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a b s t r a c t
In this report, a novel modified magnetite nanoparticles/p-benzoquinone (BQ)-ethylenediamine 
(E) (MMNP/BQ-E) composite was introduced as a linear chain polymer. The adsorbent was prepared 
via grafting chemical method, in which Fe3O4@SiO2 was the core and five generations modified by 
BQ and E were coated on the surface of the Fe3O4@SiO2 as shells. The MMNP/BQ-E was used for 
removal of humic acid (HA) from aqueous solutions using batch adsorption technique. Optimal 
adsorption conditions including pH, contact time, initial HA concentration, and adsorbent dos-
age were investigated. The characterization of MMNP/BQ-E was performed using X-ray diffraction 
(XRD), X-ray photoelectron spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR), 
scanning electron microscopy, energy dispersive X-ray analysis (EDX), Brunauer–Emmett–Teller 
(BET) analysis, and Barrett–Joyner–Halenda. The specific surface area of MMNP/BQ-E was found 
to be 58.34 m2 g–1. The modification was confirmed by FTIR, XRD, and XPS analysis. According 
the XRD analysis, the average diameter of MMNP/BQ-E was obtained as about 11.26 nm. The 
Langmuir, Freundlich, Temkin, Redlich–Peterson, and Dubinin–Radushkevich (D–R) adsorption 
isotherm models were used to obtain the maximum adsorption strength. The results indicated that 
the adsorption isotherms were better fitted by the Langmuir model, where pseudo-second-order 
better explained the adsorption kinetics of HA onto MMNP/BQ-E with regression coefficient (R2) of 
99%. The adsorption strength of MMNP/BQ-E was found as large as 20.36 mg HA g–1, leading to 99% 
removal at 25°C. Further, the investigated thermodynamic parameters indicated the spontaneity of 
the adsorption process in nature.
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1. Introduction

In today’s world, clean water is not accessible to most 
people. Therefore, safe drinking water is not easily available 

which is of great importance for our life [1]. One of the rea-
sons for water-related diseases is pathogens which lead 
to infection or worm diseases and diarrhea [2]. Other 
common pollutants of water are organic residues which orig-
inate from major industries, such as pulp, textile, and steel 
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refineries [2]. They are less dangerous than pathogens, but 
they cause color-, taste-, and odor-related problems [3]. One 
of the natural causes of water contamination is humic sub-
stances that arise out of biodegradation of plants [4]. Humic 
acid produces undesirable color, taste, and odor, though it 
is not directly toxic [5]. It also reacts with chlorine during 
disinfections of drinking water [6] thereby producing 
carcinogenic disinfection by-products [3].

The humic acid concentration of natural waters is 
below 10–15 mg L–1 [7]. There are two general methods for 
water treatment and removing humic acid from drinking 
water: centralized and decentralized methods. Centralized 
methods include coagulation, filtration, sedimentation, 
disinfection, [8] but each of them is used for a specific situa-
tion. As an instance, in densely populated areas, the central-
ized water treatment is employed while it is infeasible for 
developing countries as they are far away and have higher 
costs [1]. It is also infeasible in rural areas due to the use 
of untreated private groundwater supplies [9]. Coagulation 
which uses alum is a traditional method which is costly 
and produces sludge [4]. On the other hand, decentralized 
methods include membrane separation, filters, adsorption, 
boiling, and solar disinfection [1,4]. These methods pro-
duce clean drinking water from existing water sources such 
as rain and river water [1]. These methods are useful for 
disaster-stricken areas where people are at risk of diseases 
caused by sanitation and water supply problems after a 
disaster. Membrane separation as one of the decentralized 
methods will restrict the removal capacity of humic acid [4]. 
For example, Norfazliana et al. [10] have investigated the 
performance evaluations of alumina hollow fiber membrane 
incorporated with UiO-66 particles for HA removal. The 
most favorable removal method which is simple and cost- 
effective is the adsorption of humic acid. Derakhshani and 
Naghizadeh [11] have optimized HA removal by adsorption 
onto bentonite and montmorillonite nanoparticles. In a simi-
lar study, Salla et al. [12] have considered Mn2O3 and α-Al2O3 
nanoparticles as adsorbents for removal of HA from aque-
ous solution or Ye et al. [13] have studied on preparation of 
TiO2/graphene composite with appropriate N-doping ratio 
for HA removal.

At present, because of the large specific surface area of 
magnetic metal oxides (such as Fe3O4) and due to their small 
internal diffusion resistance, they have become more popular 
as vigorous dye adsorbents [14]. Pollutants from aqueous 
solutions can be absorbed by magnetic nanoparticles and 
afterward they can be separated from water with a minimal 
magnetic process [15]. Modification of the Fe3O4 nanopar-
ticles has been proposed by many researchers in order to 
provide a better surface specificity for removing different 
dyes from aqueous solutions. Lu et al. [16] investigated mont-
morillonite/Fe3O4/HA nanocomposites for simultaneous 
removal of Cr(VI) and aniline. The mentioned modification 
can be done by various chemicals such as polyacrylic acid 
[17], humic acid [18], carboxymethyl-cyclodextrin [19], yeast 
[20], graphene oxide [21,22], zinc oxide [23], and multi-wall 
carbon nanotube [24]. The surface of nanoparticles can be 
altered by a polymer to enrich the distribution and stability 
of adsorbents in aqueous solutions [25].

In this study, a novel modified magnetite nano-
particle (MMNP) is developed by grafting amino groups 

(benzoquinone-ethylenediamine) to coat the surfaces of 
Fe3O4@SiO2 by grafting method. The MMNP/B-E with core-
shell structure is polymerized for the removal of HA from 
aqueous solutions. As a core, the structure of MMNP/B-E 
is introduced by Fe3O4@SiO2 after which as a shell, five 
generations of chain polymer are introduced. The aim of this 
study is to provide an executable method for the removal 
of HA from water to investigate the adsorption characteris-
tics and mechanism of HA using novel nanoparticles as an 
effective absorbent. Furthermore, regeneration properties 
of the MMNP/BQ-E were surveyed. The effects of various 
experimental conditions such as sorbent weight, pH, contact 
time, initial concentration of HA, on the MMNP/B-E are 
investigated using batch experiments. After the adsorption 
process, the separation of the nanoparticle is performed by 
an external magnet.

2. Experimental

2.1. Materials and methods

All materials were of commercial reagent grade and 
used as received without further purification. The reagents 
used for the preparation of Fe3O4 nanoparticles and synthe-
sis MMNP/BQ-E were purchased from Merck (Germany). 
Deionized water was used in all experiments. HA was 
purchased from Sigma-Aldrich (USA) Chemical. HA stock 
solution was provided by dissolving 100 mg of HA powder 
in 1 L of distilled water where the solution was mixed utiliz-
ing a magnetic stirrer. The solutions for all adsorption tests 
were provided by enhancing the HA to stock solution for 
achieving the preferred HA concentrations.

2.2. Synthesis of Fe3O4@SiO2

Step 1: The magnetite nanoparticles were synthesized via 
co-precipitation method. We prepared a solution containing 
0.99 g of FeCl2

.4H2O, 3.25 g FeCl3
.6H2O and 70 mL of distilled 

water. While the solution was stirred, 15 mL of ammonia 
solution (25%) was added until the pH was fixed within 
11–12. Then, the solution was stirred under nitrogen reflux at 
80°C for 2 h. For Fe3O4@SiO2 synthesis, 80 mL of ethanol and 
40 mL of tetraethylorthosilicate (TEOS) were added to the 
Fe3O4 solution and stirred for 24 h at 25°C. After this time, the 
Fe3O4@SiO2 was taken up by an external magnet, and washed 
with distilled water and 30 mL of ethanol, and finally dried 
at room temperature.

2.3. Amino-functionalized Fe3O4@SiO2

Step 2: (3-Aminopropyl) trimethoxysilane (APTMS) 
was used as surface functionalization agent for Fe3O4@SiO2 
nanoparticles. For this purpose, 5 mL (APTMS), 95 mL dry 
toluene, and 3 g of Fe3O4@SiO2 nanoparticles were added 
while the solution was kept under nitrogen reflux for 16 h at 
95°C. Thereafter, the resulting nanoparticles were collected 
by external magnetic stirrer and were left to dry at room 
temperature.

2.4. Modified Fe3O4@SiO2-APTMS

Step 3: A total of 3 g of the nanoparticles prepared in 
the previous stage plus 1 g of p-benzoquinone (C6H4O2) (BQ) 
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were added to 150 mL ethanol solution. The solution was 
stirred under nitrogen reflux for 8 h at 50°C. After this time, 
Fe3O4@SiO2-APTMS-BQ was collected by an external magnet, 
washed with 20 mL of ethanol, and dried at room tem-
perature. The nanoparticles obtained from this stage were 
called G0.5.

Step 4: Here, 30 mL ethylenediamine (E) and 3 g of the 
previous step nanoparticles were added to 150 mL of the 
methanol solution. The solution was stirred under nitro-
gen reflux at 50°C for 8 h. The Fe3O4@SiO2-APTMS-BQ-E 
nanoparticles were washed with 20 mL of methanol and 
dried at room temperature. This generation was called G1.

Step 5: To obtain the fifth generation, we repeated steps 3 
and 4 four times. After this cycle, the third stage was repeated 
once again.

Step 6: In the last step, end-groups were linked to the 
nanoparticles’ chain. For this purpose, 10 mL of 4-amino 
acetanilide as the ligand and 3 g of previous step nanopar-
ticles were dispersed in 150 mL of the ethanol solution. The 
solution was stirred under nitrogen reflux for 8 h at 40°C. 
Finally, the magnetite modified nanoparticles/benzoquinone- 
ethylenediamine (MMNP/BQ-E) were washed with 20 mL 
of ethanol and then dried at room temperature. The 
synthesis and modified process of MMNP/BQ-E is displayed 
in Fig. 1.

2.5. Adsorption and desorption experiments

All the adsorption experiments of HA on MMNP/BQ-E 
were carried out in batch mode at 25°C. The adsorption 
experiments were performed at 150 rpm for the specified 
time via magnetic agitation on an electromotive stirrer 
(MY3000-6, MEIYUYIQI CO., China). For all experiments, 
the MMNP/BQ-E was separated from HA solution by an 
external magnet followed by filtration. Then, the superna-
tant was analyzed using UV–Visible spectrophotometer 
(PerkinElmer 3100 Model, Artisan Technology, USA). To 
investigate the effect of pH on HA removal, the pH measure-
ment was performed within 3–10 with 2 mg of adsorbent 
at 25°C for 5 min in 20 mg L–1 HA solution. The pH values 
were adjusted by adding magic buffer (1.438 mL acetic acid, 
1.675 mL phosphoric acid and 1.236 g boric acid were dis-
solved in distilled water up to 500 mL) and NaOH 0.1 M. 
Then, the pH of solutions was measured by a pH-meter 
(Aqualytic AL15). In order to investigate the effect of contact 
time on the adsorption of HA, the HA solution (20 mg L–1) 
was shaken continuously with 2 mg of the adsorbent within 
5–120 min at the optimum pH at 25°C. The recording time 
started when MMNP/BQ-E nanoparticles were added to the 
HA solutions. The initial concentration of HA was applied 
with various initial HA concentrations (0.5–30 mg L–1) at 
optimized pH = 6 and contact time = 20 min with 2 mg of 
adsorbent at 25°C. To investigate the effect of the amount 
of MMNP/BQ-E (0.05–1.5 g) on HA removal, the optimized 
initial concentration HA (10 mg L–1) at pH = 6 was shaken at 
25°C for 20 min. To study the thermodynamic parameters, 
experiments were carried out at the optimized values at five 
various temperatures (298, 303, 308, 313, and 318 K).

The adsorption percentage (Ads %) and the rate of HA 
adsorbed at time t (qe and qt mg g–1) were computed by 
Eqs. (1) and (2):
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where C0 is the initial HA concentration (mg L–1), Ce shows 
the amount of HA present in the solution at equilibrium time 
t (mg L–1), V denotes the volume of HA concentration (mL), 
and m is the dry weight of the sample (g).
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In order to estimate the reusability of MMNP/BQ-E 
adsorbent, the adsorption–desorption cycle was repeated 
eight times under optimal conditions. In each cycle, 
10 mg L–1 of HA solution was mixed with 0.5 g of MMNP/
BQ-E adsorbent for 20 min. The MMNP/BQ-E nanoparticles 
were separated magnetically followed by 0.45 µm filtration. 
UV–Vis spectrophotometer was used for HA measurement 
in the solution (first cycle). The resulted sorbent of the first 
cycle, conducted with 10 mL of 0.01 M NaOH in ethanol 
solutions for 15 min at 50°C. After the HA desorption, the 
regenerated adsorbent was magnetically collected for use in 
the next adsorption–desorption cycle.

2.6. Analytical method HA

Ultraviolet (UV) adsorption is a fast and easy way to 
measure the amount of HA in the sample. UV–Vis spectros-
copy measurement carried out in the range of 200–400 nm 
and HA has a maximum absorbency at a wavelength of 
254 nm (λmax). After the adsorption process, the adsorbent 
was collected by an external magnet followed by 0.45 nm fil-
tration. Residual concentration of the HA (supernatant) was 
measured at 254 wavelengths. The UV–Vis spectrophoto-
meter was calibrated using the Milli-Q water as a blank.

2.7. Ionic strength on the HA adsorption

NaCl solution (0.01–1 mol L–1) used to investigate the 
ionic strength effect on the HA adsorption onto the MMNP/
BQ-E nanoparticles. By means of batch experiments, each 
tube contained 10 mg L–1 HA, 0.2 g L–1 adsorbent and NaCl 
solutions with different ionic strengths (0.01–1 mol L–1) 
brought to pH 7 and agitated for 12.0 h at 25°C. After filtra-
tion by 0.45 µm membrane, the remaining HA concentration 
(supernatant) was measured using UV–Vis spectrophotome-
ter and results expressed as adsorption capacity percentage.

3. Results and discussion

3.1. Characterization of the synthesized MMNP/BQ-E

The crystalline structure and the composition of the 
MMNP/BQ-E were characterized by X-ray diffraction (XRD) 
(Philips PAN Analytical X’pert Pro) and X-ray fluorescence 
(XRF) applying a scanning speed of 0.015/Second and Cu Kα 
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Fig. 1. Synthesis and modifying process of MMNP/BQ-E.
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line radiation (λ = 1.54056 Å) with voltage and current of 
40 kV and 40 mA, respectively. X-ray photoelectron spec-
troscopy (XPS) tests were performed on a Thermo Scientific 
K-Alpha 1063 (Thermo, USA). The morphology of MMNP/
BQ-E was characterized by scanning electron microscopy 
(SEM; Cambridge S-360). To confirm loading of modification 
onto magnetite particles, we used energy dispersive X-ray 
analysis (EDX). The Brunauer–Emmett–Teller (BET) specific 
surface area analysis was determined using Quantachrome 
NOVA 2200e system (Austria), and the pore size and pore 
volume were calculated using the Barrett–Joyner–Halenda 
(BJH). The morphology and size of the resulted MMNP/BQ-E 
were characterized by transmission electron microscopy 
(TEM, Zeiss-EM10C-100 kV, Germany). In order to assess 
the quality of the adsorbing chemical structure, we used 
Fourier transform infrared spectroscopy (FTIR) spectropho-
tometer (Vector 22 Bruker Company, USA). The UV–Visible 
spectroscopy (UV–Vis) with λ = 254 nm was employed to 
determine HA concentration by UV1KON-BIO-TEK Kontron 
Company, Germany.

3.1.1. XRD study

The XRD pattern of MMNP/BQ-E is presented in Fig. 2. 
The results indicate generic deflection peaks of 2θ at 30.69°, 
35.3°, 43.5°, 53.3°, 57.7°, and 62.2° (JCPDS card 19-0629) [26] 

confirming that the crystal magnetite has been distributed all 
over the surface of the MMNP/BQ-E. Therefore, no change 
was made on the main composition during the chemical 
modification. In addition, peaks were observed at 12.98° 
and 16.6°, which could be attributed to modification on the 
surface of Fe3O4. The averaged crystal diameter from the 
peaks was obtained via the Scherrer equation (Eq. (4)) [19]:

D K= ( )λβ θcos  (4)

where D is the diameter of the particle, λ denotes the X-ray 
wavelength, β is the full width at half maximum of the 
diffraction line, θ shows the diffraction angle, and K is a 
constant equal to 0.89. According the Scherrer equation, the 
average diameter of MMNP/BQ-E was obtained as about 
11.26 nm.

The elemental composition of the MMNP/BQ-E was 
determined by XRF spectrometer. The XRF results of the 
MMNP/BQ-E presented the chemical composition (expressed 
as the metal oxide content, % w:w) which was controlled 
by Fe3O4 (14.04%) and SiO2 (73.11%) ratio, respectively.

3.1.2. FTIR study

The FTIR of MMNP/BQ-E is illustrated in Fig. 3. The 
FTIR spectra of Fe3O4@SiO2 shown in Fig. 3a have a broad 
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band at 1,079 cm–1 which is related to Si–O [27]. Also, another 
broad band rising within the range of 3,000–3,600 cm–1 is 
attributed to stretching vibrations of O–H bonds of TEOS. 
The FTIR spectrum of the magnetite (Fe3O4) at wavenumber 
of 794 cm–1 which is considered to be associated with Fe–O 
band [28–30] confirms the spinel type structure of Fe3O4. 
Fig. 3b reveals the band at 1,675 which is related to the NH 
bending vibration, while another stretching vibration NH at 
3,095 cm–1 was observed attributed to APTMS [31]. Also, the 
next peak at 1,637 cm–1 is related to OH [30,32]. Fig. 2c shows 
a strong special peak at the wavelength of 1,718 cm–1 corre-
sponding to the C=O bending vibration of p-benzoquinone 
[32,33], while another broad band at 1,673 cm–1 is attributed 
to bending vibration of C=N. The bending vibration band at 
1,413 cm–1 corresponds to the CH2 which is related to eth-
ylenediamine, and next peak at 2,925 cm–1 is attributed to 
the aliphatic CH (Fig. 3d). Two strong bending vibration 
bands at 1,648 and 1,720 cm–1 are attributed to NH2 and C=O, 
respectively (Fig. 3e), showing a ligand. Overall, all of the 
wavelengths confirm the modification performed onto the 
surface of Fe3O4@SiO2 nanoparticles.

3.1.3. SEM–EDS study

The surface morphologies of MMNP/BQ-E were charac-
terized by SEM as shown with two different scales of 1 µm 
and 200 nm in Fig. 4. The SEM image exhibits an almost 
spherical structure and a rugged surface shape with a rough 
and irregular morphology. The MMNP/BQ-E was analyzed 
also by EDS, which suggested the formation of the compo-
nents of MMNP/BQ-E. The percentages for Fe (8.51%) and 
Si (15.73%) confirmed that the magnetite has been based 
the absorbent and covered by silica. Also, the percent-
ages of O (30.33%), N (17.28%), and C (28.15%) showed 
that an organic part has been linked with Fe3O4 revealing 
that the adsorbent structure was well synthesized and the 
polymerization process of MMNP/BQ-E was performed 
successfully [26]. Among 1,800 nanoparticles, the approxi-
mate size of the nanoparticle image is about 39.12 nm.

3.1.4. TEM study

The TEM image of MMNP/BQ-E shown in Fig. 5, which 
that indicates the MMNP/BQ-E, is shaped and uniform in 
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size. MMNP/BQ-E has core-shell structure and the silica 
layers were coated onto Fe3O4 with a smooth surface. The 
TEM image of MMNP/BQ-E existing explicit core-shell 
structure, in which the Fe3O4 core is apparent as a dark zone 
coated a brighter shell.

3.1.5. XPS analysis

The MMNP/BQ-E is further examined by X-ray photo-
electron spectra. Their spectra are shown in Fig. 6 corre-
sponding to the binding energies of Fe1S, Fe2P, and O1S at 
709, 722, and 530 eV, respectively. These are consistent 
with the reported values of Fe3O4 in the literature [34] and 
the XPS results prove the composition of the adsorbent. In 
accordance with FTIR and XRF results discussed earlier, 
the binding energy of 400 eV confirms the presence of the 
great amount of N2 in the surface of the adsorbent. The 
OH groups of the HA could hydrogen-bond with amine 
groups on the surface of adsorbent which is the most effec-
tive adsorption mechanism on the MMNP/BQ-E. As shown 
in Fig. 6, the binding energies of C1S spectrum attributed to 
p-benzoquinone at 283 eV.

3.1.6. N2 adsorption–desorption

N2 adsorption–desorption analysis was used to evaluate 
the porous nature of synthesized nanoparticles. The BET 
analysis showed that the surface area of MMNP/BQ-E was 
58.34 m2 g–1. The BJH calculation performed to evaluate pore 
volume and pore size distribution of nanoparticles. The 
results showed that the pore volume and the pore size of 
MMNP/BQ-E were 0.1318 cm3 g–1 and 18.713 nm, respectively.

3.2. Optimization studies

3.2.1. Effect of pH

To investigate the optimum pH in the adsorption process, 
the experiments were performed within different ranges of 
pH (3–10). Fig. 7 shows that pH affects the surface charge 
of adsorbent, and the speciation of the adsorbate during 
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the reaction. Therefore, determination of optimum pH is 
very important for the adsorption process [20]. At acidic 
pH, with conversion of the hydroxyl group (OH) to OH+2, 
the hydrogen bond is reduced, which leads to adsorption of 
a diminished amount of HA. It is believed that at neutral 
pH (6–7), the concentration of H+ drops; thus, the hydrogen 
bond increases. Also, the electrostatic attraction between car-
boxylic groups of HA and amino group MMNP/BQ-E was 
strongest, thereby enhancing the adsorption. At pH values 
higher than 7, due to ionization of hydroxyl groups to O–, the 
adsorption capacity of HA on MMNP/BQ-E has decreased. 
The pH levels exceeding 10 were not investigated since the 
nano-sorbent is not dissolved at alkaline pHs. Based on 
Fig. 7, the optimum pH was found at pH = 6.

3.2.2. Effect of contact time

In order to investigate the effect of the contact time on 
the removal of HA by MMNP/BQ-E, experiments were per-
formed at different contact times, with 11 solutions which 
each solution stirred in a specific period of time (5–120 min; 
Fig. 8). The contact time curves indicated that the adsorption 
of HA occurred quickly up to 15 min, suggesting that there 
were many available adsorption sites on the MMNP/BQ-E. 
Thereafter, however, due to the saturation of the binding 
sites and achieving equilibrium, the adsorption rate dimin-
ished [22]. Finally, 20 min was chosen as the optimum contact 
time for HA adsorption.

3.2.3. Effect of initial concentration

As presented in Fig. 9, when the initial concentration 
was elevated from 1 to 10 mg/mg L–1, the extent of removal 
percentage grew by approximately 80%. In the process of 
removal, the absorption rate declined sharply for concentra-
tions beyond 10 mg L–1. According to previous studies, at low 
concentrations of HA, all adsorbent ions in the adsorption 
medium can communicate with the binding sites leading to 
increased absorption. In contrast, at higher concentrations 
of HA, the access to the adsorption sites diminishes, thus 
compromising the adsorption process [14].

3.2.4. Effect of adsorbent dosage

The effect of adsorbent dosage was investigated by six 
different amounts (0.05–1 g) of MMNP/BQ-E, with the results 
shown in Fig. 10. By increasing the sorbent value from 0.05 
to 0.5, the removal of HA has increased, which is attributed 
to many available adsorption sites [35]. After reaching the 
maximum removal percentage at 0.5 g, no significant change 
was observed with increasing amounts. Therefore, 0.5 g of 
adsorbent under experiment conditions offered adequate 
adsorption sites to achieve 99% removal.

3.3. Adsorption kinetics

To investigate the kinetic mechanism of the HA adsorp-
tion process on MMNP/ BQ-E, the pseudo-first-order [5] 
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Fig. 7. Effect of pH on HA adsorption; sorbent weight 2 mg, 
contact time 5 min, initial concentration 20 mg L–1 at 25°C.
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and pseudo-second-order rate [36] models were applied for 
experimental data (Figs. 11 and 12). The adsorption amount 
for MMNP/BQ-E was specified at different contact times 
(5–120 min) under optimal pH with the sorbent weight 
optimized at 25°C. The pseudo-first and second-order model 
are presented by Eqs. (5) and (6), respectively [37]:

q q et e
k t= −( )−1 1  (5)

q
tq
k q tt

e

e

=
+

2

2
21 /

 (6)

where qe (mg g–1) is the extent of HA adsorption at equi-
librium, qt (mg g–1) is the magnitude of HA adsorption at 
a specific time (min), k1 (min–1) is the Lagergren rate con-
stant of the equation, and k2 (g mg–1 min–1) shows the rate 
constant of adsorption of pseudo-second-order model. 
Regarding the regression coefficient (R2) for kinetic models, 
it was assumed that the HA adsorption process occurs as 
chemical removal controlled by the pseudo-second-order 
model [38] (Table 1).

3.4. Adsorption isotherms

To investigate the adsorption capacity and MMNP/
BQ-E adsorption behavior, five common isotherms mod-
els, Langmuir; Freundlich; Temkin; Redlich–Peterson; and 
Dubinin–Radushkevich (D–R), were used (Figs. (13)–(17)). 
The linearized form of the Langmuir equation which is used 
for monolayer adsorption is described by Eq. (7) [39–41].

C
q K q

C
q

e

e L m

e

m

= +
1  (7)

where qm is the maximum monolayer adsorption capacity 
(mg g–1), KL is the Langmuir constant related to the free 
energy of adsorption (L mg–1), and a plot of Ce/qe vs. Ce yields 
a straight line with slope 1/qm and intercept 1/qm KL. The well-
known form of the Freundlich isotherm is given by Eq. (8):

q K Ce f e
n=
1

 (8)

y = -0.1395x + 1.5939 
R² = 0.9087 
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Fig. 11. Pseudo-first-order plots of HA onto MMNP/BQ-E.
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Fig. 12. Pseudo-second-order plots of HA onto MMNP/BQ-E.

Table 1
Parameters of pseudo-first and second-order

Kinetic model Equation qe (mg g–1) k1 (min–1) R2

Pseudo-first-order –0.1395x + 1.5939 39.25 0.313 0.90
Pseudo-second-order 0.0784x + 0.273 12.75 0.022 0.99

y = 0.0491x + 0.147 
R² = 0.9969 
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Fig. 13. Langmuir isotherms model to adsorption HA on 
MMNP/BQ-E.
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which after applying logarithm for both sides, converted into 
Eq. (9) as follows:

log log logq K
n

Ce f e( ) = ( ) + ( )1  (9)

where Kf and 1/n are the Freundlich constants related to the 
adsorption capacity and adsorption intensity, respectively.

The next popular isotherm model is D–R for which the 
non-linear form is given by Eq. (10) [42]:

q q ee
K= −

max
adε

2

 (10)

The linear form can be represented by Eq. (11):

ln ln maxq q Ke( ) = −( )adε
2  (11)

where qe is the amount of HA (mmol g–1) adsorbed per unit 
mass of MMNP/BQ-E, qmax is the theoretical adsorption 
capacity (mmol g–1), Kad is the constant related to the adsorp-
tion energy (mol2 kJ–2), and ε is the Polanyi potential that is 
determined as Eq. (12):

ε = +








RT

Ce
ln 1 1  (12)

where Ce is the solution concentration at equilibrium 
(mol L–1), R is the gas constant (8.314 J mol–1 K–1), and T is 
the absolute temperature of the aqueous solution (K). The 
amount of Kad was estimated from the slope of the plot of 
ln qe vs. ε2 and qmax is prepared from the intercept. As stated, 
Kad is related to adsorption energy, so the mean free energy 
of adsorption (E; kJ mol–1) is calculated according to Eq. (13) 
as follows:

E
K

=
1
2 ad

 (13)

Another popular isotherm model is Temkin. In this model, 
some interactions occur between adsorbent and adsorbate 
which cause a linear decrease in the heat of adsorption 
(Eq. (14)) [43,44].

q B C B Ae e= +ln ln  (14)

In this equation, B = RT/b and b (J mol–1) is related to 
the heat of adsorption, R (8.314 Jmol–1K–1) is the universal 
gas constant, A (L mg–1) is Temkin model constant, and T is 
absolute temperature (K) [45].

Redlich–Peterson model can explain combinational 
homogeneous and heterogeneous adsorption systems. This 
model presentation Langmuir and Freundlich isotherm 
properties in one equation Eq. (15) [44]:

C
q

g Ce

e
e−









 = +1 ln ln B  (15)

In Eq. (15), A and B are Redlich–Peterson parameters. 
Also, the g value (0 < g ≤ 1) is dimensionless. Estimated 
constants for this isotherm can be reached by plotting linear 
diagram of ln[A(Ce/qe) – 1] vs. ln (Ce). In this model, g ≈ 1 con-
firms Langmuir model whereas g ≈ 0 approves Freundlich 
model [46].

The Redlich–Peterson isotherm model and other para-
meters confirmed that the Langmuir model is the dominant 
isotherm for this study. During the absorption mechanism, 
the OH bond of HA makes hydrogen bonding in the form 
of monolayers homogenous with amine groups on the sor-
bent surface [46]. The adsorption isotherm was surveyed 
at the initial concentration of HA (1–30 mg L–1) under opti-
mal conditions with pH = 6 at 25°C. Regarding Table 2, the 
regression coefficient indicates that the Langmuir model 
was more suitable for the adsorption process (Fig. 13). 
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Fig. 15. Temkin Isotherm model to adsorption HA on 
MMNP/BQ-E.
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Accordingly, the adsorption reaction occurred as monolayer 
adsorption [47] on the MMNP/BQ-E surface. The maximum 
adsorption capacity for HA was 20.36 mg g–1, indicating a 
great potential for HA removal from aquatic solutions. The 
maximum adsorption capacity for HA optioned from this 
study has been compared with that of some other adsorbents 
in Table 3.

3.5. Reusability of MMNP/BQ-E

In order to estimate the reusability of MMNP/BQ-E 
adsorbent, the adsorption–desorption cycle repeated eight 
times under optimal conditions (pH = 6, adsorbent dos-
age = 0.5 g L–1, and contact time 20 min; Table 4). After each 
adsorption cycle, the adsorbent conducted with 0.01 M NaOH in 
10 mL ethanol solution. The same adsorbent was used for all 
the eight cycles of the adsorption–desorption mechanism. 

The adsorption capacity for first to third cycles was 99.51%, 
96.38%, and 94.80%, respectively, which shows high adsorp-
tion rate of HA. The removal efficiency of HA decreased 
continuously from the first to the last cycles and reached 
64% in the eighth cycle. This reduction efficiency of HA 
adsorption could have been occurred due to the decrease of 
available actives sites at the surface of the sorbent. Based on 
the high efficiency of HA removal by MMNP/BQ-E adsor-
bent, the procedure is cost-effective from economical point 
of view [50].

3.6. Effective of ionic strength on the HA adsorption 
onto MMNP/BQ-E

Results showed that by increasing the ionic strength, 
the HA adsorption decreases. The reduction efficiency of 
HA adsorption in high ionic strength solution could be 
related to decreasing the interactions because of covering the 
surface of sorbent by NaCl (Fig. 18) [48].

3.7. Thermodynamic studies

To evaluate how the adsorption process has occurred 
in nature, we used thermodynamic studies. For this pur-
pose, the results obtained from different temperatures were 
used to calculate the thermodynamic parameters. Based on 
changes in the equilibrium constants with temperature, one 
can consider the enthalpy change (ΔH°), Gibbs free energy 
change (ΔG°), and entropy change (ΔS°). The distribution 
coefficient could be related to the enthalpy and entropy 

Table 2
Equilibrium isotherm parameters of sorption of HA

Isotherms

Langmuir Equation: 0.0491x + 0.147
qm (mg g–1) 20.36
kL (L mg–1) 0.3340
RL 0.0907
R2 0.9969

Freundlich Equation: 0.6928x + 1.4004
Kf (mg g–1) 4.05
n (g L–1) 1.44
R2 0.9683

Temkin Equation: 4.2131x + 5.5275
b (J mol–1) 588.3599
A (L mg–1) 3.713517
R2 0.9857

Redlich–Peterson Equation: 0.9848x-0.8914
R2 0.9884

Dubinin–Radushkevich 
(D–R)

Equation: -3E-07x + 2.5619
Kad (mol2 kJ–2) 0.0000003
qmax (mmol g–1) 12.96
R2 0.8472

Table 3
Compared maximum adsorption capacity (mg g–1) of HA from this study (sorption condition: the initial concentration of HA 
[1–30 mg L–1] under optimal conditions with pH = 6 at 25°C) to some other adsorbents [5,25,47–49]

No. Adsorbent qm (mg g–1) Pollutant Reference

1 Aminopropyl functionalized rice husk ash 8.2 HA [25]
2 Cetylpyridinium bromide 92 HA [5]
3 Mg/Fe layered double hydroxide 25.6 HA [48]
4 NiFe2O4 nanoparticles 5.2 HA [47]
5 Fe3O4-chitosan hybrid nano-particles 44.84 HA [49]
6 MMNP/BQ-E 20.36 HA This study

Table 4
Desorption results (%) in 0.01 M NaOH in 10 mL methanol 
solution on MMNP/BQ-E loaded with HA

Cycle Adsorption capacity (%)
1 99.51
2 96.38
3 94.8
4 84.50
5 78.71
6 72.3
7 68.28
8 64
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change at a constant temperature (T–1) by rearranging the 
Van’t Hoff equation (Eq. (16)):

ln K S
R

H
RTd( ) = −

∆ ∆ο ο

 (16)

where ln(Kd) is the distribution coefficient (mL g–1); (ΔS°) 
shows standard entropy; (ΔH°) represents standard enthalpy; 
T denotes the absolute temperature (K); and R reflects the 
gas constant (kJ mol–1 K–1).

The standard free energy value is calculated by Eq. (17):

∆ ∆ ∆G H T Sο ο ο= −  (17)

The experiments were performed using a solution 
concentration of 100 mg L–1 of HA at five temperatures 
(25°C, 30°C, 35°C, 40°C, and 45°C) (Fig. 19).

The values of ΔH° and ΔS° were calculated from the 
slopes and intercepts of a linear regression of ln (Kd) vs. T–1 
(R2 > 0.97). The results revealed that the adsorption capacity 
of the MMNP/BQ-E increased with temperature rise and the 
adsorption process was endothermic (Table 5).

At all different temperatures, the values of Gibbs free 
energy (ΔG°) were negative suggesting the spontaneity of 
the removal process. The positive value of (ΔS° > 0) indicated 
that greater randomness has increased during the adsorp-
tion of HA on MMNP/BQ-E in the system and revealed high 
stability of adsorption [51]. The positive ΔH° values showed 

that the HA adsorption process is endothermic in nature, 
where with elevation of temperature, the adsorption of HA 
on MMNP/BQ-E has grown [13].

4. Conclusion

In this study, novel core-shell structured nanoparticles 
were synthesized. The characterization of MMNP/BQ-E was 
accomplished via FTIR, XRD, XPS, SEM, EDX, BJH, and 
BET. The specific surface area of MMNP/BQ-E was found 
to be 58.34 m2g–1. The characterization results confirmed 
that MMNP/BQ-E was successfully coated onto the surface 
of Fe3O4. The crystalline size of the nanoparticles obtained 
from XRD was about 11.26 nm. For the pH, contact time, the 
adsorbent weight, and the initial concentration of HA, the 
optimal values obtained were 6, 20 min, 0.5 g L–1, 10 mg L–1, 
respectively. The adsorption isotherm indicated the highest 
correlation with the Langmuir model (R2 = 99%) with an 
adsorption capacity of 20.36 mg g–1. Investigation of adsorp-
tion kinetics showed that adsorption of HA on MMNP/BQ-E 
can be a chemical reaction controlled by pseudo-second- 
order kinetic model. Having examined the thermodynamic 
parameters, it was found that the reaction was sponta-
neous and endothermic under laboratory conditions, with 
the values of enthalpy change (ΔH°) and entropy change 
(ΔS°) obtained as 80.4602 kJ mol–1 and 284.1837 kJ K–1 mol–1, 
respectively.
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