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nic malachite green dye on
phytogenic magnetic nanoparticles functionalized
by 3-marcaptopropanic acid†

Imran Ali,ac Changsheng Peng,*abc Tong Yeac and Iffat Naz *d

Phytogenic magnetic nanoparticles (PMNPs) were fabricated using plant leaves' extract of Fraxinus

chinensis Roxb. and then, the surfaces of the PMNPs were functionalized by 3-mercaptopropionic acid

(3-MPA) to investigate the adsorptive removal of the toxic dye malachite green (MG) from aqueous

solutions. The preparation and coating of 3-MPA on the surface of the PMNPs was confirmed and

characterized using different techniques, which are UV-visible spectroscopy, Fourier transform infrared

spectroscopy (FTIR), X-ray diffractometry (XRD), scanning electron microscopy with integrated energy

dispersive X-ray analysis (SEM-EDX), transmission electron microscopy (TEM), X-ray photoelectron

spectroscopy (XPS), vibrating sample magnetometry (VSM), Brunauer–Emmett–Teller (BET) analysis and

thermogravimetric analysis (TGA). The hysteresis loops of 3-MPA@PMNPs depicted an excellent

superparamagnetic nature with saturation magnetization values of 50.95 emu g�1. The prepared material

showed the highest adsorptive rate (98.57% MG removal within 120 min) and an estimated comparable

adsorptive capacity of 81.2 mg g�1 at 25 �C. The experimental data were well fitted to the Langmuir

isotherm, indicating the monolayer adsorption of MG onto 3-MPA@PMNPs. Furthermore, the kinetic data

agreed well with the pseudo-second-order model, indicating the removal of MG by chemisorption and/

or ion-exchange mechanism. Thermodynamic study confirmed that the adsorption of MG was

exothermic and spontaneous. The high adsorptive removal of the dye not only persisted over a wide pH

range (6–12), but the material also demonstrated high selectivity in the presence of co-existing ions (i.e.

Pd2+ and Cd2+) along with the fastest separation times (35 s) from aqueous solutions. The recovered

adsorbent (3-MPA@PMNPs) was reused five times and maintained a removal efficiency of more than

85%. Therefore, the prepared novel 3-MPA@PMNPs can be employed as an alternative low-cost sorbent

material for the removal cationic dyes from textile wastewater. In addition, this green nanotechnology/

strategy can easily be implemented in low-economy countries for wastewater treatment.
1. Introduction

The level and volume of water pollution is increasing as a result
of the discharge of toxic dyes and hazardous waste into the
aquatic environment1,2 due to industrialization and urbaniza-
tion. All types of industries, i.e., pharmaceutical, textile,
cosmetic, food and leather are discharging toxic and aromatic
pollutants into water bodies without prior and proper
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tion (ESI) available. See DOI:
treatment.3 Among all these industries, the textile industry
primarily uses synthetic or toxic dyes for coloring their prod-
ucts.4 These toxic dyes have harmful effects on the residential
communities, i.e., causing skin irritation, heart defects, jaun-
dice, tumours and allergies. Moreover, these dyes have delete-
rious effects on aquatic life by creating a barrier to the
penetration of sunlight for the photosynthesis process.5 Hence,
the eradication of these toxic dyes from wastewater prior to
discharge is required. However, due to their synthetic origin
and complex molecular structure, the removal of dyes is not
easy.6 The removal of dyes is primarily dependent on their
physical and chemical characteristics in addition to selected
treatment alternatives. The effective removal of dyes is still an
open challenge for wastewater treatment experts as most of the
current technologies are costly and non-ecofriendly.7 Various
types of physical, chemical (coagulation, occulation, electro-
chemical oxidation, chemical precipitation, ion-exchange,
electrodialysis, etc.) and biological (trickling lter, activated
sludge system, membrane bioreactors, biosorption, and photo-
This journal is © The Royal Society of Chemistry 2018
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catalytic degradation) technologies have been employed and in
some way optimized for the removal of toxic dyes.1,8 However,
the involvement of high installation and operational costs, the
production of a large amount of toxic sludge and low kinetics
and removal efficiency are the main impediments to extending
these technologies for use in low-economy countries.9 In
contrast, adsorption technology is assumed to be comparatively
much better than the others in terms of its convenient opera-
tion, cost effectiveness, design simplicity, high performance
and low energy demand.10 In recent years, different types of
adsorbents have been fabricated and employed for the elimi-
nation of toxic dyes from wastewater, including orange peel,11

rice husk,12 peanut hull,13 coir pith,14 pinewood and jute ber,15

zeolites, banana pith, ion-exchange resins, red mud and acti-
vated carbon and its different composites.1 However, certain
features such as slow kinetics, low adsorptive capacity, regen-
eration and reusability and the involvement of high costs in the
preparation and activation of these adsorbents are the main
disadvantages. Hence, adsorbents with high adsorptive
capacity, easy of separation, regenerability, high reusability and
low cost for fabrication are still in demand in the market.

Therefore, presently, metal oxide nanoparticles (NPs) are
gaining much attention for the appropriate management of
these problems due to their inexpensive and easy
manufacturing, high permanence and greater magnetic
absorptivity, thus enabling a rapid separation from the nal
effluents by simply employing an external magnetic eld.16,17

These NPs have been used to eliminate and degrade toxic dyes
from textile effluents because of their sole physical, chemical
and catalytic properties. Further, various types of methods
(such as chemical co-precipitation, hydrothermal, sol–gel,
micro-emulsion, and electrochemical) have been used for
manufacturing metal oxide NPs.1 However, some specic
requirements, such as the need for high pressure and temper-
ature, the employment of toxic and hazardous capping and
reducing agents to control the size, shape and composition of
the metal oxide NPs, the typically long reaction times and the
abrasive reaction environments are the major disadvantages in
utilizing these synthesis routes.1,2 Moreover, the disintegration/
aggregation of these metal oxides-based NPs into chain-like
structures is one of the main and well-known limitations and
can cause a reduction in their surface area to volume ratio and
interfacial free energy, thus deteriorating the NPs reactivity.18

Despite these issues, such aggregation can be controlled by
employing diverse organic surfactants or via the employment of
various capping ligands.19 However, these stabilization and
functionalization routes should be safe, biocompatible,
nontoxic and non-immunogenic.1 All such problems can be
solved using another approach, viz., green nanotechnology to
fabricate the metal oxides-based NPs by utilizing a green
strategy.20 Currently, green nanotechnology is attracting much
attention as it involves inexpensive, simple and easy
manufacturing of green magnetic NPs because plant biomole-
cules can be utilized as reducing and capping agents at low
temperature and pressure instead of toxic and hazardous
chemicals.21–23 Moreover, steric stabilization of metal oxides-
based NPs against aggregation can be achieved through green
This journal is © The Royal Society of Chemistry 2018
fabrication, which would assist in reducing the concerns related
to the employment of hazardous chemicals such as sodium
borohydride (NaBH4) as a reducing agent because NaBH4 is
well-known to have a corrosive and ammable nature. Recently,
different types of plants, plant parts and fruit peels have been
used for the biosynthesis of green magnetic NPs and their
performance to remove different types of water pollutants have
been reported.1 In addition, most oen, green magnetic NPs
have been used for the removal and recovery of heavy metal ions
(Cr, Hg, Cd, As and Pd) from aqueous environments.24–30

However, very limited information is available addressing
the adsorptive performance of green MNPs to remove toxic
dyes.31,32 Despite this fact, different types of green MNPs
(prepared by various types of plant extracts) have been utilized
for the degradation of toxic dyes, but an adsorptive study is not
yet reported. Most oen, green MNPs have been used as
a catalyst to degrade cationic and anionic dyes, but the removal
mechanism is not well reported. Further, changes in the surface
properties aer the reaction with dyes are not reported. Hence,
in order to investigate the adsorptive performance of green
MNPs for the removal of toxic dyes, the following core objectives
were designed in the present study: (i) to prepare novel phyto-
genic magnetic nanoparticles (PMNPs) using a plant leaves'
extract of Fraxinus chinensis Roxb. as a reducing and capping
agent; (ii) to functionalize the as-prepared PMNPs with the 3-
mercaptopropionic acid (3-MPA) ligand (henceforth abbrevi-
ated herein as 3-MPA@PMNPs) for its possible adsorption of
a toxic dye, i.e., malachite green (MG); (iii) to conrm its
fabrication and functionalization by employing different tech-
niques, namely, UV-visible, FTIR, XRD, SEM-EDX, TEM, XPS,
TGA, BET and VSM; (iv) to investigate the adsorptive perfor-
mance of 3-MPA@PMNPs in terms of sorption capacity and
sorption kinetics; (v) to evaluate the inuence of different
parameters, including solution pH, temperature and co-existing
ions, on the adsorptive performance of 3-MPA@PMNPs; (vi) to
employ various isotherms, kinetics and thermodynamic equa-
tions for scrutinizing the removal mechanisms; (vii) to develop
an appropriate regeneration scheme and subsequently deter-
mine the potential reusability of 3-MPA@PMNPs for consecu-
tive treatment cycles as the magnetic study depicted that 3-
MPA@PMNPs had a superparamagnetic nature with high
saturation magnetization (50.95 emu g�1) values, which should
permit fast separation from aqueous solution.

2. Materials and methods
2.1 Materials/chemicals and instruments

The various types of chemicals used in the present study are
listed in the ESI (Text-S1†). The molecular structure and
chemical properties of the malachite green (MG) dye, which is
used in the experiments, are also provided in the ESI (Table
S1†). MG is a cationic triphenyl methane dye and is mostly
utilized for coloring silk, leather, paper and cotton. A stock
solution of 1000 mg L�1 of MG was prepared by adding 1000 mg
powder of MG dye into 1000 mL of DI water in a standard
volumetric ask. Then, the as-prepared stock solution was used
for preparing various concentrations of MG dye solution by
RSC Adv., 2018, 8, 8878–8897 | 8879
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employing a standard dilution method (C1V1 ¼ C2V2). The pH of
the solution was adjusted using 0.1 mol L�1 NaOH and HCl
aqueous solutions throughout all the experiments depending
on requirements. Various types of instrumentation used in the
present study are listed in the ESI (Text-S2†).

2.2 Methodology

2.2.1 Preparation of Fraxinus chinensis Roxb. leaves'
extracts. For fabrication of the PMNPs, the leaves of F. chinensis
Roxb. were selected, which is commonly known as ‘Chinese ash’
(a species of owering tree), whose leaves are commonly used in
traditional Chinese medicine (TCM) for dysentery disorders.
This genus is widespread across much of Europe, Asia and
North America. To the best of our knowledge, in our study, the
leaves of F. chinensis Roxb. have been used for the very rst time
for the fabrication of PMNPs. Its leaves were rst collected from
a owermarket near Ocean University of China, Qingdao, China
and washed completely with DI water to remove impurities
(dust). Then, the leaves were dried under sunlight for at least 10
days before being placed in a drying oven for 6 h at 85 �C to
reduce their moisture content.

Finally, these oven dried leaves were chopped into small
pieces manually, passed through a 2 mm sieve and the nal
product was stored for further use in preparation of the extract.

2.2.2 Evaluation of the reducing capacity of the F. chinensis
Roxb. leaves' extracts. The reducing ability of the plant extract
was investigated using a ferric reducing antioxidant power
(FRAP) assay and color development tests as described by
Manquián et al.33 and Wei et al.34 (Text-S3†). During the FRAP
assay, the ability of the plant extract, to reduce Fe3+ to Fe2+ is
measured at an absorbance of l ¼ 593 nm by producing a blue
complex with tripyridyltriazine (TPTZ). In addition, different
color development tests were employed to investigate the
presence of the probable organic contents in the leaves' extracts
that can reduce Fe3+ to Fe2+.34

2.2.3 Evaluation of the total phenolic content (TPC) of the
F. chinensis Roxb. leaves' extracts. The presence of phenolic
compounds is oen considered as an important factor in the
formation of green MNPs. This is because it has been reported
that phenolic compounds with –OH groups in the ortho position
assist in the reduction of metal ions and the construction of
green MNPs.35 For this purpose, the Folin–Ciocalteu method
was used to investigate the total phenolic content (TPC) in the
leaves' extract using gallic acid as the standard as described by
Manquián et al.33 (Text-S3†).

2.2.4 Elemental characterization of the F. chinensis Roxb.
leaves' extract. The heavy metal contents and elemental
contents (i.e. H, N, C and S) of the plant leaves' extract were
investigated using an atomic absorption spectrometer (Solaar
M6, Thermo Elemental, USA) and elemental analyser (EA, Vario
EL cube, German), respectively.

2.3 Fabrication of the PMNPs

For fabrication of the PMNPs, optimized extraction conditions
and a fabrication protocol were selected and employed. First,
for preparing the plant extract (PE), 10.0 g plant leaves powder
8880 | RSC Adv., 2018, 8, 8878–8897
of F. chinensis Roxb. was inserted into 80 mL of DI water and
then, the mixture was heated at 80 �C for 90 min. The solution
pH was adjusted to 3 by dropwise addition of 0.1 mol L�1 NaOH
and HCl solution into the mixture. Second, a 1 : 1 metal solu-
tion (MS) ratio (Fe2+ : Fe3+) was prepared separately by adding
7.321 g FeSO4$7H2O and 7.321 g FeCl3$6H2O into 50 mL of DI
water. Then, 50 : 50 (v/v) ratio of PE and MS was mixed and
heated at 80 �C with continues stirring (at 100 rpm) by
a magnetic stirrer heater for at least 60 min. The pH of the
mixture was maintained at 12 by adding 0.1 mol L�1 NaOH
solution dropwise. The color of the mixture transformed from
reddish green to dark black, indicating the formation of
PMNPs. Following this, the mixture was allowed to stand for at
least 60 min and then, the resultant black colored particles were
centrifuged for at least 20 min at 8000 rpm. Subsequently, the
supernatant was vacuum-ltered via 0.22 mm lter paper. Then,
the collected black particles were cleaned twice using 50 mL of
ethanol solution and the nal end product was again vacuum-
ltered via 0.22 mm lter paper. Finally, the fabricated black
particles were kept in a drying oven for at least 20 min at 80 �C.
2.4 Fabrication of the 3-MPA@PMNPs

For fabrication of 3-MPA@PMNPs, 5 g powdered PMNPs and
2.35 g 3-MPA were mixed together via ultra-sonication for at
least 12 h in 50 mL distilled water at room temperature and the
mixture pH was adjusted to 8 by adding 0.1 M NaOH solution
dropwise. Then, the collected black particles were washed twice
with 50 mL of ethanol solution and the nal product was
vacuum-ltered via 0.22 mm lter paper. Finally, the fabricated
black particles were kept in a drying oven for 20 min at 80 �C.
The obtained 3-MPA@PMNPs were further employed in the
adsorption experiments.

2.4.1 Characterization of the 3-MPA@PMNPs. The as-
prepared 3-MPA@PMNPs were characterized using TEM,
FTIR, XPS, XRD, TGA, SEM, EDX/S, VSM and BET techniques.
The presence of probable plant biomolecules in the leaves'
extract were identied by FTIR, and the coating of 3-MPA was
also studied using FTIR (Bruker Vertex 70). The crystalline
shape and size of the fabricated 3-MPA@PMNPs were recog-
nized via XRD (Philips Electronic Instruments) analysis and the
sample was scanned within the 2q range of 20–70�. The as-
prepared 3-MPA@PMNPs sample was cleaned thoroughly with
ethanol prior to the analysis to eliminate the content of NaCl
and other impurities that might have crystallized out during the
synthesis procedure. Further, SEM (SEM-EDX, JSM-6610 LV,
Japan Electronics) and TEM (JEM-2100HR, Japan) analyses were
employed to scrutinize the size, shape and morphologies of the
as-prepared 3-MPA@PMNPs. The elemental contents were
analyzed by EDS/X and XPS (ESCALAB 250, German). The
thermal stability of 3-MPA@PMNPs was estimated by TGA, for
which a NETZSCH TG 209F3 instrument was employed with
a heating rate of 10 �C min�1 in the temperature range of 30–
800 �C under nitrogen gas (ow rate, 20 mL min�1). The
magnetic measurements of 3-MPA@PMNPs were estimated at
300 K through a VSM (VSM600) by a applying magnetic eld of
up to 15 kOe. The surface properties of the as-prepared material
This journal is © The Royal Society of Chemistry 2018
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were determined using the BET (Micromeritics 'ASAP2020)
method at 77 K using nitrogen gas.

2.4.2 Measurement of the point of zero charge of the 3-
MPA@PMNPs. The point of zero charge pH (pHPZC) of the as-
prepared 3-MPA@PMNPs was calculated using the pH dri
method.36 In brief, 20 mL of NaCl (0.005 mol L�1) solution was
added into several 50 mL bottles of polystyrene. The initial pH
(pHi) values of the NaCl solutions were adjusted from 2–13
through dropwise addition of 0.1 mol L�1 solution of HCl and
NaOH. Then, 10 mL of NaCl (0.005 mol L�1) solution was added
into each bottle to bring the total volume up to 30 mL. The
solution (pHi) values were again noted carefully and 0.500 g of
dried powdered 3-MPA@PMNPs was added in to each bottle,
which was tightly and instantly covered. The suspensions were
shaken at 25 �C for 48 h and vacuum-ltered through a 0.22 mm
lter paper; the nal pH (pHf) values of the supernatant liquid
were noted. The value of pHPZC was estimated by plotting
a graph of pHi versus (pHf� pHi). Typically, the value of pHPZC is
the point where the two curves, namely, the standard pH (pHi

vs. pHi) and pHi vs. (pHf � pHi) intersect each other.
2.5 Adsorption and desorption experimental procedures

For the adsorption studies, batch experiments were executed by
shaking Erlenmeyer asks in a thermostat water bath at
constant speed (100 rpm) under atmospheric pressure and
room temperature (25 � 2 �C). A stable amount of powdered 3-
MPA@PMNPs was added in to 50 mL of dye solution (25–
1000 mg L�1). The pH of the dye solution was adjusted to 6.5
unless otherwise stated. First, the dosages of 3-MPA@PMNPs
were optimized by varying the initial dosages from 0.1 to 1.5 g
L�1 in 50 mL of dye solution (25 mg L�1). The 3-MPA@PMNPs
were separated from the nal effluents using a simple hand-
held magnet at the end of each experiment and then, the
effluents were vacuum-ltered through a 0.45 mm lter paper. A
UV-vis spectrophotometer was used to observe the nal dyes'
concentration and the samples' absorbance readings were
determined at lmax ¼ 617 nm for MG. For measuring the real
dyes concentration, the predetermined standard calibration
curves were used. All the experiments were conducted in trip-
licate and the averaged values were employed to obtain the nal
value. Finally, the elimination efficiencies were determined as
follows:

Removal efficiency ð%Þ ¼ Co � Ct

Co

� 100% (i)

where Co (mg L�1) is the initial dye concentration in solution
and Ct (mg L�1) is the nal concentration of the dye solutions at
different time intervals.
2.6 Kinetics of dye sorption onto the 3-MPA@PMNPs

For the kinetic studies, a stable amount of 0.500 g L�1 powdered
3-MPA@PMNPs was added in an Erlenmeyer ask containing
50 mL of dye solutions (25–1000 mg L�1). The mixture was
placed in a thermostat water bath under atmospheric pressure
and room temperature (25 � 2 �C) by adjusting the shaking
speed to 100 rpm. The nal dye concentration was measured at
This journal is © The Royal Society of Chemistry 2018
the end of 15, 30, 60, 120, 180, 240, 300, 360, 420, 480, 540 and
600 min. All the kinetic experiments were conducted in tripli-
cate and the average values were put into the eqn (i) for calcu-
lating the removal efficiency. The sorption kinetics was
calculated using ve different kinetics models (the equations
are given in detail in Text-S5†).
2.7 Sorption isotherm study of the powdered 3-
MPA@PMNPs

For the sorption isotherm experiment, the dye solution
concentration was altered from 25 to 1000 mg L�1 and a xed
amount of 0.500 g L�1 powdered 3-MPA@PMNPs was inserted
in to 50 mL of dye solution. The 3-MPA@PMNPs were separated
from the nal effluents by the application of a simple hand-held
magnet at the end of each experiment and then, the effluents
were vacuum-ltered through 0.45 mm lter paper. A UV-vis
spectrophotometer was employed to observe the nal dyes'
concentration and the sample absorbance reading was deter-
mined at lmax ¼ 617 nm for MG. For measuring the real dyes
concentration, the predetermined standard calibration curves
were used. All the experiments were conducted in triplicate and
the averaged values were employed to obtain the nal value.
Finally, the sorption amount was calculated as

Adsorption amount; qeðmg=gÞ ¼ ðCo � CeÞV
M

(ii)

where Co (mg L�1) is the initial dye concentration in the solu-
tion and Ce (mg L�1) is the nal concentration of the dye
solutions at equilibrium.

For investigating the sorption isotherm, four different
equilibrium models (Langmuir isotherm, Freundlich isotherm,
Temkin isotherm and Dubinin–Radushkevich isotherm) were
employed to explain the MG interaction with the 3-
MPA@PMNPs (equations given in Text-S6†).
2.8 Evaluation of the inuence of different parameters on
the adsorptive performance of the 3-MPA@PMNPs

For investigating the inuencing factors on the adsorptive
performance of 3-MPA@PMNPs, the following operating
parameters were examined and varied: the solution pH (2–12),
initial MG dye concentration (25–1000 mg L�1), temperature
(298.15–333.15 K) dosage (0.1–1.5 g L�1) and contact time (0–
600 min).

2.8.1 Thermodynamic study of the powdered 3-
MPA@PMNPs. For the thermodynamic studies, 0.500 g L�1 of
powdered 3-MPA@PMNPs was added in to 50 mL of dye solu-
tion (25 mg L�1). The adsorption performance was calculated at
different temperatures of 298.15, 303.15, 313, 323.15 and 333.15
K. The thermodynamic parameters, namely, entropy DSo (kJ
mol�1), change in free energy DGo (kJ mol�1) and enthalpy DHo

(kJ mol�1) were estimated by employing the equations pre-
sented in Text-S7.†

2.8.2 Inuence of solution pH on the sorption of the
powdered 3-MPA@PMNPs. The effect of solution pH on the
sorption performance was investigated in batch mode at
different pH values (from 2–12), for which 0.500 g L�1 of
RSC Adv., 2018, 8, 8878–8897 | 8881
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powdered 3-MPA@PMNPs was added in to 50 mL of dye solu-
tion (25 mg L�1). The pH of the solution was calculated before
and aer the sorption and the removal efficiencies were
measured as follows:

Removal efficiency ð%Þ ¼ Co � Ct

Co

� 100% (iii)

where Co (mg L�1) is the initial dye concentration in the solu-
tion and Ct (mg L�1) is the nal concentration of the dye solu-
tions at different time intervals.

2.8.3 Inuence of the co-present constituents on the
sorption of the powdered 3-MPA@PMNPs. The effect of the co-
present constituents on the adsorption performance was also
investigated. The presence of heavy metal cationic ions (i.e. Pb2+

and Cd2+) in dye effluents is oen documented and these
cationic ions can be selective in the adsorptive removal of
cationic MG dye. The dye sorption onto 3-MPA@PMNPs was
investigated by varying the initial co-existing cationic ions
concentration of 1, 5, 25, 50, 100 and 1000 mg L�1, for which
0.300 g L�1 of the powered 3-MPA@PMNPs was mixed in to
50 mL of binary solution containing the heavy metals' cationic
ions (Pb2+ or Cd2+) and the MG dye (10 mg L�1).
2.9 Desorption and reusability study of MG dye

2.9.1 Selection of the regeneration solution. For selection of
the appropriate regeneration solution, the MG dye was rst sor-
bed onto the surface of 3-MPA@PMNPs by adding 0.500 g L�1 of
3-MPA@PMNPs into 50 mL (25 mg L�1) of MG dye solution. The
MG sorbed ions were then desorbed by using 20 mL of various
regeneration solutions of different concentrations (HCl: 25 to
100%; methanol: 25 to 100%; NaCl: 0.5 to 3 M; NaOH: 0.5 to 3 M;
EDTA: 0.025 to 2 M; combination of 1 M NaCl in methanol
solution: 25 to 100%).

The following equation was employed to calculate the
desorption efficiency:

Desorption efficiency; hð%Þ ¼ Mdesorbed

Msorbed

� 100% (iv)

¼ ðCr � VrÞ
ðCo � CeÞV � 100% (v)
Table 1 Experimental conditions to investigate the optimum feed-to-
regeneration ratio (v/v)

Process Employed solution

Regeneration
volume
(mL)

Feed-to-
regeneration
ratio (v/v)

Sorption–
desorption of MG
dye

25 mg L�1 of
MG dye and 0.1 M
EDTA solution

50 1.0
40 1.3
32 1.6
20 2.5
10 5.0
5 10.0
2 25.0

8882 | RSC Adv., 2018, 8, 8878–8897
where Mdesorbed is the quantity of MG dye sorbed onto 3-
MPA@PMNPs, Msorbed is the amount of MG dye desorbed from
3-MPA@PMNPs, Co (mg L�1) is the initial concentration of MG
dye in the feed solution, Ce (mg L�1) is the MG dye concentra-
tion at equilibrium, V (L) is the volume of feed solution, Cr (mg
L�1) is the dye concentration in solution aer regeneration and
Vt is the volume of the regeneration solution.

2.9.2 Feed-to-regeneration ratio (v/v). For optimization of
the feed-to-regeneration ratio (v/v), 0.500 g L�1 of 3-
MPA@PMNPs was added into 50 mL of MG dye solution
(25 mg L�1) and then, desorption was carried out by adding
different volumes of regeneration solution (Table 1).

2.9.3 Sorption–desorption cyclic study. To investigate the
MG dye removal and the potential of 3-MPA@PMNPs reusability
for long-term applications, consecutive sorption and desorption
cycles were examined up to ten times. First, 0.500 g L�1 of
3-MPA@PMNPs was added into 50 mL of MG dye solution (at
a concentration of 25 mg L�1) and subsequently, 20 mL of 0.1 M
EDTA regeneration solution was added for MG dye desorption.
In each cycle, the desorbed 3-MPA@PMNPs were completely
washed to neutrality using DI and then re-employed for the
sorption of MG dye.
3. Results and discussion
3.1 Characterization of the leaves' extracts of the Fraxinus
chinensis Roxb.

The aim of the present study was to assess the clean and safe
green fabrication of PMNPs by inspecting the heavy metals and
elemental contents of F. chinensis Roxb. leaves' extract. Further,
the probability of the existence of some specic organic
compounds was found by evaluation and estimation of the
elemental contents (H, S, C and N). The present study revealed
that the elemental contents of the F. Chinensis Roxb. extracts
were C (38.6%), N (4.38%), H (4.99%) and S (0.39%). These
ndings indicate that the existence of S and N might be due to
chlorophyll, protein, nucleic acids, methionine and cysteine in
the plant leaves' extract. Moreover, negligible contents of heavy
metals, namely, Pb (0.07 mg L�1), Cr (0.011 mg L�1), Co
(0.013 mg L�1), Fe (0.06 mg L�1), Zn (0.25 mg L�1) and Cd
(0.001 mg L�1) were found in the F. chinensis Roxb. leaves'
extracts. Thus, the fabrication of PMNPs from these leaves'
extracts will be safe/green because they primarily contain
organic compounds and only a limited amount of heavy metals.
Moreover, they have higher antioxidant capacity (0.047
Fe2+ mmol L�1) and total phenolic content (TPC) (83.3 � 5.1
GAE CV/g DW) as measured by FRAP and Folin–Ciocalteu
methods. These results indicated that these leaves' extracts have
higher tendency of reducing compounds, which could be used
to manufacture a greater amount of PMNPs. It is clear from the
previous studies that plant extracts having higher antioxidant
capacity and TPC will have higher potential for producing
PMNPs through the reduction of metal ions.34 Similarly, these
results were also obtained through color development tests. The
ndings are shown in Table S2.†
This journal is © The Royal Society of Chemistry 2018
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3.2 Conformation and characterization of the 3-
MPA@PMNPs

3.2.1 UV-vis spectra and FTIR analysis. The as-prepared
PMNPs were rst conrmed by the change of color from
reddish green to intense black and through UV-vis absorption
spectra (Fig. 1). Fig. 1 illustrates that the reaction between MS
and PE was very quick and the color of the solution changed
from reddish green to intense black. This color transformation
occurred probably due to the plant biomolecules (polyphenols,
reducing sugars, avonoids, etc.), which play an important role
in the reduction of metal ions. In addition, these biomolecules
appropriately stabilize the Fe3O4 NPs for the biosynthesis of
PMNPs under alkaline environments (pH 12). Hence, the UV
spectra of the newly prepared PMNPs comprised a broad
absorption at higher wavelength than PE and there was no
incisive absorption at lower wavelengths (Fig. 1, curves a and b).
Finally, 3-MPA was incorporated onto the surface of the PMNPs
in alkaline medium (pH 8). The preparation of PMNPs and 3-
MPA-capped PMNPs or the reactions that might occur during
the fabrication can be summarized as follows:
Moreover, Fig. 2 shows the FTIR spectra of the plant extract,
the fabricated PMNPs, the functionalized PMNPs with 3-MPA and
sample of the MG molecules adsorbed onto the as-prepared 3-
MPA@PMNPs. The FTIR spectra revealed different peaks in the
spectral range of 500–4000 cm�1, attributed to the probable
presence of plant biomolecules (polyphenols) on the surface of
the PMNPs. The spectrum of Fig. 2a illustrates a broad absorp-
tion at 3454 cm�1, attributed the O–H stretching vibrations
(polyphenolic group) and it was shied to 3460 cm�1 in the
spectrum of Fig. 2b, where its width might be due to the
formation of intra- and inter-molecular hydrogen bonds.32 The
peaks at 2935 and 2893 cm�1 are attributed to the O–H and C–H
stretching vibrations of carboxylic acid, alcohol or alkene groups
(Fig. 2a). A very distinct peak at 1662 cm�1 (Fig. 2a) indicates the
Fig. 1 UV-vis spectra of plant extract (a) and phytogenic magnetic
nanoparticles (PMNPs) (b); inset shows the photographic interpreta-
tion of the reaction.

This journal is © The Royal Society of Chemistry 2018
existence of C]Oor C]C stretching vibration of acid derivatives,
which then shis to 1639 cm�1 (Fig. 2b). These peaksmay hint at
the physisorbed or chemisorbed H2O onto PMNPs as previously
reported by various researchers.31,32 A slim absorption peak at
1163 cm�1 (Fig. 2a) is attributed to the C–O stretching vibration
of esters, which is then shied to 1114 cm�1 (Fig. 2b) due to the
C–O stretching vibration of aliphatic ether or a bond of the
glucose ring in the plant leaves' extract. Further, the rapid decline
in intensity at 1662 and 1163 cm�1 aer the reduction of MS
implies themain involvement of –OH groups in this as previously
discussed by various researchers.18,32 Finally, a strong absorption
band at 630 cm�1 can be attributed to the characteristic band of
Fe–O, which suggests the formation of Fe3O4 NPs or PMNPs (as
previously reported by Prasad et al.31). Therefore, the FTIR results
veried the capping and participation of plant biomolecules
(polyphenol, glucose, primary amine, ether, carboxyl, aliphatic,
alkene and ester) on the surface of PMNPs through –OH, C–H
and C–O functional groups. In addition, the FTIR results also
proved the ndings achieved from the color development tests
(as discussed in the extract characterization section).
To understand the nature of the capping/binding of 3-MPA
on the surface of PMNPs and its alteration aer the sorption of
MG molecules, the FTIR spectrum was also studied (Fig. 2,
curves c and d). The FTIR spectrum indicates that the as-
prepared 3-MPA@PMNPs have ve important functional
groups (a broad –OH stretching from 3357 to 2962 cm�1, C–H
stretching from 2891 to 2812 cm�1, thiol (–SH) at 2659 and
2511 cm�1, carboxylic (–COOH) at 1633 cm�1 and free stretch-
ing of –CSH at 898 cm�1). The presence of –SH group and the
binding nature of COO� on the surface of PMNPs, conrmed
the capping of 3-MPA.37,38 The two peaks at 2659 and 2511 cm�1

are attributed to the vibration of the –SH groups on the surface
of PMNPs, which were then shied to 2632 and 2501 cm�1,
indicating the sorption of MG molecules.39

3.2.2 Powder XRD analysis. Further, Fig. 3 illustrates the
XRD patterns of PMNPs, 3-MPA@PMNPs and aer the sorption
of MG onto the 3-MPA@PMNPs. The observed reections in the
XRD proles are attributed to ferric oxide or haematite (Fe2O3)
and iron oxide or magnetite (Fe3O4) in addition to NaCl.40 The
prepared PMNPs were highly crystalline and majority of them
show an indication of Fe2O3/Fe3O4 NPs, which could clearly be
attributed to the cube shape of metallic iron. The XRD spectra
demonstrates a series of high intensity characteristic peaks at
2q ¼ 32.5�, 35.2�, 45.4�, 57.3� and 62.8�, which are associated to
(220), (311), (400), (511) and (440) planes of Fe3O4, respectively,
as reported in the JCPD reference pattern no. 019-0629.38 The
peaks at 2q ¼ 35.2� and 62.8� principally hint the existence of
Fe3O4. The average diameter of the as-prepared PMNPs was
RSC Adv., 2018, 8, 8878–8897 | 8883
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Fig. 2 Fourier transform infrared spectroscopy (FTIR) spectra of (a)
plant extract, (b) fabricated phytogenic magnetic nanoparticles
(PMNPs), (c) 3-MPA@PMNPs, and (d) sample of malachite green (MG)
adsorbed onto 3-MPA@PMNPs.

Fig. 3 X-ray diffractometer (XRD) patterns of phytogenic magnetic
nanoparticles (PMNPs), 3-MPA@PMNPs and after the sorption of
malachite green (MG) onto the 3-MPA@PMNPs.
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determined using the Scherrer equation D ¼ 0.89l/bcos q,
where D is the average particle size, l is the wavelength of the
CuKa irradiation, b is the full width at half maximum intensity
of the diffraction peak and q is the diffraction angle at 2q ¼
8884 | RSC Adv., 2018, 8, 8878–8897
35.2� peak attributed to iron oxide NPs.34 The biosynthesized
PMNPs possessed the mean crystallite size of �39 nm. Further,
the XRD pattern of 3-MPA@PMNPs was also recorded and it was
found that the –SH functional group had undergone binding
with the fabricated PMNPs. The characteristic peaks at 2q ¼ 30�

and 2q ¼ 56� indicated the capping of the –SH group with the
PMNPs. In addition, the intensity of the characteristic peaks of
Fe2O3/Fe3O4 NPs (denoted as “+”) in the patterns also improved,
indicating the formation of bonding between the –SH groups
and PMNPs.39 This might be due to the presence of a carboxylate
group (COO�) on the surface of the PMNPs (as previously
conrmed by FTIR analysis). Overall, the XRD results conrmed
the formation of PMNPs, the smooth capping of 3-MPA on the
surface of PMNPs and the sorption of MG molecules on the 3-
MPA@PMNPs (Fig. 3).

3.2.3 SEM and EDX/S analyses. The EDX spectrum of the
as-prepared 3-MPA@PMNPs was obtained to determine the
chemical composition and the presence of 3-MPA on the surface
of the 3-MPA@PMNPs (Fig. 4). Fig. 4 shows that the EDX spectra
consist of intense peaks of Fe and O in addition to C and S. The
C peak of 3-MPA@PMNPs was ascribed principally to the poly-
phenol groups or other carbon-containing biomolecules
present in the PE. These results indicated that the atomic
percentages as acquired by EDX quantication were Fe
(24.49%), C (24.75%), O (49.02%), C (24.75%) and S (1.74%).
The presence of sulfur homogenously distributed throughout
the sample indicated the capping of the sulfur-containing
ligand (3-MPA) on the surface of the 3-MPA@PMNPs although
in a small amount. However, the higher percentages of C
(24.75%) hinted the participation of plant biomolecules in the
reduction of metal ions and the steadiness of the PMNPs
(Fig. 4a). Moreover, these values might be helpful in deter-
mining the atomic content on the surface and the near surface
region of the as-prepared 3-MPA@PMNPs. For comparison, the
EDX spectrum was also studied aer the sorption of MG onto
the 3-MPA@PMNPs. Overall, the EDX results conrmed the
presence of Fe, O, C and S elements in the formation of the 3-
MPA@PMNPs.

Further, SEM analysis was also carried out to observe the
morphology of the fabricated 3-MPA@PMNPs before and aer
the sorption of MG (Fig. 4). Fig. 4c depicts that the as-prepared
3-MPA@PMNPs were primarily granular, exhibiting a homoge-
nous spherical-shaped structure of Fe3O4 (magnetite) particles
with diameters in the range of 30–50 nm. In contrast, Fig. 4d
indicates that the granular size increased aer the sorption of
MG molecules. This increase in size might be due to the
attachment of MG molecules onto the surface of 3-
MPA@PMNPs. However, the morphology of 3-MPA@PMNPs
was almost stable aer the sorption of MG molecules, indi-
cating the high stability of the 3-MPA@PMNPs. In addition, the
capping of plant biomolecules and the coating of 3-MPA were
important for preventing the aggregation of PMNPs and also in
enhancing their stability and distribution.

3.2.4 TEM analysis. The size, shape and morphological
characteristics of the as-fabricated 3-MPA@PMNPs were eluci-
dated by TEM analysis. The results of the TEM analysis recorded
at different scale bars are shown in Fig. 5, which clearly
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Energy dispersive X-ray (EDX) images of 3-MPA@PMNPs (a) before and (b) after sorption of malachite green (MG) dye; scanning electron
microscopic (SEM) images of 3-MPA@PMNPs (c) before and (d) after sorption of MG dye.

Fig. 5 Transmission electron microscopy (TEM) images of 3-MPA@PMNPs: (a) 200 nm scale bar; (b) 100 nm scale bar, and (c) 50 nm scale bar.
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illustrate the formation of magnetite (Fe3O4) NPs and the
capping of 3-MPA on the surface of PMNPs. The as-prepared 3-
MPA@PMNPs were ne, monodispersed, compact and irregular
in shape. Majority of them were cubic, while some of them were
spherical in shape. The average diameter of majority of the
particles (>85% of 3-MPA@PMNPs) was in the range of 35–
55 nm, which is in good agreement with the results obtained
from the powder XRD and SEM analyses (Fig. 5). The particles
were agglomerated because the 3-MPA ligands interlinked on
the surface of PMNPs due to the involvement of –OH (hydroxyl
groups) and COO� groups. The surface of the 3-MPA@PMNPs
was coated by organic matter from the plant leaves' extracts and
the 3-MPA ligands, which played an important role in
restraining the aggregation of PMNPs and enhancing their
dispersion and colloidal stability. In addition, the presence of
high specic surface area andmesoporous structure hinted that
a large number of vacant/active sites could exist on the surface
of 3-MPA@PMNPs to adsorb heavy metal ions and toxic dyes
from an aqueous environment (Fig. 5). Overall, the TEM results
clearly depicted the formation of Fe3O4 NPs/PMNPs via the
reduction of iron (Fe) ions within the plant leaves' extract and
the functionalization of PMNPs by 3-MPA (Fig. 5).

3.2.5 XPS analysis. Further, XPS spectroscopy was carried
out to understand the surface composition and structure of the
as-fabricated 3-MPA@PMNPs (Fig. 6). The XPS results clearly
demonstrated three major peaks at 710.58/724.6, 529.95, and
284.79 eV, ascribed to Fe 2p, O 1s and C 1s, respectively. In
addition, a small peak at 163.5 eV for S 2p also appeared, sug-
gesting the presence/coating of 3-MPA on the surface of the as-
This journal is © The Royal Society of Chemistry 2018
prepared 3-MPA@PMNPs (Fig. 6e). High-resolution XPS spectra
were also recorded to carefully investigate the structure of Fe3O4

(Fig. 6b and c). Fig. 6b, demonstrates two major peaks at 710.58
and 724.6 eV in the binding energy range of 700–740 eV, which
were associated with Fe 2p3/2 and Fe 2p1/2, respectively, indi-
cating the formation or pure Fe3O4 phase. The binding energy
resembling Fe 2p3/2 is typical for Fe in iron oxide/Fe3O4. In
addition, there is no satellite peak at or around 719 eV, which is
a typical characteristic feature for the maghemite phase, i.e., g-
Fe2O3, further indicating the phase purity of Fe3O4.38,41,42 The O
1s spectrum shows a major peak at 529.95 (�530) eV in addition
to a small peak at 532.8 eV. The peak at 529.95 eV can be
attributed to the lattice oxygen atoms bonding with Fe (Fe–O),
while the peak at 532.8 eV can be assigned to O in the –OH
groups of the PMNPs or 3-MPA (Fig. 6c). Moreover, the C 1s
prole displays two peaks at 285.7 and 287.6 eV in the binding
energy range of 275–305 eV (Fig. 6d). These features indicated
the presence of two C atoms with different chemical nature. The
main peak at 285.7 eV in C 1s can be assigned to polyphenolic
(O–H) or alcoholic (C–O) groups, which might be associated
with the capping membrane of organic functional groups onto
the PMNPs. Overall, the XPS results combined with the results
obtained from EDX, FTIR and XRD analyses clearly conrmed
the formation of 3-MPA@PMNPs by the surface functionaliza-
tion of PMNPs by 3-MPA.

3.2.6 Thermogravimetric analysis (TGA). The thermal
stability and capping structure of the plant biomolecules and/or
chemical composition of the 3-MPA@PMNPs was estimated via
TGA. The TGA prole depicted two weight loss steps in the
RSC Adv., 2018, 8, 8878–8897 | 8885
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Fig. 6 (a) X-ray photoelectron spectra (XPS) of 3-MPA@PMNPs (before and after the sorption of MG); (b) high-resolution XPS spectra of Fe 2p
(before and after the sorption of MG); (c) high-resolution XPS spectra of O 1s (before and after the sorption of MG); (d) high-resolution XPS
spectra of C 1s (before and after the sorption of MG); (e) high-resolution XPS spectra of S 1s (before and after the sorption of MG); (f) high-
resolution XPS spectra of N 1s (after the sorption of MG).
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tested temperature range of 0–800 �C (Fig. 7). The rst weight
loss (2.53%) appeared in the temperature range of 28–203.3 �C,
indicating the removal of water or residual solvent, physisorbed
and chemisorbed H2O molecules in the sample.41,42 The second
major weight loss (17.31%) occurred at 203.3–597.6 �C, sug-
gesting the elimination or decomposition or loss of capping
biomolecules and 3-MPA.38,39 Further, no weight loss was
noticed above 600 �C and 80.16% weight residue of 3-
MPA@PMNPs remained. The TGA results suggest that about
17% of the (plant biomolecules + 3-MPA) coating/capping was
observed on the surface of 3-MPA@PMNPs and it possessed
high thermal stability.

3.2.7 Magnetic measurements. The magnetic nature is
primarily dependent on the size, shape and morphology of the
prepared material, which are signicantly inuenced by the
fabrication protocol. A vibrating sample magnetometer (VSM)
study was employed to obtain the hysteresis loop of 3-
MPA@PMNPs at a temperature of 300 K by applying a magnetic
eld from �15 to +15 kOe (Fig. 8). The absence or value of the
remanent magnetization (Mr) and coercivity (Hc) was zero, sug-
gesting the superparamagnetic nature of the 3-MPA@PMNPs,
while the value of saturation magnetization (Ms) was 50.95 emu
Fig. 7 Thermogravimetric analyzer (TGA) plot or curve of the 3-
MPA@PMNPs.

8886 | RSC Adv., 2018, 8, 8878–8897
g�1. The lower value ofMs compared toMs for bulk Fe3O4 (93 emu
g�1) could be due to the increase in surface area or due to reac-
tions among the coating agent and PMNPs. Similarly, the
reduction in Ms values have also been reported by other
researchers for green MNPs.26,28,29,41,42 In addition, Fig. 8b
demonstrates that the as-prepared 3-MPA@PMNPs can easily be
separated from solution within a few seconds with the help of
a permanent hand-held magnet. Therefore, for improving the
operational efficiency and to keep the treatment costs economi-
cally feasible, this material is perceived to be incredibly prereq-
uisite for water/wastewater treatment process. In addition, the as-
prepared material can be reused for consecutive treatment cycles
and recovery of the metal ions can also be achieved.

3.2.8 BET analysis. The surface properties of the 3-
MPA@PMNPs, such as the surface area, total pore volume, pore
Fig. 8 (a) M–H hysteresis loop/vibrating sample magnetometer (VSM)
measurements of 3-MPA@PMNPs at a temperature of 300 K; and (b)
magnetic separation study of 3-MPA@PMNPs using a simple hand-
held magnet (distant between the magnet and sample was 5 cm).

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 N2 adsorption–desorption isotherm at (77 K); pore size distri-
bution (inset) of the 3-MPA@PMNPs.
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radius and pore size were also examined using BET surface area
analysis.

The surface area is most oen assumed to be important
property of any material and can disclose imperative informa-
tion about its adsorption properties. A higher surface area is
mostly desired over lower surface area for affording high sorp-
tion capacity. A greater number of small sized pores is orga-
nized due to high surface area in a controlled volume. Similarly,
the pore size of the material is an important factor that can
reveal the adsorption ability of pollutants onto a particles'
surface. N2 adsorption–desorption method was employed to
determine the surface properties of the as-prepared 3-
MPA@PMNPs. The obtained isotherms show a hysteresis loop
of different intensities correlated with the type IV isotherm
model with H4-type hysteresis loop as classied by IUPAC. The
hysteresis loops were generated at relative pressures between
0.46 and 0.99, evoking the mesoporous feature of the sample.
The specic surface area of the material was 115.42 m2 g�1 as
determined by the BET method. Surprisingly, the specic
surface area of 3-MPA@PMNPs was much better than most of
the previously reported green MPNs.6–10,28,29,37,41,42 The Barrett–
Joyner–Halenda (BJH) model was used to calculate the average
pore size and total pore volume. The results indicated that the
average pore radius of the material was 17.052 nm (the pictorial
representation of the size distribution is shown in the inset of
Fig. 9). The total volume of the pores was determined by the
single-point adsorption value at P/Po ¼ 0.9989, which gave
a value of 0.238 cm3 g�1, indicating the loose mesoporous
structure of the sample. Overall, the as-prepared material was
mesoporous and can assist the diffusion of pollutants. In
addition, it can also facilitate the adsorptive removal of toxic
dyes and the separation of metal ions from the environment.
Fig. 10 Effect of adsorbent dosage on the removal of malachite green
(MG) dye by 3-MPA@PMNPs (dosage ¼ 0.1–1.5 g L�1; Co ¼ 25 mg L�1;
contact time ¼ 24 h).
4. Evaluation of the influence of
different parameter on the adsorptive
performance and properties of
3-MPA@PMNPs for the removal of
malachite green (MG)
4.1 Effect of adsorbent dosage

To investigate the optimum amount of adsorbent for enhancing
the interactions between MG ions and the adsorption sites of
adsorbent, different amount of 3-MPA@PMNPs dosages (0.1–
This journal is © The Royal Society of Chemistry 2018
1.5 g L�1) were mixed in 50 mL of MG dye solution (25 mg L�1)
for 24 h. The ndings indicated that a maximum removal effi-
ciency of 87.5% was achieved at the lowest adsorbent dosage.
Subsequently, the removal efficiency increased from 87.5 to
98.57% on increasing the dosages from 0.1 to 0.5 g and later, it
was almost stable (Fig. 10). This increase in removal efficiency
might be due the increase in the availability of larger vacant or
active sites on the adsorbents or the presence of higher surface
area for MG ions. However, beyond the dosage of 0.5 g, the
removal efficiency was very low or almost plateaued, indicating
the equilibrium between MG solution and adsorbents. Hence,
0.5 g of adsorbent dosage was selected for further studies.
4.2 Inuence of solution pH on sorption

The inuence of solution pH on the removal efficiency of MG
was assessed in the range of pH 2–12 because the pH of the
solution can inuence on the binding sites and chemical
interaction by altering the ionization state of the functional
groups present on the surface of 3-MPA@PMNPs. Initially, the
removal efficiency slowly increased from 48 to 93.57% in the pH
range of 2–6 and then increased from 93.57 to 98.57% in the pH
range of 6–10. Then, it reached up to 100% in the pH range of
11–12 (Fig. 11b). The sorption of MG cationic dye onto 3-
MPA@PMNPs surface was primarily associated with the surface
charge on the adsorbent, which could be inuenced by the
variation of solution pH. This behaviour can be observed
because the pHPZC of 3-MPA@PMNPs was 5.19 (Fig. 11a) and
the surface of 3-MPA@PMNPs was negatively charged at pH >
pHPZC, which endorsed the sorption of MG cationic ions onto 3-
MPA@PMNPs. However, at lower pH (when pH < pHPZC), the
surface of 3-MPA@PMNPs was positively charged, thus
increasing electrostatic repulsion among cations of MG ions
and the presence of excess H+ ions in the solution. Furthermore,
the positively charged surface of 3-MPA@PMNPs inhibited the
sorption of the cationic MG ions. Hence, above pH 5.19, the MG
removal efficiency increased from 59 to 98.75% because pH >
pHPZC, while below pH 5.19, MG removal efficiency was low due
to the repulsion among cations, indicating that by lowering
solution pH, the number of negatively charged sites decreases
and the number of positively charged sites increases. Moreover,
RSC Adv., 2018, 8, 8878–8897 | 8887
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Fig. 11 (a) Point of zero charge (pHPZC) of 3-MPA@PMNPs. (b) Effect of solution pH on the removal efficiency of malachite green (MG) onto 3-
MPA@PMNPs. Interval of pH: 2–12; initial dye concentration: 25mg L�1; dosage: 0.5 g L�1; solution volume: 50mL; temperature: 25 �C; agitation
time: 120 min.

Fig. 12 Study of the light absorption of malachite green (MG) at different pH: (a) before and (b) after the reactionwith 3-MPA@PMNPs/adsorbent;
real photographic interpretation of MG solution at different pH: (c) before and (d) after the reaction with 3-MPA@PMNPs/adsorbent [initial dye
concentration: 25 mg L�1; dosage: 0.5 g L�1; solution volume: 50 mL; temperature: 25 �C; agitation time: 120 min].
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the light absorption of MG before and aer reaction with 3-
MPA@PMNPs at different pH is shown in Fig. 12a–d.
4.3 Kinetics of dye sorption onto the 3-MPA@PMNPs

In order to investigate the kinetics of dye sorption onto the 3-
MPA@PMNPs, the effect of contact time on MG adsorption was
observed using a xed amount of adsorbents (0.500 g L�1) at
different initial concentrations of MG dye (25–1000 mg L�1).
Fig. 13a indicates that the adsorption kinetic curves rapidly
increased and then reached a plateau. The equilibrium
adsorption time was different for the different concentrations of
MG dye. The rapid adsorption of MG dye at different concen-
trations can be attributed to the availability of a large number of
active/vacant surface sites for fresh 3-MPA@PMNPs, which then
slowly decreased during the adsorption process until equilib-
rium was attained. This decrease in MG dye sorption rate might
be due to the slow pore diffusion of MG ions into the bulk of 3-
MPA@PMNPs. On average, fast adsorption rate was achieved
within 60 min of contact time, while at 120 min, the adsorption
equilibrium was attained along with 98.57% of MG dye removal
efficiency and at equilibrium, the maximum adsorptive capacity
of 81.2 mg g�1 was achieved. This fast adsorption of MG ions
onto 3-MPA@PMNPs can also be assigned to a synergistic
8888 | RSC Adv., 2018, 8, 8878–8897
complex formed between MG ions and the –SH functional
groups attached on the surface of 3-MPA@PMNPs, which was
formerly conrmed by XPS and FTIR. For exploring the sorption
mechanism and to calculate the kinetic parameters of MG dye
adsorption onto 3-MPA@PMNPs, various adsorption kinetic
models were employed. It is assumed that different indepen-
dent processes may be involved in controlling sorption kinetics
during the adsorptive removal of pollutants, which can be
performed in series or parallel, for instance, (a) bulk transport,
(b) lm diffusion/external mass transfer, (c) intraparticle
diffusion, (d) chemisorption/chemical reaction. For this
purpose, various kinetic models, including pseudo-rst-order,
pseudo-second-order, Elovich, intraparticle diffusion/Weber
and Morris and liquid lm diffusion, were employed to t the
experimental data. The obtained results of these ts are
summarized in Table 2.

According to Fig. 13b and the regression coefficient values
(R2 ¼ 0.99) in Table 2, it is suggested that MG dye adsorption on
the 3-MPA@PMNPs could be successfully described by
a pseudo-second order, indicating the presence of chemisorp-
tion and/or ion-exchange mechanism.7 Similarly, the values of
k2 were lower than those of h (Table 2), indicating fast sorption
of MG dye initially, followed by slow adsorption. The values of
a were higher than those of b (Table 2), indicating that the as-
This journal is © The Royal Society of Chemistry 2018
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Fig. 13 (a) Kinetics of malachite green (MG) dye sorption onto 3-
MPA@PMNPs (dosage ¼ 0.5 g L�1); (b) linear plot of the pseudo-
second-order model of MG dye sorption onto 3-MPA@PMNPs
(dosage ¼ 0.5 g L�1).
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prepared 3-MPA@PMNPs had higher adsorption rate than
desorption. The regression coefficient values (R2) were greater
than 0.90, indicating the applicability of this model. To check
the diffusion mechanism between MG dye and the 3-
MPA@PMNPs, Weber and Morris' kinetic equation was used. In
general, this model is used to check the following steps that
might occur in the adsorption process: (a) bulk diffusion; (b)
lm diffusion; (c) intraparticle diffusion; (d) chemical reaction
via ion-exchange or the sorption of pollutants at an active/
vacant site on the adsorbent's surface. The values of kipd
increased (from 1.10 to 36.31 mg g�1 min�0.5), while the
regression coefficient (R2) poorly correlated with the experi-
mental data (Table 2). As shown in Fig. 14, the graph line could
not pass through the origin, indicating the non-applicability of
the intraparticle diffusion model. However, it can be observed
that the curves can be subdivided into multi-linear plots, which
indicated that more than one process (like boundary layer
adsorption) might be involved in the sorption of MG dye onto 3-
MPA@PMNPs (Fig. 14). For instance, initially, there is a fast
sorption of MG dye onto 3-MPA@PMNPs, indicating the exis-
tence of a large amount of fresh active/vacant sites on the
surface of 3-MPA@PMNPs. Similarly, the kipd values also grow
with the enhancement of MG dye concentration in the solution,
indicating that rst the MG ions occupy the exterior vacant sites
and then, these ions seek to enter into the pores of the adsor-
bents. Hence, initially, the sorption capacity was high and then,
slowed down gradually to reach equilibrium. Moreover, the
values of the intercept also increased, which indicated the
This journal is © The Royal Society of Chemistry 2018 RSC Adv., 2018, 8, 8878–8897 | 8889
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Fig. 14 Intraparticle diffusion kinetic model fit for the malachite green
(MG) dye sorption onto 3-MPA@PMNPs (dosage ¼ 0.5 g L�1).

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Fe

br
ua

ry
 2

01
8.

 D
ow

nl
oa

de
d 

on
 2

/1
4/

20
26

 6
:2

6:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
boundary layer diffusion effect because of the MG molecules
entering into the pores of 3-MPA@PMNPs. Consequently, it can
be stated that MG dye sorption onto 3-MPA@PMNPs was
convoluted because of the presence of both surface adsorption
(chemisorption/ion-exchange mechanism) and boundary layer
adsorption or intraparticle diffusion. Finally, to conrm the
lm diffusion mechanism, the liquid lm diffusion kinetic
model was employed to correlate with the experimental data.
The values of the intercept and kfd are listed in Table 2.
Although the straight line of the graph did not pass through the
origin, only a slight deviation is observed. This deviation might
be due to the presence of rapid mixing during the batch sorp-
tion experiments, which can create a discrepancy between the
rates of mass transfer in the initial and nal stages. In addition,
it can be assumed that lm diffusion mechanism is not the rate
limiting step due to the presence of hydrophilic functional
groups (R ¼ CH3) in MG dye. Hence, according to the sorption
kinetic studies and tting of the experimental data to the
pseudo-second-order model, we can infer that the sorption of
MG dye onto 3-MPA@PMNPs was primarily due to chemisorp-
tion and/or ion-exchange mechanism. In addition, the multi-
layer plots in the intraparticle diffusion kinetic model indicate
Table 3 Isotherm constants for the adsorption of malachite green (MG)

Isotherm models Equations

Langmuir isotherm model 1

qe
¼ 1

KLqmaxCe
þ

qm

KL ¼ 1

1þ bCe

Freundlich isotherm model
log qe ¼

�
1

n

�
log Ce

Temkin isotherm model
qe ¼

�
RT

BT

�
log Ce þ

Dubinin–Radushkevich isotherm
model

ln qe ¼ ln qm � b32

E ¼ 1ffiffiffiffiffiffiffiffiffið2bÞp
a qmax: maximum monolayer adsorption capacity of adsorbent; b: constan
intensity; Kf: empirical constants relative adsorption capacities of the a
binding energy; BT: constant is related to the heat of adsorption; E: avera

8890 | RSC Adv., 2018, 8, 8878–8897
the presence of boundary layer diffusion, which might be due to
the entering of MG ions into the pores of 3-MPA@PMNPs/
adsorbents.

4.4 Sorption isotherm study

For investigating the sorption isotherm, four different equilib-
rium models (Langmuir isotherm, Freundlich isotherm, Tem-
kin isotherm and Dubinin–Radushkevich isotherm) were
employed to explain the MG interaction with the as-prepared 3-
MPA@PMNPs. The calculated values of the isotherm constants
for the adsorption of MG onto 3-MPA@PMNPs are listed in
Table 3. The value of R2 (linear regression correlation coeffi-
cient) was determined as an indication of the best tting of the
different models. According to the ndings, the Langmuir
model gave the best t to the experimental data of MG dye since
it showed higher R2 (0.92) value than the other isothermmodels
(Fig. 15). Moreover, the range of KL values for MG was 0.14–0.99,
indicating that sorption is favourable. These ndings suggested
the monolayer MG sorption onto homogenous sites of 3-
MPA@PMNPs. The estimated maximum sorption capacity for
MG dye using the Langmuir model was 81.2 mg g�1 (Table 3).

4.5 Thermodynamic studies

The negative values of DGo indicated the thermodynamically
feasible spontaneous nature of the MG sorption onto 3-
MPA@PMNPs. However, the values of DGo decreased with an
increase in temperature, suggesting a lower feasibility of sorp-
tion at high temperature (Table 4). The value of enthalpy of
sorption (DHo) was found to be �105.5 kJ mol�1 for MG, indi-
cating the exothermic nature of sorption at 298.15–333.15 K. In
general, the enthalpy or heat of sorption ranging between 2.1
and 20.9 kJ mol�1 is associated with physical sorption, while
that ranging from 20.9 to 418 kJ mol�1 is associated with
chemical sorption. Hence, the value of (DHo) suggests that the
sorption of MG dye onto the 3-MPA@PMNPs occurred primarily
due to chemisorption and/or ion-exchange mechanism as
onto 3-MPA@PMNPsa

Parameters Values

1

ax

qmax (mg L�1) 81.29
b (L mg�1) 0.0308
KL 0.14–0.99
R2 0.92

þ log kF
1/n 0.5877
Kf (mg L�1) 0.5712
R2 0.90�

RT

BT

�
log KT

KT (L g�1) 3.5395
BT (kJ mol�1) 26.08
R2 0.84
qmax (mg L�1) 81.2
E (kJ mol�1) 0.39
b (mol2 J�2) 3.28
R2 0.24

t related to binding energy; KL: dimensionless constant; n: adsorption
dsorbent; KT: the equilibrium binding constant presenting maximum
ge energy; b: activity coefficient; 3 Polanyi potential.

This journal is © The Royal Society of Chemistry 2018
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Fig. 15 Linear plot of the Langmuir isotherm model for malachite
green (MG) dye sorption onto 3-MPA@PMNPs (dosage ¼ 0.5 g L�1).

Table 4 Thermodynamic parameters for the adsorption of malachite
green (MG) onto 3-MPA@PMNPs at different temperatures (K)a

Temperature
(K) DGo (kJ mol�1)

DHo (kJ
mol�1)

DSo (kJ
mol�1 K�1)

298.15 �3615.642778 �105.5 �18.84
303.15 �5313.461504
313 �6516.542116
323.15 �8637.285988
333.15 �10068.12067

a DGo: change in free energy; DHo: enthalpy; DSo: entropy.
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earlier demonstrated in the kinetic and isotherm studies. The
value of entropy (DSo) was estimated to be �18.84 kJ mol�1 for
MG and this negative value suggested a decrease in
randomness/adsorbed species' degree of freedom at the solid/
solution interface during the entire sorption process. A slight
increase in adsorption capacity (2.44 to 2.49 mg g�1) was
noticed on increasing the temperature from 298.15 to 333.15 K,
while theMG removal efficiency was almost stable (Fig. 16). This
can be attributed to the creation of new vacant/active sites on
the adsorbent or the increased rate of pore diffusion. This fact
also conrmed that the chemisorption and/or ion-exchange
mechanism was involved in the adsorptive removal of MG
onto the 3-MPA@PMNPs.
Fig. 16 Thermodynamic plot for the sorption of malachite green (MG)
dye sorption onto 3-MPA@PMNPs (dosage ¼ 0.5 g, Co ¼ 25 mg L�1);
inset graph shows the effect of temperature on the adsorptive removal
and capacity of MG dye.

This journal is © The Royal Society of Chemistry 2018
4.6 Proposed removal mechanism

The indications obtained from the isotherm, kinetics and
thermodynamic studies were further ensured by employing
FTIR, XRD, SEM, EDX and XPS analysis techniques to explore
the probable removal mechanism of MG ions by 3-
MPA@PMNPs. Although it was noticed that the 3-MPA ligand
played an important role in the removal of MG ions, the exact
mechanism is not clear yet. In the FTIR spectrum, aer the
sorption of MG, a new peak appeared at 435 cm�1, indicating
the bonding between –SH and cationic ions of MG (e.g. [Dye]–
2RN+/S�). The stretching vibrations of C–H (methyl groups)
were also reduced, indicating the sorption of MG molecules on
the surface of 3-MPA@PMNPs. This might be due to the pres-
ence of hydrophobic interactions between (CH3–CH3). Simi-
larly, the stretching vibration of (–OH) functional groups were
also altered and reduced, indicating the sorption of MG mole-
cules with O–H via electrostatic interactions (e.g. [Dye]–2RN+/
O�). Overall, the FTIR results conrmed the sorption of MG ions
onto 3-MPA@PMNPs via bonding between S–H and O–H func-
tional groups (Fig. 2d). The XRD pattern of 3-MPA@PMNPs was
also studied aer the sorption of MG molecules and it was
observed that the cationic ions of MG were adsorbed onto 3-
MPA@PMNPs. The intensity of the characteristic peaks at 2q ¼
30�, 2q ¼ 35.2�, 2q ¼ 56� and 2q ¼ 62� were affected, indicating
the sorption of MGmolecules on the surface of 3-MPA@PMNPs.
Moreover, a new peak appeared at 2q ¼ 44�, which was attrib-
uted to the sorption of MG molecules (Fig. 3). The atomic
percentages of Fe, O, S and N obtained for 3-MPA@PMNPs aer
the sorption of MG were 35.41%, 61.57%, 1.74% and 1.28%,
respectively. The presence of N element may indicate the
bonding of positively charged nitrogen atoms of MG molecules
with negatively charged oxygen and sulfur atoms of 3-
MPA@PMNPs (Fig. 4b). In contrast, the SEM image in Fig. 4d
indicates that the granular size is improved aer the sorption of
MG molecules. This increase in size might be due to the
attachment of MG molecules on the surface of 3-MPA@PMNPs.
Moreover, the morphology of 3-MPA@PMNPs was almost stable
aer the sorption of MGmolecules, indicating the high stability
of 3-MPA@PMNPs. In addition, the capping of plant biomole-
cules and the coating of 3-MPA were important for preventing
the aggregation of PMNPs and enhancing their stability and
distribution.

Moreover, the XPS spectra of 3-MPA@PMNPs were also
recorded aer the sorption of MG molecules onto 3-
MPA@PMNPs and they indicated that the peak at 163.5 eV for S
2p shied to higher intensity and the bending energy slightly
decreased from 163.5 to 163.2 eV (Fig. 6e). This may suggest that
thiol/sulfonic groups attached onto 3-MPA@PMNPs are affected
due to the interaction with cationic MG ions. Moreover, the
peak at 532.8 eV for (–OH) functional groups attached onto 3-
MPA@PMNPs was reduced aer the interactions with MG
(Fig. 6c). This may show the contribution of –OH functional
groups in the removal of MG via ion-exchange or chemisorp-
tion. In addition, a new peak at 399.8 eV for N 1s appeared
during the high-resolution XPS investigation, conrming the
sorption of MG on the surface of the as-prepared 3-
RSC Adv., 2018, 8, 8878–8897 | 8891
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MPA@PMNPs (Fig. 6f). This may indicate that the adsorption of
MG molecules were also involved in the chelation of cationic
MG ions by the –SH groups attached to the surface of 3-
MPA@PMNPs. Therefore, the availability of the XPS peaks for O
1s, S 2p and N 1s and their variations clearly indicate the
sorption of MG molecules on the surface of 3-MPA@PMNPs. In
addition, the data obtained from the XPS spectra are well tted
with the FTIR, EDX, SEM and XRD results.

Overall, the data obtained from the kinetic, isotherm, ther-
modynamic, FTIR, EDX, SEM, XRD and XPS studies along with
the conrmation that the MG dye and functional groups on 3-
MPA@PMNPs are oppositely charged indicate that ion-
exchange might be the governing adsorptive removal mecha-
nism of MG onto 3-MPA@PMNPs. For example, in aqueous
solution, the MG dye molecule ionizes as

[Dye]–2RNCl / [Dye]–2RN+ + Cl�

where R ¼ CH3.
This ionized MG dye molecule then exchanges with the

hydrogen ions initially attached to the –OH (hydroxyl) and –SH
groups of 3-MPA@PMNPs. The cationic ions of MG dye are
primarily coordinate with –OH groups due to electrostatic
interaction. However, the formation of a chelate also appeared
due to bonding of the cationic ions of MG with –SH groups. In
addition to the electrostatic interaction, hydrophobic interac-
tion might occur due to the presence of hydrophobic functional
groups (i.e. R ¼ CH3) in the MG dye molecules (Fig. 17). The
possible interaction of cationic MG ions with the functional
groups of 3-MPA@PMNPs is explained using in the equations
below:

[Dye]–2RN+ + �OH+-[3-MPA@PMNPs] / [Dye]–2RN+/�O-

[3-MPA@PMNPs] + H+
Fig. 17 Schematic of 3-MPA@PMNPs fabrication and the proposed
MPA@PMNPs.

8892 | RSC Adv., 2018, 8, 8878–8897
[Dye]–2RN+ + �SH+-[3-MPA@PMNPs] / [Dye]–2RN+/�S-
[3-MPA@PMNPs] + H+

4.7 UV-vis spectra analysis

Before treatment, the UV-vis spectra MG solution showed major
peaks at 308, 415, and 613 nm (Fig. 18). Then, initially, the
intensity of the major peaks reduced rapidly within a contact
time of 15 min, which subsequently decreased approximately in
proportion to each other within the contact time of 120 min and
then almost disappeared at the stage of equilibrium (Fig. 18).
This indicates that the initial sorption rate was high due to the
presence of a large amount of vacant/active sites on the surface
of the 3-MPA@PMNPs and that the adsorbents attracted most
of the cationic MG ions and some of the MG molecules.9 This
change in peaks indicated that the MG molecules were signi-
cantly sorbed onto the surface of the 3-MPA@PMNPs. Finally,
the adsorbents were separated from solution within 35 s using
a simple magnet because 3-MPA@PMNPs had a high magnetic
power due to the presence of Fe3O4/Fe2O3 (Fig. 18). Similar
ndings were reported by other researchers.43,44 In addition, the
concentrations of total organic carbon (TOC) and total nitrogen
(TN) were determined and it was noted that the concentrations
of TOC and TN were signicantly reduced (48.5 to 2.58 mg L�1

for TOC and 86.26 to 12.5 mg L�1 for TN) aer sorption.

5. Desorption and reusability studies
of 3-MPA@PMNPs

The stability, recovery and reusability of an adsorbent are oen
considered as an important attribute for making adsorption
technology technically more viable and economically feasible
adsorptive removal mechanism of malachite green (MG) onto 3-

This journal is © The Royal Society of Chemistry 2018
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Fig. 18 Study of the adsorptive removal of MG viaUV-vis spectra [inset
figures show the chemical structure of MG dye and the condition of
MG solution before and after treatment with 3-MPA@PMNPs]
(adsorbents dosage ¼ 0.5 g L�1).
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for commercial and industrial applications. For this purpose,
this study was designed to select a suitable regeneration solu-
tion and optimum volume of regeneration solution for 3-
MPA@PMNPs. Finally, the reusability for consecutive treatment
cycles was investigated. First, various types of regeneration
solutions were employed for achieving the maximum replen-
ishment of the 3-MPA@PMNPs (Fig. 19). The results and
underlying conditions for each regeneration solution are
summarized in Fig. S1–S6.† In brief, salt (NaCl), organic solvent
(methanol), and basic (NaOH) and acidic (HCl and EDTA)
solutions were utilized to desorb the cationic ions and to
recover the adsorbent. Initially, the desorption efficiency
increased to 13% using 1 M NaCl and then started decreasing
on increasing the salt concentration. This might be due to the
‘salting out effect’ because the solubility of dyes falls on
enhancing the salt concentrations in the solution.45 This
incomplete desorption presented a clue that other forces
(hydrophobic interactions) along with ion-exchange might be
involved between the MG dye ions and adsorbents. Thus, an
organic solvent (methanol) was selected and used to disconnect
these additional forces, but it was ineffective at desorbing dye
ions from the adsorbent, indicating the co-presence of other
forces (ion-exchange and/or chemisorption and strong bonding
Fig. 19 Effect of different concentrations of desorption solutions on
the desorption efficiency of malachite green (MG) dye (adsorbents
dosage ¼ 0.5 g, MG initial concentration (Co) ¼ 25 mg L�1).

This journal is © The Royal Society of Chemistry 2018
between the –SH group on the adsorbents and the cationic ions
of MG dye) along with hydrophilic interactions.46 Similar results
were obtained via applying basic solution (NaOH). For making
regeneration solution economically feasible, a combination of
salt and organic solvents was also tested to desorb dye ions from
the adsorbents. The ndings indicated that this combination
was effective, but not up to the mark to achieve the complete
desorption of MG dye from the adsorbent, hinting that (salt +
organic solvent) may help diminish the hydrophobic interac-
tions and electrostatic interaction by exchanging Na+ with the
sorbed MG dye molecules. At this stage, the data obtained by
applying different types of regeneration solutions suggest that
the overall sorption of MG dye onto 3-MPA@PMNPs might be
due to the combination of three types of interactions: ion-
exchange/electrostatic interaction, hydrophobic interaction
and strong bonding of –SH group withMG dye ions. In addition,
the MG molecule has a cationic nitrogen atom (N+) at only one
of its terminal ends along with two methyl groups, while there
are three aromatic rings, among which one is attached with
a nitrogen atom along with two methyl groups.47–49 Thus, the
positive charge is not equally distributed over the MGmolecule.
It can be supposed that the terminal end having the cationic N+

side participates in electrostatic interactions and at the same
time, forms a chelate bond with the –SH group, while the rest of
the sides (particularly the organic portion) aid the hydrophobic
interactions. Finally, acidic solutions (HCl and EDTA) were
employed as suggested by many researchers.1 Interestingly,
EDTA showed better desorption performance than HCl and
more than 90% MG desorption efficiency was achieved using
0.1 M EDTA concentrated solution, while 62% was achieved
using 100% HCl solution (Fig. 19). This can be because in
coordination chemistry, EDTA4� is a member of the amino
polycarboxylic acid family of ligands. It has two amino and four
carboxylic groups. Thus, it can be supposed that EDTA can
replace four cationic ions of MG dye sorbed onto the adsorbent
with four carboxylic anionic sides and at the same time, the
chelation phenomenon could occur due to the S ligand atoms in
the –SH groups on the surface of the adsorbent. This might help
to rapidly weaken the electrostatic interaction, hydrophilic
interactions and chelation forces among the cationic ions of
MG dye with the –SH group of 3-MPA@PMNPs. Therefore EDTA
was selected for further desorption studies.

The feed-to-regeneration ratio (v/v) was also optimized to
make the EDTA regeneration solution economically feasible for
further applications. Initially, the desorption efficiency was
almost stable from 1 to 2.5, which decreased gradually on
increasing the feed-to-regeneration ratio from 2.5 to 25 (Fig. 20).
Most oen, a higher ratio is preferred, but it oen leads to
a lower desorption efficiency. Hence, for keeping technology
sustainable, a 2.5 feed-to-regeneration was chosen for the next
experiments.

Fig. 21 shows the results of the sorption–desorption of MG
for ten consecutive treatment cycles. The as-prepared 3-
MPA@PMNPs adsorbent maintained its performance for up to
5 consecutive treatment cycles and then gradually decreased.
Since the desorption efficiency was not 100%, it can be assumed
that a segment of sorbed MG dye remained inside the 3-
RSC Adv., 2018, 8, 8878–8897 | 8893
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Fig. 20 Effect of different feed-to-regeneration ratio (v/v) on the
desorption efficiency of malachite green (MG) dye. (0.1 M EDTA
regeneration solution; adsorbents dosage ¼ 0.5 g L�1, MG initial
concentration (Co) ¼ 25 mg L�1).

Fig. 21 Study of the stability and reusability of 3-MPA@PMNPs for
consecutive sorption–desorption cycles of malachite green (MG) dye
(20 mL of 0.1 M EDTA regeneration solution; adsorbents dosage ¼
0.5 g L�1, MG initial concentration (Co) ¼ 25 mg L�1).
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MPA@PMNPs. This deposition of MG dye onto 3-MPA@PMNPs
might be responsible for maintaining the desorption efficiency
in the rst few treatment cycles. Moreover, during the rst ve
treatment cycles, no leakage of iron was found. This suggests
that there was no stripping of 3-MPA-capped PMNPs. However,
later, the reusability decreased with an increase in the number
of treatment cycles. This might be due to the destruction of 3-
MPA@PMNPs surface caused by the dissolution of iron parti-
cles. The sorption–desorption efficiency was greater than 85%
for up to ve cycles without a loss in stability, while it decreased
to 20% aer about ten cycles. This decline in stability or
decrease in sorption–desorption efficiency might be due to the
leakage of iron, change in the morphology or deciency of the
availability of active/vacant sites on the surface of the 3-
MPA@PMNPs (because a portion of the sorbed dye remained
inside). Overall, the capping of 3-MPA onto PMNPs was stable
for up to ve consecutive treatment cycles and it could
successfully remove cationic dyes from dye wastewaters in
a continues process.
Fig. 22 Study of the influence of co-present cationic ions on mala-
chite green (MG) removal by 3-MPA@PMNPs (adsorbents dosage ¼
0.3 g L�1; MG initial concentration (Co) ¼ 10 mg L�1; contact time: 24
h).
5.1 Inuence of co-present constituents

For investigating the sorption selectivity, a binary system
(cationic metals ions + cationic MG dye) was prepared and used.
The co-presence of cationic ions did not inuence the adsorp-
tive removal of cationic MG by 3-MPA@PMNPs under all the
8894 | RSC Adv., 2018, 8, 8878–8897
experimented concentrations (Fig. 22). However, the presence
of higher concentration of Cd2+ in the solutions inhibited MG
sorption by the 3-MPA@PMNPs. A higher selectivity was
observed in the presence of Pb2+ than with Cd2+ within the
contact time of 24 h, while initially (within the contact time of 1
h), both metals ions inhibited the adsorptive removal of MG by
3-MPA@PMNPs (Fig. S7†). This suggests that a competition
developed between the excess cationic ions and the MG mole-
cules for the sorption sites on the 3-MPA@PMNPs. Cd2+ ions
inhibited the sorption to a larger extent than Pb2+, which might
be due to the formation of an inner sphere complex by the
reaction between metal ions and the adsorbent. In addition, the
hydrated radii of Pb2+ (4.01�A) is lower than that of Cd2+ (4.26�A)
and this can also inuence the adsorptive removal of other
cations onto the 3-MPA@PMNPs. This could be because Pb2+

and Cd2+ ions' selectivity might be due to the presence of
a mercapto/–SH group on the surface of 3-MPA@PMNPs, where
the –SH group plays a governing role in the selectivity of Pb2+

and Cd2+ ions due to the soness of the base because the
interaction between a so acid and so base predominates
(according to the Hard-So Acid-Base (HSAB) theory). However,
the mercapto (–SH) group is a so base and prefers to interact
with a so acid (i.e.metal ions) and subsequently form a chelate
via a chelation mechanism due to the presence of an S-atom
ligand on the surface of 3-MPA@PMNPs.41,42 In addition, MG
is a basic cationic dye and its selectivity may be inhibited in the
presence of so acid (metal ions) and the –SH group on the
surface of 3-MPA@PMNPs. However, the ndings depicted that
the MG adsorptive removal was inhibited initially, but later,
with the increase in contact time, the adsorptive removal
accelerated. This indicates that 3-MPA@PMNPs had sufficient
active/vacant sites for the sorption of a greater amount of
cationic ions. Therefore, the pre-knowledge of the co-presence
of different cationic ions is mandatory to compatibly optimize
the operational prerequisites for a smooth application of 3-
MPA@PMNPs because the inuence of co-existing ions could be
varied for different cationic dyes.
5.2 Comparison of 3-MPA@PMNPs with other sorbents

Finally, compared to the other sorbents employed for the
removal of cationic MG dyes, it was observed that the 3-
This journal is © The Royal Society of Chemistry 2018
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Table 5 Comparison of 3-MPA@PMNPs with other reported sorbents for the removal of cationic malachite green (MG) dyea

Cationic dye Sorbent qe (mg g�1) Reusability Reference

MG Neem sawdust (Azadirachta indica) 4.354 No 50
MG Chitosan ionic liquid beads 8.07 No 51
MG Activated carbon commercial grade 8.27 No 52
MG Arundo donax root carbon 8.69 No 53
MG Carboxylate group functionalized multi-walled carbon

nanotubes
11.73 No 54

MG Annona squamosa seed 25.91 No 55
MG Leaves of Solanum tuberosum 33.3 No 56
MG Wood apple shell (WAS) 34.56 No 57
MG Organically modied clay 40.48 No 58
MG Activated carbon laboratory grade 42.18 No 51
MG Activated carbon derived from Borassus aethiopum ower 48.48 No 59
MG Cobalt ferrite–silica nanocomposites 75.5 No 60
MG 3-MPA@PMNPs 81.2 Yes Present study

a qe: sorption capacity (mg g�1); P.S: present study.
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MPA@PMNPs had a superior performance in terms of high
adsorptive capacity and removal towards MG along with high
reusability for up to ve consecutive treatment cycles (Table 5).
In addition, green fabrication, wide operable pH range (6–12)
and the fast and easy separation from the nal effluents using
a simple magnet make 3-MPA@PMNPs a desirable candidate
for the adsorptive removal of cationic dyes and heavy metals
from domestic and industrial wastewaters.
6. Conclusions

Despite the fact that the various types of nanoparticles have
been utilized and reported for the elimination of toxic dyes,
the development of novel nanomaterials with high adsorptive
performance, low development costs, rapid separation and
high reusability is still a challenge. Therefore, to the best of
our knowledge, for the very rst time, PMNPs were prepared
using plant leaves' extract of F. chinensis Roxb. by using a green
strategy. The as-prepared PMNPs were further capped by the 3-
MPA ligands via a facile method and exploited for the
adsorptive removal of cationic MG dye from aqueous solution.
The preparation, morphology, surface properties and coating
of 3-MPA were examined via FTIR, XRD, EDX, SEM, TEM, XPS,
VSM, TGA and BET techniques. Moreover, the 3-MPA@PMNPs
presented a high sorption rate (98.57%MG dye removal within
120 min) and the kinetic experimental data tted well with the
pseudo-second-order kinetic model, suggesting that the dye
removal mainly supported chemisorption and/or ion-
exchange mechanism. The adsorption data agreed well with
the Langmuir isotherm, hinting the monolayer sorption of MG
onto 3-MPA@PMNPs. The prepared material showed
a comparable adsorptive capacity of 81.2 mg g�1 at 25 �C.
Similarly, it was evident from the thermodynamic study that
the adsorption was exothermic and spontaneous. In addition,
the FTIR, XRD and XPS results suggested that mainly cationic
MG ions were sorbed due to the presence of electrostatic
interaction and the formation of a chelate between (–OH)
functional groups and the –SH ligand attached on the surface
This journal is © The Royal Society of Chemistry 2018
of 3-MPA@PMNPS. The selected desorption solution for MG
was 0.1 M EDTA. Moreover, due to its superparamagnetic
nature, the as-prepared 3-MPA@PMNPs adsorbent showed the
fastest separation time of 35 s by simply applying a permanent
hand-held magnet and the recovered adsorbent could be
reused for at least ve times and maintained a removal effi-
ciency above 85%. Altogether, the as-prepared 3-MPA@PMNPs
showed satisfactorily high adsorptive performance and
appropriate kinetics, emphasizing a bright future for its
applications in wastewater treatment, particularly in low-
economy countries.
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