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Lead is one of the common heavy metal contaminants that pose a significant threat to human 
health. Herein, a freeze-drying method has been used to fabricate hydroxyapatite/chitosan 
(HAP/CS) porous materials for the removal of Pb(II) ions from aqueous solutions. The HAP/CS 
porous materials possessed interconnected three-dimensional macropores with pore sizes of 
100–300 μm. Low-crystallinity HAP particles were dispersed uniformly among the porous 
materials. Adsorption experiments for Pb(II) ions were conducted under flow conditions. The 
adsorption capacity of the HAP/CS porous material was found to be 264.42 mg·g-1, while that of 
the CS porous material was only 5.67 mg·g-1. The better adsorption property of the HAP/CS 
porous material than CS porous material was attributed to the presence of HAP particles in the 
composite material. During the adsorption process, the HAP particles were converted to rod-like 
lead hydroxyapatite (PbHAP, Pb10(PO4)6(OH)2) particles via a dissolution-precipitation reaction. 
Adsorption kinetic studies revealed that the adsorption of Pb(II) ions on the HAP/CS porous 
material exhibited a good fit to the pseudo-second-order kinetic model. Therefore, the HAP/CS 
porous materials possess a great potential for the removal of Pb(II) ions from aqueous solutions. 

1. Introduction 

Water pollution produced by heavy metals has received 
extensive attention because of the intrinsically persistent nature 
of heavy metals and their toxic effects even at very low 
concentrations.1 Lead, a toxic heavy metal, is widely produced 
in industries such as storage batteries, manufacturing, printing 
pigments, fuels, photographic materials, metal plating, 
explosive manufacturing, mining, painting, car manufacturing, 
and smelters.2 Notably, lead ions not only interfere with the 
metabolism of human bodies, but also indirectly damage the 
central nervous system, inhibit DNA repair, and cause cognitive 
deficits.3,4 In industrial wastewaters, the concentration of Pb(II) 
ions reaches 200–500 mg·L-1; thus, it must be reduced to a low 
level that is not hazardous to human beings.5,6 
 Various techniques such as ion exchange, reverse osmosis, 
membrane filtration, phytoextraction, conventional coagulation, 
precipitation and electrochemical treatment have been 
developed to remove heavy metal ions from aqueous 
solutions.7-14 However, the above methods are not widely used 
in industrial applications due to their high cost, especially for 
the removal of heavy metals with low concentrations. 
Fortunately, adsorptive separation is considered as an effective 
and economic method to remove heavy metals. The adsorption 

process offers flexible operation and generally yields high-
quality treated effluents.15-19 
 Common absorbents for the removal of Pb(II) ions include 
sawdust, magnetic mesoporous materials, chitosan (CS), carbon 
nanotubes, sludge-derived biochar, graphene oxide and 
Hydroxyapatite (Ca10(PO4)6(OH)2, HAP).20-28 Notably, ideal 
absorbents should not only possess nontoxicity to the 
environment but also have good sorption capacity for heavy 
metal ions. Apatite is the major inorganic constituent of natural 
bones, and the corresponding synthetic HAP exhibits 
environmentally friendly characteristics. In the last decades, 
HAP has been widely used as an effective absorbent in the 
long-term disposal of heavy metals because of its high sorption 
capacity, low water solubility, and low cost.29 The Ca2+ ion in 
the HAP crystal lattice can be substituted by other metallic 
cations (Cu2+, Cr3+, Ni2+, Pb2+, Hg2+, Fe3+, etc.) by an ion 
exchange reaction.7,30 The capturing efficiency of HAP not only 
depends on the ion concentration, ion nature, temperature, and 
pH value in wastewater,31 but also is ascribed to the porous 
structure and crystallinity of HAP. Porous HAP provides a 
large surface area for the adsorption of heavy metal ions and 
accelerates the rates of ion exchange via porous channels. In 
addition, HAP with low crystallinity possesses a large amount 
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of lattice defects and high degradability; thus, the calcium ions 
in HAP are easily replaced by other metal ions. In addition, CS, 
produced by alkaline deacetylation of chitin, has been widely 
used as absorbents for the removal of heavy metal ions such as 
copper, lead, mercury, cadmium and chromium.23,24 The amine 
groups in CS have strong affinity to and can form complexes 
with various heavy metal ions.24 Since both HAP and CS have 
good adsorption property to remove heavy metal ions, HAP/CS 
composites have been prepared.32,33 However, the difficulty in 
separating the HAP/CS composite particles from wastewater 
limits their industrial application. 

 In this work, we report the freeze-drying synthesis of 
HAP/CS porous materials for the treatment of Pb(II) ions in 
aqueous solution. The freeze-drying technology is an 
inexpensive and versatile method for the preparation of porous 
materials.34-36 The HAP/CS porous materials possess the 
following advantages: first, both HAP and CS are 
environmentally friendly materials that do not produce toxic 
effects to human beings; second, the HAP/CS porous materials 
can effectively remove the heavy metal ions from wastewater; 
third, if the porous composite materials serve as absorbents, the 
separation process of heavy metal ions from wastewater is easy 
and low-cost, even under flow conditions, and finally, the 
HAP/CS porous materials after the adsorption of heavy metals 
can be regenerated via an ion exchange reaction by the replace 
of heavy metal ions by Ca2+ ions in the calcium ion solutions 
with high concentrations. The main aims of this work are to 
fabricate HAP/CS porous materials, investigate their 
morphologies, structures, and formation mechanisms, and study 
their Pb(II) adsorption properties and corresponding adsorption 
kinetics. 

2. Experimental 

2.1. Materials and reagents 

Chitosan (90% de-acetylated form), ammonium dihydrogen 
phosphate, ammonia, and lead nitrate were purchased from 
Shanghai Richjoint Chemical Reagent Co., Ltd. (Shanghai, 
China). Calcium chloride was purchased from Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China). All of the 
chemical reagents were of analytical grade. Deionized water 
was used throughout the experiments. 

2.2. Preparation of HAP/CS porous materials 

HAP particles were prepared according to the following 
procedures. CaCl2 (0.5 M) and (NH4)2HPO4 (0.3 M) were each 
diluted with 250 mL of deionized water. The (NH4)2HPO4 
solution was added dropwise into the CaCl2 solution for 30 min 
at 40°C. The mixture was stirred for 1 h and subsequently aged 
for 12 h at 40°C. During the precipitation process, the pH value 
of the mixed solution was kept at 10.0 by the addition of 
ammonia. Finally, the product (HAP) was filtered off, washed 
with distilled water, and dried at 60°C for 2 d. 
 A homogeneous CS solution (3.85 wt%, 25 mL) was 
prepared by the addition of CS powder into acetic acid solution 

(2.0 vol%). HAP powder (3.47 g) was added into the CS 
solution under agitation until uniform dispersion. The mixture 
was added into each well of the 24-well tissue culture plate and 
cooled at -20°C in a freezer for 5 h. The samples were rapidly 
transferred to a freeze-drying machine to deep freeze at -35~-
40°C. The solidified mixtures were subsequently freeze-dried 
for 36 h. After the freeze-drying process, the products (HAP/CS 
porous materials) were treated with NaOH solution (50 mL, 
10.0 wt%), washed with deionized water, and dried under 
vacuum. CS porous materials were prepared under the same 
conditions without the addition of HAP powder and were used 
as controls. 

2.3. Characterization 

The morphologies of the samples were investigated by scanning 
electron microscopy (SEM; JEOL, JSM-6380LV). The 
crystalline phases of samples were examined by X-ray powder 
diffraction (XRD; D/max-III C) using Cu-Ka radiation. The 
data of 2θ values were collected from 10 to 80° with a step size 
of 0.02°. Fourier transform infrared spectra (FTIR; Nicolet 
5DX) were collected at room temperature by the KBr pellet 
technique working in the range of wavenumbers of 4000–400 
cm-1 at a resolution of 2 cm-1 (number of scans ~60). 

2.4. Adsorption experiment for Pb(II) ions 

A Pb(II) aqueous solution (400 mg·L-1) was prepared by the 
dissolution of Pb(NO3)2 powder in deionized water. The pH 
value was adjusted to 5.5 by an HNO3 (0.1 M) or NaOH (0.1 M) 
solution. The HAP/CS porous material (0.5 g) and CS porous 
material (0.5 g) were cut into a cylinder (Φ 12 mm), 
respectively. The above samples were put into the sample tube, 
which was connected to a peristaltic pump. The Pb(II) solution 
was flowed through the porous materials at a flow rate of 0.8 
mL·min-1. At the given time intervals, the concentrations of 
Pb(II) ions in the solution were determined by inductively 
coupled plasma/optical emission spectrometry (ICP/OES; 
Perkin Elmer, OPTIMA 3300 DV). All of the experimental data 
were averages of duplicate determinations, and the relative 
errors were approximately 5%. The adsorption amounts of 
Pb(II) ions on the porous materials were calculated according to 
the following equation: 

m

VCC
q

⋅−

=

)t( o
                                   (1) 

where q is the amount adsorbed on the porous material (mg·g-1), 
Co is the concentration of Pb(II) ions in the initial solution 
(mg·L-1), Ct is the concentration of Pb(II) ions after time t 
(mg·L-1), V is the volume of outflow solution (L), and m is the 
weight of the porous material (g). 

3. Results and discussion 

3.1 Morphologies of HAP/CS porous materials 

In this work, HAP/CS porous materials were fabricated by a 
freeze-drying method according to the following steps: (i) HAP 
and CS powders were dispersed in an acetic acid solution, (ii) 
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the mixed solutions were frozen at -20°C, and (iii) HAP/CS 
porous materials were formed after drying at -35~-40°C. CS 
porous materials were fabricated under the same conditions but 
without the addition of HAP nanoparticles. The morphologies 
of the CS and HAP/CS porous materials are shown in Fig. 1. 
The low-resolution SEM images indicated that both the CS and 
HAP/CS porous materials possessed three-dimensional 
interconnected porous structures (Figs. 1a and c). The 
macropores with pore sizes of 100-400 nm were produced 
using ice crystals as sacrificial templates. Nakao et al. have 
demonstrated that the pore size is determined from the size of 
the ice-crystal produced in the solidification process during 
cooling and is hardly affected by the vaporization process of the 
ice-crystal after freezing.37 The high-resolution SEM images in 
Fig. 1b revealed that the films in the CS porous material had 
smooth and dense surfaces. For the HAP/CS porous material, 
many HAP nanoparticles with particle sizes of ~20 nm existed 
on and within the films (Figs. 1c and d). These HAP 
nanoparticles aggregated together via hydrogen bonding 
interactions. Moreover, the presence of HAP nanoparticles 
resulted in a greater film thickness in the HAP/CS porous 
materials than in the CS porous materials (Fig. 1). 

 
Fig. 1 SEM images of CS porous materials: (a) low-resolution image and(b) high-

resolution image; SEM images of HAP/CS porous materials:(c) low-resolution 

image and (d) high-resolution image. 

3.2 Structures of HAP/CS porous materials 

The phase and structure of the HAP/CS porous material were 
investigated by XRD patterns and FTIR spectra, with the CS 
porous material serving as the control. CS is obtained from the 
partially de-acetylated derivative of chitin, which is found in 
crustacean shells, insects, and fungal cell walls.38 The XRD 
pattern of the CS porous material showed the characteristic 
peaks of CS at approximately 20° and 28°, suggesting that it 
was a semi-crystalline material (Fig. 2a). As we know, CS 
consists of β-(1,4)-2-actamido-2-β-D-glucose and β-(1,4)-2-
amido-2-β-D-glucose units. The functional groups of the CS 
porous material were detected by FTIR spectrum (Fig. 3a). The 
N-H stretching vibration occurred in the 3455-3173 cm-1 region, 

which overlapped the OH stretch from the carbohydrate ring. 
The bands at 2925 and 2870 cm-1 corresponded to the C–H 
stretching vibration in the –CH2 groups.39 The 1625-1657 cm-1 
region was assigned to the amide I. In addition, the bands at 
1625-1658 cm-1, 1405 cm-1, and 1087 cm-1 were ascribed to the 
C=O stretching vibration, C-H deformation vibration, and C-O 
stretching vibration, respectively.40 

 
Fig. 2 XRD patterns of samples: (a) CS porous materials and (b) HAP/CS porous 

materials. 

 
Fig. 3 FTIR spectra of samples: (a) CS porous materials and (b) HAP/CS porous 

materials. 

 The HAP/CS porous material was composed of 77.6 wt% 
HAP and 22.4 wt% CS. The characteristic HAP peaks were 
observed in the XRD pattern of the HAP/CS porous material 
(Fig. 2b). However, no characteristic CS peaks were detected, 
which was attributed to the following three reasons: first, CS is 
a semi-crystalline material, and its peak strength is thus lower 
than HAP; second, the percentage of CS in the HAP/CS porous 
material was lower than that of HAP; and finally, the presence 
of HAP might weaken the intermolecular interactions among 
the CS chains, reducing the crystallinity of CS. Interestingly, 
the characteristic bands of both CS and HAP were detected in 
the FTIR spectrum (Fig. 3b). The intense adsorption peak at 
1034 cm-1 was ascribed to the stretching vibration (v3) of the 
phosphate (PO4

3-) groups, and the adsorption peaks at 563 cm-1 
and 604 cm-1 were ascribed to the bending vibration (v4) of the 
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phosphate (PO4
3-) groups.41 The adsorption band due to HPO4

2- 
at approximately 1110 cm-1 indicated that the samples were 
calcium-deficient HAP.42 Hydroxyl adsorption bands due to 
HAP were detected at 638 cm-1.43 Moreover, the characteristic 
peaks due to CS were observed in Fig. 3b, although some peaks 
were overlapped by those of HAP. 

3.3 Morphologies and structures of HAP/CS porous materials 

after the adsorption of Pb(II) ions 

Both HAP and CS are environmentally friendly materials with 
the ability to adsorb heavy metal ions. The morphologies and 
phases of the CS and HAP/CS porous material after the 
adsorption of Pb(II) ions were characterized by SEM images 
and XRD patterns. Fig. 1a indicated that the films in the CS 
porous material had smooth surfaces. Interestingly, many 
particles with particle sizes of approximately 10 µm were 
observed after the adsorption of Pb(II) ions (Fig. 4a). These 
particles may be CS-Pb complexes, as confirmed by the 
element distribution image (Fig. 4d) and XRD pattern (Fig. 5b). 
Pb was mainly distributed around the above particles, while C 
was distributed throughout the CS porous material (Fig. 4b-d). 

 
Fig. 4 (a) SEM image of CS porous materials after adsorption of Pb(Ⅱ) ions; (b) 

EDS spectrum; (c) C element distribution image; and (d) Pb element distribution 

image. 

 Previous reports have demonstrated that the Ca2+ ions in 
HAP crystal lattices can be substituted by other metal cations 
(Cu2+, Cr3+, Ni2+, Pb2+, Hg2+, Fe3+, etc.) by ion exchange 
reactions. In this study, we found that the HAP/CS porous 
material possessed different morphologies and phases before 
and after the adsorption of Pb(II) ions (Figs. 4b and 5b). After 
adsorbing Pb(II) ions for 7 d, many nanorods deposited on the 
porous material (Fig. 5b). These nanorods had different particle 
sizes at different locations. Figs. 1c and d indicated that HAP 
nanoparticles were not dispersed uniformly among the HAP/CS 
porous material. Some HAP nanoparticles aggregated on the 
surface, while others were covered with CS. Generally, the 
nanorods had small sizes in locations enriched with HAP, while 
the nanorods had large sizes in locations enriched in CS (Fig. 

6a-d). These nanorods were PbHAP, as confirmed by XRD 
pattern. The characteristic peaks of both HAP and PbHAP were 
detected in Fig. 5b after the HAP/CS porous material adsorbed 
Pb(II) ions for 7 d. The peak strength of PbHAP was stronger 
than that of HAP, suggesting that most of the HAP particles 
were converted to PbHAP. Elemental Pb was dispersed 
throughout the porous material (Fig. 6d). The EDS spectrum in 
Fig. 6e revealed that the chemical elements of the porous 
material included C, O, P, Pb and Ca. C was derived from CS, 
Pb was derived from PbHAP, Ca was derived from HAP, P was 
derived from PbHAP and HAP, and O was derived from CS, 
HAP, and PbHAP. 

 
Fig. 5 XRD patterns of samples after adsorption of Pb(Ⅱ) ions: (a) CS porous 

materials and (b) HAP/CS porous materials. 

 
Fig. 6 SEM images of CS/HAP porous materials after adsorption of Pb(Ⅱ) ions: (a, 

b) low-resolution image; (c, d) high-resolution image; (e) EDS spectrum; (f)  Pb 

element distribution image. 
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3.4 Pb(II) adsorption properties of HAP/CS porous materials 

The Pb(II) adsorption performances of the HAP/CS and CS 
porous materials were investigated by the flow of Pb(II) 
aqueous solutions through the adsorbents at 25°C. The flow rate 
was controlled at 0.8 mL·min-1. The concentration and pH of 
the Pb(II) aqueous solutions were 400 mg·L-1 and 5.5, 
respectively. Fig. 7a indicates the adsorbed amounts of Pb(II) 
ions on the CS and HAP/CS porous materials at different times. 
The adsorbed amount of Pb(II) ions on the CS porous material 
increased during the first 8 h and then reached adsorption 
equilibrium with further increases in time (Fig. 7a, inset). The 
CS porous material possessed a maximum adsorption amount 
of 5.67 mg·g-1. Interestingly, the adsorbed amount of Pb(II) 
ions on the HAP/CS porous material was greater than that on 
the CS porous material at different time (Fig. 7a). The adsorbed 
amount of Pb(II) on the HAP/CS porous material increased 
with time, reaching a maximum of 264.42 mg·g-1 after 7 d. 

 
Fig. 7 (a) Adsorbed amounts of Pb(II) ions on CS and HAP/CS porous materials at 

different times; (b) adsorption rates of Pb(II) ions on CS and HAP/CS porous 

materials at different times; (c) released amounts of Ca
2+

 ions from the HAP/CS 

porous material at different times; (d) comparison of adsorbed amounts of Pb(II) 

ions on the HAP/CS porous material and the corresponding released amounts of 

Ca
2+

 ions at different times. The inset in (a) shows the enlarged adsorption curve 

of the CS porous material. 

 The Pb(II) adsorption rates on the CS and HAP/CS porous 
materials are shown in Fig. 7b. The adsorption rates on both 
samples decreased with increasing time. Unfortunately, the CS 
porous material had an indistinctive adsorption property for 
Pb(II) ions, and the adsorption rate reduced to 0 after 8 h. Wan 
et al have studied the adsorption of copper (II) and lead (II) ions 
from aqueous solution on Cs-coated sand. The maximum 
adsorption capacity of Cu(II) and Pb(II) ions were only 8.18 
and 12.32 mg·g-1, respectively.44 For the HAP/CS porous 
material, the adsorption rate of Pb(II) ions decreased rapidly 
during the first 24 h and then decreased slowly upon increasing 
further the time further (Fig. 7b). Notably, the cumulative 
adsorbed amount of Pb(II) ions on the HAP/CS porous material 
had a similar trend as the cumulative released amount of Ca2+ 
ions (Figs. 7a and c). In particular, the molar amount of Ca2+ 
ions released from the HAP/CS porous material was equal to 

the molar amount of adsorbed Pb(II) ions before 24 h, and the 
former was lower than the latter with further increases in time 
(Fig. 7d and Table 1).  
 Table 2 shows the maximum sorption capacity of different 
CS or HAP based materials used for the removal of Pb(II) ions 
under different experimental conditions.23,44-53 It was seem that 
the maximum Pb(II) sorption capacity of the HAP/CS porous 
material is greater than most of other CS or HPA based 
materials. Although the maximum Pb(II) sorption capacity of 
the HAP/CS porous material is less than HAP-alginate 
composite adsorbents, it has great advantage in the effective 
separation of adsorbents from wastewater under flow 
conditions. 

Table 1 The comparison of adsorbed amounts of Pb(II) ions on the HAP/CS 
porous material and the corresponding released amounts of Ca2+ ions at 
different times 

time mPb mCa △m= mPb-mCa 
h mmol·g-1 mmol·g-1 mmol·g-1 
1 0.1430 0.1542 -0.0112 
2 0.2394 0.2481 -0.0087 
4 0.3511 0.3599 -0.0088 
8 0.4660 0.4636 0.0024 

12 0.5322 0.5147 0.0175 
24 0.6764 0.6104 0.0660 
36 0.7939 0.7043 0.0896 
48 0.8968 0.7882 0.1086 
72 1.0350 0.9245 0.1105 
96 1.1289 1.0313 0.0976 
120 1.1973 1.1190 0.0786 
144 1.2462 1.1832 0.0630 
168 1.2762 1.2205 0.0557 

 

Table 2 Maximum Pb(II) sorption capacity of different CS or HAP based 
materials. 

Adsorbent 
C0 

(mg·L-1) 
qmax 

(mg·g-1) 
pH Refs. 

HAP/CS porous materials 400 264.42 5.5 
This 

article 
CS bead 50 79.2 5.5 23 
CS-coated sand 100 12.32 4.5 44 
polyaniline grafted CS 1000 16.07 6 45 
CS coated cotton fiber 2072 101.53 6.5 46 
CS cross linked with 
epichlorohydrin-triphosphate 

50 29.88 5 47 

nano-HPA 414 242.4 5.5 48 
HAP-alginate composite 
adsorbents 

900 270.3 5 49 

carbonate HAP extracted from 
eggshell 

200 101 6 50 

HAP nanosheet-assembled 
microspheres 

100 144.6 5.5 51 

HAP/polyacrylamide composite 
hydrogels 

275 209 5 52 

3.5 Adsorption mechanism of lead ions on the HAP/CS porous 

material 

Compared with the CS porous material, the HAP/CS porous 
material possessed excellent adsorption properties for Pb(II) 
ions (Fig. 7). The adsorption mechanism of Pb(II) ions on the 
HAP/CS porous material is illustrated in Fig. 8. The HAP/CS 
porous material exhibited interconnected three-dimensional 
macropores with pore sizes of 100–400 µm (Fig. 1c). The HAP 
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nanoparticles were dispersed within or on the porous material 
(Fig. 8a). After the Pb(II) aqueous solution flowed through the 
HAP/CS porous material by using the macropores as channels, 
rod-like PbHAP nanoparticles were deposited on the porous 
material. The remarkable changes in the morphology and phase 
of the HAP/CS porous material before and after the adsorption 
of Pb(II) ions suggested that the HAP nanoparticles were 
converted into PbHAP via a dissolution-precipitation reaction 
(Figs. 1-6). First, the dissolution reaction of HAP nanoparticles 
occurred according to the following reaction (Fig. 8b): 

     
−−+

++→ OH2PO6Ca10(OH))(POCa 3
4

2
26410               

(2) 

The PO4
3- ions and OH- ions from the HAP nanoparticles 

tended to increase the local ion concentrations around the 
crystals. Second, after the activity product exceeded its 
thermodynamic solubility product, the PbHAP nanocrystals 
deposited in situ on the porous material using HAP and CS as 
active sites (Fig. 8c): 

26410
3
4

2 (OH))(POPbOH2PO6Pb10 →++
−−+

            
(3) 

 Notably, the PbHAP nanorods possessed different particle 
sizes at different sites (Fig. 6b-d). Some rods had small sizes of 
approximately 20 nm, while others had large sizes of 
approximately 100 nm. The different sizes of the as-formed 
PbHAP particles were ascribed to the different distributions of 
the HAP nanoparticles in the HAP/CS porous material. Fig. 1d 
revealed that the percentage of HAP nanoparticles in the 
HAP/CS porous material was uneven, and some particles 
aggregated together via hydrogen bonding interactions. At local 
sites with high percentages of HAPs before the adsorption of 
Pb(II) ions, the as-formed PbHAP rods exhibited small particle 
sizes. In contrast, at local sites with low percentages of HAPs, 
the as-formed PbHAP rods had large particle sizes. The 
different particle sizes of the PbHAP rods could be attributed to 
the following reasons. Generally, the formation process of 
PbHAP can be divided into two stages: nucleus formation and 
nucleus growth. The velocity of nucleus formation is 
proportional to relative supersaturation, while the velocity of 
nucleus growth is proportional to absolute supersaturation.53,54 
Because the solubility of PbHAP was small, the absolute 
saturation had a greater effect on the velocity of nucleus 
formation than on the velocity of nucleus growth. At the initial 
stage, many PO4

3- and OH- ions were released from the HAP 
particles (Eq. 2). The large absolute saturation resulted in a 
greater velocity of nucleus formation compared with nucleus 
growth, resulting in the formation of many PbHAP nanocrystals 
(Eq.3). With increasing time, the HAP nanoparticles were 
partly consumed, especially at the local sites with low 
percentages of HAP in the porous material. The low 
concentrations of PO4

3- and OH- ions resulted in a greater 
velocity of nucleus growth compared with nucleus formation; 
thus, the as-formed PbHAP nanocrystals began to grow at the 
expense of forming new nanocrystal nuclei (Fig. 6d). At the 
local sites with high percentages of HAP nanoparticles in the 
porous material, many PO4

3- and OH- ions were still released 
from the remaining HAP, and many PbHAP nuclei were thus 
formed (Fig. 6c). 

 The excellent adsorption property of Pb(II) ions on the 
HAP/CS porous material was attributed to the chemical 
conversion of HAP to PbHAP. The curves in Fig. 7d further 
confirmed the above rationalization. The molar amount of Ca2+ 
ions released from the HAP/CS porous material was similar to 
the molar amount of adsorbed Pb(II) ions, especially before 24 
h (Fig. 7d). With increasing adsorption time, the adsorption rate 
of Pb(II) ions began to decrease because of the consumption of 
HAP nanoparticles. After the adsorption of Pb(II) ions for 24 h, 
the molar amount of adsorbed Pb(II) ions was greater than the 
molar amount of Ca2+ ions released from the HAP/CS porous 
material. The above results indicated that the physical 
adsorption of the porous material and the chemical adsorption 
of CS played important roles in the removal of Pb(II) ions. 

 
Fig. 8 Illustration of Pb(II) adsorption on the HAP/CS porous material: (a) the 

microstructure of the HAP/CS porous material; (b) the flow of Pb(II) aqueous 

solution through the HAP/CS porous material; and (c) the formation of PbHAP on 

the porous material. 

3.6 Adsorption kinetics 

Sorption kinetics in the removal of heavy metal ions is 
significant because it provides necessary information about the 
reaction pathway and sorption mechanism. Several models have 
been used to express the mechanism of solute sorption onto a 
sorbent. In the present work, the adsorption performance of 
Pb(II) ions on the CS and HAP/CS porous materials were 
investigated using Lagergren’s pseudo-first-order kinetic model 
and the chemisorption pseudo-second-order kinetic model.50,55-

57 

(1) Pseudo-first-order kinetic model 

To investigate the mechanism of sorption, the characteristic 
constants of sorption were determined using Lagergren’s 
pseudo-first-order kinetic model based on adsorption 
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capacity.55 The pseudo-first-order rate expression was 
represented in the following form: 

)(
d

d
te1

t qqk
t

q
−=

                     
 (4) 

Moreover, the pseudo-first-order kinetic model could be 
expressed in a non-linear form: 

tkqqq 1ete ln)ln( −=−                        (5)  

   
)1( 1

et
tkeqq −

+=
                             (6)  

whereqt is the adsorbed amount of Pb(II) ions (mg·g-1) on the 
porous material at time t (h), qe is the adsorption amount of 
Pb(II) ions at equilibrium conditions (mg·g-1), and k1 is the rate 
constant (h-1). The plot of �� versus � for the pseudo-first-order 
kinetic model showed a non-linear relationship. Fig. 9 shows 
the pseudo-first-order kinetic model fit for the adsorption of 
Pb(II) ions on the CS and HAP/CS porous materials. The 
constants �1 and �� were calculated by non-linear curve fitting 
(Table 3). The theoretical equilibrium adsorbed amounts of 
Pb(II) on the CS and HAP/CS porous materials were 5.69 and 
244.75 mg·g-1, respectively. 

 
Fig. 9 Pseudo-first-order kinetic model plot for the adsorption of Pb(II) ions on 

the CS and HAP/CS porous materials. 

(2) Pseudo-second-order kinetic model 

The pseudo-second-order kinetic model is greatly influenced by 
the amount of metal ions on the adsorbent surface. This 
adsorption rate is directly proportional to the number of active 
surface sites. Ho et al. developed the pseudo-second-order 
kinetic model for the adsorption system of divalent metal ions. 
In this work, the pseudo-second-order kinetic model was used 
to investigate the adsorption kinetics of Pb(II) ions on the CS 
and HAP/CS porous materials.56 

2
te1

t )(
d

d
qqk

t

q
−=                         (7) 

The pseudo-second-order kinetic model can be expressed in a 
non-linear form by integration: 

tkq

tkq
q

2e

2
2
e

t 1+
=                                    (8) 

  
eqqkq

t 11
2
e2t
+=                                 (9) 

where �2 (g·mg-1·h-1) is the rate constant for the pseudo-
second-order kinetic model. The constants �e,cal and �2 were 
calculated from the slopes and intercepts, respectively, of the 
�/�� versus � plots (Fig. 10). The theoretical equilibrium 
adsorbed amounts of Pb(II) on the CS and HAP/CS porous 
materials were 5.70 and 282.49 mg·g-1, respectively (Table 3). 
The initial adsorption rate of Pb(II) ions was expressed as hi= 
k2qe

2 (g·mg-1·h-1), which could be calculated according to the 
pseudo-second-order kinetic model. 

 
Fig. 10 Pseudo-second-order kinetic model plot for the adsorption of Pb(II) ions 

on the CS and HAP/CS porous materials. 

 Figures 9 and 10 show the pseudo-first-order and pseudo-
second-order kinetic model plots for the adsorption of Pb(II) 
ions, respectively. The pseudo-first-order and pseudo-second-
order kinetic data are indicated in Table 3. The characteristics 
of the pseudo-first-order and pseudo-second-order kinetic 
models were suitable for both the adsorption of Pb(II)ions on 
the CS and HAP/CS porous materials. The correlation 
coefficients (R2) of the pseudo-first-order and pseudo-second-
order kinetic models for the HAP/CS porous material were 
0.920 and 0.990, respectively, while those for the CS porous 
material were 0.993 and 0.999, respectively (Table 3). The R2 
values of the pseudo-second-order kinetic model were greater 
than those of the pseudo-first-order kinetic model, suggesting 
that the pseudo-second-order kinetic model better fit the 
adsorptions of both the CS and HAP/CS porous materials. This 
result was attributed to the chemical adsorption of Pb(II) ions 
on the CS and HAP/CS porous materials. After the flow of 
Pb(II) ions through the adsorbents, PbHAP rods and CS-Pb 
complexes were formed on the HAP/CS and CS porous 
materials, respectively. However, the pseudo-first-order kinetic 
model is mainly used to fit simple physical adsorption. 
 According to the theoretical calculated results of the 
pseudo-second-order kinetic model, the initial adsorption rate 
of Pb(II) on the HAP/CS porous material (16.36 g·mg-1·h-1) 
was greater than that on the CS porous material (12.67 g·mg-

1·h-1), while the adsorption rate constant of the HAP/CS porous 
material (k2 = 2.05×10-4 g·mg-1·h-1) was lower than that of the 
CS porous material (k2 = 0.3901 g·mg-1·h-1). The Pb(II) 
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adsorption mechanisms on the HAP/CS and CS porous 
materials were the conversion reaction of HAP into PbHAP and 
the complexation reaction of CS with Pb(II) ions to form CS-Pb 
complexes, respectively. The larger initial adsorption rate on 
the HAP/CS porous material compared with on the CS porous 
material demonstrated that the conversion rate of HAP into 
PbHAP was greater than the complexation rate of CS-Pb. With 
prolonged adsorption time, the as-produced PbHAP rods on the 
HAP/CS porous material blocked the diffusion of PO4

3- ions 

(Fig. 6), decreasing the chemical adsorption rate of Pb(II) ions. 
However, the adsorption process of Pb(II) ions on the CS 
porous material did not involve the phenomenon which existed 
on the HAP/CS porous material. Few CS-Pb particles covered 
the CS porous material (Fig. 4a). Therefore, the adsorption rate 
of Pb(II) ions on the HAP/CS porous material (k2 = 2.05×10-4 
g·mg-1·h-1) was lower than that on the CS porous material (k2 = 
0.3901 g·mg-1·h-1). 

 

Table 3 Pseudo-first-order and pseudo-second-order kinetic data for the adsorption of Pb(II) ions on CS porous materials (Sample 1) and HAP/CS porous 
materials (Sample 2). 

Samples 
Experimental values  

qe,exp (mg·g-1) 
Pseudo-first-order kinetics model Pseudo-second-order kinetics model 

qe,theo (mg·g-1) k1 (h
-1) R2 qe,theo (mg·g-1) k2 (g·mg-1·h-1) R2 hi (mg·g-1·h-1) 

Sample 1 5.67 5.69 0.0259 0.993 5.70 0.3901 0.999 12.67 
Sample 2 264.42 244.75 0.0398 0.920 282.49 2.05×10-4 0.990 16.36 

 
 According to the data shown in Fig. 7a, the experimental 
equilibrium adsorbed amounts of Pb(II) on the CS and HAP/CS 
porous materials were 5.68 mg·g-1 and 264.42 mg·g-1, 
respectively. For the pseudo-first-order kinetic model, the 
theoretical equilibrium adsorbed amounts (qe, theo) of the CS and 
HAP/CS porous materials were 5.69 and 244.75 mg·g-1, 
respectively, while the qe, theo values for pseudo-second-order 
kinetic model were 5.70 and 282.49 mg·g-1, respectively. 
Because the experimental adsorption results were in better 
agreement with the pseudo-second-order kinetic model than the 
pseudo-first-order kinetic model (Figs. 9 and 10), the theoretic 
equilibrium adsorbed amounts of Pb(II) for the CS and 
HAP/CS porous materials should be 5.70 and 282.49 mg·g-1, 
respectively. 

4. Conclusions 

HAP/CS porous materials, used to remove Pb(II) ions from 
aqueous solutions, have been fabricated by a freeze-drying 
method and characterized by several physicochemical 
techniques. Low-crystallinity HAP particles were dispersed 
uniformly among the HAP/CS porous material. Pb(II) sorption 
experiments were conducted under flow conditions at a flow 
rate of 0.8 mL·min-1 and the ability of HAP/CS porous 
materials to remove Pb(II) ions from aqueous solutions was 
analyzed via ICP/OES. The results indicated that the HAP/CS 
porous material possesses a high sorption capacity because of 
the presence of HAP particles in the composite material. During 
the adsorption process, the HAP particles were converted to 
rod-like PbHAP particles via a dissolution-precipitation 
reaction. Adsorption kinetic studies revealed that the sorption 
of Pb(II) on the HAP/CS porous material exhibit a good fit with 
the pseudo-second-order kinetic model. Therefore, HAP/CS 
porous materials have promising applications in the removal of 
Pb(II) ions. 
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