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Graphene oxide (GO) and reduced graphene oxide (RGO) were both decorated with iron oxide

nanoparticles and were characterized by scanning and transmission electron microscopy, powder

X-ray diffraction, Fourier transform infrared spectroscopy, and X-ray photoelectron spectroscopy.

The adsorption of Pb(II), 1-naphthol, and 1-naphthylamine, as representatives of inorganic and

organic pollutants, on GO-iron oxides and RGO-iron oxides was investigated. The results showed

that the GO-iron oxide material was a good adsorbent for Pb(II) but not for 1-naphthol and

1-naphthylamine due to oxygen-containing groups on the surface, whereas the RGO-iron oxide

material was a good adsorbent for 1-naphthol and 1-naphthylamine but not for Pb(II). The

adsorption of 1-naphthol and 1-naphthylamine on RGO-iron oxides was an endothermic and

spontaneous process. Both materials can be easily separated by magnetic separation.

1. Introduction

Graphene, a fascinating two dimensional carbon-based material

possessing atomic thickness, has attracted enormous attention

from researchers. Owing to its layered structure, graphene has

large theoretical specific surface area (y2630 m2 g21).1 This

superiority allows graphene to be used as a novel adsorbent for

environmental pollutant removal. Graphene and graphene oxide

(GO) were reported as effective adsorbents toward cationic and

anionic dyes.2 GO is a lamellar flexible material with a large

number of functional groups such as epoxy (C–O–C), hydroxyl

(OH) and carboxyl (COOH) groups on both basal planes and

edges.3 One major advantage of GO is that it is hydrophilic with

very high negative charge density arising due to the oxygen-

containing functional groups. These functional groups are also

responsible for the formation of a stable aqueous colloid that is

obtained through sonication. In solution phase, GO can act as a

weak acid cation exchange resin because of the ionizable

carboxyl groups, which allow surface complexation with metal

ions or positively charged organic molecules. These functional

groups can interact with positively charged species like metal

ions,4 polymers,5 and biomolecules,6 etc. GO is a layered

material with the ability to swell in the presence of water by

intercalating water molecules. Ramesha et al.2 observed that GO

was excellent material for the adsorption of cationic dyes, while

reduced graphene oxide (RGO) worked very well for anionic

dyes. In our earlier reports,7,8 few-layered GO and sulfonated

graphene nanosheets were synthesized and used to remove

persistent aromatic pollutants. These studies reveal that the

graphene nanosheets may be promising materials to separate

pollutants from wastewater. However, the adsorbent–adsorbate

interactions are not studied in detail, and the application of

RGO as an adsorbent is still scarce.

Although graphene has a high adsorption ability, it is difficult

to separate because of its small size. This disadvantage limits its

use in reality. Compared with centrifugation and filtration

methods, the magnetic separation method is considered as a

rapid and effective technique for separating nanoparticles from

aqueous solutions.9 The incorporation of magnetite (such as

maghemite, magnetite) with graphene or GO may be a promising

method. GO has layered nanostructures with high thermal and

chemical stabilities, which allow them to function as supports for

preparing nanosized metal and metal oxide particle composites.

GO has emerged as a precursor offering the potential of cost-

effective, large-scale production of graphene-based materials.

Graphene-based materials,10–12 and chemically modified gra-

phene including GO have shown many applications in composite

materials,13–15 and devices.16–19 Chemical methods offer the

potentially low cost and large scale production of graphene-

based hybrid materials.20–22 Recently, magnetite-GO and mag-

netite-graphene hybrids have been synthesized and applied to

targeted drug carriers,23 magnetic resonance imaging,24 and

pollutant removal.25–28 The large surface area and stability of

RGO motivate us to synthesize magnetite-RGO hybrids for

pollutant removal. It is interesting to note that GO-iron oxide
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and RGO-iron oxide hybrid materials have different adsorption

capabilities for organic and inorganic pollutants.

Ionizable aromatic compounds such as hydroxyl- and amino-

substituted aromatics are found in effluents from the pesticides,

dyestuffs, pharmaceuticals, petrochemical, and other industries.

Pb(II) is a common type of pollutant in accidental pollutions

which are detrimental to humans and living things. The

naphthol, naphthylamine and Pb(II) were chosen as representa-

tives of organic and inorganic pollutants.

The objectives of this study were (1) to decorate GO and RGO

with iron oxide nanoparticles and to characterize them by

scanning electron microscopy (SEM), transmission electron

microscopy (TEM), powder X-ray diffraction (XRD), Fourier

Transform infrared spectroscopy (FTIR), and X-ray photoelec-

tron spectroscopy (XPS); (2) to describe the adsorption of Pb(II),

1-naphthol, and 1-naphthylamine on GO- iron oxides and RGO-

iron oxides; and (3) to elucidate the interaction between

graphene and metal ions (or organic molecules) by means of

studying the adsorption performance of Pb(II), 1-naphthol and

1-naphthylamine on GO-iron oxides and RGO-iron oxides.

2. Experimental

2.1. Synthesis of GO-iron oxides and RGO-iron oxides

GO was synthesized using a modified Hummers method from

natural flake graphite (48 mm, 99.95% purity).29 Briefly, 1.0 g of

graphite, 1.0 g of NaNO3, and 40 mL of H2SO4 were mixed and

stirred in a three neck flask in an acid bath, and then 6.0 g of

KMnO4 was slowly added. Once added, the solution was

transferred to a 35 ¡ 1 uC water bath and stirred for about

1 h, and then 80 mL Milli-Q water was added and the solu-

tion was stirred for 30 min at temperature of 90 ¡ 1 uC. Then,

150 mL Milli-Q water was added, and 6 mL of H2O2 (30%) was

added slowly, turning the color of the solution from dark brown

to yellow. The warm solution was filtered and rinsed with

100 mL of Milli-Q water. The filter cake was dried under vacuum

and a dark brown GO powder was obtained. The synthesis of

RGO was from GO reduction with hydrazine hydrate. In brief,

GO (0.2 g) was placed in a flask, and then 100 mL water was

added, yielding a yellow-brown dispersion. The dispersion was

sonicated until it became clear with no visible particulate matter.

Hydrazine hydrate (2 mL) was added and the mixture was stirred

and heated in an oil bath at 100 uC for 24 h, and then the reduced

GO gradually precipitated out as a black solid. The black solid

was filtered and rinsed with water and methanol, and then was

dried under vacuum.

0.15 g GO (or RGO) was first ultrasonicated in 200 mL Milli-

Q water to form a homogeneous suspension.30 Then the solution

was transferred to a three-neck flask and purged with N2. An

aqueous solution of FeCl3?6H2O (0.33 g) and FeSO4?7H2O

(0.38 g) in Milli-Q water (5 mL) was injected to GO suspension.

The mixture was heated to 80 uC and stirred constantly under

N2. Following this, 10 mL 30% ammonia solution was added to

adjust the pH to 10 and the mixture was stirred and kept at 80 uC
for 30 min. At last, 1.0 g trisodium citrate was added to the

solution while the temperature was raised to 95 uC, resulting in a

black color suspension. The products were separated with a

permanent magnet, rinsed with Milli-Q water several times, and

finally dried at 60 uC. GO-iron oxide and RGO-iron oxide

hybrid materials were thus obtained.

2.2 Characterization

The morphologies of prepared GO-iron oxide and RGO-iron

oxide hybrid materials were characterized by SEM (JEOL JSM-

6700, Tokyo, Japan) and TEM (JEOL-2010, Tokyo, Japan).

XRD patterns were measured on a X’Pert PRO diffractometer

with Cu-Ka radiation (l = 0.154 nm). FTIR spectra were

obtained using a Nicolet 8700 FTIR spectrometer (Thermo

Scientific Instrument Co. U.S.A.) equipped with a KBr beam

splitter (KBr, FTIR grade) at room temperature. XPS measure-

ments were performed in a VG Scientific ESCALAB Mark II

spectrometer equipped with two ultrahigh vacuum chambers.

The surface areas were determined by nitrogen adsorption-

desorption isotherms (Tristar II 3020 M, Micromeritics Co.,

USA). The acid–base surface chemistry of GO-iron oxides and

RGO-iron oxides was investigated by potentiometric titration

experiments.

2.3 Adsorption experiments

All adsorption experiments were carried out using a batch

equilibrium technique in a serial of 20 mL glass vials equipped

with aluminum foil-lined teflon screw caps. Stock suspension of

GO-iron oxides or RGO-iron oxides, NaClO4 and Pb(II) (or

1-naphthol, or 1-naphthylamine) were added in the glass vials to

achieve the desired concentrations of different components. The

pH was adjusted to the needed value by adding negligible

volumes (0–20 mL) of 0.1 M HClO4 or NaOH. For example, the

pH value of the adsorption isotherm is 6.5 ¡ 0.1, so a negligible

volume of NaOH was added to adjust pH to 6.5 ¡ 0.1. When we

investigated the effect of pH value from 3 to 11, a negligible

volume of HClO4 was added to adjust the pH to 3, and a

negligible volume of NaOH was added to adjust pH to 11. After

the suspensions were shaken for 2 days, the solid and liquid

phases were separated by a magnetic process using a permanent

magnet made of Nd-Fe-B for analysis of the supernatant

solution. The concentration of Pb(II) in the supernatant was

analyzed by spectrophotometer at a wavelength of 616 nm by

using a Pb(II)-chlorophosphonazo(III) complex. The concentra-

tions of 1-naphthol and 1-naphthylamine in the supernatant

were determined using a UV-2550 spectrophotometer at

wavelengths of 212 and 213 nm, respectively. The amount of

adsorbate adsorbed on the adsorbent was calculated from the

difference between the initial concentration and the equilibrium

one. All the experimental data were the averages of duplicate

determinations, and the relative errors were about 5%.

3. Results and discussion

3.1 GO-iron oxide and RGO-iron oxide characterization

The morphology of RGO-iron oxides is shown in Fig. 1A and

1B, and the crumpled silk wave-like graphene sheets and the

presence of magnetite nanoparticles suggest that RGO-iron

oxide hybrid material is formed. TEM image (Fig. 1B) shows

that RGO film is transparent and iron oxide nanoparticles are

well dispersed on the surface. Meanwhile, the average size of the

iron oxide nanoparticles is about 20 nm which is consistent with

8822 | RSC Adv., 2012, 2, 8821–8826 This journal is � The Royal Society of Chemistry 2012
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the SEM image. From SEM images of GO-iron oxides (Fig.

S1{), there is no obvious morphology difference observed.

The XRD pattern of RGO-iron oxides is the same as that of

GO-iron oxides (Fig. 1C). The main peaks at 2h = 30.21u (220),

35.71u (311), 43.31u (400), 53.7u (422), 57.35u (511), and 62.72u
(440) show the characteristics of iron oxides on both GO-iron

oxides and RGO-iron oxides.31 The broad diffraction peaks are

indicative of nanoparticles with very small size. Since Fe3O4 has

a similar crystal structure to that of c-Fe2O3, it is hard to

distinguish between the two on the basis of the XRD pattern

alone. In XRD patterns, there may be two reasons for no peaks

from carbon being observed. Firstly, the presence of magnetite

reduces the aggregation of graphene sheets, which results in more

monolayer graphene, leading to weaker peaks from carbon being

observed. Secondly, the strong signals of the iron oxides tend to

overwhelm the weak carbon peaks.

The stretching vibrations of epoxy C–O (1225 cm21), aromatic

CLC (1578 cm21) and O–H band (3389 cm21) of H2O are

observed both in GO-iron oxides and RGO-iron oxides

(Fig. 1D). For GO-iron oxides, there is an extra band around

1399 cm21 which is due to the vibration of an O–CLO group.

The peak around 584 cm21 is attributed to Fe–O, and the

enhanced intensity for Fe–O is indicative of the iron load in GO-

iron oxides and RGO-iron oxides.31 The wide scan XPS spectra

of GO-iron oxides and RGO-iron oxides (Fig. S2{) shows

photoelectron lines at the binding energies of about 285, 530, and

711 eV, which are attributed to C 1s, O 1s and Fe 2p,

respectively. In the spectra of Fe 2p (Fig. S3{), the peaks Fe

2p3/2 and Fe 2p1/2 are located at 711.29 and 724.82 eV.32 In

addition, there is a satellite peak at y719.0 eV, characteristic of

c-Fe2O3, which is indicative of the formation of mixed phase of

Fe2O3 and Fe3O4 in the GO and RGO matrix.33 Deconvolution

of C 1s peaks of GO-iron oxides and RGO-iron oxides are

shown in Fig. 1E and 1F. The regions of the spectra can be

deconvoluted into three components:34,35 (1) the non-oxygenated

C (284.8 eV); (2) the carbon in C–O(y286.8 eV); and (3) the

carboxylate carbon (O–CLO, y288.8 eV). The intensity of the

O–CLO peak decreases in the C 1s spectrum of RGO-iron oxides

as compared to that of GO-iron oxides. The C/O ratio of GO-

iron oxides and RGO-iron oxides is 1.21 and 4.69, respectively.

This indicates that oxygen-containing functional groups of

RGO-iron oxides are partially reduced. The C1s spectra of raw

GO and RGO were also shown in Fig. S4{, the C/O ratio is 2.37

and 4.26.

The nitrogen adsorption-desorption isotherms are given in

Fig. S5{. The BET surface area of RGO-iron oxides and GO-

iron oxides are 272.59 m2 g21 and 142.36 m2 g21, respectively.

The saturation magnetization (Ms) of the GO-iron oxide

hybrid material is 31 emu g21 (magnetic field ¡ 20 kOe) (Fig. 2),

indicating the high magnetic property. The above inset in Fig. 2

is the magnification of hysteresis loop of GO-Fe3O. The Ms of

the RGO-iron oxides is the same as that of the GO-iron oxides.

The inset of Fig. 2 shows that the GO-iron oxide and RGO-iron

oxide hybrid materials are attracted by a magnet, and the clear

solution can be easily removed by pipette, or decanted off. This

simple magnetic separation experimental result confirms that the

GO-iron oxide and RGO-iron oxide hybrid materials are

magnetic and can be used as magnetic adsorbents to enrich

pollutants from large volumes of aqueous solutions.

The surface of adsorbent contains a large number of binding

sites. Assuming that surface sites (LSOH) are amphoteric, they

may become positively charged at low pH due to the protonation

reaction on the surfaces (i.e., SOHzHzuSOHz
2 ). At high pH

values, the surface of adsorbent surfaces becomes negatively charged

due to the deprotonation process (i.e., SOHuSO{zHz). Surface

site density can be estimated from acid–base titration (described in

ESI{). The acid–base titration data for GO-iron oxides and RGO-

Fig. 1 SEM (A), TEM (B), XRD patterns (C), FTIR (D), and high

resolution C1s (E, F) XPS of the GO-iron oxide and RGO-iron oxide

hybrid materials.

Fig. 2 Magnetization curve at room temperature of the GO-iron oxides

(inset being separation of particles of GO-iron oxides (A) and RGO-iron

oxides (B) by a magnet), indicating that GO-iron oxides has high

magnetism.

This journal is � The Royal Society of Chemistry 2012 RSC Adv., 2012, 2, 8821–8826 | 8823
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iron oxides are shown in Fig. 3. TOTH is the total concentration of

consumed protons in the titration process, which is calculated from

the following equation:

TOTH~
{ Vb{Veb1ð ÞCb

V0zVb

(1)

where Cb is the concentration of NaOH. The titration curves

collected for in 0.01 M NaClO4 solution display nearly identical

buffering capacities across the pH range studied. At pH , 4.3, the

surfaces of GO-iron oxides were positively charged, and at pH > 4.3,

the surfaces of GO-iron oxides were negatively charged. However, at

pH , 4.8, the surfaces of RGO-iron oxides were positively charged,

and at pH > 4.8, the surfaces of RGO-iron oxides were negatively

charged. Compared to the GO-iron oxides, the point of zero change

(pHpzc) of RGO-iron oxides increased from 4.3 to 4.8.

3.2 Adsorption isotherms

The adsorption isotherm is most important to understand the

distribution of adsorbate molecules between the liquid phase and

solid phase when the adsorption process reaches equilibrium.

The difference between GO-iron oxides and RGO-iron oxides is

the number of surface oxygen-containing functional groups. For

the sake of understanding how surface oxygen-containing

functional groups affect the adsorption process, we investigated

the adsorption isotherms of Pb(II), 1-naphthylamine, and

1-naphthol on GO-iron oxides and RGO-iron oxides (shown in

Fig. 4). The experimental data were simulated with the Langmuir

(Cs~
Qs max

:KL
:Ce

1zKL
:Ce

) and Freundlich (Cs = KF?Ce
1/n) models,

respectively (where Ce is the equilibrium concentration of adsorbate

in aqueous solution (mg L21), Cs is the amount of adsorbate

adsorbed on adsorbent (mg g21), Qsmax is the maximum amount of

adsorbate adsorbed per unit weight of adsorbent to form a complete

monolayer coverage on the surface, KL represents enthalpy of

sorption and should vary with temperature, KF and n are the

Freundlich constants related to the adsorption capacity and sorption

intensity, respectively). The relative parameters calculated from the

two models are listed in Table 1. The Langmuir model fits the

adsorption isotherms better than the Freundlich model, suggesting

that the adsorption of Pb(II), 1-naphthylamine, and 1-naphthol on

GO-iron oxides and RGO-iron oxides is monolayer coverage.

Adsorption capacity of Pb(II) on RGO-iron oxides is much lower

than that of Pb(II) on GO-iron oxides, whereas 1-naphthylamine and

1-naphol show the opposite results. The higher adsorption of Pb(II)

on GO-iron oxides is attributed to the complexation interaction of

Pb(II) with the oxygen-containing groups on GO-iron oxides. The

point of zero net proton charge (pHPZNPC) of GO-iron oxides

(pHPZNPC = 4.3) is lower than that of RGO-iron oxides (pHPZNPC =

4.8) (Fig. 3) and that the surface of GO-iron oxides has more

negative charges than the surface of RGO-iron oxides. The

negatively charged surface of GO-iron oxides is in favor of the

adsorption of cations due to electrostatic attraction. The qmax values

of Pb(II) adsorption on GO-iron oxides and RGO-iron oxides are

588.24 and 454.55 mg g21, and the qmax values of naphthylamine

adsorption on GO-iron oxides and GO-iron oxides are 285.7 and

303.03 mg g21, respectively. Comparing to qmax values of Pb(II) and

naphthylamine adsorption on other adsorbents: activated carbon

cloths (42.50 mg g21 Pb(II) at pH 5 and T = 293 K),36 zinc oxide

loading to granular activated carbon (39.40 mg g21 Pb(II) at pH 5

and T = 298 K),37 carbon nanotubes-iron oxides magnetic

composites(54.26 mg g21 Pb(II) at pH 5 and T = 293 K),38

multiwalled carbon nanotubes (97.08 mg g21 Pb(II) at pH 5 and T =

298 K),39 multiwalled carbon nanotubes/poly(acrylamide) composite

(29.71 mg g21 Pb(II) at pH 5 and T = 293 K),40 the graphene layer

(25.54 mg g21 Pb(II) at pH 5 and T = 298 K),41 iron oxides (78.1 mg g21

naphthylamine at pH 6.5 and T = 293 K),42 oxide mutiwalled

carbon nanotubes (217.4 mg g21 naphthylamine at pH 6.5 and T

= 293 K),42 multiwall carbon nanotubes/iron oxides, composites

(153.8 mg g21 naphthylamine at pH 6.5 and T = 293 K) 42 multiwall

carbon nanotubes/iron oxides/cyclodextrin composite(200.0 mg g21
Fig. 3 Acid–base titrations of GO-iron oxides and RGO-iron oxides.

Fig. 4 Adsorption isotherms of Pb(II), 1-naphthol and 1-naphthylamine

on GO-iron oxides and RGO-iron oxides. m/V = 0.1 g L21, pH =

6.5 ¡ 0.1, I = 0.01 M NaClO4. [CPb(II)]initial = 10y15 mg L21,

[C12naphthylamine]initial = 5y75 mg L21, [C12naphthol]initial = 5y75 mg L21,

T = 303 K. Dots are experimental data and lines are the Langmuir fitting.

8824 | RSC Adv., 2012, 2, 8821–8826 This journal is � The Royal Society of Chemistry 2012
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naphthylamine at pH 6.5 and T = 293 K).42 It can be seen that the

GO-iron oxides and GO-iron oxides hybrid materials have the

highest sorption capacity of today’s carbon materials.

To further understand the Pb(II) adsorption mechanism, the

effects of pH and ionic strength on Pb(II) adsorption onto GO-

iron oxides were also investigated (Fig. S6{). It turned out that

Pb(II) adsorption on GO-iron oxides was strongly dependent on

pH values and independent of ionic strength. Meanwhile, the pH

values before and after adsorption were measured, and the pH

values of the solution after adsorption changed a little to the acidic

region (Fig. S7{). Therefore, the high adsorption of Pb(II) on GO-

iron oxides was mainly attributed to surface complexation of

Pb(II) with the oxygen-containing groups on GO-iron oxides.

Considering the structures of the sp2-bonded carbon atom of

graphene, it is expected that the adsorption of organic aromatic

compounds on RGO-iron oxides or GO-iron oxides may occur

mainly due to a p–p interaction. For GO-iron oxides, there are

many more oxygen-containing functional groups on the surface

which can act as electron withdrawing groups localizing electron

from p system of graphene that might be expected to interfere

with p–p dispersion forces between the aromatic ring and

graphene. The earlier studies43,44 have shown that the oxygen-

containing functional groups depressed the adsorption of

organic chemicals on carbon materials by water adsorption,

dispersive-repulsive interactions, and hydrogen bonding, thus led

to the lower adsorption capacity of GO-iron oxides. Schematics

of possible interactions of GO-iron oxides-Pb(II), RGO-iron

oxides-naphthol, and RGO-iron oxides-naphthylamine were

shown in Fig. S8{.

3.3 Adsorption thermodynamics

The adsorption isotherms of 1-naphthol and 1-naphthylamine

on RGO-iron oxides at three different temperatures are shown in

Fig. 5. Adsorption capacities are the highest at T = 343 K and

are the lowest at T = 303 K, indicating that the adsorption of

organic molecules on RGO-iron oxides is promoted at higher

temperatures.

The thermodynamic parameters (DH0, DS0, and DG0) for

1-naphthol and 1-naphthylamine adsorption on RGO-iron

oxides can be calculated from temperature dependent adsorption

isotherms. The values of enthalpy (DH0) and entropy (DS0) were

calculated from the slopes and intercepts of the plot of ln Kd vs.

1/T (Fig. S9) by using the equation ln Kd = DS0/R 2 DH0/RT.

The Gibbs free energy (DG0) of specific adsorption was

calculated from the equation DG0 = DH0 2 TDS0, where R

(8.314 J mol21 K21) was the ideal gas constant and T/K was the

temperature in Kelvin. Relevant calculated data are tabulated in

Table 2. The positive values of DH0 for 1-naphthol and

1-naphthylamine adsorption indicate that the adsorption of

1-naphthol and 1-naphthylamine on RGO-iron oxides is an

endothermic process. The interpretation of the endothermicity of

DH0 is that 1-naphthol and 1-naphthylamine molecules are

solvated in aqueous solution. In order for 1-naphthol and

1-naphthylamine molecules to adsorb on RGO-iron oxides, they

have to be denuded their hydration sheath to some extent, and

this dehydration process needs energy. The energy of dehydra-

tion exceeds the exothermicity of 1-naphthol and 1-naphthyla-

mine molecules to attach to RGO-iron oxides. The negative DG0

indicates that the adsorption is a spontaneous process, and

the DG0 values become more negative with the increase of

temperature, indicating that the adsorption process is more

favorable at higher temperature due to dehydration of 1-naphthol

Table 1 Parameters derived from the Langmuir and Freundlich models

Experimental conditions

Langmuir Freundlich

qmax (mg g21) B (L mg21) R2 kF (mg12n Ln g21) n R2

Pb(II), GO-iron oxides, 303 K 588.24 0.193 0.972 168.63 0.317 0.963
Pb(II), RGO-iron oxides, 303 K 454.55 0.070 0.974 53.43 0.523 0.889
1-naphthol, GO-iron oxides, 303 K 228.41 0.131 0.970 20.51 0.735 0.778
1-naphthol, RGO-iron oxides, 303 K 243.16 0.494 0.997 162.14 0.408 0.826
1-naphthol, RGO-iron oxides, 323 K 357.00 0.252 0.994 82.66 0.419 0.700
1-naphthol, RGO-iron oxides, 343 K 588.23 0.288 0.968 76.68 0.359 0.590
1-naphthylamine, GO-iron oxides, 303 K 285.71 0.177 0.985 32.34 0.534 0.894
1-naphthylamine, RGO-iron oxides, 303 K 303.03 0.589 0.997 173.73 0.134 0.893
1-naphthylamine, RGO-iron oxides, 323 K 400.00 0.481 0.986 167.68 0.236 0.972
1-naphthylamine, RGO-iron oxides, 343 K 625.00 0.593 0.990 254.74 0.315 0.787

Fig. 5 Adsorption isotherms and the Langmuir models of 1-naphthy-

lamine and 1-naphthol on RGO-iron oxides at three different tempera-

tures. m/V = 0.1 g L21, pH = 6.5 ¡ 0.1, I = 0.01 M NaClO4.

[C12naphthol]initial = 5y75 mg L21, [C12naphthylamine]initial = 5y75 mg L21.
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and 1-naphthylamine. The positive standard entropy change (DS0)

indicates the fact that the degree of freedom increases at the solid-

liquid interface during the adsorption of 1-naphthol and 1-naphthy-

lamine on RGO-iron oxides, and also implies some structural

changes in the RGO-iron oxides during adsorption process.

4. Conclusion

The GO-iron oxides and RGO-iron oxides hybrid materials were

synthesized by using GO (or RGO) as matrix. The GO-iron oxides

and RGO-iron oxides hybrid materials can be easily separated by

magnetic separation. The GO-iron oxides material was a good

adsorbent for Pb(II) but not for 1-naphthol and 1-naphthylamine

due to oxygen-containing groups on the surface, whereas the

RGO-iron oxides material was a good adsorbent for 1-naphthol

and 1-naphthylamine but not for Pb(II). The adsorption of

1-naphthol and 1-naphthylamine on RGO-iron oxides was an

endothermic and spontaneous process. This work highlighted the

interaction of the organic and inorganic pollutants with GO-iron

oxides and RGO-iron oxides composites. The results of this

research contributed to determining the adsorption performance

of inorganic and organic pollutants on GO-iron oxides and RGO-

iron oxides composites. Graphene composite materials have

enormous potential to rival or even surpass the performance of

their carbon nanotube composite counterparts, given that cheap,

large-scale production and processing methods for high-quality

graphene have become available.
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