthermore, it is stated that
the main reason MGS and GSAC reach equilibrium in a shorter
time is because they have improved pore volume as a result of
being treated, and GSAC has a high carbon content.®

In the studies carried out by Anastopoulos and Pashalidis in
2019, caffeine adsorption experiments were carried out using
oxidized carbon derived from Luffa cylindrica. In the studies
carried out, it was stated that the adsorption took place very
quickly in the first 10 minutes and the adsorption rate
decreased gradually with increasing contact time until equi-
librium was reached after 80 minutes. It was determined that
there was no significant change in the adsorption capacity in
the trials made up to 240 min for contact times higher than
80 min. This result is due to the reduction of active pores on the
adsorbent over time.**

Caffeine adsorption with 773 K bentonite reached equilib-
rium in 1440 minutes, according to Lenzi et al. They also looked
into the effect of calcined bentonite in calcium alginate on the
adsorption process, and discovered that compared to bentonite
in suspension, caffeine adsorption was reduced by 19%.%

The adsorption equilibrium time was 40 hours, according to
Oliveira et al, who used thermally modified Verdo-lodo
bentonite as an adsorbent. The adsorption kinetics showed
the best agreement with the pseudo second-order model.”® In
just 24 hours, approximately 90% of the total caffeine adsorbed
has been removed.

S. Alvarez et al. and colleagues synthesized carbon xerogel
and investigated the effect of caffeine on adsorption in a study
published in 2015. Caffeine adhered to the xerogel to a large
extent in the first hour and then gradually decreased until the
total removal capacity was reached after 48 hours, according to
the findings. The pore structure is known to be an important
parameter in the adsorption process. The mesoporous carbon
xerogel used in the study was compared to microporous mate-
rials tested in a previous study, such as F-400 activated carbon.*

2.3. Effect of ambient temperature

The ambient temperature, which is another factor affecting the
adsorption, affects the adsorption rate. The dependence of
adsorption on temperature is either endothermic or
exothermic.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 shows the optimum reaction temperature values
determined in previous caffeine adsorption studies. When the
studies were examined, it was seen that the reaction showed
endothermic reaction characteristics in some studies and
exothermic reaction characteristics in some studies.

Among the studies carried out using different adsorbents in
Table 2, the ability of water hyacinth biochar produced by the
pyrolytic method to retain the caffeine molecules in the solution
was evaluated at different temperatures. It was found that
increasing the reaction temperature from 298 K to 338 K
decreased the adsorption efficiency from 86.05% to 59.75%.>*

In the article published by Anastopoulos and Pashalidis in
2019, in the adsorption studies performed during the adsorp-
tion of caffeine on oxidized carbon derived from Luffa cylindrica,
the highest adsorption capacity was 298 K, ¢max = 59.9 mg g™/,
and the lowest adsorption capacity was 323 K they also obtained
Gmax = 49.3 mg g~ *. These results confirm that the adsorption is
exothermic.**

The maximum adsorption capacities were found to be 5.4 mg
g ', 6.5mgg ' and 6.26 mg g ', respectively, in the adsorption
study carried out by Anastopoulos et al. in 2020, using biochar
obtained by the oxidation of pine needles selected for caffeine
adsorption. When these results are analyzed, it is clear that as
the temperature rises from 298 K to 313 K, the adsorption
capacity increases slightly, but as the temperature rises to 323 K,
the adsorption capacity decreases. In contrast to the study they
carried out in 2019, the data obtained from this study reveal that
the adsorption that took place was endothermic and entropy-
induced.*

The adsorption efficiency of caffeine adsorption with acti-
vated carbon obtained from the date stone increased as the
ambient temperature increased from 298 K to 323 K, according
to a study published by Mohammed Danish in 2020. With the
increase in temperature, the adsorption efficiency, which was
around 70% at 298 K, increased to 78 percent. The adsorption
capacity increased from around 9.11 mg g~ ' to 10.18 mg g .
The fact that caffeine adsorption increases with increasing
temperature indicates that this is an endothermic reaction.*

When the examined caffeine adsorption studies are evalu-
ated, the results obtained confirm that the adsorption capacity
can change whether the adsorption process is exothermic or
endothermic. In some of the studies carried out, the decrease in
the adsorption capacity with the increase in temperature
confirms that the caffeine adsorption process is an exothermic
reaction.*>*"%?

There are studies in the literature that show that when
caffeine is physically absorbed, its capacity for adsorption
diminishes with temperature.*"***** When the surface is highly
functionalized with oxygen, however, the adsorption capacity
may increase with temperature due to chemical absorption of
caffeine.’”*® Temperature has a significant impact on both
selectivity and adsorption capacity.®

The solubility is influenced by the solute's concentration and
the system's temperature. The solute's solubility can be increased
by raising the ambient temperature.®” Caffeine is partially polar.
The polarity of the molecule is largely influenced by the two
carbonyl groups and the single electron pair on the nitrogen.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Caffeine is thus soluble in both water and polar organic solvents,
but significantly less so in non-polar solvents.®®

The degree of adsorption of the solute and its solubility in
the solvent where adsorption occurs, on the other hand,
generally have an inverse relationship. Because the higher the
solute solubility, the stronger the solute-solvent bond and the
less the adsorption.®® However, as the temperature increases,
caffeine becomes more soluble in water. In this case, it is
concluded that adsorption can be positively affected by the
increase in ambient temperature.®®

At lower temperatures, physisorption is usually the dominant
phenomenon, and the amount of solute removed by adsorption
decreases as temperature rises. Chemisorption becomes much
more dominant at higher temperatures, and the amount of
adsorbed material begins to increase with temperature.*

2.4. Determination of equilibrium adsorption isotherms

The differences between the isotherm models are critical for
selecting a theoretical model that is compatible with experi-
mental data and allows for the calculation of the materials’
adsorption capacity.

The Langmuir isotherm is an isotherm model in which the
adsorbent's surface is homogeneous and a monolayer surface
coating forms without adsorbed molecules interacting. On the
other hand, the Freundlich isotherm model is an adsorption
isotherm in which a heterogeneous surface is formed and
molecular interactions between adsorbate molecules are
observed.

The Toth isotherm is an isotherm used in the definition of
adsorption systems using heterogeneous adsorbents. It was
developed from the Langmuir isotherm.

Another name for the Sips isotherm is the Langmuir-
Freundlich isotherm. It exhibits the Freundlich isotherm char-
acteristics at low adsorbate concentrations and the Langmuir
isotherm characteristics with monolayer capacity at high
concentrations.”

When Table 2 is examined, it is concluded that most of the
adsorption studies are in agreement with the Langmuir and
Freundlich isotherm models.

The Sips isotherm was found to be the best match in caffeine
adsorption with grape stalk in a study published by Portinho
etal in 2017. The best match is obtained with the Sips isotherm
in all three studies: grape stalk (GS), phosphoric acid modified
grape stalk (MGS), and grape stalk activated carbon (GSAC). The
Freundlich isotherm has been found to be inconsistent because
of its inconsistency at high pollutant concentrations, whereas
the Langmuir isotherm has incompatibility due to the homo-
geneity of the surface.”

The experimental data of caffeine adsorption is best
explained by the Sips adsorption isotherm, according to a study
published by Silvia Alvarez Torrellas et al. in 2015. Because the
target compound's adsorption isotherm has a sigmoidal profile,
standard models like the Langmuir or Freundlich equations
have been inadequate.*®

Another study by Silvia Alvarez et al., with carbon xerogel,
determined that the most suitable isotherm for caffeine
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adsorption was the Sips isotherm. The explanation of the Sips
equation, which is more complex due to the heterogeneity of the
solid surface at this point, is the reason why the Sips model
shows the best fit.*®

According to the studies in the literature, the adsorption
capacity values obtained from the Langmuir and Sips models
are close to the experimental adsorption capacity values.
Therefore, it can be inferred from the data that a homogeneous
surface is used for caffeine adsorption.**">7>

In addition, when the kinetic models calculated as a result of
the experimental data of caffeine adsorption studies using
different adsorbents were examined, it was determined that
most of the studies were compatible with the pseudo second
order kinetic model.*****

2.5. Effect of water hardness

Couto et al. investigated the effects of water hardness on caffeine
removal with coconut activated carbons from various families in
a study published in 2015.* Caffeine retention tendencies of
functionalized activated carbons in an inert atmosphere were
investigated at various water hardnesses, and the results revealed
that the caffeine molecules’ ability to adhere to the adsorbent
gradually decreases as the hardness increases. The increase in
the solubility of caffeine in parallel with the increase in water
hardness is the most important reason for this result. Ca>* and
Mg>" are ions that contribute significantly to the hardness of
water. In the experiments, adsorption efficiency was investigated
in water containing 0 mg L™ (W0), 80 mg L™ " (W80), 200 mg L™"
(W200) CaCOs, respectively, deionized water, medium hard water
and hard water, using water with different levels of hardness.

In Table 4, the adsorption amounts of functionalized
coconut activated carbons depending on the water hardness
were examined.

When the values in Table 4 are examined, it confirms the
decrease in caffeine yield as the water hardness increases. This
is due to the tendency of free ions such as Ca>* and Mg** in hard
water to compete with the adsorbent.

2.6. Attachment mechanism

It's crucial to understand how caffeine binds to the adsorbent
surface in order to explain the adsorption mechanism. The

Table 4 Pseudo-second order caffeine adsorption parameters for
functionalization in an inert atmosphere at 23 °C*®

Activated carbon

sample Water hardness Qeq. cal. (Mg g
BI 0 100.20
BI 80 83.28
BI 200 80.78
DI 0 92.96
DI 80 82.07
DI 200 79.76
NI 0 107.30
NI 80 94.39
NI 200 92.28

26510 | RSC Adv, 2022, 12, 26504-26513

View Article Online

Review

presence of some functional groups and properties such as
ionization, in particular, affect the adsorbate's binding mech-
anism to the adsorbent. However, some constraints must be
overcome, such as particle size and crystal morphology, where
the lack of functional groups on the surface reduces adsorbate
molecule removal efficiency.”

The majority of studies have found that caffeine adsorption
is more efficient in an acidic or neutral environment. Caffeine
adsorption is relatively consistent in the pH range of 5-8,
according to studies. At a more alkaline pH, higher concentra-
tions of hydroxyl ions compete with caffeine for sorption to
acidic sites (phosphate groups) on the adsorbent.*

According to the researchers, while caffeine adsorption takes
place between pH 2-7, -7 interactions and hydrogen bonds
are responsible for the adsorption of adsorbate molecules to the
adsorbent surface, while a decrease in surface adhesion is
observed in the 8-9 range after pH 7. This is due to the repulsive
forces between the caffeine molecules and the adsorbent with
a negative surface charge. Caffeine is generally positively
charged when the pH is lower than 8 and therefore attaches to
the negatively charged adsorbent surface via electrostatic
interactions.®

Caffeine is known to have a high dipole moment.” The
positively charged nitrogen atom in the caffeine molecule forms
an electrostatic bond with the adsorbent's negatively charged
functional groups.””° This electrostatic attraction is due to the
dipole moment.””

On the carbon surface of carbonaceous materials, there are
many polar groups with hydrophilic behavior, such as -NH,
—-OH, -0, and -COO. As a result, caffeine adsorption can occur
through dipole-dipole interactions, in which the m-electrons
and 2-nitrophenol aromatic rings of caffeine interact with -
aromatic electrons on the adsorbent surface.’**>7®

Furthermore, hydroxyl groups (OH) are the most dominant
bonds between adsorbents and caffeine in coffee husk and
caffeine biosorption, followed by carboxyl groups (COOH).
Coffee husk biochar meets this requirement thanks to a large
number of polar groups with hydrophilic behavior, such as
-NH, -OH, -0, and -COO.* As a result, caffeine adsorption can
occur through dipole-dipole interactions, in which the m-elec-
trons and 2-nitrophenol aromatic rings of caffeine interact with
aromatic electrons on the biochar adsorbent surface.”

A dipole-dipole interaction occurs between the deproto-
nated caffeine molecule and the protonated groups on the
surface of carbonaceous materials when the pH is below the pK,
of caffeine.*

There is a continuous decrease in the adsorption efficiency
with the increase of the ionic strength of the solutions, indi-
cating that the adsorption of caffeine by the adsorbent is based
on pure electrostatic interactions. The results of caffeine
adsorption studies carried out with biochar obtained from pine
needles revealed that the negative carbosilicate parts on the
adsorbent surface at pH 4 and the positively charged amino
groups of caffeine molecules are active sites, due to the effect of
ionic forces, and that caffeine adsorption occurs through elec-
trostatic attraction.*®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Schematic representation of the interaction of caffeine (CAF)
with the adsorbent.

The electrostatic attraction between the negatively charged
carbosilicates on the adsorbent surface and the positively
charged amino groups of caffeine is depicted in Fig. 3.

2.7. Adsorbent and adsorbate concentration

The efficiency of the adsorbents selected for adsorbing different
adsorbate materials is very important to determine the optimum
amount of adsorbent and to prevent unnecessary adsorbent waste.
Each adsorption event has its own optimum adsorbent concen-
tration. In addition, determining the optimum adsorbent dose is
one of the important ways to reduce the cost in the adsorption
process, and makes the adsorption process more attractive.

Table 2 lists a number of previous studies on caffeine
adsorption, which is the focus of this research. For each study,
different optimum conditions were determined.

Adsorbents have different ability to adsorb various active
substances. If the material used in the adsorption process and
the adsorbed material are in harmony with each other, the
efficiency will increase. In general, high molecular weight
substances adsorb more easily than low molecular weight
substances (the larger the molecule, the greater the van der
Waals force). Each adsorbent has a maximum adsorbate
holding capacity.

When Table 2 is examined, it is clear that the adsorption
capacities of activated carbons prepared from different types of
coconut shells modified in an inert atmosphere have radically
different values. The material structure influences the capacities
of different starting materials sintered in the same environment.*

While preparing the adsorbent, the selected material, sin-
tering temperature, time and atmosphere are effective param-
eters on the properties and capacity of the final product'®>*3°

The initial adsorbent concentrations chosen by the
researchers and, as a result, the change in adsorption capacity
(9m) per unit adsorbant were investigated in the studies listed in
Table 2. Thus, the ideal amount of adsorbent for caffeine
adsorbent can be compared.

3. Conclusion and discussion

In this review, adsorbents that have been effectively used in
caffeine adsorption until now have been grouped together

© 2022 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

based on the parameters that affect the adsorption process,
such as pH, contact time, temperature, adsorbate concentra-
tion, and water hardness.

As a result of the researches, the following data was
obtained:

e Caffeine is adsorbed more efficiently in an acidic
environment.

e Many studies usually give effective results at room
temperature (298 K).

e The maximum adsorption capacity values vary in a wide
range such as 5 to 395 mg g’l.

e In addition, among the equilibrium adsorption isotherms
studied, the Langmuir isotherm model showed the best agree-
ment with the experimental data obtained in caffeine adsorp-
tion in most studies.

e The binding mechanism is that the negative carbosilicate
parts on the adsorbent surface and the positively charged amino
groups of caffeine molecules are active sites, and caffeine
adsorption also occurs through electrostatic attraction.
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