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Abstract

4-Nitrophenol (4-NP) is a dangerous compound that can be found in insecticides and pesticides in agriculture. Therefore,
removing and detecting this compound in water sources are essential for the ecosystem and human health. In this study, we
synthesized fluorescence-incorporated mesoporous nano silica (F-NS) for the removal and detection of 4-NP. The fluores-
cent nanomaterial was characterized by techniques, including Fourier-transform infrared spectroscopy, thermal gravimetric
analysis, nitrogen adsorption isotherms, and scanning electron microscope. The isotherm and kinetics investigation showed
that 4-NP adsorption of the nanomaterial with high capacity (up to 0.7 mgmg™~") was well fitted with the multilayer adsorption
and the pseudo-second-order model. Furthermore, modulation of the fluorescein isothiocyanate amount on the nanomaterial
allowed the detection of 4-NP at low concentrations through fluorescence quenching.
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1 Introduction

Phenols are essential compounds in synthesizing drugs,
insecticides, and food dyes [1-9]. 4-Nitrophenol or p-nitro-
phenol (4-NP) is one of the most harmful phenol compounds
that potentially causes kidney and liver damage, cyanosis,
confusion, and unconsciousness [1, 2]. Furthermore, waste-
water generated from industries containing this compound
could cause enhanced toxicity in groundwater [3—7]. There-
fore, many approaches such as membrane filtration, adsorp-
tion, and catalytic reduction have been developed for 4-NP
treatment [8—10]. Because of, using adsorbents such as
carbon nanotube, montmorillonite, polymer-supported ion
liquid, porous organic polymer, and mesoporous silica is an
efficient method to remove 4-NP [11-16].
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Besides the treatment of 4-NP, detection of its presence
in solution is important. Therefore, synthesizing and explor-
ing new materials to detect 4-NP with high accuracy and
sensitivity are highly desired. Among them, the materials
containing fluorescent agents have gained much attention
to detect 4-NP with simple sample preparation procedures,
higher sensitivity, and competitive cost [17]. 4-NP could be
detected through electron transfer and fluorescence quench-
ing mechanism [18] by fluorescent materials such as poly-
mer carbon dot optical (PCD) [19, 20], quantum dot molec-
ular imprinting polymer QD @MIPs [21], coumarin-based
molecular imprinted polymer [22], bovine serum albumin
functionalized fluorescent gold nanoclusters (BSA Au-NCs)
[23], carbon quantum dots-immobilized zirconium-based
metal-organic framework (CQDs@UiO-66) [24], dual-
emissive gold nanoclusters [25], and mesoporous silica
fluorescent sensor [26].

Mesoporous silica nanoparticles have been widely used
in various applications due to their high stability and tunable
structure [27-30]. The robust structure and large pores of
the nano-silica materials are highly conducive to the diffu-
sion of liquid molecules onto the adsorbent or the catalyst
activity for the treatment of phenolic contaminants [31-39].
These nanoparticles could be reduced their particle sizes or
modified functional groups on mesoporous silica, allowing
for the development of the fluorescent sensor or biomedical
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application [8, 27, 40]. In addition, the nanoparticles are
low toxicity and high reactivity with polymers or fluorescent
compounds [41-43] to enhance 4-NP detection [44, 45].

In this study, fluorescein isothiocyanate (FITC) was
chosen as a marker compound to make F-NS materials and
detect 4-NP via quench fluorescence signal. We screened
the molar ratios of FITC to tetraethyl orthosilicate (TEOS)
in the synthesis of F-NS (named MFA 1, MFA 2, MFA 3,
and MFA 4). Liquid adsorption and fluorescence quench-
ing evaluated the removal and detection of 4-nitrophenol.
The remarkable removal of 4-NP is over 90% by F-NS and
determined by the UV-VIS method with encapsulation effi-
ciencies up to 0.7 mgmg~'. Furthermore, the removal of
4-NP was investigated through the isotherm, kinetic study,
and fluorescence quenching.

2 Experiment
2.1 Reagents and chemicals

Tetraethyl orthosilicate and cetyltrimerthylamomonium
bromide (CTAB) were purchased from Acros. 3-Aminopro-
pyltriethoxysilane (APTES) and fluorescein isothiocyanate
were obtained from Sigma Aldrich. 4-nitrophenol (4-NP),
hydrochloric acid (HCI), ethanol (EtOH), and acetonitrile
(AcCN) were bought from Fisher.

2.2 General method

Fourier transform infrared (FT-IR) spectra were collected
in the region of 4000—400cm~! on a Bruker Vertex 70
spectrometer using KBr tablets. Thermogravimetric analy-
sis (TGA) was measured on a TA Instruments Q500 under
continuous airflow with a temperature increase of 5 °C/
min from room temperature to 800 °C. The Quantachrome
Autosorb 1Q2 analyzer measured low-pressure N, adsorption
isotherms at 77 K. Field emission scanning electron images
were captured with FE-SEM (Japan, Hitachi, S4800). UV-
Vis spectra of 4-NP were recorded on a JASCO V-670 spec-
trophotometer. Material images were taken on Olympus
BX-53 to observe the fluorescence signals.

2.3 Materials synthesis
2.3.1 Synthesis of MCM-41

A mixture of 120mL deionized (DI) water and 1.75 mL NaOH
1M were added in a round bottom flask with a mass of 250 mg
CTAB. This solution was stirred at 1500rpm at 80 °C until
the stability system, a volume of 1.25mL TEOS (5.59 mmol),
was added in the flask and kept stirring at 80 °C for 2h. The
mixture was centrifugated to collect solid and was washed
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with 50mL ethanol two times. The CTAB surfactants were
removed by dispersing the as-synthesized material in ethanol
(60mL) and concentratred HCI (1.0mL), and refluxed for 8 h.
The material was collected by centrifugation, washed with
ethanol, and dried under vacuum at 80 °C for 8 h.

2.3.2 Synthesis of FITC@mesoporous silica nanoparticles
(F-NS)

The incorporation of FITC on MCM-41 structure was syn-
thesized based on our previous report with slight modifica-
tions [46]. Four FITC solutions namely FA 1, FA 2, FA 3, and
FA 4 were prepared in a volume of 5mL ethanol and stirred
gently for 30 min in the dark with FITC/TEOS mole ratios of
0.22%1073,0.45% 107%,0.56 x 107, and 1.13 % 107>, respec-
tively. At the same time, a volume of 960 mL DI water and
14mL NaOH 1 M were evenly poured into four round bottom
flasks with a mass of 500mg CTAB for each and stirred at
80 °C. After that, The FITC solutions were added to these
flasks and kept stirring at 80 °C for 2h. The solid samples were
ccentrifugated by centrifugation and washed twice with 48 mL
ethanol. CTAB was removed from materials via the reflux in
a mixture of 2mL hydrochloric acid and 100 mL ethanol at
80 °C for 8 h. F-NS samples were collected by centrifugation
at 16,000 rpm for 5 min and washed two times with ethanol and
DI H,0. The activated F-NS samples were dried under a high
vacuum at 120 °C for 12h.

2.3.3 Procedure for 4-nitrophenol adsorption

Stock solution (5000mg L") of 4-NP was obtained by dis-
solving in acetonitrile, and the low concentrations of 4-NP
from 139 to 3475 mg L~! were diluted via adding solvent to the
stock solution. The 4-NP adsorption process was investigated
based on the concentrations of 4-NP, adsorption time, and
the different materials such as MCM-41 and F-NS. 1.5mL of
the accurate 4-NP concentrations was immersed with 5 mg of
material at 37 °C for 120 min. After that, the adsorbents were
collected by centrifugation at 16,000rpm for 30 min to observe
under a fluorescent microscope. The calibration curve of 4-NP
between concentration and absorbance was measured with the
UV-VIS spectrophotometer at a wavelength of 310nm. The
4-NP solutions were recorded from the UV-VIS spectra and
calculated from the calibration curve equation.

3 Results and discussion

3.1 Characterization of nanoparticle properties
and structures

TEOS and CTAB were essential ingredients and agents
to create the mesoporous nanoparticles, while FITC and



Journal of Porous Materials (2023) 30:629-638

631

APTES were fluorophores to detect 4-NP. F-NS materials
were determined by FT-IR, TGA, N, sorption isotherms,
and fluorescence microscope to investigate the properties
and structure of the materials.

FT-IR spectra of MCM-41, MFA 1, MFA 2, MFA 3, and
MFA 4 were performed in the region of 4000 —400cm™".
Figure 1a showed the signal of Si-O-Si bonds at 1060cm ™",
Si-OH bonds at 960 cm™!, and C-S bonds at 667-694cm™!,
respectively, matching the literature [47]. The new bands,
at 3217cm™" and 2928 cm™', derived from N-H stretching
and an aromatic secondary amine group (-NH), determined
the presence of FITC and APTES in F-NS materials [48].
Besides, there was not stretching vibration of aliphatic C—H
at 3000cm™!, indicating that CTAB was entirely removed
by washing in ethanol and deionized water.

F-NS materials were measured by thermogravimetric
analysis (TGA) under airflow from room temperature to
800 °C. Based on the TGA diagram ( Fig. 1b) showed the
mass change of the material over two temperature periods.
Below 300 °C, the mass loss of F-NS materials was about
10%, corresponding to the burning of organic molecules
such as FITC and APTES. The small weight change of the
F-NS materials was consistent with the small amount of
grafted FITC and APTES on MCM-41.

The nitrogen adsorption-desorption isotherm of MCM-41
and F-NS materials was measured at 77K (Fig. 2), corre-
sponding to a type IV isotherm of mesoporous material [49].
According to the Brunauer-Emmett-Teller (BET), the sur-
face areas were around 1000—1300 m? g'1 for MFA 1, MFA
2, MFA 3, and MFA 4 (Table 1). According to the B.J.H
model, the pore diameter of F-NS materials slight decreased
for samples that contained a high mole ratio of FITC/TEOS
(Fig. 2). These results proved the success in synthesizing
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Fig.1 a FT-IR spectra and b TGA of MCM-41 and F-NS materials

F-NS materials via FITC/TEOS mole ratio adjustment with-
out greatly affecting the pore space of the materials.

FE-SEM determined the morphology of the MCM-41 and
F-NS powders. Figure 3 showed that materials had a spheri-
cal and ellipsoidal shape with sizes around 50-150 nm.
MCM-41 material had a particle size distribution in the
range of 100—120 nm while the F-NS materials had a slightly
reduced particle size in the range of 80-120nm (Table 1
and Fig. S1). Moreover, FITC combining MCM-41 showed
the morphological change from spherical to ellipsoidal. The
increase in CTAB mass during the synthesis of F-NS mate-
rials could be responsible for the slight decrease in parti-
cle size and morphology of the materials. In addition, the
material samples observed under the fluorescence micro-
scope showed a gradual increase in luminescence (shown
in Fig. 4), which corresponds to an increase in the amount
of FITC during the preparation process.

3.2 Adsorption experiments
3.2.1 Adsorption isotherms

Calibration curve equation was built by the various concen-
tration of 4-NP and the absorbance values from UV spectra
and showed in the Fig. S2. The linear regression equation
with a correlation coefficient (R?) of approximately 1 indi-
cated a linearity between absorbance and concentration of
4-NP. Therefore, it could be used to calculate the concentra-
tion of 4-NP in the samples after performing adsorption.
Subsequently, we employed F-NS materials to carry out
the adsorption of 4-NP. The activated samples (5 mg) were
added to 10mL of 4-NP with a specific concentration for
120 min. After a certain period, the 4-NP diluted solution
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Fig. 2 Nitrogen adsorption-desorption isotherms and Pore size distribution curves of MCM-41 and F-NS materials following the Barrett-Joyner-
Halenda Model (B.J.H).
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Fig.3 SEM of MCM-41 and F-NS materials with a manigfication of 100,000 times

Table 1 Textural properties of MCM-41 and F-NS materials

Entry Materials Sgpr(m>g™))

P9re diameter
(A)

Particle size
(nm)

1 MCM-41 1332
2 MFA 1 1317
3 MFA 2 1293
4 MFA 3 1075
5 MFA 4 1066

30-36
25-30
25-30
22-30
22-30

100-120
80-100
80-120
80-120
80-120

was recorded by the JASCOV V-670 spectrophotometer at
wavelength of 310 nm. The loading capacity of 4-NP (q,)
was calculated by Eq. (1) [50].

V(Co - Ce)

g = ————(mgg™") 1)

w

where the initial and equilibrium concentrations (mg L")
are denoted C, and C,, respectively. The volume of the 4-NP

Fig. 4 Bright-field and fluorescence images of MCM-41 and F-NS materials with a scale of 100 pm
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solution (mL), and the initial mass of the adsorbent (mg) are
annotated as V and W.

The absorbance intensity of 4-NP at 310nm was the low-
est when using MCM-41 and increases in that of F-NS mate-
rials, which was shown in Fig. 5a. The adsorption yield of
4-NP by various materials was investigated by increasing the
adsorbent dosage from 139mg L™! to 3475mg L', as shown
in Fig. 5b. It was observed that the encapsulation of 4-NP
enhanced from 0.03 to 0.7mgmg~" with increasing in 4-NP
dosage. The most noteworthy 4-NP adsorption behavior of
MCM-41 was attributed to the high surface area and sizeable
porous diameter (see Table 1) of this material compared with
F-NS materials.

The Langmuir and Freundlich models considered the
monolayer and multilayer adsorption of MCM-41 and
F-NS materials. As shown in Table 2, the correlation
coefficient values (R?) were more extensive than 0.99
for the Langmuir model, and the value of R; (calculated
from Eq. S2) was between 0 and 1, suggesting favorable
adsorption of 4-NP onto the MCM-41 and its functional
materials. However, the amount of adsorption of 4-NP at a

0.5

_ MCM-41
" MFA 1

Absorbance

1 1 L 1 1 l 1 1 L
250 300 350 400 450 500
Wavelength / nm

hypothetical saturation capacity from the Langmuir model
was smaller than the loading capacity in the 4-NP experi-
mental adsorption for two kinds of materials. The adsorp-
tion of 4-NP on these materials could occur according to
the Freundlich model since the moderate value intensity
(n) values (above 1) and the high R? values (approximately
0.99), which were collected from the linear plot of In(q,)
versus In(C,). This result revealed the multilayer adsorp-
tion onto MCM-41 and F-NS materials.

The FTIR spectra of materials after loading confirmed
the presence of absorbance molecules in the range of
4000-400cm™", as shown in Fig. S4. The characteristic
signal of 4-NP at 3250, 1590, and 1500 cm~! was attrib-
uted to -OH stretching, C = C arene, and nitro group. The
FTIR spectra of F-NS materials could observe the small
signals at 1590 and 1500 cm™!, corresponding to the arene
and nitro group of 4-NP after loading on materials. The
adsorbed materials were analyzed for N, adsorption at
77K to consider the change in pore space. The results in
Fig. S5 showed a change in the adsorption curves with the
loss of characteristic adsorption curves of the mesoporous
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Fig.5 a UV-V spectra at a concentration of 139mg L™! and b the loading capacity of MCM-41 and F-NS materials at concentrations of 139—

3475mg L™

Table 2 Estimated constants

. Entry Materials Langmuir Freundlich

from the Langmuir and

Freundlich isotherms for 4-NP k. (L mg™h) q, (mg g™ R? K (mg!™ L ng R?

adsorption by MCM-41 and gh

F-NS materials
1 MCM-41 2.093 0.476 0.994 0.378 1.383 0.995
2 MFA 1 2.469 0.392 0.999 0.329 1.428 0.993
3 MFA 2 2.479 0.388 0.997 0.314 1.463 0.994
4 MFA 3 2.724 0.339 0.997 0.278 1.498 0.991
5 MFA 4 2.871 0.304 0.980 0.237 1.635 0.992
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materials. The calculated BET surface area was reduced by
about 40-64% for all materials, demonstrating their high
adsorption efficiency (Table 3). On the other hand, the
pore diameter of materials decreased by about 16-66%,
indicating the presence of 4-NP inside the pores (Table 3).

The post-adsorption material samples were collected for
fluorescence microscopy observation based on the fluores-
cence quenching properties of FITC and 4-NP. Although the
4-NP removal efficiency increased rapidly in the early stage
of the adsorption, the 4-NP adsorption equilibrium onto
the MFA 1 was reached after 120 min. MFA could adsorb
higher than of the other F-NS materials (Fig. 4), while its
fluorescence signal was significantly reduced (Fig. 6). The
small amount of FITC in MFA 1 does not significantly limit
the uptake but also increase the ability to detect 4-NP. This
result showed that MFA 1 has been the potential to detect
4-NP at a concentration of 139mg L~ through fluorescence
quenching. Therefore, adjusting the FITC/TEOS ratios in the
MCM-41 material allowed for forming materials capable of
capturing and detecting 4-NP at different concentrations. In
addition, MFA 4 and adsorbed MFA 4 were measured by the
UV-VIS spectrophotometer. Fig. S6 showed the maximum

absorption at the light of wavelength 491 nm, related to the
optical absorbance of FITC group. The decreased absorb-
ance in the UV spectrum of adsorbed MFA 4 at the same
wavelength demonstrated the interaction between MFA 4
and 4-NP.

3.2.2 Kinetic study

To observe the effect of adsorption and fluorescence
quenching time, MFA 1 was used for the 4-NP adsorption
experiment at an initial concentration of 139 mg L™! from
30 to 120 min. The 4-NP solution was measured optical
absorbance by using a UV-VIS spectrophotometer in the
250-500nm wavelength region, as presented in Fig. 7a. It
represented the absorption maximum at 310nm, and the
loading capacity of MFA 1 was increased very little over
30-120 min (Fig. 8b).

The fitting linear according to kinetic models and cal-
culated parameters were presented in Fig. S6 and Table 4.
The correlation coefficient R? for the pseudo-second-
order was closed to 1 (Fig. S6b), and the calculated
equilibrium adsorption amount (q,) from fitting results

Table 3 Textural properties

of adsorbed MCM-4 1. and By Maerial Sper (27D z: rSC]j ZtTa %;shange Pore dameter () 51? f;(‘:let ?1%2;1}:;5;6
adsorbed F-NS materials - (%)

1 MCM-41 473 64 15-25 30-66

2 MFA 1 508 61 15-25 1640

3 MFA 2 556 53 15-25 1640

4 MFA 3 605 48 15-25 16-21

5 MFA 4 633 40 15-25 16-21

Fig.6 Bright-field and fluorescence images of MCM-41 and F-NS materials at a 4-NP concentration of 139mg L~' for 120 min with a scale of

200 um
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Table 4 Kineticsparameters for

Ent Models . ~1 Parameters
the 4-NP adsorption on MFA 1 Ty oden 9c (exp) mg g arameters
‘I’V(;:)h r?ln i]ilitlial concentration of 1 Pseudo-first-order 31.27 K (s7H Gegeary (Mg gh R?
& 2 1.034x 107! 0.205 0.963
3 Pseudo-second-order k, (g mg™! min~!) Qe(car) (Mg gh R?
4 1.888x 107! 31.24 1
0 min 30 min 60 min 120 min 240 min
[ ) T ! B
p,ﬂ ;" o |
'.‘ F - : g;f ¥ o
N -‘ £y ~)5v~ 4
=4 s E £

Fig.8 Bright-field and fluorescence images of MFA 1 at an initial concentration of 139 mg L~ with a scale of 200 pm

was 31.24mg g~ !, approaching the experimental data of

31.27mgg~!. Therefore, the kinetic model of 4-NP onto
MFA 1 followed the pseudo-second-order model. Fluores-
cence microscopy observations revealed that a decrease
in the fluorescence signal could be related to the inter-
action between 4-NP and MFA 1 after 120 min (Fig. 8).
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According to the previous literature, we predicted that
the Meisenheimer complex had been formed between the
amine of APTES and carbon of 4-NP. The electron with-
drawal of the nitro group supported the stabilization of the
acid-base-pairing interaction. The fluorescence quenching
occurred when 4-NP was combined with MFA 1 by the
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resonance energy transfer between FITC and Meisenhe-
imer complex [51].

4 Conclusion

The study provided a procedure to prepare the nanoparti-
cles of F-NS in fluorescence customized amounts to capture
and detect 4-NP compounds at a wide range of concentra-
tions. The 4-NP sorption isotherm showed the high removal
achieved approximately was 60—75% of 4-NP and followed
the Freundlich isotherm model and pseudo-second-order
model kinetic. The resonance energy transferred from the
amine group to 4-NP after 120 min, leading to fluorescence
quenching. Using fluorescence probes onto mesoporous
silica was a simple approach to create the sensing material
for detecting of 4-NP.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10934-022-01364-5.
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