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a b s t r a c t

A novel adsorbent, poly-(dimethyl diallyl ammonium chloride) (PDDA) functionalized graphene 
oxide (GO) further decorated with ferro ferric oxide (Fe3O4) nanoparticles, has been developed and 
used for instantaneous Cr(VI) removal from aqueous solution, and a reliable direct filtration-adsorp-
tion was achieved. Fourier transform infrared (FTIR) spectroscopy, Raman spectra (Raman), zeta 
potential measurement, scanning electron microscopy (SEM), high-resolution transmission electron 
microscopy (HRTEM), X-ray photoelectron spectroscopy (XPS) and differential pulse voltammetry 
(DPV) were adopted to confirm and investigate the chemical compositions, surface properties, mor-
phological and electrochemical performance of the as-prepared magnetic nanocomposite (denoted 
as GO/PDDA/Fe3O4). The maximum adsorption capacity of GO/PDDA/Fe3O4 for Cr(VI) was 141.68 
mg/g at pH = 2, and the desorption-regeneration results exhibited GO/PDDA/Fe3O4 could be a 
potential prospective nanocomposite used for instaneous filtration-adsorption of Cr(VI) from aque-
ous solution in real-life situations due to its fast, effective and stable properties.
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1. Introduction

Hexavalent chromium [Cr(VI)] is one of heavy metals 
with strong oxidization and toxicity. It is difficult to degrade 
under natural conditions and easy to achieve toxic accumu-
lation through the food chain, causing great harm to human 
beings and ecological environment. During recent years, a 
number of industrial applications of chrome are emerging. 
Meanwhile, being concerned with developing industries at 
a high speed, environmental protection is also an import-
ant aspect which needs to be considered. It is obvious that 
chrome-rich waste residues from chrome ore smelting, pig-
ments, electroplating and other industrial productions need 
appropriate treatment to avoid indiscriminate discharge. 
And the researches on Cr(VI) removal technologies have 
always been proceeding.

In the traditional treatments, the reduction of Cr(VI) to 
Cr(III) and the precipitation of chromium hydroxide via 
addition of NaOH solution should be carried out due to 
the higher toxicity of Cr(VI) [1–3]. However, those meth-
ods possessed a few deficiencies, such as generated sludges, 
costly treatment equipment and reagents, inefficient recov-
ery and so on [3,4]. Moreover, the conventional method 
could not apply to small-scale industries at all for lack of 
space. Many methods for the treatment of Cr(VI)-containing 
wastewater such as photocatalysis [5], capacitive deioniza-
tion [6], adsorption [7] and so on have developed. Among 
them, adsorption could act as a more alternative technique 
for overcoming some above-mentioned limitations and 
possessing relatively better performance such as higher 
removal efficiency, less harmful emissions and the excellent 
recovery characteristics for adsorbed heavy metals [8,9].

As we all know, graphene oxide (GO) has already been 
applied in Cr(VI) removal due to its demonstrated good 
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adsorption performance [10,11]. It contains sufficient oxy-
gen-containing function groups, which makes itself more 
active and easier to modify. The surface of GO is negative-
ly-charged, while Cr(VI) species exist in the form of nega-
tive acid ions (Cr2O7

2–, CrO4
2– and HCrO4

–). Novel GO-based 
materials, especially positively-charged GO composites 
with high affinity for anion, are expected to developed for 
achieving highly-efficient Cr(VI) removal from aqueous 
solution. For examples, Zhang et al. successfully synthe-
sized polyaniline nanorods decorated GO nanosheets by 
dilute polymerization under –20°C as a novel super adsor-
bent for removal of Cr(VI), and it might be an excellent 
adsorbent due to superb removal capacity of 1149.4 mg/g 
for Cr(VI) [12]. The microwave preparation of triethylenete-
tramine modified GO/chitosan composite was also carried 
out, and the adsorbent could be easily recycled besides its 
excellent adsorption capacity for Cr(VI) [13].

Poly-(dimethyl diallyl ammonium chloride) (PDDA) is 
a strong cationic polyelectrolyte, which is soluble in water 
and possesses strong cohesion and good hydrolytic stabil-
ity. In addition, it is insensitive to pH changes and pres-
ents chlorine resistance. PDDA was widely applied in the 
elimination of negative contaminants in aqueous solutions 
[14–16]. Moreover, the zeta-potential of PDDA/GO hybrid 
was found to be positive [17]. Therefore, PDDA could be 
proposed as a candidate for binding GO and employed in 
Cr(VI) removal. 

Magnetic separation is regarded as a rapid and effec-
tive method for separating magnetic particles, which can 
be combined with adsorption [18,19]. By compositing with 
magnetite or iron ferrite, the obtained composite materials 
can be reinvested with ferromagnetism, and the separation 
procedure was then facilitated. For instance, Liu et al. [20] 
fabricated porous Fe3O4 hollow microspheres/GO compos-

ite for Cr(VI) removal; Jabeen et al. reported an enhanced 
Cr(VI) removal by iron nanoparticle decorated graphene 
[10]. Wang et al. investigated the synthesis of magnetic 
polypyrene decorated reduced GO-Fe3O4 composite and 
its application for the Cr(VI) removal [21]. Wang et al. fab-
ricated core-shell magnetic Fe3O4@poly (m-phenylenedi-
amine) particles for Cr(VI) reduction and adsorption [22].
Above researches indicated the practical application of 
magnetic carbon materials. 

In this paper, PDDA functionalized GO (GO/PDDA) 
was synthesized by a simple mixing method, and then a fac-
ile reaction was exerted to decorate Fe3O4 nanoparticles onto 
GO/PDDA to obtain GO/PDDA/Fe3O4 nanocomposites 
(Fig. 1). Although GO/PDDA possessed good adsorption 
performance towards Cr(VI), it couldn’t be easily separated 
from aqueous solutions. By coating with Fe3O4, both mag-
netic and membrane separation could be achieved and their 
adsorption capacity towards Cr(VI) increased. To investigate 
the adsorption capability of GO/PDDA/Fe3O4 nanocompos-
ites for removal of Cr(VI) from water, the influences of initial 
Cr(VI) concentration, contact time, pH, co-existing ions and 
recycling number on the adsorption process were studied. 
The practical application of GO/PDDA/Fe3O4 nanocompos-
ites for Cr(VI) by filtration-adsorption was further evaluated 
due to the instant adsorption equilibrium.

2. Materials and methods

2.1. Materials

Natural flake graphite (purity > 90%) was purchased 
from Shenzhen Nanotech Port Co., Ltd. PDDA was obtained 
from Aladdin Co. (1008 Qigang RD, Nanqiao Town, Fengx-
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Fig. 1. The synthesis procedure of the GO/PDDA/Fe3O4 nanocomposites.
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ian Shanghai,China). The Cr(VI) solutions were prepared 
by dissolving potassium dichromate (K2Cr2O7) in deionized 
water. Potassium dichromate and ferrous chloride were 
obtained from Tianjin Fengchuan Chemical Reagent Tech-
nologies Co., Ltd. Ammonia solution (25%) and ferric chlo-
ride hexahydrate were bought from Kaixin Reagent Co., 
Ltd. and Sinopharm Chemical Reagent Co., Ltd., respec-
tively. All chemicals were of analytical grade and used as 
received without any further treatment. Ultra-pure water 
was produced using a Milli-Q water purification system 
(Millipore, Milford, MA).

2.2. Fabrication of GO/PDDA/Fe3O4 nanocomposites

Preparation of GO:GO was synthesized by a modified 
Hummers method. Firstly, natural flake graphene (0.3 g) 
was evenly mixed with KMnO4 (1.5 g) in a round-bottomed 
flask. And 40 mL of mixed acid including concentrated 
H2SO4 (36 mL) and H3PO4 (4 mL) was slowly dropped along 
the bottle wall into the reaction. Then, the mixture was 
stirred at 50°C in an oil bath for 12 h. Next, ice was added to 
dilute the suspension, and moderate amounts of H2O2 were 
added into the mixture until the diluted suspension became 
bright yellow. After that, the mixture was rinsed by HCl (1 
mol/L) solution and ultra-pure water for 3–5 times. Finally, 
the obtained aqueous GO suspension was stored in a fridge 
at 4°C for future use.

Modification of GO with PDDA:Aqueous GO suspen-
sion was ultrasonically dispersed for 30 min before use. 
Then, GO dispersion (~5 mg/mL, 50 mL) was mixed with 
PDDA solution (25 mL), and the mixture was stirred for a 
few minutes. The GO/PDDA hydrogel was immersed in 
a large volume of ultrapure water to remove unattached 
PDDA. Finally, GO/PDDA was prepared by freeze-drying 
under vacuum for 24 h.

Synthesis of magnetic GO/PDDA/Fe3O4 nanocompos-
ites: GO/PDDA (0.25 g) was dispersed in 100 mL of ultrapure 
water in a three-necked flask, then 0.5825 g of FeCl3·6H2O 
and 0.2408 g of FeCl2·4H2O were added under nitrogen 
atmosphere, and the mixture was mechanically stirred in an 
oil bath at 60°C. Ammonia solution (5 mL, 25%) was slowly 
added and the reaction was heated to 70°C under vigorous 
magnetic stirring for 4 h. Finally, GO/PDDA/Fe3O4 nano-
composites were separated from the solutions using a per-
manent magnet and rinsed with plenty of deionized water, 
and the product was freeze-dried, stored in an airtight con-
tainer for further adsorption experiments. GO/Fe3O4 was 
prepared by the similar way for comparison. 

2.3. Characterization of the samples

Fourier transform infrared (FTIR) spectra (Shimadzu 
FTIR spectrometer: model IR-prestige 21, Japan) and Raman 
spectroscopy (Renishamicro-Raman system 2000 spectrom-
eter) were used to identify the introduced species. The spe-
cific surface areas of the samples were determined using a 
Kubo X1000 (Beijing, China) automatic physical absorber by 
the Brunauer–Emmett–Teller (BET) method. Scanning elec-
tron microscopy (SEM: JEOL, JSM-6360LV, Japan), together 
with a high-resolution transmission electron microscopy 
(HRTEM: JEOL, JEM-2100F, Japan; accelerating voltage 
200 kV), were used to characterize the morphologies of 

the samples. The information concerning chemical com-
positions and formed bonds were obtained using an X-ray 
photoelectron spectroscopy (XPS: Perkin Elmer PHI 5000C 
ESCA instrument with Al Kα X-rays). Zeta potential ana-
lyzer (Zeta PALS 31510) measurement was applied to study 
the surface potentials for further explaining the adsorp-
tion mechanisms. Differential pulse voltammetry (DPV: 
CHI660E Electrochemical Workstation, Chenhua Instru-
ment Co., Ltd. Shanghai, China) was employed to study the 
existing forms of chromium during the adsorption process.

2.4. Batch sorption experiments

Synthetized carbon nanocomposites (5 mg) were mixed 
evenly with Cr(VI) solution (20 mL) to obtain a turbid solu-
tion in an Erlenmeyer flask. Under oscillation (using a ther-
mostat shaker), the adsorption process would occur and 
reach equilibrium. The initial and residual concentrations 
of Cr(VI) were evaluated by an inductive coupled plasma 
atom emission spectrometer (ICP-AES), and all turbid solu-
tions containing solid and liquid phases after adsorption 
were filtered through 0.45 µm membranes (Shanghai Xinya 
Purification Materials Factory, Shanghai, China) before 
determination. The influences of contact time, initial Cr(VI) 
concentrations (10–60 mg/L, 10 mg/L intervals), pH values 
(2, 4, 6, 8, 10, 12), co-existing ions and recycle times were 
investigated. The Cr-loaded adsorbent was treated with 0.1 
mol/L NaOH + 0.1 mol/L NaCl solution for 2 h [23,24] and 
separated by a magnet, and effects of adsorption/desorp-
tion times were also investigated. And the adsorption 
capacities were calculated using the following Eq. (1):

q
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m
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e=
−

×0  (1)

where qe (mg/g) is the adsorption capacity of absorbent 
towards Cr(VI). C0 and Ce (mg/L) are the initial and equilib-
rium concentrations of Cr(VI) solution, respectively. m (mg) 
is the mass of the absorbent, and V (L) is the Cr(VI) solution 
volume.

To further investigate the adsorption mechanism of 
GO/PDDA/Fe3O4 for Cr(VI), adsorption kinetics were fit-
ted by pseudo-first-order, pseudo-second-order, Elovich 
equation and intraparticle diffusion models [25–28] in this 
study. And the four equations are expressed as follows:
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Elovich equation: q tt = +
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β
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Intraparticle diffusion kinetic model: q K t Ct = +p
1 2/   (5)

where qe (mg/g) and qt (mg/g) refer to the amount of Cr(VI) 
ions adsorbed by the GO/PDDA/Fe3O4 at equilibrium and at 
time t (min), respectively; k1 (min–1) and k2 (g mg–1min–1) [Eqs. 
(2), (3)] represent the rate constant of the pseudo-first-or-
der kinetic adsorption and the pseudo-second-order kinetic 
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adsorption, respectively; α (g/(mg min) is the original 
adsorption rate and β (g/mg) is the desorption constant in 
connection with the extent of surface coverage and activation 
energy constant for chemisorption (Eq. (4)); kp (mg/(g min)) 
is the diffusion rate constant, and constant C is associated 
with thickness of the boundary layer [Eq. (5)].

2.5. Filtration-adsorption and desorption experiments

Membranes (0.45 µm, Shanghai Xinya Purification 
Materials Factory, Shanghai, China) were decorated by 
GO/PDDA/Fe3O4 for filtration-adsorption experiments. 
Firstly, a certain amount of synthetized GO/PDDA/Fe3O4 
was mixed evenly with ultrapure water to obtain a tur-
bid solution, and then suction filtration was employed 
to remove water and make sure that GO/PDDA/Fe3O4 
evenly coated the membrane. The dosage of GO/PDDA/
Fe3O4 determined the thickness, which mattered a lot to the 
adsorption. A certain amount (5 mg, 10 mg) of synthetized 
GO/PDDA/Fe3O4 was chosen to investigate the influences 
of Cr(VI) solution concentrations (10–60 mg/L, 10 mg/L 
intervals). And 0.1 mol/L NaOH + 0.1 mol/L NaCl solution 
was employed in filtration-desorption.

3. Results and discussion

3.1. Characterization of samples

Fig. 2a shows FT-IR spectra of GO, Fe3O4, GO/Fe3O4, 
GO/PDDA and GO/PDDA/Fe3O4, respectively. FT-IR 
spectra of GO presents the characteristic peaks of oxy-
gen-containing groups such as carboxyl groups (C=O) at 

1738 cm–1, hydroxyl species at 1420 cm–1 and 1227 cm–1 (O-H 
stretching and deformation vibrations) and epoxy species 
at 1056 cm–1 and 849 cm–1 (C-O-C stretching vibration) [29]. 
As can be seen in FT-IR spectra of GO-based composites, 
the broad peak at around 3422 cm–1 could be attributed to 
the O-H stretching vibration of the carboxylic acids groups 
and the peaks located at 1626 cm–1 belongs to C=O stretch-
ing vibration. As for the FT-IR spectra of GO/PDDA and 
GO/PDDA/Fe3O4, the emerging peak at 2935 cm–1 belongs 
to the C-H stretching vibration of -CH3 of PDDA [30], and 
the characteristic peak at 1470 cm–1 could be attributed to 
the C-N stretching vibration of polyquaternary amine. And 
the peaks between 1240 and 945 cm–1 due to N-H bending 
vibrations could be found [31,32]. The coated PDDA was 
confirmed by FT-IR spectroscopy. In addition, the peak at 
576 cm–1 of GO/PDDA/Fe3O4 provides strong evidence for 
the presence of Fe-O bond vibration. In conclusion, PDDA 
and Fe3O4 were successfully incorporated with GO.

Raman spectroscopy was employed to evaluate the dis-
order and defects on the GO-based samples (Fig. 2b).The 
obvious peaks at 1326 (D band) and 1582 cm–1 (G band)
can be attributed to the disordered structure of sp3 carbon 
atoms and the graphite structure of sp2 carbon atoms in gra-
phitic sheets of GO, respectively [33–35]. Compared to GO, 
the absorption bands of other three materials are relatively 
well-kept, and the peaks at 222 cm–1 and 280 cm–1 belong 
to Fe3O4, whereas the redshifted G bands of GO/PDDA/
Fe3O4 and GO/Fe3O4 could also be observed, indicating the 
existing strong interactions between GO and Fe3O4. In com-
parison with pristine GO with an integrated intensity ratio 
(ID/IG) of 1.124, the ID/IG of GO/Fe3O4, GO/PDDA and GO/
PDDA/Fe3O4 were 1.292, 1.229 and 1.427, respectively, indi-
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Fig. 2. (a) The FT-IR spectra of GO, Fe3O4, GO/Fe3O4, GO/PDDA and GO/PDDA/Fe3O4; (b) Raman spectra of GO, GO/Fe3O4, GO/
PDDA and GO/PDDA/Fe3O4.
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cating higher disorders could be observed for the function-
alized samples [36]. 

Fig. 3 shows representative N2 adsorption-desorption 
isotherms and the corresponding BJH pore distribution 
(built-in) of GO/PDDA/Fe3O4. The isotherms belonged to 
a typical type IV isotherm. According to the Brunauer-Em-
mett-Teller (BET) method, the calculated specific surface 
area of GO/PDDA/Fe3O4 is 7.84 m2/g. The pore size dis-
tribution calculated by BJH methods demonstrated the 
existence of massive mesopores in GO/PDDA/Fe3O4 with 
average sizes of ~7.44 nm. 

The electrostatic potentials of GO modified with PDDA 
and Fe3O4 were investigated by zeta-potential measurement 
(Fig. 4). The concentrations of samples were 1 mg/mL. Zeta 
potentials were converted to negative with an increased 
pH, then the adsorption capacity of GO/PDDA/Fe3O4 for 
anionic dichromate ions reduced. GO was usually nega-
tively charged, while PDDA was a cationic polyelectrolyte 
agent. It was obvious that the mean zeta-potentials of GO/
PDDA and GO/PDDA/Fe3O4were still positive (4.24~47.25 
mV) in water due to the introduced PDDA, which was ben-
eficial to the adsorption for anionic dichromate ions [16,17].

XPS spectra analysis of GO/PDDA/Fe3O4 was per-
formed to discover the decoration and existing forms of 
Fe3O4 and PDDA on the surface of GO (Fig. 5). The peaks 
of N1s (402.06 eV) and Fe2p (710.77 eV) are clearly obvious 
in survey spectra (Fig. 5a); and the N1s scan data indicated 
the existing of quaternary ammonium (402.06 eV) of PDDA. 
Simultaneously, the Fe2p envelope contains two peaks at 
710.7 and 724.6 eV (Fig. 4b) which could be assigned to 
Fe2p3/2 and Fe2p1/2, respectively. From the XPS analysis, it 
is obvious that the GO was successfully functionalized with 
Fe3O4 and PDDA.

Field emission scanning electron microscopy (FE-SEM) 
and transmission electron microscopy (TEM) was used to 
illustrate the morphologies of the materials. As it can be seen 
in the SEM images (Figs. 6a–d), two-dimensional lamellar 
structure of GO is obvious, and its surfaces are very flat 
and smooth, while PDDA functionalized GO is wrinkle and 
thickened (Fig. 6a). GO/PDDA is a little fuzzy with curling 
edges, and it’s obvious that aggregation occurred (Fig. 6b). 
When composited with Fe3O4, the introduced Fe3O4 nanopar-
ticles would be distributed sporadically in the GO/Fe3O4 
(Fig. 6c) or GO/PDDA/Fe3O4 (Fig. 6d), and GO nanosheets 
were also damaged to a certain extent in the modification 
process. Additionally, the grafting of PDDA weakened the 
destruction towards the carbon structure. TEM images 
of GO/PDDA and GO/PDDA/Fe3O4 were shown in Fig. 
6e and Fig. 6f, respectively. The emerging clew-like nano-
structures with lateral dimension of 0.25 micrometers rep-
resented the introduced PDDA. From TEM image of GO/
PDDA/Fe3O4, it could be seen that Fe3O4 with particle sizes 
of 3–5 nm were well deposited on the surface of GO (Fig. 6f).

3.2. Effects of condition parameters on the adsorption of Cr(VI)

Batch adsorption experiments using GO/Fe3O4, GO/
PDDA and GO/PDDA/Fe3O4 for dichromate ions (Cr2O7

2–) 
solutions with different initial concentrations were con-
ducted (Fig. 7a). It should be pointed out that with the ver-
satility of PDDA and Fe3O4, and magnetic separation could 
be achieved by using GO/PDDA/Fe3O4 as the adsorbent 
(Fig. 7b). In addition, GO/PDDA/Fe3O4 possessed the high-
est adsorption capacity (approximately 100 mg/g), which 
was higher than those of GO/Fe3O4 (~4 mg/g) and GO/
PDDA (~70 mg/g). As depicted in Fig. 8, the adsorption 
process was near instantaneous and the adsorption equilib-
rium was reached in a few seconds.

The adsorption capacities of as-prepared GO/PDDA/
Fe3O4 for Cr(VI) at different pH values are shown in Fig. 
9. The adsorption capacities increased with the decrease 
of pH values of Cr2O7

2– solutions, indicating the competi-
tive adsorption between hydroxyl ions and Cr2O7

2– under 
alkaline conditions (as shown in Eqns. (6)–(9), where R rep-
resents the aliphatic groups):

R4-N
+ + Cr2O7

2– � ⇀�↽ ��  R4-N
+….Cr2O7

2– (6)

Cr2O7
2– + 2OH– � ⇀�↽ ��  .2CrO4

2– + H2O (7)

R4-N
+ + CrO4

2– � ⇀�↽ ��   R4-N
+….CrO4

2– (8)

R4-N
+ + OH– � ⇀�↽ ��   R4-N
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Fig. 3. N2 adsorption-desorption isotherm and (inset) BJH pore 
distribution of GO/PDDA/Fe3O4.
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Fig. 5. XPS spectra analysis of GO/PDDA/Fe3O4: (a) survey spectra of XPS data; (b) higher resolution of Fe2p XPS spectra.

  

  

Fig. 6. SEM images of GO (a), GO/PDDA (b), GO/Fe3O4 (c), and GO/PDDA/Fe3O4 (d); TEM images of GO (a), inline image in the 
lower right corner), GO/PDDA (e), GO/PDDA/Fe3O4 (f).
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And acidic pH values were beneficial to the adsorption 
process. Actually, H2CrO4, HCrO4

–, CrO4
2– and Cr2O7

2– were 
the dominating Cr(VI) species [37,38]. On the one hand, the 
reduction of Cr(VI) to Cr(III) took place and surface-mod-
ified Fe3O4 nanoparticles could form coordination bonds 
with Cr(III) [39,40], which was expatiated in the adsorption 
mechanism. On the other hand, electrostatically induced 
aggregation of quaternary amine chains of PDDA was 
partly loosed under acidic condition, which promoted 
the electrostatic attraction between GO/PDDA/Fe3O4 and 
Cr(VI).

With regard to the influence of co-existing ions in envi-
ronmental water samples, the effects of some co-existing 
metal ions were also investigated (Fig. 10). Those co-existing 
metal ions, except for bicarbonate ions, exhibited relatively 
moderate effects on the removal efficiencies of GO/PDDA/
Fe3O4 for Cr(VI). The observed phenomenon suggested that 
there was electrostatic adherence between dichromate ions 
(Cr2O7

2–) and GO/PDDA/Fe3O4. Therefore, GO/PDDA/
Fe3O4 could be practically used in the treatment of waste-
water containing dichromate ions (Cr2O7

2–).
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Fig. 7. (a) Adsorption capacities of different materials towards different Cr(VI) ionic strength; (b) Photograph demonstrating the 
separation of GO/PDDA/Fe3O4 from solution using a magnet.
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3.3. Adsorption kinetics

The adsorption rate of GO/PDDA/Fe3O4 towards 
Cr(VI) was investigated through four kinetics models 
(i.e., pseudo-first-order, pseudo-second-order, Elovich and 
intraparticle diffusion models), which could be used to 
investigate whether the process was controlled by chemi-
cal or physical adsorption. The kinetic parameters for the 
adsorption of Cr(VI) onto GO/PDDA/Fe3O4 at room tem-
perature at pH = 2 of the four models were listed in Table 1 
and the corresponding isotherms are listed in Fig. 11. The 

pseudo-second-order kinetic model better fitted the data (R2 

> 0.999) than other three kinetic models, where the calcu-
lated qe (100.6 mg/g) was in agreement with the real exper-
imental result (approximately 100 mg/g), indicating that 
chemisorption was the rate-controlling step in the adsorp-
tion process [41].

3.4. Desorption and regeneration study

In consideration of practical application, absorbents 
cyclic utilization is part and parcel of stress, where it is 
weighed that the cost of the materials production against 
the benefits it will bring. Combined with the discussion 
above, the pH-dependent adsorption preferred acidity 
and the desorption of the dichromate ions (Cr2O7

2–) could 
be achieved through an alkaline condition. Therefore, 0.1 
mol/L NaOH solutions were used for recycling and regen-
eration of the absorbent. The FT-IR spectra of GO/PDDA/
Fe3O4, GO/PDDA/Fe3O4Cr-loaded, GO/PDDA/Fe3O4desorption 
are demonstrated in Fig. 12a, the basic functional groups 
were preserved well whether adsorption or desorption, and 
the peaks at 753 cm–1 (Cr-O) and 944 cm–1 (Cr=O) from chro-
mium were visible. Meanwhile, as demonstrated (Fig. 12b), 
undergoing five cycles, only a slight decrease emerged and 
GO/PDDA/Fe3O4 possessed a stable adsorption capacity 
(~84 mg/g), which was a direct reflection of cyclic utiliza-
tion achievement.

3.5. Adsorption mechanism analysis

As shown in Fig. 13, positively charged GO/PDDA/
Fe3O4 could adsorb negatively charged dichromate ions 

Table 1
Kinetic parameters for the adsorption of Cr(VI) onto GO/
PDDA/Fe3O4 at room temperature at pH = 2

Model Parameter Parameter 
value

Pseudo-first-order qe (mg/g) 3.652
k1 (min–1) 0.07140
R2 0.9313

Pseudo-second-order qe (mg/g) 100.6
K2 (g/(mg min)) 0.05399
R2 0.9999

Elovich model α (mg/(mg min)) 1.3*1069

β (g/mg) 1.642
R2 0.7760

Intraparticle diffusion 
models

Kp (mg/g min) 0.4316
R2 0.9418

Fig. 11. Four linear kinetic models of Cr(VI) adsorption (CCr(VI) = 50 mg/L) by GO/PDDA/Fe3O4: (a) Pseudo-first-order; (b) Pseu-
do-second-order; (c) Elovich; (d) Intraparticle diffusion.
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Fig. 12. (a) The FT-IR spectra of GO/PDDA/Fe3O4, GO/PDDA/Fe3O4 Cr-loaded, GO/PDDA/Fe3O4 desorption; (b) Reusability of GO/PDDA/
Fe3O4 for Cr(VI) (CCr(VI) = 50 mg/L) adsorption.
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Fig. 13. (a) XPS spectra analysis of GO/PDDA/Fe3O4 and GO/PDDA; (b) higher resolution of Cr2p XPS spectra; (c) Response currents 
for decreasing pH of Cr(VI) (50 mg/L) at a scan rate 50 mV/s and in the presence of GO/PDDA/ Fe3O4 and GO/PDDA (1.0 mg/mL); 
(d) DPV for decreasing pH of Cr(VI) (50 mg/L) at a scan rate 50 mV/s and in the presence of GO/PDDA/ Fe3O4 (1.0 mg/mL).
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(Cr2O7
2–) through strong electrostatic attraction. Another 

reason for the higher adsorption capacity of GO/PDDA/
Fe3O4 towards Cr(VI) could be the reduction of Cr(VI) to 
Cr(III) and the reactions are shown as Eqs. (10), (11) [42], 
and the Cr(III) species could be adsorbed through the com-
plexation with the oxygen-containing functional groups of 
GO/PDDA/Fe3O4.

HCrO4
– + 7H+ + 3e– � ⇀�↽ ��  Cr3+ + 4H2O    (10)

Cr2O7
2– + 14H+ + 6e–  � ⇀�↽ ��  2Cr3+ + 7H2O     (11)

To further dive deep into the adsorption mechanism 
of Cr(VI) on GO/PDDA/Fe3O4, XPS (Figs. 13a–d) was 
employed there. The XPS (Fig. 13a) of GO/PDDA/Fe3O4 
and Cr-loaded GO/PDDA/Fe3O4 offered the contrast, 
where the new peaks of Cr2p and a found trifling shifted 
to lower binding energy of N1s (Fig.11a-embedded dia-
gram) after adsorption briefly showed the adsorbed Cr. 

On the one hand, the binding energy at 402.06 eV could 
be assigned to the nitrogen atoms in the N+ groups and 
the adsorption towards Cr resulted in the shift to neutral 
binding energy at 401.82 eV [43]. And the largest discrep-
ancy was the half-peak width, which made explanations 
that the amine groups were the active involvement in the 
Cr(VI) uptake. On the other hand, the exists of both Cr(VI) 
and Cr(III) shown in higher resolution of Cr2p XPS spectra 
(Fig. 13b) revealed the reduction took place on the surface 
of GO/PDDA/Fe3O4 with the subsidiarity of π electrons 
carbocyclic six-membered ring [44]. Moreover, differential 
pulse voltammetry (DPV) with a conventional three-elec-
trode system was also employed to verify the reduction in 
the presence of GO/PDDA/Fe3O4 and GO/PDDA (1.0 mg/
mL). The appeared response current (Fig. 13c) was inversely 
proportional to the pH values, and the differential pulse vol-
tammetry (DPV) (Fig. 13c) at different pH were recorded. 
The experiment stated the pH could strongly affect the sen-
sitivity and intension of the chromium reduction peak, indi-
cating a better reduction in highly acidic circumstances and 
a disappearance of the reduction peak at pH = 4.5. Given 
the above, the schematic representation for the adsorption 
of Cr(VI) ions by GO/PDDA/Fe3O4 is shown as Fig.14.

3.6. Filtration-adsorption and filtration-desorption results

Although the decontamination capacity of 141.68 mg/g 
for GO/PDDA/Fe3O4 was not higher than all the reported 
graphene-based adsorbents in Table 2 [10,21,45–50]. In view 
of the instantaneous adsorption capacity of GO/PDDA/
Fe3O4 towards Cr(VI), the GO/PDDA/Fe3O4-filled mem-
branes were applied in filtration-adsorption. The concen-
tration of Cr(VI) in the filtered liquid was determined by 
ICP-AES and the adsorption results are shown in Figs. 
15a–c. To give an intuitive display, Fig. 15a shows that the 
orange faded away immediately after filtration-adsorption, 
and Fig. 15b also presents the filtration-desorption effect by 
0.1 mol/L NaOH + 0.1 mol/L NaCl solution. The explicit 
removal efficiency of the GO/PDDA/Fe3O4-filled mem-
branes towards Cr(VI) solution with different concentra-
tions (10–60 mg/L, 10 mg/L intervals) is displayed in Fig. 
15c. Meanwhile, 5 mg and 10 mg synthetized GO/PDDA/
Fe3O4 filler exhibited removal efficiency of 83.0%~97% and 
97.0~98.9%, respectively. These results stated GO/PDDA/

Table 2
Representative reported adsorption studies on the removal of Cr(VI) by graphene-based materials

Adsorbent Conc.
(mg/L)

pH Temp. (K) Contact time 
(min)

qe

(mg/g)
Ref.

CTAB modified graphene 20–100 2 333 60 21.50 [45]
Graphene/Fe 25–125 4 293 240 162 [10]
Graphene/MgAl-layered double hydroxides 50–250 2 – 1440 183.82 [46]
RGO/Fe(0)/Fe3O4 2–6 7 298 60 31.1 [47]
GO/chitosan/ferrite nano composite 10–125 2 300 600 270.27 [48]
TEPA/polypyrrole/GO aerogel 100 2 298 300 408.48 [49]
GO/Fe3O4 nanoparticles 33 2 318 720 123.4 [50]
Polypyrrol/GO/Fe3O4 48–250 3 318 720 293.3 [21]
GO/PDDA/Fe3O4 10–60 2 Room Temp. ~0 141.68 This work

Fig. 14. The schematic representation for adsorption of Cr(VI) by 
GO/PDDA/Fe3O4.
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Fe3O4 could be regarded as a good candidate for practical 
filtration-adsorption application.

4. Conclusions

GO/PDDA/Fe3O4 magnetic nanocomposites were suc-
cessfully fabricated by a two-step method. GO was embel-
lished with charged-polymer PDDA and Fe3O4, and a relatively 
high adsorption capacity for Cr(VI) could be achieved. The 
magnetic separation properties could implement the adsor-
bent a real-life application. As we all know, the solution pH 
made a big influence to the Cr(VI) take-in. The experiments 
indicated the maximum adsorption capacity reached 141.68 
mg/g at pH = 2 and the fitting pseudo-second-order model 
illustrated the process was mostly chemisorption. The desorp-
tion-regeneration results showed that the adsorption capacity 
could remain relatively stable undergoing several times of 
usage. Through the filling GO/PDDA/Fe3O4 into the mem-
branes for filtration-adsorption, satisfactory results including 
high removal efficiency could be obtained. In conclusion, 
GO/PDDA/Fe3O4 had the prospect to realize effective and 
economic dispose of Cr(VI) from wastewater, or be used as a 
filter material for filtration-adsorption.
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