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Abstract: SBA-15 is used in various processes, including adsorption, due to its textural prop-
erties, mesoporous channels, and silanol groups on the surface. These characteristics make
it a promising material for the adsorption of emerging contaminants. This work evaluated
the potential use of SBA-15 for the adsorption of bisphenol A (BPA), ciprofloxacin (CIP),
and losartan (LS). This study showed that the material has highly ordered mesoporous
channels and silanol groups on the surface, which influenced the affinity tests. SBA-15
exhibited the highest adsorption capacity (0.1317 mmol g−1) and removal percentage (60%)
for CIP among the contaminants assessed. The adsorption mechanism was elucidated,
revealing different interactions for each molecule. The kinetic curves for CIP adsorption
indicated that the process reached saturation in 20 min, the equilibrium isotherm showed
the highest adsorption at 15 ◦C, and the thermodynamic study shows an exothermic be-
havior and spontaneous process. The simplified batch design estimated that 27 g of SBA-15
is required to treat 10 L of 0.2 mmol L−1 initial CIP concentration solution and achieve 90%
adsorption removal. This material demonstrated satisfactory performance in absorbing
emerging contaminants.

Keywords: SBA-15; adsorption; emerging contaminants; ciprofloxacin; bisphenol A;
losartan

1. Introduction
The constant increase in the world’s population has brought major problems of water

pollution with emerging contaminants. These contaminants can be produced by plastics,
surfactants, or pharmaceutical industries and are not efficiently removed from water
treatment plants [1]. Several methods have been developed for the treatment of emerging
contaminants, encompassing physical, chemical, and biological approaches [2].

Physical treatments, such as filtration, sedimentation, and membrane separation pro-
cesses, are widely used due to their simplicity and speed [3]. However, these methods
have significant limitations in effectively removing molecules at microscopic levels, par-
ticularly at the very low concentrations commonly found in emerging contaminants [4,5].
Furthermore, these processes often only transfer the contaminant to another phase without
effectively degrading it, which can lead to the generation of secondary waste and additional
environmental impacts [6,7].

Molecules 2025, 30, 1040 https://doi.org/10.3390/molecules30051040

https://doi.org/10.3390/molecules30051040
https://doi.org/10.3390/molecules30051040
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/molecules
https://www.mdpi.com
https://orcid.org/0000-0002-1782-3025
https://orcid.org/0000-0003-3362-7005
https://orcid.org/0000-0002-3487-799X
https://orcid.org/0000-0002-5825-958X
https://doi.org/10.3390/molecules30051040
https://www.mdpi.com/article/10.3390/molecules30051040?type=check_update&version=2


Molecules 2025, 30, 1040 2 of 17

Chemical and biological methods also have significant disadvantages. The introduc-
tion of chemicals in the treatment can generate unwanted by-products and, in some cases,
worsen the contamination, in addition to altering essential parameters, such as the pH,
making the water reuse process difficult [8,9]. Biological processes, however, although
promising, may have limitations, such as difficulties in treating complex mixtures of con-
taminants or even generating secondary problems, such as excessive biomass growth or
the release of metabolites that can be equally harmful [10,11].

The adsorption process using solids appears to be one of the most promising alterna-
tives. This technique allows efficient separation between phases, offers excellent results in
contaminant removal, and is easier to operate, with the potential for large-scale application
in a sustainable and economical manner [12,13].

The SBA-15 emerges as an alternative adsorbent for this process. It is a material with a
2D hexagonal structure, a pore diameter between 5 and 30 nm, and is microporous, which
is important for thermal stability [14,15]. This material has a larger surface area, pore
diameter, and chemical and thermal stability in processes with a pH close to 4 and 8. This
is due to the silica structure with silanol groups for surface interactions [16]. However,
little is known about this material’s efficiency in absorbing emerging contaminants without
surface functionalization and about how BPA, CIP, and LS molecules interact with the silica
surface and any functional groups present.

This study aimed to assess how the SBA-15 material can effectively be used as an
adsorbent in adsorption processes. For this purpose, an affinity test was performed to select
the best adsorbate–adsorbent system. In addition, adsorption kinetics and equilibrium
studies were performed, and the possible adsorption mechanisms were elucidated.

2. Results and Discussion
2.1. Characterization of the Nanostructured Mesoporous Material SBA-15

Figure 1a shows XRD for SBA-15 at a low angle, ranging from 0.5◦ to 5◦, where
three peaks are observed. The first peak of higher intensity corresponds to the (1 0 0)
plane, while the second and third correspond to the (1 1 0) and (2 0 0) planes, respec-
tively [17]. These peaks are characteristic of 2D hexagonal mesoporous structures, as
shown in Figure 1b, which exhibits a type IV isotherm with H1-type hysteresis [18]. Table 1
presents the textural properties, with a surface area (SBET) of 688.7 m2 g−1 and a meso-
porous volume of 0.731 cm3 g−1. However, the material also contains micropores, with a
volume of 0.073 cm3 g−1. Therefore, the external area (representing the mesoporous area)
is 504.8 m2 g−1, and the pore diameter is 6.0 nm.

Figure 2a (FTIR spectrum) shows a band at 432 cm−1 representing the Si-O-Si bonds
to condensed structure, and the peaks at 802 and 1048 cm−1 are symmetric and asymmet-
ric stretching vibrations, respectively. The peak at 961 cm−1 is attributed to the silanol
group (Si-OH) present in the material structure. Figure 2b shows the 29Si NMR with Q4

(−109.09 ppm) peak related to the siloxane group (Si-O-Si). The peaks of Q3 (−101.54 ppm)
and Q2 (−91.84 ppm) are from silanol group (Si-(OH)2) and isolated silonals (Si-OH), re-
spectively [19]. Table 2 presents the signal parameters for NMR. Q4 presents the largest
area value (63.79%). The areas of Q3 and Q2 present area values of 30.48% and 5.73%,
respectively. The silanol group has higher concentrations than isolated silonals, and the
surface has more silanol bridges than isolated ones.
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Figure 1. X-ray diffraction (a) and N2 physisorption for SBA-15 (b). 
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Figure 2. FTIR (a) and NMR (b) for SBA-15. 

Figure 1. X-ray diffraction (a) and N2 physisorption for SBA-15 (b).

Table 1. Textural properties for mesoporous silica material.

Material SBET (m2/g) Vmeso (cm3/g) Vmicro (cm3/g) Sext (m2/g) DBJH (nm)

SBA-15 688.7 0.731 0.073 504.8 6.0
SBET = Surface area by BET method; Vmeso = mesopore volume; Vmicro = micropore volume; Sext = external
surface area by t-Plot method. DBJH: pore diameter by BJH method.

Molecules 2025, 30, x FOR PEER REVIEW 3 of 17 
 

 

 
(a) (b) 

Figure 1. X-ray diffraction (a) and N2 physisorption for SBA-15 (b). 

Table 1. Textural properties for mesoporous silica material. 

Material SBET (m2/g)  Vmeso (cm3/g) Vmicro (cm3/g)  Sext (m2/g)  DBJH (nm) 

SBA-15 688.7 0.731 0.073 504.8 6.0 

SBET = Surface area by BET method; Vmeso = mesopore volume; Vmicro = micropore volume; Sext = 

external surface area by t-Plot method. DBJH: pore diameter by BJH method. 

Figure 2a (FTIR spectrum) shows a band at 432 cm−1 representing the Si-O-Si bonds 

to condensed structure, and the peaks at 802 and 1048 cm−1 are symmetric and asymmetric 

stretching vibrations, respectively. The peak at 961 cm−1 is attributed to the silanol group 

(Si-OH) present in the material structure. Figure 2b shows the 29Si NMR with Q4 (−109.09 

ppm) peak related to the siloxane group (Si-O-Si). The peaks of Q3 (−101.54 ppm) and Q2 

(−91.84 ppm) are from silanol group (Si-(OH)2) and isolated silonals (Si-OH), respectively 

[19]. Table 2 presents the signal parameters for NMR. Q4 presents the largest area value 

(63.79%). The areas of Q3 and Q2 present area values of 30.48% and 5.73%, respectively. 

The silanol group has higher concentrations than isolated silonals, and the surface has 

more silanol bridges than isolated ones. 

 

(a) (b) 

Figure 2. FTIR (a) and NMR (b) for SBA-15. Figure 2. FTIR (a) and NMR (b) for SBA-15.

Table 2. Parameters obtained from 29Si for SB-FIB.

Material Signal δ (ppm) Area (%)

SBA-15
Q2 −91.84 5.73
Q3 −101.54 30.48
Q4 −109.09 63.79

Figure 3 shows the SEM images for the SBA-15 material. The fiber morphology consists
of smaller particles. This is important for continuous mesoporous channels in all structures.
The entire material is organized in one direction with a rough surface. Previous works
have shown the importance of morphology for intrachannel diffusion, such as in platelets
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that have short and striking textural properties [20]. Fiber morphology provides high
performance in adsorption processes thanks to its accessibility when compared to other
morphologies, such as spheres that have curved mesoporous channels and obstructions in
their pores [21,22]. The EDS spectrum (Figures S1 and S2 in the Supplementary Materials)
was analyzed to determine the chemical composition of the material. The results confirmed
that the material is composed exclusively of Si and O species, indicating its constitution as
SiO2, consistent with the findings reported in the literature [23].
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2.2. Affinity and Adsorption Mechanism

Figure 4 shows the affinity test for the adsorption of bisphenol A (BPA), ciprofloxacin
(CIP), and losartan (LS) on SBA-15. CIP presents the best performance, with a maximum
%R of 60% and an adsorption capacity (q) of 0.0644 mmol g−1. BPA presents a removal
of 33% and q of 0.0202 mmol g−1. LS presents lower values than the other two molecules,
with a removal percentage of 8% and a q of 0.0060 mmol g−1.
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Compared to other materials, SBA-15 exhibits satisfactory adsorption performance.
For example, clinoptilolite zeolite and pumice achieved removal rates of 51% and 25%,
respectively, for CIP [20]. Activated carbon, previously tested for this contaminant,
showed a value to q of 0.0111 mmol g−1 [21]. Kaolinite material shows 0.02 mmol g−1

for ciprofloxacin [22]. This may indicate that the material used in this work performed
excellently for this contaminant.

Figure 5 shows the adsorption mechanism for BPA, CIP, and LS in the mesoporous
channels of SBA-15. All experiments were conducted in ultrapure water at a pH of 5
without any pH control. It is important to understand how each molecule interacts with
SBA-15. BPA remains unchanged at pH levels between 2 and 7, and hydrogen bonds
are formed through interaction with silanol groups (Si-OH) present on the adsorbate
surface [24]. LS carries a negative charge at a pH close to 5, interacting with the siloxane
group due to its partially positive charge on Si. However, repulsive forces arise between
LS and the silanol group due to the negative charge on OH, which hinders the adsorption
process [25]. CIP can exhibit three distinct forms according to the solution’s pH. At a
pH ≤ 6.1, it acquires a negative charge due to the amine group being in protonated form
(cationic form) [26]. At a pH ≥ 8.7, it is in an anionic form due to the deprotonation of the
carboxylic acid group in the structure of the molecule [27]. Between a pH of 6.1 and 8.7, it
is in an isoelectric state because CIP is a zwitterionic compound [28]. At a pH close to 5,
this molecule presents electrostatic interactions with Si-O-Si and Si-OH, which have a great
impact on the adsorption process, allowing adsorption at different sites.
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Figure 5. Adsorption mechanism of BPA, CIP, and LS on SBA-15.

Figure 6a shows the determination of SBA-15′s zero-point charge using NaOH as an
electrolyte to determine ionic strength and pH, with a range of 1 to 11. The plateau is
observed at a pH of 4.28, this indicates the pHZPC region. Some studies have indicated the
regions at a pH of 4 [29], and a pH of 5.2 in a material with different synthesis parame-
ters [30]. This material presents a positive charge in the pH region of 1 to 4 and a negative
charge in the pH region of 5 to 8 (Figure 6b). Previous works have shown the same regions
for this charge on the SAB-15 surface [31,32]. This is important to the adsorption process;
the CIP presented higher adsorption in the mesoporous channel at a pH close to 5, which
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indicates that the molecule has a positive charge and SBA-15 presented a partially negative
surface, causing an attraction between the charges.
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Therefore, the best adsorbent/adsorbate system was chosen to continue this study,
with the evaluation of kinetic and equilibrium tests, in addition to thermodynamic calcula-
tions and simplified batch design. The chosen system was the one formed by the antibiotic
ciprofloxacin and SBA-15.

2.3. Kinetic Study to Adsorption of CIP

Figure 7 illustrates the curves of CIP adsorption on SBA-15 at 0.15, 0.30, and
0.50 mmol. L−1. The system exhibited an equilibrium time of 20 min, showing excellent
performance at the beginning of adsorption and continuing until the saturation plateau.
The adsorption capacity has a linear growth as the initial concentration increases. The q
at equilibrium for 0.15, 0.30, and 0.50 mmol L−1 is 0.0644, 0.1061, and 0.1317 mmol g−1,
respectively.

Regarding the time to reach the saturation plateau, the material in this study demon-
strated faster results compared to others [33–36]. Wu et al. [37], for example, studied the
use of mixed oxides, which presented times ranging from 60 min to 600 min. Similar results
were found by Tran et al. [38] with a chitosan/biochar hydrogel sphere. The authors also
found times to reach the equilibrium plateau between 60 and 600 min. Montmorillonite
was studied by Wu et al. [39] and presented an equilibrium time of 60 min at different
initial concentrations, indicating slower adsorption.

Figure 7b–e show the fit to the PFO, PSO, ERMT, and IP models. Table 3 shows the
model parameters applied to experimental data. The PFO model presented an estimated
adsorption capacity at equilibrium (qe) of 0.06, 0.102, and 0.122 mmol g−1 for initial con-
centrations of 0.15, 0.30, and 0.50, respectively, and the PSO model presented 0.061, 0.106,
and 0.126 mmol g−1 for these concentrations. The PSO model presented the best R2

Adj;
however, the PFO model presented lower AICc values (corrected Akaike criteria). This
may indicate that adsorption may occur through chemical interactions at the active sites on
the SBA-15 surface. Furthermore, physical adsorption is also present in the process, with
intraparticle diffusion in the mesoporous channels [40]. The mean relative deviation (MRD)
was calculated to obtain statistical data from the presented models.
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Some models are important to describe adsorption control mechanisms. For this
purpose, the IPD and EMRT models were adjusted to the experimental data. The IPD model
presents multilinearity and the second region is the most important since it represents
diffusion within the pores. The lowest value for R2

Adj indicates that the diffusion process
cannot describe the limiting phase [41]. The EMRT presents higher values for R2

Adj for
all concentrations, indicating a satisfactory adjustment. The KTM (decay of the diffusion
rate of the outer film) increases with increasing initial concentration. This may suggest
that there is a resistance in the outer film that limits the adsorption process [37,42]. This
behavior aligns with the increasing thickness of the diffusion boundary layer at higher
concentrations, which impacts the adsorption rate.

Analysis of the fitted models shows that although chemical interactions at the active
site on the material surface are an important factor, the resistance to external mass transfer
also affects the adsorption process, especially at higher initial concentrations, where the
effect of the diffusion boundary layer becomes evident. The choice between models should
therefore consider both the nature of the adsorbent interactions and the effects of the
physical transport.
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Table 3. Parameters for the PFO, PSO, IPD, and EMTR kinetic models.

Models Parameters (C0) (mmol L−1)

0.10 0.30 0.50

qe 0.066 0.109 0.132

PFO

qPFO 0.060 0.102 0.122
k1 2.196 3.568 5.660

R2
Adj 0.952 0.957 0.982

AICc −124.559 −113.199 −105.539
MRD (%) 3.54 0.60 0.83

PSO

qPSO 0.061 0.106 0.126
k2 8.346 7.872 23.403

R2
Adj 0.955 0.982 0.986

AICc −87.749 −76.599 −79.779
MRD (%) 3.46 1.35 1.06

IPD

Ki 0.00264 0.00517 0.00389
c 0.0537 0.0862 0.115

R2
Adj 0.8678 0.859 0.764

AICc −83.843 −60.403 −49.434
MRD (%) 4.31 8.01 18.99

EMTR
KTM 1.441 1.774 2.188
R2 0.978 0.980 0.992

AICc −128.222 −116.880 −123.290
MRD (%) 5.4 5.1 3.1

where equilibrium adsorption capacity (qe): mmol g−1, equilibrium adsorption capacity for the PFO model (qPFO):
mmol g−1, the pseudo-first order constant (k1): min−1, equilibrium adsorption capacity to PFO model (qPSO):
mmol g−1, pseudo-second order constant (k2): L mol−1 min−1, the constant for the intraparticle diffusion model
(Ki): mmol L−1 min−1; constant related to the thickness of the boundary layers (c): mmol L−1, external mass
transfer resistance (KTM): min−1.

2.4. Equilibrium Isotherm

Figure 8 presents the graph of the isotherms obtained at 15 ◦C, 25 ◦C, and 30 ◦C. This
adsorption process presents an increase according to temperatures, which may indicate
that the process exhibits exothermic behavior [43]. Figure 8b–d show the models fitted.

All parameters of models applied to experimental data are described below (Table 4).
The isothermal profiles suggest that the material may not be fully saturated and higher qL

(Langmuir model) may confirm this when compared to the experimental (qmax) [44]. The n
(Freundlich parameter) was <1 for 25 and 35 ◦C and >1 for the temperature of 15 ◦C. This
may indicate that the interactions have lower energy at higher temperatures and physical
interactions may be present. However, for the lowest temperature evaluated, there is higher
energy, and chemical interactions may be involved [45]. The B.E.T. model shows a satis-
factory R2Adj for all temperatures (>0.9), suggesting multilayers with diverse interaction
sites. The qb value (monolayer) was between 0.0059 and 0.068 mmol g−1. However, from
the AICc values, it is possible to observe that the B.E.T. model is the one that best describes
the system at a temperature of 15 ◦C.

The Langmuir model clearly does not describe the adsorption process as presented
by the equilibrium curves. Table 5 presents a comparison of qL (Langmuir model) across
distinct adsorbents, along with all the adsorption parameters for CIP adsorption. It can be
noted that this work presents the shortest equilibrium time, only 20 min, and achieves a
promising qL. A similar material, MCM-41, was evaluated by Lu et al. [41], and presented a
time of 60 min and a qmax value of 0.210 mmol g−1, close to that achieved by the evaluated
SBA-15. Carbon-based materials were also evaluated for CIP removal. In general, these
materials took a long time to reach equilibrium and achieved lower qL values.
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Table 4. Isothermal models and parameters obtained.

Models Parameters
Temperature (◦C)

15 25 35

qmax 0.374 0.207 0.208

Langmuir

qL 0.450 0.207 0.220
KL 1.477 2.249 2.705

R2
Adj 0.674 0.697 0.809

AICc −44.858 −55.204 −58.524
MRD (%) 35.32 38.17 27.41

Freundlich

KF 0.693 0.189 0.244
1/n 1.544 0.876 0.971

R2
Adj 0.788 0.645 0.919

AICc −36.547 −35.644 −50.798
MRD (%) 28.44 29.44 25.51

BET

qb 0.059 0.041 0.068
Kb 121.581 449.752 25.871
Ku 1.434 0.954 0.818

R2
Adj 0.933 0.905 0.944

AICc −62.457 −63.816 −71.705
MRD (%) 19.66 19.56 11.53

where adsorption capacity from experimental data (qmax): mmol g−1, maximum monolayer adsorption capacity to
Langmuir model (qL): mmol g−1, Langmuir model constant (KL): L mmol−1, Freundlich model constant (KF):
(mmol g−1) (L mol−1)1/n, maximum monolayer adsorption capacity for B.E.T. model (qb): mmol g−1, monolayer
adsorption constant (Kb): L g−1, multilayer adsorption constant (Ku): L g−1.
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Table 5. Comparison of Langmuir qL and adsorption parameters for different adsorbents.

Material qL
(mmol g−1) 1

Dosage
(g L−1)

Equilibrium
Time (min)

Initial
Concentration

(C0) (mmol g−1) 1

Temperature
(◦C) Reference

SBA-15 0.207 1.5 20 0.01–1.50 25 This work
MCM-41 0.210 1.5 60 0.03–0.90 25 Lu et al. [41]

Functional
silica aerogel 0.176 1.5 90 0.015–0.38 25 Sert Çok et al.

[46]
Bulk

pomegranate
peel

0.016 10 240 0.03–0.36 25 Hamadeen
et al. [47]

Activated
Carbon

(Mangosteen
Peel)

0.090 0.75 60 0.15–1.20 25 Tran et al. [38]

Chitosan/biochar
hydrogel

beads
0.242 5 600 0.015–0.50 30 Afzal et al.

[48]

Chitosan/Kaolin/
Fe3O4

0.144 0.75 60 0.03–0.60 25 Ma et al. [49]

1 Conversion of mmg g−1 to mmol g−1.

Table 6 exhibits the thermodynamic parameters computed from experimental isother-
mal data at 15◦, 25◦, and 35◦. This process exhibits exothermic behavior, characterized by
heat dissipation [50]. The enthalpy change (∆H◦) for the adsorption process is negative
(−89.208 kJ mol−1), indicating energy release [51,52]. The adsorbed state of ciprofloxacin
(CIP) is more ordered due to the loss of molecular degrees of freedom during adsorp-
tion, resulting in a negative entropy change (∆S◦) [53]. The process is spontaneous, as
indicated by the negative Gibbs free energy (∆G◦) values, which range from −29.675 to
−27.819 kJ mol−1, a common characteristic of exothermic processes [54]. Based on these
characteristics, the adsorption of CIP on SBA-15 exhibits ∆H◦ < 0. This behavior suggests
that at higher temperatures, there is a reduction in the q of the material, a typical phe-
nomenon in exothermic processes. The negative activation energy (Ea) can be interpreted
as a reflection of the increased efficiency of the system at lower temperatures.

Table 6. Thermodynamic parameters for experimental data.

T (◦C) ∆H◦

(kJ mol−1)
∆S◦

(J mol−1 K−1)
∆G

◦ (kJ mol−1) Ea (kJ mol−1)

15 −29.675 −52.902
25 −55.380 −89.208 −28.783 −52.819
35 −27.819 −52.298

Entropy variation (∆S◦); enthalpy variation (∆H◦); activation energy (Ea); Gibbs energy variation (∆G◦).

2.5. Simplified Batch Design for CIP-SBA-15

The simplified batch design was carried out considering the application of solution
volumes ranging from 1 to 10 L, with a CIP concentration of 0.2 mmol L−1 and an R%
efficiency between 50% and 90%. The calculations were based on the B.E.T. model. Figure 9
shows the mass required for the conditions evaluated.
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Figure 9. Simplified batch design for CIP system on SBA-15 with different removal percentages.

Linearity is observed, and expected, concerning the mass of adsorbent required as the
desired removal percentage and the increase in the volume to be treated. The maximum
condition, reaching 90% removal and 10 L of treated solution, requires 27 g of SBA-15.
In addition, the material used in this work has a lower synthesis price when compared
to commercial SBA-15 or even other adsorbent materials, such as MCM-41, which pre-
sented adsorption capacity like SBA-15. The synthesis cost of the SBA-15 synthesized is
approximately USD 8/g. For commercial SBA-15 (Sigma-Aldrich®

, St. Louis, MO, USA)
it is around USD 38/g, and for MCM-41, it is around USD 15,960/g (Sigma-Aldrich®

, St.
Louis, MO, USA). Compared to these materials, SBA-15 has excellent performance and
market value.

3. Materials and Methods
3.1. Materials

For the synthesis of SBA-15, Pluronic® P123 (Poly(propylene glycol)-block-poly
(ethylene glycol)-block-(propylene glycol, Mw~5800), HCL (hydrochloric acid P.A., 37%
by weight), ultrapure water and tetraethyl orthosilicate (TEOS, P.A., purity > 98.0%), and
NaOH (sodium hydroxide P.A., purity > 99%), all obtained from Sigma-Aldrich (St. Louis,
MO, USA), were used. The synthetic solutions for the adsorption tests were prepared
with ciprofloxacin (EMS S/A, ≤99%; Hortolândia, SP, Brazil), losartan (Purifarm, ≥99%;
São Paulo, SP, Brazil), bisphenol A (Sigma-Aldrich®, ≥99%, St. Louis, MO, USA), and
ultrapure water.

3.2. Synthesis of Mesoporous Silica Nanostructure

The SBA-15 material was synthesized using the methodology of Zhao et al. [55]. The
P123 (16.3 g) was dissolved in water (519.2 g) and HCl (96.7 g) for 3 h at 35 ◦C. The 34.8 g
of TEOS was added to the solution and kept stirring for 20 h. Afterwards, the mixture was
added to the Teflon autoclave at 100 ◦C for 24 h, then filtered until reaching a pH of 7 and
calcined at 550 ◦C for 6 h in 2◦ min−1.
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3.3. Adsorbate Characterization

X-ray diffraction (XRD) was used to characterize the ordered structure, using a range
of 0.5◦ to 5◦, step size of 0.01◦ with a time of 0.3 s, the slit used was 0.1 mm for divergent
and 0.3 mm for convergent, 0.5 for central. N2 adsorption and desorption were used
to provide the textural properties, and the surface area was obtained using the B.E.T.
method, mesoporous volume (Vmeso), microporous volume (Vmicro), and external surface
area (Sext) by the t-Plot method [56]. The details are presented in the Supplementary
Materials. Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance
(NMR) for Si29 were used to evaluate the groups present in the material and the structure
of the material, respectively. Scanning electron microscopy (SEM) obtained morphology
images of SBA-15 material. Energy dispersive spectroscopy (EDS) was performed to
obtain data on the chemical composition of the material. All details are shown in the
Supplementary Materials.

3.4. Affinity Test

The tests were performed using a 1.5 g L−1 to dosage of SBA-15 and 10 mL of the BPA,
CIP, and LS solutions (initial concentration = 0.2 mmol L−1) at pH 5, 25 ◦C and 200 rpm.
The mixture was kept under constant stirring for 48 h, at 25 ◦C and 200 rpm, and the tests
were performed in triplicate. The aliquots were filtered and quantified using the UV-Vis
spectrophotometer. The removal percentage (%R, Equation (1)) and the adsorption capacity
(q, mmol g−1, Equation (2)) were obtained using their equations. Details about the affinity
tests can be found in the Supplementary Materials.

3.5. Determination of pHZPC and Zeta Potential

The pHZPC was determined using NaOH solution as an electrolyte and HCl for pH
values in the range of 1 to 11. This solution was separated into different Erlenmeyer
with SBA-15, a dosage of 1.5 g L−1, and stirring of 200 rpm for 24 h at 25 ◦C. The pH
was measured initially (pHi) and at the end (pHf) after the adsorption process. After-
ward, the zeta potential was measured at each final pH for all samples, described in
Supplementary Materials.

3.6. Kinetics, Equilibrium Isotherms, and Thermodynamic Studies

The tests were performed with the best system of SBA-15 + emerging contaminant, a
dosage of 1.5 g L−1 and quantification was performed in the same way as for the affinity
tests. Adsorption kinetics were evaluated at 0.15, 0.30 and 0.50 mmol g−1. The kinet-
ics models comprise pseudo-first order (PFO) (Equation (1)) [57], pseudo-second order
(PSO) (Equation (2)) [58], interparticle diffusion (IPD) (Equation (3)) [59], and external
mass transfer resistance (EMTR) (Equations (4) and (5)) [60]. Equilibrium isotherms were
performed in the C0 range from 0.01 to 1 mmol g−1 at 15 ◦C, 25 ◦C, and 35 ◦C. Details of
the following equations, the Langmuir (Equation (6)) [61], Freundlich (Equation (7)) [62],
and B.E.T. (Equation (8)) [63], are shown in the Supplementary Materials.

qt = qe

(
1 − eK1t

)
(1)

qt =
K2q2

e t
1 + K2qet

(2)

qt = KI t
1
2 + C (3)

dC f

dt
=

KTMV
mqmKL

(1 + KLCF)
2(C − C f ) (4)
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dC
dt

= −KTM(C − C f ) (5)

qe =
qMaxKLCe

1 + KLCe
(6)

qe = KFC1/n
E (7)

qe =
qBKBCe

(1 − KUCe)(1 − KUCe + KBCe)
(8)

The thermodynamic analysis was conducted to comprehend the behavior of the ad-
sorption process under varying temperature conditions. The equilibrium thermodynamic
constant (KD) was calculated, and the necessary modifications were made for use in calculat-
ing the parameters [64]. All values of the thermodynamic parameters of entropy variation
(∆S◦), enthalpy variation (∆H◦), activation energy (Ea), and Gibbs energy variation (∆G◦)
were calculated. Details are presented in the Supplementary Materials.

3.7. The Simplified Batch Design

The mass quantity of SBA-15 for adsorption of the emerging contaminant at different
removal percentages was made available using the simplified batch design. First, the mass
balance for the system was calculated using Equations (S15) and (S16) in Supplementary
Materials [45]. Considering the best model fitted with the experimental equilibrium data
is important. The mass required to remove 50–90% of the contaminant with a value
of 0.2 mmol L−1 to initial concentration and a solution volume ranging from 1 to 10 L
was calculated.

4. Conclusions
The SBA-15 material was successfully synthesized, exhibiting an ordered structure and

excellent textural properties. The characteristic peaks of symmetry p6mm were observed
in the XRD spectrum. Furthermore, the FTIR and NMR spectra confirmed the presence of
silica structure condensed and silanol group in the structure of the synthesized material.
The SBET and DP values were 688.7 m2 g−1 and 6.0 nm, respectively. The synthesized
SBA-15 presented a fiber morphology, which is common for this material. The use of the
synthesized SBA-15 as an adsorbent material was evaluated. Affinity tests were performed
with contaminant bisphenol A, ciprofloxacin, and losartan. Better results were found for
the SBA-15 + CIP system, which can be attributed to the better interaction of CIP on Si-O-Si
and Si-OH sites present on the surface. For this reason, this system was chosen to continue
the adsorption tests. The kinetic tests showed an equilibrium time of 20 min and the PSO
kinetic model had the best fit. The equilibrium tests demonstrated that temperature can
negatively influence the process since the qmax decreases with the increasing temperature.
This behavior may also indicate an exothermic system. The B.E.T. model showed the best fit,
suggesting multilayer adsorption with varying interaction sites. The simplified batch design
demonstrated that 27 g of SBA-15 is necessary to achieve 90% CIP removal in a solution
volume of 10 L. Finally, it is possible to conclude that the synthesized material presented
satisfactory performance in the adsorption process of ciprofloxacin from aqueous solutions.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules30051040/s1, S1—adsorbent characterization; S2—
affinity test; S3—Zeta potential; S4—kinetics, equilibrium models, and thermodynamic study; S5—the
simplified batch design; Figure S1—color map obtained by EDS for C (carbon ribbon), Au (coating),
Si, and O (SBA-15); Figure S2—EDS spectrum for SBA-15 material; Figure S3—thermodynamic plot
of lnKc versus 1/T.

https://www.mdpi.com/article/10.3390/molecules30051040/s1
https://www.mdpi.com/article/10.3390/molecules30051040/s1
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