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Abstract
In this study, PMo12O403- polyanion was immobilized chemically on amino functionalized magnetic graphene oxide nanosheets. The as-prepared ternary magnetic nanocomposite (Fe3O4/GO-NH2/PMo12) was characterized by XRD, FT-IR, Raman spectroscopy, EDS, SEM, AFM, BET surface area and magnetic measurement.  The results demonstrated the successful loading PMo12 (~36.5 wt.%) on the surface of magnetic graphene oxide. The nanocomposite showed a higher specific surface area (77.07 m2 g-1) than pure PMo12 ( ≤ 10m2 g-1). The adsorption efficiency of this nanocomposite for removing methylene blue (MB), rhodamine B (RhB) and methyl orange (MO) from aqueous solutions was evaluated. The nanocomposite showed rapid and selective adsorption for cationic dyes from mixed dyes solutions. The adsorption rate and capacity of Fe3O4/GO-NH2/PMo12 is enhanced as compared with GO, GO–NH2, Fe3O4/GO-NH2 and PMo12 samples due to enhanced electrostatic attraction and hydrogen-bonding interactions. The nanocomposite is magnetically separated and reused without any change in structure. Thus, it could be a promising and green adsorbent for removing organic pollutants in water. 
Keywords: Graphene oxide nanosheets; Magnetic nanocomposite;        Polyoxometalates; Organic dyes; Adsorption; Fe3O4 nanoparticles.
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1. Introduction
      The development of industry and human activity releases increasing amounts of contaminants, such as metal ions, organic dyes and cleaning agents, which has focused public concerns.1,2 So, wastewater treatment has attracted much attention in the past decades because of grievous effluent discharge. Especially, some organic dyes discharged from plating, textile, and printing paper, plastic, cosmetic, pharmaceutical and food industries are resistant to biological degradation, which is quite difficult to remove from the wastewater.3,4 Organic dyes are not only highly visible and, even in a small amount, able to decrease gas solubility in water, but also toxicological, carcinogenic and mutagenic for human beings.5-9 Owing to the complex aromatic molecular structures, dyes are generally stable to light, heat and oxidizing agents.10 Therefore, effective removal of dyes from water before releasing them into the environment is essential. Among the various technologies such as photocatalytic degradation,11 electrochemical degradation,12 and adsorption,13 adsorption is considered one of the most efficient and economical methods for water purification.14 Then, many polymeric and inorganic adsorbents such as carbonaceous nanomaterials,15 porous metal oxides,16 clays,17 chitosan,18 and zeolites19 and so on20,21 have been developed for removing pollutants from aqueous solutions. However, such adsorbents are associated with certain problems that limit their practical applications, such as low adsorption capacity, slow adsorption rate, and the difficult separation of the adsorbents.22 Furthermore, some of them are only effective for wastewater including low concentrations of dye and they are generally poor at selectively removing the targeted organic dye wastes. Hence, in this regard, it is extremely imperative to find a new desirable adsorption material, which not only is capable of reducing the organic dyes in dye-wastewater with high efficiency and fast adsorption rate, but also can achieve selective separation and recovery of raw materials. 

        Polyoxometalates (POMs), as an outstanding class of anionic metal oxide clusters, have attracted intensive attention due to their earth-abundant source, rich topology and versatility, controllable shape and size, oxo-enriched surfaces, highly electronegative etc,23 which have various applications in many fields, such as catalysis,24 optics,25 magnetism,26 biological medicine,27 dye adsorption.28 As a result, POMs are the potential and suitable adsorbent for selectively capturing cationic dyes as their strong attraction to cationic dyes. However, there are still obvious disadvantages for the POMs as adsorbents, such as (i) their relatively small surface area which seriously obstructs the accessibility to the active sites; (ii) their excellent solubility in aqueous solution determines that they cannot be reused and recycled in the process of wastewater treatment. Therefore, plenty of remarkable work has been done to encapsulate POMs into porous solid matrixes, such as activated carbon29 and silica30 for creating composite materials. Unfortunately, these methods sometimes lead to low POM loading, it is thus of vital significance to search for an applicable solid matrix to immobilize POMs, which might greatly improve their adsorption ability for target dyes.       

     Among various materials, graphene or graphene oxide (GO)  has been proven as an effective sorbent for the removal of inorganic and organic pollutants owing to its large theoretical specific surface area (~2630 m2/g) and or the presence of several active sites on its surface.31-39 In addition, in comparison to other carbonaceous nanomaterials, GO may be more environmental friendly and have better biocompatibility.40 However, it is difficult to separate it from aqueous solution because of its small particle size, causing serious health and environmental problems once it is discharged into the environment.41 The centrifugation method needs a very high rate and the traditional filtration method may cause blockages of filters. Compared with traditional centrifugation and filtration methods, the magnetic separation method is considered as a rapid and effective technique for separating nano-materials from aqueous solution.42,43 Hence, magnetite/graphene composites with large specific surface area (enhancing the removal of water pollutants) and magnetic  separation (facilitated  by the recycling of the composites) have begun to be used in the field of environmental treatment.44-48 

      On the basis of the above discussion, in this work, amino functionalized magnetic graphene oxide (Fe3O4/GO-NH2) was synthesized by a facile method and used as a novel support for immobilizing Keggin-type PMo12O403- polyoxoanion. This magnetically recoverable ternary nanocomposite material (Fe3O4/GO-NH2/PMo12) was prepared by a simple acid-base electrostatic interaction between H3PMo12O40 and amino groups of Fe3O4/GO-NH2. For one thing, polyoxoanion PMo12O403- with highly electronegative and hydrophilic properties and structural stability could be utilized as a potential adsorbent for removal of the cationic dyes in dye-wastewater. For another, magnetic grapheme oxide possessed of outstanding porosity and extremely large surface area, and it is insoluble in water, which is an appropriate solid matrix to anchor type PMo12O403- anion. The combination of polyoxoanions and Fe3O4/GO-NH2 could improve the surface area and avoid the dissolution of POM. The hybrid nanomaterial exhibited superior adsorption rate and selective adsorption ability for the cationic dyes. Remarkably, this material exhibited a large-scale adsorption capacity of 426.7 mg/g for MB. Hence, it is a promising and environmental friendly adsorbent for removing and separating organic pollutants in dye-wastewater.

2. Experimental
2.1. Materials and Characterization Techniques 

     Graphite power (C, 99.95%), 3-amino propyltriethoxysilan (APTES, 99%), Phosphomolybdic acid   (H3PMo12O40, 98%), Toluene, sulfuric acid (H2SO4, 98%) and potassium permanganate (KMnO4, 98%) were purchased from Merck Chemical Co. All other chemicals were commercially purchased and used without further purification. The infrared spectra were recorded at room temperature on a Schimadzu FT-IR 160 spectrophotometer in the 4000–400 cm-1 region using KBr pellets. The XRD patterns of powder were recorded on a Rigaku D-max C III X-ray diffractometer using Ni-filtered Cu Kα radiation (λ = 1.54184 Å). The morphology of samples was studied by MIRA3 TESCAN scanning electron microscope equipped with energy dispersive X-ray analyzer (EDX) for the elemental analysis. AFM images were recorded on a multi-mode atomic force microscopy (ARA-AFM, model Full Plus, ARA Research Co., Iran). Magnetic measurements were carried out at room temperature using a vibrating sample magnetometer (VSM, Magnetic Daneshpajoh Kashan Co., Iran) with a maximum magnetic field of 10 kOe. Optical adsorption spectra were obtained from a Cary 100 Varian UV–Vis spectrophotometer in a wavelength range of 200–800 nm. The Brunauer–Emmett–Teller (BET) surface area was measured by N2 adsorption measurements at 77 K using a Nova 2000 instrument. The concentration of Mo in the composite was determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES, model OEC-730). A controllable Serial-Ultrasonics apparatus (James 6MD, England) operating at an ultrasonic frequency of 100 kHz with a nominal output power of 50 W was used to disperse samples.

2.2. Preparation of Graphene Oxide (GO)

        Graphene oxide (GO) was prepared by the modified Hummers method through the oxidation of graphite powder [49,50]. Graphite powder (2.0 g)   and   NaNO3  (1.0 g)  were   mixed   with   40 mL  of  concentrated H2SO4 in  a  500 mL  ﬂask  and  stirred   for  1 hour   in  an  ice  bath. Then  KMnO4 (6.0 g)  was  added  into  the  vigorously  stirred   suspension  slowly   below  15(C . The  ice  bath  was   then  removed, and  the  mixture  was stirred  at   room  temperature   until   it  slowly   became  a   brownish  slurry,  and  then it  was  diluted    with  100 mL  of   water. The  reaction  temperature  was rapidly  increased  to  98( C  with  eﬀervescence, and  the  color  changed  to  brown. After that, 200 mL of water and 20 mL of H2O2 (30 wt%) were added.  For  puriﬁcation,  the  mixture  was  centrifuged  and  washed   with  10%  HCl  and   then   deionized   water   several   times   to  remove  the   residual  metal  ions   and  acid.  After   centrifuging and drying   at room temperature, GO was obtained as a powder.  

2.3. Preparation of Magnetic Graphene Oxide (Fe3O4/GO)
       0.25 g of GO was dispersed in 90 mL water by sonication for 1 hour. Then, 0.84 g of  (NH4)2Fe(SO4)2  and 2.08 g of  (NH4)Fe(SO4)2 were  added  to  the GO dispersion and its pH was  adjusted  at 12 by adding 1 mol/L NaOH. The mixture was stirred at 50 (C for 2 h, filtered   and   washed   with   water and ethanol three times. The resulting solid was Fe3O4 /GO.

2.4. Preparation of Aminopropyl Functionalized Magnetic Graphene Oxide (Fe3O4 /GO–NH2)

     To a round bottom flask, 0.40 g the as-synthesized Fe3O4/GO dispersed in 50 mL water, 5 mL 3-aminopropyltriethoxysilane (APTES), and 150 ml ethanol were added.  The mixture   was   stirred   for   30 min   in   room   temperature and then was   refluxed at 80 (C for   24 h. After the reaction, the solid was separated by a magnet and washed with ethanol to remove the unreacted APTES. The final product was dried at 80 °C in vacuum for 12 h to obtain the Fe3O4/GO-NH2.

2.5. Preparation of the Fe3O4 /GO–NH2 /PMo12 Hybrid Nanomaterial

     1 g the as-prepared Fe3O4 /GO–NH2 was dispersed in 80 mL water and sonicated for 1 h. To the above suspension, 1 g H3PMo12O40 in 200 mL ethanol was added and sonicated for another 1 h. The resulting mixture was stirred at room temperature for 24 h, and then filtered, washed with deionized water and ethanol three times to remove the unreacted PMo12. The final product was dried at 60 °C in open air to obtain magnetic Fe3O4/GO–NH2/PMo12 hybrid nanomaterial. Elemental analysis (ICP-AES) showed that the Mo content in Fe3O4/GO-NH2/PMo12 was 32.55%. According to the elemental analysis results and molecular weight of H3PMo12O40, the loading amount (wt%) of PMo12 in Fe3O4/GO-NH2/H3PMo12O40 was estimated to be 36.5%. 

 2.6. Dye Adsorption Tests

        The aqueous stock solutions of dyes (500 mg/L) were prepared by dissolving solid dyes (MB, RhB and or MO) in deionized water. Working solutions of dyes, when required, were prepared by successive dilution of the stock solution with deionized water. The adsorption experiments of dyes were performed in a 100 mL glass beaker and the adsorption reaction temperature was maintained at 25 °C. In a typical experiment, 25 mg of the as-prepared Fe3O4/GO–NH2/PMo12 hybrid nanomaterial was added into 50 mL dye aqueous solution (C0 = 25 mg/L) and stirred under the darkness condition. The mixture was stirred and at predetermined time intervals, a small portion (3 mL) of the dye solution were pipetted out and the solid adsorbent was separated by an external magnet. The concentration (Ct) of dye in the clear solution was determined by measuring the absorbance of the solution at fixed wavelengths, 664 nm for MB, 554 nm for RhB and 463 nm for MO, using a UV–Vis spectrophotometer. Similar experiment was also done with 50 mL of MB solutions of different concentrations (5, 15, 25, 35, and 50  mg/L). Also, the hybrid nanomaterial was transferred into the mixtures of MB-MO (v:v 1/1, 50 mL, 25 mg/L), MO/RhB and MB/MO/RhB. The UV-Vis spectroscopy was performed to determine the selective adsorption ability of hybrid nanomaterial at given time intervals. Furthermore, the adsorption capability of the Fe3O4, Fe3O4/GO, Fe3O4/GO-NH2 and H3PMo12O40 (PMo12) samples towards MB dye solution was evaluated under similar conditions as described the above. 25 mg of the as-prepared adsorbent was added into 50 mL MB solution (25 mg/L) and stirred under the darkness condition. Dye removal ability (%) was calculated   by   measuring   the   dye absorbance at 664 nm before and   after   adsorption process    at   room temperature. Finally, Fe3O4/GO-NH2/PMo12 was reused to investigate its recycling property for the removal of MB after the adsorbent Fe3O4/GO-NH2/PMo12 was separated, washed with ethanol, and dried in a vacuum oven. In all experiments, the adsorption efficiency (ƞ%) and adsorption capacity (qt; mg/L) were calculated according to the following equations:

 ƞ% = [(C0-Ct)/C0](100 = [(A0-At)/A0](100  

 qt = [(C0-Ct) × V]/m

Where  C0 (mg/L) and A0  are   the   initial   dye  concentrationn and absorbance   before   removal at the initial time t=0, Ct  (mg/L) and At are the  concentration and absorbance  of  dye  remaining  in  the   solution   after   treatment  with  adsorbent  at time t,  qt is the amount (in mg) of adsorbed MB molecules on the adsorbent per gram. V (L) is the initial volume of the MB solution and m (g) is the mass of the adsorbent.
3. Results and Discussion

3.1. Characterization of the Fe3O4/GO–NH2/PMo12 Hybrid Nanomaterial

   The graphene oxide (GO) is an inexpensive, stable, environmentally benign, easily available solid material, and contains rich oxidation functional groups, such as hydroxyl, epoxide, carboxyl and carbonyl groups. Due to these functional groups, GO can well disperse in polar solvents and forms a homogenous colloidal suspension, which facilitates the contact between reactant and catalytic active site.51 On the other hand, these rich functional groups can be easily reacted with organic molecules to generate stable covalent functional GO.19–21 These suggest that attaching organic bases on GO might afford an efficient, reusable and environmentally benign base support for heteropoly acids such as PMo12. In this work, Keggin-type PMo12O403- was immobilized onto 3-aminopropyl functionalized graphene oxide nanosheets decorated with magnetic Fe3O4 nanoparticles. The preparation process of Fe3O4/GO-NH2/PMo12 hybrid is illustrated in Fig. 1. The surface of GO–NH2 is positively charged by the protonation of –NH2 group, which is benefit for anchoring PMo12 anion due to electrostatic attraction interaction. To confirm the successful construction of Fe3O4/GO-NH2/PMo12 hybrid, element analysis was employed. It reveals that Fe3O4/GO-NH2/PMo12 contains 36.5% Mo, indicating that PMo12 was anchored on GO nanosheets. Along with the anchoring of PMo12 on Fe3O4/GO-NH2, the –NH2 groups can be protonated to form the –NH3+ groups, which absorbs the PMo12 polyanions via the electrostatic attraction interaction.52 And due to the electrostatic attraction, the hydrogen bonds between –NH3+ and PMo12 polyanions molecules are reinforced.53,54 These are the possible reasons for the significant enhancement of Fe3O4/GO-NH2/PMo12 adsorptivity. Moreover, the structure and composition of the hybrid nanomaterial was characterized by the XRD, FT-IR, Raman spectra, EDX, SEM, AFM, VSM and BET surface area analyses.
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Figure 1. The preparation procedure to attach H3PMo12O40 (PMo12) on the surface of aminopropyl functionalized magnetic graphene oxide.

      Fig. 2 displays the XRD patterns for Fe3O4, Fe3O4/GO-NH2, and Fe3O4/GO-NH2/PMo12 samples. All of the diffraction patterns in Fig. 2(a)-(c) are similar and can be indexed to the Fe3O4 phase (JCPDS No. 41-1488). No  characteristic diffraction  peaks   of   the   PMo12   appeared ,  which   presumably   was  due  to the  low  content  incorporation   of   PMo12 and  also  this   result   implies  that   the   Keggin  unit   homogeneously   disperses  into   the  GO nanosheets, which  will  be  beneﬁt  to  enhance  the  adsorption activity  of  the   hybrid nanomaterial. Moreover, no characteristic   diﬀraction   peaks   for   GO   are observed   in   the   pattern   indicating    that    the    GO   nanosheets   do   not   stack   during the synthesis   process. The reason can be attributed to that the Fe3O4 and PMo12    nanoparticles anchored on the   surfaces of GO   prevent   the exfoliated GO nanosheets from restacking.55 However, a broad characteristic peak for graphene nanosheets at about 2θ=23 appeared, suggesting that the GO are reduced to graphene during the functionalization process.
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Figure 2. XRD patterns of (a) pure Fe3O4, (b) Fe3O4/GO-NH2 and (b) Fe3O4/GO-NH2/H3PMo12O40.

      The FT-IR spectra of synthesized materials are shown in Fig. 3. The FT-IR spectrum of the GO in Fig. 3(a) shows the  C=O and graphitic C=C stretching bands at about 1735  and  1626 cm-1, respectively.56 Also, the band at 1024 cm–1 are related to the stretching vibrations of the C–OH bonds. In the spectrum of Fe3O4/GO-Si(CH2)3NH2 sample (abbreviated as Fe3O4/GO-NH2) in Fig. 3(b), the strong band at about 588 cm-1 is assigned to the Fe–O stretching vibration of the spinel-type Fe3O4 structure.57 The presence of Si-O bond was confirmed by a strong band at about 1116 cm–1 assigned to the Si–O–C stretching vibration.58,59 Also, two broad bands at 3430 and 1630 cm–1 can be ascribed to the stretching and bending modes of -NH2 groups, respectively. And the presence of the anchored propyl chain of APTES, was confirmed by C–H stretching vibrations at 2926 and 2850 cm-1.59 FT-IR spectrum of the Fe3O4/GO-NH2 exhibits the peak at 1223 cm-1 corresponding to C-N.60 These show the successful grafting of APTES onto magnetic GO sheet through covalent bonds. It is well known that Keggin-type polyoxmetalate (PMo12O403-) contains a cluster of Mo(VI) ions linked by oxygen atoms with a tetrahedral phosphate group. Oxygen atoms form four physically distinct bonds (P–Oa, Mo–Ot, Mo–Ob–Mo, and Mo–Oc–Mo bonds), which have distinct infrared signatures as shown in Fig. 3(c): 1066 cm–1 for asymmetric stretch vibration of P–Oa (Oa corresponds to oxygen atom of tetrahedral phosphate group), 966 cm–1 for asymmetric stretch vibration of Mo=Ot (Ot corresponds to the terminal oxygen atoms), 870 cm–1 for bending vibration of Mo–Ob–Mo (Ob corresponds to oxygen atom bridging the two tungsten atoms), and 786 cm-1 for bending vibration of Mo–Oc–Mo (Oc represents oxygen atom at the corners of the Keggin structure).61 The FT-IR spectrum of the hybrid nanomaterial sample is shown in Fig. 3(d),  the absorption peaks of PMo12O403- cluster at 1053, 945, 875 and 798 cm-1 corresponding to the P-Oa, Mo=Ot, Mo–Ob–Mo and Mo–Oc–Mo band vibrations, the vibrational bands of Fe3O4/GO–NH2 located around 1605, 1383, 1042, 746 and 543 cm-1 were all observed in the IR spectrum of the hybrid nanomaterial which demonstrates the coexistence of PMo12O403-, Fe3O4 and GO–NH2 in the hybrid nanomaterial. The red/blue shift of peaks of the Fe3O4/GO-NH2/H3PMo12O40 compared to the parent H3PMo12O40 can be attributed to strong attraction between negatively charged PMo12O403- and positively charged Fe3O4/GO-NH3+ surface.62,63 Raman spectroscopy is a powerful tool to characterize the significant structural changes of GO during the Fe3O4/GO-NH2/PMo12 hybrid synthesis.
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Figure 3. IR spectra of (a) pure GO, (b) Fe3O4/GO-NH2 and (c) H3PMo12O40 and (d) Fe3O4/GO-NH2/H3PMo12O40.

       Fig. 4 presents the Raman spectra of GO, Fe3O4/GO-NH2 and Fe3O4/GO-NH2/PMo12. All the samples display the characteristic D (sp3 carbon atoms of disorders and defects) and G bands (sp2 carbon atoms in graphitic sheets).64,65 As compared with the D and G bands of  pure GO (D, 1318 cm–1; G, 1590 cm–1), the two bands of Fe3O4/GO-NH2 shift to D, 1315 cm–1 and G, 1588 cm–1, suggesting the successful silylanization of GO with APTES. After anchoring the PMo12 on the Fe3O4/GO-NH2, further shifts in D and G bands are found (D, 1311 cm–1 and G, 1592 cm–1). These shifts in Raman peaks can be attributed to strong interaction between PMo12 anion and positively charged Fe3O4/GO-NH3+ in Fe3O4/GO-NH2/PMo12 hybrid,66 which is consistence with the FI-IR analysis. In addition, it is shown that the D/G intensity ratios of Fe3O4/GO-NH2 and Fe3O4/GO-NH2/PMo12 are higher than that of GO, suggesting a higher level of disorder of the graphene layers during the functionalization process.67 Also, this is proposed to be caused by the reduction of GO during the syntheses of GO–NH2 and Fe3O4/GO-NH2/PMo12 hybrid as confirmed by the XRD data.68 The peaks of Keggin structure have not been appeared, which indicated that PMo12 species on Fe3O4/GO–NH2 sample were in a high-dispersed state. This result was identical to the XRD results.
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Figure 4. Raman  spectra of  (a) GO, (b) Fe3O4/GO-NH2 and (c) Fe3O4/GO-NH2/PMo12.   

        SEM images indicating the microstructural features of GO, Fe3O4, Fe3O4/GO-NH2, Fe3O4/GO-NH2/PMo12 hybrid nanomaterial are shown in Fig. 5. SEM micrograph of pure GO in Fig. 5(a) shows highly porous and layered structure of GO having large stacks, possibly consisting of hundreds of grapheme oxide nanosheets. It should also be noted that the surfaces of the GO sheets are quite flat and smooth. Fig. 5(b) shows SEM micrograph of sphere-like Fe3O4 nanoparticles. It is worthy to observe that the lateral size of graphitic nanosheets was not disrupted with the oxidation, The SEM image of Fe3O4/GO-NH2 in Fig. 5(c) clearly shows graphene oxide nanosheets were successfully decorated with the Fe3O4 nanoparticles consisting of small and elongated grains. It was found that the average size of Fe3O4 nanoparticles was in the range of 20–30 nm. Fig. 5(d)-(f) shows the morphology of the Fe3O4/GO-NH2/PMo12 hybrid nanomaterial.  As can be seen, agglomerated Fe3O4 and PMo12 nanoparticles completely covered the surfaces of large graphene sheets. It should also be noted that the micropores between the graphene sheets were evenly filled up with the Fe3O4 nanoparticles as clearly seen in the images of stack edges given in Fig. 5(d)-(f). All the micrographs of hybrid nanomaterial clearly indicated that the surface properties of modified GO product were strongly affected. In opposite of pure GO, the surfaces of GO nanosheets in the hybrid nanomaterial are rough, and the edges are highly crumpled. It can be concluded that microstructural properties of Fe3O4/GO-NH2/PMo12 hybrid nanomaterial encourage preparing the highly porous, magnetically active, and structurally layered nanomaterials.
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Figure 5. SEM images of (a) GO, (b) Fe3O4, (c) Fe3O4-GO, (d) Fe3O4/GO-NH2, and (e)-(f)Fe3O4/GO-NH2/PMo12 hybrid nanomaterial.

     AFM is a beneficial tool for studying various morphological features and parameters. Since, it has the advantage of probing in deep insights of surface topography qualitatively due to its both lateral and vertical nanometer scale spatial resolution. The AFM images in Fig. 6 display the surface morphology of the Fe3O4/GrO-NH2/PMo12. As observed in Fig. 6(a), AFM image reveals the appearance of sphere-like nanoparticles and their respective particle size and morphology clearly were close to those determined by the SEM images. As can be seen from Fig. 6(b), the surface of composite  showed a porous and uniform packed structure that   indicate   the   size (height)  of  particles  on  the  graphene  sheet  is  approximately 20 nm.  Thus, the Fe3O4/GrO-NH2/PMo12 could provide a rough and coarse surface with porosity for adsorption uses. The results are in good agreement with BET results and SEM images.
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Figure 6. (a) AFM image and (b) height profile of Fe3O4/GrO-NH2/PMo12 in a three dimensional image.  

       Further investigation was carried out by energy dispersive X-ray spectroscopy (EDX) to characterize the composition of the as-prepared Fe3O4/GrO-NH2/PMo12 hybrid nanomaterial. Fig. 7(a)-(i) shows EDX spectrum and a representative SEM image of the hybrid nanomaterial with corresponding EDX elemental mappings. The presence of C, N, Si, O, Fe, P, and Mo elements in the composite can be proved by the EDS elemental spectrum (Fig. 7(a)). As presented in the Fig. 7(b)-(f), the corresponding elemental mappings distribution shows the existence of C, N, Si, O, Fe, P, and Mo. From the maps, it can be seen that the elements are uniformly distributed over the hybrid nanomaterial, confirming the homogeneity of thesample. The elements of P and Mo are from PMo12 and the results further indicate that the PMo12 nanoparticles have been successfully supported on the surface of the Fe3O4/GrO-NH2.
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Figure  7. (a) EDX specrum and (b)-(i) a representative SEM image of the hybrid nanomaterial with corresponding EDX elemental mappings.
     The magnetic properties of the pure Fe3O4 and Fe3O4/GrO-NH2/PMo12 samples were investigated by vibrating sample magnetometry (VSM) at room temperature, and the magnetic hysteresis loops are depicted in Fig. 8. It is clear that both Fe3O4 and the Fe3O4/GrO-NH2/PMo12 composite are soft-magnetic materials due to their coercivity (Hc) of zero.69 Moreover, they are also superparamagnetic materials, as their magnetic hysteresis loops passed through the origin of the coordinates. The saturation magnetization values of Fe3O4 and Fe3O4/GrO-NH2/PMo12 are 27.50 emu/g and 9.16 emu/g, respectively. The saturation magnetization of the magnetic composite decreases by approximately 70% compared with that of pure Fe3O4, which can be attributed to the less magnetic source component (Fe3O4) per gram in the composite sample. However, the saturation magnetization of the composite could satisfy the requirements of easy separation in the suspension solution using an extra magnet after reaction as shown in the inset of Fig. 8. Thus, the Fe3O4/GrO-NH2/PMo12 composite can be easily separated using a magnetic separation process after being used for the removal of dye pollutants from aqueous solutions.

[image: image8.png](a)

(b)

Fe;0/GrO-NHyPMoy

{0000 8000 6000 4000 2000 O 2000 4000 000 8000 10000

Magnetic field (Oe)



 

Figure  8. Magnetic hysteresis loop of (a) Fe3O4 and (b) Fe3O4/GrO-NH2/PMo12 at room temperature. The inset shows the behaviour of the nanocomposite under an external magnetic field.
      N2 adsorption/desorption measurements were performed to investigate specific surface area and the pore size distribution of the Fe3O4/GO-NH2/PMo12. As can be seen in Fig. 9(a),   the nitrogen adsorption isotherm is a typical IV type curve with an fine H1-type hysteresis loop in the range of ca. 0.8-1.0 p/p0, indicating the existence of mesoporous structure.70,71 The BET surface area is measured to be 76.36 m2/g that   is much  higher  than   the   value    of  pure  POM (≤ 10 m2/g). In addition, the total pore volume is 0.01 cm3/g and according to the corresponding Barrett-Joyner-Halenda (BJH) pore size distribution curve in Fig. 9(b), the pore size distribution of the Fe3O4/GO-NH2/PMo12 shows peak centered at around 2.28 nm. Such porosity of Fe3O4/GO-NH2/PMo12 composite can improve the adsorption performance. It  can  be  concluded   that   introduction  of   magnetic  Fe3O4/GO-NH2 has   good   effect  on   structure  of   PMo12   and   increases   the  surface  area   and  porosity  of  POM   which  they   are   all   useful  factors  for  improving   the   adsorption   performance.
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Figure 9. (a) N2 adsorption–desorption isotherm and (b) pore size distribution of Fe3O4/GO-NH2/PMo12.
3.2. Dye Adsorption Studies

To evaluate the adsorption capability of Fe3O4/GrO-NH2/PMo12 hybrid nanomaterial for removing organic dyes from contaminated water, three organic pollutants (MB, RhB, and MO) with different sizes and charges were selected for experiments. The adsorption was monitored using the characteristic absorption peak, which is 664, 553 and 463 nm for MB, RhB and MO, respectively. The decrease in the intensity of these characteristic peaks with the adsorption time, indicate the decrease of the dye amount in the solution. The time dependent UV-Vis absorption spectra of dyes in the presence of the Fe3O4/GrO-NH2/PMo12 are shown in Fig. 10(a)-(c). The digital images and UV-vis spectroscopic results show that the characteristic absorption peaks of cationic MB and RhB dyes at 664 and 553 nm are almost completely disappeared within 3 and 30 min, respectively. As it can be seen in Fig. 10(c), the characteristic absorbance band of MO at 463 nm decreased slightly even after 40 min with negligible fading of the orange color. The results show that the hybrid nanomaterial is poor absorbent for anionic MO dye from aqueous solution. As compared in Fig. 10(d), it is clear that the Fe3O4/GrO-NH2/PMo12 has different adsorption ability towards different organic dyes. The removal efficiency (%) for MB is 100% in 3 min and for RhB is 96% (Fig. 10(a)) in 30 minutes. The removal of MO dye is less than 25% after 40 min. Particularly, the adsorption rate of 50 mL 25 mg/L MB and RhB solutions fast reached to 100% and 85%, respectively in the first three minutes (Fig. 10(d)). The different effects on removal of dyes can be related to the structure of the dye molecules and the structure of the adsorbent material. Firstly, POMs are a kind of hydrophilic metal-oxo cluster compounds. The hydrophilic/hydrophobic property of the hybrid framework is modulated by encapsulating the PMo12 molecules, which allows the ingress and egress of the dye molecules. Secondly, POMs with a large number of negative charges in the hybrid may have a stronger force with the positive charges of dyes. So the hybrid has demonstrated a good adsorption property towards the cationic dye molecules MB and RhB. However, the removal percent of RhB is relatively low due to the large volume of the RhB molecules, which caused a steric hindrance between the RhB molecules and the active adsorption sites on the hybrid. Although MO molecules are small enough for ingress and egress, a little uptake capacity of MO was observed as the negative charge of this dye molecule. There are like-charges that repel each other between the POM caged in hybrid and MO. 
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Figure 10. UV-vis spectral changes of dyes aqueous solutions over Fe3O4/GrO-NH2/PMo12 at different time intervals: (a) MB dye, (b) RhB dye, (c) MO dye and (d) Comparison of adsorption efficiency (%) of dyes as  function of time. Conditions: [dye]= 25 mg/L, 50mL; [Adsorbent]= 25 mg/50 mL at 25 °C. 
       To further demonstrate the role of anionic PMo12 cluster in the hybrid nanomaterial, a series of control experiments has been carried out by using Fe3O4, Fe3O4/GO, Fe3O4/GO-NH2, and pure PMo12 samples as absorbents for removing MB dye. As shown in Fig. 11, the adsorption efficiencies of these samples toward the MB dye are 40-98% albeit after long adsorption times of 30-40 min. Apparently, the removal efficiencies and rates of these materials are smaller than those of the hybrid nanomaterial for cationic MB dye. Therefore, there is still a merit in exploring the hybrid nanomaterial as efficient adsorbent toward cationic MB dye.  
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Figure 11. Adsorption efficiency (%) of the MB dye in the presence of different adsorbent samples.
3.3. Selective Adsorption Ability of the Hybrid Nanomaterial for the Mixed Organic Dyes

Selective adsorption and separation of the specific dye is more attractive and challenging in the process of dye-wastewater treatment. In this study, in view of the large uptake capacity for MB and RhB in Fe3O4/GO-NH2/PMo12, it can be anticipated that the composite material may also have an outstanding adsorption and separation behavior in the treatment of mixture of dyes. The selective uptake of dyes was tested using the MB/MO mixture (50 mL, C0(MB) = C0(MO) = 25 mg/L) and MB/RhB mixture (50 mL, C0(MB) = C0(MO) = 25 mg/L) with 25 mg Fe3O4/GO-NH2/PMo12 as absorbent, and then the process was monitored by UV-vis spectroscopy. As MB and MO are similar in molecule size, the preferable uptake of MB from MB/MO mixture may be assigned to the anionic nature of the composite Fe3O4/GO-NH2/PMo12, as shown in Fig. 12(a). For comparison, cationic RhB was selected to mix with anionic MO (50 mL, C0(MO) = C0(RhB) = 25 mg/L) and the results revealed that  RhB  was also preferably adsorbed on the composite material from the MO/RhB mixture as illustrated in Fig. 12(b), which may imply that the uptake of dyes is heavily influenced by molecule size along with charges.72,73 To further validate this point, a ternary mixture of MB, RhB and MO dyes (50 mL, C0(MB) = C0(MO) = C0(RhB) = 25 mg/L) with 25 mg of the adsorbent was investigated  As exhibited in Fig. 12(c), the representative peaks of MB and RhB all disappeared quickly in mixed dyes and only the characteristic absorption peaks of MO left, suggesting that Fe3O4/GO-NH2/PMo12 could selectively capture cationic dyes when utilized in the corresponding ternary mixture. The same conclusion is displayed in the insets of Fig. 12(a)-(c) and only the colour of MO can be seen in the final solutions of mixed dyes. It can be attributed to the negative charge of this dye molecule, which repels each other between MO and the PMo12 cluster in the hybrid nanomaterial. The slightly decreasing absorbance of MO is more likely to be adsorbed on the surface of adsorbent. The results further confirm that the electrostatic attraction is the key factor for the occurrence of adsorption. Thereby, Fe3O4/GO-NH2/PMo12 composite nanomaterial is an environmental friendly the active adsorbent for removing different cationic organic pollutants after the immobilization of POM anion.
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Figure 12. Selective adsorption ability of Fe3O4/GO-NH2/PMo12 toward mixed dyes solution  of  (a) MB+MO, (b) RhB+MO,  (c) MB+RhB+MO. Conditions : C0 (MB) = C0 (RhB) = C0 (MO) = 25 mg/L and adsorbent dose = 25 mg/50mL

3.4. The Reusability and Stability of the Hybrid Nanomaterial

The stability and reusability of the adsorbents are an important standard for practical application. To verify whether the composite material is stable and recycled during the adsorption experiments, the cycle tests of Fe3O4/GO-NH2/PMo12 on removing MB were explored. After each cycle, the adsorbent was completely separated by a magnet because of magnetic property in water. Subsequently, the fast release process of the adsorbed MB was achieved by thoroughly washing the adsorbent with a dilute solution of NaCl andethanol three times. Then, desorbed adsorbent was added to 50 mL 25 mg/L MB solution under stirring. As described in Fig. 13, the composite nanomaterial showed almost identically rapid adsorption of MB, and after four cycles, the regenerated adsorbent is still able to remove 94% MB from the aqueous solution. Thus, we may conclude that the composite nanomaterial can be reusable during the adsorption experiment.
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Figure 13. Recyclability of the Fe3O4/GO-NH2/PMo12 hybrid nanomaterial in the removal of MB dye. 

       Moreover, the stability of this material is further discussed. As depicted in Fig. 14(a) and (b), the XRD pattern and FTIR spectrum of the recovered adsorbent after fourth run are consistent with those of the as-synthesized composite (see Figs. 2(c) and 3(d)). These observations confirm that the structure of the Fe3O4/GO-NH2/PMo12 hybrid nanomaterial is stable under the reaction conditions and is not affected by the reactants. The morphology of the recycled adsorbent particles was also analyzed. Fig. 14(c) shows a representative SEM image of the adsorbent after four cycles. It could be observed that the recovered adsorbent almost kept initial size and morphology (see Fig. 5(e)-(f)) even after four runs. The surface of GO nanosheets is still decorated with Fe3O4 and PMo12 revealing the strong binding between the Fe3O4 nanoparticles and PMo12 with GO nanosheets. We can also observe representative peaks of C, N, O, Si, Fe, P and Mo from the EDX of the recovered Fe3O4/GO-NH2/PMo12 (Fig 14(d). Considering the above mentioned experiment results, we can conclude that the structure of the compound remain intact, which further confirms its excellent stability and recyclability. 
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Figure 14. (a) XRD pattern, (b) FT-IR spectrum, (c) SEM image, and (d) EDX spectrum of the recovered Fe3O4/GO-NH2/PMo12 hybrid nanomaterial after the fourth run.
     The Fe3O4/GO-NH2/PMo12 hybrid exhibited the maximum adsorption capacity of 426.7 mg MB per gram when 100 mg Fe3O4/GO-NH2/PMo12 was soaked in 100 mL of 500 mg/L MB aqueous solution for 2 h. As can be seen in Table 1, compared to the adsorbents that have been reported, Fe3O4/GO-NH2/PMo12 exhibits much higher uptake capacity of MB. Thus, this material is a promising adsorbent for the treatment of toxic organic pollutants in the dye-wastewater.
           Table 1. Comparison of the adsorption capacities of MB onto some typical adsorbents
	Entry
	Adsorbent material
	Adsorption capacity (mg/g)
	Ref.

	 1    
	Activated carbon
	135
	74

	 2
	Zeolite
	10.86
	75

	 3
	Fe304/graphene
	33.66
	76

	 4
	H3PW12O40/ZIF-8
	810
	74

	 5    
	H3PW12O40/MnIIIporphyrin
	10.5
	77

	 6
	Graphene
	153.83
	78

	 7
	CoFe2O4/MWCNT
	14.3
	79

	 8
	H6P2W18O62/MOF-5
	51.81
	80

	 9   
	H3PW12O40/MIL-101(Fe)
	473.7
	81

	10
	H4PW11V/MIL-101(Cr)
	371
	82

	11
	(4-Hap)4[Mo8O26]
	916.04
	83

	12
	MOF/graphite oxide
	18
	84

	13
	Nano- ZIF - 8
	13.3
	74

	14
	Carbon nanotubes
	46.2
	85

	15
	MOF-235
	187
	86

	16
	Grapheme oxide (GO)
	144.92
	87

	17
	Calcium alginate/GO
	188.81
	87

	18
	Fe3O4/GO-NH2/H3PMo12O40
	426.7
	This work


4. Conclusions
      In summary, a novel ternary hybrid nanomaterial named Fe3O4/GO-NH2/H3PMo12O40 was synthesized by a simple acid-base interaction between aminopropyl functionalized magnetic graphene oxide nanosheets and H3PMo12O40. The synthesized hybrid nanomaterial was tested as a new adsorbent in the removal of MB, RhB and MO dyes from aqueous solutions. The results confirmed that this adsorbent displayed much higher adsorption capacity for cationic dyes and lower adsorption capacity for anionic dyes. This adsorption selectivity is due to the favorable electrostatic interactions between the adsorbents and cationic dyes. High adsorption capacity, compared with other adsorbents, accompanied by the ease of separation by an external magnetic field makes the prepared hybrid a powerful separation tool to be utilized in wastewater treatment.
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