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a b s t r a c t
This work aimed to investigate the adsorption of selected organic molecules as models of water 
contaminants on unmodified and N-functionalized mesoporous silica adsorbents. In particular, 
ibuprofen and 4-chloro-2-methylphenoxyacetic acid (MCPA) were chosen as organic adsorbates. 
The surface of the mesoporous ordered silica phase containing free silanol groups was enriched 
with (3-aminopropyl)triethoxysilane by post-synthesis functionalization. The textural properties of 
synthesized silica phases were evaluated by low-temperature nitrogen adsorption–desorption iso-
therms, X-ray diffraction, scanning and transmission electron microscopy, infrared spectroscopy as 
well as thermal analysis. The SBA-15 type ordered mesoporous silica functionalized with amino 
groups (SBA-15_NH2) was used as the highly porous adsorbent for analyzing the carrier-drug 
interactions and mutual affinity. The adsorption experimental data were analyzed and well-fitted 
using the Freundlich, Langmuir, and Temkin isotherms. Ibuprofen was better adsorbed on SBA-15 
while MCPA showed greater adsorption affinity for SBA-15_NH2. The better adsorption of MCPA 
on the N-functionalized silica was the result of interactions (hydrogen bond formation) between 
SBA-15_NH2 and the adsorbate molecule. The mesoporous silica phases were also tested as car-
bon paste electrode (CPE) modifiers. Electrochemical measurements were conducted using cyclic 
voltammetry and differential pulse voltammetry. The mechanism of the electrooxidation process 
was controlled by diffusion. Compared with the bare (graphite) electrode, the silica-modified elec-
trodes greatly increased the oxidation peak current of MCPA and ibuprofen. The peak current was 
strongly correlated with the adsorptive properties of the silica modifiers. The CPE modified by 
amino-functionalized SBA-15 type mesoporous silica (SBA-15_NH2) showed a larger peak current 
and higher sensitivity for MCPA, while the CPE modified by pure silica phase electrode was much 
more appropriate for the detection of ibuprofen.

Keywords:  SBA-15; (3-Aminopropyl)triethoxysilane (APTES); Adsorption; 4-Chloro-2-methylphenoxy-
acetic acid (MCPA); Ibuprofen

1. Introduction

The development of civilization determines the tech-
nological progress where new types of materials, as well as 
the improvement of known and applied solutions, are on 
the agenda. Continuous growth and economic success are 

associated with an increase in new threats, also on an envi-
ronmental level. Sometimes there are risky situations where 
improving our well-being comes at the expense of the eco-
system and has negative effects on the natural biosphere. A 
fair and responsible approach to this issue should be a simul-
taneous search for solutions limiting the bioavailability of 
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hazardous residues in nature. The organic substances and 
drug and pharmaceutical residues [1–3] next to nano-based 
technology waste [4–6], pesticides [7,8] surfactants [9], petro-
leum hydrocarbons [10], phenols [11], chlorinated biphenyls 
[12], and heavy metals pose a major ecological problem and 
require immediate attention. Recently, the production of 
adsorption systems has become a key idea with the hope that 
in specific applications they can replace traditional materials 
increasing the selectivity and efficiency of the technological 
processes. In this regard, silica materials based on meso-
porous ordered phases (SBA-15) are being considered. To 
this day, this material is one of the most popular mesoporous 
silica. It belongs to amorphous silica containing cylindrical 
hexagonal pores and micropores in the silica walls. SBA-15 
mesoporous silica phase has been investigated as a func-
tional drug carrier system due to its predictable and repeat-
able properties [13,14]. In this case, the drug release control 
requirements were achieved and confirmed. Unwavering 
interest is the result of exceptional construction and neutrality 
towards living organisms. Additionally, this material does not 
show toxic and irritating effects and thus it is safe for human 
health. Limited surface chemistry is not an obstacle due to 
the existing possibilities of its modification and expansion 
of the surface layer with the desired functionality [15]. The 
functionalization of the surface makes the material suitably 
adapted to the specific application procedure by adjusting its 
physicochemical properties. The unmodified silica surface is 
mainly covered with silanol groups (–Si–OH), which makes it 
negatively charged. Therefore, joining the negatively charged 
molecules, biomolecules or modifiers is limited. To solve this 
problem and increase its bioavailability the modification of 
the surface by changing the surface charge should be per-
formed. For modification, various types of trialkoxyorganos-
ilanes functionalized with functional groups such as an amine 
(–NH2 groups from 3-aminopropyltriethoxysilane) [16,17], 
mercapto (–SH groups from 3-mercaptopropyltrimethoxysi-
lane) [18], ethenyl (–CH=CH2 groups from vinyltrimethoxysi-
lane) [19], diphenylphosphino (–PPh2 from 4-(diphenylphos-
phine)phenyl triethoxysilane) [20] and many others may be 
applied. Among the possible methodology, the incorporation 
of amino groups seems to be the most reasonable solution 
with the greatest application possibilities. Advantages of 
surface functionalization include an increase of the adsorp-
tion capacity to the adsorbed substances, stabilization of the 
desorption process, the possibility of the controlled location 
of adsorbed substance, the concentration of desired com-
ponents (for example during SPE procedure), and selective 
binding of adsorbates with the solid surface. Moreover, the 
surface modification by amine groups generates a terminal 
functional group with alkaline adsorption centers, desired 
during the adsorption of the substance with acidic proper-
ties. Such modification seems to be advisable in the case of 
adsorption of biologically active compounds from the group 
of propionic acid derivatives with anti-inflammatory, analge-
sic, and antipyretic properties (ibuprofen) or chemicals such 
as phenoxy herbicide compounds (MCPA, 4-chloro-2-methyl-
phenoxyacetic acid). As an example of chemicals with acidic 
properties, an affinity for groups with basic properties should 
be expected (pKa for ibuprofen equals to 5.2 and MCPA ~ 
3.31). The topic of selected organic compounds’ adsorption 

on silica material is significant and carries high application 
potential. Until now, the SBA-15-ibuprofen systems were 
tested as drug delivery practices. Here both, methods for 
incorporation of ibuprofen into the mesoporous silica phase 
and their release from the surface were investigated [21–24]. 
In the case of MCPA molecule, the SBA-15 carrier was tested 
as the support of a functional catalyst during the hydrochlo-
rination of MCPA herbicide [25] and also as a selective adsor-
bent of this chlorinated aromatic compound [26]. In similar 
research, the achievements in the methods of quantification 
of this substance in the analysis of adsorption systems should 
be emphasized [27]. In this work, the surface modification 
of ordered mesoporous silica with the use of appropriate 
trialkoxysilanes was performed to generate efficient adsorp-
tion centers adopted to binding organic substances of global 
ecological importance. A critical approach to the obtained 
data made it possible to assess the affinity of selected organic 
systems to the primary and functionalized silica surface.

2. Experimental set-up

2.1. Reagents and materials

Self-assembly matrix agent Pluronic P123 (poly(eth-
ylene oxide)-poly(propylene oxide)-poly(ethylene oxide)) 
(EO20PO70EO20, Mw = 5,800) triblock copolymer), tetraethyl 
orthosilicate (TEOS, 98%) and (3-aminopropyl)triethox-
ysilane (APTES) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Toluene (min. 99.5%) and hydrochlo-
ric acid (min. 35%–38%) as well as Na2SO4 were obtained 
from Avantor Performance Materials (Gliwice, Poland). The 
analytical grade ibuprofen (99%) and 2-methyl-4-chloro-
phenoxyacetic acid (98%), as well as graphite powder (diam-
eter < 45 µm), were received from Sigma-Aldrich (St. Louis, 
MO, USA). The high-purity mineral oil (Nujol) used in the 
preparation of the carbon paste electrodes was obtained 
from Fluka (Buchs, Switzerland).

2.2. Synthesis of materials

The SBA-15 silica was synthesized according to the 
general procedure following the literature guidelines with-
out unnecessary modifications [28]. In a typical synthesis, 
4.0 g of P123 was dispersed in 120 mL of water and 9.12 g 
of 2 M HCl solution at 35°C while stirring. After 3 h, 8.54 g 
of TEOS was added to the mixture with continuous stirring 
at 35°C for 24 h. For stabilization, the solution was trans-
ferred to a Teflon inset equipped autoclave and maintained 
at 90°C for 48 h. After cooling, the solid product was filtered 
and calcined in air at 550°C for 5 h. The prepared SBA-15 
product was functionalized by amine functional groups 
in a post-grafting process. For this 3.0 g of the dried SBA-
15 powder was placed in a round-bottom flask with 50 mL 
of toluene and an appropriate amount of (3-aminopropyl)
triethoxysilane. The amount of silane coupling agent was 
estimated at close to full monolayer covering by amine func-
tional groups (0.6 mmol/g). The resultant mixtures were 
stirred and refluxed at 110°C for 3 h. Finally, the materials 
were washed with ethanol and vacuum dried at 100°C for 
12 h to obtain functionalized mesoporous silica marked as  
SBA-15_NH2.
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2.3. Measurements and calculations

The textural properties of the initial and functionalized 
mesoporous silica materials were analyzed by measuring 
N2 adsorption/desorption isotherms at 77 K over the full 
range of relative pressures by the automatic Micromeritics 
ASAP 2020 device. Specific surface areas (SBET) were com-
puted from experimental isotherms by applying the BET 
theory (Brunauer–Emmett–Teller) and linear range of 
experimental adsorption data at relative pressures of (P/P0) 
0.035–0.31, where P and P0 denote the equilibrium and sat-
uration pressures of nitrogen, respectively. The total pore 
volumes (Vtotal) were obtained from the adsorption value at 
the relative pressure P/P0 ~ 0.99. The micropores’ charac-
teristics (surface area of micropores (SBET MIC), micropores 
volume (Vmic)) were obtained from the t-plot theory [29]. 
Pore-size distribution functions (PSD) of silica samples were 
calculated using Horvath–Kawazoe (HK) method (cylinder 
pore geometry by Saito–Foley) and non-local density func-
tional theory (NLDFT) method using the theoretical model: 
Model: N2@77K, for cylindrical pores in an oxide surface. 
The method is based on non-negative regularization: 0.00010 
and standard deviation of fit: 2.95 cm3/g of STP. Moreover, 
the calculations of pore size distributions followed the 
Barrett–Joyner–Halenda (BJH) procedure were applied. All 
samples were outgassed before analysis at 100°C for 24 h in 
the degas port of the analyzer. The dead space volume was 
measured for calibration on experimental measurement 
using helium as an adsorbate.

For the identification of the functional groups on the 
silica surface, photoacoustic spectroscopy analysis/Fourier-
transform infrared spectroscopy (PAS/FTIR) was per-
formed. Photoacoustic measurements as Fourier-transform 
infrared photoacoustic spectroscopy were performed using 
the Bio-Rad Excalibur 3000MX spectrometer equipped 
with the photoacoustic detector MTEC 300 in the range of 
400–4,000 cm–1.

X-ray photoelectron spectroscopy (XPS) data were col-
lected on Multi-Chamber UHV System, Prevac (2009) using 
the hemispherical analyzer Scienta R4000 by monochro-
matic Al Kα radiation from high-intensity source MX-650, 
Scienta. All of the binding energies were calibrated by 
the C1s peak.

Thermal analysis of investigated materials was inves-
tigated using an STA 449 Jupiter F1 instrument (Netzsch, 
Germany). The measurements in the synthetic air atmo-
sphere (50 cm3/min) at a temperature range of 30°C–800°C 
were carried out with a heating rate of 10°C/min. The 
standard Al2O3 crucible and thermocouple of type S as a 
TG-DSC sensor were applied. The gaseous products released 
during thermal decomposition were analyzed by correlated 
FTIR spectrometer (Bruker, Germany).

The Small-Angle X-ray Scattering (SAXS) analysis was 
realized by an Empyrean diffractometer (PANalytical) with 
CuKα radiation using the SAXS/WAXS stage and capillary 
sample mode. The SAXS configuration includes a 2θ range 
of 0.13–4 degrees of 2θ, generator settings of 40 kV and 
40 mA, and reflection geometry. The measurement was con-
ducted in a single scan mode. The incident beam path con-
sisted of a line focus type, W/Si, graded X-ray mirror with 
an elliptic shape. The diffracted beam path includes beam 

attenuator Cu 0.2 mm, PIXcel1D detector, and receiving slit 
with 0.05 mm active length. The length of the scattering vec-
tor (or scattering vector) q is defined as q = 4πsinθ/λ, where 
2θ the scattering angle, λ is the X-ray wavelength (1.5418 Å).

Transmission electron microscopy (Tecnai G2 T20 
X-TWIN) was used to record the ordered morphology and 
the mesoporosity of silica. For this study, the samples were 
prepared by placing a drop of ethanol suspension of SBA-
15 onto a carbon-coated copper grid, drying it in the air, 
and then transferring the grid to the microscope operated 
at an accelerated voltage of 200 kV.

2.4. Adsorption experiments

For the adsorption test, a certain amount of adsorbent 
(SBA-15 or SBA-15_NH2) was added to Erlenmeyer flasks 
with different concentrations of ibuprofen or MCPA solu-
tion (10–100 µmol/L), and the flasks were shaken for 24 h 
at 150 rpm. The natural (original) pH of the adsorbate solu-
tions (~4.5 for ibuprofen and ~4.1 for MCPA) was selected 
for the adsorption studies. After adsorption, the mixtures 
were filtered through filter paper, and the supernatant was 
measured by high-performance liquid chromatography 
with UV detection (Shimadzu LC-20, Kyoto, Japan). The 
measurements were conducted under isocratic conditions 
on a Luna C18 (4.6 × 150 mm, 3 µm) column (Phenomenex, 
Torrance, CA, USA) operated at 30°C. The mobile phase was 
a 50/50 (v/v) mixture of acetonitrile and water adjusted to 
pH 3.0 with acetic acid, the flow rate was set at 0.25 mL/
min and the peaks were monitored at λ = 222 nm (ibupro-
fen) and λ = 278 nm (MCPA), respectively. The concentration 
of ibuprofen and MCPA was determined using the stan-
dard calibration curve which was obtained by plotting the 
peak area against the analyte concentration. The obtained 
calibration curves were linear with high R2 correlation coef-
ficients (≥0.998) and the equations for the regression line 
were y = 1.691x – 0.056 for ibuprofen and y = 0.226x + 0.023 
for MCPA (where y is the peak area and x is the concen-
tration of the analyte).

The equilibrium adsorption qe (µmol/g) was calculated 
by Eq. (1):

q
C C V
me

e�
�� �0  (1)

where C0 and Ce are the concentrations of ibuprofen or 
MCPA (µmol/L) before and after adsorption, respectively, 
V is the volume of the aqueous solution in the flask (L) and 
m denotes the mass of adsorbent (g).

2.5. Electrochemistry

The voltammetric measurements were carried out in a 
thermostated glass cell (0.04 L) at room temperature, in a 
three-electrode system. A carbon paste electrode was used 
as a working electrode. The reference electrode was a sat-
urated calomel electrode and the counter electrode was 
a Pt wire. The differential pulse voltammetry (DPV) mea-
surements were performed in an AutoLab potentiostat/
galvanostat (model PGSTAT 20, Eco Chemie B.V., Utrecht, 
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The Netherlands) connected to a desktop computer and 
controlled by GPES 4.9 software. All the voltammograms 
were registered from 0 to +1.0 V at a sweep rate of 50 mV/s; 
the pulse height and width were set as 50 mV and 50 ms, 
respectively. The sampling time was 50 ms. The peak height 
was evaluated by the GPES software. The fabrication of 
the carbon paste electrode and the modified carbon paste 
electrodes: the carbon paste electrode was prepared by 
thoroughly mixing graphite powder and paraffin oil in a 
mortar with a pestle; the modified carbon paste electrodes 
were prepared in the same manner by precisely mixing 
weighed amount (10% wt.) of the SBA-15 or SBA-15_NH2 
with graphite powder and paraffin oil. The mixture was 
kept at 25°C for 3 d in a desiccator. After that, the paste was 
packed into the electrode cavity (2 mm) with Ø 3 mm. Before 
each use, the electrode surface was smoothed with a piece 
of paper until a smooth surface was observed.

Before the DPV measurements, the influence of the 
accumulation time on the peak current was determined 
for ibuprofen and MCPA in 0.1 mol/L Na2SO4 solution. 
Accumulation time was varied from 1 to 8 min. The experi-
ments were conducted at the carbon paste electrodes (CPEs) 
containing 10% of mesoporous materials.

3. Results and discussion

3.1. Characterization

The properties of the porous structure are significant if 
the materials are applied as specific adsorbents and mate-
rials customized to sorption applications. Thus, the nitro-
gen adsorption/desorption isotherms as a crucial step were 
analyzed for the initial and functionalized mesoporous 
silica samples and presented in Fig. 1A. The differences in 
the isotherms course and nitrogen uptake reflect an essen-
tial variation of porous structure parameters presented in 
Table 1. According to the IUPAC classification, the type 
IV of isotherms with a Hl hysteresis loop was marked for 
both silica and functionalized silica samples. The adsorp-
tion isotherms exhibit a steep increase of nitrogen uptake 
at low relative pressures corresponding to the micropores 
filling. Although the presence of micropores was confirmed 
for the material before and after functionalization, pores 
quantitative characteristics indicate a decrease of this type 
of porosity after the functionalization step, which is directly 
reflected in a smaller jump in the nitrogen adsorbed quan-
tity in the initial range of the isotherm (Fig. 1A). A general 
reduction of the adsorbed content resulting in a lower course 
of the experimental isotherm for the functionalized sample 
means a reduction in the available specific surface area. 
As a result of functionalization, the specific surface area 
(SBET) decreased by nearly 38% from 890 to 555 m2/g. The 
particularly sensitive to functionalization were micropores, 
which surface area decreased by almost 68% from 390 to 
125 m2/g. Both the total pore volume and the micropore vol-
ume were reduced due to the introduction of amino groups 
on the silica surface. The restriction in the availability of 
pores is particularly evident in pore size distribution anal-
ysis. In the case of mesopores, a decrease in the intensity of 
the peaks of the pore size distribution function is observed. 
The decreasing number of micropores is significant and 

has a direct impact on the average dimension of available 
porosity. A detailed analysis of the change in the size and 
number of pores is presented in Fig. 1 by applying various 
methods of their description (BJH, HK, and NLDFT).

To determine the chemical functionality of the meso-
porous silica surface, a discussion of the quality of surface 
functional groups should be performed. Moreover, the qual-
ity of functionalization by amino groups can be evaluated 
due to an unequivocal structural response. A Fourier trans-
form infrared spectroscopy, and in particular, infrared spec-
troscopy with photoacoustic detection (Fourier-transform 
infrared/photoacoustic spectroscopy FTIR/PAS) seems to 
be very useful in this issue. Fig. 2A shows the experimen-
tal FTIR/PAS spectra of investigated materials. The spectra 
show the absorption bands assigned to the structure-sensi-
tive vibrations between (SiO4) tetrahedra at about 800 and 
1,080 cm–1 signifying the typical symmetric and asymmet-
ric stretching of Si–O–Si, respectively. The silanol groups 
are visible in the bending range of vibrations (~3,400 cm–1). 
The involvement of silanol groups originally bound to the 
silica material was confirmed by changing their absorption 
properties. The surface properties were changed after func-
tionalization. (Fig. 2B exhibits a narrow band at ~3,745 cm–1 
for initial mesoporous ordered silica, which indicates the 
presence of isolated silanols. Next to this, extensively hydro-
gen-bonded silanols as broadband centered at 3,500 cm–1 
are found. The absorption bands of amino groups in the IR 
spectra show a relatively low intensity, and additionally, 
they can be covered by stronger bands from other func-
tional groups. On the IR spectra, primary amines with char-
acteristic –NH2 vibrations are visible in the 3,000–3,500 cm–1 
range. The widening of a band should be assigned by the 
symmetric stretching vibration of N−H groups in the termi-
nal amine groups cross-linked with the –SiOH groups. The 
vibrations for primary amines are observed in the range of 
1,600–1,580 cm–1. The direct evidence of the N–H bending 
vibration should be described by the peak at about 1,540 cm–1 
as well as from a sharp leap at about 578 cm–1. The bands 
at 1,646 and 970 cm–1 in the SBA-15 (very weak) and SBA-
15_NH2 samples illustrate the –OH deformation associated 
with the Si–OH groups. In both cases, these signals were sig-
nificantly more intense for samples after functionalization.

Fig. 3 shows the XPS spectra of the silica and function-
alized silica surfaces. The XPS data were also presented in 
Table 2. The survey scans were recorded in the region of 
binding energies of 0–1,200 eV (Fig. 3A). The high-resolution 
XPS analysis indicates the single O1s and Si2p core levels for 
both samples (Fig. 3B and C), as well as compound N1s sig-
nal for the SBA-15_NH2 sample (Fig. 3D). O1s photopeak’s 
reveal the negative shift of binding energy. The function-
alization causes the incorporation of silanol chains around 
the silica particles and creates new chemical bonds between 
existing oxygen atoms and silicon from APTES. Here, the 
electronegativity of the doping element (Si from APTES) is 
lower than the base element, the electron density around 
oxygen atoms increases and the binding energy decreases, 
leading to a redshift in BE peak position. The shift of bind-
ing energy equals 0.7, (533.3 and 532.6 eV for SBA-15 and 
SBA-15_NH2 materials, respectively).

Si2p core levels remain without significant changes 
after modification. It is expected, that nitrogen atoms can 
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Fig. 1. (A) Nitrogen adsorption/desorption isotherms at 77 K for the initial (SBA-15) and functionalized mesoporous ordered sil-
ica (SBA-15_NH2), (B) porosity distributions for both types by the Barrett–Joyner–Halenda with Halsey–Faas correction, (C) poros-
ity distributions by the Horvath–Kawazoe calculations and (D) porosity distribution by density functional theory with model: 
N2@77K, cylindrical pores in an oxide surface.

Table 1
Values of parameters characterizing the porous structure of adsorbents

Sample Surface area (SBET) (m2/g) Pore volume (cm3/g) Pore-size distribution (nm)

SBET Total SBET MIC Vtotal Vmic BJHa HKb NLDFTc

SBA-15 890 390 1.089 0.187 5.88 3.82 1.7, 10
SBA-15_NH2 555 125 0.802 0.060 5.66 6.74 1.9, 10

aBarrett–Joyner–Halenda desorption average pore diameter (4V/A); bHorvath–Kawazoe median pore width; cNon-local density functional 
theory maximum mean peaks.
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Fig. 2. (A) FTIR/PAS spectra of initial mesoporous silica (SBA-15) compared with functionalized mesoporous silica (SBA-15_NH2) 
and (B–D) magnification of the selected areas of FTIR/PAS spectra.

  

 

Fig. 3. X-ray photoelectron spectra of initial and amine-functionalized mesoporous silica materials: (A) survey scan and 
high-resolution X-ray photoelectron spectra of (B) O1s, (C) Si2p, and (D) N1s core levels.
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exist in different oxidation states as –NH2 and protonated 
–HN3

+ species which influence the adsorption behavior rel-
ative to investigated adsorbates. NH2 bonds are attributed 
to the binding energy at 400 eV, while positively charged 
–NH3

+ groups are identified at higher binding energies 
(401.8 eV) [30].

The SAXS curves of SBA-15 and SBA-15_NH2 samples 
confirm well-ordered mesoporous systems arranged as 
two-dimensional, hexagonal symmetry (p6mm) (Fig. 4A). 
Hexagonal symmetry and ordered structure of the pores 
are confirmed by three well-resolved peaks at small diffrac-
tion angles specified as (100) = 0.062 Å–1, (110) = 0.110 Å–1 
and (200) = 0.128 Å–1 for SBA-15 and (100) = 0.064 Å–1, 
(110) = 0.114 Å–1 and (200) = 0.129 Å–1 for SBA-15_NH2 sample, 
respectively. The unit cell parameters (a) were determined 
from these data as an average of unit-cell parameters defined 
for (100), (110), and (200) Bragg’s peaks according to equa-
tions: a100 = (2d100)/√3, a110 = 2d110, a200 = (4d200)/√3 and equals 
114.8 Å for SBA-15 and 111.9 Å for SBA-15_NH2.

The results of SAXS analysis are in line with the pore 
size diameter (the distance between two pores) from trans-
mission electron microscopy images where the observed 
size equals ~60 Å as well as low-temperature N2 sorption iso-
therms. After surface functionalization with amine groups, 
a reduction in the availability of the light of the carrier 
pores was observed by reducing their size.

The available porosity should be taken into account 
during analyzing the adsorption process of organic com-
pounds with specific molecular sizes. The behavior of the 
active substance inside the formed mesopores should be 
also regarded and may also depend on the diameter and 
length of the inorganic channels. In this work, the relatively 
small molecular sizes of ibuprofen (Fig. 5A) and MCPA 
(Fig. 5B) make it possible for good penetration into even 
micropores of the support (depending on their availability).

3.2. Adsorption isotherms

The adsorption isotherms for ibuprofen and MCPA on 
SBA-15 and SBA-15_NH2 are presented in Fig. 6.

The data were analyzed using Freundlich [Eq. (2)], 
Langmuir [Eq. (3)], and Temkin [Eq. (4)] isotherms [31]. 
The linear forms of the isotherms are given by Eqs. (2)–(4):

ln ln lnq K
n

Ce F e� �
1  (2)

C
q q

C
q K

e

e m
e

m L

� �
1 1  (3)

q RT
b

A RT
b

Ce
T

T
T

e� �ln ln  (4)

where KF ((µmol/g)(L/µmol)1/n) and n are the Freundlich 
adsorption constants, qm (µmol/g) and KL (L/µmol) are the 
Langmuir isotherm parameters, bT (J/mol) is the Temkin 
constant related to the heat of adsorption, AT (L/g) is the 
equilibrium binding constant corresponding to the maxi-
mum binding energy, T is the temperature (K) and R is the 
gas constant (8.314 J/mol·K).

The Freundlich, Langmuir, and Temkin isotherm 
parameters were calculated from the slope and intercept of 
the linear plots of lnqe vs. lnCe, Ce/qe vs. Ce, and qe vs. lnCe, 
respectively, and are listed in Table 3.

As depicted in Table 3, all used adsorption iso-
therms, Freundlich, Langmuir, and Temkin, describe well 
the experimental systems (high correlation coefficients 
R2 ≥ 0.913–0.997). It is partly a result of a relatively narrow 
range of equilibrium adsorbate concentrations, in which 
various theoretical equations may be fitted well. Taking 
into account the uniform porous structure of synthesized 
materials one can expect that the studied adsorption sys-
tems may be regarded as homogeneous to a large extent. 
However, one should take into account that the created 
surface active centers can interact with adsorbate mole-
cules in different ways.

Adsorption is a complex process that depends on the 
individual properties of the adsorbate and adsorbent. Both 
the textural properties of the adsorbent (its specific surface 
area, pore size distribution) and the chemical properties 
of the surface (the presence of surface functional groups) 
have a critical influence. Therefore, it can be expected that 
the modification of silica by APTES will change its adsorp-
tion capacity because it has caused changes in its surface 
chemistry and porous structure. As can be seen in Fig. 6 and 
Table 3, ibuprofen was adsorbed better on SBA-15 while 
MCPA showed greater adsorption affinity for SBA-15_NH2. 
The better adsorption of MCPA on the N-functionalized 
silica was the result of interactions (hydrogen bond for-
mation) between amino groups of SBA-15_NH2 and the 
carboxyl group of herbicide molecule. Similar interactions 

Table 2
X-ray photoelectron spectroscopy data of mesoporous ordered silica

Region Position (eV) FWHM % At Conc. % Mass Conc. % St. Dev.

SBA-15
C1s 284.1 0.46 0.48 0.28 0.1
O1s 533.3 2.35 59.33 45.55 0.2
Si2p 103.4 2.43 40.19 54.17 0.2

SBA-15_NH2

C1s 285.5 3.03 12.5 7.6 0.2
O1s 532.6 2.43 48.6 39.2 0.2
Si2p 103.5 2.52 36.3 51.4 0.2
N1sa 401 3.32 2.6 1.9 0.1

aN1s high-resolution X-ray photoelectron spectroscopy scans of the SBA-15_NH2 revealed two signals of N1sA and N1sB of two 
different chemical states of N1s (400 and 401.8 eV for NH2 and NH3

+ states, respectively).
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were reported for the adsorption of 2,4-dichlorophenoxy-
acetic acid (2,4-D) on APTES-modified SBA-15 [26], meso-
cellular siliceous foam (MCF) [26], MCM-41 [32], hexagonal 
mesoporous silica [33], grafted mesoporous carbons [34] 
or carbon black [35]. The higher adsorption capacity of 
unmodified SBA-15 for ibuprofen was probably due to 
its higher specific surface area in comparison to the func-
tionalized silica (890 vs. 555 m2/g). The ibuprofen mole-
cule also contains a carboxyl group, so hydrogen bonding 
interactions between the amino groups of SBA-15_NH2 
and the carboxyl groups of ibuprofen are possible [36,37] 
which, at least in theory, should significantly increase 
adsorption efficiency. However, in this work, the opposite 
results were observed – better adsorption of ibuprofen on 
unmodified silica. Szegedi et al. [38] studied the adsorp-
tion of ibuprofen on amino-modified MCM-41 and SBA-15 
silica materials. They found that in contrast to MCM-41, 
the APTES-modified SBA-15 adsorbed a lower amount of 

 

Fig. 5. Structure and molecular dimensions of two selected 
types of organic adsorbates: ibuprofen and MCPA.

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Structure and morphology of initial and amine-functionalized mesoporous silica (A) experimental SAXS profiles of 
investigated samples, (B,C) transmission electron microscopy images of SBA-15 at various magnifications with the sizing of 
mesopores in the inset of Fig. 4C, and (D) scanning electron microscopy image of SBA-15_NH2.
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ibuprofen. The authors observed that modification of SBA-
15 by APTES caused a reduction in the BET surface area of 
the material due to the blocking of the micropores, where 
some of the silanol groups are located. Therefore, the amino 
groups in the micropores are inaccessible to larger mole-
cules of ibuprofen, and, as a result, the adsorption capac-
ity of modified SBA-15 decreases. Such a phenomenon, 
a different mechanism of adsorption of ibuprofen com-
pared to MCPA, for example, via hydrophobic interaction 
between ibuprofen and SBA-15 surface and/or electron 
donor–acceptor interaction between oxygen on the siloxane 
surface of SBA-15 and π-system of ibuprofen [39] may be  
suggested.

3.3. Electrochemical studies

The mesoporous silica materials were also tested as car-
bon paste electrodes (CPE) modifiers. The effect of accu-
mulation time on the peak current of ibuprofen compared 
to MCPA (50 µmol/L) is shown in Fig. 7.

The peak current increased with increasing accumula-
tion time up to about 4 min and then became stable.

Electrochemical measurements were conducted using 
differential pulse voltammetry (DPV). Fig. 8 shows the 
DPV curves registered for 0.1 mmol/L ibuprofen and MCPA 
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Fig. 6. Adsorption isotherms of ibuprofen and MCPA on the mesoporous silica (line: fitting of Freundlich isotherm).
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Fig. 7. Effect of accumulation time on the peak current of ibuprofen and MCPA in 0.1 mol/L Na2SO4 solution.

Table 3
Freundlich, Langmuir and Temkin isotherm constants for 
adsorption of ibuprofen and MCPA on the mesoporous or-
dered silica materials

Adsorption isotherm adsorbent/adsorbate

SBA-15 SBA-15_NH2

IBU MCPA IBU MCPA

Freundlich isotherm

KF (µmol/g)(L/µmol)1/n 0.056 0.073 0.044 0.162
1/n 0.899 0.895 0.891 0.875
R2 0.995 0.995 0.998 0.997

Langmuir isotherm

qm (µmol/g) 5.551 6.891 4.660 14.49
b (L/µmol) 0.014 0.013 0.024 0.016
R2 0.921 0.913 0.968 0.954

Temkin isotherm

bT (J/mol) 4.745 3.709 5.680 1.630
AT (L/g) 0.288 0.883 0.261 0.265
R2 0.947 0.939 0.935 0.945
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solutions using carbon paste electrodes containing 10% 
by mass of tested materials.

The mechanism of the electrooxidation process was 
controlled by diffusion. Compared with the bare (graphite) 
electrode, the silica-modified electrodes greatly increased 
the oxidation peak current of ibuprofen and MCPA, show-
ing strong signal enhancement effects. The peak current was 
strongly correlated with the adsorptive properties of the 
silica materials used as modifiers. SBA-15_NH2 modified 
CPE showed a larger peak current and higher sensitivity for 
MCPA (similarly as earlier was reported for 4-chlorophe-
nol [40]), while the SBA-15 modified electrode was much 
more appropriate for the detection of ibuprofen.

4. Conclusions

In the paper, the adsorption of ibuprofen and 
4-chloro-2-methylphenoxyacetic acid (MCPA) as model 
water contaminants on unmodified and N-functionalized 
mesoporous ordered silica SBA-15 was investigated. A 
mesoporous silica support with an ordered pore system 
and pronounced porosity was successfully modified with 
amino groups by the post-synthesis method improving the 
functionality of the surface. However, the modification dete-
riorated the textural properties of the material, including 
blocking access to the pore space and disturbing their struc-
tural order. As a result of the conducted adsorption studies, 
it was determined that in the case of MCPA, the adsorption 
was determined by the hydrogen bonding with electrostatic 
nature between the aminated surface of silica (–NH3

+ groups 
at experimental pH (pH = 4.1) and below pHPZC (pHPZC~8.5 
[41])) and dissociated carboxyl groups of MCPA (–OOC-R 
groups above pKa (pKa~3.3) at experimental pH (pH = 4.1)). 
Unlike this system, the ibuprofen molecules with a slightly 
larger molecular size are screened from the system modi-
fied with amino groups, which limit the availability of pores 
and reduce the specific surface area. Both mesoporous sil-
ica were also tested as carbon paste electrodes (CPEs) mod-
ifiers in voltametric measurements. SBA-15_NH2 modified 
CPE showed a larger peak current and higher sensitivity 
for MCPA while SBA-15 modified electrode was much 

more appropriate for the detection of ibuprofen. The peak 
current was strongly correlated with the adsorptive prop-
erties of the silica CPEs modifiers.
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