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The regulated loading of Fe3O4 nanoparticles (NPs) into graphene nanosheets (NSs) matrix along with the 

process of reducing graphene oxide (GO) has been achieved via a facile hydrothermally self–assembling 

strategy. The optimized graphene/Fe3O4 (GF) composite with the dispersedly embedded hybridization 

yields high surface area serving as active adsorption sites and effective protection of Fe3O4 NPs against 

releasion, aggregation, oxidation or dissolution in wastewater, as well as the stable superparamagnetism 

allowing fast magnetic recycle. It exhibits a fast Cr(Ⅵ) removal with a high adsorption capacity in acidic 

and neutral solutions, and the adsorption kinetics following the pseudo–second–order model accords 

with the chemisorption in nature. Moreover, the adsorption performance shows a broad–spectrum 

universality to various heavy metal ions including Fe(Ⅲ), Cu(Ⅱ), Cd(Ⅱ), etc. and has a recyclability after 

pH–manipulated desorption, thus the GF composite has been demonstrated as an promising separable 

adsorbent for removing heavy metals from wastewater. 

Introduction 

Heavy metal ions in the wastewater discharged from leather 

tanning, metallurgical manufacturing, battery production, 

electroplating, etc. have been regarded as a global pollutant 

because of their anti–biodegradation and carcinogenicity.1 

Their maximum permissible limits in drinking water and 

discharged industrial wastewater have been regulated by 

Environmental Protection Agency (EPA) in many countries.2 In 

recent years, numbers of technologies have been developed to 

remove heavy metal ions from wastewater, such as ion 

exchange,3 reverse osmosis,4 electrochemical precipitation,5  
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catalytic degradation6 and adsorption separation.7,8 Among 

them, the adsorption separation with the practical advantages of 

low cost, simple process and reduced secondary pollution is a 

promising method suitable for the batch removal of heavy 

metals.9 Various materials including the activated carbon, 

zeolite, polymer and metal oxides, etc. have been demonstrated 

as the efficient adsorbents to purify wastewater,10–12 in 

particular, iron and iron oxide nanoparticles (NPs) have been 

recognized as higher effective medium for the heavy metals 

adsorption.12,13 However, the easy oxidation, rapid 

agglomeration and side pollution become the major challenges 

when using iron–based NPs adsorbents. To meet these 

challenges, some inert materials are usually introduced to 

design the matrix building for loading NPs,14,15 and noting that 

graphene or its oxide (GO) with a large dimension in XY plane 

and ultrahigh specific surface area is a favorable platform with 

great advantages in immobilizing and dispersing NPs.16 

Moreover, graphene itself with a theoretical specific surface 
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area of 2630 m2/g has also received considerable attention as a 

highly efficient adsorbent for contaminant removal.17 Recently, 

the three–dimensional graphene sponges and magnetic 

graphene composites have been fabricated to be able to perform 

an easy and fast separation after absorbing contaminants.18,19 

Furthermore, the magnetic graphene or GO hybrids could be 

supposed to bring about the promising progress in applications 

like targeted drug carriers, magnetic resonance imaging and 

environmental remediation based on some 

potential  advantages, such as the large surface area for the 

adsorption loading and the  injected magnetism for magnetic 

recycle and against absorbent releasing.19,20 In this work, a 

hydrothermally self–assembling strategy was developed to 

synthesize the reduced graphene oxide (RGO)/Fe3O4 (GF) 

composites, in which various amounts of Fe3O4 NPs were 

incorporated in RGO nanosheets (NSs) during the reduction of 

GO. The tunable loading of Fe3O4 NPs into RGO matrix was 

used to explore an optimal balance between the adsorption 

capacity and the magnetic manipulation. The optimized GF 

hybrid with the dispersedly embedded assembly endows high 

specific surface area and stable superparamagnetism, and as a 

proof of concept, its removal performance of heavy metal ions 

was examined in terms of removal efficiency, adsorption 

kinetics, equilibrium adsorption capacity, pH–dependence, 

adsorption isotherm analysis, recycling reusability and 

applicable range. 

Experimental 

Preparation of GO 

GO was synthesized by oxidizing expandable graphite powder 

according to the modified Hummers method.21,22 Typically, 

graphite (0.5 g), H2SO4 (600 mL), KMnO4 (3 g), NaNO3 (0.5 g) 

and a Teflon reactor placed into a stainless–steel autoclave 

were completely cooled in a refrigerator at 0–5 ℃ for 4.5 h. 

The cooled graphite, H2SO4, KMnO4 and NaNO3 were tardily 

poured into the Teflon reactor. Then the reactor was sealed in 

the stainless–steel autoclave and transferred in the refrigerator 

maintaining at 0–5 ℃ for 1 h and then heated at 80 ℃ in an 

oven for 2 h. The supernatant was removed after the autoclave 

was cooled naturally to room temperature. The product was 

diluted with 60 mL of deionized water followed by magnetic 

stirring for 2 h. With magnetic stirring, 5 mL of H2O2 was 

dripped into the solution to terminate the reaction. The obtained 

golden yellow slurry was subsequently washed with diluted 

HCl solution and deionized water until the pH of the solution is 

larger than 5 to obtain the GO suspension. After a drying 

process at 60 ℃ for 48 h in vacuum system, the dye GO 

powder was obtained. 

Preparation of Fe3O4 NPs 

The Fe3O4 NPs were prepared by a hydrothermal method. 

Typically, Fe3O4•6H2O (1.4 g) and CH3COONa•3H2O  (3.5 g) 

were dissolved in ethylene glycol (40 ml) to form a yellow 

solution, followed by the addition of polyethylene glycol (1.1 

g). The mixture was sonicated for 25 min and then sealed in a 

Teflon–lined stainless steel autoclave. The autoclave was 

heated and maintained at 180 ℃ for 10 h, then cooled down to 

room temperature. The black precipitates were washed several 

times with deionized water and dried at 50 ℃ in vacuum for 10 

h to obtain Fe3O4 NPs powder. 

Fabrication of GF nanocomposites 

The GF heterosturctures were formed by the self–assembly of 

RGO and Fe3O4 NPs along with a hydrothermal process of 

reducing GO. In a typical synthesis, 80 mg of GO was added 

into 40 mL of deionized water with sonication for 30 min to 

form the homogeneous GO solution. Then the as–prepared 

Fe3O4 NPs with several different mass of 10, 20, 40 and 80 mg 

were dispersed respectively in the above GO aqoeous solution 

to investigate the effects of Fe3O4 share in the GF hybrid both 

on heterogeneous morphologies and on adsorption 

performances. After mechanical stirring for 30 min, the 

mixtures were sonicated for 50 min, then sealed in 50 mL 

Teflon–lined stainless autoclaves and maintained at 180 ℃ for 

2 h followed by cooled naturally to room temperature. The 

black precipitates were thoroughly washed with ethanol and 

deionized water by magnetic separation, and then were dried in 

vacuum at 50 ℃. The resulted products with four different 

ratios of RGO and Fe3O4 were synthesized, and were labeled as 

GF1, GF2, GF3 and GF4 with the increase of Fe3O4 content, 

respectively. In addition, the pure RGO was also prepared via 

the same route without the presence of Fe3O4 NPs. 

Characterization 
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The X–ray diffraction (XRD) patterns of samples were 

collected on a Shimadzu–7000 X–ray powder diffractometer 

with Cu Kα radiation (λ= 0.15406 nm). The morphologies of 

samples were characterized by using the field emission 

scanning electron microscopy (FESEM, Hitachi, S–4800II) 

equipped with X–ray energy dispersive spectrum (EDS). The 

fourier transform infrared (FTIR, Varian Cary 670) and the 

Raman scattering (RS, Renishaw in Via) were carried out to 

analyse the chemical composition of composited samples. The 

specific surface area was measured using a nitrogen gas 

sorption surface area tester (3H–2000PS2, BeiShiDe Instrument 

S&T (Beijing) Co., Ltd.) and calculated by the Brunauer–

Emmett–Teller (BET) method. The room–temperature 

magnetic properties of samples were measured by ADE–V7 

vibrating sample magnetometer (VSM). 

Adsorption experiments 

Equal mass (100 mg) of six materials including pure RGO NSs, 

bare Fe3O4 NPs, and GF composites with different Fe3O4 

contents (GF1, GF2, GF3 and GF4) were respectively put in the 

reagent bottle containing 0.072 mol/L of potassium dichromate 

aqueous solution (15 mg/L of Cr(Ⅵ)) to examine their 

performances of removing Cr(Ⅵ) ions. The mixture solutions 

were stirred under ultrasonication at room temperature for 20 

min, after that, the RGO, Fe3O4, and GF adsorbents were 

separated by using a centrifuge and a portable permanent 

magnet, respectively. The Cr(Ⅵ) concentrations in the treated 

supernatant solutions were determined by colorimetric analysis 

based on the diphenylcarbazide method with a detection limit 5 

ug/L.23 Briefly, 5 mL of comparing solutions were taken into 

test tubes, then 0.25 mL 1,5–diphenyl carbazide (DPC, 5 g/L) 

and 0.5 mL o–phosphoric acid (4.5 M) were added. After 

standing for 30 min at room temperature to reach color steady, 

the UV–vis absorption spectra with the characteristic peaks at 

540 nm denoting the remaining Cr(Ⅵ) concentrations were 

recorded by the JH 722S Vis spectrophotometer. Then the 

removal efficiency (η ) of absorbents in Cr(Ⅵ) solutions can be 

calculated according to the following equation： 

0
(1 / ) 100%C C= − ×η                                       (1) 

where
0C and C are respectively the initial and remaining 

concentrations of Cr(Ⅵ) before and after the adsorption process, 

thus the lower 
0/C C  denotes the higher removal efficiency (η  ) 

or the higher adsorption efficiency of absorbent. For the 

adsorption kinetics study and adsorption isotherm analysis, the 

relatively small amount of 10 mg absorbent was employed to 

perform another slow adsorption process, in which the UV–vis 

absorption spectra were tracked, then the adsorption capacities 

(
t

Q ) at different time intervals were calculated according to the 

kinetic adsorption equation: 

t 0 t= −Q (C C )V / m                              (2) 

where
0

C and
t

C are respectively the initial and kinetic 

concentration of Cr(Ⅵ) in solution, V is the solution volume, 

m is the mass of adsorbent, and numerator term of 
0 t(C C )V−  

denotes the kinetic adsorption amount over adsorbent. The pH 

effect on the absorption performance was also investigated in 

wide window of pH values from 2 to 10, where the pH values 

of Cr(Ⅵ) solutions were adjusted by adding HCl and NaOH. 

Finally, to examine the practical value of the present GF 

absorbent, its recyclability and applicable universality for other 

several typical heavy metal ions including Ni(Ⅱ), Fe(Ⅲ), 

Co(Ⅱ), Cd(Ⅱ), Pb(Ⅱ) and Cu(Ⅱ) were explored. The 

desorption of laden Cr(Ⅵ) was carried out by being soaked 

with 0.2 M NaOH solution, and the desorption efficiency was 

calculated based on the following equation:  

de d e 100%C V / mQ= ×ζ                           (3) 

where 
deC is the Cr(Ⅵ) concentration in the eluent after 

desorption equilibrium, 
d
V  is the eluent volume, 

eQ is the 

adsorption capacity after adsorption equilibrium and m  is the 

adsorbent mass. 

Results and discussion 

GO was first obtained from graphite powder by an improved 

Hummer’s method and the Fe3O4 NPs were prepared by a 

hydrothermal method. After that the GF heterosturctures were 

formed by the self–assembly of RGO and Fe3O4 NPs along 

with a hydrothermal process of reducing GO.   

Microstructure characterization 

Figs. 1(a)–(f) show respectively the FESEM images of RGO 

NSs, Fe3O4 NPs, and GF composites with different Fe3O4 

contents (GF1, GF2, GF3 and GF4). The FESEM image in Fig. 

1(a) reveals that the as–synthesized bare RGO are the two–

dimensional (2D) ultrathin NSs with lamellar folding surface. 
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The bare Fe3O4 appears spherical NPs with uniform size of 

about 400 nm, as shown in Fig. 1(b). When introducing Fe3O4 

NPs in the process of reducing GO, the obtained RGO NSs 

display many wrinkles even holes, moreover, such a surface 

roughness is becoming more obvious with the introduced Fe3O4 

NPs increasing, as shown in Figs. 1(c)–(f). Obviously, the 

increase of wrinkled structure should be attributed to the stress 

induced by the attached Fe3O4 NPs. It is worth noting that the 

Fe3O4 NPs uniformly remain original size and well disperse in 

the RGO NSs matrix, where no free or aggregated Fe3O4 NPs 

can be observed. Particularly, from the insets of Figs. 1(c)–(f), 

it can be seen that the Fe3O4 NPs are not simply mixed up or 

blended with RGO NSs, but they are entrapped inside the 

surrounding of RGO NSs. Therefore, through the present 

hydrothermal self–assembly, i.e. that the Fe3O4 NPs were 

grafted while reducing GO, the 2D NSs help to prevent the NPs 

from agglomeration and simultaneously the zero–dimensional 

(0D) NPs act as the spacer to prevent the restacking of NSs, 

thus give priority to increase the specific surface area of GF 

composites. Basing on the N2 adsorption–desorption isotherm 

analyses (Figs. S1(a)–(f)), the BET surface areas of GF 

composites with less than 40 mg of Fe3O4 NPs have indeed the 

significant increase relative to bare RGO NSs and Fe3O4 NPs, 

especially GF2 sample exhibits the biggest BET surface area of 

109.95 m2/g. In addition, the high stability of GF composites  

 

Fig. 1 FESEM images of (a) pure RGO NSs, (b) pure Fe3O4 NPs and hybrid GF 

composites with different Fe3O4 contents: (c) GF1, (d) GF2, (e) GF3 and (f) GF4. 

The insets show respectively the locally amplified FESEM images. 

against sonication demonstrates the strong interaction between RGO 

NSs and Fe3O4 NPs, furthermore which is resulted from unique 

embedded structure rather than additional molecular linkers. In fact, 

such an embedded hybrid format is very significant not only for 

improving stability of heterostructured binding to prevent the side 

damage of releasing Fe3O4 NPs but also for protecting the Fe3O4 

NPs against oxidation/dissolution especially in acidic environment. 

 
Fig. 2 (a) XRD patterns with the marked characteristic peaks: Fe3O4 (＊) and 

RGO (＋), and (b) FTIR spectra of hybrid GF composites with different Fe3O4 

contents: GF1, GF2, GF3 and GF4, as well as pure RGO NSs and Fe3O4 NPs as 

two references. 

To identify the chemical component of samples, the XRD, 

EDS, FTIR and RS spectra were collected and comparatively 

analyzed for the hybridized GF composites, as well as pure 

RGO NSs and Fe3O4 NPs as two references. Their power XRD 

patterns are presented in Fig. 2(a). The RGO shows a broad 

diffraction peak (＋) at 25.58°, confirming the reduction of GO. 

With the Fe3O4 NPs intervening and increasing, some peaks (＊) 

located at 30.52°, 35.92°, 43.62°, 54.08°, 57.52° and 62.94° 
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emerge and increase, which are found to be in good agreement 

with the diffraction peaks of pure Fe3O4 NPs and be able to be 

indexed respectively to (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1) 

and (4 4 0) planes of face–centered cubic Fe3O4 (JCPDS No. 

75–0033),19 meanwhile the RGO characteristic peak relatively 

weakens. The observed evolution of XRD patterns clearly 

indicates that the tunable incorporation of Fe3O4 into RGO has 

been achieved. Fig. 2(b) shows the corresponding evolution of 

FTIR spectra before and after the Fe3O4 NPs introducing. The 

bare RGO exhibits four absorption bands at 1207.22, 1390.43, 

1583.27 and 1727.91 cm−1, which can be assigned to the 

stretching modes of epoxy C–O, carboxyl O=C–O, aromatic 

C=C and C=O, respectively.19 As another component, the pure 

Fe3O4 NPs shows a strong absorption band at 586 cm-1 resulting 

from the stretching vibration mode of Fe–O, and other two 

absorption bands at 1429 and 1633.42 cm-1 are associated with 

O–H and COO– introduced from hydrothermal preparation.24,25 

After Fe3O4 NPs introduced into RGO, the absorption band of 

586 cm-1 characterized by Fe–O vibration always appears, and 

its intensity increases with the added Fe3O4 loading, supporting 

further the successful incorporation of Fe3O4 NPs. Typically, 

the EDS and RS spectra of bare RGO and GF1 are compared in 

Figs. S2 (a) and (b), respectively. As expected, the introduced 

Fe element is obviously detected in the EDS spectrum of GF1, 

while that of RGO does not give any signal on Fe or other 

elements except C and O elements. The RS spectra of RGO and 

GF1 display two prominent peaks at 1347.28 and 1599.25 cm-1, 

corresponding to the well–documented D and G bands of 

graphene. Moreover, the intensity ratio of D and G bands 

( D G/r I I=  ) is usually used as a measure of the reduction of GO, 

and herein the high r value of 1.03 indicates the obtaining of 

RGO via hydrothermal reducing GO.26 Additionally, a second–

order 2D band at 2684.27 cm-1 sensitive to the c–axis stacking 

order of graphene much weakly appears alone with the D+G 

combination band at 2939.2 cm-1, indicating that the present 

RGO is of ultrathin tissue, being consistent with the FESEM 

observation. Therefore, it is conclusive that the tunable loading 

of Fe3O4 NPs into the RGO matrix in a dispersedly embedded 

format has been achieved in the reducing process of GO, which 

provides superiorities of extending the active adsorption sites 

and of preventing the magnetic Fe3O4 NPs against oxidation, 

dissolution or releasion for the magnetic removal of heavy 

metals from wastewater. 

Magnetic properties 

Fig. 3(a) shows the room temperature magnetic hysteresis loops 

of GF1, GF2, GF3, GF4, as well as bare RGO NSs and Fe3O4 

NPs as two references. The saturation magnetizations of GF1, 

GF2, GF3, GF4 are of 1.03, 6.11, 18.91, 45.45 emu/g, 

respectively, indicating the magnetic enhancement regulated by 

the Fe3O4 NPs loading. The inset of Fig. 3(a) shows the  

  

Fig. 3 (a) Room temperature magnetic hysteresis loops of hybrid GF composites 

with different Fe3O4 contents: GF1, GF2, GF3 and GF4, as well as pure RGO NSs 

and Fe3O4 NPs as two references. The inset shows the amplified centre curves. (b) 

Digital photographs of GF2 dispersed in water solution (4 g/L) and separated by a 

portable magnet within 15 s. 

amplified hysteresis curves, and the GF4 with high Fe3O4 NPs 

loading exhibits an observed coercivity similar to the pure 

Fe3O4 NPs, which suggests that the close contact of Fe3O4 NPs 

may induce the interparticle dipolar interaction and the 

interface exchange interaction, making GF4 become 

ferromagnetic coupling. In contrast, the GF1, GF2 and GF3 

display the superparamagnetic property without remnant 

magnetization and coercivity, which is valuable for the 

transport and separation manipulated by the applied magnetic 

field. Fig. 3(b) illustrates that the black GF2 dispersed in water 
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solution (4 g/L) can be fast separated from water by using a 

portable magnet within 15 s. This magnetic separation property 

is desirable for the recycling of nano adsorbents. 

Chromium removal 

The prepared potassium dichromate solution containing 15 

mg/L of Cr(Ⅵ) ions were respectively treated with the equal 

mass (100 mg) of GF1, GF2, GF3, GF4, pure RGO NSs and  

  

Fig. 4 (a) UV–vis adsorption spectra (a) Removal efficiencies of Cr(Ⅵ) solutions 

after treated with hybrid GF composites with different Fe3O4 contents: GF1, GF2, 

GF3 and GF4, as well as pure RGO NSs and Fe3O4 NPs. 

Fe3O4 NPs at the room temperature to examine their removal 

efficiencies towards Cr(Ⅵ) ions. After treated with different 

absorbants under untrasonication for 20 min, the UV–vis 

absorption spectra of the colored Cr(Ⅵ) solution are shown in 

Fig. 4(a), and Fig. 4(b) compares their removal efficiencies at 

20 min of treatment time. It can be seen that the pure Fe3O4 

NPs and bare RGO NSs exhibit the certain adsorption 

capacities with the Cr(Ⅵ) removal efficiencies of about 45 and  

 
Fig. 5 Kinetic adsorption data plots of Cr(Ⅵ) over GF2: kinetic adsorption 

capacity Qt vs time t ( black square line) and the transformed rate plot t/ Qt  vs t 

(red pentagram line). 

59%, respectively. In comparison, the GF composites perform 

the obviously enhanced removal efficiencies except the GF4, 

and the GF2 as among the best brings out a superior removal 

efficiency of 94%. Obviously, such a significant increase in 

adsorption capacity results certainly from the integration 

between Fe3O4 and RGO, however, the superabundant addition 

of Fe3O4 can lower instead the adsorption capacity, which may 

be due to that the excessively Fe3O4 NPs loading induces more 

agglomeration facilitated by the increases of interparticle 

magnetic coupling and interfacial interaction then reduces 

active absorption spaces, thereby resulting in reductions of 

specific surface area and adsorption capacity. Such reasoning 

can be supported by the above characterization results of 

FESEM, BET and VSM. In addition, the adsorption kinetics of 

Cr(Ⅵ) ions over the best GF2 was explored in the designed 

adsorption process. The kinetic adsorption capacities calculated 

by equation (2) were depicted in Fig. 5, and the corresponding 

evolution of UV–vis absorption spectra with adsorption time 

are shown in Fig. S3. The adsorption kinetics was described by 

the pseudo–second–order model27 with the kinetic rate equation 

expressed as: 

                       2

t 2 ed /dQ t k Q Q= −
t

（ ）                            (4) 

where Q
t

 and 
e

Q are respectively the kinetic and equilibrium 

adsorption capacities, 
2
k is the pseudo–second–order rate 

constant. Integrating the equation (4) with the boundary 

conditions of 0tQ =  at t 0=  and 
t t

Q Q=  at t t= , the following 

linear form was obtained: 
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2

t 2 e e1 + /t / Q / k Q t Q=                                   (5)                                                                                                      

As shown in Fig. 5, the kinetic adsorption data are fitted well to 

the linearized form of pseudo–second–order model with a high 

correlation coefficient of R2 = 0.9973, and the calculated 
e

Q  of 

10.96 mg/g shows good agreement with the experimental value, 

moreover, it is higher than the adsorption capacities of other 

magnetic graphene–based adsorbents reported in some recent 

literatures.16,19 The kinetic analysis confirms further the 

favorable Cr(Ⅵ) adsorption over GF2, which is subject to a 

chemisorption mechanism behind the pseudo–second–order 

kinetic model.28,29 To examine the practical value of such a 

composited absorbent in wastewater treatments, we studied 

further the pH dependence, the adsorption isotherm analysis, 

the regenerability and the compatibility for various heavy 

metals of the adsorption performace, typified by the best GF2. 

pH effect 

  

Fig. 6 Removal efficiencies of GF2 at different pH values from 2 to 10. 

Since the diphenylcarbazide method itself is based on the pH–

modulated colorimetric principle, the UV–vis spectra of Cr(Ⅵ) 

solutions with different pH values before and after adsorption 

treatments were recorded directly (Fig. S4) to deduce the 

removal efficiencies, which are shown in Fig. 6. The removal 

efficiencies remain almost unchanged height (≥ 94%) in acidic 

and neutral media with the pH value range of 2–7, however, it 

decreases sharply in alkaline media with the PH value 

increasing from 7 to 10. Therefore, the GF2 absorption capacity 

of Cr(Ⅵ) undergoes an observed recession in alkaline media 

similar to the previously reported literatures.30 The 

predominance diagram of the chromium species in terms of pH 

value and chromate concentration shows the hydrogen 

chromate (HCrO4
–) is the dominant species in acidic media, 

while the only chromate (CrO4
2–) is a stable species in alkaline 

media.31–33 As shown in Fig. S5, the UV–vis absorption spectra 

of untreated Cr(Ⅵ) solutions with different pH values exhibit 

two distinct absorption characteristics for two cases of pH 7≤  

and pH 7> , moreover, they remain respectively stable in their 

own pH scopes, suggesting further that the Cr(Ⅵ) exists in 

different ionic forms according to the watershed between the 

acid and alkali. Thus the pH–induced outstanding difference in 

removal efficiency may be attributed mainly to the varying 

Cr(Ⅵ) ion forms existed at different pH solutions, and the 

present GF2 sample may be more favorable to absorb HCrO4
– 

than CrO4
2–. In addition, the attachment of hydroxyl (OH–) 

groups on the absorbant surface in alkaline media can be 

another possible cause, which competes with the adsorption of 

Cr(Ⅵ) ions and leads to the decline of removal efficiency. 

 
Fig. 7 (a) Langmuir and (b) Freundlich isotherms for the adsorption of Cr(VI) on 

GF2 at different pH values. 
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The partitioning of Cr(VI) at equilibrium between liquid and 

solid phases was modeled by Langmuir and Freundlich 

adsorption isotherms at room temperture under different acidic  

(pH=3, 5) or neutral (pH=7) environment. According to the 

previous literature,34 the linear form of these two isotherm 

equations could be expressed as follows: 

Langmuir:      
L max max/ 1e e eC Q / k Q C / Q= +                      (6) 

Freundlich:     
e F eln(Q ) ln( k ) ln( C ) / n= +                         (7) 

where Ce  and Qe  are the equilibrium concentrations of 

Cr(VI) in the solution and adsorbed. kL and Qmax are the 

constants related to the energy of adsorption and the monolayer 

adsorption capacity of the adsorbent. Where kF represents the 

Freundlich adsorption constant and 1/n is the adsorption 

intensity. The value of kL, Qmax and kF, 1/n was determined 

from the slopes and intercepts by plotting Ce/Qe versus Ce, or 

ln(Qe) versus ln(Ce), respectively. 

After simulation, Freundlich adsorption isotherm yielded 

worse correlations (R2 < 0.98) in description of the adsorption 

behavior, while Langmuir isotherm perfectly matched (R2 > 

0.99) and the results are shown in Fig. 7 and Table 1. This 

result indicates that our experimental data fits better with the 

Langmuir model, suggesting monolayer coverage sorption of 

Cr(Ⅵ) on the surface of the GF2. In addition, the calculated 

Qmax exhibits higher value (14.95 mg/g) in acidic media than 

neutral media, corresponding to our previous experimental of 

pH effect on GF2 absorption capacity. In a whole, in terms of 

both reaction rate and the adsorption capacity, GF2 

demonstrated their extraordinary ability in scavenging Cr(VI) 

from the wastewater. 

Table 1. Langmuir and Freundlich isotherm constants.  

 

Where Qmax, KL, 1/n, KF are defined by equations (6) and (7), respectively. 

Recyclability 

Fig. 8 shows the reusability of GF2 in five times of consecutive 

adsorption–desorption cycles. Because the adsorption of Cr(Ⅵ) 

over GF2 was strongly dependent on the solution pH, the 

desorption of Cr(Ⅵ) was carried out by using NaOH solution 

with an optimized concentration of 0.2 M, and about 80% of 

desorption efficiency could be achieved in five cycles. The 

 

Fig. 8 Adsorption–desorption cycles of GF2. 

convenient and effective desorption process endows GF2 with 

the certain recyclability for Cr(Ⅵ) adsorption, and the removal 

efficiencies maintain more than 75% along with a slight 

downswing, indicating that the GF2 can be facilely regenerated 

and reused for Cr(Ⅵ) adsorption without an appreciable loss in 

its adsorption capacity. The structural stability of GF2 

adsorbent is further confirmed by XRD and SEM for the 

recycled GF2 after five cycles, as shown in Fig. S6. 

Other heavy metal removal  

The compatibility of the GF2 adsorption property for various 

heavy metals was examined by treating respectively Ni(Ⅱ), 

Fe(Ⅲ), Co(Ⅱ), Cd(Ⅱ), Pb(Ⅱ) and Cu(Ⅱ) aqueous solutions 

with 10 mg GF2 absorbent. As shown in Fig. 9, the measured 

equilibrium adsorption capacities of GF2 are 9.6, 10.1, 10.8, 9.5, 

9.3 and 8.9 mg/g for Fe(Ⅲ), Cu(Ⅱ), Cd(Ⅱ), Co(Ⅱ), Pb(Ⅱ) 

and Ni(Ⅱ), which are almost at similar level with the case of 

removing Cr(Ⅵ). In addition, the effect of time on adsorption 

behavior of various heavy metals can be seen in Fig. S7. 

Therefore, the absorption performance of GF2 stands fairly 

steady towards various typical heavy metals, moreover, higher 

than that of some magnetite hybridized carbon–based 
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absorbents,16,35 demonstrating the present GF2 as a promising 

absorbent for removal of heavy metals from the wastewater. 

 

  

Fig. 9 Equilibrium adsorption capacities of GF2 for different heavy metal ions: Fe 

(Ⅲ), Cu(Ⅱ), Cd(Ⅱ), Co (Ⅱ), Pb(Ⅱ) and Ni (Ⅱ). 

Conclusions 

The reduced graphene oxide /Fe3O4 composites with tunable loading 

of Fe3O4 nanoparticles were fabricated by a facile hydrothermally 

self–assembling route, in which the various amounts of Fe3O4 

nanoparticles were dispersedly encapsulated into reduced graphene 

oxide matrix. The optimized reduced graphene oxide /Fe3O4 

（GF2） exhibited the highest specific surface area and the stable 

superparamagnetic property, then its fast Cr( Ⅵ ) removal 

performance with a high adsorption capacity was demonstrated. The 

adsorption behavior regulated under pH value and pseudo–second–

order kinetic model was illuminated as an intrinsic chemisorption. In 

addition, the equilibrium adsorption data were found best fit the 

Langmuir adsorption isotherm suggesting monolayer coverage 

sorption of Cr(Ⅵ ) on the surface of the GF2. The superior 

adsorption capacity with wide applicability to various heavy metal 

ions and favorable renewability developed by pH–manipulated 

desorption suggests GF2 a promising potential for the removal of 

heavy metals ions from wastewater. 
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