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ABSTRACT: To tackle the issue of environmental pollution caused by heavy metal ions, a novel malic acid modified
activated carbon (denoted as MA-AC) from (the plant) Phragmites australis has been successfully prepared with
high Ni2+ adsorption capacity (38.36 mg/g). The physical and chemical characteristics of MA-AC were evaluated
by N2 adsorption/desorption, Scanning Electron Microscope (SEM), Fourier Transform Infrared (FTIR), and X-ray
Photoelectron Spectroscopy (XPS). The results indicated that the MA-AC has more microporous structures and more
oxygen bearing functional groups than the unmodified AC (denoted as AC). The Ni2+ adsorption behaviors of the
adsorbents were investigated by batch experiments, which indicated that the MA-AC showed 38% higher Ni2+

adsorption capacity than the unmodified AC. The adsorption isotherms and the kinetics of the absorbents agreed
well with the Langmuir model and the pseudo-second-order model. The Ni2+ adsorption mechanisms of MA-AC were
investigated by FTIR and XPS analyses. The results from the analyses indicated that the enhanced surface adsorption
of Ni2+ on MA-AC are attributed to the chemistry between the Ni2+ and the oxygen-containing functional groups on
the surface.
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INTRODUCTION

Ni(II) is widely used in the steel, battery, electroplat-
ing, and petrochemical industries, and the discharged
Ni(II) in the aquatic environment can be consumed
by human beings and animals. Ni(II) is considered a
toxic heavy metal that can cause dermatitis, vomiting,
cancers of the respiratory tract, and serious environ-
mental pollutions. Therefore, the removal of heavy
metal ions from waste water is a major issue that
we should address. Among various technologies, the
adsorption technique has proven to be an effective
method [1, 2], leading to the development of highly
efficient, cost effective, and eco-friendly adsorbents.
Activated carbons (ACs) are promising adsorbents in
the removal of heavy metal ions because of their highly
developed porosity, high specific surface area, and
excellent adsorption capacity [3].

In recent years, great efforts have been focused
on the preparation of ACs from biomasses, which has
emerged as a powerful solution. Phragmites Australis
(PA) is a perennial wetland plant that can be found in
many places: deltas, marshes, lake belts, river edges,
roadsides, and ditches. A large number of stalks and
leaves would rot off if they are not harvested at the
end of the growing season. Hundreds of thousand
tons of reeds are discarded or burned as fuel each
year, leading to wastes of resources and environmental
pollutions. PA contains lots of fibers and exhibits a mul-
tilayered structure. It is an attractive option because

it has enhanced adsorption properties due to fibrous
porous carbon, and it is cheap [4]. However, because
the adsorption process is a surface reaction; and to
obtain higher adsorption capability, several modifica-
tion techniques have been made to optimize the AC
surface [5–7] and, hence, enhances the adsorption
performance. Therefore, the development of surface
modified ACs continues to be an enormous challenge.

Finding cheap and non-toxic modified reagents
is also a particular challenge in the preparation of
ACs. Low-cost, non-poisonous malic acid (MA) is
a carboxylic acid with two carboxyl groups and one
hydroxyl group which could enhance carboxylic, lac-
tone, or hydroxy functional groups on the surface of
ACs. Phosphoric acid (H3PO4) can be transformed
to polyphosphoric acid at high temperatures, and the
polymeric species promote the polymerization reaction
between the acid and organic matters. MA could
initiate condensation reaction with phosphoric acid to
form a phosphate ester, promoting the porosity and
increasing the surface oxygen-containing functional
groups of ACs [8]. The malic acid modified activated
carbon (MA-AC) from Phragmites australis has been
successfully prepared for the first time, and it showed
obviously better adsorption performance of Ni2+ in
solution than unmodified AC (denoted as AC). The
enhanced surface adsorption of Ni2+ on MA-AC is
attributed to the chemistry between the Ni(II) and
oxygen-containing functional groups on the surface.

The main objectives of this study were to inves-
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tigate the performance of MA-AC by batch Ni2+ ad-
sorption experiments and to explore the properties of
MA-AC as an adsorbent. The physicochemical proper-
ties of the MA-AC are evaluated by N2 adsorption/des-
orption, SEM, FTIR, and XPS.

MATERIALS AND METHODS

Materials

All chemicals were of analytical grade, and all solu-
tions were prepared with distilled water. Phragmites
australis (PA) was obtained from a wetland located in
Shandong Province, China. To remove dust and impu-
rities, the PA was washed several times with distilled
water, then dried at 105 °C for 24 h and crushed into
pieces of approximately 0.45–1.0 mm.

Experimental procedure

The dried PA (1.0 g) was soaked in H3PO4-MA solution
(0.02 mol H3PO4 and 0.01 mol MA) and then placed
at room temperature for 12 hours. The mixture was
carbonized at 450 °C for 1 h in a N2 atmosphere. After
cooling to room temperature, MA-ACs were washed
with distilled water until the pH was close to 7.0 and
then filtered and dried at 105 °C. Finally, the dried
carbons were ground into flour and sieved to 100/160
meshes by standard sieves (Model Φ200). The un-
modified ACs were prepared by the aforementioned
method without adding MA.

Analytical methods

The pore structure and surface area of the ACs were
determined by N2 adsorption/desorption at 77 k using
a surface area analyzer (Quantachrome Corporation,
USA). The surface morphology of the ACs was detected
using a SEM (JEOL, JSM 7600F, Japan). Functional
groups of the carbons were analyzed with a FTIR
(Fourier-380FTIR, USA) in the scanning wavenumber
of 400–4000 cm−1. The surface binding state and
the elemental species of MA-ACs before and after Ni2+

adsorption were analyzed by XPS. The measurements
were performed by a spectrometer (ESCALAB 250)
with AL Ka irradiation (1486.8 eV of photons) as X-ray
source.

Metal ions adsorption studies

The adsorption experiments were carried out by
adding 40 mg MA-AC to 50 ml NiCl2 solution (20 mg/l)
at 25±2 °C. The pH values of the NiCl2 solutions were
adjusted from 2 to 8 by NaOH (0.10 mol/l) and HCl
(0.10 mol/l). The effect of ionic strength on the
adsorption was also investigated by adding NaCl.

Adsorption isotherm experiments were evaluated
between 20 and 80 mg/ml. The residual concen-
trations of Ni2+ were measured using a UV-vis spec-
trophotometer (UV-754, Shanghai) at 530 nm [9]. The
amounts of Ni2+ adsorbed on the ACs, Qe (mg/g), were

calculated using the following equation:

Qe = (C0− Ce)V/W,

where C0 and Ce are the initial and the equilibrium con-
centrations of the Ni2+ in the aqueous solution (mg/l),
respectively; V is the volume (l) of the solution; and
W is the mass (g) of the adsorbent used.

The Ni2+ adsorption isotherms of unmodified AC
and MA-AC were fitted by: Langmuir model: Qe =
QmaxKLCe/(1 + KLCe) and Freundlich model: Qe =
KF C1/n

e [10], where Qe is the equilibrium absorption
capacity of Ni(II) (mg/g); Ce is the equilibrium concen-
tration of Ni(II) solution (mg/l); KL is the Langmuir
constant (l/mg); Qmax is the monolayer adsorption
capacity (mg/g); and KF is the Freundlich affinity co-
efficient (mg/g(l/mg)1/n; n is the Freundlich linearity
index.

RESULTS AND DISCUSSION

Structure characterization

The surface area of adsorbents has a certain effect
on the adsorption of Ni2+ in the adsorption process.
Hence, we first measured the surface area of un-
modified ACs and MA-ACs by Brunauer-Emmett-Teller
(BET) measurements (Fig. 1). The results showed that
both the unmodified AC and the MA-AC exhibit arrow
knees at low pressure region, suggesting the presence
of micropore structure. In addition, the hysteresis
loops at high pressure indicated the existence of well-
developed mesopores. Table S1 shows the parameters
of the surface area and the pore volume of unmodified
AC and MA-AC, which exhibits that the MA-AC had
larger SBET and Smic than the unmodified AC, and
suggesting more adsorption sites provided by former
than the later. Both the Smic/SBET values of the MA-AC
and the unmodified AC were lower than 15%, and
the Vmic/Vtot value was under 7%, indicating the meso-
porous structure distribution in their pore structure
(2–50 nm).

To study the morphologies of the unmodified AC
and the MA-AC, SEM was measured (Fig. 2), which
indicated that there were many irregular pores with
cotton-shaped appearance on the adsorbents surface.
The pores of the MA-AC were more intensive than
those of the unmodified AC, which possibly was due
to the fact that the introduction of malic acid had a
great influence on pore size distribution.

Surface chemical characteristics of adsorbents

The FTIR spectra of MA-AC and unmodified AC were
also measured (Fig. 3A), revealing the existence of
−OH, C−−O (carboxyl or lactone groups), and C−O
groups in the samples. The very broad peak at
3400 cm−1 was due to the stretching vibration of −OH
in the carboxyl and phenol groups. The peaks at
1585 cm−1 and 1700 cm−1 were assigned to stretching
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Fig. 1 N2 adsorption/desorption isotherms (A) and pore size distributions (B) of unmodified AC and MA-AC.

Fig. 2 SEM images of (A), unmodified AC and (B), MA-AC (magnification of A and B: 200 000).

Fig. 3 FTIR spectra (A) and XPS spectra (B) of unmodified AC and MA-AC.
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vibration of the C−−O group. The peaks at 1133 cm−1

and 1172 cm−1 could be attributed to C−O groups.
The peaks at 494, 686, 753, and 892 cm−1 were due
to C−H chemical bonds [11]. The peak of MA-AC at
1390 cm−1 corresponded to C−O (lactone or phenolic
hydroxyl groups) stretching vibration, which indicated
that oxygen-containing functional groups increased
during the modification process compared with the
unmodified AC.

The XPS spectra were employed to identify the
composition of the surface elements, as shown in
Fig. 3B. The results revealed that C and O were the
major elements on the surface of the ACs. The percent-
ages of O/C calculated by the area-simulating curve
on the surface for the unmodified AC and the MA-
AC were 57% and 66%, respectively. The higher O/C
percentage for the MA-AC suggested that it contained
more oxygen-containing functional groups than the
unmodified AC, which was consistent with the FTIR
spectra’s results.

Adsorption performance

The adsorption isotherms of Ni2+ on unmodified AC
and MA-AC were fitted by the Langmuir model and
the Freundlich model. The fitting curve was shown in
Fig. 4A, and the adsorption isotherm constants were
listed in Table S2. The adsorption isotherms of both
unmodified AC and MA-AC matched the Langmuir
model. The correlation coefficient (R2) of the Lang-
muir model (Fig. 4C) was greater than 0.99, which
demonstrated the monomolecular layer adsorption
theory on the adsorbent surface, suggesting that only
one Ni2+ ion was adsorbed per one site of adsorbent
surface. The essential characteristics of Langmuir
isotherm can be expressed according to equilibrium
parameter RL , which can judge the adsorption ability
of the adsorbent. Since the RL values of the unmodified
AC and the MA-AC lied in the range of zero and one,
indicating their favorable adsorption of Ni2+ for all
studied concentrations.

Meanwhile, the Freundlich isotherm model
(Fig. 4D) showed that the 1/n values for both
unmodified AC and MA-AC were lower than 1,
also suggesting the favorable adsorption of Ni2+

on them [12]. In addition, the adsorption strength
constant (KF ) of the MA-AC was larger than that of
the unmodified AC, indicating the stronger adsorption
capacity of MA-AC. Both the maximum adsorption
capacities (Qm) obtained from Langmuir isotherm and
the equilibrium absorption capacity (Qe) illustrated
the stronger adsorption capacity of the MA-AC
than that of the unmodified AC. The experimental
results of adsorption kinetics were illustrated in
Fig. 4B. The adsorption capacity of the unmodified
AC and the MA-AC increased sharply in the first one
hour, and then the increases were slow down with
time. At the beginning of the adsorption process,

the rapidly increased adsorption capacity was due
to the high concentration of Ni2+. As the process
continued, the concentration of Ni2+ ions in the
solution decreased, and the adsorption sites on the
surface of the adsorbents also decreased, resulting in
the slower increase in adsorption capacity. Obviously,
the adsorption capacity of Ni2+ on the MA-AC surface
was much higher than that on the unmodified AC.

Two kinetic models, pseudo-first-order and
pseudo-second-order, were applied to analyze the
adsorption process of the unmodified AC and the
MA-AC, and the results were displayed in Table S3.
The evident gap between Qe,cal and Qe,exp illustrated
that the Ni(II) adsorption processes on the unmodified
AC and the MA-AC were not a first order reaction.
Table S3 shows that the Qe,cal values calculated from
pseudo-second-order kinetic equation agreed well
with the experimental data (Qe,exp). The higher
correlation coefficients R2 (Fig. 4E,F) (0.9999 for
unmodified AC and 1.000 for MA-AC) indicated
that the Ni2+ adsorption on the adsorbent was
consistent with pseudo second-order reaction.
The adsorption reactions involved complexation,
chelation and valence forces through sharing or
exchange of electrons between the adsorbent and
the adsorbate [13]. Similar experimental results
showed that there were perfectly agreeable between
the pseudo-second-order kinetic model and the
equilibrium data in aqueous solution [11]. The
perfect fit with the pseudo-second-order kinetic model
indicated that chemical adsorption had an important
role on the rate control step of Ni2+ adsorption.

Effects of pH and ionic strength

Since the pH value of the solution also has a great
effect on the adsorption process, the adsorption of Ni2+

in different pH solutions was carried out. The Ni2+

appears as different species in solution with different
pH values, and there are five species: Ni2+, Ni(OH)+,
Ni(OH)0

2 , Ni(OH)–
3, and Ni(OH)2–

4 owing to the fact
that Ni2+ can combine with OH− by complexation at
high pH (pH > 8), we studied the adsorption of Ni2+

on the surface of the ACs in the pH range from 2.0–8.0
(Fig. 5A). The results indicated that the adsorption in-
creased sharply in the initial pH range of 2.0–4.0, and
then slowly at the pH 4.0–8.0. The lower adsorption
amount of Ni2+ at a lower pH solution was related to
the electrostatic repulsion of positive electricity on the
same surface. On one hand, the electrostatic repulsion
between Ni2+ and H+ took place constantly on the
surface of the adsorbents. On the other hand, the H+

could also occupy the surface adsorption sites of the
adsorbents. However, the dissociation degree of the
acidic functional groups on the surface of the carbons
improved with the increase of pH. The higher pH
(4.0–8.0) promoted the adsorption by the electrostatic
attraction between the negative functional groups and
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Fig. 4 Adsorption isotherms (A) and adsorption kinetics (B) of Ni2+ on unmodified AC and MA-AC; the linear plots of the
Langmuir model (C), the linear plots of the Freundlich model (D); the linear plots of the pseudo-first-order model (E); and the
linear plots of the pseudo-second-order model (F) (dosage = 40 mg/50 ml, temperature = 25±1 °C, pH = 6.00±1. (A): C0

= 20–80 mg/l, (B): C0 = 20 mg/l).
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Fig. 5 Effects of initial pH (A) and ion strength (B) on the adsorption of Ni2+ on unmodified AC and MA-AC. (dosage =
40 mg/50 ml, temperature = 25±1 °C, C0 = 20 mg/l: (A), pH = 2.00–8.00; (B), pH = 6.00±1.

Fig. 6 FTIR spectra for Ni(II) adsorption, (A); and XPS survey spectra for Ni(II) adsorption, (B); Ni 2p3/2 XPS spectral of
MA-AC, (C).
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Fig. 7 Adsorption mechanism.

Table 1 Maximum Ni(II) adsorption capacity of different ACs by different modifying agents.

Carbon precursor Modifying agent Qmax (mg/g) Reference

Commercial GAC (F 400) 3.12 [18]
Ligin KOH 15.90 [19]

Commercial AC 2.90 [20]
Wood chips (pine and spruce) ZnCL2 18.20 [20]
Fireweed H2SO4 2.97 [21]
Fireweed H2SO4+NH3 10.12 [21]
Phenolic resin Fe2O3 13.83 [22]
Sawdust 1-(2-pyridylazo)-2-naphthol (PAN) 22.13 [23]
Phragmites australis H3PO4 27.78 This work
Phragmites australis H3PO4 + malic 38.36 This work
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the Ni2+. Accordingly, the adsorptions of Ni2+ on
the unmodified AC and the MA-AC in the tested pH
range were accompanied by notable proton releases,
indicating the significant role of the cation exchange
mechanism [14]. The adsorption curve of Ni2+ on the
MA-AC was above that on the unmodified AC, indicat-
ing that the adsorption capacity of Ni2+ on the MA-AC
was higher than that on the unmodified AC. Therefore,
the higher adsorption capacity of Ni2+ on the MA-
AC was attributed to its higher number of oxygen-
containing functional groups than the unmodified AC.

It is worth noting that the salts in the wastewater
also have great effects on the adsorption of heavy
metals. To evaluate the effect of ionic strength on
the adsorption of Ni2+, adsorption experiments were
carried out by adding NaCl at five different concentra-
tions, as shown in Fig. 5B. The results indicated that
the adsorption capacity of the ACs decreased distinctly
with the increasing ionic strength from 0 to 0.4 M. This
may be due to the adsorption of two different surface
complexes. The adsorbed ions or molecules can form
covalent bonds with the AC by ion exchange and elec-
trostatic interactions in the inner sphere surface com-
plexes; while their primary interaction force contains
ion exchange, electrostatic attraction, and hydrogen
bonding in the outer sphere surface complexes. There
was competition between Na+ and Ni2+ for adsorption
sites on the adsorbent surface. On one hand, the
increase of ionic strength could reduce the adsorption
site for Ni2+; on the other hand, the electrostatic inter-
actions between Ni2+ and the deprotonated carboxyl
groups could be decreased because many Na+ ions
partially neutralized the negative surface charges of
the carbons and further accumulated in the vicinity of
the adsorbent surfaces. Based on above analysis, the
effect of ionic strength on Ni2+ adsorption on the MA-
AC was higher than that on the unmodified AC, owing
to the higher number of oxygen-containing functional
groups in the MA-AC.

Adsorption mechanism

According to the above experimental analysis, the MA-
AC had more surface oxygen-containing functional
groups and much larger Ni(II) adsorption capacity
than the unmodified AC. This indicated that surface
chemistry of the ACs played an important role in
Ni(II) adsorption. To further explore the adsorption
mechanisms of Ni2+, FTIR and XPS of MA-AC before
and after Ni(II) adsorption were analyzed.

The FTIR spectra of the adsorbents before and
after Ni(II) adsorption were shown in Fig. 6A. All of the
peaks and their intensities became shifted and weaker
after Ni(II) adsorption, indicating that surface func-
tional groups of the ACs had participated in chemical
reactions with Ni(II). XPS was tested to confirm the
combination types between surface functional groups
and Ni(II), as shown in Fig. 6B. The new Ni 2p peak

appeared at 855 eV and 861 eV (Ni 2p3/2, Fig. 6C)
of MA-AC-Ni indicating the formed chemical bonding
between Ni2+ and oxygen functional groups (such as
R−O, −COO, C−O−C) [15].

The C 1s and O 1s peaks of the MA-AC before and
after Ni(II) adsorption were shown in Fig. S1, which
displays that the C 1s spectrum could be fitted to
three curves from respective groups: C−C or C−H at
283.65–284.81 eV; C−O in alcohol, phenol, or ether
at 285.53–286.59 eV; and O−−C−O or C−−O at 288.15–
289.26 eV [16]. The O 1s spectrum should be fitted to
three peaks: C−−O at 530.3–531.4 eV; C−OH or C−O−C
at 532.26–533.26 eV; and chemisorbed oxygen (car-
boxylic groups) or water at 535.20–535.68 eV [17].
The fitting parameters of C 1s and O 1s curves were
shown in Table S4. The C 1s spectrum shows that the
binding energy (BE) of MA-AC after Ni(II) adsorption
had fallen slightly, this indicated that Ni(II) and sur-
face functional groups of MA-AC underwent chemical
reactions. Peak III showed that more carboxylic groups
of MA-AC decreased obviously after the adsorption
of Ni2+, hence indicating the forming of carbonyl-
Ni complexes by ion exchange action between Ni2+

and H+. The peak area ratios of C−O, C−O−C, and
O−−C−O for MA-AC-Ni showed a falling-off, which
suggested that the complexation of Ni(II) and oxygen-
containing functional groups was a critical way to
remove Ni(II). In addition, the percentage of O/C for
MA-AC decreased from 66% to 59%, which indicated
that surface oxygen containing groups had participated
in the Ni(II) adsorption.

The comparison of the maximum Ni2+ adsorp-
tion capacity of different ACs with different modifying
agents was shown in Table 1. MA-AC exhibited higher
Ni2+ adsorption capacity than other ACs, which indi-
cated that MA-AC was a promising adsorbent for Ni2+

in aqueous solutions.

CONCLUSION

The preparation of ACs from PA as an efficient adsor-
bent for Ni2+ has been successfully achieved. Mod-
ification with malic acid of the AC created MA-AC
that enhanced its adsorption for Ni2+. The maximum
adsorption capacity of Ni2+ on MA-AC was 38.36 mg/g,
which was 38% higher than that on unmodified AC
(27.78 mg/g). The effects of concentration, ionic
strength, and pH values on the adsorption for Ni2+ on
MA-AC were also discussed. The Ni2+ adsorption abil-
ity of AC improved with increasing initial pH; however,
the ability decreased with increasing ionic strength
(NaCl). The equilibrium data were well fitted with the
Langmuir isotherm model and pseudo-second-order
kinetic model. The MA-AC had a larger surface area,
more microporous structures, and higher number of
surface oxygen-containing functional groups than the
unmodified AC. The results of XPS and FTIR analyses
confirmed that the surface chemistry of MA-AC played
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an important role on the Ni(II) adsorption. The main
Ni2+ adsorption mechanisms of the MA-AC included
cation exchange, surface complexation, and electro-
static attraction, as shown in Fig. 7. The study can
shed new light on the novel adsorption materials in
their applications to the environmental crisis.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found at http://dx.doi.org/10.2306/scienceasia1513-1874.
2022.077.
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Appendix A. Supplementary data

Table S1 Surface areas and pore volume parameters of unmodified AC and MA-AC.

Sample Unmodified AC MA-AC

SBET (m2/g) 911 956
Smic (m2/g) 110 139
Vmic (cm3/g) 0.05 0.06
Vmes (cm3/g) 0.94 0.85
Vtot (cm3/g) 0.99 0.91
Dp (nm) 4.33 3.81

Table S2 Langmuir and Freundlich isotherms parameters of unmodified AC and MA-AC for Ni(II) adsorption.

Sample Langmuir isotherm Freundlich isotherm

Qm (mg/g) KL (l/mg) R2 RL KF (mg/g(l/mg)1/n) 1/n R2

Unmodified AC 27.78 0.078 0.9925 0.128–0.364 6.35 0.312 0.9277
MA-AC 38.36 0.166 0.9976 0.064–0.212 14.39 0.220 0.9790

Table S3 Kinetic parameters of the pseudo-first order and pseudo-second order models for the adsorption of Ni2+ on
unmodified AC and MA-AC.

Sample Qe,exp (mg/g) Pseudo first-order Pseudo second-order

K1 (1/h) Qe,cal (mg/g) R2 K2 (mg(g/h)) Qe,cal (mg/g) R2

Unmodified AC 15.35 0.0430 9.0521 0.8564 0.555 15.38 0.9999
MA-AC 22.42 0.0569 6.6459 0.7083 1.689 22.43 1.0000

Table S4 Peak numbers and relative content of the surface functional groups determined by C 1s and O 1s spectra from XPS
for MA-AC before and after Ni(II) adsorption.

Sample Peak of C 1s spectrucm Peak of O 1s spectrucm

Peak 1 Peak 2 Peak 3 Peak I Peak II Peak III
C−C, C−H C−O O−−C−O O−−C− (C−O−C, C−OH) (COOH, O)

MA-AC
BE (eV) 284.81 286.59 289.26 531.44 533.26 535.68
RC (%) 65.77 21.59 12.65 18.22 64.56 17.22

MA-AC-Ni
BE (eV) 283.65 285.53 288.15 530.30 532.26 536.20
RC (%) 67.48 20.30 12.44 33.32 63.62 3.06
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Fig. S1 XPS spectra for MA-AC before and after Ni(II) adsorption: C 1s (A and B) and O 1s (C and D).
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