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Abstract:

 In this study, the effect of preparation route of magnetic graphene oxide (mGO) on Reactive Black 5 (RB5) adsorption was investigated. The synthesis of mGO was achieved both with (i) impregnation method (mGOi nanoparticles), and (ii) co-precipitation (mGOp nanoparticles). After synthesis, the full characterization with various techniques (SEM, FTIR, XRD, DTA, DTG, VSM) was achieved revealing many possible interactions/forces of dye-composite system. Effects of initial solution pH, effect of temperature, adsorption isotherms and kinetics were investigated in order to conclude about the aforementioned effect of the preparation method on dye adsorption performance of the magnetic nanocomposites. The adsorption evaluation of the magnetic nanoparticles presented higher adsorption capacity of mGOp derivative (188 mg/g) and lower of mGOi (164 mg/g). Equilibrium experiments are also performed studying the effect of contact time (pseudo-first and -second order equations) and temperature (isotherms at 25, 45 and 65 °C fitted to Langmuir and Freundlich model). A full thermodynamic evaluation was carried out, calculating the parameters of enthalpy, free energy and entropy (ΔH0, ΔG0 and ΔS0).
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1. Introduction

Among the technologies used for water and wastewater treatment, adsorption proved to be one of the most efficient separation methods for water purification. Adsorption found also to be an effective method treatment for the removal from water and wastewaters of the synthetic dyes that are toxic and cannot be efficiently decolorized by traditional methods. The release of dyes into environment constitutes an important proportion of water pollution [1]. The adsorption of synthetic dyes onto adsorbents is considered as a simple and economical method, especially when applied low-cost adsorbents [2,3,4]. The choice of the appropriate adsorbent materials is very important issue. Carbon materials are well known for their use as excellent adsorbents [5,6].

Graphene, a new class of two dimensional carbon nanostructure with one atom thickness and with a two–dimensional honeycomb sp2 carbon lattice, receives extensive research interest due to its unique properties [7] and applications in catalysis, biomedical fields, adsorption and separation etc. [8]. The π-electron rich structure renders graphene potential applications as adsorbent [9,10]. Graphene oxide (GO) produced from graphite (G) after chemical oxidation, is one of the most important derivatives of graphene. It is characterized by a layered structure with oxygen functional groups bearing on the basal planes and edges. However, its small particle size and the high dispersibility in aqueous solutions, make difficult its separation from solution after adsorption process via filtration and/or centrifugation. A solution to this problem is the development of magnetic adsorbents, which can ensure the convenient magnetic separation after adsorption.

Magnetic separation has advantages such as its easy phase separation with aqueous solutions and the capability of treating large amount of wastewater in short period of time. Magnetic separation based on the superparamagnetic Fe3O4 is much more convenient, efficient and economic and have found many interesting applications nowadays. The most important factor for a successful separation is the choice of appropriate magnetic adsorbent materials that dominate the selectivity and sensitivity of the method. Therefore, many works have been published regarding synthesis of magnetic materials and their application for separations [11,12,13,14,15,16], especially for dye removal [6,17] or ions [18]

Many procedures were applied to magnetic graphite oxide fabrication including in situ co-precipitation, and covalent bonding [19,20], methods are generally multistep, hard to control and they also require some rigorous conditions. Electrostatic self–assembly has proved to be an effective method for fabricating metal oxides composites especially with carbon based materials [21,22].

In this paper, Fe3O4/graphene oxide nanocomposites were prepared by impregnating graphene oxide with magnetic nanoparticles (denoted hereafter as mGOi). In order to compare the effect of preparation routes on dye adsorption (Reactive Black 5 used as dye model compound), magnetic nanocomposites were prepared after the co-precipitation method (abbreviated hereafter as mGOp), too. The materials prepared after the two routes were characterized via XRD, TGA, FTIR and SEM. Effects of initial solution pH, effect of temperature, adsorption isotherms and kinetics were investigated in order to conclude about the aforementioned effect of the preparation method on dye adsorption performance of the magnetic nanocomposites.



2. Materials and Methods


2.1. Materials

FeCl3·6H2O, FeCl2·4H2O graphite powder, NH4OH, H2O2 (30% v/v) and all other reagents were purchased from Sigma-Aldrich and used without further purification. All chemicals used in this study were of analytical grade.



2.2. Preparation Routes of Adsorbents

Fe3O4/graphene oxide nanocomposites were prepared by two different routes: (i) impregnation and (ii) co-precipitation.


2.2.1. Synthesis of Graphene Oxide (GO)

GO was synthesized from natural graphite powder (G) according to the modified Hummers method [23]. In a typical procedure, 120 mL of concentrated H2SO4 was added into a 500 mL flask containing 5 g of graphite and followed by stirring for 30 min inside an ice bath. Then, 15 g of KMnO4 was added slowly to the mixture. The rate of addition was carefully controlled to maintain the reaction temperature below of 20 °C. The mixture was stirred at room temperature overnight. Then, 150 mL of H2O was slowly added under vigorous stirring. The reaction temperature rapidly increased to 98 °C, and the color of the mixture was changed into yellow. The diluted suspension was stirred at 98 °C for 24 h. Then, 50 mL of H2O2 (30% v/v) was added to the mixture. For purification, the mixture was washed by rinsing and centrifugation with HCl (5% v/v) followed by deionized water for several times. After filtration and freeze drying, graphite oxide was obtained as a solid.



2.2.2. Synthesis of Fe3O4 Nanoparticles

Fe3O4 nanoparticles were prepared according to the modified Massart method [24] via the co-precipitation of a mixture of FeCl3·6H2O and FeCl2·4H2O [25]. In particular, FeCl3·6H2O (3.03 g, 11.2 mmol) and FeCl2·4H2O (1.13 g, 5.6 mmol) were completely dissolved in 150 mL of deionized water. The aqueous solution was heated to 60 °C so as to obtain a clear yellow solution under vigorous agitation. Then, aqueous ammonia solution was added dropwise until the pH of the solution reached the value of 10. The reaction was maintained for an additional 30 min under vigorous stirring. N2 was used as the protective gas throughout the experiment. After the completion of reaction, the black precipitate was collected by an external magnetic field, followed by washing several times with deionized water and ethanol. Finally, the Fe3O4 nanoparticles were freeze-dried.



2.2.3. Synthesis of Fe3O4-GO Nanocomposites by co-Precipitation (mGOp)

In a typical synthesis, GO (0.3 g) was dispersed in 150 mL water by sonication for 30 min in order graphene oxide to be formed. Then, 0.825 g FeCl3·6H2O and 0.322 g of FeCl2·4H2O were dissolved in 25 mL of water and the solution was added dropwise to GO solution at room temperature under a nitrogen flow with vigorous stirring. After completing ion exchange, 28% ammonia solution was added dropwise to make the pH of solution 10 for synthesis of magnetite nanoparticles. The temperature of the solution rose to 80 °C. After stirring for about 45 min, the black precipitate was centrifuged, washed with ethanol several times, and finally was freeze-dried.



2.2.4. Synthesis of Fe3O4-GO Nanocomposites by Impregnation (mGOi)

The graphite oxide dispersion (0.3 g GO in 300 mL distilled water) was sonicated for 30 min in order graphene oxide to be formed. An amount of Fe3O4 nanoparticles (0.3 g) was added to the dispersion. After 30 min of sonication, to obtain a homogenous suspension, the resulted nanocomposites were collected by centrifuging and freeze-dried.




2.3. Dye (Reactive Black 5)

A commercial reactive dye (anionic and anthraquinonic) was used as target molecule for dye adsorption experiments. The reactive dye, Reactive Black 5—C.I. 20505 (abbreviated hereafter as RB5, supplied by Kahafix), presents the following characteristics: C26H21N5Na4O19S6, MW = 991.82 g/mol, λmax = 603 nm, purity = 55% w/w. The dye purity was taken into account for all calculations. The chemical structure of the dye used is given in Figure 1.

Figure 1. Chemical structures of Reactive Black 5 (RB5).
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2.4. Characterization

Scanning electron microscopy (SEM) images were performed at Zeiss Supra 55 VP. The accelerating voltage was 15.00 kV and the scanning was performed in situ on a sample powder. EDAX analysis was done at magnification 10 K and led to the maps of elements and elemental analysis.

The FTIR spectra of the samples were taken with a FTIR–2000 spectrometer (Perkin Elmer, Dresden, Germany) using KBr disks prepared by mixing 0.5% of finely ground carbon sample in KBr. Pellet made of pure KBr was used as the reference sample for background measurements. The spectra were recorded from 4000 to 400 cm−1 at a resolution of 4 cm−1. The spectra presented are baseline corrected and converted to the transmittance mode.

Thermal analysis was carried out using a TA Instrument thermal analyzer (SDT) Q500 model (TA Instruments, New York, NY, USA). The instrument had the following settings: (i) heating rate of 10 K/min and (ii) flow rate of nitrogen atmosphere equal to 100 mL/min. Approximately 25 mg of sample was used for each measurement.

X-ray powder diffraction (XRD) patterns were recorded on a PW1820 diffractometer model (Philips, New York, NY, USA) with a CuKα radiation for crystalline phase identification. The sample was scanned from 20° to 80°.

The magnetic property was measured on a vibrating sample magnetometer (VSM) (Oxford Instruments, Oxford, UK) at room temperature.



2.5. Adsorption Experiments

The batch adsorption experiments were carried out in 50 mL flasks, where m = 0.020 g of the adsorbent and V = 20 mL of the RB5 solutions of different initial concentrations were added in the presence of constant background electrolyte I = 1 M NaCl and pH = 3. The flasks were placed in reciprocating water bath shaker (Julabo SW–21C) under constant temperature environment (T = 25 °C) and agitation rate (N = 160 rpm), for 24 h. The initial pH values were adjusted with 0.1 M HCl or 0.1 M NaOH. The effect of initial dye concentration and temperature was determined for C0 = 0–500 mg/L and T = 25, 45, 65 °C. Kinetic experiments were performed at optimum values found (pH = 3) for C0 = 250 mg/L. The resulted equilibrium data (Ce) were fitted to the Langmuir [26], and Freundlich [27] isotherm models.

Aliquots were taken from the supernatant during the batch adsorption process and the residual dye concentrations of each solution was determined by measuring their absorbance using a double beam UV–Vis spectrophotometer (Hitachi, model U–2000) at 603 nm. The absorbance was converted to concentration using the calibration curve. The equilibrium amount Qe (mg/g) of adsorbed RB5 in the solid phase was calculated using the mass balance equation: Qe = (C0 − Ce) × (V/m).

Based on the equilibrium data of isotherms, thermodynamic parameters were calculated. The Gibbs free energy change, ΔG0 (kJ/mol), of the adsorption process is related to the equilibrium constant (Kc) by the Van’t Hoff equation (where R is the universal gas constant and is equal to 8.314 J/mol K) [28]:
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(1)




The constant Kc can be calculated as Kc = Cs/Ce (where Cs (mg/L) is the amount adsorbed on solid at equilibrium). In addition, ΔG0 is related to the change in entropy (ΔS0, kJ/mol K) and the heat of adsorption (ΔH0, kJ/mol) at a constant temperature T (K), as follows:
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(2)




From Equations (1) and (2):
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(3)




The values of ΔH0 and ΔS0 were calculated from the slope and intercept of the plot between ln(Kc) versus (1/T).




3. Results and Discussion


3.1. Characterization

X-ray diffraction measurements (XRD) were performed in order to obtain crystalline structural information for the magnetic composites prepared after the two preparation routes (impregnation and co-precipitation). Figure 2 presents the X-ray diffraction (XRD) measurements of mGOi and mGOp nanocomposites. In the inset, the XRD pattern of the parent graphite and the graphite oxide are presented. The sharp d002 peak of the graphite at 2θ = 26.1° indicates an interlayer spacing of 0.336 nm and after oxidation, this characteristic graphite peak disappeared and replaced by a well defined peak at 2θ = 10.9° with 0.81 nm d–spacing. This increased d-spacing of GO sheets is due to the presence of abundant oxygen containing functional groups on both sites of the graphene sheet.

Figure 2. X-ray diffraction (XRD) patterns of mGOi and mGOp (Inset: XRD patterns of GO and G).
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For the mGOi, the position and relative intensities of all diffraction peaks at 2θ values of 18.27° (111), 30.1° (220), 35.4° (311), 43.05° (400), 56.94° (422), 62.51° (511) and 73.95° (553) are consistent with the standard XRD data for the spinel structure Fe3O4 with lattice constants of α = 8.397 Å (indexed using Joint Committee on Power Diffraction Standards database (JCPDS 19–0629)) [29].

The average crystallite size D (nm) of the Fe3O4 particles is calculated using the Debye-Sherrer equation [21,30]:
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(4)




where Ks is a constant (Ks = 0.9 for CuKa), λ (nm) is wavelength (0.15405 nm for CuKa), B is the peak width of half–maximum (rad) and θ is the diffraction angle.
The average size of the Fe3O4 particles using 35.56° diffraction peak was found to be ~18.4 nm. The (001) diffraction peak of GO at 10.3° (inset of Figure 2) totally disappeared, suggesting that the layered GO has been exfoliated in the preparation process of mGOi nanocomposite. The absence of the peak at 2θ = 10.3°, suggests the complete exfoliation of graphite oxide during the preparation process, while a broad small peak at 2θ = 24.4° (002) corresponding to the graphene sheets indicated the formation of the Fe3O4/GO nanocomposites.

The XRD pattern of the mGOp is different. It appeared to be amorphous, may be due to the effect of the ammonia solution. However wide peaks are observed at 2θ about at 30.1° and ~57.2° that can be attributed to (220) and (511) of Fe3O4 and a small peak at 2θ = 24.4° (002) corresponding to the graphene sheets, indicating this way the formation of the magnetic composite.

A SEM image of the mGOi nanoparticles is presented in Figure 3a, according to which the nano-size of particles prepared are evident. Furthermore, Figure 3b presents the iron distribution map of mGOi, which indicates that Fe is well distributed in the prepared magnetic composite.

Figure 3. (a) SEM image of mGOi; (b) iron distribution map of mGOi.
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Differences in the chemistry of the surfaces for the prepared nanocomposites have been also seen on the differential thermal gravimetric (DTG) curve measured in nitrogen (Figure 4), where the peaks represent weight loss at the specific temperature range and the area under the peaks is related to the extent of that weight loss, is presented for mGOp sample. The DTG curve of graphene oxide is also presented for comparison.

Figure 4. Differential thermogravimetry (DTG) curves in nitrogen.
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The first peak centered at about 80–100 °C for all under examination samples, in correlation to the endothermic effect on the differential thermal analysis (DTA) curves presented in Figure 5 can be linked to weight loss due to the evaporation of physically adsorbed water.

Figure 5. Differential thermal analysis (DTA) curves in nitrogen.
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In the case of the mGOp composite, that peak presented a maxima at 100 °C. The exothermic peak, from 200 to 250 °C as presented on the differential thermal analysis (DTA) curve in Figure 5 for the GO sample, is related to decomposition of epoxy and carboxyl groups. This peak is no longer observed for the mGOi nanocomposite since the layered GO has been exfoliated in the preparation process of graphene oxide and mGOi nanocomposite, while only a small peak is presented for the mGOs sample may be due to some small residue of GO.



For this sample a significant part of the weight loss at temperatures above 750 °C must be related to the gradual dehydratation/dehydroxylation of iron oxyhydroxides [31]. Their formation during the co-precipitation preparation route has been reported [32,33,34,35] and their existence is not testified in the XRD may be due to the amorphous appearance of the XRD pattern of this magnetic material. These oxyhydroxides are finally reduced in two steps to metallic iron between 750 and 900 °C [31] and from the weight loss curve it is concluded that their percentage is about 22%. No weight loss was occurred for the mGOi samples after 530 °C.

The magnetization hysteresis loop of mGOi and mGOp nanocomposites (at room temperature) is shown in Figure 6. The magnetization curves were S-like curves and presented zero coercivity and permanence indicating this way the superparamagnetic property of the nanocomposite. The saturation magnetization of the mGOi magnetic adsorbent found to be about 65 emu/g, while the respective value of mGOp was found to be considerable smaller. This can be attributed to the smaller percentage of magnetite in this sample due to the formation of iron oxyhydroxides, as seen by DTA measurements. In both cases, the saturation magnetization was strong enough for a convenient magnetic separation.

Figure 6. VSM plot of mGOi and mGOp (Inset: photo of mGOp).
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Inset of Figure 6 presents a photograph of an aqueous RB5 solution The left flask is the aqueous solution of RB5 (before adsorption), while the right flask illustrated the same solution after adsorption of RB5 onto mGOp. In the presence of an external magnetic field, the black particles of the magnetic composite (mGOp) were attracted to the wall of vial in order to emphasize the magnetism of mGOp prepared.

FTIR of the parent graphite oxide as well as of the prepared nanocomposites are presented in Figure 7. All the samples present the O–H stretching vibration adsorption band at 3424 cm−1 and the band at ~1600 cm−1, which is attributed to C=C stretching mode of the sp2 carbon skeletal network. Carboxylic groups of GO (spectrum A) are observed as bands at 1720 cm−1 and 1380 cm−1 as the stretching vibration peaks of carboxyl and carbonyl while the bands at 1055 cm−1 and 1230 cm−1 can be attributed to the stretching vibrations of C–O of epoxy groups. The C=O groups would facilitate the attachment of magnetic nanoparticles through a covalent coupling or electrostatic interaction [36].

Figure 7. FT–IR spectra of: (A) GO; (B) GO dye–loaded; (C) mGOi; (D) mGOi dye-loaded; (E) mGOp; (F) mGOp dye–loaded.
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The spectra of mGOi (C) and mGOp (E) nanocomposites additionally present the characteristic stretching vibration peak at 568 cm−1 that proved that Fe3O4 nanoparticles was successfully anchored onto their graphene sheets. These materials also presented the adsorption peaks related to oxygen containing functional groups, but at a decreased intensity may be due to the formation of –COO− after coating with Fe3O4 [37]. Therefore, it is concluded that Fe3O4 nanoparticles are chemically deposited on GO with the aid of the –COOH on graphene oxide. The mGOp nanocomposite presented an additional band at 1400 cm−1, which represents the vibrations of nitrogen in NH4+ inorganic ion. NH4+ is a Brönsted acid, which can react with deprotonated carboxylic type acidic sites and ammonium salts are formed, or get adsorbed as NH4+ on the metal acidic sites [38]. On the other hand the presence of iron, favors Lewis acid–base interactions, offering/contributing in this way binding sites for ammonium ions [38]. This band appeared no more after the dye adsorption due to reaction of these ions with the sulfonate groups of the RB5. In addition, Figure 7 shows the spectra of adsorbents after dye adsorption (spectra B, D, F). In the case of GO, the shift of the band (spectrum B) is indicative that the binding of dye molecules is predominant based on the π-π interaction between the aromatic ring of the dye and the GO basal planes [39].



3.2. Adsorption Experiments

Firstly, pH–effect tests were carried out in order to find the optimum pH value. As it was found, the optimum value was 3 for both magnetic GO–based materials (data not shown). The same pH–behavior was also found in many works in literature [39], which is directly related with the nature of interactions between RB5 molecules and GO layers. The latter is mainly attributed to the π-π dispersion interaction between the aromatic ring of the dye (see Figure 1) and the GO basal planes [39].


3.2.1. Kinetics

Figure 8 illustrates the effect of contact time on dye removal with mGOi and mGOp adsorbents. The plots could be divided in three zones: (i) 0–30 min, which indicated the instantaneous adsorption of dyes, suggesting rapid external diffusion and surface adsorption; (ii) 30–120 min, showed a gradual equilibrium, and (iii) 2–24 h, indicated the plateau of the equilibrium state [40]. It can be seen that the adsorption was rapid at the initial stage of the contact, but it gradually slowed down until the equilibrium. The fast adsorption at the initial stage can be attributed to the fact that a large number of surface sites are available for adsorption. After a lapse of time, the remaining surface sites are difficult to be occupied because of the repulsion between the solute molecules of the solid and bulk phases make it took long time to reach equilibrium [41,42]. Table 1 presents the kinetic parameters resulted from the fitting of the pseudo–first and –second order equations to the experimental kinetic data. Based on the correlation coefficients (R2) exported, the best fitting (for both adsorbents tested) was observed for the pseudo-second order equation (R2 > 0.990), while the pseudo–first order model presented enough lower coefficients (R2 < 0.954). The kinetic rate was established with the parameter “k” calculated, as shown in Table 1.

Figure 8. Effect of contact time on RB5 removal.



[image: Materials 06 01360 g008 1024]






Table 1. Kinetic constants for RB5 removal with mGOi and mGOp at 25 °C.



	
Adsorbent

	
Pseudo–first order

	
Pseudo–second order




	
k1 (min−1)

	
R2

	
k2 (min−1)

	
R2






	
mGOi

	
0.072

	
0.915

	
0.143

	
0.990




	
mGOp

	
0.029

	
0.954

	
0.064

	
0.991















3.2.2. Effect of Initial Dye Concentration and Temperature (Isotherms)

The experimental data were fitted to the Langmuir [26], and Freundlich [27] isotherm model. Although the Langmuir and Freundlich isotherms were firstly introduced about 90 years ago, they still remain the two most commonly used adsorption isotherm equations. Their success undoubtedly reflects their ability to fit a wide variety of sorption data quite well. The Langmuir model represents chemisorption on a set of well defined localized adsorption sites, having the same adsorption energies independent of surface coverage and no interaction between adsorbed molecules. Langmuir isotherm assumes monolayer coverage of adsorbate onto adsorbent. Freundlich isotherm gives an expression encompassing the surface heterogeneity and the exponential distribution of active sites and their energies. This isotherm does not predict any saturation of the adsorbent surface; thus, infinite surface coverage is predicted, indicating physisorption on the surface.

Figure 9a,b presents the isotherms resulted from the adsorption of RB5 onto magnetic graphene oxide materials. Furthermore, Table 2 reports the maximum adsorption capacities (Qmax) and the other isothermal parameters resulted from the fitting. The correlation coefficients (R2 > 0.989), which is an indication of the successful fitting, confirm that the Langmuir model results in closer prediction of the isotherm to the experimental data. The calculated maximum adsorption capacities (Qmax) for RB5 removal at 25 °C (pH = 3) was 164 and 188 mg/g for mGOi, and mGOp, respectively.

Figure 9. Isotherms of the adsorption of RB5 onto (a) mGOi and (b) mGOp.
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Table 2. Equilibrium parameters for the adsorption of RB5 onto mGOi and mGOp at 25, 45 and 65 °C.



	
Adsorbents

	
Langmuir equation

	
Freundlich equation




	
T (°C)

	
Qmax (mg/g)

	
KL (L/mg)

	
R2

	
KF (mg(n−1)/n L1/n g−1)

	
n

	
R2






	
mGOi

	
25

	
164

	
0.007

	
0.989

	
4.55

	
0.58

	
0.960




	

	
45

	
124

	
0.008

	
0.993

	
4.13

	
0.55

	
0.970




	

	
65

	
118

	
0.004

	
0.990

	
1.24

	
0.71

	
0.973




	
mGOp

	
25

	
188

	
0.007

	
0.991

	
4.24

	
0.63

	
0.966




	

	
45

	
186

	
0.004

	
0.995

	
2.17

	
0.69

	
0.988




	

	
65

	
178

	
0.002

	
0.999

	
0.84

	
0.80

	
0.995













For all the adsorbents studied the equilibrium dye uptake was affected by the initial dye concentration using constant dosage of adsorbent (0.020 g per 20 mL). At low initial concentrations, the adsorption of dye is very intense and reaches equilibrium rapidly. This phenomenon indicates the possibility of the formation of monolayer coverage of dye molecules at the outer interface of GO-based materials. Furthermore, for low concentrations (0–50 mg/L) the ratio of initial number of dye molecules to the available adsorption sites is low and subsequently the fractional adsorption becomes independent on initial concentration [43]. Brunauer et al. divided the isotherms of adsorption into five types [44]. Type I isotherms represents unimolecular adsorption and applies to non-porous, microporous and adsorbents with small pore sizes (not significantly greater than the molecular diameter of the adsorbate). So, the shapes of curves (Figure 9) indicate that the isotherms for the adsorbent–dye systems studied are I–Type, according to the BET classification [44], and characterized by a high degree of adsorption at low concentrations. At higher concentrations, the available adsorption sites become lower and subsequently the adsorption depends on the initial concentration of dye. As a matter of fact, the diffusion of exchanging molecules within GO particles may govern the adsorption rate at higher initial concentrations. The effect of temperature on equilibrium is presented through isotherms curves (Figure 9a,b). Increasing the temperature of process from 25 to 65 °C, a decrease of the adsorption capacity (dye uptake) was observed.




3.3. Thermodynamics

The parameters of ΔH0 and ΔS0 were calculated from the slope and intercept of the plot between ln(Kc) versus (1/T) (R2 > 0.985, data not shown). These parameters, at selected dye concentrations and all temperatures, are given in Table 3 (pH = 3). The negative values of ΔG0 showed the spontaneous adsorption of reactive dyes on the adsorbent. In addition, the increase found in the negative value of ΔG0 with an increase in temperature implies that lower temperature makes the adsorption easier. Negative value of ΔH0 indicates the exothermic nature of the process, thereby demonstrating that the process is stable energetically. In an exothermic process, the total energy absorbed in bond breaking is less than the total energy released in bond making between adsorbate and adsorbent, resulting in the release of extra energy in the form of heat. Therefore, ΔH0 will be negative. The magnitude of ΔH0 may also give an idea (but not sure) about the type of adsorption. The heat evolved during physical adsorption is of the same order of magnitude as the heats of condensation, i.e., 2.1–20.9 kJ/mol, while the heats of chemisorption generally falls into a range of 80–200 kJ/mol. Moreover, the values of ΔS0 were found to be negative. The latter suggests that the adsorption process is enthalpy driven. In general, a negative value of entropy change (ΔS0) also implies a decreased disorder at the solid/liquid interface during the adsorption process causing the adsorbate ions/molecules to escape from the solid phase to the liquid phase. Therefore, the amount of adsorbate that can be adsorbed will decrease. During the adsorption, the coordinated water molecules (which are displaced by the dye molecules) gain more translational entropy than is lost by the dye molecules, resulting in increased randomness in the dye–adsorbent interaction [45,46]. It is well known that ionic dyes trend to aggregate in dilute solutions, leading to dimmer formation [47,48]. It is supposed that dimmer formation in solution is mainly due to hydrophobic interactions or permanent and transition dipole moments [47,48]. Although dyes are very individualistic in structure, certain broad rules are well established regarding their dimerization. The probability increases with an increase of dye concentration or ionic strength; it will decrease with temperature rising or organic solvents adding [47,48]. In the current study, the use of a commercial reactive dye, which is not pure, prevents from an obvious conclusion in this topic.


Table 3. Thermodynamic parameters for the adsorption of RB5 onto mGOi and mGOp.



	
Adsorbent

	
C0 (mg/L)

	
T (K)

	
Qe (mg/g)

	
Kc

	
ΔG0 (kJ/mol)

	
ΔH0 (kJ/mol)

	
ΔS0 (kJ/mol K)






	
mGOi

	
40

	
298

	
18.02

	
0.82

	
-0.50

	
-24.83

	
-0.085




	

	
318

	
12.01

	
0.43

	
-2.24




	

	
338

	
8.09

	
0.25

	
-3.90




	

	
100

	
298

	
48.56

	
0.92

	
-0.20

	
-23.54

	
-0.071




	

	
318

	
40.75

	
0.67

	
-1.07




	

	
338

	
25.41

	
0.33

	
-3.09




	

	
300

	
298

	
130.02

	
0.76

	
-0.66

	
-21.13

	
-0.082




	

	
318

	
79.99

	
0.36

	
-2.67




	

	
338

	
60.01

	
0.25

	
-3.90




	
mGOp

	
20

	
298

	
22.02

	
1.22

	
-0.50

	
-27.04

	
-0.089




	

	

	
318

	
17.09

	
0.74

	
-0.80




	

	

	
338

	
10.08

	
0.33

	
-3.09




	

	
80

	
298

	
52.10

	
1.08

	
-0.20

	
-20.32

	
-0.067




	

	

	
318

	
42.12

	
0.72

	
-0.85




	

	

	
338

	
29.03

	
0.41

	
-2.52




	

	
300

	
298

	
145.62

	
0.94

	
-0.17

	
-19.31

	
-0.068




	

	

	
318

	
95.58

	
0.46

	
-2.03




	

	

	
338

	
81.04

	
0.37

	
-2.80














4. Conclusions

In this study, the effect of preparation route of magnetic graphene oxide (mGO) on Reactive Black 5 (RB5) adsorption was investigated. The synthesis of mGO was achieved both with (i) impregnation method (mGOi nanoparticles), and (ii) co-precipitation (mGOp nanoparticles).

The average size of the Fe3O4 particles using 35.56° diffraction peak was found to be ~18.4 nm. The (001) diffraction peak of GO at 10.3° totally disappeared, suggesting that the layered GO has been exfoliated in the preparation process of mGOi nanocomposite. The absence of the peak at 2θ = 10.3°, suggests the complete exfoliation of graphite oxide during the preparation process, while a broad small peak at 2θ = 24.4° (002) corresponding to the graphene sheets indicated the formation of the Fe3O4/GO nanocomposites. The XRD pattern of the mGOp is different. It appeared to be amorphous, may be due to the effect of the ammonia solution. In addition, the saturation magnetization of the mGOi magnetic adsorbent found to be approximately 65 emu/g, while the respective value of mGOp was found to be considerable smaller. For all the adsorbents studied the equilibrium dye uptake was affected by the initial dye concentration using constant dosage of adsorbent (0.020 g per 20 mL). At low initial concentrations, the adsorption of dye is very intense and reaches equilibrium rapidly. This phenomenon indicates the possibility of the formation of monolayer coverage of dye molecules at the outer interface of GO-based materials. Based on the correlation coefficients (R2) exported, the best fitting (for both adsorbents tested) was observed for the pseudo-second order equation (R2 > 0.990), while the pseudo–first order model presented enough lower coefficients (R2 < 0.954). From a thermodynamic point of view, the values of ΔS0 were found to be negative. The latter suggests that the adsorption process is enthalpy driven. The negative values of ΔG0 showed the spontaneous adsorption of reactive dyes on the adsorbent. In addition, the increase found in the negative value of ΔG0 with an increase in temperature implies that lower temperature makes the adsorption easier. Negative value of ΔH0 indicates the exothermic nature of the process, thereby demonstrating that the process is stable energetically.
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