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a b s t r a c t
Novel Fe3O4 nanoparticles coated with fulvic acid (FA-Fe3O4) were developed to remove selected 
metals (Cr3+ and Cu2+) from water. Taking advantage of the chelation between the functional groups of 
FA and iron, FA-Fe3O4 nanoparticles were synthesized via the chemical coprecipitation method. The 
multiple characterizations indicated that FA was successfully bonded onto Fe3O4 through carboxyl 
and carbonyl, with a stable performance. It was demonstrated that nanoscale material with an average 
size of 15 nm and a specific surface area of 55.16 m2/g was obtained through scanning electron 
microscopy and Brunauer–Emmett–Teller characterization. The adsorption experiments indicated 
that the adsorption capability for Cr3+ and Cu2+ were 11.59 and 3.44 mg/g and the removal of met-
als were enhanced with increasing pH. The Freundlich model was adopted to depict the isotherms. 
The kinetic constants with pseudo-second-order model were 0.056 and 0.232 g/(mg·min), respectively, 
obtained from adsorption of Cr3+ and Cu2+. The thermodynamic analysis results demonstrated that the 
adsorption mechanism for Cr3+ and Cu2+ using FA-Fe3O4 was endothermic and spontaneous. Based 
on the excellent reusability of FA-Fe3O4, this study demonstrates a novel method for environmentally 
friendly removal of aquatic metals, with easier separation. 
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1. Introduction

Water pollution with high concentrations of metals in 
surface water and groundwater has aroused much attention 
in recent years [1]. Heavy metals can accumulate in living 
organisms in an aquatic environment, causing many dis-
eases and posing a great threat to the ecosystem and human 
health [2]. Based on strict environmental regulations and the 
potential toxicity, it is of great importance to develop alter-
native technologies for heavy metals removal [3]. Copper(II) 
and chromium(VI) are considered to be of most acute con-
cern by World Health Organization [4]. Copper exists in 

water environments in a stable cupric state, while chromium 
emerges primarily in trivalent chromium (Cr3+) and 
hexavalent chromium (Cr6+). Although trivalent chromium is 
usually attributed to be a less toxic species compared with 
the hexavalent chromium, it could vulnerably be oxidized 
to hexavalent chromium [5]. Therefore, the removal of 
trivalent chromium is essential to control the concentration of 
hexavalent chromium. Further, trivalent chromium has been 
correlated with genotoxic side effects and apoptosis in previ-
ous studies [6,7]. Conventional treatments for heavy metals 
in industrial sewage consist of precipitation, ion-exchange, 
membrane filtration, electrochemical methods, reverse osmo-
sis, solvent extraction and adsorption [8–12]. However, most 
of the methods seem limited due to the high operational cost 
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and/or may also being inefficient for the lower concentration 
levels [13]. 

Adsorption technology has been considered as an alter-
native method for water decontamination concerning heavy 
metals in recent years due to the simple operation and rela-
tively low cost. Recently, various types of adsorbents have 
been adopted for metallic decontamination, such as acti-
vated carbons, zeolites, lignocelluloses, clays and magnetic 
nanoparticles [14–19]. Iron magnetic nanoparticles, with the 
large specific surface area contributing to the adsorption 
capacity, are beneficial in separating from aqueous media. 
However, the bare iron magnetic nanoparticles tend to aggre-
gate in response to the high surface energies as well as being 
vulnerable for auto-oxidation at ambient temperature [20]. 
A great number of magnetite-organic materials (defined as 
Fe3O4@organic) have recently been developed and adopted 
for the adsorption of metals in aquatic solutions, such as 
Fe3O4@chitosan, Fe3O4@humic acid, Fe3O4@polypyrrole 
and Fe3O4@vanillin [21–24], in proving enhancement of the 
adsorption capability for the target metal removal. It has 
been demonstrated that the surface functionalization using 
organic materials can efficiently avoid agglomeration and 
can maintain stability for magnetic nanoparticles [25]. Fulvic 
acid (FA), as a major humic substance component, is exten-
sively distributed in soils, sediments and waters, with more 
oxygen-containing functional groups compared with humic 
acid [26,27]. Recent studies have indicated that FA was 
attributed to the sorption of heavy metals onto α-Fe2O3, form-
ing monodentate complexes [28,29]. However, to our best 
knowledge, limited research has been conducted using FA 
as a surface functionalization material to prepare magnetic 
nanoadsorbents for metallic decontamination in the water.

In the present study, a novel and facile magnetic adsor-
bent was prepared by coating Fe3O4 magnetic nanoparticles 
with fulvic acid (FA-Fe3O4) for heavy metals removal from 
aqueous solutions. Fourier transform infrared (FTIR), X-ray 
powder diffraction (XRD), scanning electron microscopy 
(SEM), thermogravimetric (TG) and Brunauer–Emmett–
Teller (BET) were applied to characterize the physical and 
chemical features of FA-Fe3O4. The application of FA-Fe3O4 
in the removal of Cu2+ and Cr3+ was evaluated in view of the 
adsorption kinetics and isotherms. The crucial parameters 
were investigated as well as the material reusability.

2. Materials and methods

2.1. Chemicals

Ferrous chloride tetrahydrate (FeCl2·4H2O), ferric chlo-
ride hexahydrate (FeCl3·6H2O), chromic nitrate nonahydrate 
(Cr(NO3)3·9H2O), cupric nitrate trihydrate (Cu(NO3)2·3H2O), 
ammonium hydroxide, hydrochloric acid, sodium hydroxide 
were AR grade, and were purchased from the open market 
in China. FA was purchased from Jianglai Biologics Co., Ltd. 
(Shanghai). All the solutions were prepared with ultrapure 
water (18.2 M/Ωcm).

2.2. Synthesis of bare Fe3O4 and FA coated Fe3O4

The bare Fe3O4 and FA coated Fe3O4 nanoparticles were 
synthesized according to a previous study [30]. Briefly, 

12.2 g of FeCl3·6H2O and 6.0 g of FeCl2·4H2O were dissolved 
in 200 mL water. The mixed solution was heated to 90°C in 
a 500 mL round-bottom flask equipped with a reflux con-
denser. Then, 20 mL of 25% ammonium hydroxide and 
100 mL of 3.0% FA solution were added to the mixture rap-
idly and sequentially. The reaction solution was aged at 90°C 
for an additional 30 min and then cooled to ambient tempera-
ture. The reaction solution was mechanically stirred through-
out the whole reaction process. After being separated from 
the solution, the black precipitate was washed with water 
and dried for 12 h in a freeze dryer. Bare Fe3O4 was synthe-
sized by the method mentioned above, in which 100 mL of 
water was alternatively added instead. The prepared Fe3O4 
and FA-Fe3O4 nanoparticles were then ready for the adsorp-
tion experiments. 

2.3. Experiments of adsorption

In a typical adsorption procedure, 0.1 g of FA-Fe3O4 was 
added to 50 mL of solution containing 25 mg/L Cr3+ and Cu2+, 
respectively. The solution pH was adjusted to fixed value by 
using 0.1 M NaOH and HCl. The experiments were carried 
out in an orbit shaker with continuous mixing at 250 rpm in a 
water bath environment. Then, the FA-Fe3O4 and the adsorbed 
metals were separated from the solution with a permanent 
hand-held magnet. The Cr3+ and Cu2+ in the solution were 
measured using an atomic absorption spectrophotometer 
(AAS-900T, PerkinElmer, Germany). The below equation 
was used to calculate the adsorption capability:

Q V C C mt t= ⋅ −( )0  (1)

where Qt is the adsorption capacity at time t (mg/g); C0 is 
the initial concentration of metals solution (mg/L); Ct is the 
concentration of metals solution at time t (mg/L); m is the 
mass of the adsorbent added (g) and V is the total volume of 
the metals solution (L).

2.4. Reusability experiment

Reusability experiments were conducted in a batch mode. 
FA-Fe3O4@Cr and FA-Fe3O4@Cu obtained in the adsorption 
were dispersed into 50 mL of 0.1 M HCl solutions in a ther-
mostatic shaker for 2 h at 25°C. The regenerated adsorbent 
was collected by a hand-held magnet, washed to a neutral 
condition with deionized water and dried for 12 h in a freeze 
dryer before being reused. The adsorption–desorption pro-
cess was repeated over three cycles. 

2.5. Characterization

SEM measurements were run using a JSM-7500F (JEOL, 
Japan) at 20 kV, to determine the morphology of the FA-Fe3O4 
nanoparticles. FTIR spectra of the bare Fe3O4 or the FA-Fe3O4 
nanoparticles were conducted using a Nicolet iS10 FTIR 
spectrometer (Thermo Scientific, USA), with wavenumbers 
ranging from 400 to 4,000 cm–1. The structure of the materials 
obtained was characterized by XRD spectrometry using an 
Empyrean diffractometer (PANalytical B.V., Holland). The 
thermal decomposition of the bare Fe3O4 and the FA-Fe3O4 
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was followed with a TG209F1 (Netzsch, Germany). Samples 
were placed in an alumina crucible and heated at 10°C/min 
from 30°C to 600°C in air. BET analysis was adopted using 
a JW-BK122F specific surface area analyzer (JWGB, China).

3. Results and discussion

3.1. Characterization of the synthesized samples

3.1.1. FTIR analysis

FTIR spectra were first applied to verify the binding of FA 
on the Fe3O4 nanoparticles surface. It is seen in Fig. 1 that the 
peaks at 580 and 3,371 cm–1 both appeared in the spectrum 
of the bare Fe3O4, FA-Fe3O4, FA-Fe3O4@Cr and FA-Fe3O4@Cu. 
The peak at 580 cm–1 displays a stretching vibration of the 
Fe–O bonds, and the peak at 3,371 cm–1 is attributed to –OH 
stretching vibration, which is inherent in the bare Fe3O4. In 
the spectrum of FA, peaks at 3,540 and 1,681 cm–1 correspond 
to the vibration of hydroxyl and carboxyl, respectively. Since 
–OH stretching vibration for the bare Fe3O4 is weaker than 
that of FA-Fe3O4, it indicated that the hydrogen-bonding 
contributed to the connection between FA and Fe3O4 [21,29]. 
The observed peak at 1,612 cm–1 is assigned to the C=O 
stretches of FA-Fe3O4, demonstrating the binding of the car-
boxylate from the FA on the Fe3O4 surface. Compared with 
the bare Fe3O4, the transmittance of C=O had a significant 
increase and the IR band of C=O had a red shift for the typical 
peak that emerged at 1,700 cm–1 [3,30]. The vibration bands at 
1,405 and 1,313 cm–1 were newly observed in FA-Fe3O4, which 
are respectively associated with the in-plane N–H in amide 
groups and –OH in hydroxyl groups [31]. In addition, mul-
tiple peaks observed between 900 and 1,200 cm–1 were likely 
attributable to the other organic chemical bonds in FA (such 
as –COOR, –CH2). The appearance of the typical peaks in the 
spectrum of FA-Fe3O4 showed the coating success of FA com-
pared with the bare Fe3O4. Of note, peaks at 1,612, 1,405 and 
1,313 cm–1 in FA-Fe3O4@Cr and FA-Fe3O4@Cu are weakened 
compared with FA-Fe3O4, indicating the adsorption of Cr3+ 
and Cu2+ is a cooperation of carboxyl, amino and hydroxyl 
groups. The invariable peaks between 900 and 1,200 cm–1 
demonstrated the high binding affinity of FA onto Fe3O4 and 
simple desorption in the solutions is difficult [32].

3.1.2. XRD analysis

XRD was employed to characterize the crystalline struc-
ture of FA-Fe3O4, FA-Fe3O4@Cr and FA-Fe3O4@Cu, and the 
results are shown in Fig. 2. The diffraction peaks at 30.1, 
35.6, 43.3, 57.28 and 62.80 correspond to the (220), (311), 
(400), (511) and (440) planes. The position of the peaks was in 
accordance with literature showing typical diffraction peaks 
of Fe3O4 (JCPDS No. 85-1436) [33,34]. This result suggests 
that the phase and structure of the Fe3O4 core are not altered 
by the FA coating, revealing the well-known spinel structure 
of magnetite materials. Previous reports indicated that the 
Fe(II) present in magnetite was susceptible to auto-oxidation 
forming Fe(III) materials with reduced magnetic properties 
[35,36], while the unchanged peaks in FA-Fe3O4@Cr and 
FA-Fe3O4@Cu demonstrated the advantage of antioxidant 
FA-Fe3O4 in heavy metals adsorption.

3.1.3. SEM analysis

SEM was used to observe the morphologies of the 
prepared FA-Fe3O4 magnetic nanoparticles with the images 
presented in Fig. 3. It can be clearly seen that the preparation 
of FA-Fe3O4 did not change the basically spherical morphol-
ogy of Fe3O4 and the average size ranged from 10 to 15 nm, 
which is similar to the results of previous research [3]. 

3.1.4. TG analysis

TG analysis was applied to estimate the proportion of FA 
in the obtained FA-Fe3O4 composite. The weight loss curves 
of the bare Fe3O4 and FA-Fe3O4 at temperatures ranging from 
30°C to 600°C are shown in Fig. 4. The weights of the two 
samples decrease slowly and sequentially with the tempera-
ture elevations. It can be calculated from the ultimate loss 
curves that the FA constituted approximately 18.3% of the 
FA-Fe3O4 composite. In addition, the weight loss observed 
below 50°C in the two samples suggests that only a 3.36% 
weight loss was observed, which is acceptable in conven-
tional water treatment. 

Fig. 1. FTIR spectra of the synthesized materials under various 
conditions.

Fig. 2. XRD patterns of FA-Fe3O4, FA-Fe3O4@Cr and FA-Fe3O4@Cu.
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3.1.5. BET analysis

The nitrogen adsorption–desorption measurements were 
conducted for the FA-Fe3O4 with the isotherm data illustrated 
in Fig. 5. According to the classification of the International 
Union of Pure and Applied Chemistry, the isotherms are 
type IV provided by many mesoporous industrial adsor-
bents, characteristic of mesoporous structures [37]. The spe-
cific surface area of the bare Fe3O4 is 51.97 m2/g with a total 
pore volume of 0.24 cm3/g. For FA-Fe3O4, a similar specific 

surface area of 55.16 m2/g and a higher total pore volume of 
0.46 cm3/g were obtained. The increased total pore volume 
can contribute to the adsorption capability, while the similar 
surface area might be attributed to the fact that FA has a very 
narrow microporosity with limited N2 adsorption (less than 
1 m2/g) at 77 K [38].

3.2. Adsorption performance 

3.2.1. Effect of initial pH 

According to previous studies, Cr3+ can form Cr(OH)3 
and precipitate when the pH rises over 6.0 [39,40]. Based on 
this, the solution pH was adjusted in the range of 3.0–5.0, in 
which cupric and chromium were both in ionic forms. The 
adsorption capability for Cr3+ and Cu2+ at different pH are 
given in Fig. 6, showing the increasing adsorption capacity 
for Cr3+ (4.01–8.31 mg/g) and Cu2+ (1.86–2.94 mg/g), and can be 
explained with the adsorption sites on the adsorbent and the 
surface potential of the adsorbent. However, the adsorption 
equilibrium time is nearly invariant with the pH variations. 
On the one hand, FA has an acid group with a pKa between 2.0 
and 5.0, corresponding to carboxylic-like functionality [41]. 

Fig. 3. SEM images of FA-Fe3O4.

Fig. 4. Thermal decomposition curves for Fe3O4 and FA-Fe3O4.
Fig. 6. Effect of pH on removal efficiency of Cr3+ and Cu2+ by 
FA-Fe3O4 ([metal] = 25 mg/L, adsorbent dose = 2 g/L).

Fig. 5. N2 adsorption–desorption isotherms of FA-Fe3O4.
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At lower pH values, carboxylic-like groups in the FA-Fe3O4 
are predominantly protonated, and with increasing pH, 
these functional groups, as important ligands, are dissoci-
ated and deprotonated to provide more adsorption sites for 
the complexation of heavy metals. On the other hand, it was 
reported that the pHpzc of humic substance-coating-magnetite 
was below 3.0, indicating the prepared FA-Fe3O4 had a 
negative surface charge for the selected range of pH [3,42]. 
At the higher pH values, the electrostatic interaction was 
enhanced between the FA-Fe3O4 with negatively charged sur-
face ligands (amino and hydroxyl groups) and metal cations. 
Based on Fig. 6, it can be concluded that the contribution of 
FA in removing Cr3+ and Cu2+ are pH dependent and more 
efficient at higher pH. Consequently, the following experi-
ments were carried out at the optimum pH.

3.2.2. Contact time and adsorption kinetics 

Kinetic experiments were conducted in a batch mode, 
0.1 g FA-Fe3O4 was added into 50 mL solution containing 
25 mg/L metallic ions. FA-Fe3O4 with the adsorbed metals 
were separated from the solution by a hand-held magnet 
within a few seconds due to the excellent magnetic perfor-
mance, and the obtained samples at fixed time intervals 
were analyzed over 12 h. As shown in Fig. 7, the FA-Fe3O4 
has a higher adsorption capacity than the bare Fe3O4, con-
firming the advantage of modifying Fe3O4 with FA. Of note, 
the adsorption occurs rapidly during the early stage (in the 
first 15 min) due to the high number of available adsorp-
tion sites on the surface functional groups of FA-Fe3O4, and 
the high metal concentration gradient. Subsequently, the 
adsorption rate becomes slower and remains unchangeable 
after 90–120 min, indicating that most of the adsorption sites 
have been saturated [24,43]. The pseudo-first-order kinetics 
equation and pseudo-second-order kinetics equation were 
adopted to fit the adsorption model for metal removal using 
the following equations [44]:

lg( ) lg / .Q Q Q k te t e− = − 1 2 303  (2)

t Q k Q t Qt e e/ ( ) /= +−
2

2 1
 (3) 

Here Qe represents adsorption capacity at equilibrium (mg/g); 
k1 and k2 are the rate parameters of the pseudo-first-order and 
pseudo-second-order, respectively.

Both Cr3+ and Cu2+ received a poor fitting with 
pseudo-first-order kinetics (data not shown), with a excel-
lent fitting for pseudo-second-order kinetics (shown in Fig. 8, 
R2> 0.99). It was demonstrated that the adsorption processes 
of Cr3+ and Cu2+ onto FA-Fe3O4 tended to be a chemical inter-
action owing to the complexation between the metal ions and 
functional groups of FA [45,46]. The whole adsorption process 
consists of two distinct parts. First, a rapid grab occurred on 
the external surface of FA-Fe3O4 because of the large number of 
available adsorption sites on the surface functional groups of 
FA-Fe3O4 and the high concentration gradient. The subsequent 
slow adsorption is attributed to the longer diffusion range of 
metal irons through the inner-sphere pores of the adsorbents.

3.2.3. Adsorption isotherms

Several experiments were conducted to verify the 
adsorption isotherms for the removal of metals using the 
obtained composite. The Langmuir model presumes mono-
layer adsorption occurs on the adsorbent surface, while the 
Freundlich model presumes multilayer adsorption, calcu-
lated by the following equations, respectively [47,48].

1 11/ ( ) / /Q Q K C Qe m L e m= +−
 (4)

ln ln lnQ n C Ke e F= +−1
 (5)

Here Ce (mg/L) and Qe (mg/g) represent the residual 
concentration and adsorption capacity at equilibrium; Qm is 
the maximum adsorption capacity in theory and KL is the 
Langmuir constant responding to the adsorption energy. 
KF and n–1, the Freundlich constants correspond to the 
adsorption capacity and intensity.

Based on Eqs. (4) and (5), the Langmuir and Freundlich 
models were, respectively, fitted and the parameters for 
the isotherm are shown in Table 1. This result suggests 
that the adsorption of Cr3+ by FA-Fe3O4 is preferably fitted 
using the Freundlich model, while the adsorption of Cu2+ can 
be described by both the Langmuir and Freundlich model. 
The discrepancy in bonding energy between Cr-coordination 
and Cu-coordination might contribute to the obtained results. 
In addition, the maximum adsorption capacity (qmax) has been 
theoretically calculated from the Langmuir model.

Fig. 7. Effect of adsorption time on removal efficiency of Cr3+ and 
Cu2+ ([metal] = 25 mg/L, adsorbent dose = 2 g/L, pH = 5.0).

Table 1
Estimated Langmuir and Freundlich isothermal parameters for 
the adsorption of Cr3+ and Cu2+ onto FA-Fe3O4 at pH 5.0

Adsorbates Langmuir isotherms Freundlich isotherms
KL Qm R2 KF n R2

Cr3+ 0.296 11.587 0.824 2.949 1.988 0.884
Cu2+ 0.022 3.442 0.933 0.014 0.564 0.931
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The maximum adsorption capacity and equilibrium time 
for various adsorbents reported are summarized and shown 
in Table 2, confirming that FA-Fe3O4 is more efficient than 
other adsorbents.

3.2.4. Adsorption thermodynamics

To study the energy change during the reaction process, 
thermodynamic analysis was used for the removal of metal 
ions using FA-Fe3O4. FA-Fe3O4 (0.1 g) was added into a 50 mL 
solution containing 25 mg/L metallic ions, and the adsorp-
tion was conducted in the range of 298–318 K. The thermo-
dynamic parameters ΔH°, ΔS° and ΔG° were evaluated by 
following equations [53]:

∆ ∆ ∆G H T S0 0 0= −  (6)

lnK H
RT

S
R

= − +
∆ ∆0 0

 (7)

where K is the thermodynamic equilibrium constant and R is 
the gas constant with a value of 8.314 J/mol·K.

Fig. 9 shows the plots of lnK vs. 1/T based on Eqs. (5) 
and (6). The thermodynamic values were obtained and pre-
sented in Table 3. For the selected range of temperature, all 
the ΔG° values for both Cr3+ and Cu2+ are negative, indicat-
ing a spontaneous and feasible process for the adsorption in 
water treatment [54]. In addition, the positive ΔH° and ΔS° 
values for Cr3+ and Cu2+ confirm the endothermic nature and 
the increasing randomness of the adsorption process at the 
solid–solution interface [55]. 

Fig. 8. Pseudo-second-order for Cr3+ and Cu2+ adsorption onto 
FA-Fe3O4 ([metal] = 25 mg/L, adsorbent dose = 2 g/L, pH = 5.0). 

Table 2
Comparison of Langmuir maximum adsorption capacity by 
various adsorbents at 298 K

Adsorbents Qm (mg/g) Equilibrium 
time (h)

Reference

R-CNTs 0.37 1.5 [49]
M-CNTs 0.50 2.0 [49]
Oxidized 
multiwalled 
carbon nanotubes

2.60 28.0 [50]

Biofunctional 
magnetic beads

5.79 12.0 [51]

Polypyrrole/wood 
sawdust

3.4 0.16 [52]

Fulvic acid coated 
Fe3O4 for Cr 

11.59 2.0 This study

Fulvic acid coated 
Fe3O4 for Cu

3.44 1.5 This study Fig. 9. Estimation of thermodynamic parameters with the relevant 
experimental curves at various temperatures ([metal] = 25 mg/L, 
adsorbent dose = 2 g/L, pH = 5.0).

Table 3
Estimated thermodynamic parameters for the adsorption of Cr3+ and Cu2+ onto FA-Fe3O4

T (K) Adsorption of Cr3+ Adsorption of Cu2+

∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (J/mol·K) ∆G° (kJ/mol) ∆H° (kJ/mol) ∆S° (J/mol·K)

298 –6.771 8.153 50.082 –2.384 10.767 44.131
303 –7.022 –2.605 
308 –7.272 –2.825 
313 –7.523 –3.046 
318 –7.773 –3.267 
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3.2.5. Desorption and regeneration

The reusability of an adsorbent is an essential factor 
for actual applications. In our study, the desorption exper-
iments were carried out by dispersing exhausted FA-Fe3O4 
into 50 mL desorbent (0.1 M HCl), and keeping agitating for 
2 h at 25°C. The regenerated adsorbent was then collected by 
a hand-held magnet, and washed to neutral condition with 
deionized water. The adsorption–desorption process was 
repeated over three cycles [23,56]. As illustrated in Fig. 10, 
FA-Fe3O4 maintained a stable adsorption capacity for Cr3+ and 
Cu2+, with slightly reduction (less than 10%) after the three 
cycles, which proved the economical value as an adsorbent 
for metallic decontamination in water. 

4. Conclusions

In this study, FA-Fe3O4 nanoparticles were synthesized, 
characterized and applied to remove Cr3+ and Cu2+ in an 
aqueous solution. Several crucial factors were elucidated in 
the metallic decontamination. The prepared FA-Fe3O4 was all 
the nanoscale with an average size of 15 nm and a specific 
surface area of 55.16 m2/g. By coating with FA, the FA-Fe3O4 
was dispersive and stable in aqueous solution, exhibiting 
remarkable enhancement for heavy metal removal. This 
study revealed that the removal efficiency was relatively 
high at the initial state of the adsorption and strengthened 
with increasing pH. The adsorption data were well fitted by 
pseudo-second-order kinetics and the Freundlich isotherms. 
The values of ∆H° and ∆S° were respectively calculated as 
8.153 kJ/mol and 50.082 J/mol·K for Cr3+, and 10.767 kJ/mol 
and 44.131 J/mol·K for Cu2+. The excellent reusability results 
for the synthesized material indicates promising applicabil-
ity for removing metals from aqueous solutions. 
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