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ABSTRACT

Activated carbon (LSAC) was obtained from lotus stalk by pyrophosphoric acid activation.
The LSAC was modified by FeCl2 and Na2EDTA (Fe–EDTA/LSAC) to enhance its ability
for Ni(II) sorption from aqueous solutions. The activated carbons were characterized by N2

adsorption and desorption isotherms, Fourier transform infrared spectroscopy (FTIR), and
X-ray diffraction. The sorption of Ni(II) from aqueous solution onto the LSAC and
Fe-EDTA/LSAC under various conditions of dosage, contact time, initial solution pH, initial
Ni(II) concentration, and ionic strength was investigated to illustrate the mechanism and to
quantify the sorption parameters. LSAC and Fe-EDTA/LSAC were mainly microporous
with pores almost less than 4 nm. Although the surface area of LSAC (824 m2g−1) was
much higher than that of Fe–EDTA/LSAC (445 m2/g), the Ni(II) sorption capacity of
Fe–EDTA/LSAC was larger than that of LSAC. The pH and ionic strength studies indicated
that the main Ni(II) sorption mechanisms by the carbons were electrostatic attraction and
cation exchange. The kinetics and equilibrium data agreed well with the pseudo-second-
order kinetics model and Langmuir isotherm model.

Keywords: Activated carbon; Modification; Ni(II); Sorption

1. Introduction

Nickel (Ni) can become hazardous to organisms if
its environmental concentrations exceed a certain
level. The severe situation has urged human beings to
explore an entire and effective technology to remove
these contaminants from wastewater before releasing
into the environment [1,2]. Many treatment methods
are available for Ni(II) removal, such as membrane fil-

tration, chemical precipitation, ion exchange, and
sorption. In these water treatment techniques, sorption
is a commonly used method to remove heavy metal
ions for its economical efficiency [3–6]. Activated car-
bon is one of the most widely employed adsorbents
due to its well-developed structure, high sorption
capacity, and low cost [7–9].

The sorption performance of activated carbons
toward heavy metals can be obviously improved
by introducing ions, foreign atoms, and organic
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compounds onto the carbon’s surface [10–12]. Surface
modification of activated carbons is considered as a
prospective way to enhance their potentials for spe-
cific contaminants, including metals and other inor-
ganic pollutants [13,14]. Ethylenediaminetetraacetic
acid (EDTA), with two amine groups and four car-
boxyl groups, is widely used as a ligand and chelating
agent to bind heavy metal ions for forming complexes.
EDTA has been employed to modify adsorbents
(humic acid, silica gel, graphene oxide, and chitosan
[15–17]) for enhancing their sorption capacity toward
heavy metals. However, it is not easy to be adsorbed
onto carbon material’s surface. Some studies have also
showed that modification by Fe(II)/Fe(III) can
improve the sorption capacity of activated carbon [18–
20]. Compared with Fe(III), Fe(II) has less size and can
enter the deep pores of porous materials [21]. EDTA
has been proved to be easily adsorbed on iron oxide
[22,23]. No research has been done on the synthesis of
Fe(II) and EDTA-impregnated activated carbon, as
well as its sorption capacity of Ni(II). Thus, the acti-
vated carbon was firstly impregnated by Fe(II) and
then modified by EDTA to introduce more EDTA
(amine groups and carboxyl groups) onto the carbon’
surface and to promote its Ni(II) sorption capacity.

The present work is to prepare and characterize
lotus stalk-based activated carbon functionalized with
Fe(II) and EDTA. The sorption potentials of the origi-
nal and modified activated carbons were investigated
for the removal of Ni(II) from aqueous solution under
varying dosage, sorption time, initial pH, initial Ni(II)
concentration, and ionic strength.

2. Materials and methods

2.1. Materials

All the chemical reagents used were of analytical
grade. The lotus stalk (LS, elemental compositions: C:
48.5%; H: 6.6%; O: 42.3%; N: 2.6%) was obtained from
a wetland located in Shandong, China [24]. After har-
vest, the biomass was washed several times with
deionized water, and then dried at 105˚C for 24 h. A
standard Ni(II) stock solution was prepared by dis-
solving a certain amount of NiCl2(s) in distilled water.
Experimental solutions of the desired concentration
were obtained by appropriate dilution of the stock
solution.

2.2. Preparation of activated carbons

Preparation of LSAC: Five grams of dried LS
(0.45–1 mm) was fully mixed in H4P2O7 solution
(45 wt.%) at a ratio of 2/1 (g H4P2O7 g−1 LS). After

impregnation at room temperature for 12 h, the sam-
ple was heated in a muffle furnace up to the desired
temperature of 450˚C and maintained for 1 h. After
cooling to room temperature, the activated carbon was
thoroughly washed with distilled water until the fil-
trate attained a constant pH. Finally, the carbon was
dried for 12 h at 105˚C and sieved to a particle size of
100/140 mesh with standard sieves (Model U 200).

Preparation of Fe/LSAC and EDTA/LSAC: about
3 g of LSAC was impregnated into 300 mL ferrous
chloride solution (50 mmol L−1) or EDTA (50 mmol L−1)
and shaken at room temperature for 24 h. After vac-
uum filtration, they were thoroughly washed with dis-
tilled water to eliminate the non-adsorbed Fe2+ and
Cl− or EDTA. Then, they were dried at 60˚C for 6 h
and then 105˚C for 6 h.

Preparation of Fe-EDTA/LSAC: about 3 g of
Fe-LSAC was added to 300 mL EDTA solution
(50 mmol L−1). Prior to filtration, the mixture was
stirred at room temperature for 24 h. It was then
washed with distilled water to remove free EDTA,
followed by drying at 105˚C for 10 h.

2.3. Characterizations of LSAC and Fe-EDTA/LSAC

Surface area (SBET) and pore size distribution of
LSAC and Fe-EDTA/LSAC were determined by N2

adsorption and desorption at 77 K with a surface area
analyzer (Quantachrome Corporation, USA). The SBET
was determined using the Brunauer–Emmett–Teller
(BET) method and the pore size distribution was
obtained by the Density Functional Theory (DFT)
method. Total pore volume (Vtot) was determined at
P/P0 = 0.95. External surface area (Sext) and micropore
volume (Vmic) were calculated using the t-plot
method. Average pore diameter (Dp) was determined
from the relation: Dp= 4Vtot/SBET. The surface chemi-
cal functional groups of the two carbon samples were
also measured with Fourier transform infrared
spectroscopy (Fourier-380FTIR, USA). The infrared
spectra were recorded between wave numbers of
400–4,000 cm−1.

2.4. Sorption studies

The Ni(II) sorption kinetics studies were performed
by mixing 0.36 g of LSAC and Fe–EDTA/LSAC with
1,000 mL Ni(II) solution (15 mg L−1). Then the solution
was sampled (20 mL) at each set time ranging from 0
to 12 h, followed by filtrating with a 0.45 μm mem-
brane filter. The Ni(II) concentration in the samples
was determined by a UV-vis spectrophotometer
(UV-754, Shanghai) at a wavelength of 530 nm [25].
The amount of Ni(II) adsorbed at different times
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(Qt, mg/g) was calculated by the equation:
Qt ¼ ðC0 � CtÞV=W , where C0 and Ct are the initial Ni
(II) concentration and the Ni(II) concentration at time t
(mg L−1); V is the solution volume (L); and W is the
mass of adsorbent (g).

For batch equilibrium experiments, a series of cer-
tain amounts of the activated carbon were added to Ni
(II) solution (50 mL). These experiments were aimed to
study the effects of various operating parameters such
as dosage, initial Ni(II) concentration, solution pH, and
ionic strength on Ni(II) sorption onto LSAC and Fe-
EDTA/LSAC. The suspensions were shaken at 90 rpm
and 20 ± 2˚C for 48 h, then the solutions were filtrated
before analyzing Ni(II) concentrations. All experiments
were performed in duplicates. The sorption amount
(Qe, mg g−1) and removal of Ni(II) at equilibrium were
calculated by the equations: Qeðmg=gÞ ¼ ðC0 � CeÞV=W ,
removal % = ðC0 � CeÞ � 100=C0, where C0 and Ce are
the initial and equilibrium concentrations of Ni(II) (mg
L−1); V is the solution volume (L); and W is the mass of
adsorbent used (g).

3. Results and discussion

3.1. Textural characterizations of LSAC and Fe-EDTA/
LSAC

The main textural characteristics of the samples are
shown in Fig. 1. The N2 adsorption and desorption
isotherms of the two carbons showed a very narrow
hysteresis loop, suggesting the characteristics of micro-
porous materials. It is clear that the pore diameter
range of LSAC and Fe-EDTA/LSAC was limited
within 4 nm from their pore size distributions (Fig. 1).
LSAC displayed the higher SBET and Vtot than

Fe-EDTA/LSAC. After modification, SBET, Smic, and
Vtot of Fe-EDTA/LSAC obviously decreased from
824 m2g−1, 759 m2g−1, and 0.409 cm3g−1 to 445 m2g−1,
422 m2g−1, and 0.198 cm3g−1, respectively.

The X-ray diffraction (XRD) patterns of LSAC were
similar and no obvious peaks were observed for
Fe-LSAC and Fe-EDTA/LSAC, indicating that Fe was
randomly distributed on LSAC’s surface (images are
not shown here).

3.2. Surface chemistry of LSAC and Fe-EDTA/LSAC

The different surface functional groups of the car-
bons were identified by Fourier transforms infrared
spectroscopy (FTIR). As shown in Fig. 2, the FTIR spec-
tra of LSAC and Fe-EDTA/LSAC displayed intensive
bonds at 3,448, 1,633, and 1,124–1,070 cm−1, which
could be ascribed to stretching (ν) vibrations of O–H,
C=O, and C–O, corresponding to the presence of –OH
(hydroxyl), C=O (carbonyl), and –COOH (carboxyl)
functional groups [26,27]. The peaks at 1,559–
1415 cm−1 in the spectra of the three carbons were pos-
sibly assigned to O–H bending vibrations [28]. From
the spectra, it can be seen that there were some more
oxygen-containing functional groups on Fe-EDTA/
LSAC according to its lower transmittance bands (at
3,448, 1,633, 1,559, and 1,415 cm−1) than LSAC.

3.3. Effect of dosage of LSAC or Fe-EDTA/LSAC on Ni(II)
sorption

The effect of dosage on the removal of Ni(II) by
LSAC and Fe-EDTA/LSAC was examined within
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Fig. 1. Pore size distributions and N2 adsorption/desorp-
tion isotherms (inset) of LSAC and Fe-EDTA/LSAC.
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carbon dose range of 0.24–0.40 g L−1 at an initial Ni(II)
concentration of 15 mg L−1 at 20 ± 2˚C for 16 h (Fig. 3).
This experiment was carried out to choose a suitable
dosage for studying the different sorption capacities of
the carbons. The Ni(II) removal increased with the
increase in dosage. When the carbon dosage was
0.36 g L−1, the removal of Ni(II) by LSAC and Fe-
EDTA/LSAC attained nearly 83 and 93%, indicating
the suitable dosage for later studies.

3.4. Ni(II) sorption kinetics

As shown in Fig. 4, Ni(II) sorption rate onto the
carbons was quite rapid in the first 30 min and then
gradually slowed down. Equilibrium was attained
within about 9 h. The sorption capacity of Fe-EDTA/
LSAC (44.8 mg g−1) is much higher than that of LSAC
(35.2 mg g−1).

Sorption kinetics study is essential to understand
the capacity of adsorbent and the sorption mechanism
[29]. A kinetic investigation was conducted using two
kinetic models: (1) Pseudo-first-order model: ln
(Qe−Qt) = ln Qe−K1t, where K1 is the rate constant of
the pseudo-first-order (min−1); (2) Pseudo-second-
order model: t/Qt = 1/K2Qe

2 + t/Qe, where K2 is the
equilibrium rate constant of pseudo-second-order
(g(mg min)−1).

The values of the kinetic parameters as well as the
correlation coefficients (R2) for Ni(II) sorption are
listed in Table 1. The R2 obtained from pseudo-first-
order model fitting for Ni(II) adsorption onto the two
activated carbons were relatively high (0.9999), and the
equilibrium adsorption capacities (Qe(cal)) calculated

from the pseudo-second-order kinetic model were
agreed well with the experimental values (Qe(exp)) as
well (Table 1). Furthermore, the Ni(II) sorption kinet-
ics for the two carbons were nonlinear tested (Fig. 4).
It was shown that the pseudo-second-order kinetic
model correlated the kinetic data better than the
pseudo-first-order kinetic model, since the line corre-
sponding to the model is closer to the experimental
points than that of the pseudo-second-order model.
The pseudo-second-order model presumes that the
sorption rate is controlled by chemical sorption. For
both adsorbents, the ideal fit of this model implied
that chemisorption was an important mechanism in
sorption, which was consistent with the electrostatic
interaction and chemical-bonding mechanism pro-
posed by the following discussion.

3.5. Ni(II) sorption isotherms

Langmuir isotherm model is usually chosen for the
estimation of the maximum sorption capacity corre-
sponding to complete monolayer coverage on the
adsorbent surface. Freundlich isotherm model is based
on sorption on heterogeneous surface and active sites
with different energies. Equilibrium data (Fig. 5) were
analyzed by the Langmuir (Qe=QmKLCe/(1 + KLCe))
and Freundlich (Qe=KFCe

1/n) isotherm models,
where Qm (mg g−1) is the maximum sorption capacity;
KL (Lmg−1) represents the Langmuir constant; and KF

((mg g−1) (L1/nmg−1/n)) and 1/n represent the
Freundlich constant referring to sorption capacity and
intensity, respectively.

The isotherm parameters of Ni(II) onto LSAC and
Fe-EDTA/LSAC are shown in Table 2. The values of
correlation coefficient (R2) derived from Langmuir
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model were much larger (>0.9970) than those derived
from Freundlich model, which indicated that the equi-
librium data were simulated better by Langmuir
model than by Freundlich model. Langmuir model
was quite successful in predicting the experimental
saturation capacities, indicating monolayer coverage
due to the strong interactions between the carbons’
surface and Ni(II). The maximum sorption capacities
(Qm) of Fe-EDTA/LSAC were much larger than that

of LSAC. This phenomenon can be attributed to the
different surface chemistry of the carbons. The n
values expressed the sorption performance quality
and were larger than 1, indicating the preferential
sorption.

Equilibrium sorption capacity of Ni(II) on the car-
bons was ordered as follows: Fe-EDTA/LSAC > LSAC
> EDTA/LSAC > Fe/LSAC. These results indicated
that the Fe(II)-EDTA-modified method could improve
the removal of Ni(II). The Fe/LSAC showed much
lower Ni(II) sorption than LSAC, which was due to
the occupation of Fe(II) on the sorption sites of LSAC
[30]. The EDTA/LSAC presented slightly lower Ni(II)
sorption than LSAC, suggesting that EDTA could not
be attached effectively on LSAC’s surface. A compari-
son of the maximum Ni(II) sorption capacities of the
carbons with other adsorbents is shown in Table 3. In
general, LSAC and Fe–EDTA/LSAC had larger Ni(II)
sorption capacities than other adsorbents, which sug-
gests that the studied carbons were promising adsor-
bents toward nickle ions.

3.6. Effect of initial pH on Ni(II) sorption

Solution pH extremely affects the ionization of sur-
face functional groups and the species of metal ions
[36] and will significantly affect the sorption of heavy
metals onto the solid adsorbent [26,37]. Batch sorption

Table 1
Kinetic parameters for the sorption of Ni(II) onto LSAC and Fe-EDTA/LSAC

Samples Qe,exp/(mg g−1)

Pseudo-first-order Pseudo-second-order

K1/h
−1 Qe, cal/(mg g−1) R2 K2/(mg1-nLng−1) Qe, cal/(mg g−1) R2

LSAC 35.2 1.517 25.6 0.8096 0.439 35.6 0.9999
Fe-EDTA/LSAC 44.8 1.557 22.2 0.7909 0.247 43.8 0.9999

Notes: LSAC: lotus stalk-based activated carbon.

Fe-EDTA/LSAC: Fe(II) and EDTA-modified lotus stalk-based activated carbon.

0 5 10 15 20 25 30 35 40
0

5

10

15

20

25

30

35

40

45

50

55

60

Q
e/(

m
g.

g-1
)

Ce/(mg.L-1)

 LSAC
 Fe-EDTA/LSAC
 Fe/LSAC
 EDTA/LSAC

Fig. 5. Sorption isotherms of Ni(II) on the carbons.

Table 2
The parameters for Langmuir and Freundlich isotherm models of Ni(II) sorption onto LSAC, Fe-EDTA/LSAC, Fe/LSAC,
and EDTA/LSAC

Samples

Langmuir Freundlich

Qm/(mg g−1) KL/(Lmg−1) R2 KF/(mg g−1mg−1/n) n R2

LSAC 50.6 0.742 0.9986 29.53 5.59 0.9475
Fe–EDTA/LSAC 57.1 1.483 0.9983 39.58 8.87 0.9835
Fe/LSAC 21.0 0.036 0.9902 1.49 1.72 0.9859
EDTA/LSAC 48.1 0.889 0.9999 29.15 6.48 0.9317

Notes: LSAC: lotus stalk-based activated carbon.

Fe-EDTA/LSAC: Fe(II) and EDTA-modified lotus stalk-based activated carbon.
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experiments were carried out to evaluate the effect of
pH on Ni(II) sorption. The removal of Ni(II) by the
carbons rose dramatically with the increase in initial
pH from 2 to 4 (Fig. 6). In this pH range, the Ni(II)
removal by LSAC was higher than that by Fe–EDTA/
LSAC. At low pH, the H+ in solution would complete
the sorption sites with Ni(II), and the surface of the
carbon would be protonized, resulting in the higher
electrostatic repulsion between the surface and the Ni
(II) cations. Therefore, at low pH, the Ni(II) was
rejected to contact the introduced O/N-containing
groups on Fe-EDTA/LSAC, leading its sorption lower
than LSAC. With the rise in pH, competition between
H+ and Ni2+ will gradually weaken, and the surface of
the carbons will be deprotonized, leading to high Ni
(II) sorption through electrostatic attraction [38,39].

3.7. Effect of ionic strength on Ni(II) sorption

There are many kinds of interactions between
Ni(II) and the carbons that may be responsible for the
adsorption. Hence, it is important to assess the effect of
ionic strength which is usually used to distinguish
between non-specific and specific sorption. If sorption
is insensitive to ionic strength, it indicates that adsor-
bate establishes covalent bonds with the functional
groups of adsorbents. The specific sorption was more
sensitive to the changes in ionic strength than non-
specific sorption [40]. The effect of NaCl concentrations
on Ni(II) uptake by the carbons was carried out. As
shown in Fig. 7, the removal of Ni(II) decreased dramat-
ically with increasing ionic strength (NaCl), indicating
that cation-exchange and electrostatic attraction were
important mechanisms responsible for Ni(II) sorption.

4. Conclusion

Activated carbon was prepared by pyrophosphoric
acid activation and was modified by FeCl2 and

Table 3
Comparison of maximum Ni(II) sorption capacity on various adsorbents reported in literature

Adsorbent Qmax (mg g−1) Reference

Almond husk-activated carbon 30.7 [7]
Apricot stone-activated carbon 27.21 [8]
Ficus carica-activated carbon 18.78 [9]
Apricot-activated carbon 37.59 [31]
Parthenium hysterophorus L.-activated carbon 17.24 [32]
Olive stone 3.63 [33]
Scrap tire 21.28 [34]
Multiwall carbon nanotube 9.18 [35]
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Na2EDTA. The N2 adsorption and desorption iso-
therms, FTIR and XRD, were used to characterize the
carbons. The results showed that LSAC and
Fe–EDTA/LSAC were mainly microporous. The
maximum monolayer sorption capacity, Qm, for
Ni(II) sorption onto Fe–EDTA/LSAC, which was
57.1 mg g−1, was larger than the original activated
carbon (LSAC) and the LSAC modified by Fe(II) or
EDTA only. The kinetics and equilibrium data were
fitted well by the pseudo-second-order kinetics model
and Langmuir isotherm model. The pH and ionic
strength had obvious effects on Ni(II) sorption on the
carbons. Several possible adsorption mechanisms were
elaborated which include ion-exchange and electro-
static interactions.
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