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ABSTRACT

The stalk internodes of sugarcane tops were used as the biotemplate to prepare a hydroxylapatite-car-
bon adsorbent with the hierarchical porous microstructure of sugarcane stalks (HAP/C-SS). The HAP/
C-SS adsorbent retained the porous microstructure of sugarcane top stalks, which essentially con-
sisted of micropores, mesopores and macropores originating from the cavities of vessels, parenchyma
cells, sclerenchyma cells and pits. The specific surface area was estimated to be 8.52-28.44 m?/g by the
Brunauer-Emmett-Teller method and 5.63 m*/g by the mercury porosimetry method. The HAP/C-SS
showed an excellent removal performance for Cd(Il) ions. The removal capacities were determined
to be 10.89, 18.00 and 51.93 mg/g for the adsorption at the initial Cd(II) concentrations of 10, 20 and
50 mg/L, respectively, which were comparable with the adsorption capacities of the synthetic hydrox-
ylapatite nanoparticles. The pseudo-second-order kinetic model and the Langmuir isotherm could
very well fit the experimental data. The formation of the (Cd Ca,_),(PO,),(OH) solid solution through
the coexisting ion exchange and dissolution—precipitation (x = 0.03-0.17) processes was the main
mechanism for the Cd(II) adsorption onto the HAP/C-SS adsorbent.

Keywords: Sugarcane top; Stalk biotemplate; Hierarchical porous microstructure; Hydroxylapatite;
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1. Introduction

Cadmium is a non-essential and highly toxic element that
has been recognized for its acute toxicity to aquatic, animal
and human life even at very low concentrations. Harmful
health effect due to cadmium is well documented and
reported to cause diarrhoea, stomach problems, kidney dam-
age, bone lesions, serious damage to respiratory systems and
lung insufficiency, renal toxicity, cancer and hypertension

* Corresponding authors.

[1-4]. Cadmium has been released to the environment
through natural processes and anthropogenic activities in
a variety of ways such as manufacturing and application of
batteries, fossil fuel combustion, mining and smelting of non-
ferrous metals, metal electroplating and manufacturing of
phosphate fertilizers [1-4]. The maximum Cd concentration
in drinking water is recommended to be 0.003 mg/L after the
WHO provisional guideline, and that was adopted by many
countries [5].
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Different methods have already been developed to elim-
inate Cd(I) from wastewater, including adsorption, reverse
osmosis, ion exchange, chemical precipitation, nanofiltration,
membrane separation, biological sequestration and microbial
transformation [1-4]. However, the adsorption is one of the
most efficient, promising and popular methods among all the
available techniques due to its easy operation and high effi-
ciency [3,4].

Many materials have been used as adsorbents for the
Cd(Il) fixation, for example, activated carbon [6-8], dried
plant parts and agricultural waste biomass [1-4, 9-14], fly
ash and charred biomaterials [10,15,16], modified biomate-
rials [3,14,17], natural and synthetic hydroxylapatite (HAP)
nanoparticles [18-20]. Previous investigations indicate that
HAPs can be used to effectively remove various metallic ions
from liquid wastes and contaminated waters either by adsorp-
tion or coprecipitation, owing to the low cost and tremendous
adsorption affinity and the low leaching of adsorbed cad-
mium from exhausted adsorbent [18-20]. Recently, nanoma-
terials have attracted a significant environmental attention
because of the large specific surface area, enormous number
of active sites and high reactivity [21]. Synthesis of the nano-
HAP particles with high surface area can increase the loading
capacity for practical application [21]. However, the separa-
tion of HAP nanoparticles from the treated effluent is diffi-
cult to perform, time-consuming and cost-prohibitive, which
might result in some toxicological problems in the effluent.
Moreover, the HAP particles with grain sizes <1 um are not
suitable for column application because of the significant
hydraulic obstruction and possible clogging [21]. Especially,
the presence of Cd(Il) could result in a remarkable aggre-
gation of HAP nanoparticles [22]. These difficulties can be
solved by converting the hierarchical porous microstructures
of bioorganic plants into adsorbent materials, which is an
alternative adsorbent-producing process in comparison with
the conventional powder manufacturing techniques [23,24].
Significant efforts have been taken to use pre-treated plant
materials in preparing microcellular-designed ceramics,
which showed the hierarchical porous microstructures like
the negative duplication of the wood biotemplate [24]. The
hierarchical porous adsorbents are advantageous in the case
requiring interconnected porosity, for example, filters [25].

Sugarcane (Saccharum officinarum L.) is the world’s most
productive crop for sugar and ethanol production and is
growing in the warm temperate to tropical areas of the world,
such as Brazil, India, China, Thailand, Pakistan, Mexico, etc
[26]. After harvesting, the sugarcane tops that contain less
sucrose were usually wasted in the field [27]. Approximately
10,000 kg/ha of crop residue in the form of tops are produced
during harvesting, which accounts for round 15% dry matter
of the total plant [26,28,29]. The sugarcane’s fibrous vascular
system of an open network can remove water contaminants
due to the low cost, non-toxicity and stable physical proper-
ties, high degree of porosity and large specific surface area
[30].

The aim of this work was to use the discarded tops of har-
vested sugarcane as a potential raw material for the removal
of Cd(II) ions from aqueous solution, which has never been
tried before. In this work, the stalk internodes of sugarcane
tops, a crop residual, were collected and used as microstruc-
tural biotemplates for preparing the hierarchical porous

adsorbent of HAP-C (HAP/C-SS). The Cd(II) adsorption
experiment was then made using the prepared adsorbent,
which was concerned with the study of the influences of
adsorption conditions, the adsorption isotherms and kinetics
and the adsorption mechanism.

2. Materials and methods
2.1. Adsorbent preparation and characterization
2.1.1. Preparation

The stalk internodes of sugarcane tops were collected,
peeled and cut into cubes of about 1 x 1 x 1 cm? size, which
were then boiled in 5% NH, solution for 6 h to eliminate
the extractable components of sugarcane stalk internodes
including sugar, fats, fatty acid, tropolones, gums, etc.
Simultaneously, lignocellulosic cell walls could be disrupted
in diluted alkali solution by the hydrolyzing of uronic and
acetic acid esters, by the dissolving of lignin, hemicellulose
and silica, or by the swelling of cellulose [31]. The pre-treated
sugarcane biotemplates of stalk internodes were then cleaned
with pure water, dried at 80°C for 24 h, carbonized in a muf-
fle furnace at 350°C for 3 h, and cooled to room tempera-
ture. After that, the pre-treated sugarcane biotemplates were
dipped in the saturated limewater solution for 2 h, and then
taken out and dipped in 0.02 mol/L (NH,),HPO, solution for
2 h. This soaking—soaking procedure was repeated five times.
Finally, the soaked sugarcane biotemplates were putted in a
stainless steel retort and dried in a furnace at 50°C for 1 d.
The biotemplates were then cooled to room temperature to
obtain the hierarchical porous adsorbent with the sugarcane
stalk internodes microstructure (HAP/C-SS).

2.1.2. Characterization

The specific surface areas were measured by both the mer-
cury porosimetry method (PoreMaster 60GT, Quantachrome,
Boynton Beach, FL, USA) and the Brunauer -Emmett -Teller
(BET) method (NOVAe1000, Quantachrome, Boynton Beach,
FL, USA). A zeta potential analyzer (Zetasizer Nano ZS90,
Malvern, UK) was used to determine the zeta potential.
A diffractometer (X'Pert PRO, PANalytical B.V., Almelo,
The Netherlands) was applied to record the powder X-ray
diffraction (XRD) patterns of the HAP/C-SS materials before
and after Cd(II) adsorption. The morphology and the surface
chemical composition were analyzed by a scanning electron
microscopy (SEM, Jeol JSM-6380LV, Japan Electron Optics
Ltd., Tokyo, Japan) with an energy dispersive spectroscopy
(EDS, IE350, Oxford Instruments, Oxford, UK). The X-ray
photoelectron spectra (XPS) of the HAP/C-SS materials
before and after Cd(II) adsorption were collected using a
Thermo Scientific ESCALAB 250Xi (Waltham, MA, USA).

2.2. Adsorption experiments

Analytically pure cadmium nitrate (Cd(NO,),4H,0),
nitric acid (HNO,) and ultrapure water were used to prepare
the aqueous Cd(II) solution. The batch adsorption experi-
ments were made in 100 mL plastic centrifuge tubes by agitat-
ing a certain amount of HAP/C-SS in 50 mL Cd(II) solutions
with an isothermal shaker at 25°C and 150 rpm for 24 h. All
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solutions after adsorption were centrifuged at 4,000 rpm for
5 min and filtered through 0.22 um micropore membranes,
and then the residual aqueous elemental concentrations
were analyzed by an inductively coupled plasma - optical
emission spectrometer (Optima 7000DV, Perkin-Elmer Inc.,
Waltham, MA, USA) under the operating conditions after the
instrument manual.

The influence of time and the adsorption kinetics were
investigated by agitating 0.4 g HAP/C-SS in 50 mL of 10, 15,
20, 30, 50 and 75 mg/L Cd(II) solutions at 25°C and pH 5 in
100 mL centrifuge tubes at an agitation speed of 150 rpm. The
aqueous sampling was carried out from different centrifuge
tubes at the time intervals of 5, 10, 15, 20, 30, 45, 60, 120,
180, 240, 300, 360, 420, 480, 540, 720, 1,080 and 1,440 min.
The influence of initial concentration and the adsorption
isotherms were determined by agitating 0.4 g HAP/C-SS in
50 mL solutions of different Cd(IT) concentrations (5, 10, 20,
30, 40, 50, 75, 100, 125, 150 and 200 mg/L) of the initial pH 5 at
the constant temperatures of 25°C, 35°C and 45°C. Influence
of pH was examined by agitating 0.4 g HAP/C-SS in 50 mL
of 10, 20 and 50 mg/L Cd(II) solutions of various pHs (1, 2,
3,4,5,6,7 and 8) at 25°C. Influence of adsorbent dose was
researched by agitating 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35,
0.40, 0.45 and 0.50 g HAP/C-SS in 50 mL of 10, 20 and 50 mg/L
Cd(II) solutions at pH 5 and 25°C. The HAP/C-SS materials
with different particle sizes (un-pulverized chip [>3 mm],
0.841-0.4 mm [20-40 mesh], 0.4-0.25 mm [40-60 mesh],
0.25-0.177 mm [60-80 mesh], 0.177-0.149 mm [80-100 mesh],
<0.149 mm [<100 mesh]) were applied to examine the influ-
ence of adsorbent grain size at 25°C and the initial Cd(II)
concentration of 10, 20, 50 and 100 mg/L. As comparison, the
carbonized sugarcane stalk (sugarcane stalk charcoal), pure
HAP powder and commercial activated carbon were also
tested in the experiment.

3. Results and discussion
3.1. Characterization of the adsorbent
3.1.1. X-ray diffraction

The recorded XRD pattern of the HAP/C-SS adsorbent
before Cd(II) adsorption agreed well with the HAP in both
diffraction peak position and intensity (Fig. 1). The recorded
peaks at 20 = 25.88°, 28.68°, 32.04°, 39.62°, 46.64°, 49.52° and
53.19° corresponded to the (002), (210), (211), (130), (222),
(213) and (004) reflection peaks of HAP (reference code
00-001-1008).

The diffraction peaks of cadmium HAP (reference code
00-014-0302) were recognized in the HAP/C-SS adsorbent
after Cd(Il) adsorption (Figs. 1 and 2). Due to the closeness
of the Ca(Il) (0.99 A) and Cd(II) (0.95 A) ionic radii, the for-
mation of the isomorphic solid solution among calcium
HAP and cadmium HAP is considered possible, that is, the
isomorphic substitution of Cd(Il) in HAP can lead to the
formation of the (Cd Ca, ),(PO,),(OH) solid solution [32].
Furthermore, all the peaks were shifted to the higher diffrac-
tion angles which indicated that there had been a contraction
in structure because of the exchange of larger Ca(II) ions with
smaller Cd(II) ions in the HAP crystal [32].

Based on the comparison of the peak position and
intensity, the XRD analysis of the HAP/C-SS adsorbent

after Cd(I) adsorption confirmed the formation of the
(Cd Ca, ).(PO,),(OH) solid solution in which the Cd/(Cd+Ca)
molar ratlo waslowerthan0.19of (Cd  ,Ca . ).(PO,),(OH)[32].
The regular shift of the (211) and (002) peaks to the higher
diffraction angles also showed that the Cd/(Cd+Ca) molar
ratio (x) increased with the increasing of the initial cadmium
concentrations up to 300 mg/L (Fig. 2).

3.1.2. SEM and EDS

Figs. 3(a) and (b) show the typical SEM images of the
HAP/C-SS adsorbent in transverse and longitudinal directions,
respectively. All these morphological characters were inherited
from the bio-precursors of sugarcane stalks, which combined
micropores, mesopores and macropores (Fig. 3). The hierar-
chical porous microstructure of HAP/C-SS is honeycomblike
and very beneficial for water migration. No gaps were detected
between carbonized sugarcane stalk fibre and HAP.

The path for water and solutes movement is fundamen-
tally affected by the anatomy of sugarcane stalks [33,34].
Sugarcane stalks are composed of many vascular bundles
and storage parenchyma. The storage parenchyma cells of
sugarcane top stalks are thin-walled with the diameter of
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Fig. 1. XRD pattern of the HAP/C-SS adsorbent prepared with
sugarcane stalk biotemplate before and after Cd(II) adsorption.
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Fig. 2. Shift of the diffraction peaks (211) and (002) in the XRD
pattern of HAP/C-SS after Cd(II) adsorption (initial concentration
300 mg/L; initial pH 5; adsorbent dose 0.4 g/50 mL; 25°C).
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30-115 um. The vascular bundles are collateral vessels with
the diameter of 20-85 pum, which are enclosed in a sheath of
lignified sclerenchyma thick-walled cells with the diameter
of ~30 pm (Fig. 3).

Solution and solutes in the vascular bundles can move
freely due to the symplasmical connection of all cell types.
The flow capacity for water and solute movement among
apoplastic compartments of sugarcane stalks can be reduced
by the intensified lignification and suberization of the stor-
age parenchyma cell walls in the later growing period [33,34].
Nevertheless, solution and solutes in the storage parenchyma
cells can move freely within the apoplasts and symplasts
through the nonlignified and nonsuberized cell walls, and
through the plasmodesmata linking the abundant pits in the
vessel and cell walls (Fig. 3). The stalk internodes of sugar-
cane tops are the growth apices and have the lowest degree
of lignification and suberification, which is helpful for water
and solute migration.

The EDS analysis showed that the HAP/C-SS adsorbent
was composed of Ca, P, O and C, and the surface of the HAP/
C-SS adsorbent after Cd(II) adsorption had a low Cd/(Cd+Ca)
molar ratio of about 0.03-0.17 (Fig. 4).

3.1.3. X-ray photoelectron spectra

The XPS spectra result showed that the HAP/C-SS adsor-
bent contained Ca, P and O originating principally from the
soaking limewater solution and (NH,),HPO, solution, and
carbon from the sugarcane stalk precursor (Fig. 5). After

vascular
bundle

parenchyma
cells

RIS ©h Parenchymea
cellwealls

Fig. 3. SEM result of the HAP/C-SS adsorbent prepared with the stalk biotemplate of sugarcane top: (a) transverse direction and

(b) longitudinal direction.
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Cd(II) adsorption, the Cd3d peak in the spectrum was also
detected. The shifts of the C, Ca, P and O peaks after Cd(II)
adsorption were lesser than 0.05 eV, which indicated that the
Cd(II) adsorption had no obvious influence on the state of
calcium and phosphate on the adsorbent surface. Based on
the peak areas of Ca2p, P2p, Ols, Cls and Cd3d, the compo-
nent of the HAP/C-SS adsorbent after Cd(II) adsorption was
calculated to be 2.51%, 3.27%, 16.14%, 77.60% and 0.48% for

Formation of
(Cd,Ca,,);(PO,),OH
x=0.03~0.17

0 2 4 6 8
Full scale 41277cts Cursor 0.00

10 12 14
Energy(keV)

Fig. 4. EDS analysis result of the HAP/C-SS adsorbent prepared
with the stalk biotemplate of sugarcane tops (a) before and
(b) after Cd(II) adsorption.
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Fig. 5. XPS analysis result of the HAP/C-SS adsorbent prepared
with the stalk biotemplate of sugarcane tops (a) before and
(b) after Cd(II) adsorption.
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Ca, P, O, C and Cd, respectively. The HAP/C-SS adsorbent
had a Cd/(Cd+Ca) molar ratio of 0.16, which was within the
EDS result of 0.03-0.17.

3.1.4. Surface area and pore size distribution

The hierarchical porous microstructure of the HAP/C-SS
adsorbent combined the plentiful macropores, mesopores
and micropores, which might result in well match between
transport and ion adsorption [35,36].

The specific surface area of the HAP/C-SS adsorbent
was measured to be 5.63 m*/g by the mercury porosimetry
method. The porosity was determined to be 94.58% and the
pore size changed from 0.0071 to 1,060 um with the median
pore diameter of 339.3 um and the mean diameter of 15.73 um
(Fig. 6).

The nitrogen adsorption and desorption isotherms for
the HAP/C-SS adsorbent belonged to the type-II curve with a
type-H3 hysteresis loop after the empirical classification rec-
ommended by the International Union of Pure and Applied
Chemistry (Fig. 7), which indicates a strong adsorbate—
adsorbent interaction on the macroporous adsorbent and the
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Fig. 6. Pore size distribution of the HAP/C-SS adsorbent from the
Hg intrusion method.
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adsorbent with a type-H3 hysteresis possesses slit-shaped
pores [36]. In addition, the volume change of the HAP/C-SS
adsorbent might result in the low-pressure hysteresis (nitro-
gen in the relative pressure less than 0.4-0.45 at 77 K), for
example, the swelling of non-rigid pores or the irreversible
adsorption of the molecules in the pores of the same diame-
ter as those of the adsorptive molecules [35]. The BET surface
areas of the HAP/C-SS adsorbent with different grain sizes
were calculated to be 8.52-28.44 m*/g. The pore-size distribu-
tion showed the existence of the micro-meso-macroporous
structure with a mean pore diameter of 5.39-7.43 nm (Fig. 7).

3.2. Influences of adsorption conditions
3.2.1. Influence of contact time

The Cd(II) adsorption onto the HAP/C-SS adsorbent as a
function of time is plotted in Fig. 8. Two different removal
steps could be observed. The first step exhibited a fast Cd(II)
removal, the second step was slow and quantitatively insig-
nificant. The amount of Cd(II) adsorbed on the HAP/C-SS
adsorbent increased and the residual aqueous Cd(II) concen-
trations decreased quickly with the contact time at the ini-
tial stage of adsorption, which showed a strong interaction
between the adsorbent and Cd(II) ions (Fig. 8). The amount of
Cd(II) adsorbed and the residual Cd(II) concentrations were
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nearly steady after adsorption for 5 min at the initial pH of 5
and 25°C. For the initial Cd(IT) concentrations of 10, 15, 20, 30,
50 and 75 mg/L, >90% of Cd(II) were adsorbed in 5 min at the
mean adsorption rates of 0.1899, 0.4173, 0.4838, 0.8176, 1.1524
and 1.6989 mg/(g-min), respectively. The equilibrium time
increased with the increase of the initial Cd(IT) concentrations.

3.2.2. Influence of initial concentration and temperature

The amount of Cd(II) adsorbed (g,) and the removal rate
vs. the initial Cd(II) concentrations are illustrated in Fig. 9. The
general trends for the adsorption at different temperatures
were alike. As the initial Cd(II) concentrations increased from
5 to 200 mg/L, the amount of Cd(II) adsorbed increased from
0.62 to 15.89 mg/g at 25°C, from 0.62 to 16.34 mg/g at 35°C,
and from 0.62 to 23.62 mg/g at 45°C. Correspondingly, the
adsorption removal rates decreased constantly from 98.53%
to 61.53% at 25°C, from 98.45% to 63.34% at 35°C, and from
98.37% to 91.55% at 45°C. The Cd(II) removal efficiencies
decreased as the initial Cd(Il) concentrations increased due
to the deficiency of available active sites required for the high
initial Cd(II) concentrations. Nevertheless, the adsorption
capacities of the HAP/C-SS adsorbent increased as the ini-
tial Cd(II) concentrations increased owing to the increasing
mass transfer driving force and the increasing Cd(II) trans-
fer rate from solution to the HAP/C-SS surface. The amount
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Fig. 8. Influence of contact time on Cd(II) adsorption onto the HAP/C-SS adsorbent (initial pH 5; adsorbent dose 0.4 g/50 mL; adsorbent

grain size <100 mesh; 25°C).
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of Cd(II) adsorbed (g,) and the removal rate increased as the
temperature increased, which suggested that the tempera-
ture could stimulate the Cd(II) adsorption and enable Cd(II)
ions to diffuse rapidly through the HAP/C-SS adsorbent and
the adsorption process was endothermic [22]. Because the
influence of the adsorption temperature was negligible at the
initial Cd(II) concentrations <50 mg/L (Fig. 9), 25°C was cho-
sen in the following experiments.

3.2.3. Influence of initial solution pH

The solution pH is possibly the most important parame-
ter governing the adsorption process [22]. Cd(II) ions could
precipitate as hydroxides at pH > 9. Therefore, the influence
of initial solution pH on the Cd(II) adsorption was studied
over a pH range of 1-8. The amount of Cd(II) adsorbed onto
the HAP/C-SS adsorbent (g,) increased with the increase of
the initial solution pHs up to 3—4 and approached a plateau
at pHs > 3—4 indicating the existence of a second adsorption
mechanism (Fig. 10). The adsorbent surface charge and the
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HAP/C-SS adsorbent (initial concentrations 10, 20 and 50 mg/L;
adsorbent dose 0.4 g/50 mL; adsorbent grain size <100 mesh;
25°C).

Cd(II) solution chemistry could be significantly influenced by
the solution pH at the same time. The adsorption of the pos-
itively charged Cd(II) ions onto the HAP/C-SS surface was
mainly affected by its surface charge that is dominated by the
solution pH. High initial pH benefited the Cd(II) adsorption
onto the HAP/C-SS adsorbent. For the initial Cd(II) concen-
tration of 10-50 mg/L with pH >3-4, most of the Cd(II) ions
could be removed from the solution and the adsorption effi-
ciency reached 76.21%-99.87%.

3.2.4. Influence of adsorbent dose

The adsorbent dosage controls the adsorption capacity
for a given initial Cd(II) concentration. The total amount of
Cd(II) adsorbed onto the HAP/C-SS adsorbent increased
with the increasing adsorbent dose (Fig. 11), which was
related to the availability of more binding sites owing to the
increased adsorbent surface area [16]. With the increasing
of the adsorbent dose from 0.05 to 0.5 g in 50 mL solution,
the removal efficiencies for Cd(Il) ions increased constantly
from 94.30% to 99.43%, 78.51% to 99.12% and 97.21% to
98.99% for the initial Cd(II) concentrations of 10, 20 and
50 mg/L, respectively. The corresponding unit adsorption
capacities for Cd(II) ions decreased from 10.89 to 1.16 mg/g,
18.00 to 2.29 mg/g and 51.93 to 5.29 mg/g with the increasing
adsorbent dosage, which maybe induced by the increasing
number of vacant adsorption sites provided by the increased
adsorbent dosage [4].

3.2.5. Influence of adsorbent grain size

The adsorption capacity and the removal rate were depen-
dent on the particle size of the HAP/C-SS adsorbent and the
initial Cd(II) concentrations. The amounts of Cd(II) adsorbed
on the un-pulverized HAP/C-SS adsorbent (>3 mm) were 1.42,
2.75, 6.18 and 11.48 mg/g for the initial Cd(II) concentrations
of 10, 20, 50 and 100 mg/L, respectively (Fig. 12). The corre-
sponding removal rates were calculated to be 99.37%, 99.27%,
94.14% and 85.75%. The pulverized HAP/C-SS adsorbent of
<0.149 mm (<100 mesh) and the un-pulverized HAP/C-SS
adsorbent possessed a greater adsorption efficiency than the
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Fig. 11. Influence of adsorbent dose on Cd(II) adsorption onto
the HAP/C-SS adsorbent (initial pH 5; initial concentrations 10,
20 and 50 mg/L; adsorbent grain size <100 mesh; 25°C).
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sugarcane stalk charcoal and the mixture of the sugarcane
stalk charcoal and HAP at different initial Cd(II) concentra-
tions. For the adsorption at the initial Cd(II) concentrations of
10, 20, 50 and 100 mg/L, the pulverized HAP/C-SS adsorbent
(<100 mesh) and the un-pulverized HAP/C-SS adsorbent
showed a large adsorption capacity and a high removal rate
that were comparable with the HAP powder.

For theinitial Cd(II) concentration of 10-100 mg/L, the low-
est adsorption capacity was determined to be 1.42-10.23 mg/g
of the pulverized HAP/C-SS adsorbent (40-60 mesh or 0.4-
0.25 mm) with the corresponding removal rate of 76.42%—
99.60%. The highest adsorption capacity was found to be
1.42-12.91 mg/g of the pulverized HAP/C-SS adsorbent (<100
mesh or <0.149 mm) with the corresponding removal rate of
96.36%—-99.85%. Comparatively, the un-pulverized HAP/C-SS
adsorbent (chip, >3 mm) also had a high adsorption capacity
(1.42-11.48 mg/g) and a large removal rate (85.75%-99.37%)
owing to the hierarchical porous microstructure of the HAP/
C-SS adsorbent prepared with sugarcane stalk biotemplate.

3.3. Adsorption kinetics and isotherm
3.3.1. Adsorption kinetics

Among different kinetic equations, the experimental data
could be best fitted to the pseudo-second-order kinetic equa-
tion that is described as following:

t 1 + t
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9, k4. 4.
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12 N 20mg/L
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)
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Fig. 12. Adsorption of Cd(I) by the HAP/C-SS adsorbent
(different grain sizes), the sugarcane stalk charcoal, pure HAP,
commercial activated carbon and an 1:14 mixture of HAP and
sugarcane stalk charcoal (initial pH 5; adsorbent dose 0.4 g/50 mL;
25°C).

HAP

where k, is the pseudo-second-order constants (g/(mg-min)).
The initial sorption rate (h) (mg/(g min)) can be computed
with the following equation:

h=kyq,’ 2)

The equilibrium adsorption capacity (q,) and the pseu-
do-second-order constants (k,) can be calculated from the
slope and intercept of the straight line of plotting t/g, vs. t
(Fig. 13).

The correlation coefficients (R?><1.0000) were closer to
unity (Table 1), that is, the pseudo-second-order kinetic
equation could be used to describe the Cd(II) adsorption
onto the HAP/C-SS adsorbent perfectly, suggesting that the
rate-limiting stepis chemi-adsorption. Thek,and i values were
0.0430-2.3020 g/(mg'min) and 0.6816-13.8696 mg/(g'min),
respectively (Table 1). The calculated adsorption capacities
(9,) (Table 1) were agreed very well with the actual values
of 0.99, 2.10, 2.45, 4.15, 5.96 and 9.43 mg/g for the adsorp-
tion at the initial Cd(IT) concentration of 10, 15, 20, 30, 50 and
75 mg/L, respectively.
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Fig. 13. Adsorption kinetics and isotherm for Cd(II) adsorption
onto the HAP/C-SS adsorbent.
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3.3.2. Adsorption isotherm

Langmuir adsorption isotherm is expressed as follows:

c, 1

+7¢’
q, (,-K) q,

@)

where C, is the equilibrium Cd(II) concentration (mg/L), g,
the adsorption capacity (mg/g) and K, the Langmuir constant
(L/mg).

The linear plot of C/g, vs. C, indicated that the Cd(II)
adsorption on the HAP/C-SS adsorbent followed the
Langmuir isotherm (Fig. 13). The g, and K, constants were
estimated from the regression line slopes and intercepts and
are listed in Table 1.

The equilibrium constant or separation factor (R))
can be calculated to describe the nature of the Langmuir
isotherm:

1
R @

where C_ is the initial Cd(II) concentration (mg/L).

The fitting result showed that the Langmuir isotherm
yielded a good fit for the Cd(II) adsorption onto the HAP/
C-SS adsorbent. The correlation coefficients (R?) were
0.9770, 0.9809 and 0.9653 for the adsorption at 25°C, 35°C
and 45°C, respectively (Fig. 13 and Table 1). The high R* val-
ues indicated the homogeneous character of the adsorbent
surface, where each adsorbate molecule is adsorbed onto
the adsorbent surface with the same activation energy. The
adsorption may be irreversible (R, <0), linear (R, =1), favour-
able (0 < R, <1) or unfavourable (R, > 1). The R, values of
0.0075-0.3922 indicated a favourable adsorption for Cd(II)
ions. The consistency obtained for the Langmuir isotherm
is perhaps the initial indication of a possible ion-exchange
on the HAP surface [22]. The Langmuir isotherm model fit-
ted well the Cd(II) adsorption data, indicating a monolayer
adsorption [37].

Table 1

3.4. Comparison of the adsorption capacity of HAP/C-SS with
sugarcane bagasse and HAP for Cd(II) removal

Table 2 presents a comparison of the HAP/C-SS adsor-
bent with some sugarcane bagasse and HAP adsorbents for
the cadmium adsorption removal from water in literatures.

The Cd(II) adsorption capacity of the HAP/C-SS adsor-
bent was higher than that of the adsorbents prepared from
sugarcane bagasse. The Cd(II) adsorption onto natural sug-
arcane bagasse was examined comprehensively. The Cd(II)
adsorption capacities were determined to be 0.19-16.41 mg/g
for natural sugarcane bagasse [1-4, 9-14], 0.62—-47.48 mg/g for
bagasse biochar and fly ash nanoparticles [10,15,16], 24.70—
44.96 mg/g for activated carbon of sugarcane bagasse [6-8]
and 1.92-46.46 mg/g for modified sugarcane bagasse [3,14,17].

The synthetic HAP adsorbents showed similar adsorp-
tion capacities for Cd(II) under similar adsorption condition.
The Cd(II) adsorption capacities for synthetic HAP were
determined to be 28.58 [38], 38.07 [39], 16.75 [40], 70.93 [41]
and 41.70 mg/g [42].

Additionally, the maximum Cd(II) adsorption capaci-
ties of three commercial HAP adsorbents were measured
to be 20.23 mg/g for the synthetic HAP from Merck KGaA
(Darmstadt, Germany) [37], 48.78 mg/g for the synthetic HAP
from Merck KGaA (Darmstadt, Germany) [22], 49.46 mg/g
for the synthetic HAP from Bio-Rad (Hercules, CA, USA) [37]
and 6.52-188.96 mg/g for the synthetic HAP from Alfa Aesar
GmbH (Karlsruhe, Germany) [43].

The Cd(II) adsorption capacities of the HAP/C-SS
adsorbent were 10.89, 18.00 and 51.93 mg/g for the initial
Cd(II) concentrations of 10, 20 and 50 mg/L, respectively,
which were comparable with the Cd(II) adsorption capac-
ities of the synthetic HAP nano-adsorbents, for example,
64.07 mg/g for the synthetic nano-HAP [20], 56.37 mg/g for
the synthetic nano-HAP [19] and 28.10 mg/g for the natural
nano-HAP [18].

3.5. Adsorption mechanisms

The Cd(II) adsorption mechanism is a complex
process. More than one step might be included in the

Kinetics and isotherm parameters for Cd(II) adsorption onto the HAP/C-SS adsorbent

Pseudo-second-order constants

Initial Cd(II) concentration (mg/L) k, (g/(mg-min)) h (g/(mg-min)) q,(mg/g) R?

10 0.6913 0.6816 0.99 1.0000
15 2.0702 9.1408 2.10 1.0000
20 2.3020 13.8696 2.45 1.0000
30 0.5148 8.8496 4.15 1.0000
50 0.1995 7.0922 5.96 1.0000
75 0.0430 3.8241 9.43 1.0000
Langmuir constants

Temperature (°C) q, (mg/g) K, (L/mg) R, R?

25 15.08 0.3590 0.0133-0.3559 0.9770
35 15.85 0.3074 0.0155-0.3922 0.9809
45 23.92 0.6441 0.0075-0.2354 0.9653
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Table 2

Comparison of adsorption capacity of the HAP/C-SS composite with some other adsorbents for Cd(II) removal
Adsorbent pH Concentration BET surface  Grain size T(°C) Capacity Reference

(mg/L) area (m*/g)  (mm) (mg/g)

HAP/C-SS 5 10-100 8.52 >3 25 1.42-11.48 This study
HAP/C-SS 5 10-50 28.44 <0.149 25 10.89-51.93  This study®
HAP/C-SS 5 10-100 28.44 <0.149 25 1.42-12.91 This study®
Charcoal-SS 5 10-100 - <0.149 25 1.32-1.85 This study
Activated carbon 5 10-100 - <0.149 25 1.29-3.79 This study
HAP powder 5 10-100 - <0.149 25 1.42-13.15 This study
Bagasse 5-7 1-100 - 0.85 30 6.79 [9]
Bagasse 6 10 - <0.15 Room  0.58 [10]
Bagasse 6 5-500 - 0.15 Room  0.24-6.75 [11]
Bagasse 7 15 - <0.063 27+1  5.33 [12]
Bagasse - 0-2,000 - - 25 1.15 [13]
Bagasse 4-7 50 - 0.15-0.11 Room  12.59 [14]
Bagasse 7 29.67-149.4 - <0.25 25 3.53 [1]
Bagasse 7 - 7.14 <0.14 Room 0.19 [2]
Bagasse - 10-30 - 0.25 Room 1.45 [3]
Bagasse 5 56.21 - <0.1 Room 1641 [4]
Bagasse biochar 6 10 - <0.08 Room  0.62 [10]
Bagasse fly ash 4 100-500 66.17 0.075-0.09 30 47.48 [15]
Bagasse fly ash 6 2-20 210.8 <0.25 20+2  5.69 [16]
Activated carbon of bagasse 4.5 1-1,000 960 <0.044 25 38.03 [6]
Activated carbon of bagasse 6 50 500.5 0.063-0.177 30 24.70 [7]
Activated carbon of bagasse - 11.24-1349 - - - 44.96 [8]
Bagasse modified with urea 6 0.1-110 - <0.25 25 12.38 [17]
Bagasse modified with EDTAD  4-7 50 - 0.15-0.11 Room  46.46 [14]
Bagasse modified with NaOH - 10-30 - 0.25 Room 2.14 [3]
Bagasse modified with HNO, - 10-30 - 0.25 Room  1.92 [3]
Bagasse modified with H,SO, - 10-30 - 0.25 Room  2.221 [3]
Activated carbon (Merck) 6 50 284 - 30 16.05 [7]
Natural HAP 52-6.1 1.12-112.41 1.5 0.01-0.1 22+2  28.10 [18]
Synthetic HAP (Merck) 6-7 10 52 <0.0025 24.4 48.78 [22]
Synthetic HAP (Merck) 5 1.12-112.41 66 <0.025 25 20.23 [37]
Synthetic HAP (Bio-Rad) 5 1.12-112.41 77 0.025-0.25 25 49.46 [37]
Synthetic HAP (Alfa Aesar) 7.04 10-500 50 0.01 25+2  6.52-188.96  [43]
Synthetic HAP 5-7 56.21 21 <0.01 25 16.75 [40]
Synthetic HAP - 20-498 74 0.09-0.125 25 70.93 [41]
Synthetic HAP - 783.50 35.7+0.5 0.0004-0.036 10 38.07 [39]
Synthetic HAP 5.0+0.1 11241 67 - 20+1 41.70 [42]
Synthetic HAP 5-8 30 100 0.004 Room 2858 [38]
Synthetic HAP 6.25 0-180 71.8 0.0973 25+2  56.37 [19]
Synthetic HAP 5.5 224.82 130 0.02-0.2 25+2  64.07 [20]

2Adsorbent dose = 0.05 g/50 mL.
*Adsorbent dose = 0.4 g/50 mL.

adsorption process at the same time [44,45]. The adsorp-
tion kinetic results of this work are in accordance with those
of previous studies [41,43]. The overall removal of Cd(II)
ions by the HAP/C-SS adsorbent was considered to be a
two-step mechanism. The first step was a fast kinetics pro-
cess and involved the fast surface complexation of Cd(II)

ions on the HAP/C-SS particles. The second step was a slow
kinetics process, in which the diffusion of Cd(Il) ions into
additional adsorption sites within the HAP/C-SS particles
occurred through the ion substitution of Cd(II) for Ca(ll),
resulting in the formation of the Cd-containing HAP solid
solution [(Cd Ca, _)(PO,),(OH)] [41,43] and the increase
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of the aqueous Ca(II) concentration with time (Fig. 8). This
ion-exchange mechanism can be expressed as follows:

Ca,(PO,),(OH) + 5xCd* = 5xCa®
+(cd,Ca, ), (PO, ), (OH) ©)

The surface complexation mechanism is supported by the
XRD result as no secondary crystalline phase other than HAP
was detected in the solid residues and the SEM observation
that did not find any differences in the morphology of the
solid residues in comparison to the original HAP/C-SS adsor-
bent, while the EDS and XPS analysis confirmed the existence
of cadmium on the HAP/C-SS surface.

The adsorption equilibria are pH-dependent; therefore,
the following protonation—deprotonation reactions must also
be considered:

Ca,(PO,),(OH) = 5Ca* + 3PO,” + OH" (6)
PO, + 3H" = HPO, + 2H" = H,PO, + H' = H,PO,’ (7)
Ca*+ 20H = Ca(OH) + OH = Ca(OH), ®)

When the solution pH is greater than the pH,,. of the
HAP/C-SS adsorbent (1.06), its surface charge is negative
owing to the OH™ adsorption from solution, which will result
in an increased electrostatic attraction force between the
aqueous Cd(II) ions and the solid surface that contributes a
more effective Cd(II) adsorption at higher pHs [40]. The per-
centage of different hydrolyzed Cd(II) species at a total Cd(II)
concentration of 50 mg/L was computed using the following
equilibrium constants by the PHREEQC program with the
minteq.v4 database [46] and plotted as a function of pH in
Fig. 14.

Cd* + H,0=Cd(OH) + H" log_k =-10.097 ©)
Cd* + 2H,0= Cd(OH)" + 2H" log _k =-20.294 (10)
Cd*" + 3H,0= Cd(OH), + 3H" log_k =-32.505 (11)
Cd* + 4H,0= Cd(OH), + 4H" log_k=-47.288  (12)

The removal capacity of the HAP/C-SS adsorbent
increased with the increasing pH in acidic medium and
remained constant in alkaline condition. This means that the
positively charged Cd* species were dominant at low pH
and the adsorption on the HAP/C-SS adsorbent occurred at
a faster rate. Nevertheless, there were some Cd(II) species
with diverse charges like Cd(OH)*, Cd(OH),’, Cd(OH), and
Cd(OH) > at high pH (Fig. 14).

As the dissolution of HAP, the (Cd Ca, ),(PO,),(OH)
solid solution would precipitate according to the fol-
lowing reaction, which resulted in the formation of the
(Cd Ca, ).(PO,),(OH) solid solution with relatively lower
Cd/(Cd+Ca) molar ratio (x <0.19).

5xCd™ + (5-5x)Ca* + 3PO,” + OH

- (Cd,Ca, . ),(PO,), (OH) (13)

The solubility products (K ) were 106 for cad-
mium HAP (Cd (PO,),(OH)) ancf 10575 for calcium HAP
(Ca,(PO,),(OH)). The solubility of the (Cd Ca,_),(PO,),(OH)
solid solution decreased with increase of the Cd/(Cd+Ca)
molar ratio (x) [32].

The saturation state can exert a significant effect on
the nucleation and growth processes [47]. The satura-
tion indexes (defined as the ratio of the ion activity prod-
uct to the equilibrium solubility product) with respect to
the (Cd Ca, ),(PO,),(OH) solid solution were calculated
using the stability constants from Zhu et al. [32] to follow
the dissolution—precipitation process (Fig. 15). The result
indicated that the initial Cd(II) solution was firstly satu-
rated with respect to the (Cd, Ca,,,).(PO,),(OH) solid solu-
tion within 20 min, and then saturated with respect to the
(Cd,,Ca,,),PO,),(OH) and (Cd,,Ca,,,).,(PO,),(OH) solid
solution after 120 min. After interaction for 480 min, the
aqueous solution also had reached saturation with respect
to pure calcium HAP (Ca (PO,),(OH)). Finally, a solid phase
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Fig. 14. Variation of the solution pH during Cd(II) adsorption
onto the HAP/C-SS adsorbent.
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Saturation Index
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Fig. 15. Saturation index with respect to the (Cd Ca, ),(PO,),(OH)
solid solution during Cd(II) adsorption onto the HAP/C-SS
adsorbent (initial concentration 50 mg/L; initial pH 5; adsorbent
dose 0.4 g/50 mL; 25°C).

with a component near (Cd, ,Ca,,,),(PO,),(OH) would form
due to the highest oversaturation of the aqueous solution
with respect to (Cd,,Ca,,).(PO,),(OH).

4. Conclusions

The prepared HAP/C-SS adsorbent inherited the hier-
archical porous microstructure of sugarcane top stems and
combined the abundant micropores, mesopores and mac-
ropores with a porosity of 94.58%, which originated from
the cavities of vessels, parenchyma cells, sclerenchyma
cells, pits, etc. Its specific surface area was estimated to be
5.63 m?g through the mercury porosimetry method and
8.52-28.44 m?/g through the BET method.

The HAP/C-SS adsorbent showed an excellent removal
performance for Cd(II) ions. The adsorption capacities were
determined to be 10.89, 18.00 and 51.93 mg/g for the initial
Cd(II) concentrations of 10, 20 and 50 mg/L, respectively,
which were comparable with the adsorption capacity of the
synthetic HAP nanoparticles. The experimental data could
be very well fitted to the pseudo-second-order kinetic equa-
tion with the regression coefficients (R?) near 1.0000. The
adsorption followed Langmuir isotherm with the regres-
sion coefficients (R?) >0.9653. The adsorption capacities (q,)
calculated from the models were also in consistent with the
experimental data.

The Cd(Il) adsorption onto the HAP/C-SS adsorbent
was governed by two coexisting processes, that is, the ion
exchange of Cd(II) for Ca(II) on the HAP/C-SS surface and
the simultaneous formation of the (Cd Ca, ).(PO,),(OH)
solid solution, and the partial dissolution of HAP and the fol-
lowing precipitation of the (Cd Ca, ),(PO,),(OH) solid solu-
tion with x = 0.03-0.17.
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Supplement A
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The removal efficiency of cadmium ions in the presence of potentially interfering calcium and magnesium ions.
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Initial Cd(IT) concentration 10mg/L

Initial Cd(II) solution pH 4

Adsorbent grain size <100mesh

Adsorbent dose 0.4g/50mL

Temperature 25°C

Agitating 150rpm

Adsorption time 2h
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Supplement B

The reusability of the HAP/C-SS adsorbent for removal of cadmium ions:

Cd(II) adsorbed (mg/g)
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