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Graphical Abstract

A simple procedure was developed with the 
adsorption of the compounds estrone (E1), 
17α-ethinylestradiol (EE2), and sulfamethoxazole 
(SMX) in aqueous solutions using banana peel as an 
adsorbent material. Adsorbent mass, contact time, 
and granulometry were studied through multivariate 
design. The proposed adsorbent was advantageous, 
with removal exceeding 80% for E1 and EE2 and 
70% for SMX in the analysed samples. Studies of 
adsorption isotherms demonstrate adequacy 
compared to the Freundlich model, and kinetic 
studies indicate adsorption through the pseudo-
second order model (E1 = 0.9999, EE2 = 0.9999, 
and SMX = 0.9999). The developed method was 
successfully applied in supply water samples and 
accuracy was evaluated through recovery tests, with 
recovery ranging from 70% to 96%.
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INTRODUCTION
The contamination of water resources has long been a major concern. According to the World 

Health Organization (WHO), since 1970 intense modifications observed in the environment have been 
caused by the presence of natural and synthetic contaminants, especially in groundwater and surface 
waters, at concentrations of pg L–1 to ng L–1. Compounds arising from human activities and found in the 
environment are known as emerging contaminants [1]. Many compounds are classified as emerging 
contaminants, particularly toiletries, pharmaceuticals, hormones, products for veterinary use, drugs, 
additives, and beauty and cleaning products [2]. Antibiotics used in the treatment of infections and 
pharmaceuticals represent a class of emerging contaminants classified as endocrine disrupters or 
endocrine interfering. According to the Environmental Protection Agency (EPA), “disrupter or endocrine 
interfering are exogenous agents that interfere in the synthesis, secretion, transport, binding, action or 
elimination of natural hormones in the body which are responsible for the maintenance, reproduction, 
development and behaviour of organisms” [3]. Estrone (E1) and 17α-ethinylestradiol (EE2) compounds 
are classified as endocrine disruptors when found in the environment. 

Adsorption of emergent contaminants using banana peel as adsorbent 
and factorial planning method with response surface analysis
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Estrone is a derivative of the hormone 17β-estradiol, which is present in females and males organisms 
[4]. The daily excretion of this compound in domestic sewage is variable; pregnant women excrete 600 
μg per day, while men excrete only 3.9 μg per day [5,6]. The compound 17α-ethinylestradiol (EE2) is a 
synthetic hormone found in contraceptive pills, which are being discarded in the environment through 
urine and feces [7]. The sulfonamides are compounds that act as microbial inhibitor agents on the 
bacteria in the treatment of intestinal and respiratory infections [8,9]. The antibiotic sulfamethoxazole 
(SMX) is a compound of the sulfonamide class with bacteriostatic function that is consumed by patients 
with intestinal infections [11]. This compound is found in urine at concentrations of 10–30% of the initial 
concentration consumed [12]. The study of these compounds is necessary because they can be found 
in the environment due to the excretion of animals or indiscriminate disposal of sewage. Antibiotics, such 
as sulfamethoxazole, were found in effluents from different countries (France, Greece, and Germany) 
at concentrations of 0.01–0.41 µg L–1 [16]. The compound EE2 was found at concentrations of 0.2–0.45 
µg L–1 in Italy, the Netherlands, England, and Germany. Estrone was found at concentrations of 0.5–
0.027 µg L–1 in Italy, the Netherlands, and Germany [17].

The conventional treatment of water, sewage and industrial effluents are not efficient in the removal 
of these compounds, requiring the development of more efficient techniques. A proposed method to 
remove these compounds from aqueous environments is the use of natural adsorbents for the treatment 
of contaminated water [18–20]. Activated carbon is an adsorbent efficiently used for the removal of 
different compounds (organic or metallic). However, its cost is higher than most of the natural adsorbent 
materials cited in the scientific literature. In this context other natural adsorbents have been extensively 
researched, such as coconut shell, palm and bamboo, orange skin, and rice husk [21–24]. Banana 
peel, which is usually used as fertilizer or animal feed [25], is a type of natural adsorbent that has been 
used in the development of analytical methods.

Several studies have shown the use of banana peels to remove organic compounds and metals, 
demonstrating the efficacy of this adsorbent material in the removal of different compounds. Gupta [26] 
proposed an efficient and inexpensive approach to remove polycyclic aromatic hydrocarbons from an 
aqueous system using activated charcoal synthesized from banana peel. The results demonstrated the 
removal of up to 95% of the hydrocarbons at a concentration of 20 mg L–1 when using around 2 mg of 
adsorbent material and a contact time of 80 min. Silva et al. [27] developed a method using banana 
peel in the removal of the pesticides atrazine and ametryne from river and treated waters. In their 
study, low limit of quantification (LOQ) values were achieved (0.10 and 0.14 μg L–1) for both pesticides 
with removal efficiency greater than 90%, thus demonstrating the efficiency of banana peel as a 
bioadsorbent for aqueous systems. The potentiality of the banana peel as adsorbent material was also 
evaluated by the adsorption of Congo red dye from an aqueous solution [28]. This adsorption study was 
performed through the evaluation of operational variables such as pH (pH 10), adsorbent concentration 
(increasing the adsorbent concentration from 0.5 g / 80 mL to 1.5 g / 80 mL resulted in the percentage 
of adsorption ranging from 63.32% to 75.26%), contact time (90 minutes) and temperature (40 ºC). The 
adsorption equilibrium of the dye was evaluated by the Freundlich and Langmuir isothermal models. 
The results revealed that the isotherm and the adsorption kinetics of the dye fit well with the Langmuir 
isotherm and the pseudo-second order kinetics, respectively. The adsorption capacity of the dye was 
recorded as 1.727 mg/g [28].

A bibliographic search in the Web of Science database for the keywords “banana peel”, 
“sulfamethoxazole”, “estrone”, and “ethinylestradiol” showed no published research article in which 
banana peel is used for the adsorption of E1, EE2, or SMX, demonstrating the possibility and necessity 
of studying the potential of banana peels in the removal of these compounds.

Thus, in this study a methodology for the removal of the emerging contaminants estrone, ethinyl 
estradiol, and sulfamethoxazole in water was developed using banana peel as a biosorbent. The 
determination of the organic compounds in water samples was performed by high performance liquid 
chromatography (HPLC). Parameters influencing adsorption were studied through multivariate design.
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MATERIALS AND METHODS
Solutions and adsorbent material preparation

The compounds estrone (E1) (≥ 99% purity), 17α-ethinylestradiol (EE2) (≥ 98% purity), and 
sulfamethoxazole (SMX) (99% purity) were acquired from Sigma-Aldrich. The working solutions were 
obtained by diluting a stock solution of 100.0 mg L–1 of each compound prepared with ultrapure water 
obtained by a water purification system from Gehaka (São Paulo, Brazil). Before use, the laboratory 
glassware was left in a 10% (v/v) aqueous solution of nitric acid overnight, and rinsed with deionized 
water the next day.

The adsorbent material was purchased from a trade, washed with distilled water and oven dried for 
24 h at 105 °C. After drying, the peels were crushed in a blender (Black & Decker, São Paulo, Brazil) 
and sieved in different grades (60 to 100 mesh). This material, designated as “banana peel in natura”, 
was submitted to physical-chemical analysis and used in adsorption tests.

High performance liquid chromatography (HPLC)
A high-performance liquid chromatography system (Shimadzu Model SPD-20A) coupled with an 

UV–Vis detector was used for the chromatographic analyses. The column used was octadecyl (C18) 
(250 × 460 mm ID, 5 µm), the mobile phase was MeCN/H2O (50:50 v/v), the flow rate was 1.0 mL min–1, 
the injection volume was 20.0 μL, and the wavelength was 212 nm. 

The quantification was performed by external standardization through the calibration curve for each 
compound at different concentration values, prepared by diluting the stock solution at a concentration 
of 100.0 mg L–1 of each compound. The retention times of E1, EE2, and SMX were 5.3, 4.8, and 3.2 
min, respectively.

Adsorbent characterization
The functional groups present on the surface of the adsorbent were identified by infrared spectroscopy. 

An IR Prestige-21 infrared spectrophotometer (Shimadzu) was used in this study. The adsorbent 
material was compressed in a KBr tablet (10:1 KBr/sample) and the analyses were performed in the 
wavelength range of 4000–500 cm–1 with a resolution of 4 cm–1.

Scanning electron microscopy (SEM) was performed for observation and analysis of the microstructural 
characteristics of the adsorbent under study. The micrographs were obtained using a scanning electron 
microscope (model JSM-6610, Jeol) equipped with EDS (energy dispersive spectroscopy) (NSS Spectral 
Imaging, Thermo Scientific) in the High Resolution Microscopy Laboratory of the Federal University of 
Goiás (LabMic, UFG), Samambaia Campus (Goiânia, GO, Brazil). Prior to the analyses, the samples 
were coated with a thin film of gold using a deposition system (Desk V, Denton Vaccum). The samples 
were fixed in a copper sample port with the aid of carbon tape.

Study of pH influence on adsorption
The influence of pH on the adsorption was studied by tests performed with 500.0 mg of the adsorbent 

(100 mesh) and 25.0 mL of the water sample at different pH values (2, 4, 6, and the natural pH of the 
mixture of E1, EE2, and SMX in water, pH = 5.25), and fortified with E1, EE2, and SMX at a concentration 
of 1.0 mg L–1. 

The samples were shaken at 150 rpm for 60 min using an orbital shaker table, filtered and analysed 
by HPLC. All tests were performed in triplicate (n=3) at room temperature (Tamb = 25 ºC).

Optimization strategy for the adsorption of E1, EE2, and SMX
After the pH optimization, a 23 factorial design [three variables, at two levels with their coded values 

(+) and (–)] was used to evaluate additional adsorption parameters, such as adsorbent mass (0.250 g 
and 0.500 g), granulometry (60 mesh and 100 mesh), and contact time (30 min and 60 min). Ten 
experiments were performed with two central points for each parameter. 
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The factorial design experiments were made with 25.0 mL of a solution containing a mixture of E1, 
EE2, and SMX at a concentration of 500 µg L–1. The mixtures in the test conditions were placed on an 
orbital shaker table at 150 rpm, with subsequent filtration and quantification by HPLC.

Isotherms, adsorption kinetics, and thermodynamic parameters
The adsorption kinetics tests were done using 25.0 mL of the solution containing E1, EE2, and SMX 

at a concentration of 500.0 µg L–1, and the mass was defined by factorial design studies at the following 
different shaking times: 5, 10, 15, 30, 45, 60, 75, 90, 120, 180, and 240 min. The solutions were filtered 
and analysed by HPLC.

The adsorption isotherms were obtained using the mass and the optimized contact time through a 
factorial design with 25.0 mL of the solution containing the three compounds in different concentration 
ranges for E1 (1.5–12.0 mg L–1), EE2 (1.5–4.0 mg L–1), and SMX (1.5–10.0 mg L–1).

The amount of compound adsorbed at the equilibrium time represents the adsorption capacity, Qe 
(mg/g), determined by equation (1) as follows:

 Qe = (C0 – Ce) V  (1)
W

where C0 and Ce (mg L-1) are the initial and equilibrium adsorbate concentrations, respectively; V is the 
volume of the solution (L); and W is the mass of the adsorbent (g).

Samples 
The water samples were collected after treatment at the Water Treatment Station (ETA) in the city of 

Catalão, GO, Brazil, and before distribution to the population of this city. A total of three samples were 
collected. The samples were loaded in amber glass bottles with caps, properly identified with name, 
collection place, date and time, and were kept in a Styrofoam container with ice for transportation. In 
the laboratory, the capped amber glass bottles were placed in a refrigerator at approximately 4 ºC. The 
samples were analysed in less than 24 h after collection.

Prior to the analyses, the water samples were filtered through 0.45 μm membranes to remove 
suspended particles. The pH of the samples was measured and corrected to 6.0 using NaOH or HCl 
(0.1 mol L–1) solutions. Aliquots were removed for analysis.

RESULTS AND DISCUSSION
Adsorbent characterization

The spectrum obtained in the medium infrared region (FT-MIR) shows the functional groups present 
in the studied adsorbent (Figure 1).

Evaluation of the Adsorption Capacity of Banana Peel in the Removal of Emerging Contaminants 
present in Aqueous Media – Study based on Factorial Design
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Figure 1. Infrared spectrum of the banana peel.

The infrared spectrum of the banana peel shows the presence of some bands typical of different 
functional groups. The band at 884 cm–1 can be attributed to amine deformations, according to Memon 
et al. [29], and primary and secondary alcohols cause the band at 1059 cm–1. The band at 1104 cm–1 
can be attributed to chemical bonding S–OH or –P=O groups, according to Corti et al. [30]. The carboxyl 
group is indicated by the band at 1300 cm–1. Vibration bands at 1525 cm–1, reported by Akhter et al. [31], 
are assigned to –NO2 groups. Bands at 1625 cm–1 may be assigned to a combination of C=C stretching 
vibrations of the aromatic ring structures or to systems such as diketone, ketoester, and quinone [32]. 
The band at 1734 cm–1 can be attributed to axial deformation vibrations of C=O in carboxylic acids or 
esters presents in the banana peel [25]. The band at 1750 cm–1 can be attributed to an ester, the band 
at 2927 cm–1 is due to methylcellulose, and the band at 3400 cm–1 is assigned to hydroxylic groups [33].

SEM analyses identified the morphological properties of the adsorbent material surface. Figure 2 
shows an irregular porous surface (micro and macro pores) with the presence of some cracks and 
recesses, characteristics that favour adsorption. In the analysis of other materials (sugar cane and 
vegetable sponge) used in adsorption studies, similar results were observed [34,35].

Figure 2. Scanning electron microscopy (SEM) micrographs of banana peel.

de Sousa, P. A. R.; Furtado, L. T.; Lima Neto, J. L. ;de Oliveira, F. M.;
Siqueira, J. G. M.; Silva, L. F.; Coelho, L. M.
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Influence of pH on adsorption
The biomass surface is composed of proteins, lipids, and carbohydrates, which are responsible 

for the surface charge of particles due to the dissociation of functional groups. This dissociation is pH 
dependent. 

To evaluate the influence of pH on the adsorption of compounds E1, EE2, and SMX, adsorption tests 
were made with solutions at different pH values. The results are shown in Figure 3. 

Figure 3. Study of the influence of pH on the adsorption process of the compounds 
estrone (E1), ethinylestradiol (EE2), and sulfamethoxazole (SMX) (n=3).

Good removal rates of the compounds studied (>70%) were observed. The study of adsorption as a 
function of pH variation shows that from the initial concentration of 1.0 mg L-1 for each compound, the 
maximum amount of adsorption of compounds EE2, E1 and SMX was 0.93 mg L-1; 0.88 mg L-1 and 0.82 
mg L-1, respectively, demonstrating efficient removal. This is due to the presence of a greater amount 
of hydroxyl and carbonyl groups on the surface of the adsorbent material, which was observed in the 
infrared spectrum.

The variation of the adsorption rate of each compound in the different pH values was small, not 
exceeding 10%. Therefore, considering that the pH of a sample for HPLC chromatographic column 
analysis should not be too acidic nor too basic, the pH 6.0 was chosen for the analyses because it was 
close to the pH of the samples in which the method would be applied and the removal rate was greater 
than 80%. The pH of the solution was above the point of zero charge (PZC) of the biomass (pH=5.6) 
obtained experimentally by the authors, and surface negative charges were present predominantly 
in dissociated carboxyl and hydroxyl groups, interacting more satisfactorily with positively charged 
compounds.

Bajpai and Rajpoot (1996) [36] reported that in solutions where the adsorbent is protonated, release 
of nitrogen-bound hydrogen in the SMX occurs, allowing the electrostatic attraction between the 
protonated functional group present on the surface of the adsorbent and negatively charged SMX.

At pH values above 7, interaction of the deprotonated groups present on the surface of the adsorbent 
occurs with the hydrogen bound to the amino group. At a pH of 8, the neutral or deprotonated form 
(presence of negative charge) prevails, with interaction through hydrogen bonding as well as electrostatic 
interactions between the deprotonated functional group and the H present in SMX.

According to Han et al. [37], hydrogen bonding interactions can occur between the phenolic hydroxyl 

Evaluation of the Adsorption Capacity of Banana Peel in the Removal of Emerging Contaminants 
present in Aqueous Media – Study based on Factorial Design



20

Article

of EE2 and E1 and the amide groups present in the active sites of the adsorbents. These interactions 
are stable between pH values of 4.8 and 9.1. Furthermore, because of the bioaccumulation capacity of 
these compounds, they have a strong affinity for solids insoluble in aqueous solutions, contributing to 
the adsorption [37].

At higher pH values, there is less protonation of the functional groups, which could lead to greater 
interaction. In basic medium, there is competition between the hydroxyls and the compounds with the 
adsorption sites.

According to Marques et al. [38], different interaction mechanisms can occur through hydrogen 
bonding with primary and secondary amine molecules, as well as hydrophobic interactions by Van der 
Waals forces and hydrogen bonds [39]. 

Study of chemical variables in the adsorption process
The significance of each parameter in adsorption (adsorbent mass, time contact, granulometry) 

and interactions were determined using 23 complete factorial experiments and the response was the 
adsorption capacity, which is the amount of each compound adsorbed per unit mass of the adsorbent 
(Qe).

An analysis of variance (ANOVA) test was performed to determine if the studied experimental factors 
were significant (with a value of 0.05) in the performance of the adsorption system. The main effects 
and their interactions are described in the Pareto graphs shown in Figure 4. The experiments were 
performed in triplicate and the lack of adjustment was evaluated through the ANOVA table, where the 
R-sqr value was 0.88066 and residual MS was equal to 0.0007841.

 (a)  (b)

 (c)

Figure 4. Pareto chart of the standardized effects for the variables of adsorption systems E1 (estrone) 
(a), EE2 (ethinylestradiol) (b), and SMX (sulfamethoxazole) (c) with the banana peel adsorbent (n=3).

de Sousa, P. A. R.; Furtado, L. T.; Lima Neto, J. L. ;de Oliveira, F. M.;
Siqueira, J. G. M.; Silva, L. F.; Coelho, L. M.
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Analysing the Pareto graphics for the isolated variables (1, 2, and 3), it was observed that the 
adsorbent mass variable was significant for the three compounds studied and the contact time variable 
was only significant for the compound SMX. As the granulometry variable had no significant effect on 
the adsorption of the compounds, its value was defined based on the lower reagent consumption, and 
the adsorbent was used in the 100 mesh granulometry for the other analyses.

Considering the interactions between the variables (1:2; 1:3; 2:3) in the pareto graph, only the 
interaction mass and time (1:3) presented significance (p > 0.5), thus requiring a study to obtain optimum 
final conditions. The other interactions (mass versus granulometry and time versus granulometry) had 
no significant effect on any of the compounds.

The interaction between mass and time was evaluated through the construction of the response 
surface using CCD (central composite designer). The ten experiments required to construct the 
response surface, as well the obtained Qe values, are shown in Table I.

Table I. Matrix for the optimization of adsorbent mass and contact time (n=3).
Experiment Mass (mg) Time (min) E1 qe (mg g–1) EE2 qe (mg g–1) SMX qe (mg g–1)
1 0.2500 30.0 0.235 0.226 0.186
2 0.2500 60.0 0.418 0.416 0.368
3 0.5000 30.0 0.306 0.315 0.285
4 0.5000 60.0 0.425 0.389 0.409
5 0.1981 45.0 0.178 0.156 0.117
6 0.5562 45.0 0.267 0.273 0. 253
7 0.3750 24.7 0.290 0.280 0.207
8 0.3750 68.3 0.278 0.269 0.382
9 (0) 0.3750 45.0 0.346 0.357 0.368
10 (0) 0.3750 45.0 0.349 0.350 0.367
qe: quantity adsorbed in equilibrium (mg g–1)

After obtaining the results, a response surface was generated for each compound using the Lagrange 
criterion, obtaining the maximum and critical values of each variable: mass 0.391, 0.390 and 0.710 mg; 
time 58.663, 53.250 and 62.000 min; 100, 100 and 100 mesh granulometry, respectively, compounds 
estrone, ethinylestradiol and sulfamethoxazole.

The pareto graph (Figure 4) showed a negative standardized effect for the mass and time interaction 
for the compounds E1 (-3.52083) and EE2 (-3.45336), indicating that if the adsorbent mass increased, 
the contact time between the adsorbent and adsorbate must decrease for adsorption to be effective, or 
vice versa. For SMX, the positive value of the 1:3 interaction (5.932718) indicates that the adsorbent 
mass and the contact time must be increased simultaneously for adsorption be significant.

Thus, as the values of mass and time are similar for the compounds E1 and EE2 and different 
for the SMX, and analysing the significance generated by the pareto graph (Figure 4) for the three 
compounds, the results obtained for the SMX compound were considered as optimized conditions, 
since the interaction significance for the compounds E1 and EE2 was minimal when compared to the 
interaction result obtained for the SMX.

As a result of the optimization procedures, the following working conditions were selected: adsorbent 
mass of 0.710 mg, adsorbent granulometry of 100 mesh, and contact time of 62 min.

Evaluation of the Adsorption Capacity of Banana Peel in the Removal of Emerging Contaminants 
present in Aqueous Media – Study based on Factorial Design
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Adsorption isotherms
The adsorption isotherms show the equilibrium between the maximum amount of compound (mg) 

that is adsorbed by a certain adsorbent mass (g) under certain operating conditions. This allows the 
observation of the adsorption process equilibrium that occurs without the compound presence in the 
system solid and liquid phases.

The adsorption data of isotherms were applied to the linearized model of Langmuir (equation 2), 
Freundlich (equation 3) and Dubinin-Radushkevich (equation 4) represented by the equations:

 𝐶𝑓 
𝑄𝑒  =  

1
𝑄𝑀𝑎𝑥 𝑏 +  

𝐶𝐹
𝑄𝑀𝑎𝑥

  (2)

   (3)

 

  (4)

where QMax is the Langmuir adsorption capacity parameter (L mg–1), b is the Langmuir constant related to 
adsorption energy (L mg–1), Cf  is the concentration of the substance in the solution when in equilibrium 
(mg L–1), n is the adsorption efficiency (absorption intensity) (mg g–1), Kf is an indicator of adsorption 
capacity of the material (L mg–1), qe is the concentration of the adsorbate present in the adsorbent 
when in equilibrium (mmol g–1), Xm is the adsorption capacity (mmol g–1), k is the constant bonded to the 
energy free of sorption (E) (mol2 kJ–2), and E is the Potential of Polanyi (kJ mol–1).

The Langmuir model indicates adsorption per monolayer on the adsorbent surface due to the 
presence of homogeneous sites of the same energy. The Freundlich isotherm admits a multilayer 
adsorption process and predicts the heterogeneity of the adsorption sites on the adsorbent surface. 
The Dubinin–Radushkevich (D–R) isotherm was developed to overcome the limitation of the Langmuir 
and Freundlich models. The D–R model does not consider the homogeneity of the process and admits 
that the adsorption potential is constant.

Table II shows the parameters obtained when applying the data obtained with the Langmuir and 
Freudlich models. Note that the results for the adsorption of E1, EE2, and SMX by the banana peel 
were not adequately described by the Langmuir model (E1 = 0.861, EE2 = 0.548, SMX = 0.676), but 
by the Freudlich model, indicating that the adsorption is not limited to a monolayer; saturation occurs, 
forming other layers (multilayer). 

The values of n for compounds E1, EE2, and SMX were 1.138, 1.364, and 1.246, respectively. If n 
is greater than 1, this indicates that the high energy sites are occupied by others of lower energy and 
intensity and the adsorption of the three compounds is favourable. The Kf values indicate low adsorption 
of the compounds, as well as a good linearity, indicating that adsorbent–adsorbate interactions occur 
[40].

The value of the division 1/n was less than 1, indicating low heterogeneity of the surface sites and 
stronger interaction between the adsorbent and the adsorbate. The Kf values indicate low adsorption of 
the compounds, as well good linearity, indicating that the adsorbent–adsorbate interactions may be of 
a physical nature [40]. Analysing the two factors (n and Kf), it was observed that the adsorption process 
occurs in multiple layers, which is more appropriate for the Freudlich model.

de Sousa, P. A. R.; Furtado, L. T.; Lima Neto, J. L. ;de Oliveira, F. M.;
Siqueira, J. G. M.; Silva, L. F.; Coelho, L. M.
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Table II. Adsorption parameters, E1 (estrone), EE2 (ethinylestradiol) and SMX (sulfamethoxazole) using banana 
peel as adsorbent (n=3).

LANGMUIR FREUNDLICH

QMax B RL R n 1/n Kf R

E1 -2.4929 -0.2525 0.8608 0.5820 1.1378 0.8789 0.6007 0.9868

EE2 1.1783 -1.9186 0.5479 0.9307 1.3639 0.7331 0.3089 0.9948

SMX 0.9219 0.1323 0.6756 0.6403 1.2458 0.8027 0.1073 0.9889

DUBININ–RADUSHKEVICH

Xm k E R

E1 2.0793 3.10-8 4.083 0.9926

EE2 -0.2037 7. 10-9 7.453 0.9899

SMX -0.2427 1 .10-8 7.071 0.9960

By analysing the parameters obtained with the Dubinin–Radushkevich isotherm (Table II), physical 
adsorption is observed since physical adsorption occurs when an E value of less than 8 kJ mol–1 is 
obtained. The chemical adsorption presents values for E between 8 and 16 kJ mol–1 [41].

The best fit (R) by the Freundlich and D–R models for the compounds under analysis are expected 
due to the heterogeneous surface of the adsorbent material resulting from the distribution of the active 
sites after the adsorption of E1, EE2, and SMX [42].

Adsorption kinetics
The adsorption kinetics represent the amount of each free compound that is adsorbed in the banana 

peel, considering the time. The kinetic study of the adsorption of E1, EE2, and SMX with banana peel 
shows that the removal of the compounds in solution increased with the in contact time, reaching a time 
of equilibrium of 90 min and a maximum removal of 0.387 mg g–1 for E1, 0.420 mg g–1 for EE2, and 
0.141 mg g–1 for SMX.

The models used to describe adsorption kinetics were: pseudofirst order models (5), pseudosecond 
order (6) and intraparticle diffusion (7) analysis which describe the adsorption mechanism of the 
adsorbent-adsorbate systems. The kinetic parameters (Table III) for adsorption were obtained by linear 
regression using the equations:

 log(qe – qt) = log(qe) – k1t/2.303  (5)

 t/qt = 1/(k2qe2) + t/qe  (6)

 qt = kdift1/2 + C  (7)

where qe (mg g–1) and qt (mg g–1) are the amounts of E1, EE2 e SMX adsorbed per unit mass of 
adsorbent at equilibrium and at any time t, respectively, k1 (min–1) is the constant of the pseudofirst order 
adsorption rate, k2 (g mg–1 min–1) is the constant of the pseudosecond order adsorption rate, which is 
obtained by the angular coefficient of the curve, Kdif (mg g–1 min–1/2) is the constant of the intraparticle 
diffusion rate, and C is the coefficient of linear regression.

Evaluation of the Adsorption Capacity of Banana Peel in the Removal of Emerging Contaminants 
present in Aqueous Media – Study based on Factorial Design
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Table III. Kinetic parameters of adsorption of compounds E1 (estrone), EE2 (ethinylestradiol) and SMX 
(sulfamethoxazole) models by pseudofirst order, pseudosecond order and intraparticle diffusion (n=3)

Pseudofirst Order Parameters

Compound k1 (min–1) qe (exp)
(mg g–1)

qe (calc) 
(mg g–1)

R

E1 0.0292 0.0387 0.00275 0.6875

EE2 0.0108 0.0420 0.00150 0.6314

SMX 0.0972 0.0413 0.02840 0.9542

Pseudosecond Order Parameters Parameters Intraparticle 
Diffusion

Compound
k2

(g mg–1 
min–1)

qe 
(exp)

(mg g–1)

qe 
(calc)

(mg g–1)

h
(mg g–1 

min–1)
R C

(mg g–1)
Kdif

(mol g–1 
min–1/2)

R

E1 16.371 0.0387 0.0391 0.02507 0.9999 0.0355 0.000239 0.9223

EE2 38.359 0.0420 0.0421 0.06805 0.9999 0.0389 0.000323 0.9128

SMX 8.914 0.0413 0.0426 0.01621 0.9998 0.0344 0.000609 0.8262

Table III shows that the most suitable model for kinetic adsorption studies is the pseudosecond 
order model (E1 = 0.9999, EE2 = 0.9999, SMX = 0.9999). One factor that corroborates this situation is 
the proximity between the values of the calculated q and the experimental q of each compound. The 
constant of adsorption (k2) of each compound (E1=16.371, EE2=38.359, SMX=8.914) indicates a fast 
adsorption rate in banana peel. 

The suitability of the pseudosecond order model indicates that adsorption depends on the amount of 
the compound and the active sites present in the adsorbent material. Chemisorption can be explained 
by an ion exchange process between the compounds and the deprotonated hydroxyl groups of the 
adsorbent material.

Intraparticle diffusion values in Table III show that the Qt versus t0.5 graphs did not pass through the 
origin (C value other than zero), indicating that this mechanism is not determinant in the adsorption 
process. Other mechanisms, such as intermolecular interactions, must act in the adsorption and mass 
transfer process [43].

Thermodynamic parameters
The values of the thermodynamic parameters were calculated according to the following equations:

 Kd = Cequlibrium /Cf  (8)

	 ∆G	=	-RT	ln	Kd   (9)

	 ∆Gº	ads /T=	∆Sºads  (10)

where Cequilibrium is the concentration of organic banana peel compounds at equilibrium (mg L–1), Kd 
is the apparent equilibrium constant, ΔG is the Gibbs free energy (J mol–1), R is the universal gas 
constant (JK–1 mol–1), T is the system absolute temperature (K), and ΔSºads is the entropy involved in the 
adsorption system (J mol–1 K–1).

The results obtained indicate that the adsorption process is a spontaneous process [negative ΔG 
values for estrone (-6.992), ethinylestradiol (-4.528), and sulfamethoxazole (-1.403)]. The positive 
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entropy values (E1 = 23.310, EE2 = 15.092, SMX = 4.676) indicated that the adsorbent material has a 
substantial number of active sites, that is, adsorption occurs not only on the surface of the adsorbent 
material, but also in other internal regions [44].

Validation of some analytical method parameters
Some validation parameters of the analytical method were determined from analyses carried out 

under the optimized HPLC conditions previously presented in this paper. The limit of detection (LOD) 
was considered as the lowest concentration of E1 (0.03 mg L–1), EE2 (0.03 mg L–1), and SMX (0.02 mg 
L–1) that could be detected considering 3 times the signal-to-noise ratio, and the limit of quantification 
(LOQ) as 5 times the signal noise (E1 = 0.06 mg L–1, EE2 = 0.07 mg L–1, SMX = 0.06 mg L–1). A 
satisfactory correlation coefficient was obtained for the analytical signal up to the concentration of 4.0 
mg L–1 (E1 = 0.9978, EE2 = 0.9947, and SMX = 0.9987).

The repeatability of the proposed method was assessed by performing ten consecutive adsorption 
steps at a concentration level of 500 μg L–1 of the compound mixture, and the result was expressed in 
terms of the relative standard deviation (that value was equal to 2.42%). The specificity was investigated 
to verify the existence of interfering agents in the matrix analyzed. 

Due to the absence of a certified material for determination of accuracy, recovery tests were 
performed using water samples from the public supply system. The samples were fortified by adding 
5.0 mL of an analytical standard of each compound in 20.0 mL of matrix, corresponding to three levels 
of the standard curve. As can be seen in Table IV, recovery rates of 70–96% were achieved.

Table IV. Relative recovery rates of estrone (E1), ethinylestradiol (EE2) and sulfamethoxazole (SMX) in the 
samples subjected to the proposed extraction method (n=3).

Sample
Added (mg L–1) Removed (mg L–1) Recovery (%) R. S. D. (%)

E1 EE2 SMX E1 EE2 SMX E1 EE2 SMX E1 EE2 SMX

1
0.5 0.5 0.5 0.36 0.38 0.35 72 76 70 0.89 0.77 0.46
1.0 1.0 1.0 0.84 0.92 0.8 84 92 80 0.22 0.42 0.84
2.0 2.0 2.0 1.44 1.88 1.67 72 94 83.5 0.24 0.29 0.33

2
0.5 0.5 0.5 0.4 0.44 0.36 80 88 72 0.26 0.19 0.47
1.0 1.0 1.0 0.86 0.9 0.73 86 90 73 0.55 0.57 0.67
2.0 2.0 2.0 1.78 1.92 1.47 89 96 73.5 0.75 0.76 0.66

3
0.5 0.5 0.5 0.37 0.41 0.39 74 82 78 0.49 0.62 0.14
1.0 1.0 1.0 0.82 0.94 0.86 82 94 86 0.38 0.84 0.74
2.0 2.0 2.0 1.84 1.59 1.42 92 79.5 71 0.73 0.76 0.67

The literature presents adsorption studies of the same compounds investigated in this work, but 
with different adsorbents, and percentages of removal very close to the values presented in this work 
with banana peel. As is the case with the use of active charcoal for estrone with removal between 88.0 
and 94.0% [44], Polyamide 612 with 72.5% removal of ethinylestradiol [37], and removal of 68.0% 
of sulfamethoxazole using activated carbon [45]. The adsorbent under study is advantageous with 
removal of more than 80% for E1 and EE2 and 70% for SMX in the samples analyzed. Note that the 
percentages of removal mentioned above are close to the values found in this study with the use of 
the banana peel, a fact that shows that this natural adsorbent is as effective as the others found in the 
literature.
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CONCLUSION
The proposed method was suitable for adsorption and quantification of compounds E1, EE2, and 

SMX in aqueous solutions. The banana peel sample was efficient in the adsorption process, with 
removal percentages higher than 70%. The suitability of the Freundlich model showed that adsorption 
occurs in several layers.

The results concerning kinetic adsorption showed a better fit to the pseudo-second order model. The 
results of the thermodynamic parameters indicate spontaneous adsorption. 

Based on the reported data, it can be inferred that the banana peel proved to be a natural adsorbent 
suitable to be used efficiently in the removal of E1, EE2, and SMX from aqueous matrices.
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