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ABSTRACT: Attapulgite/carbon nanocomposites were fabricated
via one-step calcination of the spent bleaching earth served as
adsorbents for the efficient removal of heavy metal ions (Cu(II),
Pb(II) and Cd(II)). The as-prepared nanocomposites were
characterized by Fourier transform infrared spectroscopy, scanning
electron microscopy, transmission electron microscopy, X-ray
diffraction, thermogravimetric analysis and Brunauer−Emmett−
Teller techniques. The process parameters affecting the adsorption
behaviors such as initial pH, calcination temperature, contact time
and initial concentration of heavy metal ions were systematically
investigated. The results indicated that the attapulgite/carbon
nanocomposites derived from the low-cost available carbon
precursors exhibited high adsorption capacity within a wide pH
range, and the faster equilibrium was achieved at lower concentration. In addition, the adsorbed Cu(II), Pb(II) and Cd(II) can be
partially desorbed using 0.1 mol/L HCl as the desorbing agent, rendering the as-prepared adsorbent good readsorption ability,
especially for the removal of Cu(II). Using the adsorption of Cd(II) as an example, it has been confirmed that the electrostatic
interaction, cation exchange and surface complexation between Cd(II) and functional groups on the attapulgite/carbon
nanocomposites were the dominant mechanisms according to the results of the adsorption studies and XPS analysis.
Furthermore, this research develops a feasible route for the application of the spent bleaching earth in the wastewater treatment.
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■ INTRODUCTION

Heavy metal ions released into the environment have increased
continuously as a consequence of the rapid development of
various industrial activities and technologies.1 Heavy metals
from these polluted streams can then enter into the
surrounding soil, surface water and groundwater, posing a
direct or indirect threat to public health because of their higher
toxicities, nonbiodegradability, high capabilities in bioaccumu-
lation in the human body, food chain and carcinogenicities to
humans.2−4 In conclusion, heavy metal pollution has become
one of the serious environmental problems of worldwide
concern. Heavy metals like lead, nickel, copper, zinc, cadmium
and chromium are among the most common pollutants found
in industrial effluents, and are nonbiodegradable and toxic even
in trace amounts.5,6 Consequently, it is urgent that some
environmentally sound and practically feasible technologies or
adsorbents need to be developed. At present, adsorption, as a
wastewater treatment process, has been confirmed to be one of
the prime techniques under investigation or exploration for
remediation, restoration and sustainability of our environment
from contamination,7 owing to its enviable properties such as
high efficiency, easy handling, low operational costs, availability
and so on. However, it remains greatly challenging to develop a

low-cost, high adsorption capacity and fast adsorption rate
adsorbent.8,9

Clay minerals are an abundant, low-cost, nontoxic natural
resource that has been found particularly useful for adsorption
of heavy metals.10 Research on the modification of clay
minerals to increase their adsorbent capacity to remove heavy
metals and other contaminants from drinking water is in
progress. Among them, clay minerals/carbon composite, a
significant extrinsic carbonaceous component arising from low
cost materials, including agricultural by products, industrial
wastes and biological materials, is regarded as a promising class
of adsorbents for water purification and industrial wastewater
treatment in recent decades.11,12

Palm oil is an edible, highly saturated vegetable oil that is
commonly and abundantly used as a cooking ingredient,
especially in the food processing industries.13,14 Crude palm oil
usually contains many impurities, coloring matters and other
hazardous substances, which are bad for human health and the
oil’s quality. Therefore, it is indispensable to remove these
components and improve the appearance and quality of the oil
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before eating by using activated clay minerals with a dosage of
1%−3%, and then the activated clay minerals become the spent
bleaching earth (SBE) after bleaching, which contains non-
hydratable phospholipids, natural pigment, fatty acid, vitamins
and 10% normal grease, etc. Malaysia is the largest producer
and exporter of palm oil in the international market
(approximately 50% and 58%).15 In step with the growth of
the cultivation of palm oil, one of the significant problems in
palm oil processing is managing of the SBE or palm shell also
generated during the process. Palm oil mills in Malaysia
produce about 4.3 million tonnes of shell and a considerable
amount of the SBE annually as a byproduct of industrial
production,16,17 more than 50% of which are burned for the
purpose of quick waste disposal and immediately discarded as
garbage, or used as feed additives in formal practice.15 Some
quantity of those byproducts has not been fully utilized in a
rational way. If the excess residues can be turned into useful and
valuable products, our efforts can bring promise to every oil
palm industry.18 Therefore, it is crucial to promptly develop
new economical technologies for SBE disposal and utilization
to make the ecosystem more sustainable. To enhance the
adsorption of heavy metal ions, attapulgite/carbon (APT/C)
nanocomposites were prepared by a one-step calcination
process using the spent bleaching earth as a cheap carbon
precursor based on the synergetic effect between carbonaceous
species and attapulgite (APT). The effects of initial pH,
calcination temperature, contact time and initial concentration
were systematically analyzed. In addition, the feasible
adsorption mechanism was also proposed.

■ MATERIALS AND METHODS
Materials. Spent bleaching earth (SBE), which is mainly composed

of APT and about 22.3% of organic matter (such as grease, natural
pigment, fatty acid, etc.), was provided by The W Clay Industries Sdn
Bhd (Malaysia). All the other agents were analytical grade and used
without further purification, and all solutions were prepared with
deionized water.
Preparation of the Attapulgite/Carbon (APT/C) Nano-

composites. 25.0 g of the SBE was calcinated under six different
temperatures of 250, 300, 350, 400, 450 and 500 °C. The calcination
was carried out in air atmosphere up to the final temperature with a
heating rate of 12 °C/min, and kept at the final temperature for 2 h.
The samples were marked as APT/C-250, APT/C-300, APT/C-350,
APT/C-400, APT/C-450 and APT/C-500 corresponding to the above
calcinated temperatures, respectively.
Characterization. The morphologies of the samples were

observed using field emission scanning electron microscopy
(FESEM, JSM-6701F, JEOL, Tokyo, Japan) at an acceleration voltage
of 10.0 kV and a working distance of 10 mm at high vacuum mode
after coating the sample with gold film. High resolution transmission
electron microscopy (HRTEM, JEM-2010, JEOL, Tokyo, Japan)
images were obtained at an acceleration voltage of 200 kV, and the
sample was ultrasonically dispersed in anhydrous ethanol and dropped
onto a grid before observation. Fourier transform infrared (FTIR)
spectra of the samples were recorded (Thermo Nicolet NEXUS TM,
USA) in the range of 4000−400 cm−1 using KBr pellets. The weight
percent of carbonaceous species was determined by thermogravimetric
analysis (TGA, STA 6000, PerkinElmer, USA) at a heating rate of 10
°C min−1 from 30 to 800 °C in an oxygen atmosphere. Power X-ray
diffraction (XRD, Pana XPERT PRO, The Netherlands) patterns were
performed using an X-ray diffractometer with a Cu Kα (1.540 598 Å)
radiation at a scan rate of 0.05° s−1, running at 40 kV and 30 mA. The
ζ-potentials of suspensions were conducted using a ζ-potential
instrument (Malvern Zeta voltmeter (ZEN3600), Britain). UV−vis
spectra were determined using a UV−vis spectrophotometer
(SPECORD 200, Analytik Jera AG). The specific surface area was

determined by the Brunauer−Emmett−Teller (BET) method and the
pore volume was estimated by the Barrett−Joyner−Halenda (BJH)
method at 77 K (ASAP 2020 M, Micromeritics Instrument
Corporation, USA). The samples were dried and outgassed at 105
°C for 4 h before N2 adsorption. X-ray photoelectron spectroscopy
(XPS) analysis was obtained using a VG ESCALAB 250 Xi
spectrometer equipped with a Monochromated Al Kα X-ray radiation
source and a hemispherical electron analyzer. The spectra were
recorded in the constant pass energy mode with a value of 100 eV, and
all binding energies were calibrated using the C 1s peak at 284.6 eV as
the reference.

Adsorption Experiment. The stock Cu(II), Pb(II) and Cd(II)
solution with a concentration of 1000 mg L−1 was prepared by
dissolving an appropriate amount of Cu(CH3COO)2, Pb(CH3COO)2
or Cd(CH3COO)2 in distilled water. The different concentration of
Cu(II), Pb(II) and Cd(II) for adsorption study were all prepared by
dilution of the stock solution.

All the adsorption experiments were performed with 25 mg of
adsorbent and 25 mL of the Cu(II), Pb(II) or Cd(II) solution. The
mixtures were shaken with a constant speed (160 rpm) and constant
temperature (30 °C) in a thermostatic orbital shaker (THZ-98A) for a
given time, and then the supernatant solution was separated from the
adsorbent by centrifugation. The concentrations of Cu(II), Pb(II) or
Cd(II) solution before and after adsorption were measured
spectrophotometrically using 2,9-dimethyl-1,10-phenanthroline, 1,10-
phenanthroline monohydrate and xylenol orange as the complexing
agent by monitoring the absorbance changes at the wavelength
corresponding to maximum absorbance of 456, 533 and 576 nm,
respectively.19−21 The adsorption capacity of the adsorbent for Cu(II),
Pb(II) or Cd(II) was calculated according to eq 1:
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where Qe is the adsorption capacity of Cu(II), Pb(II) or Cd(II) onto
the adsorbent (mg/g), C0 and Ce are the initial and equilibrium
concentrations of Cu(II), Pb(II) or Cd(II) (mg/L), m is the mass of
adsorbent used (mg) and V is the volume of Cu(II), Pb(II) or Cd(II)
solution used (mL).

The effects of pH on Cu(II), Pb(II) or Cd(II) adsorption were
studied with the initial concentration of 200 mg/L Cu(II), Pb(II) or
Cd(II) and different pH values (1.0−6.0) until adsorption equilibrium.
The pH values were adjusted with 0.1 mol/L HCl or NaOH solutions.

Desorption and Regeneration Studies. The desorption of a
Cu(II)-, Pb(II)- or Cd(II)-loaded nanocomposite was done using 0.1
mol/L HCl solution as the desorbing agent. 25 mg of heavy metal
loaded adsorbent was contacted separately with 25 mL 0.1 mol/L HCl
solution and placed in a thermostatic shaker and shaken for 240 min at
160 rpm. At the end of the experiment, the supernatant was discarded
by centrifugation and the solid was washed with distilled water for
three times and then employed for another adsorption. The
consecutive adsorption−desorption process was performed for five
times, and the adsorption capacity of the adsorbent regenerated for
different times was obtained.

■ RESULTS AND DISCUSSION
To deepen the reuse of SBE through an environmentally
friendly way and to realize the sustainable development and
cyclic utilization of APT’s industrial chain, a promising option
was converting them into a prospective carbon precursor for
the preparation of novel adsorbent. In the present study, the
APT/C nanocomposites were prepared by one-step calcination
process, and then those adsorbents were applied for the
removal of Cu(II), Pb(II) and Cd(II) from an aqueous solution
to evaluate their feasibilities as a novel adsorbent in
environmental remediation. The continuous column adsorption
studies suggested that this adsorbent has promising potential
for the adsorption of the heavy metal ions from wastewater, as
illustrated in Scheme 1.
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Characterization of the Adsorbents. Typical SEM of
APT/C nanocomposites clearly reveal the rod-like morphology
(Figure 1), which is attributed to the typical structure of APT.
Due to the existence of van der Waals force and hydrogen
bonds, the single crystals of APT are inclined to crystal bundles
and aggregates.22 The nanorod-like APT gradually increases
with the elevated calcination temperature, implying that the
increase of calcination temperature is favorable to improve the
aggregate phenomenon of crystal bundles and aggregates. This
phenomenon is caused by the decomposition of the carbonates.
As shown in the TEM images of the representative product of
APT/C-300 (Figure 2), it can be found that APT is rod-like in
shape with a length 0.4−1.0 μm and a diameter of 10−40 nm.
Furthermore, it is also obvious that the carbon species are
formed during calcining process. The combination of carbon
species and functional groups of APT is expected to enhance
the adsorption of metal ions.

FTIR spectroscopy is further employed to study the
functional groups on the APT before and after being calcinated.

Scheme 1. Schematic Illustrating the Synthetic Route of the APT/C Nanocomposites

Figure 1. SEM images of (a) APT/C-250, (b) APT/C-300, (c) APT/C-350, (d) APT/C-400, (e) APT/C-450 and (f) APT/C-500.

Figure 2. TEM images of APT/C-300.
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The FTIR spectra of SBE and APT/C nanocomposites
calcinated at different calcination temperatures (200, 250,
300, 350, 400, 450 and 500 °C) are compared in Figure 3. SBE

shows the absorption bands at 2923 and 2854 cm−1, which is
related to the CH stretching vibration of −CH3, −CH2− and
C−H.23 After calcination, this absorption band disappears,
which is direct evidence that the residual organic matters have
been transformed into carbon species during the heat treatment
process. Furthermore, for SBE, the peaks at 3554, 3425 and
1630 cm−1 are attributed to the −OH stretching and bending
vibrations of the adsorbed water, respectively. After calcination,
the intensities of these peaks decrease obviously or even
disappear because of the removal of the adsorbed water and the
hydroxyl groups.24 In addition, the presence of the carboxyl
groups is testified by the absorption band of the CO
stretching vibration at 1745 cm−1. The relative intensity of the
CO stretching vibration at 1745 cm−1 to the bending
vibrations of the adsorbed water at 1630 cm−1 greatly decreases
after being calcinated at 250 and 300 °C, even the characteristic
absorption band at 1745 cm−1 almost disappears while the
calcination temperature is above 300 °C, meaning that the
adsorption capacity of APT/C nanocomposites may be affected
by this change. For SBE and APT/C nanocomposites, the
peaks at 1467 and 845 cm−1 corresponding to the asymmetrical
stretching vibration and bending vibration of carbonate are
observed, respectively, which are indicative of the existence of a
small quantity of carbonates in the samples. The intensities of
these peaks are weakened after being calcinated, implying that
the decomposition of carbonates. The characteristic of the
absorption band of the CC band at 467 cm−1 might be
overlapped with the bending vibration of SiO at 468 cm−1.
To confirm further the existence of carbonaceous materials,

three APT/C nanocomposites, APT/C-250, APT/C-300 and
APT/C-450, were selected for mass loss analysis. The
thermogravimetric analysis (TGA) curves are shown in Figure
4. In the crystal structure of APT, there are four different states
of water, which can be selectively removed by controlling
thermal treatment temperature.25,26 The TGA curves revealed
the dehydration/dehydroxylation of APT and the decom-
position of organic matters on the surface of APT.27 For APT,

the first step of the mass loss that occurs below 230 °C is
attributed to the release of the adsorbed water physically
bonded to APT on the external surface or in the structural
channels and zeolitic water. The second dehydration step that
occurred at approximately 230−400 °C is also observed, which
can be assigned to removal of a majority of the coordinated
water. The residual coordinated water molecules and hydroxyl
structural water were linked to the third and fourth step mass
losses occurs at 400−600 and over 600 °C, respectively.28 For
APT/C nanocomposites, the main mass loss below 200 °C is
similar to that of APT, but that between 200 and 600 °C can be
assigned to the combustion of organic matter under oxygen
atmosphere.29 In the temperature range, the mass loss about
17.25%, 11.36% and 2.23% for APT/C-250, APT/C-300 and
APT/C-450, respectively. For APT/C-300 and APT/C-450,
the mass losses at this stage were obviously lower than that for
APT/C-250, indicating the more content of organic matter in
APT/C-250. Along with the temperature increases, the mass
loss of APT/C nanocomposites is obviously reduced, indicating
that the carbon content of nanocomposites gradually decreased.
X-ray diffraction analysis is an important method for

identifying mineral species. Three samples, SBE, APT/C-300
and APT/C-450, were characterized using X-ray diffraction
(XRD), as shown in Figure 5a. The XRD pattern of SBE
exhibits main diffraction peaks corresponding to the character-
istics of the APT, which is consistent with the results reported
previously. The characteristic diffraction peak of APT was
found at about 2θ = 8.4° (110 plane, d = 1.05 nm), 13.7° (200
plane, d = 0.64 nm), 16.4° (130 plane, d = 0.54 nm), 19.8° (040
plane, d = 0.45 nm), 21.5° (310 plane, d = 0.41 nm), 27.5° (400
plane, d = 0.32 nm), 34.7° (102 plane, d = 0.26 nm) and 42.5°
(600 plane, d = 0.21 nm).30,31 In addition, the diffraction peaks
at 2θ = 20.9°, 26.6°, 36.6°, 50.2°, 60.1° and 68.4° were
characteristic peaks of quartz, and the diffraction peaks at 2θ =
30.9° and 39.6° were due to the dolomites, indicating that the
APT contains quartz and small amounts of dolomites.32−34 As
shown in Figure 5a, the APT/C nanocomposites show the
similar characteristic diffraction peaks to those of the pristine
SBE, indicating the preservation of the structural features of
APT after the calcinations process. Comparing the XRD
patterns of SBE and APT/C-300, there is no obvious difference
among the scattering peaks from the two samples, which
demonstrates that the structure and crystallinity of APT were

Figure 3. FTIR spectra of SBE and APT/C nanocomposites.

Figure 4. TGA curves of APT/C-250, APT/C-300 and APT/C-450.
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maintained perfectly in APT/C-300. For APT/C-450, the
characteristic peaks of APT change slightly and the intensity
decrease evidently compared with other two samples, indicating
that a higher calcination temperature could decrease the
aggregation of crystal bundles or aggregates and destroy the
crystal structure of APT. Therefore, it is worth noting that
calcination, especially at high temperatures, has a significant
impact on the crystal structure of APT, which could induce a
change in its adsorption capacity for heavy metal ions.35

Overall, SBE calcined at different temperatures will show
different adsorption capacities for heavy metal ions.
Figure 5b only represents the regions of 2θ from 15° to 30°

in order to identify the difference clearly. It can be observed
that the broad peak centered at 20°, corresponding to the
amorphous carbon, might be overlapped with the diffraction
peaks of APT. For the XRD patterns of the APT/C-300 and
APT/C-450, the intensity of the broad peak centered at 20°
weakened compared with that of the raw SBE, which might be
related to the loss of the carbon species with the increase in the
calcination temperature. Based on the above analysis, it can be
safely concluded APT/C nanocomposites are successfully
prepared.

The surface electrical characteristic of adsorbent was
investigated by the ζ-potential before studying adsorption
performance to predict adsorption capacity and clarify
mechanism. Figure 6a shows the ζ-potential of APT/C
nanocomposites obtained at different calcinations temperature.
It can be seen that the zeta potential values for all the APT/C
nanocomposites are negative, indicating their negatively
charged surface. By comparison, the more negative potential
value for APT/C-250 is observed compared with other APT/C
nanocomposites, which might be attributed to the incomplete
carbonization of the residual organic matters at the low
calcination temperature exhibiting the digital photograph of the
samples in ethanol (inset of Figure 6a). Therefore, APT/C-300
is selected to study the changes of the ζ-potential at different
pH values (2.0−8.0) to understand well the adsorption
mechanism, as shown in Figure 6b. APT/C-300 maintained
negative ζ-potentials in the whole pH range, and even became
increasingly negative as the pH values of the suspension
increased, meaning that some of the function groups, for
example carboxylic groups, are located at the surface of the
APT/C-300 that play an important role in retaining the cationic
contaminants. Thus, it can be seen that electrostatic interaction
could be one of the major mechanisms controlling the
adsorption of heavy metal ions on APT/C nanocomposites.
In summary, the introduction of carbon species can provide an
advantage for the removal of heavy metal ions under wider
environmental pH conditions.
Specific surface area and pore structure parameters of

adsorbents have a crucial role in the evaluation of the
adsorption capacity. A summary of specific surface area and
pore structure parameters of SBE and APT/C nanocomposites
is listed in Table 1. For SBE, the pores might be filled with the
residual organic matters, so the pore structure parameters such
as specific surface area and pore diameter are very small. By
contrast, it can be seen that the specific surface area of APT/C
nanocomposites increases obviously in the range of 250−450
°C, and then decreases distinctly with further increases in
temperature. Moreover, the variation trend of the pore volume
of APT/C nanocomposites at different calcination temper-
atures is similar to that of the specific surface area. The above
results may be related to the removal of zeolite water,
coordinated water or hydroxyl structural water, the decom-

Figure 5. XRD patterns of (a) SBE, APT/C-300 and APT/C-450 and
(b) partial enlarged view of SBE, APT/C-300 and APT/C-450.

Figure 6. ζ-Potential of (a) APT/C nanocomposites at different calcination temperatures (inset of the digital photograph of APT/C-250, APT/C-
300 and APT/C-350 in ethanol), and (b) APT/C-300 in the pH range of 2.0−8.0.
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position of the carbonates and the structure change of APT at
different calcination temperatures. The removal of water below
450 °C contributes to the increase in specific surface area of the
sample to some extent, and then to the improvement of the
adsorption properties. When the temperature rises to 500 °C,
the remaining coordinated water and a small amount of
hydroxyl structural water are removed, which result in folding
of the APT pores. Such a reduction also can be attributed to the
decomposition of the loaded carbon species that covered, or
partially filled the channel of APT during calcination process.
Those two mutual effects result in a lower adsorption capacity
for heavy metal ions. The variation of adsorption capacity of the
heat-treated APT toward cadmium ion is consistent with that of
the specific surface area of heat-treated APT with the elevated
temperature.36 The above results reveal that the calcination
temperature, which resulted in a significant change in the pore
structure, really is the dominant factor affecting the adsorption
capacity of APT/C nanocomposites for heavy metal ions.
Adsorption Property. To optimize the adsorption systems

for the removal of Cu(II), Pb(II) and Cd(II) from aqueous
solution, it was important to investigate the equilibrium
properties of the adsorption process. Calcination temperature
is a crucial factor of determining the adsorption capacity of
APT/C nanocomposites. All of the samples are evaluated and
the results displayed in Figure 7. It can be seen that the

adsorption capacity of the APT/C nanocomposite to Cu(II),
Pb(II) and Cd(II) first gradually increases with increases in
calcination temperature in the range of 250−300 °C, and
reaches the maximum at 300 °C, and then a significant decrease
is apparent from 300 to 350 °C. But in the temperature range
from 350 to 450 °C, there is a slight increase for the adsorption
capacity for Pb(II), and there is not a difference for the
adsorption capacities of Cd(II) and Cu(II). The adsorption
capacity of an adsorbent is related to its own surface functional
groups and pore structure parameters such as specific surface
area and pore diameter, and the combination of these leads to
the final adsorption results. When SBE was calcinated at the
lower calcination temperatures, keeping the structure of APT,
the zeolite water and a part of the coordinated water are
removed, which lead to the release of micropores to provide the
access for heavy metal ion bonding. The FTIR spectra and ζ-
potential are indicative of existing abundant functional groups
such as hydroxyl groups, carboxyl groups, etc., which make a
big difference in enhancing the adsorption capacity of heavy
metal ions. Conversely, the functional groups existing on the
surface of APT disappear gradually with increasing temper-
atures, as indicated from FTIR analysis. In addition, a higher
calcination temperature can induce a decrease in the size of this
pore due to folding and collapse of nanotunnels of APT, which
results in a decrease in the adsorption capacity of APT/C
nanocomposites at high calcination temperatures. The
conclusion that APT/C nanocomposites prefer heavy metal
ions adsorption in the sequence Pb(II) > Cd(II) > Cu(II) can
be drawn from Figure 7. This may be explained by the different
hydration energies of each ion, which can reflect the capability
for the ion to interact with the functional groups on the APT/C
nanocomposite surface.37 Moreover, a list of representative
studies is presented in Table 2. The APT/C-300 has a much
higher adsorption performance compared with the adsorbents
based on agricultural or industrial waste material. Therefore,
APT/C nanocomposites prepared via one-step calcination can
be used directly as an efficient and eco-friendly adsorbent for

Table 1. N2 Adsorption/Desorption Analyses of APT/C
Nanocomposites

sample
SBET

(m2/g)a
Smic

(m2/g)b
Sext

(m2/g)c
Vtot

(cm3/g)d
Dpore
(nm)e

SBE 2.34 3.49 0.002 3.85
APT/C-250 18.70 21.07 0.064 13.62
APT/C-300 41.32 50.79 0.127 12.29
APT/C-350 51.03 3.43 64.41 0.147 11.53
APT/C-400 73.29 11.59 83.77 0.173 9.45
APT/C-450 80.26 15.95 87.89 0.182 9.09
APT/C-500 68.86 11.34 81.47 0.179 10.41

aBET (Brunauer−Emmett−Teller) surface area. bMicropore surface
area, derived from t-plot method. cExternal surface area, calculated
using t-plot method. dTotal pore volume, measured at P/P0 = 0.974.
eAverage pore diameter, calculated by Dpore = 4 V/A according to
BET.

Figure 7. Effect of calcination temperature on adsorption capacity of
Cu(II), Pb(II) and Cd(II).

Table 2. Comparsion of Maximum Adsorption Capacity (Q)
for Cu(II), Pb(II) and Cd(II) with Various Biomass-based
Biochar Adsorbents

Q(mg/g)

adsorbents pH
C0
a

(mg L−1) Cu(II) Pb(II) Cd(II) ref

fresh swine
manure

5.0 200 9.32 38

oak wood 5.0 100 9.49 2.80 39
sugarcane
bagasse

6.0 200 3.65 21.28 40

coconut tree
sawdust

6.0 200 3.89 25.00 40

cotton fiber 5.0 200 6.12 21.62 8.22 41
coconut dregs 7.0 100 2.76 9.74 42
mangosteen
peel

7.0 200 21.74 43

magnetic oak
bark

5.0 100 30.20 44

oak bark char 5.0 100 5.40 45
jujube complex
bead

6.0 200 3.64 2.93 46

spent bleaching
earth

6.0 200 32.32 105.61 46.72 this
study

aC0: initial concentration.
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the removal and recovery of heavy metal ions from effluent due
to the advantages over traditional adsorbents, such as
preparation method, property and saving energy, etc.
It is well-known that the adsorption behaviors of metal ions

by an adsorbent are highly dependent on the initial pH of
solution. Indeed, pH affects the transition metal speciation and
changes the charge distribution on the adsorbent. Figure 8

shows the effects of solution pH on the adsorption capacity of
APT/C nanocomposites for Cu(II), Pb(II) and Cd(II).
Overall, it can be found that the adsorption capacities of the
APT/C composites for targeted heavy metal ions have a similar
variation trend within the pH range studied. The adsorption
capacity shows a rapid increase at elevated initial pH values
(1.0−4.0), and after that, when the pH increases up to 6.0, the
increasing tendency begins to level off. Based on ζ-potential
analysis, APT/C-300 is an ionic nanocomposite matrix at
various pH values and its surface charge is essentially affected
by changing the pH values. At the lower pH values (highly
acidic), the carboxyl groups in nanocomposites are converted
to carboxylic acid groups, which can weaken the electrostatic
interaction of APT/C-300 with heavy metal ions and reduce
the number of surface active sites available for metal ions
uptake, by which the adsorption capacities for Cu(II), Pb(II)
and Cd(II) decrease appreciably. In the meantime, a large
amount of hydrogen ions in the solution can compete with
heavy metal ions to make the ion-exchange reaction. On the
contrary, at the higher pH values, more ionized carboxylic
groups will be available, so the negative surface active sites
would be increased, thereby increasing electrostatic interaction
between positively charged heavy metal ions and the surface of
the adsorbent and making the nanocomposites show higher
affinity to the heavy metal ions.44,47 With the pH increased
(initial pH > 6), the adsorption site are expected to increase
because more carboxyl groups can lose their hydrogen ions,
resulting in more carboxylate groups within the nanocomposite.
But in this range, Cu(II), Pb(II) and Cd(II) can precipitate as
insoluble hydroxides.48 This adsorption behavior of the APT/C
nanocomposites at various pH values suggests that it can be
potentially applied in a wide pH range. In this study, the pH
values of the freshly prepared Cu(II), Pb(II) and Cd(II)
solutions were determined to be 5.64, 5.56 and 6.15. Thus, the
original pH values of the Cu(II), Pb(II) and Cd(II) solutions

do not need to be adjusted for the following adsorption
experiments.
To understand better the adsorption process, another

parameter seems also indispensable: the contact time until
the adsorption system reaches its equilibrium.49 The effect of
contact time on the adsorption capacity of APT/C-300 is
illustrated in Figure 9. The results clearly indicate that the

adsorption of Cu(II), Pb(II) and Cd(II) onto the APT/C-300
is rapid and most of the heavy metal ions can be adsorbed
approximately within 4 h. Based on Figure 9, a very fast
adsorption rate is obtained in the first 2 h, which may relate to
the high availability of the adsorption sites. When the
adsorption sites are occupied by the metal ions, metal ions
may form aggregates around the active sites, which of course
creates a case of saturation of the adsorbent surface by the
metal ions. That is to say, the adsorption capacity hardly
increased with prolonged time, and then remained constant
until the adsorption equilibrium. Consequently, the targeted
ions can be accessible to the active adsorption sites and are
trapped quickly by APT/C-300.
Except for high adsorption capacity and fast adsorption rate,

initial concentration is also a decisive parameter for exploring
the interaction mechanism of the adsorbent with the adsorbate.
Initial concentrations of Cu(II), Pb(II) and Cd(II) from 5 to
300 mg/L are varied to study the effect of concentration on the
adsorption process (Figure 10). As can be seen, the adsorption
amount of targeted heavy metal ions increased as the initial
concentration increased (5−200 mg L−1), and then the
adsorption capacities showed no further visible changes
(200−300 mg L−1), and faster equilibrium was achieved at
lower concentrations. This was attributed to availability of
sufficient vacant active sites at lower concentration which had
limited adsorbates molecules to occupy on adsorbent. The
superfluous unsaturated vacant sites present in the adsorption
process at low concentrations transformed into lower
adsorption uptake of pollutant from solution. A similar
observed scenario has been reported.50 On the other hand, a
higher initial concentration will generate a stronger driving
force resulting from the concentration gradient, which can
increase the diffusion tendency of heavy metal ions into the
adsorbent. When the initial concentration reached about 200

Figure 8. Effect of initial pH on the adsorption of APT/C-300 toward
Cu(II), Pb(II) and Cd(II).

Figure 9. Effect of contact time on adsorption capacity of APT/C-300
for Cu(II), Pb(II) and Cd(II).
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mg L−1, the active adsorption sites of the adsorbent were
almost occupied by Cu(II), Pb(II) and Cd(II) completely, and
thus the adsorption capacity reached the maximum and almost
kept constant.
Desorption and Reusability. For the adsorbent to be

practically useful, the success of the adsorbent, for environ-
mental and economic reasons, depends on the possibility of
desorbing the target contaminant and reusing the adsorbent.
HCl is an important desorbing agent for recovering the
adsorbent used for heavy metals removal.51,52 In this study,
heavy metal ions adsorbed APT/C-300 nanocomposites were
treated with 0.1 mol/L HCl solution as the desorbing agent to
investigate the regeneration ability of developing a carbona-
ceous adsorbent. When the spent adsorbent was recovered, the
reusability was evaluated, as shown in Figure 11. The

adsorption−desorption performance after the five-time consec-
utive process is excellent for Cu(II), though the adsorption
capacity for Pb(II) and Cd(II) is observed to decrease evidently
with increasing the cycles of adsorption, which might be
attributed to their different hydration energy.37 This may
indicate that the interaction between Pb(II) or Cd(II) and the

functional groups on the surface of nanocomposite is stronger
than that of Cu(II). As discussed above, the as-prepared
adsorbent has the potential to be developed into an efficient
adsorbent for the simultaneous removal and recovery of heavy
metal ions, especially for Cu(II) removal.

Adsorption Mechanism. XPS analysis was employed to
identify the coordination types between heavy metal ions and
these functional groups. The XPS analysis, exceptionally
Cd(II), was only performed to study the changes of binding
energy of C 1s and O 1s in APT/C-300 before and after
adsorption (Figure 12). The results from survey scanning
spectra suggested that the APT/C-300 was composed of Mg,
Al, Si, C, O and Fe, which are the basic elements in
attapulgite,53 except carbon. After adsorption, another new
peak was originated from the binding energy spectrum of Cd
3d, indicating Cd(II) were adsorbed on the nanocomposite
(Figure 12a).
The spectra of C 1s for the APT/C-300 before and after

Cd(II) adsorption are presented in Figure 12b,c. The C 1s
spectra of these two samples can be curve-fitted into six
individual peak components, which come from the different
groups and overlap each other. As seen in Figure 12b, C 1s
spectra of the APT/C-300 before Cd(II) adsorption comprise
six peaks with differentiated binding energy values by
deconvolution. The peaks can be assigned to the carbon
atoms in the forms of >CO (carbonyl, 284.5 eV), CC
(284.9 eV), −CO (phenolic, alcohol or ether, 286.2 eV),
CHx (287.6 eV), −COOH (288.4 eV) and −COOR (289.2
eV), respectively,54−56 confirmed by FTIR analysis. After the
adsorption of Cd(II) (Figure 12c), their C 1s spectra show that
the binding energies of the peaks have a certain degree of shift
compared with that of APT/C-300 before Cd(II) adsorption.
Especially, the binding energy of 284.5 eV, characteristic for
>CO, has a greater shift degree.
Similarly, three characteristic peaks were separated for the O

1s spectrum in the APT/C-300 before and after Cd(II)
adsorption, as shown in Figure 12d,e. It is clear that the peaks
at binding energies of 531.1, 532.0 and 532.6 eV for the APT/
C-300 before adsorption can be assigned to the oxygen atom in
the forms of −COOH/>CO, CO(C,H) and −COOR/
−RCO3, respectively.

57−59 Compared to original APT/C-300,
the binding energy of O 1s on the surface of nanocomposites
after adsorption increased slightly, indicating that the O atom
was an electron donor during Cd(II) sorption. This observation
revealed that the Cd(II) adsorption on surface of the APT/C-
300 was likely performed through the formation of hydroxyl−
Cd, carboxyl−Cd or ketone−Cd complex species.60

This hypothesis can be further consolidated by the XPS
spectra of Cd 3d for the APT/C-300 after adsorption (Figure
12f), The Cd 3d5/2 peak could be divided into three separate
peaks at 405.3, 405.6 and 406.1 eV. The peaks at 405.3 and
405.6 eV correspond to CdCO3 and Cd(OH)2, respec-
tively.60,61 The peak at 406.1 eV is similar to the results for
Cd(II) adsorption on sepiolite.61

The XPS analysis and Cd(II) adsorption studies indicated
that the adsorption mechanism was mainly attributed to
chemical interaction (electrostatic attraction, ion exchange and
surface complexation) between Cd(II) and the surface
functional groups of the adsorbents. The protons in the
carboxylic and phenolic groups of the carbons could exchange
with the cationic Cd(II) species. The deprotonated carboxylic
and phenolic groups could enhance Cd(II) adsorption by
electrostatic interaction. The O atoms in deprotonated

Figure 10. Effect of initial concentration on adsorption capacity of
APT/C-300 for Cu(II), Pb(II) and Cd(II).

Figure 11. Reusability of the as-prepared APT/C-300 for Cu(II),
Pb(II) and Cd(II) adsorption.
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carboxylic groups, ketone, ester, phenol and ether could donate
their electrons to the Cd(II) ions for the formation of
coordination complexes or covalent binding.60

■ CONCLUSION
The APT/C naocomposites based on the SBE was prepared
through one-step calcination used as the adsorbent to remove
Cu(II), Pb(II) and Cd(II) from the single solutions. The as-
prepared adsorbent exhibits a faster adsorption equilibrium and
higher adsorption capacities for divalent heavy metal ions with
the adsorption capacity of 32.32 mg/g for Cu(II), 46.72 mg/g
for Cd(II) and 105.61 mg/g for Pb(II), respectively. The as-
prepared nanocomposite displays an excellent desorption
performance and reusable ability for heavy metal ions

adsorption and after the fifth adsorption−desorption processes,
making it a favorable material for facilitating the reuse of
valuable metals, especially for Cu(II). Based on the results of
the adsorption studies and XPS analysis for the APT/C
nanocomposites before and after Cd(II) adsorption, the Cd(II)
adsorption on the nanocomposites is mainly attributed to
electrostatic attraction, ion exchange and surface complexation
between the Cd(II) and the adsorbents. In summary, APT/C
nanocomposites calcinated at 300 °C have promising potential
for the removal of Cu(II), Pb(II) and Cd(II) from effluents
applicable in industry, agriculture and other fields in large scale
for their facile and green process, low toxicity and cost and high
efficiency.

Figure 12. XPS spectra of wide scan, C 1s and O 1s for APT/C-300 before (a, b, d) and after (a, c, e) Cd(II) adsorption. Cd 3d spectra for APT/C-
300 with Cd(II) uptake (f).
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