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a b s t r a c t
In this study, silica-coated magnetic nanoparticles (SCMNPs) were modified with ten generations 
of organic dendrimer containing methyl acrylate and melamine. At the final stage, benzophenone 
ligand bonded as an active surface actuator functional group on the sorbent product. This novel 
nanosorbent was used for naphthalene (NAP) removal. The synthesized nanosorbent was charac-
terized by X-ray diffraction, thermogravimetric analysis, Fourier-transform infrared spectroscopy, 
vibrating sample magnetometry, Brunauer–Emmett–Teller, and scanning electron microscopy–
energy-dispersive X-ray spectroscopy. The diameter range of the final sorbent was found 20–70 nm. 
The operational sorption parameters were optimized in a batch system. The best removal efficiency 
was obtained at pH = 7 during a 20 min process with the 0.4 g L–1 sorbent dosage in the presence 
of 20 mg L–1 NAP at 25°C. Finally, NAP removal from the real samples (complex industrial waste 
and aqueous samples) was studied via gas chromatography-mass spectrometry with the 90%–100% 
NAP removal from the samples. The data were evaluated with various isotherm models and kinetic 
studies where the Langmuir isotherm exhibited a high compatibility (R2 = 0.9969) in the pseudo- 
second-order kinetic (R2 = 0.9998) process. The present study revealed that the synthesized magnetic 
polymer has a high protentional for NAP removal from aqueous samples (>99%), because of the high 
sorption capacity (qm = 94.33 mg g–1), pH independence, rapid sorption process, and high recovery.

Keywords:  High branched dendrimers; Naphthalene sorption; Industrial wastewater; Modified 
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are an essen-
tial class of oil contaminants containing two or several aro-
matic rings with carbon and hydrogen atoms [1]. Oil and 
petrochemical waste, incomplete combustion of organic 

compounds, firing in fields, and leakage from storage tanks 
are among the sources for releasing these compounds into the 
environment [2]. PAHs are hydrophobic chemical groups of 
compounds with high stability in the environment and high 
penetration in the soil and water. PAHs have a low solubility 
in water with a high boiling/melting point [3,4]. High toxicity, 
the hazardous effect on the health of individuals, teratogenic 
defects, and carcinogenetic/mutagenic features are among 
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their other properties [4,5]. Accordingly, the Environmental 
Protection Agency (EPA) regards PAHs as pollutant com-
pounds with high priority [1]. Thus, the presence of these 
compounds in the environment is a high-risk issue, and they 
must be removed from aqueous media [6].

Among the different strategies for PAHs removal, 
adsorption techniques are common as they are efficient 
and simple to use [7,8]. Nanoparticles, especially mag-
netic nanoparticles (MNPs), have been introduced to many 
applications as they enjoy a high surface to volume ratio, 
non-toxicity, rapid adsorption, super magnetic proper-
ties, are environmentally friendly, and can be easily sepa-
rated from solutions through an external magnetic field [9]. 
Different studies have reported the application of MNPs for 
the removal of environmental pollutants such as dyes, [10] 
metals, and chemicals [11]. MNPs can be prepared through 
different methods such as hydrothermal, co-precipitation, 
thermal decomposition, and microemulsion method [12]. 
The co-precipitation method is a simple technique with 
high performance in producing homogeneous particles on 
a small scale [13]. Silica, as a covering-protecting layer for 
MNPs, which prevents rapid oxidation, particle accumu-
lation and morphological changes, can be used to provide 
active sites for surface modification and bonding with poly-
mer molecules through modifying functional groups at the 
surface [14].

Dendrimers are high-branched synthetic polymers on 
the nanoscale with three-dimensional spherical structures 
arranged orderly. These symmetric-mono dispersed mac-
romolecules contain a central core, as well as repetitive 
groups from the core in the branch configuration, which 
end in the terminal groups after several generations [15,16]. 
Dendrimer generations form from the successive repetition 
of branches. The reactivity, as well as the stability of den-
drimers, can be determined based on the terminal ligand 
nature [17] modifiability of the branch structure and inter-
nal/external groups, high density, controlling the generation 
number, and changing the chemical/physical properties 
are among the other benefits for the dendrimers [8,15,18]. 
Thus, they are used in different scientific fields and indus-
trial areas. Unique properties including numerous internal 
sites among the branches to encapsulate guest molecules, 
designing capability of terminal groups concerning target 
pollutants, and increasing the sorption capacity make them 
ideal a sorbent in the water purification technique [16,19]. 
Many studies have reported the removal of pollutants and 
purification of aqueous solutions using dendrimers [20,21]. 
However, there are few studies on PAHs removal using 
dendrimeric sorbents such as pyrene [22] as well as the 
elimination of polyaromatic compounds [8] from aqueous 
environments.

The aim of this research is to fabricate, modify, and 
apply a novel nanosorbent with high recovery and sorption 
capacity for naphthalene (NAP) adsorption from wastewater 
and to evaluate the operating parameters in the adsorption 
process. The final magnetic dendrimer was synthesized to 
enhance the sorption capacity through continuous polymer-
ization and controlled ten-generation on the magnetic core 
of iron-oxide. The high-branched nanosorbent included 
ligands containing terminal benzene rings in dendrimer 
structures bonding to the dendrimer polymer chain through 

covalence bonding. The π-benzophenone mutual effects and 
numerous internal sites enhance the intermolecular interac-
tions to boost the adsorption of non-saturated and non-polar 
organic molecules (i.e., PAHs, NAP). The synthesized nano-
structures were characterized by X-ray diffraction (XRD), 
thermogravimetric analysis (TGA), vibrating sample mag-
netometry (VSM), Fourier-transform infrared spectroscopy 
(FTIR), scanning electron microscopy–energy-dispersive 
X-ray spectroscopy (SEM-EDS) analyses. Further, operating 
parameters such as sorbent dosage, pH, temperature, NAP 
concentration, and contact time were examined the sorp-
tion process. Also, the sorbent recovery, isotherms models, 
and kinetic studies were evaluated. The gas chromatogra-
phy-mass spectrometry (GC-MS) analysis was conducted to 
extract naphthalene from the wastewater and surface water 
as real samples.

2. Experimental setup

2.1. Materials

FeCl2·4H2O, FeCl3·6H2O, (3-aminopropyl)triethoxysilane 
(APTES), tetraethyl orthosilicate, dried toluene, methanol, 
methyl acrylate (MA), 2,4,6-triamino-1,3,5-triazine with the 
industrial name melamine (MEL), benzophenone (BF), 25% 
ammonia solution, ethanol, naphthalene (NAP), phosphoric 
acid, boric acid, sodium hydroxide, and acetic acid were 
used in the high purity, (assay > 95%) provided by Merck 
(Darmstadt, Germany).

2.2. Instruments

XRD analysis was used to determine the crystal struc-
ture and the crystal phase of the nanosorbent with the 
Cu-Kα irradiation λ = 1.5406 Å within the angle range of 
2θ = 10–80 (PANalytical, England). To determine the func-
tional groups and bonds, FTIR (410, Jasco Inc., Easton, 
Maryland, USA) was used. TGA was employed via TGA 
(Rheometric Scientific, STA 1500 model, Switzerland) within 
the temperature range of 0°C–600°C in the air atmosphere 
at 10°C min–1. SEM (TE-SCAN, Czechoslovakia) equipped 
with energy-dispersive X-ray spectroscopy (EDS) was 
applied to obtain the morphology and size of the nanopar-
ticles as well as for elemental analysis of the samples. The 
magnetic properties of the samples were investigated by 
VSM (LBKFB model, Meghnatis Kavir, Iran). The Brunauer–
Emmett–Teller (BET) surface area was determined via N2 
adsorption/desorption isotherm using a Quantachrome 
NOVA 2200E system (Austria). The pore volume and pore 
size were calculated using the Barrett–Joyner–Halenda 
(BJH). Pollutant concentrations were evaluated by a UV-Vis 
spectrophotometer (Perkin Elmer, Lambda25, USA). To 
extract naphthalene from real wastewater samples and 
aqueous solutions, GC-MS (GC 7890N equipped with MS 
5975C, Model EI Agilent, USA) was conducted.

2.3. Preparation of MNPs covered by SiO2

Fe3O4 nanostructures were synthesized by the co- 
precipitation method [23,24]. Initially, a homogeneous mix-
ture of 0.994 g FeCl2 and 2.7 g FeCl3 salts (2:1 molar ratio) 
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was prepared in 100 mL deionized water without O2 gas. By 
adding an ammonia solution (25%) dropwise, the color of 
the mixture changed from orange to black (pH = 10–11). The 
mixing continued for 2 h in a paraffin bath at 80°C and N2 
atmosphere. Once cooled down to room temperature, the 
black precipitates were collected using an external magnet 
[25,26]. The resulting particles were MNPs (Fe3O4). Silica 
coating was then added to the Fe3O4. To do this, the synthe-
sized Fe3O4 was mixed with ethanol and tetraethyl orthosil-
icate (80 and 40 mL respectively), at room temperature and 
stirred for 24 h. The nano core-shell particles were separated 
by an external magnet and washed several times with DI 
water and ethanol. The resulting particles were silica-coated 
magnetic nanoparticles (SCMNPs), which were dried in a 
vacuum oven at 40°C [23,27].

2.4. Adding APTES to SCMNPs

About 47.5 mL dried toluene and 2.5 mL APTES were 
mixed in a round-bottom flask, to which and 1.5 g of SCMNPs 
prepared in the previous step was added. The mixture was 
refluxed at 80°C for 48 h. The precipitates were collected by 
a magnet and washed with toluene and dried at a vacuum 
oven at 40°C [23,26].

2.5. Grafting of MA/MEL polymer dendrimers on modified MNPs

To synthesize the dendrimer branches and polymer gen-
erations using the divergent method, we used two additional 
reactions of MA and MEL continuously. Initially, 15 mL MA 
was mixed with 150 mL methanol mixed in a two-neck 
rounded bottom flask and the synthesized SCMNPs/APTES 
was added to it. The mixture was stirred at 50°C for 24 h in 
reflux conditions under N2. The final powder was collected 
by a magnet. In this way, the half-generation dendrimer 
product was prepared (MA/MEL-DG-0.5).

Specifically, 150 mL ethanol and 1 g MEL were added to 
the above product and refluxed in a water bath under N2 at 
80°C for 8 h. The final product was separated by a magnet 
(MA/MEL-DG-1). By repeating the same steps of these two 
reactions, a greater generation of dendrimer was achieved, 
which was continued up to the ten-generation in this work 
(MA/MEL-DG-10) [20,28].

2.6. Modification of SCMNPs/APTES@(MA/MEL-DG-10) 
with benzophenone ligand

About 150 mL methanol was mixed with 1 g BF in a 
250 mL flask and later added to the prepared magnetic den-
drimers under N2 in reflux condition for 6 h at 50°C water-
bath. The final synthesized nanostructures were washed with 
ethanol and dried at a vacuum oven.

The synthesis method of the modified magnetic 
dendrimer product and NAP adsorption mechanism is 
illustrated in Figs. 1 and 2 respectively.

2.7. Study method

Bach system and synthetic solutions were used in this 
study. At first, 100 mg L–1 NAP stock solution was pre-
pared in water/ethanol (30% v/v) which was later used for 

preparing other concentrations of solutions. To obtain the 
best sorption efficiency of NAP from the aqueous solu-
tions via the synthetic nanopolymer product, operating 
parameters in the adsorption process including pH (3–10), 
contact time (2–90 min), temperature (15°C–45°C), sor-
bet dosage (0.01–2 g L–1), and initial NAP concentration 
(1–80 mg L–1) were investigated. All the experiments were 
performed by alternating one parameter once while keep-
ing the other factors constant. To adjust the pH of the NAP 
sample solutions, buffer solutions (pH = 3–10) containing 
0.05 M acetic acid, 2.0 M sodium hydroxide, 0.04 M boric 
acid, and 0.06 M phosphoric acid were used. The initial and 
residual concentrations of NAP were read at λmax = 276 nm 
via UV-Vis spectroscopy. Finally, the optimized parame-
ters for SCMNPs/APTES@(MA/MEL)DG-10/BF sorbent 
products in the process were used to remove NAP from 
real aqueous solutions. To this end, NAP removal content 
was measured via the GC-MS technique from industrial 
waste, seawater, and river water. Each experiment was 
repeated three times for the real samples.

Freundlich, Redlich–Peterson, Langmuir, and Temkin 
models were used to analyze the adsorption mecha-
nism. To determine the isotherm models, NAP solutions 
(1–50 mg L–1) were prepared with 0.4 g L–1 sorbent product 
at pH = 7. The mixtures were shaken for about 20 min at 
150 rpm. Then, the mixtures were centrifuged at 5,000 rpm 
for 5 min with the supernatant read by a UV-Vis spectro-
photometer. In this work, three kinetic models, including 
pseudo-first-order, pseudo-second-order, and intraparticle 
diffusion, were evaluated. Kinetic studies were conducted 
within 2–90 min contact time, with 20 mg L–1 NAP at 
150 rpm at pH = 7 in the presence of 0.4 g L–1 sorbent prod-
uct. The naphthalene removal [Eq. (1)] and sorption capac-
ity [Eq. (2)] of the synthetic nanopolymer were obtained 
from the following equations [4,23,29]:

R
C C
CE

e=
−( )

×0

0

100  (1)

q
C C V

We
e=

−( )×0  (2)

where RE (%) is removal efficiency, C0 (mg L–1) denotes the 
initial concentration of pollutant, Ce (mg L–1) shows the pol-
lutant concentration at the equilibrium, qe (mg g–1) denotes 
the pollutant adsorbed per sorbent weight, V(L) shows 
the volume of the solution, and W(g) is the sorbent weight.

2.8. Determination of point of zero charge (pHpzc)

pHPZC is the point at which the surface charge of the 
adsorbent is neutral. To investigate the pH of the point of 
zero charge (pHPZC), first, 0.01 M NaCl solution (25 ml vol-
ume) was poured in eight beakers. Their pH was measured 
by a pH-meter apparatus. Then, 0.1 M HCl and sodium 
hydroxide solutions were used for adjusting the pH at 3 to 
10. The adsorbent was then added to each beaker at the con-
centration of 0.2 g L–1. The samples were mixed on a shaker 
for 24 h. The pH of the solutions was then measured again by 
the pH-meter apparatus.
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Fig. 1. Preparation and modification of SCMNPs/APTES@(MA/MEL)DG-10/BF.
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2.9. Recovery and reusability of SCMNPs/APTES@(MA/MEL)
DG-10/B nanopolymer

Reusability and recovery of the sorbent are critical 
issues in water purification technologies and are important 
in many industrial applications. The quantitative desorp-
tion of NAP from the synthesized sorbent was studied 
using several eluents (ethanol, methanol, and acetone). It 
was found that ethanol was sufficient for the desorption of 
NAP (>90%) from the sorbent [30]. The solubility of NAP 
is higher in ethanol and a higher desorption rate can be 
achieved with lower ethanol consumption when compared 
to the other two substances. In order to estimate the reusabil-
ity of SCMNPs/APTES@(MA/MEL)DG-10/B adsorbent, the 
adsorption–desorption cycle was repeated ten times under 
optimal conditions. Based on the results of sorption studies, 
optimum values were used in the experiments (pH 7, con-
tact time 20 min, 0.4 g L–1 sorbent dosage, 20 mg L–1 NAP at 
25°C). In each cycle for recovery and separate the targeted 
pollutant from the sorbent, 10 mL of ethanol was used. The 
sorbent and ethanol mixture was shaken for 15 min at 50°C 
and then sonicated for 10 min. The adsorption–desorption 
cycle procedure was repeated ten times using the same 
adsorbent, and the removal efficiency reported for every 
cycle.

2.10. Comparison of the NAP removal percentage by magnetic 
nanosorbents prepared in different steps of this study

In this step, five flasks containing 25 mL of 20 mg L–1 
NAP solution were prepared to which 0.01 g of the sorbent 
products including SCMNPs, SCMNPs/APTES, SCMNPs/
APTES@(MA/MEL)DG-5, SCMNPs/APTES@(MA/MEL)
DG-10 and SCMNPs/APTES@(MA/MEL)DG-10/BF were 
added (sorbent dosage 0.4 g L–1). The mixtures were shaken 
for 15 min. All the experiments were conducted based on 
the obtained optimized parameters. The mixtures were cen-
trifuged, with the NAP concentration in the solution deter-
mined by a UV-Vis spectrophotometer.

2.11. GC-MS procedure

To evaluate the adsorption of SCMNPs/APTES@(MA/
MEL)DG-10/BF for NAP removal from aqueous samples, real 
samples were also studied alongside the adsorption experi-
ments of synthetic samples. To this aim, samples were taken 
from industrial waste, seawater, and river water all con-
taining NAP. Qualitative and quantification analyses were 
conducted by the GC-MS method. The system was equipped 
with an MS detector and capillary column (30 m) with an 
inner diameter of 0.25 mm and 0.25 μm thickness in the 
HP5-MS phase. The inlet temperature was set to 290°C and 
helium was used as carrier gas with a flow rate of 1 mL min–1. 
The sample volume was 1 μL with a split ratio of 5:1. The 
initial temperature for the oven was 110°C and kept for 
5 min. The temperature rate was set to 5°C/min up to 290°C 
and was kept for 10 min at this temperature.

NAP content was measured in the samples (before 
and after the sorption process) via GC-MS. Also, 2, 5, and 
10 mg L–1 NAP solutions were added to the samples to deter-
mine the sorbent capacity in the real samples containing 
a high content of NAP. All the experiments were repeated 
three times under optimized conditions.

3. Results and discussion

3.1. Characterization

3.1.1. FTIR spectroscopy

The grafted functional groups and bonds on the Fe3O4 
surface were identified and examined by FTIR spectroscopy. 
The FTIR adsorption is illustrated in Fig. 3.

3.1.1.1. Silica-coated magnetic nanoparticles

In the SCMNPs sample, the peak at 3,436 cm–1 is related 
to the O–H stretching vibrations of hydroxyl of adsorbed 
water [31]. The peak at 1,685 cm–1 can be ascribed to the 
out-of-plane bending of the O–H group of the adsorbed 

Fig. 2. NAP adsorption mechanism onto the synthesized magnetic dendrimer.
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water [23,32]. The sharp peak at 1,086 cm–1 is related to the 
Si–O stretching, which shows the successful formation of 
SiO2 layer on the MNPs [23]. The stretching adsorption of 
Si–OH appeared at 921 cm–1 [32]. The stretching vibrations at 
577 cm–1 are ascribed to the Fe–O bonds confirming magnetic 
Fe3O4 particles [33].

3.1.1.2. SCMNPs/APTES

The vibrations at 1,649 and 3,248 cm–1 can be ascribed to 
the out-of-plane bending N–H and NH2 groups in APTES 
[34]. The stretching vibrations at 2,840 and 2,921 cm–1 are 
assigned to the aliphatic bending mode of CH2 groups on 
aminopropyl confirming APTES layer formation on the 
SCMNPs surface [35,36].

3.1.1.3. SCMNPs/APTES@(MA)DG-0.5

The stretching vibrations centered at 1,086 cm–1 confirm 
the Si–O bonding alongside the C–O formation in this step 
[23]. The band appearing at 1,781 cm–1 is ascribed to C=O, 
confirming the formation of half-generation dendrimer [32].

3.1.1.4. SCMNPs/APTES@(MA/MEL)DG-1

The peak obtained at 3,217 cm–1 and increasing intensity 
of peak 1,649 cm–1 can be attributed to the stretching and 
bending vibration of primary amine group H–N–H in MEL, 
respectively. The peaks obtained at 1,227 and 1,605 cm–1 
are assigned to the stretching vibration of C–N and C=N 
respectively in triazine ring confirming MEL presence in the 
structure [37,38].

Fig. 3. FTIR spectra of SCMNPs, SCMNPs/APTES, SCMNPs/APTES@(MA)DG-0.5, SCMNPs/APTES@(MA/MEL)DG-1 and SCMNPs/
APTES@(MA/MEL)DG-10/BF.
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3.1.1.5. SCMNPs/APTES@(MA/MEL)DG-10/BF

The peak appearing at 1,454 cm–1 is attributed to the 
C=C in BF aromatic ring [39]. The aromatic skeletal vibra-
tions are assigned to the peak at 1,561 cm–1. The adsorption 
band 3,014 cm–1 is related to the aromatic C–H bonds in BF 
ligand [40].

3.1.2. Field-emission scanning electron microscopy

Field-emission scanning electron microscopy (FE-SEM) 
images were used to evaluate the nanostructure mor-
phology and to measure the particle diameters (Fig. 4). 
Based on this figure, the average diameter of synthesized 
nanostructures was measured within the range of 20–70 nm. 
These particles have high porosity with spherical morphol-
ogy. The particles are agglomerated but have a homoge-
nous surface with reasonable dispersity in the matrix. High 
porosity in the sorbent structure enhances the interaction at 
the surface with the target NAP molecules for entrapment. 
Elemental analysis of the synthesized nanosorbent was 
obtained from EDS analysis in a random area of the sorbent 
surfaces.

The weight percentage of the elements present in 
the SCMNPs, SCMNPs/APTES, SCMNPs/APTES@(MA/
MEL)DG-10, and SCMNPs/APTES@(MA/MEL)DG-10/BF 
nanoparticles are shown in Table 1. The presence of C, N, 
Fe, Si, and O obtained from EDS analysis confirms the suc-
cessful formation of nanopolymer products. There is no 
value obtained for C and N elements in the SCMNPs sam-
ple. Increasing weight percentages of C and N values during 
polymerization from SCMNPs synthesis to SCMNPs/
APTES@(MA/MEL)DG-10/BF step reveal effective bonding 
of APTES (silane groups), polymeric dendrimer chains and 
BF onto the MNPs surfaces. Reducing the Si and Fe weight 
percentages from SCMNPs synthesis step to SCMNPs/
APTES@(MA/MEL)DG-10/BF as these two elements con-
tained in the inner sites of adsorption, so their value decrease 
as the reactions proceed which also show successful prog-
ress in the synthetic routes.

3.1.3. XRD analysis

The XRD pattern of the nanostructured product is shown 
in Fig. 5. Comparing the obtained diffraction pattern for 
the sorbent product with the database (JCPDS 98-01101284) 
shows cubic crystals of MNPs with inverse spinal Fe3O4 struc-
ture. Also, comparing the position of peaks and the relative 
intensity of the obtained results with the reference pattern 
shows high purity Fe3O4 crystalline product. Common peaks 
for Fe3O4 position at 2θ, 30.32° (220), 35.651° (311), 43.27° 
(400), 53.81° (422), 57.26° (511) and 62.89° (440 confirmed the 
successful formation of magnetic core [41,42]. No additional 
peak observed for the product suggests the absence of any 
impurity in the sample during synthesis. In other words, the 
magnetite structure remained unaffected after coating with 
amorphous silica, silane groups, and dendrimer layers [32].

3.1.4. VSM spectrum

Changes in the SCMNPs magnetic properties (Fig. 6a) 
and SCMNPs/APTES@(MA/MEL)DG-10/BF nanopolymer 
(Fig. 6b) with the applied magnetic field at room tem-
perature with the magnetic field of –15,000 to 15,000 Oe 
are shown in Fig. 6. This figure reveals the magnetization 
of the nanoparticles concerning the applied field magni-
tude. As shown in the figure, saturation magnetization 
(MS) in Figs. 6a and b are 84 and 55 emu g–1 respectively. 
The obtained diagrams indicate that the magnetization 
diagram passes through the center, and there are no val-
ues obtained for the remnant-magnetization and coerciv-
ity. These confirm the super-magnetic properties of the 
nanoparticle products. The reduction in magnetic proper-
ties of Fig. 6b compared to Fig. 6a arises from reducing the 
magnetic momentum for the SCMNPs with non-magnetic 
APTES@(MA/MEL)DG-10/BF compound.

3.1.5. TGA analysis

Fig. 7 displays the thermal decomposition of nano-
structured products of (a) SCMNPs (b) SCMNPs/APTES (c) 

AQ2

Fig. 4. SEM photograph of SCMNPs/APTES@(MA/MEL)DG-10/BF.
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SCMNPs/APTES@(MA/MEL)DG-10/BF within the 0°C–600°C 
temperature in air atmosphere.

• SCMNPs graph shows a weight decline of 4.87% at 
110°C. The weight reduction demonstrates the water-
loss adsorbed on the surface. Due to the presence of the 

temperature stable inorganic compounds in the SCMNPs 
structure, negligible weight decline was observed in 
this graph.

• Alongside the weight loss for water molecules, the first 
weight loss occurred at 230°C, showing 8.57% weight 
reduction compared to the “a”. This weight loss is related 

Table 1
EDS data of the elements in the nanostructure products

Weight  
(%) C

Weight  
(%) N

Weight  
(%) Fe

Weight  
(%) Si

Weight  
(%) O

Samples

N.D.N.D.303337SCMNPs
212232628SCMNPs/APTES
2529131320SCMNPs/APTES@(MA/MEL)DG-10
3024121222SCMNPs/APTES@(MA/MEL)DG-10/BF

N.D.: Not detected.

Fig. 5. XRD pattern of SCMNPs/APTES@(MA/MEL)DG-10/BF.

Fig. 6. VSM spectrum of (a) SCMNPs and (b) SCMNPs/APTES@(MA/MEL)DG-10/BF.
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to the thermal decomposition of APTES molecules and 
amine groups, also confirming the strong bonding of 
APTES on the SCMNPs surfaces.

• The first point that shows 6.42% weight loss compared 
to “b” observed at 110°C related to the water evapora-
tion from the dendrimer layers and branches. The second 
weight loss occurred within the range of 230°C–320°C, 
which has 20.28% weight loss compared to the “b” indi-
cating the thermal decomposition in the polymer matri-
ces, dendrimer generations, and BF ligand. There is 
no significant weight loss above 400°C demonstrating 
enhanced thermal resistivity of the synthesized product.

The results from TGA analysis show that with increas-
ing the number of dendrimer generations, the organic con-
tent grows accordingly. Successful modification of SCMNPs 
with APTES, dendrimer branches, and ligand was confirmed 
by the study of the thermograms obtained through TGA.

3.1.6. N2 adsorption–desorption

N2 adsorption–desorption analysis was used to evaluate 
the porous nature of synthesized nanoparticles. The BET 
analysis revealed that the surface area of SCMNPs/APTES@
(MA/MEL)DG-10/BF was 115.17 m2 g–1. The BJH calcula-
tion was performed to evaluate the pore volume and pore 
size distribution of the magnetic dendrimer. The results 
showed that the pore volume of the magnetic dendrimer 
was 0.44 cm3 g–1 and its pore size was 10.15 nm.

3.2. Optimizing adsorption parameters

3.2.1. pH

The initial pH of the solution is a critical factor in the 
adsorption process in aqueous solution. The results from 
the pH effect on the NAP adsorption within the range of 
pH = 3–7 by SCMNPs/APTES@(MA/MEL)DG-10/BF sorbent 
product are shown in Fig. 8a. Other parameters including 
NAP concentration, temperature, contact time, and sorbent 
dosage remained constant as 20 mg L–1, 25°C, 30 min, and 
0.2 g L–1, respectively. The obtained results showed that the 

highest adsorption occurred at pH = 7. So, neutral pH was 
chosen as an optimal operative parameter, which has also 
been reported for NAP in the literature [43,44]. The removal 
efficiency for NAP increased by changing the pH from 3 to 
7 and indicated the highest removal at pH = 7 as 87.05%. 
Upon elevation of the pH value from neutral to alkaline 
(pH > 7), the removal efficiency decreased. This arises 
from the fact that NAP has different solubility at different 
pHs [45]. The pH of the solution can change the electrical 
charge of the sorbent surfaces, so at lower/higher pHs the 
removal efficiency decreases. Also, there are no functional 
groups on the surface of these poly-aromatic compounds. 
Neutral pH as an optimized parameter for the adsorption of 
NAP by the sorbent product has a benefit of rapid adsorp-
tion process as there is no need for sample preparation and 
pH adjustment for real samples in the contaminated water. 
In the subsequent studies, pH = 7 was used as optimized.

The pHPZC of the adsorbent was obtained in the range 
of 7. Thus, the adsorbent surface charge is neutral at pH 
equal to 7, it is also positive at pH < 7 bar and negative at 
pH > 7. The point of zero charge (pHPZC) confirms the mech-
anism of the adsorption. NAP is a non-ionized and nonpolar 
aromatic compound. Since the surface charge of the adsor-
bent and the NAP solution are both neutral at the pH value 
of 7, therefore, the highest absorption rate was achieved. 
The optimum adsorption of NAP occurred at pH 7 after 
which the adsorbent had no more affinity. Rapid adsorption 
of NAP can be attributed to intermolecular forces, hydro-
phobic bonding, and binding sites on the dendrimer. So, 
hydrophobic bonding and dispersive interactions are more 
effective driving forces as compared to electrostatic force 
for NAP adsorbtion onto the nanopolymer at neutral pH.

3.2.2. Sorbent dosage

To obtain the optimum sorbent dosage, NAP solutions 
(20 mg L–1) at pH = 7 were prepared, and different dos-
ages of the sorbent (0.01–2.0 g L–1) were added to the above 
solutions and shaken for 30 min at 25°C (Fig. 8b).

With an increase in the sorbent dosage from 0.01 to 
2.0 g L–1, the available adsorption sites along the active 

Fig. 7. Thermogravimetric analysis of (a) SCMNPs, (b) SCMNPs/APTES, and (c) SCMNPs/APTES@(MA/MEL)DG-10/BF.
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surfaces increased, and the removal efficiency grew accord-
ingly [43,46]. At the 0.4 g L–1 of the sorbent concentration, the 
diagram reached equilibrium, so there were no significant 
changes for the 0.4–2.0 g L–1 of the sorbent dosage. The opti-
mum 0.4 g L–1 was used in the subsequent studies.

3.2.3. Contact time

In this series of experiments, the effect of contact time 
was investigated on adsorption (2–90 min) at an initial NAP 
concentration of 20 mg L–1. The pH and adsorbent concen-
tration were also considered at the optimal state at 25°C 
(Fig. 8c). Although the removal of the NAP increased with 
time, the rate of the adsorption diminished. The removal of 
NAP by the nanopolymer was very high in the early min-
utes of the adsorption process, such that 71.84% of NAP was 
removed by the nanopolymer within the first 2 min of reac-
tion. There was rapid adsorption at the initial stage of the 
process, which diminished gradually and reached a constant 
value at equilibrium. The results showed that NAP removal 
reached its maximum at 20 min. The PAHs removal by the 

nanopolymer at the initial stage of the process occurred in the 
active sites at the surfaces. These active sites were occupied 
gradually until the sorbent became saturated [16,47].

3.2.4. NAP concentration

To evaluate this, different concentrations of NAP solu-
tions (1–80 mg L–1) were prepared, while the other parame-
ters remained constant at their optimized values. The results 
obtained in Fig. 8d shows that the synthetic nanopolymer 
can remove the low concentration of NAP completely, but 
the removal efficiency decreases as the NAP concentra-
tion increases. At low concentrations, the number of NAP 
molecules is less compared to the available sites on the 
nanosorbent, so the removal efficiency is high. Upon ele-
vation of the NAP concentration (as the number of active 
sites remains unchanged), NAP content shrinks compared 
to the empty sites, thus reducing the removal efficiency. 
Despite this fact, there is a different trend in the adsorp-
tion process as the sorption capacity increased by raising 
the NAP concentration [45]. The larger sorption capacity 

Fig. 8. Optimizing the adsorption parameters (a) pH, (b) sorbent dosage, (c) contact time, and (d) initial concentration of NAP.
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at higher concentrations can be a consequence of the unsat-
uration of the surface at lower concentrations. The sorp-
tion capacity of the magnetic nanostructure grew from 
2.475 mg g–1 at 1 mg L–1 NAP to 89.412 mg g–1 at 50 mg L–1 
of NAP concentration. As illustrated in Fig. 8d, the sorption 
capacity of the magnetic nanostructure increased with the 
initial concentration of NAP and reached a plateau value 
(in 50 mg L–1 NAP concentration) [48].

3.2.5. Temperatures

The adsorption of NAP on the nanopolymer was inves-
tigated within the temperature range of 15°C–45°C under 
optimum conditions (pH = 7, 0.4 g L–1 sorbent dosage, 20 min, 
20 mg L–1 NAP concentration). Removal efficiency for tem-
peratures of 15°C, 20°C, 25°C, 30°C, 35°C, 40°C, and 45°C 
obtained as 84.60%, 92.58%, 100%, 93.12%, 85.76%, 77.35%, 
and 70.09% respectively. With the increase of the tempera-
ture from 15°C to 25°C, the removal efficiency increased. 
In this study, the temperature ranges of 25°C was consid-
ered as the optimum temperature and indicated that the 
optimum reaction can be carried out at room temperature. 
At higher temperatures of about 35°C–45°C, the adsorption 
forces between the aromatic hydrocarbon molecules and the 
active sites of the adsorbent surface became weaker and the 
removal percentage diminished.

3.3. Desorption and repeated use

In this study, the adsorption-desorption cycle was 
repeated 10 times (under optimum conditions). The removal 
efficiency for the first cycle to the fifth cycle was obtained 
as 100%, 99.16%, 97.43%, 94.78%, and 91.23% respectively. 
Note that up to the initial five cycles, the removal efficiency 
showed more than 90% removal. In subsequent cycles (fifth 
cycle to the tenth cycle) the percentage of NAP removal 
decreases. The NAP removal efficiency decreased from 
about 91.23% in the fifth cycle to about 59.3% in the tenth 
cycle. The reduction in the removal efficiency can be ascribed 
to the lessening of the active sites on the sorbent surfaces.

3.4. Comparison of the removal efficiency for NAP in different 
sorbents with this work

The NAP removal efficiency has been compared for 
different synthetic nanostructures in a series of experi-
ments. The results are presented in Table 2. The results show 
that by forming the polymeric dendrimer on the magnetic 
core surface, the removal efficiency for NAP rises. Also, by 
increasing the number of dendrimer generations and ligand 
containing a benzene ring, the highest value is obtained 
for NAP removal.

3.5. Method application

To provide evidence on the capability of the synthesized 
magnetic dendrimer, and evaluate the strategy, as well as 
reliability of the suggested method, real samples (river water, 
seawater, and industrial waste), were provided and stud-
ied. The NAP content in these samples was measured by the 
GC-MS technique. This technique can measure trace organic 

compounds remaining in solutions. Seawater was provided 
from Guilan-Tehran River, seawater from Caspian Sea-Iran, 
and industrial waste from the coal industry. To measure the 
samples accurately, each test was repeated three times with 
GC-MS, with the results shown in Table 3. The presence 
of other elements and compounds in real water, especially 
from the industrial waste which contains complex matrices, 
reduces the NAP removal efficiency. These compounds act 
as a competitive species to occupy the active sites on the 
sorbent. Nevertheless, the NAP removal efficiency by the 
synthetic nanocomposite was high enough and suggested 
the capability of the suggested method for real samples.

3.6. Isotherm models

Adsorption isotherms can describe the adsorption 
mechanism of the adsorbate with sorbent based on the 
equilibrium data and adsorption properties and can deter-
mine the sorbent capacity. In this work, the equilibrium 
adsorption of NAP with synthesized SCMNPs/APTES@
(MA/MEL)DG-10/BF sorbent was studied by Langmuir, 
Freundlich, Temkin, and Redlich–Peterson isotherms. 
Langmuir isotherm assumes monolayer adsorption of the 
targeted adsorbate on the outer surface of the adsorbent 
[49]. The equation of the Langmuir isotherm is proposed 
as a linear form as below [50–52]:
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q q K
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e

e

L

= +
max max

1  (3)

where KL (L mg–1) denotes the equilibrium constant, qm 
(mg g–1) is the maximum adsorption capacity in the mono-
layer adsorption process, Ce (mg L–1) represents the NAP 
concentration at the equilibrium, and qe (mg g–1) is the NAP 
content per mass of the sorbent. The 1/qm value represents 
the slope of the line, and 1/KL qm is the intercept. Using 
the RL parameter (separation factor), one can determine 
the type of the process. A favorable value for RL is 0–10 
(Eq. (4)) [51,53,54]:
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Multi-layer adsorption isotherm for the heterogeneous 
surfaces is represented by Freundlich [55]. The linear 
equation of this model can be seen in Eq. (5) [56]:

Table 2
Relative sorption value of NAP by prepared sorbents in this work

Relative sorption 
value of NAP (%)

Sorbent

20.88SCMNPs
21.70SCMNPs/APTES
57.14SCMNPs/APTES@(MA/MEL)DG-5
90.57SCMNPs/APTES@(MA/MEL)DG-10
100SCMNPs/APTES@(MA/MEL)DG-10/BF
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ln ln lnq K
n

Ce F e= +
1  (5)

where n is the Freundlich constant representing the regres-
sion slope of the linear form of the model and KF (mg g–1) 
(L mg–1)1/n is the intercept of the Freundlich model.

In the Temkin model [Eq. (6)], heat adsorption drops 
linearly, demonstrating the sorbent–adsorbate interactions. 
It occurs when the number of adsorbed particles increases 
on the sorbent surfaces [57,58]:

q B C B Ae e= +ln ln  (6)

where A (L mg–1) is the bonding/fixed constant and B = RT/b. 
T denotes the absolute temperature (K), R (8.314 J mol–1 K) 
is the global gas constant, and b (J mol–1) is the adsorption 
heat.

Redlich–Peterson is the combinational model of the 
Langmuir and Freundlich models as a compromising model 
between homogeneous and heterogeneous adsorption. This 
model can determine the adsorption interaction parame-
ters in a wide range of concentrations [55,59]. By obtaining 
ln[A(Ce/qe)–1] values and plotting vs. lnCe the parameters can 
be found. The linear equation of the Redlich–Peterson model 
is shown in Eq. (7) [60]:
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where A (L g–1) and B (J mol–1) are the constants of the 
model and g denotes A dimensionless parameter which is in 
the range of 0 < g ≤ 1. The tendency of g value toward zero 
shows the data follow the Freundlich model, as the tendency 
toward one is suggestive of the Langmuir model [55,60].

The parameters calculated from the isotherm mod-
els and their regression are presented in Table 4 and Fig. 9. 
Studies of the adsorption models show that the dominant 
model for NAP sorption in this system follows the Langmuir 
model (R2 = 0.9969). Also, considering g = 1 value from the 
Freundlich–Peterson model, it can be stated that data are 
compatible with the Langmuir model and the majority of 
the adsorption process occurs in mono-layer formation. π–π 
interactions between NAP molecules and sorbent product 
surfaces cause dispersion and enhance the NAP adsorp-
tion capacity onto the sorbent. Also, the results obtained 

from Langmuir show that the RL coefficient lied within the 
favorable range (0–1) as RL = 0.0168. Thus, the value of RL is 
favorable and the absorption process is successful. The qm is 
calculated as qm = 94.33 mg g–1 stating that 1 g of individual 
sorbent could adsorb 94.33 mg of the NAP, which is an excel-
lent result.

3.7. Comparison of the maximum NAP adsorption of Ps/APTES@
(MA/MEL)DG-10/BF by other sorbents

Table 5 summarizes the maximum NAP adsorption 
capacity of the sorbent product synthesized in this study, as 
well as others reported in the literature.

As seen, the nanopolymer fabricated in this study has 
the highest adsorption capacity among the other reported 
sorbents for NAP removal owing to the surface modification 
and advance polymerization technique.

3.8. Adsorption kinetic studies

The kinetics of the reaction should be evaluated to 
provide information about operating parameters affect-
ing the adsorption and demanding time for the reaction 
reaching the equilibrium [55]. In this study, pseudo-first- 
order, pseudo-second-order, and intraparticle models were 
studied. Eq. (8) shows the linear form of the pseudo-first- 
order model [64,65]:

log log
.

q q q
k

te t e−( ) = − 1

2 303
 (8)

where qe and qt (mg g–1) denote the NAP adsorbed in the 
equilibrium and time t, t is the adsorption time (min), 
k1 (min–1) shows the model constant. k1 and qt are the slope 
and the intercept of the regression line, respectively.

The following equation shows the pseudo-second-order 
model [Eq. (9)] [43,66]:

t
q k q

t
qt e e

= +
1

2
2  (9)

where k2 (g mg–1min–1) denotes the model constant. In this 
model, by calculating t/qt vs. t, k2 and qe can be calculated.

Intraparticle diffusion kinetic model (Weber–Morris) 
studies the mechanism of the adsorbate in the porous sorbent 
as follows [64–66]:

Table 3
NAP sorption values by the sorbent product in the real samples

Relative standard 
deviation (%)

Removal (%)Residual 
(mg L–1)

Added 
(mg L–1)

Found 
(mg L–1)

SamplesNo.

–100N.D.–0.00092River water1
–100N.D.20.00092River water2
–100N.D.–0.0074Seawater3
–100N.D.50.0074Seawater4
0.0890.381.967–20.455Industrial wastewater5
0.0685.724.3481020.455Industrial wastewater 6

N.D.: Not detected.

AQ3
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Table 4
Calculated parameters from isotherm models in this study

Isotherm model Parameter Quantity Isotherm model Parameter Quantity

Langmuir qmax (mg g–1) 94.34 Temkin A (L g–1) 16.36
KL (L mg–1) 1.16 B 17.1
RL 0.017 b (J mol–1) 144.9
R2 0.9969 R2 0.9867

Freundlich KF (mg g–1)(L mg–1)1/n 43.5 Redlich–Peterson A 112

n 3.04 B 1.2
R2 3.04 g 1.009

R2 0.9966

Fig. 9. Regression of isotherm models: (a) Langmuir, (b) Freundlich, (c) Temkin, and (d) Redlich–Peterson (pH = 7; 20 min; 150 rpm; 
1–50 mg L–1 NAP; 0.4 g L–1 sorbent, at 25°C).
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q k t Ct p= +0 5.  (10)

where kp (mg g–1 min–1(1/2)) represents the dispersion rate 
constant in the particle, C is the constant for mass transfer 
in each experiment because of the boundary layer thickness.

Chrastil’s diffusion model describes sorption kinetics in 
controlled diffusion systems [67]:

q q et e
k A t n
c= −( )−1 0  (11)

where kc (L g–1 min–1) is a rate constant, which depends on 
diffusion coefficients and sorption capacity of sorbent. A0 
(g L–1) refers to the dose of the sorbent. n is a heterogeneous 
structural diffusion resistance constant (0 < n < 1). The con-
stant n is independent of the NAP concentration, sorbent 
concentration A0, qe, or temperature.

The parameters calculated from these four kinetic mod-
els are presented in Table 6 as well as the pseudo-second- 
order and intraparticle diffusion kinetic regression lines in 
Fig. 10. The results from the kinetic studies show that the 
data follow the order of pseudo-first-order < Chrastil’s dif-
fusion < intraparticle diffusion < pseudo-second-order. A 
comparison of the R-squared value of the diagrams reveals 
that the pseudo-second-order model (R2 = 0.999) desig-
nates better fitness of experimental data with the model. 
As a result, chemical bonding formation in this process 
is the dominant mechanism for the sorption process and 
occurs chemically.

4. Conclusions

In this study, the successful synthesis of the novel 
MNPs was reported through continuous polymerization 
and formation of a higher generation of dendrimers further 
enhanced by the covalent bonding of the ligands on the sur-
face. It showed high adsorption capability for non-saturated 

Table 5
Comparison of the maximum adsorption capacity (qm) for naphthalene with other reported sorbents in the literature

ReferencesT 
(°C)

NAP concentration 
(mg L–1)

Sorbent 
dosage (g L–1)

pHqm (mg g–1)AdsorbentNo.

This study25200.4794.339SCMNPs/APTES@ (MA/MEL) 
DG-10/BF

1

[7]201015.9722.45HBa2
[43]30–273.3308Graphene oxide3
[43]30–265.9880Graphene4
[51]285047.521.692MB500b5
[55]28105–46.641PMOc6
[61]30150.6632.39TX100d impregnated into chitosan  

beads
7

[61]30150.5631.77CTABe impregnated into  chitosan  
beads

8

[61]30150.8628.66SDSf impregnated into  chitosan beads9
[62]25–0.470.00162xGnPg10
[63]2525–6.821.02Kaolinite modified by HDTMAh11
[63]2525–6.828.45Halloysite modified by HDTMAi12

aHexadecyltrimethylammonium bromide modified bentonite
bActivated carbon produced from milk bush kernel shell
cPeriodic mesoporous organosilica
dTriton X-100 (a type of surfactant)
eCetyl trimethyl ammonium bromide (a type of surfactant)
fsodium dodecyl sulfate  (a type of surfactant)
gExfoliated graphite nanoplatelets
hHexadecyltrimethylammonium
iHexadecyltrimethylammonium

Table.6
Kinetic parameters for NAP adsorption onto the prepared 
sorbent

QuantityParameterKinetic model

12.508qe (mg g–1)Pseudo-first-order
0.0868k1 (min–1)
0.9436R2

48.780qe (mg g–1)Pseudo-second-order
0.019k2 (g mg–1 min–1)
0.9998R2

4.108kp (mg g–1 min–1 (1/2))Intraparticle diffusion
29.142c
0.9903R2

48.514qe (mg g–1)Chrastil’s diffusion
0.1743kc (L g–1 min–1)
0.1721n
0.9752R2
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organic compounds (i.e., NAP). The high adsorption capac-
ity was owing to the magnetite core with super- magnetic 
properties and enhanced inner active sites due to the 
ten-generation dendrimer and high-ordered network 
structure of the highly branched polymer. Additionally, 
terminal ligand containing benzene ring enhanced the 
π–π interactions between NAP molecules and the sorbent 
surfaces, boosting the adsorption capacity. Data analysis 
and high removal efficiency in industrial wastewater and 
natural water samples indicated that using of GC-MS tech-
nique is appropriate in this process. The sorbent product 
was characterized by FTIR, FE-SEM-EDS, TGA, XRD, and 
VSM with the results confirming the successful fabrication 
of the sorbent product. The maximum adsorption (>99%) 
at optimal conditions was obtained for 0.4 g L–1 of sorbent 
and 15 mg L–1 of NAP concentration at pH = 7. The adsorp-
tion reaction reached equilibrium at 20 min. Studies from 
different isotherm models showed that the process follows 
the Langmuir model (R2 = 0.9969) with the pseudo- second-
order kinetics (R2 = 0.9998). The adsorption capacity of 
the prepared nanocomposite was 94.33 mg g–1 which had 
a higher potential for the application compared to the 
reported sorbents in the literature [7,43,51,55,61–63]. Other 
substantial properties of the sorbent such as recovery rate, 
reusability during several sorption processes alongside the 
low-cost, chemically stable, high rate reaction, high adsorp-
tion capacity and simple separation method by exter-
nal magnetic field confirm that SCMNPs/APTES@(MA/
MEL)DG-10/BF sorbent has the capability for removing 
aromatic hydrocarbons (i.e., NAP) from aqueous samples.
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