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2,4,6-trinitrotoluene (TNT), from aqueous solution, was conducted using a new recyclable
magnetic nano-adsorbent (Fe@SiO2 –NH2 ). This adsorbent was prepared by grafting amino
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groups onto Fe@SiO2 particles with a well-defined core-shell structure and demonstrated
monodispersity in solution. The removal performance of the nano-adsorbent towards TNT
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was found to be 2.57 and 4.92 times higher than that towards two analogous explosives,

Nanosized zero-valent iron particles

2,4-dinitrotoluene (2,4-DNT) and 2-nitrotoluene (2-NT), respectively, under neutral condi-

(NZVIs)

tions. The difference in the removal performance among the three compounds was further

2,4,6-trinitrotoluene (TNT)

compared in terms of the effects of different conditions (pH value, ionic strength, humic

Removal

acid concentration, adsorbent modification degree and dosage, etc.) and the electrostatic

Mechanism

potential distributions of the three compounds. The most significant elevation is owing to

Regeneration

modification of amino on Fe@SiO2 which made a 20.7% increase in adsorption efficiency of
TNT. The experimental data were well fit by the pseudo-second-order kinetic model and
the Freundlich adsorption isotherm model, indicating multilayer adsorption on a heterogeneous surface. The experimental results and theoretical considerations show that the interactions between Fe@SiO2 –NH2 NPs and TNT correspond to dipole-dipole and hydrophobic
interactions. These interactions should be considered in the design of an adsorbent. Furthermore, the adaptability to aqueous environment and excellent regeneration capacity of
Fe@SiO2 –NH2 NPs makes these remediation materials promising for applications.
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Introduction
Nitroaromatic explosives are common ingredients in military
and industrial products, especially as components of conventional ordnance (Nagarkar et al., 2013). The leakage of these
explosives can severely pollute soil, water, and even the food
chain, posing threats to national security and the health of
the ecosystem and the human body (Ju and Parales, 2010;
Jamil et al., 2015). The quantity of toxic chemicals released
to the environment annually reflects the sheer scale of this
problem. This contamination always results from spillage
during the manufacture, usage, and disposal of ordnance
(Schwarzbauer et al., 2010; Johnson et al., 2012; Singha et al.,
2015). Other sources of contamination include industry, diesel
emission, coal fly ash, cigarette smoke, etc. (Hrapovic et al.,
2006). 2,4,6-trinitrotoluene (TNT) is a common explosive compound that has been placed on the priority pollutant list of the
U.S. Environmental Protection Agency because of detrimental
effects of carcinogenicity and mutagenicity, while being persistent (Hrapovic et al., 2006; Ju and Parales, 2010). Although
TNT manufacture has long been forbidden, TNT residues from
wars and terrorist attacks continue to constitute a grave hazard (Rodgers, 2000). The spillage of other explosive compounds
is also cause for concern. For example, there was recorded
that approximately 5.1 and 1.1 tons of nitrobenzene and 2,4dinitrotoluene, respectively, were discharged into soil in the
United States alone in 2002 (White and Claxton, 2004).
How to curb the pollution of nitroaromatic compounds is
a challenging mission. Currently used remediation pathways
include physical separation, chemical advanced oxidation,
and biological accumulation and degradation (Rodgers, 2000;
Hofstetter et al., 1999). In addition, many researchers have applied catalysis to the decontamination of nitroaromatic compounds (Grirrane et al., 2008; Farrag, 2016). However, it calls
for a lot of energy expenditure with this kind of method.
As for biodegradation, the dinitro aromatics and especially
the trinitro aromatics are more resistant to be decomposed
(Rieger et al., 2002). Physical methods, for instance adsorption, are comparatively easier to implement and well- controlled (Bamba et al., 2017). Chen et al. researched the removal ability of graphene and its analogs for nitroaromatic
compounds. They found that π −π and electrostatic interactions were dominant interaction modes between targets
and adsorbents (Chen and Chen, 2015). More economical and
environmentally friendly technologies to remove nitroaromatic compounds are highly desired for sustainable development to meet the growing demand for environmental
protection.
Recyclable adsorbents with high specific surface area, selectivity are booming in the field of physical removal. Besides the pursuing of higher specific surface area, more specific adsorption sites are in need for adsorption of TNT
(Nagarkar et al., 2013; Oskoei et al., 2016). The nitro groups are
strong electron-withdrawing groups, such that make the TNT
aromatic ring becomes an electron-deficient center that can
form donor–acceptor complexes with electron-rich groups
(Lu et al., 2013). Amino groups are such groups that warrant
investigation. Gao and Jamil showed that amino groups form
a so-called Meisenheimer complex with the strong electron-

deficient benzene ring in TNT (Gao et al., 2008; Jamil et al.,
2015).
Nanosized zero-valent iron (NZVI) is a magnetic material.
It is known for the excellent performance in the removal of
various contaminants (Kong et al., 2016a, 2016b; Zou et al.,
2016), but these applications deteriorate the magnetic properties and recyclability of NZVI. The synthesis method has a
significant influence on the appearance and property. Chemical reduction is the most commonly used method to obtain
NZVI (Stefaniuk et al., 2016). Chemical reduction includes the
reduction of ferric salts by sodium borohydride (Dickinson and
Scott, 2010), the reduction of iron oxides with H2 (Kohara et al.,
2013), carbothermal reduction (Kong et al., 2018; Zhang et al.,
2019) and so on. The reduction of iron oxides is easy to be
controlled in morphology and to avoid aggregation and oxidation, which are major drawbacks in use (Mwamulima et al.,
2018). This synthesis strategy improves the reusability of the
nanoparticles while maximizing the dispersibility and specific
surface area.
TNT detection based on the electron donor-acceptor system has been verified (Lu et al., 2013; Shanmugaraju and
Mukherjee, 2015). However, the combination of this interaction mechanism and magnetic reusability based on NZVI materials to the removal of TNT and its analogs has far rarely
been explored. Herein, amino-modified NZVIs had been synthesized through a three-step method and been used to remove TNT, DNT, and NT from aqueous solution. The kinetic
and isotherm studies were also investigated along with the
influence of several factors in this study to elucidate the underlying removal mechanism.

1.

Materials and methods

1.1.

Reagents and apparatus

All the chemicals employed were of reagent grade from commercial sources and included the following: the standard solution of TNT, 2,4-DNT, and 2-NT, 3-triethoxysilylpropylamine
(APTES), ethyl orthosilicate (TEOS, 98%), 1-octadecene (95%),
calcium hydride (CaH2 , AR), and ammonium chloride (NH4 Cl)
were obtained from Aladdin Industrial Co. Ltd. (Shanghai,
China). Polyoxyethylene (5) nonyl phenyl ether (Igepal CO520) was obtained from Aldrich (St. Louis, MO, USA). Iron
(III) chloride hexahydrate (FeCl3 •6H2 O, AR) was obtained
from Sinopharm Chemical Reagent Beijing Co., Ltd (Beijing,
China). Isopropyl alcohol and humic acid (HA) were supplied by Guangfu Chemical Reagent Company (Tianjin, China).
Tetrahydrofuran (THF), oleic acid (OA), sodium hydroxide
(NaOH), cyclohexane, hydrochloric acid (HCl, 37%), absolute
ethanol, sodium chloride (NaCl), and ammonia solution (25.0–
28.0%) were purchased from Beijing Chemical Reagent Company (Beijing, China). HPLC-grade methanol and acetonitrile
were purchased from J&K Scientific Co. Ltd. (Beijing, China).
The ultrapure water was used for solution preparation and
deionized (DI) water was used for rinsing.
Vacuum drying oven (Kewei, China), mechanical agitator (Kexi J-J1, China), and digital display temperature control
magnetic stirring electric heating sleeve (CLT-1A, Jintan Youlian Instrument Research Institute) were applied for synthe-
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Fig. 1 – Schematic of the synthesis process and the main interaction between Fe@SiO2 –NH2 and TNT.

sis of Fe@SiO2 –NH2 nanomaterials. Water-bathing constant
temperature oscillator (DSHZ 300A, China) was used during
the removal process. High performance liquid chromatography (HPLC) (Agilent 1260, USA) was used for determination of
target compounds. The morphology of the obtained materials was characterized using transmission electron microscopy
(TEM) (JEM-2100 LaB6, Japan). The composition was analyzed
by Energy Dispersive X-ray Detector (Trident XM4, USA). The
crystal structure was characterized by X-ray Diffractometer X
(PHILIPS D/max-2500, Holland). The FT-IR spectroscope (8400S,
Japan) was used for analysis of functional groups. Vibrating
sample magnetometer (Lake Shore 7410, USA) was used to
record the magnetic properties. The specific surface areas
were determined from N2 adsorption and desorption measurements (Quantachrome Instruments, USA).
The charge distributions of NT, DNT, and TNT were calculated using the MOPAC program.

1.3.

Adsorption studies

1.3.1.

Batch experiment

A batch reactor contained 20 mL target compound solution
and a pre-determined dose of adsorbents. The vials were
sealed by PTFE screw caps lined with aluminum foil inside and
mixed by sonication for 30 s. The vials were then subjected to
constant agitation (200 r/min) in a thermostatic bath at a prescribed temperature for a prescribed period. After magnetic
separation, the supernatant was injected into HPLC for concentration detection. The used NPs were rinsed three times
with methanol solution and vacuum-dried again for regeneration. This procedure is depicted as Appendix A Fig. S1.
The quantity of adsorbed target nitroaromatics (qt ) and the
removal efficiency (%) at time t were calculated according to
Eq. (1) and Eq. (2):
qt =

1.2.

V × (C0 − Ct )
M

Synthesis of Fe@SiO2 -NH2
Removal efficiency =

The monodisperse spherical Fe@SiO2 core-shell NPs were fabricated by a three-step method as our previous work (Li et al.,
2018): briefly, Fe3 O4 was synthesized and modified with SiO2 ,
and Fe3 O4 @SiO2 was reduced to Fe@SiO2 (the detailed process
is presented in Appendix A). Combining Fe@SiO2 NPs with
amino groups produced particles (denoted as Fe@SiO2 –NH2 )
with satisfactory magnetism and amino-specific recognition
properties. The amino modification process was given as below: 70 mL of an isopropyl alcohol solution containing 100 mg
Fe@SiO2 were equilibrated for 30 min by ultrasonic treatment under N2 at 70 °C, after which 200 μL of APTES was
added as a silane coupling agent under stirring at approx.
100 r/min. Silanization of the particle surfaces, was performed
at 70 °C for 6 hr. The resulting black materials were washed
with deionized water and anhydrous ethanol several times.
The Fe@SiO2 –NH2 was vacuum-dried overnight at 50 °C and
ground. The fabrication process is depicted in Fig. 1.

(1)
C0 − Ct
× 100%
C0

(2)

where C0 (mg/L) is the initial concentration of the target compound, Ct (mg/L) is the concentration at time t; V (L) is the
aqueous volume; M (g) is the addition amount of sorbent;
qt (mg/g) is the adsorption amount at time t.
The dominant influencing factors of the removal performance, such as pH value, ionic strength, the concentration of
HA, the material modification degree and dosage, were investigated in this study to find out the optimal removal condition
and the underlying removal mechanism.

1.3.2.

Analytical methods

The concentrations of the target compounds were measured
by Agilent 1260 HPLC system (Santa Clara, USA). TNT, DNT, and
NT were identified with a variable wavelength detector (VWD)
at 230, 254, and 267 nm, respectively. The separation was performed by an Inert Sustain C18 column (4.6 × 250 mm, 5 μm)
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Fig. 2 – Morphology and composition of prepared nanoparticles: TEM images of Fe3 O4 (a), Fe3 O4 @SiO2 (b), Fe@SiO2 (c) and
Fe@SiO2 –NH2 (d) nanoparticles, and EDX pattens of Fe@SiO2 (e) and Fe@SiO2 –NH2 (f) nanoparticles.

with a flow rate of 1.0 mL/min at 25 °C before detection. The
mobile phase was an 80:20 (V/V) mixture of acetonitrile and
water.

2.

Results and discussion

2.1.

Characterization of adsorbents

The TEM images of the as-prepared materials in each step
of synthesis are presented in Fig. 2. All of the particles were
spherical and monodisperse. As shown in Fig. 2a, the diameter of the Fe3 O4 core was approximately 15 nm. Each particle contained a single dark Fe3 O4 core, and the light SiO2 layer
was almost 10 nm in Fig. 2b. The dark cores were shrunk to ac.
13 nm after reduction (Fig. 2c), which was in accordance with
Kohara’s research, indicating a transformation from Fe3 O4 to
zero-valent iron state (Kohara et al., 2013). At this time, the
core-shell structures kept originally after reduction from the
observation of TEM images (Fig. 2b,c), and there were not obvious pores on Fe@SiO2 (insert in Appendix A Fig. S2a). While, a
little disordered micropores in shells were deduced to be produced from the result of N2 -adsorption/desorption measurement (Appendix A Fig. S2) (Dose et al., 2014; Li et al., 2020).
The final particles maintained a discrete core/shell structure

without aggregating (Fig. 2d). The functionalization of amino
groups did not substantially increase the particle size because
the modified layer was typically a monolayer (Fig. 1). The EDX
spectrum of Fe@SiO2 (Fig. 2e) confirmed the existence of Fe,
Si, and O, making a clear contrast with that of Fe@SiO2 –NH2
(Fig. 2f), which exhibited an emergence of C and N and noticeable increase of Si. The BET specific surface areas of Fe@SiO2 –
NH2 and Fe@SiO2 were 38.68 m2 /g and 58.49 m2 /g, respectively,
indicating pore blocking in the SiO2 shell.
There was a large difference between the FTIR spectra of
Fe@SiO2 –NH2 and the Fe@SiO2 NPs presented in Fig. 3a. Modification considerably diminished the intense absorption peaks
at ˜1100 cm−1 and ˜807 cm−1 , which were assigned to the SiO-Si stretching vibration and typical Fe-O vibration peaks, respectively. The enhancement of peaks appeared around 2930
and 2850 cm−1 showed the successful introduction of –CH2
from APTES. Amino groups that introduced from APTES led to
an obvious peak at 1035 cm−1 and two peaks at around 687 and
1560 cm−1 , which were assigned to N–H bending vibrations
and bending NH2 vibrations, respectively (Havaldar et al., 2020;
Popa et al., 2020). Owing to the interference from adsorbed water and the hydroxyl groups, the characteristic peaks of amino
around ˜3430 cm−1 were indistinguishable.
Fig. 3b shows the XRD patterns of Fe3 O4 @SiO2 , Fe@SiO2 ,
and Fe@SiO2 –NH2 , which clearly demonstrate the transforma-

journal of environmental sciences 103 (2021) 69–79

73

Fig. 3 – The FT-IR spectra of Fe@SiO2 and Fe@SiO2 –NH2 (a); XRD spectra (b), VSM hysteresis curves (c) of Fe3 O4 @SiO2 , Fe@SiO2
and Fe@SiO2 –NH2 and the photographs before and after magnetic separation (as inset).

tion from Fe3 O4 to Fe0 . For Fe3 O4 @SiO2 , the broader diffraction
peaks at 2θ = 35.4, 57.5, 62.5°were consistent with (311), (511),
(440) plane of magnetite. The prominent peaks of Fe3 O4 disappeared, and a new single peak appears at 44.7° which was attributed to the appearance of α-Fe with a body-centered cubic
(bcc) crystalline structure (Sun et al., 2012). Although the lower
two curves were similar, there were still minor changes exist.
The broad peak of amorphous SiO2 shell around 2θ =23° and
the characteristic peak of α-Fe were diminished after amino
modification. This result was attributed to interference from
the organic coating.
As a kind of magnetic material, the transformation of
iron valence could be verified using hysteresis loops shown
in Fig. 3c. The saturation magnetization (Ms) values of
Fe3 O4 @SiO2 , Fe@SiO2 , and Fe@SiO2 –NH2 were found 14.62,
30.52, and 21.16 emu/g, respectively. The increase and decrease of Ms value after reduction and amino coating, respectively, was powerful proof of Fe3 O4 reduction and successful modification of APTES, which was in accordance with the
aforementioned XRD results. Inset in Fig. 3c showed the practically useful magnetic property of Fe@SiO2 –NH2 , leading to a
fast separation within 2 min with the assistance of a magnet.
The Ms of Fe@SiO2 –NH2 (21.16 emu/g) was higher than that in
Ma’s study (Ma et al., 2005) and sufficient for magnetic separation.

2.2.

Study of removal conditions

2.2.1.

Effect of solution pH

complex (Gao et al., 2008; Hu et al., 2019). The positively
charged amino group at pH 3 exhibited an affinity to DNT and
NT, which had an uneven electron distribution resulting in an
ion-dipole interaction (Yin et al., 2014). The electrostatic potential maps of TNT, DNT and NT in Fig. 4c supported the
mechanism inferred from pH changes. The red color represents the positive phase relating to the electrophilic site and
blue color represents negative phase that corresponding to the
nucleophilic site. The most positive and negative maximum
sites were labeled in Fig. 4c, from which we can see the center
of TNT (benzene ring) exhibited the most positive electrostatic
potential, in accordance with its electronegativity reported in
other reports (Lu et al., 2013). This gave a theoretical explanation of the high affinity of TNT by materials in a weak alkaline
environment. The uneven electron distribution of NT and DNT
were transparent in electrostatic potential map (Fig. 4c). The
nitro group sites were more negative and can form interaction
with the protonated amino at acid condition. The mechanism
was vividly depicted in Fig. 4b. From these phenomena, the
selectivity of TNT by Fe@SiO2 –NH2 could be observed as the
removal efficiency of TNT was much high than that of DNT
and NT. The removal efficiency of TNT was 2.57 and 4.92 times
higher than that of DNT and NT, respectively, in the same neutral condition (Fig. 4a).

2.2.2.
Solution pH is an important parameter that profoundly affects
the valence of particle surfaces and compounds in solution
(Gaber et al., 2017). Fig. 4a presents the effect of solution pH
on the removal of selected nitroaromatics by Fe@SiO2 –NH2 .
For TNT, the removal efficiency showed a slow and steady
growth as 13% from pH 3 to 9 and a slight decline at pH 11. In
contrast, the removal of DNT and NT was less effective than
TNT’s and was maximized at pH 3. That is, a weak alkaline
environment promoted the elimination of TNT, whereas DNT
and NT removal was promoted at acidic pHs. The interactions
between Fe@SiO2 –NH2 and TNT, DNT, NT were different. A
charge-transfer complexing interaction, which was a dipoledipole interaction, was speculated to control TNT adsorption.
The electron-rich amino groups and the strongly electrondeficient benzene rings could form a so-called Meisenheimer

Effect of ionic strength

The solution ionic strength was considered to be an influence
factor for adsorption activity. Experiments were conducted
with NaCl addition from 0 to 20% (W/V). Fig. 5a shows that
the TNT removal efficiencies increased with the NaCl concentration and remained stable beyond a NaCl concentration of
10%. This phenomenon could be interpreted as a salting-out
effect (Bele et al., 2016). The adsorption efficiencies of DNT and
NT also increased with the NaCl concentration and reached a
maximum at 20%, except for a slight drop at 5%. This drop
might be attributed to the salting-in effect (Bele et al., 2016).
Moreover, the adsorbents were better dispersed at higher NaCl
concentrations, which probably promoted the adsorption process. The salting-out effect indicated a nature of hydrophobic
interaction in the adsorption process. Thus, NaCl concentrations of 10%, 20%, and 20% for TNT, DNT, and NT, were used
for the following experiments.
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Fig. 4 – The removal efficiencies with a variety of pH values (a), the proposed mechanism from the effect of pH (b) and the
molecular electrostatic potential 3D plots of three targets (c). The initial concentration 1 mg/L; solution volume 20 mL;
adsorbent usage 10 mg; temperature 20 °C; 12 hr.

Fig. 5 – The effect of ionic strength (a), HA concentration (b) in solution, APTES addition amount (c) and adsorbent usage (d)
on removal efficiencies. The initial concentration 1 mg/L; solution volume 20 mL; pH value 9, 3 and 3 for TNT, DNT and NT,
respectively; temperature 20 °C; 12 hr.

journal of environmental sciences 103 (2021) 69–79

2.2.3.

Effect of HA concentration

Humic acid (HA) is a typical form of natural organic matter (NOM) that is ubiquitous in natural water. The influence
of the HA concentration was determined by performing an
experiment to simulate the actual situation. The adsorption
data in Fig. 5b demonstrated a side effect at 5˜10 mg/L, beyond which there was a gradual increase in adsorption. However, the adsorption efficiencies at higher HA concentrations
up to 20 mg/L were still lower than those measured in the
absence of HA. Competitive adsorption between HA and targets might occur during this process. Moreover, the slight increase in adsorption was speculated to result from new sorption sites created by adsorbing HA on the surface of Fe@SiO2 –
NH2 (Karamani et al., 2013).

2.2.4.

Effect of material modification degree and dosage

The parameters of the adsorbents are of great importance for
removal of pollutants. APTES was an agent used in the amino
functionalization of bare Fe@SiO2 NPs. During the synthesis
process, the quantity of added APTES in a unit mass of adsorbent (Fe@SiO2 ) determined the modification degree, which
affected the quantity of amino groups and the dispersity of
the adsorbent in solution. Fig. 5c shows a high TNT removal
efficiency for adding 1 mL of APTES to 1 g Fe@SiO2 . Less APTES
resulted in an insufficient number of adsorption active sites.
Nevertheless, more blocking of holes on SiO2 and agglomeration might somewhat happen with a larger amount of APTES
from the decrease in specific surface areas, which was mentioned in Section 2.1. TNT adsorption was more sensitive to
changes in the degree of APTES modification than DNT and
NT adsorption (Fig. 5c). Adding 1 mL of APTES increased the
TNT adsorption efficiency by approximately 20.7% over that of
bare Fe@SiO2 . The corresponding increases in the DNT and NT
adsorption efficiencies were 6.3% and 5.3%, respectively. This
result provided secondary evidence of a specific interaction,
such as Meisenheimer complexation between Fe@SiO2 –NH2
and TNT.
To achieve a satisfactory removal efficiency, the effect of
the adsorbent quantity (with the best APTES additive amount)
was investigated in the range of 5˜25 mg, and the results are
shown in Fig. 5d. The removal efficiency increased as Fe@SiO2 –
NH2 was continuously added to the adsorption system. The
adsorption efficiencies did not reach a stable level until 10, 15,
and 15 mg adsorbents added for TNT, DNT, and NT removal,
respectively, from curves in Fig. 5d.

2.3.

Adsorption kinetics analysis

A kinetic study was performed by conducting a series of
experiments at 20 °C for reaction time ranging from 5 to
1440 min. The experimental data were plotted using the commonly employed pseudo first-order (Eq. (3)), pseudo secondorder (Eq. (4)) and intraparticle diffusion (Eq. (5)) kinetic models (Liu et al., 2017; Karthik and Meenakshi, 2014):
ln(qe − qt ) = lnqe − k1 t

(3)

t
1
1
=
+
t
qt
qe
k 2 qe 2

(4)

qt = k3 t 0.5 + C

(5)
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where qe (mg/g) and qt (mg/g) are the adsorption amount at
equilibrium and time t, respectively. The k1 (min−1 ) is the rate
constant of first-order adsorption from Eq. (3). Parameter k2
(g/(mg·min)) is the rate constants of second-order adsorption
from Eq. (4). The k3 (mg/(g·min0.5 )) is the intraparticle diffusion model rate constant in Eq. (5). The values of k1 and k3
are obtained from slopes of the plots, ln(qe -qt ) against t, and qt
against t0.5 , respectively. The value of k2 is obtained from the
interpret of the plot, t/qt against t.
Appendix A Fig. S3a demonstrates all the three kinetic
curves for the three targets (Appendix A). The calculated parameters were listed in Table 1. The pseudo second-order
model exhibited the highest coefficient of determination
(R2 >0.995) and was therefore determined to be the most suitable model for describing the kinetic data. The R2 for TNT was
0.999. The fitting plots of pseudo second-order model were depicted in the inset of Appendix AFig. S3a. In addition, the calculated maximum adsorbed amounts in pseudo second-order
model, 0.608 (NT), 0.788 (DNT), and 1.312 (TNT) mg/g, were
in accordance with the experimental values, 0.60 (NT), 0.77
(DNT), and 1.30 (TNT) mg/g, respectively. This result showed
that the adsorption process was a complex multi-step reaction, for which the rate-controlling step was deduced to be
the surface adsorption by valence forces. These forces might
result from electron sharing between the adsorbent and adsorbates (Guo et al., 2019; Li et al., 2017). The adsorptions towards three compounds reached equilibrium gradually after
12 hr. The adsorption of TNT was obviously higher than that
of NT and DNT, showing selective adsorption. This selectivity was attributed to the stronger hydrophobic interaction and
specific charge-transfer complexing interaction that occur for
TNT than for NT and DNT.

2.4.

Adsorption isotherms

The adsorption isotherm is an important method to investigate the interactive behavior between the adsorbates and the
adsorbent. The isotherm experiments were performed at a series of different temperatures (20 °C, 30 °C, and 40 °C) and
concentrations. The adsorption mechanism was determined
by fitting the resulting data with four isotherm models, the
Langmuir model, Freundlich model, Temkin model, and D–R
model. The equations were presented in Text 2 in Appendix
A. Fig. S3 (b-d) shows that, the adsorption capacities increased
with the elevation of temperature and the increase of concentration, indicating an endothermic nature. The Fe@SiO2 –NH2
adsorbents showed higher affinity towards TNT than DNT
and NT. The maximum adsorption capacity (at 20 °C) of TNT
was 6.71 mg/g and that of DNT and NT were 3.44 mg/g and
2.14 mg/g, respectively, which was in agreement with the outcome in kinetics study.
Langmuir isotherm model is based on the assumption that
monolayer adsorption occurs on a homogeneous surface with
limited adsorption sites (Boparai et al., 2011; Yu et al., 2013).
Freundlich isotherm model is an empirical formula that corresponds to multilayer adsorption on heterogeneous surface
(Yu et al., 2013; Zhou et al., 2017). The Temkin isotherm model
is based on the assumption that the adsorptive heat is a linear
function of the temperature (Boparai et al., 2011). d-R isotherm
is a semi-empirical equation applied to estimate the mean
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Table 1 – Parameters of adsorption kinetic models.
Target
compounds

Kinetic models
Parameters

pseudo-first-order

pseudo-second-order

intraparticle diffusion

NT

k
R2
qm (mg/g)

0.003 min−1
0.831
0.050

0.038 g/(mg·min)
0.998
0.608

0.007 mg/(g·min0.5 )
0.884
—

DNT

k
R2
qm (mg/g)

0.003 min−1
0.939
0.487

0.018 g/(mg·min)
0.996
0.788

0.013 mg/(g·min0.5 )
0.938
—

TNT

k
R2
qm (mg/g)

0.001 min−1
0.961
0.266

0.026 g/(mg·min)
0.999
1.312

0.008 mg/(g·min0.5 )
0.927
—

Fig. 6 – Recycling of Fe@SiO2 –NH2 in the removal of TNT (a) and the XRD pattern and TEM image after recycled use (b). The
initial concentration 1 mg/L; solution volume 20 mL; adsorbent usage 15 mg; 20 °C; pH = 9.

free energy of adsorption and appropriate for both homogenous and heterogeneous surfaces (Boparai et al., 2011). These
equations are listed in Appendix A.
The calculated parameters were presented in Table S1 (Appendix A). The data were best fitted by Freundlich model,
which exhibited the highest correlation coefficient (R2 ) (above
0.94), showing the heterogeneous property of the adsorbent
surface and a heterogeneous adsorption. The KF constants of
TNT were higher than the others. TNT showed stronger interaction with Fe@SiO2 –NH2 than the other two, which was
in accordance with the phenomenon presented in previous
sections. The parameter n is an indicator of adsorption intensity. The values of n were higher than 1 for TNT, representing that adsorption was favorable (Shahid et al., 2019). The
EDR value in the d-R model ranges from 1 to 8 kJ/mol, corresponding to physical adsorption (Debnath et al., 2015). The EDR
data in Appendix A Table S1 (1.118˜3.162 kJ/mol) showed that,
physical interaction dominates the adsorption of NT, DNT, and
TNT onto Fe@SiO2 –NH2 . This result was in agreement with the
other deductions made in this study.

2.5.

Regeneration

Rapid magnetic separation enabled the collection of Fe@SiO2 –
NH2 NPs without almost any mass loss. The adsorbents could
be reused after a simple desorption process, rinsing three

times with methanol under ultrasonication. Fig. 6 exhibited
the removal efficiencies of eight consecutive cycles. There was
no discernible decrease in the removal efficiency, which remained at 96%. The XRD pattern and TEM image after recycled
use showed there was no difference in status of iron core and
the structure of Fe@SiO2 –NH2 NPs, respectively (Fig. 6). Meanwhile, the magnetic separation time did not appear to be prolonged, indicating the stability of Fe@SiO2 –NH2 NPs. The asprepared materials were easily regenerated and maintained a
steady adsorption capacity after regeneration.

2.6.

General explanation of the adsorption mechanism

It is speculated that physical adsorption was the dominant adsorption mechanism and consists of hydrophobic and dipole
interactions. The results of the pseudo second-order kinetic
model and Freundlich isothermal model showed that adsorption was heterogeneous with more than one type of adsorption site because Fe@SiO2 –NH2 adsorbents were complex. Functional groups on the surface, especially the amino
group, provided specific adsorption. Besides the amino group,
the alkyl chains and hydroxyl group perhaps also participated in the process, combining the result from FTIR spectra. Alkyl chains provided hydrophobic action sites, and hydroxyl groups were similar to the function of amino because
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it was also an electron-donating group, while was weaker than
amino.
The functional amino group was deduced to be that the
main factor that promoted the TNT adsorption over that of
DNT and NT. The results of the assays to determine the pH
and quantity of added APTES showed changes in the pH and
APTES quantity (which partially reflected the amino amount),
respectively, as well as differences among TNT, DNT, and NT
adsorption. The dipole interaction mainly contributed to the
adsorption selectivity. As shown in the electronic potential
map of targets (Fig. 4c), the center of TNT molecule demonstrated the highest positive electric potential, such that TNT
had the highest electrophilicity among the three targets. As
a result, there was a more powerful interaction between TNT
and the electron-rich groups (-NH2 ) on the surface of adsorbents than for DNT and NT.
Hydrophobic interaction was also a key factor for removal
such hydrophobic organics. The salting-out effect identified
from the results of the ionic strength assay promoted adsorption and reflected the hydrophobic property to some extent. Interestingly, the sequence of unit adsorption capacities (TNT>DNT>NT, Fig. 5) showed an opposite trend to the
logKow values (the octanol-water partition coefficient). LogKow
is an indicator of hydrophilicity. The logKow values were 1.6,
2.1, and 2.3 for TNT (Via and Zinnert, 2016), DNT, and NT
(from the web), respectively, demonstrating the differences
in hydrophobicity and hydrophilicity among the three compounds. It was speculated that dipole interaction might exert
a stronger influence than hydrophobic interaction for TNT adsorption.

3.

Conclusion

Recyclable well-defined core-shell Fe@SiO2 –NH2 NPs were
prepared in this study, and the removal mechanism between
these nano-adsorbents and selected typical nitro-explosives
was investigated. A series of trials showed that physical adsorption was the removal mechanism. The pH value, ionic
strength, HA concentration, the material modification degree
and dosage significantly affected the removal performance.
The addition of amino to adsorbents increased the TNT adsorption efficiency by approximately 20%. With the addition of
NaCl in isotherm analysis, the adsorption capacity improved
with the rise of temperature, showing an endothermal process. The selective adsorption of TNT is reflected in the vast
difference among the removal efficiencies of TNT, DNT and
NT under the same conditions in comparison with DNT and
NT. This may be caused by dipole and hydrophobic interactions, which were found to play pivotal roles in these adsorption systems from the analysis of pH, ionic strength effects,
and the property of three targets. Notably, the formation of
the Meisenheimer complex, as a dipole-dipole interaction, between TNT and amino on adsorbents, created a typical adsorptive force towards TNT. The adsorption process was fitted
well to the pseudo-second-order kinetics, and the adsorption
isotherms obeyed to the Freundlich model, corresponding to
heterogeneous adsorption. Furthermore, the prepared adsorbents could be reused effectively and remained stable in ambient conditions. Fe@SiO2 –NH2 core-shell nanoparticles were
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demonstrated to be eco-friendly adsorbents in environmental
remediation fields. Both hydrophobic and dipole-dipole interactions should be considered in the design of a remediation
material, especially for the removal of compounds with uneven electron distribution.
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