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This work investigated the adsorption capacity of banana and orange peels, magnetite and their corresponding
magnetic composites in the removal of caffeine from synthetic wastewater. The characteristics of the adsorbents
were studied using proximal analysis, Fourier transform infrared spectroscopy (FT-IR), Raman spectroscopy,
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS), Brunauer, Emmett and Teller (BET)
analysis and X-ray diffraction. Batch adsorption tests were conducted to determine the influence of the adsorbent
dose (0.5 and 10.0 g/L), contact time (5 — 180 min) and initial caffeine concentration (10 - 50 mg/L) in the
caffeine removal. The fittings of the experimental data to the pseudo first order, pseudo second order, Elovich,
and diffusion kinetic models, as well as to the Langmuir, Freundlich and Sips isotherm models were also studied.
The use of magnetic peels improved around 1.7 times the adsorption capacity of peels. The effective doses were
3.5 g/L of orange peel, 9.5 g/L of banana peel, 2.5 g/L of orange peel composite, 5.5 g/L of banana peel composite,
and 5 g/L of magnetite, achieving caffeine removal efficiencies of 95.5 + 0.3%, 90.5 + 0.5%, 93.6 + 0.2%,
89.2 + 0.01% and 54.8 + 0.8%, respectively. The adsorption using the peels, magnetite, and their magnetic

composites better fitted the pseudo first order kinetic model and the Langmuir and Sips isotherm models.

1. Introduction

The availability of clean water is not only essential for life, but it is
also of crucial importance for social and economic development. Para-
doxically, this same development and the growth of the population de-
mand the consumption of larger amounts of water (4600 km?3/year) and
are related to its contamination and subsequent impacts (Boretti and
Rosa, 2019). During the last few decades, the potential environmen-
tal impacts of a series of new anthropogenic contaminants has at-
tracted the attention of the scientific community and public in general.
These so-called “emerging contaminants” (ECs) include pharmaceuti-
cals, personal care products, endocrine disrupting compounds, illegal
drugs, among others. These substances have been found in water bodies
and wastewater in concentrations between ng/L and ug/L (e.g. phar-
maceuticals between 0.02 ng/L to 50.00 ng/L). Several studies deter-
mine that ECs are both potentially toxic and very persistent, and they
can directly or indirectly affect several organisms due to bioaccumu-
lation and biomagnification (Quesada et al., 2019). Besides this, their
removal is not effectively performed in conventional wastewater treat-
ment plants (WWTPs). Conventional mechanical — biological WWTPs

* Corresponding author.

were used achieving an efficiency around 60% (Kot-Wasik et al., 2016).
Therefore, it is desirable and necessary to improve the traditionally used
treatment technologies and to develop non-conventional technologies.
The efforts in this sense must consider not only the performance that
needs to be achieved but also the capital and technology requirements
(Shah et al., 2020).

Caffeine is a stimulant of the central nervous system, present in
drinks such as coffee, tea, soft drinks, and energy drinks; becoming one
of the most widely consumed pharmaceuticals (177.7 mg/person/day)
(Korekar et al., 2019). Caffeine has been found in the WWTP influents
and effluents (0.1 to 20 pg/L), in groundwater (10 to 80 ng/L), and in
rivers, lakes and sea water (3 to 1500 ng/L) (Alvarez-Torrellas et al.,
2016). The presence of caffeine in aquatic ecosystems represents a
risk for biota (e.g. zebra fish, Mytilus californianus, Ruditapes philip-
pinarum, Carcinusmaenas, etc.) due to its physicochemical properties and
its chronic toxicity (Korekar et al., 2019). Therefore, the search for al-
ternatives to remove caffeine from wastewater is important. Treatments
such as biochemical degradation, photolysis, reverse osmosis, ozona-
tion, advanced oxidation and adsorption process are used in the caffeine
removal (Sotelo et al., 2014).
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Adsorption is an economical, easy-to-implement, highly efficient and
environmentally friendly process to remove various types of contam-
inants. One of the most widely used and marketed adsorbent mate-
rials is activated carbon; but its cost (20 — 22 USD/kg) could limit
its use at large scale (Sotelo et al., 2014; Portinho et al., 2017). Sev-
eral non-conventional adsorbents have been used in the removal of
emerging contaminants, including heavy metals, from aqueous envi-
ronments (Zamora-Ledezma et al., May 2021). For instance, fungal
strains biomass for Pb(II) ion removal and inactive bacterial strains
biomass for Cd(II) ion removal were used, achieving high efficiencies
(Zamora-Ledezma et al., May 2021; Long et al., 2019). Other adsor-
bent materials used for the caffeine removal from solutions and real
wastewater were polymeric resins, nanomaterials, carbon nanotubes,
biochar, modified graphite sheets, zeolites, aluminosilicates, among oth-
ers. Furthermore, organic, lignocellulosic or agro-industrial residues
(husk, shells, peels, leaves or fruit seeds, stalks) and new generation ad-
sorbents (nanoparticles and composites) are also presented as an alter-
native (Bachmann et al., 2021). In any case, the adsorbent material used
should exhibit desirable characteristics such as selectivity, high surface
area, high adsorption capacity, low cost, long service life, and recyclabil-
ity (Rigueto et al., 2020). Agro-industrial residues are available at low
or no cost, and have a porous surface with the presence of functional
groups that improves the adsorption process (Portinho et al., 2017). In
particular, around 12.0 to 20.8 tons of orange peels and 35.4 to 47.2 mil-
lion tons of banana peels are produced annually worldwide, and do not
have a defined use (Portinho et al., 2017; Martinez-Ruano et al., 2018).
Moreover, they have already been used in the removal of some ECs,
reaching efficiencies higher than 70%, which are comparable to other
adsorbents. Banana peels have been used in the removal of atrazine (>
90%), ametrine (> 90%), sulfamethazole (70%), 17-ethinylestradiol (>
80%) and estrone (> 80%) (De Sousa et al., 2019). Therefore, the adsorp-
tive removal of contaminants from wastewater could be an alternative
of fruit peel valorization.

However, some peels have low adsorption capacity and separability
from aqueous media. The adsorption capacity of peels will be enhanced
with the impregnation of nanoparticles (iron oxides, titanium dioxide,
zinc oxide, carbon nanotubes, among others), since nanoparticles have
a greater specific surface area. The difficulties of separation between the
adsorbent and the aqueous medium could be solved with the prepara-
tion of magnetically modified adsorbents. Magnetic separation is a fast,
efficient and cost-effective method that can be used in both small-scale
and large-scale wastewater treatment. Thus, magnetic composites with
an agro-industrial residue matrix could be an alternative for the contam-
inant removal (Ahmed et al., 2020). Magnetite (Fe;0,) is an iron oxide
commonly used in the adsorption of contaminants due to its magnetic
character, low cost, environmentally friendly nature and the possibil-
ity of treating large volumes of wastewater. Magnetite has highly active
surface sites and high surface area (between 30 and greater than 200
m?/g), achieving adsorption capacities around 100 mg/g in the removal
of ECs (Zheng et al., 2018, Ahmed et al., 2020). Magnetic composites
(agro-industrial residues + magnetite) have been used in several studies
with heavy metals and dyes (i.e. brilliant black, methylene blue), obtain-
ing efficiencies between 90 and 99% (Zheng et al., 2018; Catlioglu et al.,
2020). Zheng et al. (Ahmed et al., 2020), reported that diclofenac was re-
moved using a magnetic composite (MOF-100(Fe)) obtaining a removal
efficiency of 80%.

Despite the efficiency obtained with magnetic adsorbents, only a few
studies have been carried out to remove ECs. Therefore, the objective
of this work was to evaluate if the caffeine removal from synthetic so-
lutions improves when magnetic composites (fruits of high production
in several countries around the world, and particularly in Ecuador) are
used. For the study, the influence of the adsorbent dose, contact time
and initial concentration of caffeine were evaluated, the obtained data
were adjusted to different isotherm and kinetic models. Likewise, it was
determined whether the presence of the magnetic particles facilitates
the separation of the adsorbent from aqueous solutions.
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2. Materials and methods
2.1. Material conditioning and composite synthesis

The orange peels were collected at the southern zone of Quito city
(-0.266667; —78.5333), while the banana peels were donated by a
company that processes the fruit in Ecuador. The iron salts used were
FeCl;#6H,0 and FeSO,¢7H,0 from Sigma Aldrich. Sodium hydroxide
and all the other reagents used were at least 98.0% w/w pure.

Peels were cut and washed with drinking and distilled water to re-
move impurities. Then the peels were dried at 60 °C for 24 h, grinded
in a knife mill (Thomas Wiley, model 3379-K05, Thomas Scientific) and
sieved. The material between 125 and 149 pm was used in adsorption
tests (Castro et al., 2021).

The co-precipitation method was used for the synthesis of magnetite.
For this purpose, FeCl;¢6H,0 and FeSO,¢7H,0 were used, in a 3:2 M
ratio. The mixture was heated to 70 °C with constant bubbling of argon
and stirring at 1250 rpm. An 8.0 M NaOH solution was added to reach a
pH 11. Then, the materials were separated from the aqueous solution by
using a magnet. Magnetite was washed with distilled water to achieve
pH 7.0 and dried at 80 °C for 12 h.

The synthesis of magnetic composites began with the procedure used
for the synthesis of magnetite. Inmediately after reaction with NaOH,
5.00 g of the previously conditioned peels were added to the magnetite
solution. The mixture was kept under constant stirring at 70 °C for
30 min. The composite was magnetically separated, washed until pH=
7.0 and dried at 80 °C for 12 h (Castro et al., 2021; Kapur and Mon-
dal, 2016).

2.2. Material characterization

The materials were characterized using ASTM standards to evaluate
their physical chemical characteristics. Lignin, hemicellulose and cellu-
lose (ASTM D1106-21); (ASTM D1109-21), extractives (ASTM D1107-
21; ASTM D1110-21), moisture content (ASTM D 4442-20), ash (ASTM
D 1102-21), volatile matter (ASTM E 872-19) and pH (D 4972-19) were
determined.

The main functional groups of the synthesized adsorbents were iden-
tified by Raman and Fourier transform infrared spectroscopy (FT-IR).
The Raman analyses were performed using a Horiba Scientific equip-
ment, LabRam Evolution model, with a 532 nm wavelength laser, power
of 50 mW at 5.0%, hole size of 180 and rate of 2.4. The FT-IR analy-
ses were performed using a Perkin Elmer Spectrum 200 spectrometer
within the 4000 - 500 cm™! range.

The morphology of the adsorbents was studied using a Tescan Mira
3 equipped with a Schottky field emission gun at 20 kV. EDS was per-
formed in a SEM chamber, using a detector Bruker X-Flash 6|30 with
a 123 eV resolution. X-ray diffraction patterns were recorded in a Pan-
alytical diffractometer model AERIS RESEARCH, using a copper X-ray
tube (K,, 4 = 1.54056 A) at 40 kV and 15 mA. The diffractogram anal-
ysis was performed on the average of four measurements between 5°
and 85° (§—20, Bragg-Brentano geometry) using the HighScore Plus soft-
ware. The surface characteristics of the adsorbents (surface area, pore
size and pore volume) were determined with BET analysis, using a 1LX
micrometer NOVA touch. The adsorbents were conditioned under vac-
uum up to 100 °C with a heating rate of 10 °C/min, then they were held
for 1440 min.

2.3. Batch adsorption tests

The batch adsorption tests were carried out to determine the dose of
adsorbents and contact time that achieve the highest caffeine removal.
Moreover, the influence of the initial concentration of caffeine was an-
alyzed. The caffeine removal was evaluated using a 30 mg/L caffeine
solution. In previous studies caffeine solutions between 5 and 5000 ppm
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using crude (grape stalk) and modified/advanced/non-conventional ad-
sorbents (activated carbons, nanoparticles and nanocomposites) were
applied (Rigueto et al., 2020; Panneerselvam et al., 2011; I. Anastopou-
los et al., 2020).

The process was carried out at room temperature (22.7 + 1.0 °C),
pH = 6.9 + 0.24 and stirring at 150 rpm. The adsorbent material doses
used were between 0.5 and 10.0 g/L. Eight tests were carried out for
each adsorbent material with testing times between 5 and 180 min. Fi-
nally, to determine the influence of the initial caffeine concentration in
the adsorption process, solutions between 10 and 50 mg/L were used.
The batch tests were carried out in triplicate, using distilled water as
control. After each experiment, the adsorbent was removed from the
aqueous phase using magnetic separation and a 0.20 um pore size filter
membrane. Measurements of caffeine concentrations were performed
in an Analytik Jena Specord 210 Plus UV - VIS spectrophotometer, at
287 nm.

2.4. Kinetic and isotherm study tests

Kinetic and isotherm studies were conducted at room temperature
(22.7 + 1.0 °C), pH = 6.9 + 0.24 and stirring at 150 rpm using the
optimal dose and contact time, respectively. In the adsorption kinetic
tests, caffeine solutions of 30 mg/L and in the isothermal ones, caffeine
concentrations between 10 and 90 mg/L were used. The pseudo first
order (1), pseudo second order (2) and Elovich (3) kinetic models were
fitted to the obtained data.

g4 = q,(1—e1*) )

t 1 t
- = >+ — 2
4G ky*xq,c 4.

%=§m+ww 3)

Moreover, to analyze the diffusion mechanism, the intraparticle dif-
fusion model (4) was used to obtain information about the adsorption
process.

4 =k\Vi+C “

where q; is the amount of caffeine adsorbed at time t, (mg/g), q. is
the amount of caffeine adsorbed at equilibrium, (mg/g), k; is the first
order kinetic constant, (min~1), k, is the second kinetic constant order,
(g/mg min), « is the initial rate constant, (mg/g min), g is the desorption
constant (mg/g), k,, is the rate constant of the intra-particle diffusion
model, (mg/g min'/2) and C is a constant associated with the thickness
of the boundary layer (mg/g).

On the other hand, the Langmuir, Freundlich and Sips isotherm mod-
els were used to determine the adsorption model that better fitted the
results obtained. For this purpose, the non-linear equations showed in
Equations 5 — 7 were used, respectively.

* K; % C

4 = m * BL * Ce %))
1+K; +C,

g, =K % C,M/" 6)
1

_ qm(KL * Ce) /"’ 7

o= ——"71 )
1+ (K. %C,)

where q, is the equilibrium adsorption capacity (mg/g), q,, is the max-
imum adsorption capacity (mg/g), C. is the concentration of caffeine at
equilibrium (mg/L), K;, is the empirical constant of the Langmuir equa-
tion related to energy of adsorption (L/mg), Ky is the Freundlich con-
stant (mg/g), and n is the adsorption intensity (I. Anastopoulos et al.,
2020; Nguyen et al., 2021). The tests to determine the kinetics and
isotherm model were carried out in triplicate.

Environmental Challenges 5 (2021) 100343

Table 1
Physico-chemical characteristics of orange and banana peels.

Parameter Orange peel Banana peel
(mean + SD) (mean + SD)
pH 5.2+ 0.0 6.3+ 0.0
Moisture (%) 65.0 + 0.4 86.2 + 0.3
Volatile material (%) 77.1 0.1 69.8 +£ 0.1
Ash (%) 8.2+0.1 6.4+0.3
Extractives (ethanol-toluene) (%) 184 + 2.6 88+1.7
Extractives (water) (%) 5.9+ 0.5 4.7 + 0.6
Total extractives (%) 243 + 3.2 13.5+2.3
Lignin (%) 23.1+0.5 16.6 + 1.1
Hemicellulose (%) 15.4 £ 0.3 159+ 0.1
Cellulose (%) 33.3+3.0 50.0 + 1.0

2.5. Statistical analysis

The statistical analysis of data considered the calculation of means,
standard deviations and linear regressions. The values were calcu-
lated using Microsoft Excel and its Solver tool (2013 version). The opti-
mal contact time and adsorbent dose were determined using an analysis
of variance (ANOVA) with a single factor analyzed by Tukey’s test with
a significance level of 95.0%. ANOVA analysis was performed using the
Minitab 18 software 1.0 version.

In the non-linear kinetics and isotherm models, the coefficient of
determination (R2), the chi-square (y2) and the sum of squared errors
(SSE) were calculated to determine the model that best fitted the caf-
feine adsorption data. The equations 8 - 10 were used to calculate the
statistical parameters:

Z (qe, exp — qe, cal)2

RP=1- > ®
Z (qe, exp — qe, mean)
(e, exp = 9o, cat)”
X2 _ Z e, exp e, cal (9)
qe, cal
SSE = Z (qe, exp qe, ca1)2 (10)

where (e ¢, is the adsorption capacity of the adsorbents at equilibrium
(mg/g), Qe ca1 is the adsorption capacity calculated using the Solver tool
(mg/g) and Qe mean is the mean of qg ¢, values (mg/g) (Nguyen et al.,
2021).

3. Results and discussion
3.1. Physical-chemical characterization

Table 1 summarizes the physicochemical properties of the peels. The
moisture is higher (21.2%) in the banana peel. Both peels have high
volatile material contents (between 69.8 and 77.1%) due to their or-
ganic nature (lignin, cellulose, hemicellulose, lipid, protein and carbo-
hydrate presence) (Kamsonlian et al., 2011). The total extractives con-
tent is higher in the orange peel (around 10%) than in the banana peel.
This value represents the content of oils, fats and proteins, components
that form bonds between the contaminant and the adsorbent and allow
the efficient contaminant removal (Orozco et al., 2014).

Fruit peels have a low ash content, between 6.4 and 8.2%. Ash con-
tents of 5.0% and 4.0% have been reported for banana and orange peels.
Ash represents the inorganic matter that is formed by minerals (e.g.
silica) and micronutrients. In high concentrations, the adsorption pro-
cess could be affected due to ash low adsorption capacity (Pathak et al.,
2017). The lignin (23.1 - 16.6%), cellulose (33.3 - 50.0%) and hemicel-
lulose (15.4 - 15.9%) contents are higher in orange and banana peels
compared to the other components, respectively. This is because agro-
industrial residues are abundant in polysaccharides (cellulose and hemi-
celluloses) and lignin, which are part of the structure of the cell wall.
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Fig. 1. a) Raman spectra and b) FT-IR spectra of adsorbent materials.

Lignin, cellulose and hemicellulose indicate the presence of carboxyl,
hydroxyl and other functional groups capable of interacting with con-
taminants. The high content of lignin, cellulose and hemicellulose sug-
gests that orange and banana peels could be effective bio-adsorbents for
the removal of organic contaminants (Almeida-Naranjo et al., 2021).

3.2. Instrumental characterization

Fig. 1a shows Raman spectra for magnetic composites. They show
the presence of magnetite bands (319.20, 535.98 and 668.33 cm™! on
magnetite, 638.13 cm~! on the orange peel composite and 619.40 cm™!
on the banana peel composite). Additionally, there are other bands be-
longing to maghemite, formed by the oxidation of magnetite (around
350, 500 and 700 cm™1). Therefore, the magnetic composites and the
magnetite particles exhibit a mixture of magnetite and maghemite. The
additional peaks in the composites are attributed to the nature of peels
(Shebanova and Lazor, 2003).

Fig. 1b shows the infrared spectra for orange and banana peels. They
present intense peaks at 3281.3 and 3321.8 cm™!, for orange and ba-
nana peels respectively, the bands are characteristic of hydroxyl groups
(O-H). The peaks at 2917.8 cm~! (orange peel), 2918.7 and 2851.2
cm~! (banana peel) correspond to the G-H vibrations of the stretch
methyl (CH3), methylene (CH,) and methoxy groups (O-CHjz), main
components of lignin and pectin. The peaks around 1730 cm~! are
characteristic of the carbonyl group (C = O) stretch, they represent the
presence of aldehydes, ketones and the carbonyl ester group. The peaks
around 1600.0 cm™! represent the C = C bond stretch and could show
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Fig. 2. XRD analysis of adsorbent materials.

the presence of benzene, aromatic rings, or amino acids. At 1422.2 cm™!
and 1442.5 cm~! (orange and banana peel, respectively) is observed the
presence of aliphatic, aromatic groups, vibrations of methyl, methylene
and methoxy groups resulting from the vibration of the aromatic ring of
lignin (Feng et al., 2009). The bands around 1000.0 cm~! represent the
C-O group from alcohols, phenols and carboxylic acids and represents
the band of hemicellulose, cellulose and lignin. Finally, the band in the
region of 500.0 cm~! was attributed to the presence of amino groups
(Alaa El-Din et al., 2018; Dahiru et al., 2018).

In the magnetite, there were bands around 3371.9 em™1, typical of
hydroxyl groups. The band around 1624.7 cm~! corresponds to the
vibration of the carboxylate and amide groups. At 1110.8 cm~! the
stretching vibration of C-OH and C-O was presented. The intense peak
at 547.7 cm™~! is related to the stretching vibration of Fe-O (iron oxides),
evidencing the magnetic particle presence (Gupta and Nayak, 2012).

The FT-IR spectra for the composites show that the peaks of the func-
tional groups from peels are maintained. However, the hydroxyl and
C-H groups have reduced their intensity due to the reactions generated
in the magnetite impregnation process. The peak of the carbonyl group
decreases in the spectral images. The peaks at 611.32 and 552.51 cm™!,
for the orange peel and banana peel composites, respectively; evidence
the presence of iron oxides in the materials (Kapur and Mondal, 2016;
Dahiru et al., 2018). The presence of the functional groups in lignin, cel-
lulose, hemicellulose and in the iron oxides indicate that the materials
studied could be good adsorbents.

The XRD patterns of magnetite and the composites are shown in
Fig. 2. Magnetite (peaks at 26 = 31.8, 35.6 and 62.9°) and maghemite
(peaks at 20 = 35.6, 43.4 and 57.1°) were identified. In the composites,
the most intense bands of magnetite (peaks at 26 = 35.6 and 62.9°) were
observed (Liu et al., 2014).
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Table 2 shows the parameters of BET analysis for the adsorbents.
The specific surface area of orange and banana peels is small (0.8 and
0.08, respectively). The obtained results coincide with those reported by
previous studies (orange: 0.83 m?/g and banana: < 0.1 m?/g) (Liu et al.,
2014; Stavrinou et al., 2018; Feng and Guo, 2012). The low values of
surface area and pore volume are attributed to the presence of pectin,
lignin and viscous compounds that the fruit peels present. This is verified
by what is observed in Fig. S1. Despite the heterogeneous surface, it is
observed that the particles are compact mainly in banana (Fig. S1b),
leaving very little spaces (pores) between them. Heterogeneous surfaces
favor the adsorption process (Oyekanmi et al., 2019).

As can be observed in Fig. S1, the surface of the composites showed
the presence of smaller particles of different sizes distributed randomly
on the fruit peels, due to the inclusion of magnetite nanoparticles (57.3
m?/g). As a result, the composites increased their surface area and pore
volume, as suggested by Ahmed et al. (Ahmed et al., 2020) and Catlioglu
et al. (Zheng et al., 2018; Catlioglu et al., 2020). Panneerselvam et al.
(Panneerselvam et al., 2011), also showed an increase in the surface
area of tea waste when impregnating it with magnetite nanoparticles.
The presence of Fe in both composites was confirmed with EDS graph
with the peak at 6.4 keV (Figs. S1d and S1f). On the other hand, the N,
adsorption - desorption isotherms of the materials are type II, accord-
ing to the IUPAC classification. This is characteristic of non-porous or
microporous materials (Catlioglu et al., 2021).

3.3. Adsorption process

The material dose used for the caffeine removal is showed in Fig. 3a.
An increase in the dose of fruit peels and composites produces a
higher efficiency, due to the greater surface area and functional groups
present (Ahmed et al., 2020). The highest caffeine removal efficiencies
(mean + SD) achieved with orange and banana peels were 95.5 + 0.3%
and 90.5 + 0.5%, using 3.5 g/L and 9.5 g/L, respectively. The higher
dose of banana peels required could be due to their lower lignin contents
in their composition (around 7.0% less) compared to orange peels. A
higher lignin content in the orange peel suggests the formation of bonds
between the hydroxyl and carboxyl functional groups and caffeine, pro-
cess by which caffeine was efficiently removed (Almeida-Naranjo et al.,
2021).

The carbonyl group, C = C group and C-O group present in the or-
ange peel have a higher intensity than those of the banana peel. In ad-
dition, the SEM images for the peels show different morphologies, the
orange peels are the ones that present higher porosity. This is charac-
teristic of agro-industrial residues, and favors the retention of caffeine
(Liu et al., 2016).

Fig. 3a shows that magnetite (using a dose of 5 g/L) reached a max-
imum caffeine removal of 41.3 + 0.5%, after 3 h of contact time. In the
caffeine removal, electrostatic interaction occurs by H-bond interaction
(hydrogen bridges) and the z-z interaction. In some carbonaceous ma-
terials, the carbon surface has polar groups with hydrophilic behavior,
such as -NH, —OH, -O and —COO. Consequently, caffeine adsorption
could occur by dipole-dipole interactions (Rigueto et al., 2020). How-
ever, the agglomerates and non-homogeneous size distribution formed
during magnetite synthesis (showed in SEM images) produce a reduc-
tion of active sites in its surface (Zheng et al., 2018). The composites
improved the caffeine removal (9.0% for orange peels and 23.0% for
banana peels). In this case, 2.5 g/L of magnetic orange peel and 5.5 g/L
of magnetic banana peel removed 93.6 + 0.2% and 89.2 + 0.01%, re-
spectively; after 3 h of contact time. An improvement in the removal
percentage using composites has been also reported by Edathil et al.
(Edathil et al., 2018) when coffee waste was used as a matrix to synthe-
size a magnetic coffee waste by dispersing Fe;O, nanoparticles on its
surface via a single pot precipitation method in order to remove Pb*2
from aqueous solutions (18% compared with waste without modifica-
tion).
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Fig. 3. Optimal conditions for caffeine removal: a) optimal dose, b) optimal
contact time. Black line: orange peel, cyan line: banana peel, blue line: mag-
netite, orange line: orange peel composite, green line: banana peel composite.

The use of the 8.0 M NaOH solution generated the degradation
of the peel’s components due to the demethylation of the methyl es-
ter present in lignin, cellulose and hemicellulose. In the FT-IR spectra
(Fig. 1b) the demethylation process is observed in the changes that the
composites present compared to the fruit peels, showing a decrease
in the intensity of the bands around 1750 cm~! and an increase in
the intensity of the bands around 1000 and 1640 cm~!. The amount
of the carboxylate ion increases on the peel surface during this pro-
cess (Kapur and Mondal, 2016; Stavrinou et al., 2018). According to
Feng and Guo (Feng et al., 2010), the carboxyl groups are responsi-
ble for the binding between adsorbent and the adsorbate, increasing
the adsorption capacity of caffeine. Furthermore, the presence of NaOH
causes the swelling of lignocellulosic compounds, which increases the
surface area and reduces both the degree of polymerization and the
crystallinity of the fruit peels, thus it favors their adsorption capac-
ity (Sharma et al., 2018). The caffeine removal using the composites
is higher than the one obtained by using only magnetite (caffeine re-
moval around 50%), as observed in previous similar studies (Medina-
Espinosa et al., 2021). This seems to be influenced by the change that
the fruit peels have undergone in the magnetite co-precipitation pro-
cess. Additionally, separating the composites from the aqueous solution
after the adsorption process was easier than removing the fruit peels
(Fig. S2).

Fig. 3b shows the removal as a function of contact time using the op-
timal dose of each material. The fruit peels and their composites showed
rapid adsorption during the first 10 min, then the adsorption gradually
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Table 2
Surface area, pore volume and pore diameter of adsorbents.

Adsorbents Surface area Pore volume*10~3 Pore diameter N, adsorption/desorption isotherm Volume adsorbed/desorbed

(m?/g) (cm3/g) (nm) (cm?®/g STP) vs Relative pressure (P/P,) Black line: Adsorption
isotherm Orange line: Desorption isotherm

Orange peel 0.801 2.560 3.9906
Banana peel 0.079 0.452 7.078
Magnetite 57.258 592.206 12.102 400 ‘
300 /
2001 /
100 /
0 r r r r
0.0 0.2 0.4 0.6 0.8 1.0
Orange peel 14.282 62.814 13.255 40 A
composite
30
20 4
10 -
Banana peel 8.140 32.420 3.440
composite
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Table 3
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Kinetic parameters calculated from pseudo first order, pseudo second order and Elovich models for the adsorption of caffeine.

Adsorbents
Kinetic model Parameter ~ Unit Orange peel ~ Banana peel = Magnetite ~ Orange peel composite ~ Banana peel composite
Experimental data Qe mg/g 8.889 3.088 3.091 12.174 5.269
Pseudo first order Qe mg/g 8.977 3.072 3.118 11.972 5.056
K; 1/min 0.095 0.074 0.034 0.089 0.112
R? - 0.985 0.994 0.997 0.991 0.981
7 - 0.179 0.009 0.005 0.192 0.062
SSE - 1.249 0.046 1.571 10.474 12.006
Pseudo second order g, mg/g 9.918 3.445 3.695 13.328 5.518
K, g/(mg min)  0.013 0.028 0.010 0.009 0.030
R? - 0.956 0.987 0.991 0.984 0.998
72 - 0.539 0.017 0.017 0.333 0.005
SSE - 3.279 0.093 1.567 8.078 10.346
Elovich A mg/(g min)  5.437 1.416 0.227 5.696 6.483
p mg/g 0.635 1.788 1.158 0.452 1.286
R? - 0.887 0.952 0.974 0.936 0.976
7 - 0.868 0.015 0.048 0.625 0.008
SSE - 7.926 0.485 1.566 11.529 10.345

14 4 Om'lge pleel I l - Oralllge pleel compoisite l I - 14
[ L 10
' ) i LS
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12 1 1 P12
10 1 - 10
8 1 o8
6 ] . R L 8
o S L4
| g T -." L
141 Magnetite 20 40 60 S0 100 120 140 160 180
] ] t (min)
10 1
* * Experimental data
61 1 Pseudo first order model
1] — Pseudo second order model

0 T T T T

0 20 40 60 80 100 120 140 160 180

t (min)

Elovich model

Fig. 4. Pseudo first order, pseudo second order and Elovich kinetic models for adsorption of caffeine.
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Table 4
Isotherm parameters calculated from Langmuir, Freundlich and Sips models.
Adsorbents
Isotherm model Parameter  Unit Orange peel ~ Banana peel =~ Magnetite  Orange peel composite ~ Banana peel composite
Langmuir . mg/g 15.188 6.761 4.905 25.604 11.668
Ky L/mg 0.978 0.310 0.049 0.412 0.238
R? - 0.978 0.981 0.927 0.999 0.993
72 - 0.028 0.008 0.016 0.002 0.005
SSE - 1.154 0.126 0.183 0.091 0.121
Freundlich Kg (mg/g)-/» 7.152 1.679 0.465 7.636 2.569
1/n - 0.394 0.558 0.539 0.522 0.541
R? - 0.966 0.970 0.876 0.987 0.972
7 - 0.042 0.013 0.027 0.022 0.020
SSE - 1.760 0.1971 0.309 1.332 0.519
Sips Am mg/g 16.085 6.590 3.259 26.992 8.500
Ky L/mg 0.896 0.326 0.095 0.366 0.400
n - 1.211 0.979 0.509 1.052 0.650
R? - 0.980 0.981 0.968 0.999 0.973
7 - 0.025 0.009 0.007 0.001 0.020
SSE - 1.036 0.126 0.079 0.072 0.502
Table 5
Results of caffeine removal onto different adsorbents.
Material Specific area (m?/g) Dose (mg/L) pH Q. (mg/g) Isotherm model Reference
Commercial PAC 882.6 3000 6.2 51.8 Freundlich Toniciolli Rigueto et al., 2020
Composite from coffee residues and chitosan - 200 6.0 8.66 Freundlich
Charcoal from rice husk 63 1000 5.0 2.09 Langmuir
Charcoal from rice husk blended with corn cob 144 1000 5.0 8.04 Langmuir
Graphene 570.2 50 7.5 2273 Langmuir
Acacia mangium wood (activated carbon) - 3000 7.7 30.3 - Danish et al., 2020
Pineappple plan leaves (activated carbon) 1031 25 7 155.5 Langmuir Beltrame et al., 2018
Babassu coco (activated carbon) 980 10 3 186.9 Langmuir Couto et al., 2015
Tea leaves - - - 435 Langmuir, Freundlich ~ Shider and Sidhu 2007
Raw grape stalk - - - 89.194 Sips Portinho et al., 2017
Grape stalk modified by phosphoric - - - 129.568 Sips
Activated carbon from grape stalk 1099.86 - 4 916.7 Sips
Coconut waste (activated carbon) - - - 171.23 Langmuir Souza et al., 2017
Peach stones (helium, activated carbon) 1064 120 48 260 Sips Torrellas et al., 2015
Peaches stones (activated carbon) 1216 120 6.3 260 Sips
Peaches stones modified by oxidation (activated carbon) 959 120 6.3 270 Sips
Fig. 5. Intraparticle diffusion kinetics for adsorption of caf-
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Fig. 6. Langmuir, Freundlich and Sips isotherm models for adsorption of caffeine.

slows down until equilibrium is reached. Banana peel, magnetite and
composites reached concentrations close to the equilibrium (optimum
contact time) at 60 min, while the orange peel achieved the equilib-
rium in 45 min. The maximum removals were 93.7 + 0.06, 89.3 + 0.1,
91.9 + 0.1 and 85.9 + 0.4% for orange peel, banana peel, orange peel
composite and banana peel composite, respectively.

Adsorption on magnetite is slower, and the maximum caffeine re-
moval was 54.8 + 0.8% with a dose of 5 g/L in 60 min. Once the
maximum electrostatic interaction is reached, the process efficiency de-
creases. Probably, this occurs due to the low magnetic intensity of the
magnetite particles due to the formation of agglomerates, which are not
of nanometric dimensions. Previous researchers have found that often
the relative adsorption efficiency decreases because of particle aggrega-
tion/agglomeration that leads to a reduction of the specific surface area.
Agglomeration/aggregation could become an obstacle between the caf-
feine molecules and the empty sites of the adsorbents (De Sousa et al.,
2019; Panneerselvam et al., 2011).

On the other hand, it was determined that an increase in the initial
caffeine concentration (from 10 to 50 mg/L) reduced the removal effi-
ciency. This reduction was 6.1, 5.8, 13.7, 6.5 and 9.1% for orange peel,

banana peel, magnetite, orange peel composite and banana peel com-
posite, respectively. The decrease in the caffeine adsorption is produced
by the presence of a greater quantity of caffeine molecules that are com-
peting for the active sites available in the adsorbents (Bachmann et al.,
2021).

3.4. Kinetic model

The adsorption kinetics determines the residence time required to
complete the adsorption process. The pseudo first order, pseudo sec-
ond order and Elovich models performed well (SSE= 0.007-73.532
and y2= 0.005-0.868) with R? values ranging from 0.887 to 0.994
for fruit peels, from 0.974 to 0.997 for magnetite, and from 0.936
to 0.998 for composites. The parameters and fittings for the differ-
ent adsorption kinetics models considered are shown in Table 3 and
Fig. 4.

Peels, magnetite and the orange composite adsorptions were best
adjusted to the pseudo first order model while the banana composite
adsorption was best adjusted to the pseudo second order kinetic model.
However, the q, value obtained using the pseudo-first order model is
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closer to the experimental g, value, as with the other 4 adsorbents. Al-
though the pseudo-first order model adequately describes the adsorption
kinetics of the experimental data for all adsorbents, this model does not
reveal the adsorption mechanisms.

Generally, a solid-liquid adsorption process is characterized by a dif-
fusion process, so it will be necessary to analyze this model (Tran et al.,
2017). If the intraparticle diffusion curve passes through the origin, then
intraparticle diffusion is the only one that limits the adsorption rate.
However, Fig. 5 and table S1 show the presence of two linear regions,
so the adsorption process is controlled by a multi-step mechanism. At
first, there were a rapid diffusion of caffeine on the external surface of
the adsorbents and later an intraparticle diffusion occurs. In the latter,
the caffeine molecules migrate from the outside of the adsorbents into
their pores, where the adsorption took place (Liu et al., 2014).

3.5. Adsorption isotherms

The contaminant distribution between the liquid phase and the
adsorbent at equilibrium is determined by the adsorption isotherms.
The Langmuir, Freundlich and Sips models were used to determine
the caffeine distribution in the adsorbents; the data are presented in
Table 4 and Fig. 6. Langmuir’s model assumes that the adsorbent has ac-
tive sites with the same energy (homogeneous surface) and caffeine ad-
sorption occurs in a monolayer without lateral interaction. Freundlich’s
model assumes that active sites have different energies (heterogeneous
surface) and that adsorption occurs in multilayers. Meanwhile, the Sips
model is a combination between the Langmuir and Freundlich models
(Sahoo and Prelot, 2020).

The studied materials have a higher correlation factor with the Lang-
muir and Sips isothermal models with values of correlation coeffi-
cients (R%) between 0.927 and 0.999. A similar result was obtained by
N’diaye & Ahmed Kankou (N’diaye and Ahmed Kankou, 2019) using
Ziziphus Mauritiana seeds in the caffeine removal. K; (Langmuir) and
1/n (Freundlich) values are < 1, so the caffeine adsorption is favor-
able in the adsorbents (Nguyen et al., 2021). Furthermore, lower values
of SSE (0.079-1.76) and »2 (0.001-0.040) were achieved for the three
models, being slightly higher for the Freundlich model. Likewise, the ad-
sorption capacity values obtained from the Langmuir and Sips models
are close to the values of the experimental adsorption capacity. There-
fore, the results suggest that the caffeine adsorption take place onto a
homogenous surface (I. Anastopoulos et al., 2020; Sharma et al., 2018;
Medina-Espinosa et al., 2021).

Besharati & Alizadeh (Besharati and Alizadeh, 2018) showed strong
positive evidence that the adsorption of malachite green dye onto
lignocellulosic adsorbents impregnated with magnetite nanoparticles
(tea waste, peanut husk, Azolla and fig leaves) follows the Langmuir
isotherm, as well as the caffeine adsorption onto magnetite impregnated
on used black tea (Mahmood et al., 2018). Moreover, the crystal vio-
let dye adsorption on magnetized orange peels also exhibits a reason-
able fit to the Langmuir model (Ahmed et al., 2020). Stavrinou et al.
(Stavrinou et al., 2018) demonstrated that the Langmuir isotherm was
found to describe satisfactorily the biosorption of methylene blue and
orange G onto banana peels. In addition, the adsorption of rhodamine
B using acid modified banana peels showed the same behavior. In addi-
tion, Beltrame et al. (K.K. Beltrame et al., 2018), showed that the adsorp-
tion of caffeine onto the surface of the prepared activated carbon fibers
from pineapple plant leaves was fitted to the Langmuir isotherm model.
In this work, the material with the highest adsorption capacity was the
orange peel-magnetite composite (q,,., = 25.6 mg/g), while the material
with the lowest adsorption capacity was magnetite (q,,, = 3.3 mg/g).

Table 5 lists some results for caffeine adsorptive removal from aque-
ous solutions with different adsorbents. Values of specific area, dose,
PH, qax and the isotherm model fitted are showed. Several adsorbents
used in caffeine removal have a higher adsorption capacity than fruit
peels and composites. This is linked to the high surface area of these
adsorbents. However, most of these adsorbents are activated carbons,
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whose cost is higher than that of fruit peels and even composites. This
cost is not analyzed in any of the previous studies. On the other hand,
there are materials with adsorption capacities that are comparable to
those of the materials studied in this work. Despite the high surface
area of graphene and its relatively complex synthesis, its adsorption ca-
pacity is comparable to that of the orange peel composite. While the
composite coffee residues + chitosan, charcoal from rice husk and char-
coal from rice husk + corn cob present adsorption capacities similar to
those obtained with fruit peels, magnetite and the banana peel compos-
ite (Besharati and Alizadeh, 2018; K.K. Beltrame et al., 2018; K.K. Bel-
trame et al., 2018; Danish et al., 2020; Couto et al., 2015).

4. Conclusions

The performance in the adsorption process improved with the use of
the composites due to the chemical modification with sodium hydroxide
(demethylation) and the larger magnetite surface area. The demethyla-
tion increases the number of carboxylate ligands on the composite sur-
faces allowing the caffeine removal from synthetic wastewater. Using
2.5 g/L of orange peel composite and 5.5 g/L of banana peel compos-
ite, an 8.6% and 21.2% higher efficiency in the caffeine removal was
achieved compared to the non-modified orange and banana peels, re-
spectively. The adsorption using the materials proposed fitted well to
the Langmuir and Sips isotherm models, achieving removal capacities
between 4.9 and 25.6 mg/g. On the other hand, the fruit peels, mag-
netite and composite adsorptions were adjusted to the pseudo first order
kinetic model, while the adsorption process is controlled by a multi-step
mechanism. Considering that the nanoparticle presence favors the re-
moval of contaminants such as caffeine, the challenge for future work is
to synthesize nanoparticulated magnetite and achieve a homogeneous
distribution on fruit peels or other types of residues during impregna-
tion.
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