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a b s t r a c t
In this study, the capture of Cu(II) from aqueous solution by magnetic graphene oxide (MGO) via an 
adsorption process in the absence and presence of humic acid (HA) or fulvic acid (FA) was investi-
gated by using a batch technique. The effects of contact time, pH, ionic strength, coexisting cations or 
anions and temperature were studied. The results indicated that the Cu(II) sorption is strongly depen-
dent on pH but independent on ionic strength. A positive effect of HA/FA on Cu(II) adsorption was 
found at pH < 7.5, whereas a negative effect was observed at pH > 7.5. The adsorption isotherms can 
be described by the Langmuir model as well as the Freundlich model in the absence and presence of 
HA/FA. Adsorption isotherms of Cu(II) at higher initial HA/FA concentrations are higher than those at 
lower FA/HA concentrations. The thermodynamic parameters were calculated from the temperature 
isotherms, and the results suggested that the sorption was a spontaneous and endothermic process. 
Results of this work suggest that MGO may be a promising adsorbent for the treatment of heavy metal 
ions from aqueous solutions.
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1. Introduction

Due to the rapid development of agriculture and indus-
try, heavy metal contamination has become a serious envi-
ronmental problem, which is a threat to human health and 
ecological systems [1–3]. Among these metal ions, Cu(II) 
is one of the most important pollutants affirmed as by US 
EPA, since excessive Cu(II) consumption can cause haz-
ardous effect on public health [4,5]. The source of Cu(II)-
contaminated wastewater is quite widespread, including 

copper smelting, electroplating and other industrial activities 
[4,5]. Therefore, treating Cu(II) wastewater is very necessary 
and has attracted considerable interest. So far, various tech-
niques have been developed for treating Cu(II)-contaminated 
wastewater, such as adsorption [6–9], membrane filtration 
[10], ion-exchange [11], biological treatment [12] and chem-
ical precipitation [13]. Among them, adsorption with the 
advantages of simple operation, high efficiency and low-cost, 
is considered as an attractive choice for treating wastewater 
[14,15]. Thus, a variety of absorbents were used to treat Cu(II) 
contaminated wastewater, such as electric furnace slag [16], 
grafted silica [17], carbon nanotubes [18], loofah fibers [9], 
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bentonite [19], etc. Although these adsorbents have good 
adsorption about copper, the difficult separation and lack 
of stability make them restricted in the practical application. 
In order to improve these problems, it is crucial to find an 
absorbent with good stability and the advantage of simple 
post-processing.

Graphene oxide (GO), which has large surface area 
and various oxygen-containing functional groups, such 
as (–OH), carboxyl (–COOH) and epoxy (–C–O–C–), is 
considered as an ideal adsorbent to eliminate organic and 
inorganic pollutants in the water treatment [20–22]. So 
far, multifarious graphene-based environment functional 
materials have been synthesized and been widely applied 
in treating various wastewater within a short time [21–30]. 
Especially, in recent years, the preparation and application 
of magnetic graphene oxide (MGO) and its derivative mate-
rials have received widespread attention, which mainly due 
to their outstanding adsorb ability to contaminants and 
simple separation [8,24,26,29–34]. For example, Chandra 
et al. [31] synthesized MGO with a magnetite particle size 
of ~10 nm, and showed nearly complete arsenic removal 
within 1 ppb. Yu et al. [32] reported the adsorption of arse-
nate and arsenite on MGO with adsorption capacities of 
54.18 and 26.76 mg/g, respectively. Wang et al. [33] success-
fully synthesized a novel composite, that is, MGO modified 
with β-cyclodextrin and ethylenediamine (CD-E-MGO), 
and used it for dealing with Cr(VI) wastewater. In addition, 
MGO also plays a significant role in disposing organic pol-
lutants. Yao et al. [24] investigated the adsorption proper-
ties of MGO toward methylene blue (MB) and congo red in 
aqueous solution. Zhang et al. [34] developed a polyacrylic 
acid (PAA) functionalized magnetic graphene oxide nano-
composite (PAA/MGO) for the removal of MB from waste-
water. However, lots of studies have been focused on the 
application of MGO in treating independent inorganic or 
organic pollutants. There is few studies consider the effect 
of organic pollutant on the removal of heavy metal ions 
and vice versa [8], while it should be aware of the fact that 
heavy metal ions and organic pollutant may present simul-
taneously at pollution systems [35]. Therefore, it is of great 
interest to study the removal and interaction mechanism of 
heavy metal ions by MGO in the presence of organic pollut-
ant and vice versa.

In this work, MGO is used as adsorbent to remove Cu(II) 
from aqueous solutions in the absence and presence of humic 
acid (HA) or fulvic acid (FA), which is widely present in the 
environment. The basic objectives of this research are: (1) to 
investigate the effect of contact time, pH, initial Cu(II) con-
centration, ionic strength, foreign ions and temperature on 
Cu(II) adsorption; (2) to conduct Cu(II) adsorption as affected 
by the different concentrations of HA or FA; (3) to study 
Cu(II) adsorption from both thermodynamic and kinetic 
viewpoints and (4) to discuss the possible mechanisms of 
Cu(II) adsorption on MGO.

2. Experimental process

2.1. Materials

Graphite powder (70 um) was purchased from Qingdao 
Graphite Company (China). HA and FA were given by the 
Institute of Plasma Physics, Chinese Academy of Sciences, 
which were obtained from Hua-jia county’s soil (Gansu, 
China), and the detailed characterizations were in their pre-
vious work [36]. All other chemicals were analytical grade 
and used without further purified. Milli-Q water was used in 
the whole experiment.

2.2. Synthesis of GO and MGO

GO and MGO were synthesized on the basis of previous 
work in detail [26,37,38]. GO was synthesized from graphite 
power according to the modified Hummers method [37,38]. 
MGO was synthesized by the chemical coprecipitation of 
FeCl2·4H2O (0.52 g) and FeCl3·6H2O (2.79 g) in an ammonia 
solution in the presence of GO (0.3 g) under N2 conditions [26]. 
The mixed solution of Fe2+/Fe3+ (1:2) was added slowly to the GO 
suspension, and then NH3·H2O was added swiftly to precipi-
tate Fe2+/Fe3+ ions for generating Fe3O4 at pH 10–11. The mixed 
solution temperature was raised to ~85°C, and kept stirring for 
~1 h, then cooled down to room temperature. After that, the 
MGO separated from the dark black colored solution by filtra-
tion, washed with Milli-Q water, and dried at ~70°C. The GO 
and MGO composites were obtained and characterized by scan-
ning electron microscope (SEM), and the results are shown in 
Fig. 1. It is distinct that the Fe3O4 nanoparticles were successfully 

(B)

Fig. 1. SEM images of GO (A) and MGO (B) composites.
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loaded on GO surfaces and the sheets of GO was crumpled, 
which can be compared with Figs. 1(A) and (B), respectively.

2.3. Batch sorption experiments

The batch sorption experiments were carried out as fol-
lows: first, the preparation of 4 g/L MGO stock suspensions 
(0.1 g of MGO dispersed into a 25 mL of Milli-Q water by 
ultrasonic technique). Second, for the Cu(II) adsorption: (1) 
MGO homogeneous suspension was added to polyethylene 
(PE) tube by using an injector; (2) After that, the stock solu-
tion of NaNO3, Cu(NO3)2 and water were added to PE tube to 
get desired concentrations of various components. And pH 
was adjusted by adding inappreciable volumes of 0.01 mol/L 
of HNO3 or NaOH. Subsequently, the PE tube was shaken 
for 180 min to reach the adsorption equilibrium, and then 
the magnetic separation method was used for separating 
the solid and liquid. Cu(II) concentration was determined 
by atomic absorption spectroscopy. The sorption percentage 
and sorption capacity of Cu(II) were calculated by Eqs. (1) 
and (2):
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−

×
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where C0 (mg/L) represents the initial Cu(II) concentration, 
Ce (mg/L) is the Cu(II) concentration in the supernatant after 
magnetic separation, qe (mg/g) is the adsorbed amount of 
Cu(II) on MGO at equilibrium time, m (g) is the mass of the 
MGO and V (L) is the volume of the solution.

3. Results and discussion

3.1. Influence of contact time and kinetics study

The effect of contact time on the removal of Cu(II) from 
aqueous solution by MGO with different initial Cu(II) con-
centration is shown in Fig. 2(A). The sorption of Cu(II) on 
MGO increases quickly during the first 120 min, then remains 
unchanged with increasing contact time. In order to further 
study the Cu(II) sorption rate, the pseudo-second-order 
(Eq. (3)) and pseudo-first-order (Eq. (4)) rate equations were 
used to fit the adsorption data, the linear form of which are 
as follows [39]:
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where qt (mg/g) is the amount of Cu(II) adsorbed on MGO 
at time t (min), and qe (mg/g) is Cu(II) adsorption amount at 
equilibrium time. K (g/(mg·min)) and k (min–1) are the pseu-
do-second-order and pseudo-first-order rate parameters, 
respectively. Judging from Figs. 2(B) and (C), we can see that 
the kinetic adsorption of Cu(II) on MGO can be well described 
by the pseudo-second-order than the pseudo-first-order rate 
equation.

3.2. Influence of initial solution pH

Fig. 3(A) shows that the initial pH of solution plays a 
significant role in Cu(II) removal by MGO. The adsorp-
tion of Cu(II) on MGO increases gradually at pH 3.0–4.5, 
then increases promptly at pH 4.5–7.5, finally maintains 
a high level (~100%) at pH > 7.5. Similar results were also 
reported for Cu(II) sorption on other adsorbents like poly-
acrylamide grafted bentonite (Bent-PAAM) and multi-
walled carbon nanotubes (MWCNTs) [40,41]. According to 
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Fig. 2. (A) Influence of contact time on the adsorption of Cu(II) 
onto MGO, (B) plots of pseudo-second-order kinetic model and 
(C) plots of pseudo-first-order kinetic model, initial pH = 5.0 ± 0.2, 
m/V = 0.1 g/L, I = 0.01 mol/L NaClO4, T = 293 K.
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the Cu(II) hydrolysis constants (logK1 = –7.5, logK2 = –17.3, 
logK3 = –27.3, logK4 = –10.36 and logK5 = –39.6) [42], the rela-
tive species of Cu(II) as a function of pH is shown in Fig. 3(B). 
It is distinct that Cu2+ mainly exists in the solution at pH < 7.5, 
and Cu2(OH)2

2+, Cu(OH)+ and Cu(OH)2
0 are major composi-

tions at pH 7.5–11.0. It was reported that the pHzpc of GMO 
was ~4.5 [8]. So, at pH < pHzpc, the protonation reaction may 
take place on the MGO surface, and it brings about Cu(II) 
low sorption because of the electrostatic repulsion between 
positively charged MGO and Cu2+. At pH > pHzpc, the GMO 
surfaces become negatively charged due to deprotonation 
reaction, thus the Cu(II) species like Cu2+, Cu2(OH)2

2+ and 
Cu(OH)+ can be easily adsorbed by MGO.

3.3. Influence of ionic strength

Fig. 4(A) shows that the effect of ionic strength on Cu(II) 
sorption as a function of pH in 0.001, 0.01 and 0.1 mol/L 
NaClO4 solutions, respectively. It is obvious that ionic 
strength has little impact on the removal of Cu(II) on MGO 
at pH 3.0–11.0. And similar results were reported in the lit-
erature [8,41]. The ionic strength can affect the thickness and 
interface potential of the double layer, and further influence 
the binding of adsorbed species [43]. The ionic strength 
effect on outer-sphere surface complexation is remarkable; 

however, inner-sphere surface complexation is not influ-
enced by the ionic strength [41,44]. Consequently, adsorp-
tion of Cu(II) may be owe to take shape about inner-sphere 
complexes on the surfaces of MGO. Hayes and Leckie [45] 
proposed that sorption reaction can be deduced in regard 
with the impact of the background electrolyte on the sorp-
tion reaction. As a rule, when the sorption reaction is observ-
ably influenced by the background electrolyte, it can be 
regarded as β-plane sorption; if not, o-plane sorption is likely 
to occur. Thus, judging from the results of this work, copper 
ion may take part in o-plane sorption reaction because the 
background electrolyte (Na+ and ClO4

–) has almost no effect 
on the sorption reaction. On the whole, the pH-dependent 
and ionic strength-independent of Cu(II) sorption on MGO 
manifest that the main mechanism of Cu(II) sorption is inner-
sphere surface complexation.

In order to analyze the relationship and variation of 
pH, Ce and qe, 3D are obtained by the experimental data and 
shown in Fig. 4(A). From the plane of pH–qe, the variation 
trends are approximately similar to those of pH–sorption 
(Fig. 4(A)). The projection on the pH–Ce plane (Fig. 4(B)) is 
merely the inverted image of the projection on the pH–qe 
plane. As showed in the Ce–qe plane, one can see that all the 
experimental data display in a straight line. It is clear that the 
initial Cu(II) concentration is uniform in each experimental 
point. The relationship of Ce–qe can be described by [46]:

VC mq VCo e e= + � (5)
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Fig. 3. (A) Influence of pH on Cu(II) adsorption onto MGO, 
m/V = 0.1 g/L, I = 0.01 mol/L NaClO4, T = 293 K. (B) Distribution 
of Cu(II) species as a function of pH.
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Eq. (5) can be rearranged and expressed in the linear 
form:

q V
m
C V

m
Ce e= − + 0 � (6)

The straight line of Ce–qe with slope (–V/m) and inter-
cept (C0V/m) is shown clearly in Eq. (6). The values of slope 
(–V/m = –10) and intercept (C0V/m = 150) are calculated 
from Ce–qe line, which are in agreement with the values of 
m/V = 0.1 g/L and C0V/m = 150 mg/g, respectively.

3.4. Influence of cations and anions

To investigate the impact of foreign cations and anions 
on the removal of Cu(II), the Cu(II) sorption on MGO as a 
function of pH values that was explored in the presence of 
0.01 mol/L LiClO4, KClO4, NaClO4, NaNO3 and NaCl, respec-
tively (Figs. 5(A) and (B)). As showed in Fig. 5(A), the foreign 
cations have negligible impact on the adsorption of Cu(II) 
to MGO. It shows no differences among the three different 
cations that may be due to the formation of inner-sphere sur-
face complexes on MGO. The analogous result was shown 
in previous investigation [18]. Meanwhile, the influence 
of foreign anions was investigated and shown in Fig. 5(B). 
Likewise, the different anions have few effects on the adsorp-
tion percentages.

3.5. Influence of HA/FA

HA and FA are ubiquitous natural products, which can 
easily form complexes with various metal ions and have 
significant impact on the adsorption and transport of metal 
ions [41,47–49]. The effect of pH on Cu(II) sorption on MGO 
in the absence and presence of HA/FA is shown in Fig. 6(A). 
It is apparent that the presence of HA/FA has beneficial 
effect on Cu(II) removal at low pH and has suppressed 
impact at high pH. Generally, it had been considered that 
the HA and FA are negatively charged at pH > 2.0. Thus, 
at low pH values, with the role of electrostatic attraction, 
the negatively charged HA/FA can be easily and effectively 
adsorbed on the positively charged surfaces of MGO to get 
the HA/FA–MGO hybrids. The HA/FA–MGO hybrids can 
amend the long-term electrostatic capability of the solid–
liquid interphase, which produces a more advantageous 
electrostatic circumstance for the Cu(II) sorption and pro-
motes the construction of ternary surface complexes (HA/
FA–MGO–Cu(II)). Moreover, the other vital factor for the 
improvement of Cu(II) removal in the presence of HA/FA is 
that the reduction happens on the sorption between MGO 
and HA/FA, which gives rise to more advantageous elec-
trostatic forces with copper ions in solutions. However, the 
surfaces of MGO becomes negatively charged at high pH 
values, and it is difficult to absorb the negatively charged 
HA/FA because of the electrostatic repulsive forces. 
Meanwhile, the soluble HA/FA competes to MGO on the 
sorption of copper ions, which forms the stable HA/FA–Cu 
complexes in the solution and leads to the decline of Cu(II) 
removal by MGO [8]. In previous investigations, Sheng 
et al. [18,41] studied HA/FA effects on adsorption behavior 
of Cu(II) on raw and plasma-induced polyaniline-grafted 

MWCNTs, Zhang et al. [50] studied the effect of HA/FA on 
the Cu(II) removal by ZSM-5 zeolite. Li et al. [8] studied 
the influence of FA on the Cu(II) uptake mechanisms on 
GO/Fe3O4. Hu et al. [51] studied the removal of Cu(II) by 
β-cyclodextrin modified multiwall carbon nanotube/iron 
oxides in the absence/presence of FA, and similar found-
lings have been reported.

Meanwhile, the relationship of Cu(II) sorption percent-
ages, Ce, and qe in the absence and presence of HA/FA with 
various concentrations are expressed in 3D and shown in 
Figs. 6(B) and (C), respectively. From the shapes and trends, 
Figs. 6(B) and (C) are quite similar, which explains that HA 
and FA may play an equivalent role in the Cu(II) sorption onto 
GMO due to their same functional groups. From Figs. 6(B) 
and (C), the increase of HA/FA concentrations has an affir-
mative effect on Cu(II) removal. On the Ce–qe plane, the sorp-
tion data were simulated by the Langmuir and Freundlich 
isotherm models, respectively (Figs. S1 and S2).

The Langmuir isotherm model can be described in the 
following form [52–56]:

q
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Fig. 5. Influence of (A) cations and (B) anions on Cu(II) adsorp-
tion onto MGO as a function of pH, CCu = 15 mg/L, m/V = 0.1 g/L, 
T = 293 K.
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And Eq. (6) can be transformed as the linear form:

C
q

C
q bq

e

e

e= +
max max

1 � (8)

where b (L/g) and qmax (mg/g) are the Langmuir constants that 
is relevant to the adsorption energy and adsorption capacity, 
respectively.

The Freundlich isotherm model has the following equa-
tion [52–56]:

q k Ce F e
n= � (9)

Eq. (8) can also be converted to the linear form:

log log logq k n Ce F e= + � (10)

where kF (mg1–nLn/g) and n are the Freundlich parame-
ters that represents the sorption capacity and the extant of 
dependence of adsorption, respectively. Table 2 shows the 
relative constants calculated from two models. From Table 2, 
it is clear that the correlation coefficients (R2) of Langmuir 
and Freundlich model are ~1, indicating Langmuir and 
Freundlich model fit the sorption data well.

3.6. Thermodynamic study

The Cu(II) adsorption isotherms at T = 293, 313 and 
333 K were studied and are shown in Fig. 7(A). In addition, 
the Langmuir and Freundlich simulation for the adsorption 
isotherms of Cu(II) on MGO are shown in Figs. 7(B) and 
(C), respectively. The parameters are listed in Table 1. The 
thermodynamic parameters (∆H°, ∆S° and ∆G°) for Cu(II) 
adsorption onto GMO are calculated from the tempera-
ture-dependent adsorption. The ∆G° can be calculated from 
the following expression [8,36]:

∆G  RT lnK0 0= − � (11)

where R = 8.314 J/(mol∙K) is ideal gas constant, and K0 is the 
parameter of adsorption equilibrium. The values of lnK0 are 
got by drawing lnKd–Ce context diagram and extrapolating Ce 
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Fig. 6. (A) Influence of HA/FA on Cu(II) adsorption onto MGO 
as a function of pH, CCu = 15 mg/L, m/V = 0.1 g/L, I = 0.01 mol/L 
NaClO4, T = 293 K. (B) 3D plots of qe, Ce and sorption percent-
age in the presence of HA and (C) in the presence of FA, CCu = 
15 mg/L, m/V = 0.1 g/L, I = 0.01 mol/L NaClO4, T = 293 K.

Table 1
The parameters of Langmuir and Freundlich isotherm fitting of Cu(II) adsorption onto MGO

Conditions Langmuir Freundlich
qmax (mg/g) b (L/g) R2 kF ((mg1–nLn)/g) n R2

293 K, 10 mg/L HA 145.56 2.66 0.94 94.41 0.21 0.99
293 K, 20 mg/L HA 186.22 1.29 0.96 103.94 0.26 0.95
293 K, 30 mg/L HA 224.72 1.51 0.95 140.83 0.19 0.90
293 K, 10 mg/L FA 151.52 3.07 0.97 101.60 0.20 0.95
293 K, 20 mg/L FA 199.20 2.29 0.99 125.34 0.22 0.97
293 K, 30 mg/L FA 232.56 1.14 0.97 134.80 0.21 0.90
293 K, No HA/FA 127.23 1.78 0.99 85.11 0.16 0.97
313 K, No HA/FA 155.28 1.56 0.99 100.69 0.16 0.95
333 K, No HA/FA 185.87 2.16 0.99 124.45 0.17 0.97
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to zero [57], and they are listed in Table 2. The values of stan-
dard entropy change (∆S°) are calculated from the equation:

∆ = −
∂∆
∂









S G

T
P

0
0

� (12)

The values of standard enthalpy change (∆H°) are 
obtained from the equation:

∆ ∆ ∆H G T S° = ° + ° � (13)

The values of thermodynamic parameters (∆H°, ∆S° and 
∆G°) are listed in Table 2, which provides a path to deduce 
the possible mechanism of Cu(II) sorption on MGO. It is 
definite that the Cu(II) adsorption process is endothermic 
because all the ΔH° > 0. One possible reason for explaining 
this endothermic process is that copper ions is commendably 
solvated in the water, and the Cu(II) hydration shell must 
be decomposed before it is adsorbed by MGO. Much energy 
is needed during the dehydration process so that the higher 
temperature is more favorable for the sorption process [41]. It 
is supposed that the energies liberated during MGO adsorb 
copper ions are inferior to which the dehydration needed. 
The implicit hypothesis is that the adsorbed copper ions are 
more difficult to hydrate than those are in solution. Virtually, 
it is an endothermic reaction during the process about the 
removal of water from copper ions, and the endothermicity 
of the desolvation process transcends the enthalpy of adsorp-
tion to a considerable extent. The ∆G° < 0 indicates that the 
Cu(II) sorption process is spontaneous. On the other hand, 
with the increasing of temperature, the ΔG° becomes more 
negative that indicates high temperature is more beneficial 
to Cu(II) adsorption. Because cations can be effortlessly 
desolvated at high temperature, their adsorption becomes 
more efficient. The ∆S° > 0 implies that the confusion of the 
solid–solution system is increased, which may be caused by 
some structural changes in sorbate and adsorbent during the 
sorption process. From the thermodynamic analysis, it sug-
gests that the Cu(II) adsorption by GMO is a spontaneous 
and endothermic process. As adsorption is an important 
technique in environmental pollution treatment [58–62], the 
MGO is a promising scavenger for the efficient sequestration 
of Cu(II) and related metals from wastewater.

4. Conclusion

In summary, the MGO was synthesized and Cu(II) 
adsorption on MGO in the absence and presence of HA/FA 
was investigated by utilizing batch experiment (Fig. 8). From 
the experimental results, the conclusions are as follows: 

(1) Cu(II) sorption onto MGO is fast and can be well described 
by the pseudo-second-order model; (2) The capture of Cu(II) 
on MGO has strong dependence on pH but independence on 
ionic strength. The Cu(II) removal is mainly accomplished 
by inner-sphere complexation; (3) The presence of HA/FA is 
favorable for Cu(II) removal at low pH but is adverse at high 
pH; (4) The Langmuir and Freundlich model fit the adsorp-
tion isotherm as well; (5) The thermodynamic data confirm 

Table 2
The values of lnK0 and thermodynamic parameters for the 
adsorption of Cu(II) on MGO at three different temperatures

T 
(K)

lnK0 ΔG° 
(kJ/mol)

ΔS° 
(J/(mol∙K))

ΔH° 
(kJ/mol)

293 11.61 –28.28 132.5 10.54

313 12.06 –31.38 132.5 10.09
333 12.13 –33.58 132.5 10.54
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Fig. 7. (A) Adsorption isotherms of Cu(II) on MGO at three tem-
peratures. (B) Langmuir and (C) Freundlich model, m/V = 0.1 g/L, 
I = 0.01 mol/L NaClO4.
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that the sorption process is endothermic and spontaneous; 
and (6) The application of MGO in the treatment of copper 
ions can provide a new way for treating other heavy ions.
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Fig. S1. Langmuir and Freundlich non-linear plots of adsorption 
isotherms for Cu(II) onto MGO in the absence and presence of 
HA. The solid lines are Langmuir model simulation, and the 
dashed lines are Freundlich model simulation, CCu = 15 mg/L, 
m/V = 0.1 g/L, I = 0.01 mol/L NaClO4, T = 293 K.
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Fig. S2. Langmuir and Freundlich non-linear plots of adsorp-
tion isotherms for Cu(II) onto MGO in the absence and presence 
of FA. The solid lines are Langmuir model simulation, and the 
dashed lines are Freundlich model simulation, CCu = 15 mg/L, 
m/V = 0.1 g/L, I = 0.01 mol/L NaClO4, T = 293 K.


