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RESEARCH OBJECTIVES

Azole compounds (AZCs) have emerged as the organic pharmaceutical/industrial active chemicals, 

and need to be removed from aqueous environments. The ternary cross-coupled nanohybrid 

introduced a unique structure of regular sub-lattice active sites of magnetic-polymer alloy (MPA)

Fe3O4@PAN with novel class of various oblique intersections. The formed parallel adjacent inter-

fringes on the adsorbents agree well with regular planes around 0.2-0.4 nm distances, suggesting that 

the mesoporous formation of MPA. The mesoporous forming of MPA is assumed to the abundant 

amount of available functional groups, exceptional stable superparamagnetism, binding affinity of 

adsorbent-contaminant interaction, and surface stability of our current adsorbents. These led to the 

synergistic for AZC adsorption and wide ranges of potential applications for various practical 

pharmaceutical/industrial wastewater treatments. In current dissertation, the synthesis and related-

applications are investigated with special emphases on the applications in wastewater treatment areas. 

In brief, this dissertation presents the following research findings: 

1. Facile and scalable synthetic pathway of ternary cross-coupled nanohybrids, which was 

prepared via directly in situ Fe3O4 co-precipitated with polyacrylonitrile (PAN) 

polymerization-dispersed. The prepared Fe3O4@PAN was cross-coupled with reduced 

graphene oxide (rGO) and activated carbon (AC), inside the framework of γ-

aminopropyltriethoxysilane [γ-APTES]  dispersion for highly promoted AZC removal; 

2. Highly potential recoverable separation from adsorption system by a magnet within several 

seconds, then exhibited the feasibility for pharmaceutical/industrial wastewater treatment

facilities;

3. A better understanding of the plausible interaction mechanisms has been proposed based on 

the strongly chemisorbed interactions and the binding affinity of adsorbent and AZCs; 
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4. Homogeneously-dispersed MPA of Fe3O4@PAN embedded within nitrile (C=N), terminated-

amino (NH2) and silanol (Si-OH) forming on rGO plane and AC particulates had been 

successfully synthesized; 

5. Due to the lack of experimental and theoretical studies (including publications and patents), 

and no data were found, for AZCs removal, encouraged the authors to find the key 

characteristics and build up the reasonable framework/descriptor for AZC adsorption by the 

green and easy-to-cover nanohybrids; 

6. The effects of adsorbent properties in views of adsorption kinetics and isotherms, pH, contact 

time, surface charges, magnetization field analysis, reaction temperature, and active 

functional groups; 

7. The obtained maximum adsorption capacities of adsorbent to AZCs were higher than the 

latest reported adsorbents, thus exhibited various applications for agricultural/pharmaceutical 

wastewater treatments; 

8. The newly found oblique intersections of various regular sub-lattice sites on these

nanohybrids were attributed to the surface stability of ternary nanohybrids, the formation of 

mesoporous of MPA, abundant available surface functionalities, and enhanced binding

affinity of adsorbent-contaminant chemical interactions, which have not previously been 

published.
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CHAPTER I: INTRODUCTION

1.1 Environmental occurrence and related-toxicosis of AZCs

Current discharge of emerging organic compounds in municipal wastewaters has aroused global 

environmental issues. Azole compounds (AZCs) appear as a hazardous class of corrosion inhibitor

and pharmaceutical/agricultural active products [1-3]. Azole derivatives was first mentioned as 

antifungal agents in 1944 by Wooley [4], particularly benzimidazole compounds, however, it is not 

usually introduced. From 1958 to 1960, the researchers carefully started presenting to the antifungal 

activities of AZCs in natural environments by Fromtling [5]. He newly introduced three typically 

topical derivatives of ACZs such as clotrimazole, miconazole and econazole compounds. Acid 

solutions usually used to apply in different operations such as industrial cleaning systems, acid 

descaling, or oil well acidification. In these corrosive systems, AZC inhibitors are often used to 

lessen the rate of metallic corrosion such as copper, silver, and mild steel [6]. The inhibitive

efficiency of AZC molecules mainly depends on their adsorption capacity on metal surface, which 

can markedly change the corrosion resisting properties of such metal cover. Commonly, the most 

corrosive inhibitor chemicals contain nitrogen, sulfur, hydrogen in multiple bondings and an 

aromatic ring (as benzene ring). AZC is a heterocyclic micro-contaminant comprising two fused 

rings, that is, one cyclic benzene ring and an imidazole ring in their structure [7]. AZCs and its 

derivatives are first detected in use in the late 1950s. AZCs were produced as systemic fungicides 

capable to control a wide spectrum of plant diseases, for many planting crops, which were not 

economical. Application of various AZC derivatives such as benomyl or thia-bendazole as a soil

drench for the control of vascular wilt diseases was found to require extremely huge doses as several

thousands of tons [8]. This is presumably due to the adsorption of these pesticides/fungicides to air, 

soil and water to the immobility of these chemicals in the environments. The rate of biodegradation 

of AZCs in the soil was shown relatively slow, with its half-life several months [9]. Fig. 1 shows the 

main disposal route of AZCs to natural ecosystems. Three main sources of AZCs have mainly 
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originated from human/animal care products (pharmaceutical industry), agricultural activities 

(pesticides, insecticides, herbicides), and metal corrosion inhibitions (seawater immersion).

Fig. 1 Overview of AZC source generation and the problems related to disposal in the ecosystem

In this dissertation, the authors present two typical agents of AZCs such as benzotriazole (1,2-AAP) 

and benzimidazole (BMA) degradation. They are regarded as the most emerging active compounds

due to their polarity, micro-size, extensively-used and high water solubility in dissolved solutions

[10]. In the US, at least 9,000 tons of 1,2-AAP compounds were produced in the 1990s. In 

Switzerland, Denmark and North America, 1,2-AAP has been respectively detected at 6.3 µg.L-1, 30 

µg.L-1 and 150 mg.L-1 in numerous effluent and influent wastewater treatment facilities [11-13]. 1,2-

AAP and BMA were found in numerous effluent and influent wastewater treatment facilities, which 

enlarged them able to resist the biodegradation and aroused challenges to be removed from 

environments. Table 1 describes their general identifications [14, 15]. As seen from Table 1, 1,2-
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AAP and BMA comprised nitrogen and one hydrogen atom in its structure. They are a cyclic 

aromatic micro-pollutant containing one benzene ring fused with an imidazole ring. The European 

Union Organization classified AZCs as the emerging hazardous chemicals, and need to be removed 

from natural environments [16]. The related-toxicity of AZCs might be caused by the nitrogen atoms 

in the imidazole ring and its relatively high water solubility (20-30 g L-1) and polarity.

Both 1,2-AAP and BMA are well-known class in industrial areas of antifreeze, pickling inhibitor in 

scale remover liquids, even in trace or low doses [11]. BMA has been widely used as a component of 

therapeutic drugs and veterinary medicines (anthemintics, albendazole, mebendazole), and 

agricultural chemical manufacturing for fungicides and pesticides of regulating crop plant growth 

(bennomyl, carbendazim). Under laboratory-scale experiments, neither barley nor tomatoes were 

directly affected by 1,2-AAP. Furthermore, different strains of fish were observed as mortality by 

exposing with 1,2-AAP, and rat liver microsomes were metabolized. 1,2-AAP is used as a main 

ingredient appearing in many available antibiotics used to treat a variety of bacterial infections of 

personal care products for human such as ascaricides, named as fugacar [17]. Due to their polarity, 

micro-sizes and high water solubility in dissolved solutions, AZCs can be caused to possible 

formation with carcinogen metals (CMs) such as nickel or cadmium through AZC-CM complexes 

[18]. AZC-CM complexes associated-carcinogenicity and teratogenicity increased the potential 

skeletal malformations, led to mortality to human and animals and multiple oral anomalies via

organogenesis for both 1,2-AAP and BMA. The European Union classified BMA as a hazardous 

substance and to be urgently removed due to its interruption of the cell cycle through vitro 

experiments of human lung adenocarcinoma cells and increased DNA-destroyed cells [19]. 
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Table 1 1,2-AAP and BMA general characteristics

General identifications 1,2-AAP BMA

Molecule shape

Physical description White needles White powders

Structural formula

Molecular formula C6H5N3 C7H6N2

Molecular weight 119.1 g mol-1 118.14 g mol-1

Solubility 28 g L-1 20.1 g L-1

pKa1 1.6 12.8

pKa2 8.4 5.6

Melting point 100 °C 171 °C
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Several cases with AZC related-toxicosis in rabbits with hemorrhage and death were observed under 

laboratory conditions [11]. In the human toxicity, several typical cases have been observed to reveal 

the allergic reaction with human skin containing AZCs of mining workers as eczematous reaction. 

According to these studies, the occurrence of AZCs in dosed human/animals was suggestively

considered as an evidence of carcinogenicity. Interestingly, despite being the toxic 

mutagenic/teratogenic agents, both AZCs could be applied as a significant component in porous 

nanocomposites for environmental engineering. Notwithstanding, the applying of these 

nanocomposites in environmental treatments such as zeolitic imidazolate frameworks (usually called 

as ZIFs) [20, 21], BMA-linked polymers [22], carbon-chain material linkers [23]. Various of surface 

waters, ground waters and soils were contaminated with 1,2-AAP [24], and BMA [25] due to their

limited adsorption capacities (mostly < 200 mg g-1) [26], promoting the prime obstacles in 1,2-AAP

and BMA adsorption capacities. For example, the adsorption systems of 4 contaminated-BMA 

Pakistan soils suffered from very low removal percentage (10-30%) [27], due to the low binding 

affinities among soil particulates and BMA. The detailed mechanism by which these chemicals are 

bounds and degradations in the soil is not presented clearly. Researchers were therefore to examine 

the main mechanism of interaction of BMA with the soil clays. The effectiveness of soil clays with 

the movement and persistence of BMA in soils, may be dependent on their interactions with clay 

surfaces.

1.2 Literature reviews of current methods and adsorbents

Some methods and adsorbents used to remove 1,2-AAP from aqueous solutions include membrane 

bioreactors, ozonations, photoelectrocatalytic degradation, binary metal-oxide composite, metal-

framework, activated carbon fiber-used photoperoxi-coagulation, magnetic graphene composite and 

zeolitic framework [28-34]. Jiang et al., tried to use zeolitic imidazolate framework-8 (called ZIF-8)

to adsorb two topical AZCs such as 1H-benzotriazole and 5-tolyltriazole in views of adsorption 

isotherms, kinetics and thermodynamics, desorption, and adsorbent regeneration. The obtained 
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results show that most of AZC were removed with relative adsorption capacities, and the adsorption 

behavior was well followed a spontaneous and endothermic process, controlled by positive entropy

parameter [20]. Stefan Weiss et al. observed that in laboratory-scale batch experiments both 1,2-AAP 

and tolyltriazole were removed to only 25% removal efficiency membrane bioreactors [28]. Yaobin

et al. concluded that the 1,2-AAP degradation by using TiO2 film in photoelectrochemical activity

was high as compared with the other electrochemical oxidation process, but still low if compared 

with other adsorbents [29]. Xu et al. applied adsorption method to use a binary metal oxides to 

adsorb 1,2-AAP from aqueous solutions [35, 36]. They indicated that adsorption process reached 

equilibrium at high 1,2-AAP initial concentrations and an enhanced adsorption capacity but still 

quite low. They also provided the main interactions between the surface channels of the adsorbent 

and 1,2-AAP might be assigned to the combination of electrostatic interaction, ion exchange and 

hydrogen bond. Sarker et al. investigated newly synthesized material called Co-based metal azolate 

framework MAF-5(Co) for the adsorption of 1,2-AAP and BMA from industrial wastewaters at 

elevated temperatures [31]. Similarly, AZCs also were usually removed from waters by adsorptions. 

To date, a few methods and adsorbents have been applied for AZCs adsorption from wastewater, 

such as montmorillonite [26], Pakistan soils [27], MAF-5(Co) framework, ZIF-67(Co) and ZIF-8(Zn) 

[31], iron surface [37] and kaolinite clays [38]. Unfortunately, these technologies and materials share 

various limitations such as high-cost, long-term degradation, incorporate complicated operation, 

excess environmentally toxic and poisonous by-products, particularly in ozonations [39-42].

Not much relevant data and information of 1,2-AAP and BMA treatments and environmental 

activities. However, under lab-scale conditions the authors have conducted the effects and 

characteristics of both 1,2-AAP and BMA in the views of adsorption isotherms, kinetics, 

temperature- and pH-dependent developed in this work offered a simple method to evaluate their 

adsorption behaviors over prepared adsorbent. Based on these points of view, adsorption is 
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promising to become an efficient and reliable way due to its low-cost and straightforward operation 

at a large scale.

1.3 Overviews of ternary cross-coupled nanohybrids

Due to the lack of theoretical studies and no data were found on the toxicity of ACZs (typically 1,2-

AAP and BMA) characteristics on the natural environment and human health makes it difficult to 

evaluate their removal ability on suitable materials. Ternary cross-coupled nanohybrids have aroused 

great attention in many scientific publications/patents because of its facile and scalable fabrication, 

available active sites of surface functional groups, and simple adsorbate collection with the help of a 

permanent magnet [43, 44]. As one of the most appealing advanced adsorbent, GO and AC features

related nanostructured functional sites based on their high surface area, controllable structures and 

enriched organometallic channels in their scaffolds. The complex formation of ternary 

organometallic polymer has attracted tremendous attention in various applications of porous 

materials. For example, ternary composites MnO2@GO@PANI for energy storage [45], ionic liquid-

coated Fe3O4/APTES/GO nanocomposites for protein extraction [46], Fe3O4@APTES@Ni(OH)2 for

catalyst [47], magnetic graphene polymer for environmental treatment [48]. A long time ago, ternary 

cross-coupled adsorbents have been focused not only in fundamental researches but also in practical 

applications due to their intrinsic properties. Noticeably, a few MPA graphene-based or carbon-

supported materials were employed for safe aquatic environmental remediation such as heavy metal 

removals [49, 50], organic dyes [51], and phenols [52]. An arousing amount of publications has 

released the existence of various AZCs in different environmental compartments, which raises 

regards about the potential adverse effects to humans. Some other researchers developed a new class 

of porous adsorbent based on MPA, which were called as “hybrid” organometallic alloy, metal-

organic frameworks (MOFs), “hybrid” zeolitic imidazolate frameworks (ZIFs), or coordination 

magnetic-polymers. The term MPA was introduced in an US patent by Manfred Doser in 1976, and 

he presented the method of fabrication magnetic polymer-coating powder [53]. From that, MPA was 
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rapidly developed by finding new structural nature and further coordinated to enhance its active 

functional channels, textural features, and exploring catalyst properties. MPA was functionalized 

with amine (NH2) on GO to determine chlorophenols [54], polymerization with polystyrene as a 

promising nanocomposite [55], coating with gold (Au) for determination of dibutyl phthalate [56]. 

But MPA is still not employed with rGO layer for adsorption in environmental protection. In this 

dissertation, the authors investigate a ternary nanohybrid based on MPA for promoting 1,2-AAP and 

BMA removal. The newly found sub-lattice active sites of Fe3O4@PAN alloy via directly in situ

polymerization along with ultrasonic-assisted chemical co-precipitation. Afterward, Fe3O4@PAN 

was arranged on rGO and AC particulates inside the framework of cross-coupled [γ-APTES]-soluble 

dispersion to remove two typical AZCs (1,2-AAP and BMA), evaluate the interaction mechanisms

and regeneration characteristics.

To the best of our knowledge, no study has yet (i) found an easy-to-cover nanohybrid for AZC

removal; (ii) demonstrated a plausible interaction mechanism for AZC adsorption; (iii) reasonably 

described the AZC adsorption characteristics; (iv) developed a better understanding and built suitable 

facilities for AZC removal from wastewater; and (v) provided available data and information 

concerning the key characteristics of AZC adsorption behavior. Thus, this dissertation aims to 

address these issues using a new nanohybrid. 
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CHAPTER II: REMOVAL OF BMA BY [γ-APTES]-Fe3O4@PAN@rGO

Benzimidazole (BMA) has emerged as a pharmaceutical and personal care product in waters. This 

study has investigated the feasibility of a novel cross-coupling [γ-APTES]-Fe3O4@PAN@rGO 

regular sub-lattice site nanocrystal, prepared over in situ Fe3O4 co-precipitated with polyacrylonitrile 

(PAN) decoration process. The prepared magnetic polymer alloy Fe3O4@PAN was further cross-

coupled with the hexagonal array of reduced graphene oxide (rGO) layer inside a framework of γ-

aminopropyltriethoxysilane [γ-APTES] distribution for highly synergic BMA adsorption. [γ-

APTES]-Fe3O4@PAN@rGO produced adjacent inter-fringe distances of 0.2-0.4 nm planes that 

corresponded well to (111), (220) and (311) channels with an oblique intersection right angle of the 

90° regular sub-lattice site of the Fe3O4@PAN alloy. The BMA adsorption was favored in neutral 

condition (pH = 7), raised temperature (50 °C), and was controlled by an endothermic process. The 

identified maximum adsorption capacity of the adsorbent (221.73 mg g-1) was nearly 30% higher 

than previously reported adsorbents. The plausible adsorption mechanisms include ion exchange, 

hydrogen bond, dipole force, π-conjugation, electrostatic, and hydrophobic interaction. 

2.1 Synthesis of [γ-APTES]-Fe3O4@PAN@rGO 

All reagents and coupled-polymer used in all experiments were of analytical grade and purchased 

form Sigma-Aldrich (South Korea). Priority use, commercial powder AC was centrifuged in 

deionized water (DI water) at room temperature (RT) several times to remove the residue impurities. 

2.1.1 In-situ preparation of Fe3O4@PAN alloy

Magnetite nanoparticles Fe3O4 were coated with PAN via a facile two-step process, co-precipitation 

and an in situ core-shell polymerization shown in equation (Eq.) (1): 

Fe2+ + 2 Fe3+ + 8 OH− ⇆ Fe(OH)2 + 2 Fe(OH)3 + [PAN] → Fe3O4@PAN↓ + 4 H2O            (1)

Briefly, a known molecular ratio (1:2) mixture of Fe2+/Fe+3 ions was first dissolved in 200 mL DI 

water under ultrasonic-assisted co-precipitation at RT, and then the suspension was heated up 80 °C 

till the solution was homogeneously formed. Afterward, 20 mL aqua ammonia was quickly added 
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and fully reacted within 30 min under an alkaline condition, and PAN polymer was directly and 

quickly added in the reaction system via in-situ polymerization. The autoclave reactor was sealed 

and heated to 100 °C in 2 h. After natural cooling at RT, the resultant Fe3O4@PAN alloy was easily 

collected by a permanent magnet, and then washed with DI water and ethanol until the solution 

reached basic environment.

2.1.2 Synthetic route of [γ-APTES]-Fe3O4@PAN@rGO

The preparation pathway of [γ-APTES]-Fe3O4@PAN@rGO nanocrystal is summarized in Fig. 2. 

Graphene oxide (GO) was prepared according to the improved Hummers method [57]. The nitrogen-

thermally reduced GO (rGO) was produced with a slight modification over ultrasound irradiation and 

the exfoliated-temperature was changed from RT to 1000 °C with a heating rate of 10 °C min-1 for 2 

h in a horizontal tube furnace under ultra-high purity N2 gas flow rate of 40 mL min-1 [58, 59]. The 

second polymerization was repeated after Fe3O4@PAN drying at 60 °C for 24 h, and then a known 

mixture ratio of Fe3O4@PAN to rGO (2:5 equivalent weight of loading ratio) was cross-coupled with 

200 mL [γ-APTES]-soluble dispersion to decorate Fe3O4@PAN alloys on rGO layer. The reaction 

was ultrasonicated at 80 °C for 4 h. The final adsorbent, [γ-APTES]-Fe3O4@PAN@rGO, was 

collected from the system with the help of a magnet, washed with DI water at least 5 times, and dried 

in a vacuum oven at 60 °C for 24 h. As seen from Fig. 2, the prepared Fe3O4@PAN alloy was 

homogeneously arranged on the carbon atomic thick in a hexagonal pattern (a honeycomb crystal 

lattice) of rGO layer inside the framework of [γ-APTES]-soluble dispersion. It is the basic building 

block of rGO, which enlarged the chemical binding affinity of [γ-APTES]-Fe3O4@PAN@rGO with 

the help of ultrasonic-assisted. The rGO was surface functionalized with [γ-APTES] to further 

produce much more surface functional groups such as silanol (Si-OH), terminal amino (NH2) [60]. 
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Fig. 2 Schematic pathway of [γ-APTES]-soluble dispersion Fe3O4@PAN@rGO nanocrystal 

fabrication

2.2 Analyzed instrumentations 

Magnetic field characteristic was depicted by a vibrating sample magnetometer (VSM, DMS-1660, 

USA) at RT. The adsorbent morphology was observed by scanning electron microscope (SEM) 

observation, including energy dispersive X-ray spectroscopy (EDS mapping) with an acceleration 

voltage of 0-15 keV, elemental composition analysis (JEOL, JSM-6500F), and transmission electron 

microscopy image (TEM, JEOL, JEM). X-ray diffraction (XRD) recording on an angular variation of 

20-80° at a voltage of 40 kV (XRD-6100, Shimadzu), to indicate the magnetite regular sub-lattice 

site (Fe3O4) existed in [γ-APTES]-Fe3O4@PAN@rGO. The concentration of BMA was calculated by 

a UV-vis photospectrometer (UV-2550, Shimadzu) at a wavelength of 270 nm. Zeta potential 

measurement was examined to determine the material charge (Malvern, Nano-ZS90, Zetasizer). 

Thermogravimetric analysis (TGA7, Perkin-Elmer) was applied to calculate the water absorbed by 

materials via a vaporizing phase (P/P0 = 0.5) from RT to 100 °C in 2 h. Surface functional group 

analyzed by the FTIR spectroscopy (Varion 7000 FTIR) employed pellets conducted with 

spectrometric grade KBr, recording in transmittance mode from 4000 to 400 cm-1. By standard 

equation BET (Brunauer, Emmett and Teller) the specific surface area (SBET) of adsorbents is 
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calculated (ASAP/2020 Model), including pore volume (VPORE) and diameter (DAVE) using N2

sorption isotherm in relative pressure (P/P0) range of 0.01-0.3. Magnetic separation tests were 

employed to investigate the facile and simple collection of BMA-adsorbed [γ-APTES]-

Fe3O4@PAN@rGO from the reaction system, thus exhibited the feasibility for various industrial 

facilities. 

2.3 Mathematical procedures 

The batch adsorption experiments were examined to investigate the adsorption isotherm and kinetics

factors to evaluate the BMA adsorption characteristics and removal efficiency in aqueous solutions. 

A series of various parameters responded to impacts of reaction time (t), solution pH, point of zero 

charge (pHpzc), initial BMA concentration (C0 ranges of 10 to 600 mg L-1), and temperature (20-

50°C). Briefly, a series of 50 mg [γ-APTES]-Fe3O4@PAN@rGO was added to 200 mL BMA stock 

solution over C0 of 20-700 mg L-1 in t = 10-400 min (the reaction had to be allowed to progress for at 

least 6h to ensure that equilibrium was reached), and shaken in a water bath. The equilibrium 

concentration (Ce) of BMA was measured by a UV-vis analyzer. Two adsorption models to evaluate 

the BMA adsorption capacity (qe) at equilibrium and removal efficiency (% R) were calculated as 

shown in Eqs. (2) and (3), respectively:

�� =
(�� − ��) × �

�
(2)

% � =
(�� − ��)

��
× 100 (3)

Here, V is the volume of BMA solution (mL), and m is the weight of [γ-APTES]-Fe3O4@PAN@rGO 

(mg). The adsorption kinetics tests were conducted with a series of the same reaction conditions at 

the equilibrium experiments using two commonly used kinetics models (pseudo-first-order and 

second-order) to interpret the kinetics result as shown in Eqs. (4) and (5), respectively:

log(�� − ��) = log �� − �
��

�.���
� � (4)
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Here, k1 (min-1) and k2 (mg g-1 min-1) represent the rate constants related with the pseudo-first-order 

and second-order models, respectively, and qt  is the amount of adsorbed-BMA at a fixed time t

(mg/g). To determine the adsorption isotherm, a fixed amount of [γ-APTES]-Fe3O4@PAN@rGO 

was added to 200 mL BMA solution at different C0 ranges 10-600 mg L-1 for 6 h to measure the 

maximum adsorption capacity (Qmax) on [γ-APTES]-Fe3O4@PAN@rGO. Both Langmuir and 

Freundlich isotherm models were further analyzed using the following Eqs. (6) and (7), respectively: 

��
��

=
��
����

+
1

�. ����

(6)

ln �� = ln�� + �
1

�
� ln �� (7)

Here b is a Langmuir constant related to the bonding energy of the adsorption process (L/mg), which 

can be measured from the curves of Ce against Ce/qe. KF is the Freundlich constant and 1/n represents 

the surface heterogeneity of [γ-APTES]-Fe3O4@PAN@rGO, which can be determined from the 

curves of qe against Ce.

2.4 Results and discussions 

2.4.1 Magnetic hysteresis loop analysis

Fig. 3a displays the magnetization properties of [γ-APTES]-Fe3O4@PAN@rGO using a vibrating 

sample magnetometer (VSM) of magnetic loops as a function of magnetic field. The maximum 

saturation magnetization of [γ-APTES]-Fe3O4@PAN@rGO was 26.1 emu g-1, indicating the 

magnetically recoverable of attached-BMA [γ-APTES]-Fe3O4@PAN@rGO after adsorption from 

system. The top-left inset (blue boxed-area marked) reveals the insignificant coercivity of [γ-

APTES]-Fe3O4@PAN@rGO around 90 (Oe), showing that [γ-APTES]-Fe3O4@PAN@rGO was in a 

superparamagnetic state without remnant (residual) magnetization proportion. Fig. 3a1 and 3a2 
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showed the [γ-APTES]-Fe3O4@PAN@rGO presenting a facile collection of adsorbed-BMA from 

reaction system only within 7s using a magnet. 
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Fig. 3. (a) The hysteresis curves of magnetic heterostructure analysis of [γ-APTES]-Fe3O4@PAN@rGO at RT. The top-left inset (blue 

boxed-area marked) reveals a remnant magnetization proportion, and (a1-a2) the quick and simple magnet separation from the system 

after BMA adsorption only within 7s. 
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2.4.2 Morphology and composition analysis

Since Fe3O4@PAN@rGO was cross-coupled via aminosilanization inside the framework of [γ-

APTES]-soluble distribution, the surface morphology was firstly observed (Fig. 4). Significantly, the 

EDS elemental mapping and EA analysis (in the bottom of Fig. 4a) were used to prove the existence 

of Si, Fe, and N elements. The magnetite property cross-linked on [γ-APTES]-Fe3O4@PAN@rGO 

structure is caused by copolymerization-distribution of both polymers γ-APTES (linear form 

H2N(CH2)3Si(OC2H5)3) and PAN (linear form (C3H3N)n), and by magnetization through the 

dispersion of Fe3O4 phase [61]. The good mono-dispersibility of the [γ-APTES]-Fe3O4@PAN@rGO 

surface is clearly evident and this assisted in the BMA adsorption. However, this indicates that the 

surface of [γ-APTES]-Fe3O4@PAN@rGO was completely altered from the initial very 

homogeneously smooth and even surface (Fig. 4a) to an extremely rough one after BMA adsorption 

(Fig. 4b). The surface of [γ-APTES]-Fe3O4@PAN@rGO + BMA is rugged, suggesting that possibly 

successful adsorption of BMA over [γ-APTES]-Fe3O4@PAN@rGO. BMA was adsorbed onto [γ-

APTES]-Fe3O4@PAN@rGO mainly through the formation of chemical complexes with the surface 

functional groups [γ-APTES]-Fe3O4@PAN@rGO. Adsorption potentials of adsorbed-BMA [γ-

APTES]-Fe3O4@PAN@rGO surface functional groups begin to overlap the active site entrances or 

sites, resulted to stronger binding interaction of BMA. In addition, self-cross coupling [γ-APTES] 

was shown to be deposited as a homogeneous monolayer of Fe3O4@PAN alloy on the rGO surface 

[60] (yellow circle of Fig. 4a). In addition, the polymer-covered shell on [γ-APTES]-

Fe3O4@PAN@rGO outer ensured the homogeneous surface with high density property of positive 

Fe3+ charges due to electrostatic attraction. The enlarged image (red-boxed area of Fig. 4b) also 

confirmed the rough surface of [γ-APTES]-Fe3O4@PAN@rGO + BMA structure, suggesting that [γ-

APTES]-Fe3O4@PAN@rGO was a suitable material for the removal of BMA from water. As 

compared with a real BMA molecule (top-right of Fig. 4b), the morphology features proved that 

BMA was successfully adsorbed on [γ-APTES]-Fe3O4@PAN@rGO. Obviously, after BMA 
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adsorption, the BMA molecule was firmly adsorbed on the [γ-APTES]-Fe3O4@PAN@rGO surface 

with its surface shape entirely changed. 

Fig. 4. SEM images of [γ-APTES]-Fe3O4@PAN@rGO (a) before and (b) after BMA adsorption, and 

EDS elemental mapping, simultaneously confirmed with the EA analysis result (left-bottom of Fig. 

4a)

2.4.3 Crystallite structure analysis 

It was clearly seen that Fe3O4@PAN alloy displays good mono-dispersion and good sphericity, with 

a size of a few hundred nanometers (Fig. 5a). The XRD result of Fe3O4@PAN alloy revealed that the 

existence of both magnetite phases and the magnetic structure was not significantly altered by PAN 

polymerization (the inset at top-left of Fig. 5a), which was confirmed by the presence of iron element 

in EDS maps and EA analysis (Fig. 4a bottom). Six main broad peaks that were found at 2θ X-ray = 
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20-80° were attributed to the magnetite Fe3O4 crystallites and corresponded to the (220), (311), (400), 

(422, (511), and (440) crystal planes of both γ-Fe2O3 and magnetite Fe3O4 at 30.21°, 35.65°, 43.48°, 

53.65°, 57.31° and 62.99°, respectively. It suggested the formation of Fe3O4@PAN alloy in

adsorbent and Fe3O4 nature did not change after PAN coating [33, 62, 63]. HRTEM images of [γ-

APTES]-Fe3O4@PAN@rGO identified the existence of a latticework inter-fringe oblique 

intersections (Fig. 5b), and the adjacent parallel fringes in different inter-planar distances (0.223-

0.483 nm) agreed well with the (111), (220) and (311) regular sub-lattice sites (B1-B3 images in 

white-boxed areas of Fig. 6) of Fe3O4 [64]. It can be seen that, [γ-APTES]-Fe3O4@PAN@rGO

produced two types of sub-lattices, which are the parallel inter-fringes and the unique regular lattice

of 90°. The authors identified an oblique intersection at a sole right angle of 90° (B4) sub-lattice site, 

which has not previously been published. The surface stability of [γ-APTES]-Fe3O4@PAN@rGO 

might be assumed to the sub-lattice sites of Fe3O4@PAN alloy, which developed the chemical 

interactions or binding affinities between [γ-APTES]-Fe3O4@PAN@rGO and BMA. Furthermore, 

the forming on the surface of Fe3O4@PAN particulate arranged in its regular sub-lattice sites also 

promoted the surface stability of  [γ-APTES]-Fe3O4@PAN@rGO, resulting in BMA monolayer 

adsorption, and hence a synergistic adsorption capacity [65]. The sub-lattice sites also exhibited the 

properties of mesoporous nature of [γ-APTES]-Fe3O4@PAN@rGO, which expanded the BMA 

adsorption properties [66]. 
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Fig. 5. (a) TEM photographs of Fe3O4@PAN nanospheres (XRD patterns at top-left), and (b) 

HRTEM image of [γ-APTES]-Fe3O4@PAN@rGO
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Fig. 6. High magnification images of [γ-APTES]-Fe3O4@PAN@rGO from the HRTEM image in 

Fig. 5b. The adjacent inter-planar distances of 0.223-0.483 nm corresponded well to the (111), (220) 

and (311) parallel sub-lattice sites of Fe3O4@PAN phases (B1-B3), and a unique inter-fringe right 

angle of 90° (B4)

2.4.4 Adsorption kinetics of BMA

To evaluate the BMA adsorption characteristics, the adsorption kinetics of BMA on [γ-APTES]-

Fe3O4@PAN@rGO at four temperatures in the range of 20-50 °C were examined as a function of 

time (Fig. 7a). As the reaction time and temperature increased, qe was substantially increased and 

reached equilibrium within the first 200 min, which demonstrated the rapid adsorption of BMA on 

[γ-APTES]-Fe3O4@PAN@rGO. The observed qe value was around 115, 150, 178 and 190 mg g-1 at 

20, 30, 40 and 50 °C, respectively. Once the temperature was raised from 20 to 50 °C, qe also 

increased from 115 to 190 mg g-1, indicating that increasing temperature positively affected the 

adsorption and the BMA adsorption behavior was controlled by an endothermic process. To further 

analyze the kinetics of BMA on [γ-APTES]-Fe3O4@PAN@rGO, the quantitative rate law constants 

of pseudo-first-order and second-order models at various temperatures are summarized in Table 2. 

The data obtained from the pseudo-first-order were not plausible for illustrating the BMA adsorption 

behavior due to the low coefficients (R1
2 < 0.95). However, the second-order kinetic provided 

reasonable modelling results with the highest determination coefficients (R2
2 > 0.98) while the 

temperature was increased from 20 to 50 °C. The increase in the reaction constant K2 and correlation 

R2
2 with increasing temperature confirmed that the plausible chemisorption took place via a rate-

limiting process, and that a valent force was involved via electron sharing/exchange between 

adsorbed-BMA [γ-APTES]-Fe3O4@PAN@rGO. The adsorption kinetics was also promoted at a 

raised temperature [67].

Table 2 Summarized rate law parameters for BMA adsorption at different temperatures. 



30

T° (°C)
Pseudo-first-order Pseudo-second-order

K1 (min-1) R1
2 K2 (g mg-1 min-1) R2

2

20 0.042 0.65 0.14 x 10-6 0.985

30 0.056 0.79 0.23 x 10-6 0.987

40 0.068 0.85 0.31 x10-6 0.995

50 0.079 0.91 0.43 x 10-6 0.998

2.4.5 Isotherms for BMA adsorption 

Table 3. Calculated constants of Langmuir and Freundlich isotherm models. 

Langmuir model Freundlich model

Qmax b R2 KF 1/n R2

221.73 0.479 0.9914 18.568 0.4572 0.9533

The equilibrium adsorption isotherms of adsorbed-BMA [γ-APTES]-Fe3O4@PAN@rGO were 

investigated to evaluate the adsorption capacities of the adsorbent (Fig. 7b and c). The adsorption 

capacities increased with increasing initial BMA concentrations, which demonstrated the favorable 

adsorption of BMA on [γ-APTES]-Fe3O4@PAN@rGO at high initial concentrations. The Langmuir 

and Freundlich adsorption isotherm parameters were calculated to determine the maximum 

adsorption capacity (Qmax) and are summarized in Table 3. The higher coefficient of determination 

(R2 = 0.99) of the Langmuir model than that of Freundlich model reveals that the BMA adsorption 

isotherm was much better fit with the Langmuir equation with a unilayer adsorption model. It also 

indicates that chemisorption acted as the main process in BMA adsorption behavior by [γ-APTES]-

Fe3O4@PAN@rGO [68, 69]. In the Freundlich model, the adsorption appeared as mono- and multi-

layers via both chemisorption and physisorption. The relatively high coefficient (R2 > 0.95) of the 

Freundlich model indicated that the adsorption kinetic was desired for BMA adsorption. The b and 
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1/n values of Langmuir and Freundlich isotherms were below 1, indicating the favorable isotherms 

for BMA adsorption and the affinity between BMA and [γ-APTES]-Fe3O4@PAN@rGO interactions. 

The monolayer Qmax of BMA (221.73 mg g-1) was higher than that reported for other materials, 

which further demonstrated the high potential of [γ-APTES]-Fe3O4@PAN@rGO for removing BMA 

from waters at both low and high concentrations (Table 4).

Table 4.  Qmax comparison of various adsorbents. 

Method Adsorbent pH Qmax Reference

Adsorption Montmorillonite 6 0.51 mmol/m2 [26]

Adsorption MAF-5(Co) 7 175 mg g-1 [31]

Adsorption ZIF-67(Co) 7 105 mg g-1 [31]

Adsorption ZIF-8(Zn) 6 63 mg g-1 [31]

Adsorption Pakistan soils 7 11.6 ug/g soil [27]

Adsorption [γ-APTES]-Fe3O4@PAN@rGO 7 221.73 mg g-1 This study
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Fig. 7. (a) Time-influent of BMA adsorption kinetics at 4 temperatures of 20-50°C, and the adsorption plots of (b) Langmuir and (c) 

Freundlich models
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2.5 Proposed interaction mechanisms for BMA adsorption

2.5.1 Electrostatic interaction 

The pH influence plays an important role for the removal of organics from solution because the ionic 

species of the dissolved adsorbate is significantly associated with the changes of surface charges of 

adsorbent. This necessitates identifying the effects of solution pH on the BMA removal. The BMA 

adsorption over [γ-APTES]-Fe3O4@PAN@rGO was investigated over the pH range of 2-13 at 4 

temperatures and the results are presented in Fig. 8a. As the temperature was increased from 20 to 

50°C, Qmax increased from 135 to 170 mg g-1, reached an optimal level at pH = 7 and then 

significantly decreased at pH > 7. The BMA adsorption over [γ-APTES]-Fe3O4@PAN@rGO was 

favored at elevated temperature but not at strong alkaline condition (basic pH). The increase in qe

with increasing temperature proved that higher temperatures promote the BMA adsorption capacity 

and that the adsorption was an endothermic process. The adsorption was described by the following 

3 steps: (i) qe substantially increased under acidic pH at 2-6, (ii) peaked at the Qmax at pH = 7, and (iii) 

significantly decreased under strong alkaline pH at 8-13. 

For further study of the BMA adsorption mechanism, the zeta potential of [γ-APTES]-

Fe3O4@PAN@rGO (Fig. 8b) was examined for the existence of BMA ionic species over a pH range 

(Fig. 8c). The pHpzc displayed the surface charges of [γ-APTES]-Fe3O4@PAN@rGO at different 

pH (Fig. 8b) and was found to be 4.87, indicating that the adsorbent surface was determined 

negatively at pH > 4.87, and positively at pH < 4.87. In addition, BMA acted as both a weak acid and 

alkaline due to one H and two N atoms present in its structure (Table 1) [70]. The pKa values of the 

BMA molecule exhibited the BMA ionic charges at different pH ranges (Fig. 8c), such that BMA 

becomes BMAH+ (protonated species) at pH = 0-5.6, BMA (neutral form) at pH = 5.6-12.8, and 

BMA- (deprotonated species) at pH = 12.8-14 [71]. BMA and [γ-APTES]-Fe3O4@PAN@rGO are 

both amphoteric substances and can therefore behave in multiple forms in solutions. The surface 

charges of [γ-APTES]-Fe3O4@PAN@rGO and the ionic properties of BMA indicated that 
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electrostatic interaction would occur. For example, as seen at pH = 5 (Fig. 8a), the surface charge of 

[γ-APTES]-Fe3O4@PAN@rGO becomes negative (-) (Fig. 8b), and the BMA ion becomes a positive 

form (BMAH+) (Fig. 8c). However, Qmax attained optimum level at pH = 7, when [γ-APTES]-

Fe3O4@PAN@rGO became negatively charged, and BMA became a neutral form. It is indicated that 

a large amount of adsorbed-BMA did not change the surface of [γ-APTES]-Fe3O4@PAN@rGO into 

negative or positive, suggesting that other much more important reactions will significantly affect the 

BMA adsorption characteristics over [γ-APTES]-Fe3O4@PAN@rGO. For example, it is impossible 

to interpret the relatively appreciable qe (120 mg g-1) at pH 2 and 50 °C (Fig. 8a), at which pH both 

sorbent-sorbate have the same electric charges: [γ-APTES]-Fe3O4@PAN@rGO surface charge is 

positive (+) (Fig. 8b), and BMA ion also becomes positive BMAH+ (Fig. 8c). Applying the same 

principle at pH 13, the significant qe was 118 mg g-1 (Fig. 8a), the negative (-) surface charge [γ-

APTES]-Fe3O4@PAN@rGO (Fig. 8b), and the BMA- ion form (Fig. 8c). The existing forms of 

sorbent-sorbate in solution can be both positive or both negative at pH 2 and 13, respectively, which 

reducing qe. This fact indicates that ionic interaction is not a major mechanism for BMA adsorption 

over [γ-APTES]-Fe3O4@PAN@rGO. The electrostatic reaction commonly occurred accordingly Eq. 

(8): 

[Material]-O- + [BMAH]+ → [Material]-O-…[BMAH]                                                            (8) 
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Fig. 8. (a) Effect of pH on BMA adsorption, (b) pHpzc of [γ-APTES]-Fe3O4@PAN@rGO, and (c) the BMA forms existed in solution 

with different pH ranges
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2.5.2 Ion exchange 

Since different BMA ionic species exist in solution at different pHs, the ion exchange should exhibit 

the adsorption behavior. Cross-coupling [γ-APTES]-soluble dispersed Fe3O4@PAN@rGO can 

provide surface O-containing functional groups, such as hydroxyl (OH), and carboxyl (COOH) 

might react with BMA ionic species in solutions. These functional groups can exchange one H ion 

with positive BMA species, improving the BMA adsorption process, accordingly Eqs. (9) and (10): 

[Material]-OH + [BMAH]+ → [Material]-O-[BMAH] + H+                                            (9)

[Material]-COOH + [BMAH]+ → [Material]-COO-[BMAH] + H+                                 (10)

It suggested that BMA was strongly adsorbed on [γ-APTES]-Fe3O4@PAN@rGO significantly 

through the chemical interaction of inner-sphere surface complexes with functional groups formed 

on adsorbent.

2.5.3 Hydrogen bond 

Cross-coupled [γ-APTES] can self-produce hydrogen bonds due to surface terminal end amino 

functional groups (NH2), silanols (Si-OH) and  hydroxyl groups (OH-) [60, 72]. Considering the 

formation of two N-atoms and one H-atom in the BMA structure, the hydrogen bond interactions are 

regarded as the most significant mechanism to remove BMA (Fig. 9a and 9b). Both BMA and [γ-

APTES]-Fe3O4@PAN@rGO behave as hydrogen bond donor and acceptor. Two different N atoms 

in the imidazole group of BMA react with the H atom in surface hydroxyl and silanol groups (bonds 

a1, a2, b1 and b2 in Fig. 9a and b) of [γ-APTES]-Fe3O4@PAN@rGO. In addition, the terminated 

end amine group (NH2) of Fe3O4@PAN@rGO can also react with the H atom in the imidazole 

groups of BMA to present a hydrogen bond (bond b3 in Fig. 9b). Similarly, PAN can also form 

nitrile functional groups C=N in the outer layer and produce a hydrogen bond between the N and H 

atoms in the imidazole group of BMA structure, thereby increasing the promoted adsorption capacity 

(bonds c1 in Fig. 9c) [73, 74].
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Fig. 9 Plausible hydrogen bond interactions of BMA over [γ-APTES]-Fe3O4@PAN@rGO 

2.5.4 π-conjugation interaction 

Due to the formation of the π-bond restoration in rGO [58], the π-bond in the imidazole ring of BMA 

[75] leads to π-conjugation interaction, which was considered as one of the proper adsorption 

interactions (Fig. 10c). In other words, π-conjugation interaction may have caused the considerable 

qe at pH 2 and pH 13, and the maximum qe at pH 7 (Fig. 8a), because it is not a pH-influencing 

factor. The π-conjugation interaction encouraged the BMA adsorption, resulting in synergistic 

adsorption. The UV-vis spectrum confirmed the π-conjugation interaction between the BMA 

molecule and [γ-APTES]-Fe3O4@PAN@rGO (Fig. 10a). The main peak intensity at λ = 270 nm 

ascribed to adsorbed-BMA (blue line) was dramatically decreased, due to the successful adsorption 
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of BMA over [γ-APTES]-Fe3O4@PAN@rGO. However, two weak intensity peaks at λ = 292 and 

298 nm indicate a prominent bathochromic shift in absorption and π-conjugation interaction in 

adsorbed-BMA [γ-APTES]-Fe3O4@PAN@rGO. 

2.5.5 Hydrophobic interaction

To confirm the hydrophobic reaction between the adsorbent-adsorbate, Fig. 10b shows the water 

content absorption ability through the calculated wettability of rGO and [γ-APTES]-

Fe3O4@PAN@rGO by the TGA result. [γ-APTES]-Fe3O4@PAN@rGO showed less absorbed-water 

than rGO, even rGO had very high hydrophobicity due to the reduction of oxygen content caused by 

the heat treatment under nitrogen atmosphere at 1000 °C [58], which made rGO more hydrophobic 

than original GO [76]. BMA is a hydrophobic agent due to the imidazole ring in its structure [77], 

and PAN is a very well-known hydrophobic polymer, as compared with various polymers [74], 

leading to an enhanced BMA adsorption efficiency. Therefore, the hydrophobic interaction between 

BMA and [γ-APTES]-Fe3O4@PAN@rGO is a possible interaction mechanism (Fig. 10c).

2.5.6 Dipole force 

PAN contains one of the largest dipole moments among several common polymers such as PVP, PS, 

PVA and PP [74]. Besides, γ-APTES also was able to self-assemble form dipole-dipole force 

monolayer on adsorbent surface by its terminal amino group [60]. Thus, the dipole force produced 

from the high dipole moment of PAN can greatly enhance the binding affinity of BMA and [γ-

APTES]-Fe3O4@PAN@rGO, and thus improve the BMA adsorption capacity. 
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Fig. 10. (a) UV-vis result, (b) TGA data, and (c) π-conjugation interaction and hydrophobic interaction 
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2.6 Conclusions

We conducted a practical feasibility analysis of [γ-APTES]-soluble dispersion Fe3O4@PAN@rGO 

nanocrystal for the removal of BMA from aquatic solution, and made the following conclusions: 

· Cross-coupled [γ-APTES]-Fe3O4@PAN@rGO was successfully synthesized via in situ

copolymerization, producing additional surface functional groups. 

· The formation of mesoporous alloy Fe3O4@PAN produced active sub-lattice sites with a right 

angle of 90°, which improved the surface stability of [γ-APTES]-Fe3O4@PAN@rGO, the 

binding affinity of the adsorbent-adsorbate interactions, and was assumed to the abundant 

amount of available functional groups. 

· BMA was strongly chemisorbed at an alkaline pH and elevated temperature and mainly 

controlled by an endothermic process. 

· BMA chemisorption was almost pH-dependent and mainly affected by hydrophobicity, dipole 

force, π-bond, ion exchange, hydrogen bond, and electrostatic interaction. 

· The highly efficient adsorption capacity of 221.73 mg g-1, the fast adsorption kinetics and the 

numerous functional groups make [γ-APTES]-Fe3O4@PAN@rGO as a promising adsorbent for 

removing PPCPs such as BMA from aquatic environments.
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CHAPTER III: REMOVAL OF 1,2-AAP BY [γ-APTES]-Fe3O4@PAN@AC

Current discharge of emerging organic compounds (EOCs) in municipal wastewaters has aroused 

global environmental issues. 1,2-Aminoazophenylene (1,2-AAP) is a hazardous class of EOCS as 

corrosion inhibitor, pharmaceutical/agricultural products and need to be removed from environments. 

A novel ternary nanohybrid [γ-APTES]-Fe3O4@PAN@AC was prepared through in situ two-step 

process via co-precipitation of magnetic-polymer Fe3O4@PAN alloy and directly cross-coupled with 

activated carbon (AC) inside the framework of [γ-APTES] polymerization. Accordingly the Qmax

(303.2 mg g-1) occurred at neutral pH and elevated temperature, and the adsorption equilibriums 

adequately revealed the main sorts of reasonable interaction mechanisms of ion exchange, hydrogen 

bond, hydrophobicity, dipole force, electrostatic interaction and π-bond are assigned the binding 

affinity of adsorbent-adsorbate interaction. A newly found of adjacent distance of 0.32 nm well-

associated with (220) parallel plane of Fe3O4@PAN regular sub-lattice active site encouraging the 

strongly chemisorbed interaction of 1,2-AAP, thus assigned [γ-APTES]-Fe3O4@PAN@AC surface 

stability, led to synergistic adsorption capacities. 

3.1 Preparation of [γ-APTES]-Fe3O4@PAN@AC 

All reagents and coupled-polymer used in all experiments were of analytical grade and purchased 

form Sigma-Aldrich (South Korea). Priority use, commercial powder AC was centrifuged in DI 

water at RT several times to remove the residue impurities. The proposed fabrication of [γ-APTES]-

Fe3O4@PAN@AC was shown in Fig. 11. Magnetite nanoparticles Fe3O4 were polymerized with 

PAN via a facile two-step process, co-precipitation and an in situ core-shell polymerization shown 

Eq. (11): 

FeCl2(aq) + 2FeCl3(aq) + 8NaOH(s) + [PAN](aq) → Fe3O4@[PAN](s) + 8NaCl(aq) + 4H2O (11)

Firstly, to synthesize Fe3O4, a known weight ratio (2.7:1) of FeCl3.6H2O/FeCl2.4H2O salts was 

vigorously stirred in DI water at RT, and then heated to 85 °C. Thus, 30 mL of NaOH solution was 
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gradually added to the reaction system to raise the pH = 12-13, then the solution reacted at least 30 

min, and PAN was continuously put through the mixture during the reaction. After natural cooling, 

the resultant precipitated black alloy Fe3O4@PAN was collected by a magnet, and rinsed several 

times. Fe3O4@PAN was cross-coupling arranged with AC via inside the framework of [γ-APTES]-

soluble distribution. Fe3O4@PAN/AC composite (2:6 weight ratio) was reacted with 100 mL [γ-

APTES] as an aminosilanization, then the system was ultra-sonicated at 80 °C in 2 h. Finally, the 

prepared adsorbent was denoted as [γ-APTES]-Fe3O4@PAN@AC and washed by DI water five 

times, then was stored in airtight containers.

3.2 Analyzed instrumentations 

Magnetics field characteristic was depicted by a vibrating sample magnetometer (VSM, DMS-1660, 

USA) at RT. The adsorbent morphology was observed by scanning electron microscope (SEM) 

observation, including energy dispersive X-ray spectroscopy (EDS mapping) with an acceleration 

voltage of 0-15 keV, elemental composition analysis (JEOL, JSM-6500F), and transmission electron 

microscopy image (TEM, JEOL, JEM). X-ray diffraction (XRD) recording on an angular variation of 

20-80° at a voltage of 40 kV (XRD-6100, Shimadzu), to indicate the magnetite regular sub-lattice 

site (Fe3O4) existed in [γ-APTES]-Fe3O4@PAN@AC. The concentration of 1,2-AAP was calculated 

by a UV-vis photospectrometer (UV-2550, Shimadzu) at a wavelength of 259 nm. Zeta potential 

measurement was examined to determine the material charge (Malvern, Nano-ZS90, Zetasizer). 

Thermogravimetric analysis (TGA7, Perkin-Elmer) was applied to calculate the water absorbed by 

materials via a vaporizing phase (P/P0 = 0.5) from RT to 100 °C in 2 h. Surface functional group 

analyzed by the FTIR spectroscopy (Varion 7000 FTIR) employed pellets conducted with 

spectrometric grade KBr, recording in transmittance mode from 4000 to 400 cm-1. By standard 

equation BET (Brunauer, Emmett and Teller) the specific surface area (SBET) of adsorbents is 

calculated (ASAP/2020 Model), including pore volume (VPORE) and diameter (DAVE) using N2

sorption isotherm in relative pressure (P/P0) range of 0.01-0.3. Magnetic separation tests were 
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employed to investigate the facile and simple collection of 1,2-AAP-adsorbed [γ-APTES]-

Fe3O4@PAN@AC from the reaction system, thus exhibited the feasibility for various industrial 

facilities. 

Fig. 11 The synthesize and adsorption route of 1,2-AAP over [γ-APTES]-Fe3O4@PAN@AC
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3.3 Results and discussions

3.3.1 SEM photographs and BET analysis 

Fig. 12 (A) AC, (B) [γ-APTES]-Fe3O4@PAN@AC, (B1) a close-view of attached-Fe3O4@PAN 

alloy, (C) [γ-APTES]-Fe3O4@PAN@AC after 1,2-AAP adsorption, and including textural properties

The adsorbent surfaces fully altered after two-step polymerization process, co-precipitation and 1,2-

AAP adsorption. Fig. 12A shows the rough, irregular, disorganized and heterogeneous of AC 

particulates [78], however, after the polymerization of [γ-APTES]-soluble dispersion, the [γ-

APTES]-Fe3O4@PAN@AC surface turns to much more smooth, flat and fine (Fig. 12B) [79]. Fig. 

12 (B1) is a close view of Fe3O4@PAN alloy were attached together with AC particulates through 

cross-coupling of aminosilanization of [γ-APTES]-soluble framework. Amazingly, the adsorbent 
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surface was totally changed after 1,2-AAP adsorption (Fig. 12C). The fluffy surface nature of [γ-

APTES]-Fe3O4@PAN@AC was displayed as the cotton wool-like structure, which are well 

correlated with the real 1,2-AAP molecule shape. 1,2-AAP molecule was adsorbed, precipitated and 

agglomerated on the [γ-APTES]-Fe3O4@PAN@AC surface as a white thick layer adsorbed, and 

completely blocked the entrance surface of [γ-APTES]-Fe3O4@PAN@AC. This indicates that the 

efficient and successful adsorption of 1,2-AAP on [γ-APTES]-Fe3O4@PAN@AC. Tables at top-

right of Fig. 12A and 12B show respectively the textural properties of AC and [γ-APTES]-

Fe3O4@PAN@AC. It could be clearly observed that the SBET, VPORE and DAVE of [γ-APTES]-

Fe3O4@PAN@AC respectively decreased 40, 18 and 35 %, as compared with AC indicating that 

terminated-amino and silane sites directly cross-coupling linked with the surface functional groups of 

AC and block the mesoporous channels of AC inside the framework of [γ-APTES] [80, 81]. 

Generally, in the adsorption behavior, since BET decreased, led to negligible adsorption capacity, 

however, regarding with the Qmax (303.2 mg g-1) of [γ-APTES]-Fe3O4@PAN@AC, our adsorbent 

still retained a satisfactory textural properties.

3.3.2 EDS mapping and EA analysis 

Fig. 13 EDS pattern and elemental analysis of [γ-APTES]-Fe3O4@PAN@AC 
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For further characterize [γ-APTES]-Fe3O4@PAN@AC, EDS mapping included EA composition 

were conducted (Fig. 13). As refer to the [γ-APTES] linear form of H2N(CH2)3Si(OC2H5)3, and PAN 

of (C3H3N)n, the result confirms the certain presence of Fe (from Fe3O4) and Si (from [γ-APTES]) in 

[γ-APTES]-Fe3O4@PAN@AC. It also indicates the completely successful processes of in-situ co-

precipitation and cross-coupled polymerization. Besides, the EDS spectrum shows two strong peaks 

of C, led to significant amount of C content in the EA result. It suggests that the successful second 

polymerization of PAN as (C3H3N)n in the material.

3.3.3 Crystallinity determination

Fig. 14 Crystal structure of [γ-APTES]-Fe3O4@PAN@AC via (A) TEM image of [γ-APTES]-

Fe3O4@PAN@AC and a close-view HRTEM image of an adjacent distance of 0.32 nm well-

associated with (220) inter-fringe sub-lattice of Fe3O4@PAN crystal structure, and (B) XRD result 

The TEM image of [γ-APTES]-Fe3O4@PAN@AC and a close-look of [γ-APTES] 

Fe3O4@PAN@rGO in HRTEM displayed a regular sub-lattice active site of 0.32 nm distance, which 

corresponded well to (220) plane of Fe3O4@PAN alloy [82] (Fig. 14A). The surface stability of [γ-

APTES]-Fe3O4@PAN@AC could be attained through the sub-lattice active sites of Fe3O4@PAN 

encouraging the binding interactions between [γ-APTES]-Fe3O4@PAN@AC to 1,2-AAP. 

Furthermore, the surface nature [γ-APTES]-Fe3O4@PAN@AC with Fe3O4@PAN particulate 
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arranged in its regular sub-lattice active sites were also considered for the adsorbent surface stability, 

resulting in the 1,2-AAP adsorption monolayer, thus led to promoted 1,2-AAP adsorption capacity 

[65]. Besides, the sub-lattice active sites had a type of mesoporous channel, which expanded the 1,2-

AAP adsorption properties to some extent [66]. XRD pattern also reveals eight significant diffraction 

peaks at (111), (220), (311), (400), (422), (511), (440), and (533) spacings of Fe3O4 phases, 

suggesting the formation of Fe3O4@PAN alloy in adsorbent [63] (Fig. 14B), and Fe3O4 property did 

not change after PAN polymerization. 

3.3.4 Magnetization field analysis 

Fig. 15 (A) Magnetic hysteresis loops of [γ-APTES]-Fe3O4@PAN@AC, the remnant magnetization 

hysteresis curves (the blue-boxed area of top-left inset), facile collected 1,2-AAP-adsorbed from 

reaction system by magnet within 8s (A1-A2), and (B) the amount of water-adsorbed by [γ-APTES]-

Fe3O4@PAN@AC and Cu-BTC (blue-boxed inset in the bottom of Fig. B)

Fig. 15A showed the function of magnetization cycle field of [γ-APTES]-Fe3O4@PAN@AC by a 

vibrating sample magnetometer. The plot of magnetization field indicated that the saturation 
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magnetization of 5.12 emu g-1, at RT, which enlarges [γ-APTES]-Fe3O4@PAN@AC 

superparamagnetic, thus the fast and simply magnetic separation after 1,2-AAP adsorption. The blue-

boxed inset of Fig. 15A shows the residual magnetization proportion of adsorbent along with the 

insignificant coercive field parameter below 1.0 Oe, confirming [γ-APTES]-Fe3O4@PAN@AC was 

superparamagnetic with negligible remanence of magnetization. Fig. A1-A2 reveals the color change 

from dark-black to colorless within 8s, confirming that the solution-distributed of 1,2-AAP-adsorbed

[γ-APTES]-Fe3O4@PAN@AC was speedily attached toward a magnet and the resultant mixture was 

removed from the system. This simply indicated that [γ-APTES]-Fe3O4@PAN@AC boasted well-

decant from solution dispersion and proved it to become a highly potential recoverable adsorbent to 

adsorb 1,2-AAP from waters by a magnet. 

3.3.5 FTIR and UV-vis characteristics 

Fig. 16 (A) FTIR spectrum and (B) UV-vis results of samples

Five main peak intensities 777, 1210, 1485, 2990 and 3483 cm-1 assigned for the existence of C-H 

carbon-plane bending and N-H stretching of  benzene ring and imidazole ring in 1,2-AAP structure

(Fig. 16A). These peaks were fully formed in adsorbed-1,2-AAP/[γ-APTES]-Fe3O4@PAN@AC [83]. 

After adsorption, they were strongly absorbed in broader and wider bands appeared in 1,2-AAP/[γ-
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APTES]-Fe3O4@PAN@AC indicating that the efficient and successful adsorption of 1,2-AAP on [γ-

APTES]-Fe3O4@PAN@AC. For further adsorption characteristic investigation of 1,2-AAP on [γ-

APTES]-Fe3O4@PAN@AC, the regeneration of 1,2-AAP from [γ-APTES]-Fe3O4@PAN@AC was 

also examined to evaluate whether our material can be reused for the 1,2-AAP adsorption. The 1,2-

AAP-saturated [γ-APTES]-Fe3O4@PAN@AC was washed by liquid ethanol for 24 h at RT to obtain 

regenerated-[γ-APTES]-Fe3O4@PAN@AC. Being a re-used material, [γ-APTES]-

Fe3O4@PAN@AC boasted the peak assignments smaller and minor than original 1,2-AAP and 

adsorbed 1,2-AAP/[γ-APTES]-Fe3O4@PAN@AC, revealing that [γ-APTES]-Fe3O4@PAN@AC is 

promising adsorbent with a high potential to be used as support for the adsorption of 1,2-AAP.

3.3.6 Time-dependent adsorption kinetics 

Fig. 17 (A) Time-dependent adsorption kinetics, and (B) temperature-influent adsorption isotherms 

of 1,2-AAP on [γ-APTES]-Fe3O4@PAN@AC

Table 5 Modelling parameters of 1,2-AAP adsorption kinetics on [γ-APTES]-Fe3O4@PAN@AC at 

4 temperatures 

T° (°C)
Pseudo-first-order model Pseudo-second-order model

k1 (min-1) R1
2 k2 (g/mg/min) R2

2
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20 14 × 10-3 0.847 3.1 × 10-5 0.981

30 18 × 10-3 0.879 4.8 × 10-5 0.985

40 23 × 10-3 0.914 5.3 × 10-5 0.991

50 31× 10-3 0.946 7.05 × 10-5 0.995

The time-dependent adsorption kinetics of 1,2-AAP on [γ-APTES]-Fe3O4@PAN@AC as a function 

of four temperatures from 20-50 °C was conducted (Fig. 17A). The adsorption equilibrium was 

approached within 6 h at four temperatures (T°), and the adsorption capacities (Qe) were gradually 

remained around 100, 118, 157 and 220 mg g-1 at 20, 30, 40 and 50 °C, respectively. It can be 

observed that the Qe increased once the T° was aroused up from 20 to 50 °C, demonstrating that the 

favorable 1,2-AAP adsorption at elevated T°. It is also worth concerning that the 1,2-AAP adsorption 

on [γ-APTES]-Fe3O4@PAN@AC at high T° is a positive aspect and the adsorption behavior was 

took place via endothermic process [84]. Briefly, once the T° increased led to the Qe also raised up, 

indicating that the T° promoted and enhanced the 1,2-AAP adsorption capacity. Furthermore, the 

adsorption kinetics parameters were calculated by two common rate law equations including pseudo-

first-order and second-order kinetic models and presented in Table 5. The quantitative result obtained 

from the pseudo-first-order was not reasonable to describe the 1,2-AAP adsorption characteristics, 

due to the good coefficient constants of R2
2 > 0.98 of pseudo-second-order model, as compared with 

the first-order model (R1
2 < 0.95). It can be seen that while the T° increased from 20 to 50 °C, the k2

constants of pseudo-second-order were also raised up, suggesting that 1,2-AAP strongly 

chemisorbed on [γ-APTES]-Fe3O4@PAN@AC through formation chemical interactions between 

adsorbent surface and adsorbate molecule via rate-limiting process, and the adsorption kinetics were 

also desired at raised T° [67].
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3.3.7 Temperature-dependent adsorption isotherms 

The adsorption isotherms were studied at four different T° (20-50 °C) (Fig. 17B), indicating that 

once the 1,2-AAP initial concentrations (C0) rose up, led to the Qe also raised up, revealing that the 

1,2-AAP adsorption on adsorbent process had a positive effect at high C0, and the high T° also again 

showed the favorable for the 1,2-AAP adsorption, which is plausibly validated an endothermic 

reaction. The estimated parameters were presented by two typical adsorption isotherm models 

including Langmuir and Freundlich equations (Table 6). It can be seen that due to the highest relative 

correlation coefficients of R2 = 0.98-0.99, the Langmuir isotherm model was rationally described the 

1,2-AAP adsorption characterization on [γ-APTES]-Fe3O4@PAN@AC with the Qmax = 303.2 mg g-1, 

as compared with the Freundlich model (R2 < 0.97). According to the Qmax and R2 parameters of 

Langmuir model, which indicates good related with unilayer adsorption model of 1,2-AAP on [γ-

APTES]-Fe3O4@PAN@AC, and 1,2-AAP underwent a monolayer adsorption with a homogenous 

distribution of active sites on adsorbent surface [85]. Table 6 showed that when the T° increased 

from 20 to 50 °C, led to the Qmax increased from 208.6 to 303.2 mg g-1, revealing that the 

significantly chemisorbed process was possible for the adsorption and chemisorption is the main 

process affected to the adsorption [86]. The b value of Langmuir model < 1 showed the most 

advantageous adsorption of 1,2-AAP over [γ-APTES]-Fe3O4@PAN@AC.

Table 6 Estimation of Langmuir and Freundlich parameter models 

T° (°C)
Langmuir Freundlich

Qmax b R2 KF n R2

20 208.6 0.021 0.981 7.66 2.11 0.931

30 230.4 0.025 0.987 9.48 1.79 0.948

40 255.7 0.028 0.993 12.42 1.75 0.957

50 303.2 0.031 0.996 14.01 1.73 0.964
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Table 7 Comparison of Qmax for 1,2-AAP by different materials 

Material Qmax (mg/g) Reference

Zn-Al-O composite 9.5 [30]

ZIF-67/MG 257.9 [33]

MAF-5(Co) 270 [31]

ZIF-8 294 [20]

[γ-APTES]-Fe3O4@PAN@AC 303.2 This work

The various maximum adsorption ability values of 1,2-AAP by various materials are summarized in 

Table 7. Based on other previously reported materials, [γ-APTES]-Fe3O4@PAN@AC placed the 

highest adsorption capacity, suggesting [γ-APTES]-Fe3O4@PAN@AC is one of the best efficient

and promising materials for 1,2-AAP.

3.4 Rational interaction mechanisms

3.4.1 Electrostatic interaction 
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Fig. 18 (A) Influence of pH to 1,2-AAP adsorption, (B) pHpzc of [γ-APTES]-Fe3O4@PAN@AC, 

and (C) 1,2-AAP ionic existed forms 

Due to the lack of theory studies and no information data were found about 1,2-AAP adsorption 

characteristics from the solution, therefore it is required to build up a plausible description for 1,2-

AAP adsorption mechanism, then develop a better understanding the adsorbent-adsorbate interaction 

mechanisms. Firstly, the effect of pH to 1,2-AAP adsorption on [γ-APTES]-Fe3O4@PAN@AC was 

investigated in a pH range of 2-13 at four T° (Fig. 18A). It can be seen that while pH increased from 

2 to 4, the amount of 1,2-AAP adsorbed (Qe) also rapidly increased from 135, 150, 165 and 193 mg 

g-1, respectively, then stably remained at pH = 5-6, thus reached at the highest one at an optimum pH 

= 7 at all T° tested experiments. However, once pH went up from 8 to 13, Qe significantly decreased. 

Considering with the surface charge of adsorbent was shown in Fig. 18B, the point of zero charge 

(pHpzc) of [γ-APTES]-Fe3O4@PAN@AC was determined at 5.72, which means its surface charge 

becomes positive charge when pH < 5.72 and becomes negative once pH > 5.72. Besides, due to the 

existence of one hydrogen atom and three nitrogen atoms existed on 1,2-AAP structure, it can be 

acted as both acid and base [87]. Therefore, the 1,2-AAP pKa values of protonated (1,2-AAP+), 

neutral (1,2-AAP) and deprotonated (1,2-AAP-) form was displayed when pH = 0-1.6, pH = 1.6-8.4 

and pH = 8.4-14 (Fig. 18C), respectively [88, 89]. At pH 7, the amount of 1,2-AAP adsorbed reached 

at Qmax = 193 mg g-1 (Fig. 18A), at which pH, [γ-APTES]-Fe3O4@PAN@AC becomes negatively 

charged (Fig. 18B), and 1,2-AAP indicates a neutral form 1,2-AAP (Fig. 18C). Concerning the 

adsorbent surface charge and the adsorbate ionic form, thus the electrostatic interaction was occurred. 

3.4.2 Ionic exchange 

Based on the surface charge property of adsorbent and the multiple ionic of adsorbate existed in 

different pH values, ion exchange can be assigned as a possible mechanism. [γ-APTES]-

Fe3O4@PAN@AC produced surface functional groups such as hydroxyl (OH), carboxyl (COOH), 

and silanol (Si-OH), which able to can react with the protonated 1,2-AAP form (1,2-AAPH+) at pH < 
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1.6. Briefly, the hydrogen atom of that surface functional groups in [γ-APTES]-Fe3O4@PAN@AC 

exchanged one H+ ion with 1,2-AAPH+ as Eqs. 12, 13 and 14 accordingly: 

[Adsorbent]-OH + [1,2-AAPH]+ → [Adsorbent]-O-[1,2-AAPH] + H+                                       (12)

[Adsorbent]-COOH + [1,2-AAPH]+ → [Adsorbent]-COO-[1,2-AAPH] + H+                            (13)

[Adsorbent]-SiOH + [1,2-AAPH]+ → [Adsorbent]-SiO-[1,2-AAPH] + H+                                (14)

3.4.3 Hydrophobic interaction 

The AC surface nature can be possessed as hydrophobic material, which agrees with previous work 

[76], and 1,2-AAP also formed the hydrophobicity due to methyl group on the imidazole ring [90]. 

Furthermore, PAN also known as a hydrophobic polymer [91]. Therefore, the hydrophobic 

interactions between 1,2-AAP and [γ-APTES]-Fe3O4@PAN@AC were assumed to another 

interaction mechanism, and enlarged 1,2-AAP adsorption capacity to some extent (Fig. 19). To 

confirm the existed hydrophobic interaction, TGA result was denoted in Fig. 15B, [γ-APTES]-

Fe3O4@PAN@AC adsorbed insignificant amount of water molecules less than 90 times at the same 

time, as compared with Cu-BTC (a well-known hydrophilic chemical). It is plausible to believe that 

[γ-APTES]-Fe3O4@PAN@AC might be assigned as hydrophobicity nature. 

Fig. 19 Hydrophobic interaction
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3.4.4 π-π interaction 

Taking the consideration into π-bond interaction between benzene ring of 1,2-AAP to the π electron 

distribution bonded in AC edges, thus increase the dispersive adsorption potential of the AC surface, 

led to aroused 1,2-AAP adsorption on [γ-APTES]-Fe3O4@PAN@AC [92]. To confirm this, UV-vis 

result was used to determine the positive interactions between adsorbent-adsorbate and confirm that 

effective adsorption of 1,2-AAP on [γ-APTES]-Fe3O4@PAN@AC (Fig. 16B). Due to the addition of

[γ-APTES]-Fe3O4@PAN@AC resulted to a significant decrease in the main peak absorption at λ = 

259cm-1, but an increase in two higher wavelength absorption at λ = 272 and 275 cm-1, led to a 

prominent bathochromic shift in absorption. 

3.4.5 Dipole-dipole force 

The dipole-dipole force interaction was regarded as a rational adsorption mechanism. PAN known as 

the largest dipole moment polymer [74], thus PAN can increase and excited state dipole moment of 

1,2-AAP, led to the formation of dipole-dipole force of high dipole moment of PAN/1,2-AAP and 

improve the bonding of 1,2-AAP and [γ-APTES]-Fe3O4@PAN@AC, then promote a certain 

synergistic 1,2-AAP adsorption capacity [93]. 

3.4.6 Hydrogen bond 

Finally, hydrogen bond was contributed as one of the strongest and major interaction mechanisms 

between [γ-APTES]-Fe3O4@PAN@AC and 1,2-AAP. Functional groups formed on the surface of 

[γ-APTES]-Fe3O4@PAN@AC such as hydroxyl (OH), silane headgroup (silanol Si-OH), and 

terminal amine (NH2) would act as both a hydrogen donor and an acceptor present. Fig. 20 (A and B) 

shows the surface hydroxyl groups of OH and Si-OH on [γ-APTES]-Fe3O4@PAN@AC interacted 

with three different nitrogen atoms of imido groups of 1,2-AAP to form hydrogen bonds at various 

positions, led to enhance an extra adsorption capacity. Briefly, hydrogen atom will interact with three 

nitrogen atoms at three different positions due to the nitrogen sp2 lone pairs, and a hydrogen bond 

with a surface hydrogen functional groups through a N-H proton [94]. Besides, Fig. 20C indicates 
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the terminal amine groups (NH2) of [γ-APTES]-Fe3O4@PAN@AC acted with hydrogen atom of 1,2-

AAP to form hydrogen bond-mediated coupling of -NH2 [60]. Because PAN organic polymer also 

produced with nitrile (CN) groups, which are attached to H atom of 1,2-AAP, in which, the nitrile 

group acts as a hydrogen bond acceptor due to a lone pair on N atom enabling strong attractive 

interactions, led to a synergistic adsorption capacities [95] (Fig. 20D). 

Fig. 20 Hydrogen bonds between surface functional groups of [γ-APTES]-Fe3O4@PAN@AC to 1,2-

AAP 

3.5 Conclusions

To summarize, the fast and efficient removal of 1,2-AAP on [γ-APTES]-Fe3O4@PAN@AC in the 

views of adsorption isotherms, kinetics, temperature- and pH-dependent developed in this work 

offered a simple method to evaluate adsorption of EOCs onto adsorbent. Therefore, the following 

conclusions should be described: 

i. The adsorption capacities of 1,2-AAP on [γ-APTES]-Fe3O4@PAN@AC is higher than other 

previously reported materials, thus and binding the affinity of adsorbent-adsorbate via plausible 

interaction mechanisms such as hydrogen bond, dipole force, electrostatic interaction, 

hydrophobic interaction, ion exchange and π-bond;
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ii. The formation of an adjacent distance of 0.32 nm is good agrees with (220) parallel inter-fringe 

of Fe3O4@PAN sub-lattice active sites, which encouraged the binding affinity and interaction 

of adsorbent-adsorbate, thus achieved the surface stability of [γ-APTES]-Fe3O4@PAN@AC to 

some extent;

iii. We found that 1,2-AAP strongly chemisorbed on [γ-APTES]-Fe3O4@PAN@AC by the 

formation of chemical bonds with a surface H and N atom through hydrogen bond with 1,2-

AAP by N-H link;

iv. Langmuir model and pseudo-second-order kinetic model provided the reasonable values to 

describe the adsorption behavior. 
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CHAPTER IV: REMOVAL OF Cd(II) USING PAN@Fe3O4@GO

The current study showed the adsorption of Cd(II) on PAN/Fe3O4@GO well follows pseudo-second-

order model and the equilibrium result is in good agreement with Langmuir model. We found that 

the adsorption of Cd(II) is dominated by the strongly chemisorbed onto PAN/Fe3O4@GO surface by 

forming chemical interaction with oxygen containing functional groups through ion exchange 

mechanism. Besides, the formation of adsorbed-Cd PAN/Fe3O4@GO ternary surface complexes 

through cross-linked nitrile groups (C≡N) with cadmium-promoted bridging type, resulted to 

enhanced Cd(II) adsorption capacity. The adsorption behaviors of Cd(II) on polyacrylonitrile-

assisted (PAN) magnetic graphene oxide (PAN/Fe3O4@GO) were investigated in the views of 

adsorption kinetics, isotherms, and effect of adsorbent loadings. The maximum adsorption capacity

of Cd2+ (270.27 mg g-1) over PAN/Fe3O4@GO is significantly pH-dependent at a stably wide pH 

range of 4-6.

4.1 Introduction 

Cadmium (Cd) compounds as the well-known human lung and prostate are highly potential toxicity 

even at trace concentration of exposure and classified to cause a cancer in human by The US 

Environmental Protection Agency (US.EPA). Cd(II) and its derivatives have been substantial studied

in views of their effects on human health, and regularly considered in Table 8 [96-99]. Following the 

US.EPA and the World Health Organization (WHO) recommended the maximum contamination 

level (MCL) and maximum contamination limit goal (MCLG) for Cd2+ in drinking water quality, 

which was also summarized in this table [100, 101]. Along with that, Cd(II) compounds are 

introduced into the natural environment from different waste sources such as pigments, paints, textile 

dyes, refining, metal smelting, paper manufacture, alloy and finishing industry, finishing, mining, 

plating, Cd-Ni batteries, and Cd-Te thin film solar cells, causing serious public health and 

environmental concerns [98, 102-107]. Cadmium is not biodegradable but accumulates in human 

body cells, tissues, organisms and other living forms [105, 108], potentially leading to mutagenic 
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carcinogens [106, 109]. The harmful health effects of Cd also include a number of acute and chronic 

disorders, such as “itai-itai” disease [99], liver and renal damage, emphysema, hypertension and 

testicular atrophy [110, 111]. The most stable oxidation state of cadmium is Cd2+ cation, which 

forms in chemical compounds in aquatic ecosystems [112, 113] and is not easily precipitated by 

conventional methods. This also suggests that the adsorbents having with more negative charges on 

its surface has a useful adsorption capacity for Cd(II). Numerous technologies have been applied to 

remove Cd from aqueous systems such as complexation coagulations [114], bioretention techniques 

[115], green modification of nanofiltration [116], physical-chemical activation modification [117], 

electro-deposition coatings [118], cotton template method [119], immobilization [120], liquid 

membrane technique [121]. However, most of these treatments are energy intensive and create 

sludge disposal problems [122]. In particular, low concentrations (typically, less than 20 mg.L-1) of 

Cd(II) retain high toxicity and their economic removal remains very difficult. Furthermore, scale-up 

remains challenging in terms of high-quality performance, with less money and energy-intensive, 

eco-friendly way, and enhanced removal efficiency at both high and low concentrations. Ion 

exchange and reverse osmosis could meet the Cd2+ concentration limitation required by standards 

and regulations, but have high operation and maintenance costs. Thus adsorption is one of the most 

effective techniques to overcome these drawbacks [123, 124]. The major advantages of adsorption 

over other conventional techniques include its simple operation, low cost, high efficiency, lower 

chemical and biological sludge generation, regeneration of adsorbent and possibility of metal 

recovery [125, 126]. Recently, increasing concerns about Cd(II) pollution have encouraged the 

investigation and development of novel and enhanced materials. For instance, biochars [127, 128], 

rice husk [117], pineapple wastes [129], granular AC [130], nanofiber membranes [131], seaweed 

[132], TiO2-nanoparticles [120], natroalunite microtubes [133], biosorbents [134], shoe wastes [135], 

and hydroxylapatite minerals [136]. The textural structure and functional effects of these materials 

exhibited the adsorption efficiency.
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Table 8 Cd-related toxicity and its regular limitations

Main sources Harmful effects on human

EPA limits
WHO

(mg/L)
MCL 

(mg/L)

MCLG 

(mg/L)

Pigments, paints, textile dyes, metal 

smelting, paper manufacture, alloy 

and finishing industry, finishing, 

mining, plating, Cd-Ni batteries, and 

Cd-Te thin film solar cells.

Acute and chronic disorders, 

such as “itai-itai” disease, liver 

and renal damage, 

emphysema, hypertension and 

testicular atrophy.

0.005 0.005 0.003

In this part, we synthesized the self-assembled magnetic graphene oxide with PAN-assisted via in-

situ two-step process. The prepared product PAN/Fe3O4@GO was selected because its porous 

structure, facile to synthesize in large scale, an easy-to-separate adsorbent. The preparation strategies 

of magnetic graphene oxide coating with polymer to remove the emerging heavy metal such as Cd 

are still limited. Considering the limited methods for fabrication of a green adsorbent based on the 

controllably magnetic graphene oxide functionalized with polymer, in this study the authors attempt 

to develop a direct and alternative synthetic route prepare polymer-assisted magnetic graphene oxide 

PAN/Fe3O4@GO.

Recently, graphene oxide (GO) is a novel two-dimensional carbon atomic single layer, which is 

arousing tremendous attention, research interest and to be considered as one of the most interesting 

nanomaterial. Based on the Hummer method, GO was modified under the strong oxidation of natural 

graphite flask [57]. The graphite oxidation process presents large contents of surface O-containing 

functional groups on the outer of GO plane such as epoxy, hydroxyl, and carboxyl group. GO

composed of a single layer of sp2 hybridization of carbon atoms and the exceptional physical 

properties such as high electronic conductivity, good thermal stability, and excellent mechanical

strength. Therefore, GO has become to explore in a wide applications in electronics and 

optoelectronics, chemical and biological sensors, analytical chemistry, electrochemistry, energy 



61

storage, solar cells, lithium ion secondary batteries, and chemical catalysts [137]. The hexagonal 

arrays of GO sheets are ideal for strong interactions with other molecules to build up an advance 

nanocomposite. GO is a class of electron-rich carbon material with an available delocalized π-

electron system, indicating its promising applications in water treatment. GO included a large 

specific surface area, excellent stability and negative O-containing functionalities, inorganic 

chemicals with a positive charge can be strongly chemisorbed on GO. However, GO is insoluble and 

difficult to disperse in all solutions due to strong van der Waals interactions that can hamper sorption 

of metal ions. Therefore, the expanded functionalization of GO layers might be important for their 

future applications. Magnetic graphene oxide (Fe3O4@GO) had many advantages, such as simple 

separation, high adsorption capacity and cyclic utilization, which can greatly expand their application 

in environmental purification. Magnetic separation has been developed to facilitate the collection of 

contaminants from reaction system. For these reasons, Fe3O4@GO was coated with PAN polymer to 

extend their surface functional groups, and obtain the strong affinity between PAN/Fe3O4@GO to 

metal ion, which enhanced the adsorption capacities. Various magnetic nanocomposites could be 

used as adsorbents. PAN/Fe3O4@GO with a high surface area, tremendous functionalities, and 

regular active oblique intersections revealed excellent dispersion and surface stability. Two-step 

process via direct in-situ co-precipitation and polymerization is selected to connect Fe3O4@GO 

inside framework of PAN. In the reaction process, Fe3O4 particulates were arranged on the 

hexagonal arrays of GO with the help of PAN framework polymerization as shown in Fig. 21. 
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Fig. 21 Fabrication route of in-situ synthetic PAN/Fe3O4@GO 

The single layer distance of GO is around 0.5-0.7 nm, and much more hydrophilic nature. 

PAN/Fe3O4@GO was increased the surface alkaline functional groups, and O-containing functional 

groups, which obtained a lone electron pair and through sharing an electron pair. This encouraged

PAN/Fe3O4@GO able to efficiently bind with Cd2+ to form a metal complex, led to enable the Cd 

adsorption capacity. The mainly plausible chemisorption of Cd(II) over PAN/Fe3O4@GO is assumed 

through the certain formation of adsorbent-Cd complexes with the surface functional groups of

PAN/Fe3O4@GO including acidic and alkaline groups. Additionally, electron donor-acceptor 

interaction between the delocalized electron of PAN/Fe3O4@GO (electron donors) and Cd (electron 

acceptors) is also responsible for the removal of Cd. There are much publications on magnetic 

graphene oxide to remove heavy metals such as Cu, Zn, Ni, Pb, As and Cr, however, very little 

information and data to remove Cd(II) from aqueous solutions by an easy-to-cover of 

PAN/Fe3O4@GO ternary nanohybrid. This research provides a better understanding of adsorption 

isotherms, kinetics and thermodynamics of Cd2+ over PAN/Fe3O4@GO for the equipment design and 

operation in various industries.
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The goals of this study include the facile and scalable preparation of PAN/Fe3O4@GO, and the 

comparative Cd(II) adsorption capacities as compared with other reported materials in the views of 

significant adsorption factors. The reasonable removal mechanisms of Cd2+ over PAN/Fe3O4@GO 

also present by the related modern characterizations and the typical adsorption rate laws and the 

effects of temperatures by thermodynamic calculated parameters at equilibrium.

4.2 GO-based adsorbents to remove heavy metals 

Since GO was exfoliated from graphite, various functionalized modifications have been developed to 

enhance their chemical properties. Most of the methods are doped and functionalized GO-supported 

nanomaterials have been employed to extend the potential applications of these nanostructures in 

industrial wastewater treatments [138]. The fields researched of GO were comprised the following

applications such as nanocomposites, photocatalyst, adsorption, quantum dots, storage energy, 

magnetic graphene composites, supercapacitors. However, the most important area of these 

technologies is an adsorption in environmental treatment, mainly in the removal of inorganic 

contaminants in waters. In this part, the authors provided the possible alternative to employ GO-

based adsorbent in wastewater decontamination via adsorption. In the first objective, the key point is 

related to the separated characteristic of adsorbent from reaction system in adsorption, and the 

feasibility of GO after the oxidation, functionalization or adsorption. The magnetic graphene oxide 

(Fe3O4@GO) played an important role to meet the facile and simple magnet separation the pollutants 

from the adsorption system, became one of the significant problems to produce an easy-to-cover

material. The second objective, that is, the chemical bonding affinity and useful surface functional 

groups produced on the surface of adsorbent gave different options to synthesize efficient adsorbents 

depending on an easy synthesis condition. Besides, the work also discusses the related application to 

remove heavy metal ion (Cd2+) using functionalized GO-based as possible adsorbent. It is required to

review and discuss the key characteristics, which play an important role in the advances in the 
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research of GO-based material as adsorbent in views of adsorption isotherms, kinetics, amount of 

adsorbent loadings, impact of pH, and magnetization property analysis.

PAN has been proposed as a universal binding polymer for practically any inorganic ion-exchanger 

(active component). The use of PAN-based organic binding polymer has a number of advantages 

provided by the relatively easy modification of its physico-chemical properties (hydrophilicity, 

porosity, mechanical strength). During the discussion of possible inorganic wastewaters of heavy 

metal contaminated solution for such a demonstration. A question was aroused about the synthesize 

an advanced and green nanomaterial to remove the typical heavy metal such as Cd(II) from waste 

streams. This question was not readily answerable because of: (i) a lack of previous experience with 

the application of composite absorbers for treatment of such as Cd(II); and (ii) a lack of relevant data 

in the literature about the behavior of ternary cross-coupled nanohybrid of PAN/Fe3O4@GO under 

different experimental conditions. Thus the focus of this work is not only a demonstration of the 

performance of PAN/Fe3O4@GO to an evaluation of Cd2+ adsorption extent, but also to investigate 

the reasonable adsorption mechanisms of Cd over PAN/Fe3O4@GO from solutions.

4.3 PAN/Fe3O4@GO preparation 

All chemicals and polymer involved in this study were purchased from commercial suppliers of 

Sigma-Aldrich (South Korea) and used without purification. Cd2+ stock solution was prepared by 

dissolving calculated weight of cadmium powder in HNO3 acid, and then stepwise diluted with DI 

water to obtain desired initial concentrations C0 ranged of 10-600 mg.L-1. Firstly, GO was 

synthesized accordingly conventional method of Hummer with an improved modification to promote 

the O-containing functional groups and the hydrophobicity of GO [57].

Magnetic nanoparticles Fe3O4 were synthesized via directly in situ co-precipitation and 

polymerization with GO and framework of PAN accordingly Eq. (15):

Fe2+ + 2 Fe3+ + 8 OH− ⇆ Fe(OH)2 + 2 Fe(OH)3 + GO+PAN → PAN/Fe3O4@GO↓ + 4 H2O (15)
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Fe3O4 nanoparticles were synthesized by a chemical co-precipitation in ultra-high-purity of N2

atmosphere. The co-precipitation reaction is conducted by mixing FeSO4.7H2O/Fe2(SO4)3 salt

(1:1.27 weight ratio), which was dissolved in 150 mL DI water, and heated to 90 °C. Subsequently, 

20 mL of NH4OH solution was added to the stirring reaction. GO and PAN were immediately put 

into the system, under ultrasound vibration for 6 h. the dark-brown solid was precipitated and easily 

collected by a magnet, and washed with DI water and ethanol several times. PAN/Fe3O4@GO finally 

dried in an oven at 90 °C under vacuum for 24 h.

4.4 Batch adsorption tests 

To evaluate the feasibility of PAN/Fe3O4@GO ternary nanohybrid as a potential adsorbent for the 

removal of Cd, the batch adsorption experiments were examined with 5 mg of PAN/Fe3O4@GO and 

50 mL of Cd2+ in stock solutions with a desired initial concentration C0 (mg L-1) of 10-600 mg L-1

and proper pH. The solution pH range of the reaction system was adjusted with 0.1 mol L-1 HNO3 or 

aqua NH4OH. Afterward, the mixture of PAN/Fe3O4@GO and Cd(II) was gently shaken in water-

bath at 120 rpm for 2 h to ensure the adsorption equilibrium occurred. After equilibration, the 

suspension was settled down and filtered through a paper filter. The concentration of Cd2+ in the 

filtrate remaining in the solution Ce (mg L-1) was measured by an atomic absorption spectroscopy 

(AAS/AA-7000). The amount of adsorbed-Cd2+ qe (mg g-1) and the adsorption percentage (R%) on

PAN/Fe3O4@GO were given by Eq. (16) and (17): 

�� =
(�� − ��) × �

�
(16)

% � =
(�� − ��)

��
× 100 (17)

where, V is the volume of the solution (L) and m is the mass of adsorbent (mg).

4.5 Analytical instruments 

Magnetic field characteristic was depicted by a vibrating sample magnetometer (VSM, DMS-1660, 

USA). Sample morphology was observed using FE-SEM and TEM. The concentrations of Cd(II) 
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were measured by an atomic absorption spectroscopy (AAS/AA-7000). XRD patterns were observed 

by using an X-ray powder diffractometer (XRD-6100, Shimadzu) to identify the sample phase. 

Fourier transform infrared spectrometer (FT-IR, Perkin-Elmer) was used to measure the absorption 

of the adsorbent and thus to identify the functional groups of samples.

4.6 Results and discussions 

4.6.1 XRD patterns 

Fig. 22 (a) XRD result, and (b) FTIR spectrum 

Fig. 22a shows the XRD spectra of graphite, GO, and PAN/Fe3O4@GO in the 2θ range of 0-70 °. 

The six main peak intensities of PAN/Fe3O4@GO agreed well with the standard diffraction spectra 

for existed Fe3O4 phases (2θ = 30.2°, 35.5°, 44°, 54°, 57° and 63°), which were indexed at (220), 

(311), (400), (422), (511) and (440) crystallites, respectively [47, 139]. This supports that the 

crystallinity of Fe3O4 did not change after in-situ directly coating with GO and polymerization with 

PAN. The intensive diffraction peak of graphite around 2θ = 27° corresponds to an interplanar 

spacing of (002) hexagonal layers of carbon atoms (d002 = 3.3 Å). In fact, a broad diffraction peak 

appears at 10.5° that is the typical GO characteristic for inter-planar d002 spacing in distance of 7.6 Å.

After the oxidation modification of graphite to GO the d002 spacing changes from 3.3 to 7.6 Å due to 
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the intercalation of surface functional groups such as H2O molecules, hydroxyl, carboxyl and epoxy 

groups. However, in the current XRD peak of PAN/Fe3O4@GO, these peaks were dramatically

vanished due to an overlapping of PAN polymerization and reduction of weak carbon-atom 

intensities in GO caused by magnetic property [140, 141]. This also confirms the potential binding 

affinity of Fe3O4 nanoparticles on GO layer. 

4.6.2 FTIR spectrum 

To characterize the surface functional groups of graphite, GO and PAN/Fe3O4@GO, the FT-IR

analysis was employed in Fig. 22b. It can be clearly seen that the spectrum of graphite with no 

remarkable peaks to be observed before the chemical oxidation, while the spectrum of GO indicates

that large amounts of surface oxygen containing functional groups were presented on GO layer. Two

bands at 1224 and 825 cm-1 are assigned with C-O bonds in COOH interactions of GO [142]. The 

broadest peak centered at 3400 cm-1 confirms the presence of free and associated hydroxyl groups 

due to intercalated water molecule and hydroxyl groups (-COOH and -COH) of GO [143]. The 

medium intensity at 1730 cm-1 is assumed for C=O bonding in COOH structure [144]. The small and 

narrow peak at 1610 cm-1 is assigned to C=C bonds from trace amounts of residual non-oxidized 

carbonaceous species [145].

Most of the observed peak intensities of GO were appeared in PAN/Fe3O4@GO. However, the bands

at 1425 and 712 cm-1 contributing to C=C bonds are shifted to wider peaks from the original band at

1610 cm-1 of GO due to a large of improved carbonous content of PAN polymerization (C3H3N)n

[146]. Furthermore, the typical band at 2527 cm-1 are assumed to the stretching of C=N in PAN

structure, which confirmed that the successful coating of PAN with Fe3O4@GO [147]. A vibrational 

peak at 540 cm-1 is corresponded well to the vibration mode of Fe-O functional groups, which is in 

agreement with the characteristic peak for Fe3O4 crystal structure [148, 149]. The FTIR result 

confirmed that PAN has been successfully functionalized on the surface of Fe3O4@GO. 
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4.6.3 SEM result 

Fig. 23 SEM images of (a) GO, (b) Fe3O4, (c) PAN/Fe3O4@GO, and (d) magnetization curve of 

PAN/Fe3O4@GO

Fig. 23a and 23b shows the SEMs of original Fe3O4 and GO. It can be seen that both of them

presented the heterogeneous surfaces. Their shape was arranged irregularly with disorganized

particulates. However, after functionalized polymerization by PAN, the surface of PAN/Fe3O4@GO

was entirely changed as continuously smooth shaped, and uniformly distributed with a relatively 

smooth, due to the formation of PAN in PAN/Fe3O4@GO (Fig. 23c) [150]. It is also indicates that

PAN/Fe3O4@GO was successfully polymerized by in-situ two-step process of co-precipitation and 
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polymerization. It further confirm the relative orientation of polar PAN nitrile groups to Fe3O4@GO

surface was the key factor that determined the surface of PAN/Fe3O4@GO [151].

4.6.4 TEM photos 

Fig. 24 shows the TEM photographs of PAN/Fe3O4@GO at different magnifications. Fig. 24a

indicates the presence of Fe3O4 particulates were decorated within GO layer, and most of Fe3O4

appeared as quasi-spherical shape. It also can be seen that few planes of GO layers were clearly 

observed. Fig. 24b indicates that PAN/Fe3O4@GO was existed various sub-lattices with different 

inter-planar spacings, investigating well intercalation of Fe3O4 with GO sheets. Fig. b1-b3 shows the 

close views of regular sub-lattice sites of PAN/Fe3O4@GO, suggesting the formation of Fe3O4 with 

mesoporous property on GO [152]. These regular sub-lattices were also enhanced to the surface 

stability of PAN/Fe3O4@GO and supported for stronger binding affinity of Fe3O4 to GO sheets, led 

to an improved adsorption capacity of Cd [65, 153]. In order to corroborate TEM result of 

PAN/Fe3O4@GO nanohybrid and confirm the existence of the magnetic phase inside of 

PAN/Fe3O4@GO, the magnetization curve analysis was conducted at RT. 
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Fig. 24 TEMs of PAN/Fe3O4@GO at (a) bar scale = 200 nm, (b) 20 nm, and (b1-b3) the regular active sub-lattices with various parallel 

interlayer distances
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4.6.5 Magnetization analysis of PAN/Fe3O4@GO 

The determined magnetic curve analysis of PAN/Fe3O4@GO at RT, was shown in Fig. 3c in the 

magnetic field of ±15 kOe. PAN/Fe3O4@GO presents the typical magnetization behavior of 

hysteresis loops as S-like. The maximum saturation magnetization (Ms) was to be found around 

57 emu g-1, indicating the highly recoverable potential by magnet, and the superparamagnetism 

property of PAN/Fe3O4@GO. The coercive force was reached to zero, validating that no remaining 

magnetization upon removal of the external magnetic field. Therefore, the superparamagnetic 

characterization of nanohybrid PAN/Fe3O4@GO was further demonstrated.

4.6.6 Effect of pH on Cd(II) adsorption over PAN/Fe3O4@GO

Due to various ionic species of Cd2+ ion in aqueous solutions can appear at different pH values.

Therefore, pH of solution plays an important role in adsorption of Cd over PAN/Fe3O4@GO. 

Generally, acidic pH (4-7) is most beneficial for the adsorption of metal ions. Hence, Fig. 25a shows

the pH-dependent on the Cd(II) adsorption over PAN/Fe3O4@GO in pH range from 1.0 to 9.0. It can 

be seen that Cd2+ adsorption capacity (qe) by PAN/Fe3O4@GO is highly affected by pH influence

and qe is aroused with increasing solution pH, and qe remains constantly at pH 4-6.

Fig. 25 (a) pH-influent, and (b) effect of adsorbent dose to Cd2+ uptake over PAN/Fe3O4@GO 
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The maximum capacity Qmax around 138 mg Cd2+/g mass of PAN/Fe3O4@GO were observed at an 

optimum pH = 5. In the strong acidic conditions (pH < pH 5), many H+ ions compete with Cd2+ ions 

for the adsorption sites on PAN/Fe3O4@GO surface. Therefore, at pH 5 the competition between H+

and Cd2+ on the regular active adsorption sites of the PAN/Fe3O4@GO is decreased, resulted to an 

enhanced adsorption capacity. Conversely, while pH > pH 5, the Cd2+ cations might be precipitated 

in the solution due to the increasing of OH- concentration, which can decrease in the Cd(II) uptake 

capacity.

4.6.7 Influence of adsorbent loadings 

The adsorbent dose is another significant parameter, which is affected by the proportion of Cd2+ ion 

uptake as shown in Fig. 25b. As the mass of PAN/Fe3O4@GO increased from 0.5 to 2.0 g, it was 

evident that while qe decreased sharply with further increasing of adsorbent dosage is due to the Cd2+

could adsorb on the surface of PAN/Fe3O4@GO and block the active adsorption channels or 

mesoporous sites, which render any further added adsorbent relatively ineffective. The decreased qe

with an increase in the adsorbent dose is primarily due to the unsaturation of adsorption sites through 

the adsorption process, where the quantity of active sites is still available for Cd(II) adsorption sites 

by increasing the dose. Then, qe decreased gradually at adsorbent dosage from 2.5-3.5 g, suggesting 

the overlapping of available adsorption sites, due to the overcrowding of adsorbent surface, caused to 

decrease the total active surface for Cd2+ ions [154]. 
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4.6.8 Adsorption isotherms

Fig. 26 Equilibrium study of Cd adsorption on PAN/Fe3O4@GO via (a) Langmuir, (b) Freundlich 

plots, (c) pseudo-first-, and (d) second-order curves

Fig. 26a, 26b show the Langmuir and Freundlich isotherm fitting curves of Cd2+ adsorption by 

PAN/Fe3O4@GO, and the calculated parameters are listed in Table 9.

Table 9 Determination of adsorption isotherm parameters

Langmuir Freundlich

Qmax b R1
2 KF 1/n R2

2

270.27 0.026 0.993 12.462 0.5556 0.961
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Due to the higher coefficient R1
2 = 0.99 > R2

2 = 0.96, the cadmium adsorption process over 

PAN/Fe3O4@GO was best fitted with the Langmuir model suggesting that the Cd(II) adsorption

behavior is monolayer with homogenous distribution of active sites on the surface of 

PAN/Fe3O4@GO. The value of 1/n < 1 obtained from the Freundlich isotherm also indicates that the 

adsorption of Cd on PAN/Fe3O4@GO is favorable. The b value of Langmuir model is to be found of 

0.026 < 1, implying the low surface energy in the adsorption process, thus indicating a stronger 

bonding force between Cd2+ ion with PAN/Fe3O4@GO [155].

Table 10 Comparison of various adsorbents

Adsorbent Qmax (mg g-1) Reference

Fe-Fe3O4/GO

Alcaligenes eutrophus

108.6

122.0

[156]

[157]

Kraft lignin 137.14 [158]

Broad bean peel 147.71 [159]

GO/silica/Fe3O4 composite 166.7 [160]

Sugarcane bagasse 189.0 [161]

PAN/Fe3O4@GO 270.27 This study

The Qmax of Cd adsorption by PAN/Fe3O4@GO calculated in this work is higher than previously 

reported values (Table 10), indicating that PAN/Fe3O4@GO can be used as a highly promising 

adsorbent for Cd(II) removal from various wastewater.

4.6.9 Adsorption kinetics 

In order to verify the kinetics of Cd adsorption onto PAN/Fe3O4@GO, pseudo-first-order and 

pseudo-second-order kinetic models were applied to the experimental data. The calculated 

parameters were summarized in Fig. 26c, 26d and listed Table 11. 
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Table 11 Calculated pseudo-first and second-order parameters for the Cd adsorption

Qe,exp

(mg/g)

Pseudo-first-order model Pseudo-second-order model

kad

(min-1)

Qe,cal

(mg/g)
R1

2
k

(g mg-1 min-1)

Qe,cal

(mg/g)
R2

2
h

(mg g-1 min-1)

46.83 0.006 42.95 0.755 0.0017 47.62 0.998 3.827

Note, Qe,cal : calculated maximum adsorption capacity, 

Qe,exp : experimentally determined maximum adsorption capacity.

Fig. 26c-d show the well-fitting of the Cd(II) adsorption data to the pseudo-second-order model 

yields very high determination coefficients (R2
2 > 0.99) as compared with the pseudo-first order plot. 

The experimentally maximum adsorption capacity Qe,exp is also in good agreement with the pseudo-

second-order model (Table 11), suggesting the Cd2+ adsorption was satisfactorily fitted to the 

pseudo-second-order model, while the pseudo-first-order kinetic model did not fit well the data [162-

164]. It implied that the chemisorption as the rate-limiting mechanism occurred during the adsorption 

process by functional groups existing on the surface of PAN/Fe3O4@GO rather than physisorption. 

PAN/Fe3O4@GO investigated in this work showed good potential product for the removal of Cd

from aqueous solutions [165, 166]. 

4.7 Proposed adsorption mechanisms 

Various adsorption mechanisms to remove metal ions from aqueous solutions, such as electrostatic 

interactions, hydrogen bond, chemical coordination complexes, and π-bonds, have been applied to 

interpret aqueous phase adsorption of Cd(II) over adsorbents. Among them, in order to investigate 

the adsorption mechanisms of Cd(II) over PAN/Fe3O4@GO, two strongly chemisorbed bonds mainly 

affected to the adsorption characteristics are coordinate covalent bonding and ion exchange.

4.7.1 Ion exchange 

The broadest peak at 3400 cm-1 is dominated for hydroxyl (OH stretching vibration) in 

PAN/Fe3O4@GO was entirely shifted and broadened from 3400 to 3397 cm-1 of Cd-adsorbed 
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PAN/Fe3O4@GO (Fig. 27a). Similarly and same trend, the peak at 1730 cm-1 is assigned for C=O 

bonding in carboxyl functional groups (COOH), also broadly split into two peaks at 1795 and 1682

cm-1 in PAN/Fe3O4@GO + Cd peak intensity. It indicates that when Cd2+ was adsorbed on 

PAN/Fe3O4@GO, it is to be found that these bands attributing to the oxygen containing functional 

groups such as OH and COOH were obviously lifted and widened to some extent, as compared with 

the original peak intensities. This factor reveals that O-containing functional groups existed on

PAN/Fe3O4@GO played a critical role in the Cd(II) adsorption behavior. In other word, Cd2+ ions

were mainly chemisorbed through the chemical interaction with these surface O-containing 

functional groups of PAN/Fe3O4@GO.

Fig. 27 (a) The FTIR data of PAN/Fe3O4@GO before and after adsorbed-Cd, and (b) the plausible 

chemical interaction between Cd2+ ion and surface O-containing functional groups onto 

PAN/Fe3O4@GO

Surface hydroxyl and carboxyl groups are able to react with Cd2+ ions. The hydrogen atom of these 

groups in PAN/Fe3O4@GO exchanged H+ atom with Cd2+ as Fig. 27b, led to an improved adsorption 

capacity. Ion exchange is probably one of the major adsorption mechanisms for binding Cd2+ ion to 

the PAN/Fe3O4@GO. 
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4.7.2 Coordinate covalent bonding 

Another possible mechanism to crosslink via nitrile groups comes into consideration for the 

enhancing the Cd(II) adsorption capacity. PAN has become a focus of considerable research for a 

long time, not only owing to its good cross-linked polar nitrile group (C≡N) possessing a high dipole 

moment (3.9 D), but also as very rich nitrogen content. The coordination of the nitrogen atom in 

C≡N group of PAN/Fe3O4@GO to the Cd2+ ion in the PAN framework is responsible for the 

efficient adsorption. That is, C≡N functional groups in the PAN/Fe3O4@GO are able to act as 

surface coordination sites for the adsorption of transition Cd2+ ions from aqueous solution. The

formation of coordinate covalent bond between Cd2+ and PAN/Fe3O4@GO, a cadmium-promoted 

C≡N bridging type of complex to promote the Cd(II) adsorption capacity to some extent [167, 168].

Moreover, the acrylonitrile groups (CH2CHCN) of PAN in the solution can form strong acrylonitrile-

Cd(II) complexes of surface-adsorbed bonding, and thereby completely expand the extent of Cd(II) 

adsorption [169]. It means acrylonitrile group can react as active adsorption channels for Cd(II) ions

[170]. This results in a more favorable attraction for Cd2+ ions in the solution and enhances the 

formation of Fe3O4@GO-PAN-Cd ternary surface complexes [171].

4.8 Conclusions 

This chapter showed the adsorption process of Cd(II) on PAN/Fe3O4@GO ternary nanohybrid was

well followed by Langmuir isotherm and pseudo-second-order model equilibrium results. According 

to the FTIR result and equilibrium studies indicated that the Cd2+ ion adsorption characteristics onto 

PAN/Fe3O4@GO through the chemical interaction O-containing groups, and C=N groups existed on 

the surface of adsorbent via ion exchange and coordinate covalent bondings. These groups can

efficiently bind the Cd2+ to form the metal ion complexes, led to promote the Cd(II) adsorption 

capacity. The prepared PAN/Fe3O4@GO has impressive the maximum adsorption capacity toward 

Cd2+ of 270.27 mg g-1, which is higher than that of reported adsorbents, due to an involving the 

stronger surface complexation of Cd ions with the oxygen containing groups on the outer surface of 



78

PAN/Fe3O4@GO. PAN/Fe3O4@GO has become a promising adsorbent in different analytical 

chemistry such as XRD, SEM, TEM, and VSM, which considered the excellent adsorption properties 

of PAN/Fe3O4@GO for wastewater decontamination in the near future.
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CHAPTER V: CONCLUSIONS 

Decontamination of water resources by pharmaceutical/industrial wastewater residuals was one of 

the major challenges for the sustainability of natural environments. To urban use, AZCs appeared in 

protecting agricultural practice as plant growth regulators, potential stress protectants from severe 

damage caused by paraquat, a free radical generator. AZCs are the mainly active ingredient of 

pesticides, fungicides such as propoconazole, penconazole, and epixiconazole and the growth 

regulator paclobutrazol in crop plantings [172]. The reported use of AZCs and its derivatives such as 

triazole, benzotriazole and naphthotriazole is generally been found as azole-type anticorrosive for 

copper [173]. A few studies always adequately focus to remove AZCs from municipal wastewater 

plants [174], anticorrosive for metals [8], waters [175]. However, the adsorption capacities for ACZs 

are not remarkable due to its resistant biodegradation, only partial removals and low adsorption 

efficiency. Therefore, scientists and researchers were vigorously finding ways to best use of an easy-

to-cover material to address it. rGO- and AC-based nanocomposites became the revolutionary 

materials. This dissertation presented the synthetic pathway and its related applications in various 

research activities for AZC contaminated control. Further development of the other rGO- and AC-

based nanohybrids has been investigated. That is, the prepared Fe3O4@PAN alloy was arranged on 

the carbon atoms in a hexagonal pattern (a honeycomb crystal lattice) of rGO layer, and AC 

particulates inside the framework of [γ-APTES]-soluble dispersion. In this dissertation, novel 

nanostructured materials with active functionalities, and unique regular sub-lattice sites have been 

designed and developed, and their related applications in the removal of AZC derivatives have also 

been evaluated. According to the Qmax and the adsorption characteristics of BMA and 1,2-AAP, our 

adsorbents had great potentials for applications to remove AZCs from waters.

Furthermore, the wide feasibility of a series of our current nanocomposites for the removal of not 

only for organic AZCs, but also for inorganic water pollutant such as cadmium (II) in dissolved

solutions. In this part, the authors employed another approach to produce magnetic graphene-based 
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nanocomposite with polymer PAN/Fe3O4@GO to remove inorganic pollutant as cadmium. In this 

frame, the main achievements of this dissertation are: 

[1] Potential application of ternary cross-coupled nanohybrid of [γ-APTES]-Fe3O4@PAN@rGO for 

the removal of benzimidazole (BMA) from solutions: 

v The present study is the first critical assessment of the potential for emerging inorganic 

contaminant of azole compounds (AZCs) in aqueous environments. 

v We found that BMA was strongly chemisorbed over [γ-APTES]-Fe3O4@PAN@rGO, which 

offers the highest adsorption capacity, as compared with other adsorbents. 

v The adsorption data well fitted with the Langmuir isotherm equation and pseudo-second-order-

model, which suggests the adsorption process taken on monolayer chemisorption. 

v The magnetization properties of [γ-APTES]-Fe3O4@PAN@rGO, which facilitate separation 

from the reaction system within several seconds, make it more attractive candidates for the 

removal of AZCs at acceptable costs.

v [γ-APTES]-Fe3O4@PAN@rGO produced two types of oblique intersections including various 

parallel inter-fringes at different spacings, and a unique right angle of 90°, that are, have not 

investigated yet. 

[2] Use of [γ-APTES]-Fe3O4@PAN@AC for the adsorption of benzotriazole (1,2-AAP) at different 

pH in multi-temperature system: 

v The results demonstrate that [γ-APTES]-Fe3O4@PAN@AC can be effectively employ as an 

easy-to-cover adsorbent for the removal of dissolved 1,2-AAP in solutions.

v pH- and temperature-dependent were found to mainly affect the adsorption capacity of 1,2-

AAP.

v [γ-APTES]-Fe3O4@PAN@AC produced an adjacent distance of a parallel plane of magnetic 

polymer alloy, which was related to the chemical stability, the certain formation of mesoporous 



81

property, and the synergistic adsorption capacity of 1,2-AAP over [γ-APTES]-

Fe3O4@PAN@AC.

[3] PAN/Fe3O4@GO nanocomposite was used for the removal of Cd(II) in dissolved waters:

v Magnetic nanoparticles were successfully synthetized and decorated onto hexagonal arrays of 

graphene oxide (GO) inside the framework of PAN via direct in-situ co-precipitation and 

polymerization.

v In-situ deposition as well as self-assembly arrangement of Fe3O4 onto GO layer showed 

homogeneously dispersion to the surface chemistry of PAN/Fe3O4@GO.

v PAN/Fe3O4@GO might be employed as an effective adsorbent for the removal of Cd2+ and 

other divalent metal ions in various industrial wastewater treatments.

v PAN/Fe3O4@GO obtained the maximum adsorption capacity as compared with other 

adsorbents, due to the strong ternary surface complexes of Cd ions, and the chemical reaction

of Cd2+ with the oxygen containing functional groups on PAN/Fe3O4@GO.
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CHAPTER VI: PRACTICAL APPLICATIONS AND FUTURE WORK 

AZCs are a newly detected hazardous compound arising from systemic pesticides and eradicative 

fungicides, along with their various applications in pharmaceutical/agricultural industries. No 

information is available regarding its effect on human metabolism, but azole derivatives were also 

found in human urine metabolites in seven countries of USA, Greece, Vietnam, Korea, Japan, China, 

and India [176]. This suggests that the present study findings be upscaled from lab scale to full scale 

for practical applications. Our current research has developed a plausible description and simple 

framework for AZC removal characteristics and has increased our understanding of the surface 

chemistry on ternary cross-coupled nanohybrid. This enhanced knowledge can be used for future 

contribution to pharmaceutical/industrial wastewater treatments. Even though our study provided 

valuable information, the following study limitations should be noted: (i) no further consideration for 

the specific effects exerted by certain acidic/alkaline functional groups that are present on adsorbent 

surface and their influences on the AZC adsorption capacity; (ii) no trial of real AZC-contaminated 

wastewater samples; (iii) no investigation of the effects of ionic strength in the adsorption of 

mixtures of other azole ions; and (iv) technology transfer difficulties that might arise in practical 

application. Future study should examine the effect of the AZC biodegradation characteristics in 

order to determine a new and economical route for AZC adsorption in real wastewaters (lake, river, 

industrial chemical company, pharmaceutical wastewater), and to further develop a simple 

description for AZC adsorption technology applications in the future. To evaluate the certain 

applications of our adsorbents in environmental areas, cadmium is selected as the typical heavy 

metal to remove from waters. Cd is a naturally occurring toxic heavy metal with common exposure 

in industrial workplaces, and plant soils. Due to its low permissible exposure to humans, 

overexposure may occur even in situations where trace quantities of cadmium are found. Cd is used 

extensively in electroplating, although the nature of the operation does not generally lead to 

overexposure. The primary source for Cd(II) is as a byproduct of refining zinc metal. This 
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dissertation shows the wide feasibility of our several nanomaterials, to remove not only the organics 

but also for the inorganic. Even, results also show that Cd2+ adsorption can be achieved by using our 

material. However, more research needs to be examined prior to implement the present findings as 

various industrial applications: (i) full-scale tests with multi-component or different factors real 

wastewaters need to be examined carefully with industrial waters with various conditions; and (ii) an

analysis of economic and cost effects to present adsorbents.
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