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Since heavy metals react with some components in bone, it can be surmized that these components would strongly fix heavy
metals. Hydroxyapatite and a series of substituted-apatites that are likely to exist in bone were prepared under near-
physiological conditions with the aim of developing materials that are capable of effectively removing low concentrations of
heavy-metal ions at near-neutral conditions. The obtained apatites were characterized by inductively coupled plasma
optical emission spectroscopy, Fourier transform infrared spectroscopy, X-ray diffractometry, thermogravimetric and
differential thermal analysis, and field-emission scanning electron microscopy. They were also tested for their ability to
remove Pb, Cd, Hg, Cr, and As. The carbonate-substituted apatite exhibited very strong fixation of Pb”, Cd”, and Cr3+,
and moderately strong fixation of Hg* . Based on a heavy-metal-fixing mechanism, a bone-like composite, with chitosan as
the saccharide portion and a polyaspartyl polymer as the protein portion, was synthesized via co-precipitation. The
biomimetic composite was excellent at removing PK*T, CdT, Hg2+, and Cr’*, with removal percentages as high as 99.8%
and residual concentrations as low as 0.01 mg/L. However, the composite had little fixation of Cr,07 ", CrO4 ", or
H;As0;. When Cr(VI) was reduced to Cr(Ill), the percent removed increased greatly. © 2012 American Institute of

Chemical Engineers AIChE J, 59: 229-240, 2013
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Introduction

Heavy-metals (such as Pb, Cd, Hg, As, and Cr) are very
harmful to living organisms.'™® Their actions are believed to
be due to their interactions with the chemical components in
the organisms, which seriously affect the organism’s normal
physiological functions.””'> This suggests that the compo-
nents in cell walls, cell membranes, proteins, enzymes, and
bones are sensitive to trace concentrations of heavy metals,
that is, these structures strongly fix heavy metals. Based on
this “heavy-metal poisoning mechanism,” biomimetic-mate-
rials capable of removing trace heavy-metals have been
developed.

In our previous work,'®!” biomimetic materials with a pro-
tein-like structure and with a peptide-polysaccharide-like
structure that is similar to plant cell walls/membranes were
developed, and the structure-activity relationship between
them and heavy metals was investigated. These materials
were excellent binding agents when the concentration of
heavy-metal ions was high. However, when the concentration
of heavy-metal ions was low (<1 mg/L), they were less effec-
tive for the removal of heavy metals. This is because the
adsorption equilibrium constant is not very high which limits
the amount of heavy metal ions which can be removed.

Inspired by the phenomenon that heavy metals react with
some components in bone,g’12 we shifted our attention to
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these components. In addition to proteins and other organic
substances, there are a large number of inorganic salts (bone
salts) in human bone. Using the elements found in bone
(e.g., calcium, magnesium, strontium, phosphorus, fluorine,
and carbon) and the other components of human bone,lg_22
some bone-salt-like inorganic compounds which are likely to
exist in bone were prepared under near-physiological condi-
tions. Furthermore, a bone-like composite, with chitosan as
the saccharide portion and polyasparte as the protein portion,
was also prepared. The behavior of the obtained materials
for the fixation of heavy metals was examined with an aim
of determining the mechanism of fixing heavy metals to
bone. In addition, useful information for designing materials
that can effectively remove heavy metals at low concentra-
tions under near-neutral conditions was obtained.

Experimental
The reagents and materials

Polysuccinimide (PSI) and polyaspartate hydrogel were
prepared according to the method reported in the literature.'®
Chitosan powder, with a deacetylation degree of 90—95%,
was supplied by Zhejiang Yongyue Ocean Biology (Zhejiang
Province, China).

D380 (weakly basic anion exchanger-primary amine func-
tionality, macroporous type), D382 (weakly basic anion
exchanger-secondary amine functionality, —macroporous
type), and D301R (weakly basic anion exchanger-tertiary
amine functionality, macroporous type) were purchased from
Tianjin Nankai Hecheng S & T (Nankai Group, China).
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Table 1. Instrumental Parameters and Operating Conditions

for ICP-OES

Radio frequency (R.F.) power 1.2 kW

Plasma gas flow rate 15 L/min
Flow rate of Argon auxiliary 1.5 L/min
Nebulizer gas flow rate 0.9 L/min
Precision (general) 1-3%

Detection limit 0.01 mg/L
Pb analytical line (1) 220.3 nm
Cd analytical line (1) 226.5 nm
Hg analytical line (1) 184.9 nm
Cr analytical line (1) 267.7 nm
As analytical line (1) 193.6 nm
Ca analytical line (/) 396.8 nm
Mg analytical line (Z) 279.6 nm
Sr analytical line (1) 407.8 nm
P analytical line (1) 213.6 nm

All other reagents were obtained from Tianjin Chemical
Reagent (Tianjin, China), were analytical grade and were
used as received.

Measurements

The total concentrations of heavy-metal ions in the aque-
ous solutions were determined with a Vista MPX inductively
coupled plasma optical emission spectroscopy (ICP-OES)
Spectrometer (Varian, Palo Alto, CA). The instrumental
operating conditions are shown in Table 1.

The fluoride content of the samples was measured using a
solid-state fluoride selective electrode coupled to a Model
pHS-25 pH Meter (Shanghai Rex Instruments Factory,
Shanghai, China) with a 0.01-mV resolution. The potentials
between the fluoride-ion-selective electrode and the saturated
calomel electrode were recorded, and the amount of F~
remaining in the aqueous solution after precipitation was
determined using a calibration curve of potential vs. log of
the F~ concentration. The fluoride content of the samples
was determined by calculating the difference between the
amount of F~ added before reaction and that left in the solu-
tion after the reaction.

The amount of carbon in the samples was determined using
a vario-EL element analyzer (Elementar Analysensysteme
GmbH). The precision of the results was estimated to be 0.3%.

Fourier transform infrared (FT-IR) spectra were recorded
with a Nicolet Magna-560 FTIR spectrometer (Madison, WI)
in KBr pellets over a range of 4000-400 cm ' with a
4-cm™ ! resolution.

The thermogravimetric (TG) and differential thermal
analysis (DTA) were performed with a Rigaku standard
TG-DTA analyzer at a heating rate of 10°C /min up to
700-1000°C in nitrogen gas (initial pressure of 0.1 bar), and
using «-Al,O5 as the reference.

Powder X-ray diffraction (XRD) patterns were recorded
on a Rigaku D/MAX-2000PC X-ray diffractometer, with Cu
Ko radiation (4 = 0.154 nm) at 100 mA and 40 kV. A scan
rate of 10°C/min and a step size of 0.02° were used over a
260 range of 10-90°.

The surface morphology of the samples was observed
with a JEOL JSM-6700F field-emission scanning electron
microscopy (FE-SEM) (JEOL Ltd., Tokyo, Japan). The com-
positions of the samples were evaluated using energy disper-
sive spectrometry (EDS) using an Oxford-EDS7421 appara-
tus. The samples were mounted on a copper conductive tape
and coated with Au to minimize sample charging.
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X-ray photoelectron spectroscopy (XPS) was performed
with a PerkinElmer PHI-1600 electron-spectroscopic-chemi-
cal analyzer (Wellesley, MA) equipped with a hemispherical
electron energy analyzer and a Mg Ko monochromator
source [light Quantum energy (hv) = 1253.6 eV]. The pres-
sure in the analysis chamber during data acquisition was
~1077 Pa. The analysis area was 0.8 mm?”. The survey spec-
tra were performed with a pass-energy of 187.85 eV. The
contaminant Cls peak at 284.6 eV was used to calibrate the
energy shift. The accuracy of the binding energy is estimated
to be +0.2 eV. All spectral data was treated with PHI Multi-
pak software (version 6.0, Wellesley, MA).

Preparation of hydroxyapatite and substituted apatites

The preparation of hydroxyapatite and some substituted-
apatites has been reported in the literature.”*>® To obtain
bone salts that are likely to exist in human bones, a method
of preparing the salts under near-physiological conditions,
that is, at 36—40°C and pH 7.2—7.5 was adopted.

Preparation of hydroxyapatite (HAP or CaHAP)

Hydroxyapatite was prepared by precipitation from a
dilute solution according to a method reported in the litera-
ture.”* The general procedure is as follows:

A Ca(NOs), solution was prepared by dissolving 0.316 g
of Ca(NOs3),-4H,0 (ca. 1.34 mmol Ca) in 400 mL of deion-
ized water, and a Na,HPO, solution by dissolving 0.287 g of
Na,HPO,-12H,0 (ca. 0.80 mmol P) in 400 mL of deionized
water. The pH of each solution was adjusted to 7.2—7.5 by
the addition of NaOH or HNOs, as needed.

Under vigorous stirring, the two above solutions were
mixed thoroughly in a 1000-mL four-necked round-bottomed
flask equipped with a thermometer, condenser, and mechani-
cal stirrer. The mixture was heated to 36—40°C with agita-
tion and the temperature was maintained until the solution
became turbid and its pH became more acidic. Then, 0.1
mol/L NaOH solution was added dropwise to control the pH
value of the mixture at 7.2—7.5 until no further change in
pH was observed with time. Then, the mixture was stirred
for another 3 h to ensure a complete reaction. After being
cooled to room temperature, the precipitate was centrifuged,
washed several times with deionized water, and dried at
130°C to a constant weight. About 0.134 g of solid was
obtained [the theoretical yield is 0.134 g, assuming the prod-
uct is pure Ca;o(OH),(POy)e].

Preparation of strontium-substituted apatite (Sr-AP)

Sr-AP was prepared by a method similar to that for the
preparation of HAP, except that 0.284 g (1.34 mmol) of
Sr(NOs), was substituted for the Ca(NOs),-4H,0O. About
0.198 g of solid was obtained [theoretical yield is 0.198 g,
assuming the product is pure Srio(OH),(POy)s].

Preparation of Magnesium-substituted apatite (Mg-AP)

Mg-AP was prepared by a method similar to that for
HAP, except that 0.163 g of anhydrous MgSO, was substi-
tuted for Ca(NOj3),-4H,0. About 0.025 g of solid was
obtained [theoretical yield is 0.113 g, assuming the product
is pure Mg;o(OH)2(POy4)s].

Preparation of fluoride-substituted apatite (F-AP)

According to the stoichiometric Ca:P:F (5:3:1) mole ratio
in the substituted apatite that we want to prepare, 1.033 g of
Ca(NOs3),-4H,0 (ca. 4.37 mmol Ca) was dissolved in 100
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Table 2. Elemental Analyses of the Prepared Phosphates

Phosphates Obtained M/P* (mol/mol)

Yield of Product/Theoretical

F/C Content (wt %) Amount’ (g/2)

Calcium-containing phosphate 1.72
Strontium-containing phosphate 1.62
Magnesium-containing phosphate 1.60
Calcium-fluoride-containing phosphate 1.60
Calcium-carbonate-containing phosphate 1.61

- 0.134/0.134

- 0.198/0.198

- ~ 0.025/0.113
3.3 (F content) 0.442/0.441
1.5 (C content) 0.468/0.477

*M = Ca, Sr or Mg, initial C (M?") = 3.34 mmol/L, initial C (P) = 2.00 mmol/L, initial C (F") =

pH =72-75
"Theoretical amount was calculated based on appropriate substituted-apatite

mL of deionized water, 0.938 g of Na,HPO4-12H,O (ca.
2.62 mmol P) in 300 mL of deionized water, and 0.037 g of
NaF (ca. 0.88 mmol F) in 300 mL of deionized water. The
pH of each solution was adjusted to 7.2—7.5 by the addition
of NaOH or HNOs, as needed.

Under vigorous stirring, the Na,HPO, and NaF solutions
were mixed thoroughly in a 1000-mL four-necked round-bot-
tomed flask equipped with a thermometer, condenser, and
mechanical stirrer. The mixture was heated to 36—40°C with
agitation, and then, the Ca(NOj3), solution was added drop-
wise to the flask at a rate of about 20 mL/h. At the same
time, 0.1 mol/L NaOH was added dropwise to control the
pH of the mixture at 7.2—7.5 until the Ca(NOj3), solution
had been completely added to the flask, and there was no
change in pH observed with time. The contents of the flask
were then stirred for 3 h to ensure a complete reaction. After
being cooled to room temperature, the precipitate was centri-
fuged, washed several times with deionized water, and dried
at 130°C to a constant weight. About 0.442 g of a solid was
obtained [theoretical yield is 0.441 g, assuming the product
is pure Casz(PO4)6].

Preparation of carbonate-substituted apatite (HCO3-AP)

Carbonate-substituted apatite powder was prepared by a
method similar to that for F-AP, except that 0.074 g of
NaHCO; was substituted for NaF. About 0.463 g of solid
was obtained [theoretical yield is 0.477 g, assuming the
product is pure Ca;o(HCO3),(POy4)s]-

Preparation of chitosan-polyaspartyl polymer
bone-like composite

Chitosan, PSI, H;POy, and CaCl, were used as the starting
materials. The chitosan-polyaspartate-containing bone-like
composite was synthesized by a co-precipitation method.
The general procedure is as follows.

A solution of chitosan was prepared by dissolving 0.1 g of
chitosan powder in a combined solvent of 2.0 mL of 2 wt %
aqueous acetic acid and 4 mL of 6.7 wt % H3PO,4 (ca. 2.74
mmol P) aqueous solution. A polyaspartyl polymer, with
amino groups on the side chain, was prepared according to
the method in the literature.'® Polyaspartyl polymer (0.1 g)
was dissolved in 5 mL of deionized water and acidified to a
pH of approximately 4—5 with dilute hydrochloric acid. The
two solutions were mixed thoroughly under vigorous stirring
and maintained at room temperature for 15 min, and then
0.2 mL of 50 wt % glutaraldehyde was added.

A CaCl, solution was prepared by dissolving 0.566 g of an-
hydrous CaCl, (5.10 mmol Ca) in 10 mL of water, and then
was added to the chitosan-polyaspartyl polymer solution.

Next 0.043 g of NaHCO; and 1 mL of 6.7 wt % H3;PO,
(ca. 0.68 mmol P) were added to a vessel with 25 mL of
water, and the solution was adjusted to a pH of approxi-
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0.67 mmol/L, initial CCHCO3 ™) = 0.67 mmol/L, 36—40 °C,

mately 7.2—7.5 with NaOH. Then, under vigorous stirring,
the above CaCl,—chitosan—polyaspartyl polymer solution was
added dropwise to the vessel. The temperature of the vessel
was maintained at 36—40°C and the pH of the mixture was
kept at 7.2—7.5 by adding 5 wt % aqueous NaOH. After all
the solutions were added and complete precipitation was
achieved (about 6 h), the resulting solid was allowed to
stand at room temperature overnight. Afterwards, the precipi-
tate was isolated and washed several times with deionized
water until the pH of the washing medium was neutral.
Then, the solid was dried at 40°C in vacuo to a constant
weight. About 0.71 g of an orange-pink material was
obtained.

Results and Discussion
Characterization of substituted apatites

Hydroxyapatite, Ca;o(OH),(POy)s, is believed to be the
principal component of bone'® and has attracted a great deal
of attention as a biomaterial. In addition to Ca>", HPO,>~,
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Figure 1. FT-IR spectra of the prepared phosphates
containing (a) calcium (b) strontium (c) mag-
nesium (d) calcium-fluoride (e) calcium-car-
bonate and (f) the composite.
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Figure 2. TG-DTA curves of the prepared phosphates containing (a) calcium (b) strontium (c) magnesium (d) cal-

cium-fluoride and (e) calcium-carbonate.

and PO437, there are other cations and anions in the bones
and body fluids of living organisms, such as Mg?" and Sr*™,
as well as C1, F, HCO3 , and SO42’. In the crystal lattice
of Ca;o(OH)»(PO,)s, the Ca>" ions can be exchanged with
cations, and the OH™ and PO437 ions can be substituted
with other anions.'®?? To determine which component in
bone possesses the strongest ability to fix heavy metals, the
heavy-metal-fixing ability of hydroxyapatite and the prepared
substituted apatites was investigated. Table 2 lists the ele-
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mental analyses of the prepared phosphates. Figures 1—4
show their FT-IR spectra, TG-DTA curves, XRD patterns,
and surface morphologies, respectively.

Characterization of the calcium-containing phosphate

Table 2 shows that the calcium-containing phosphate has
a Ca/P molar ratio of 1.72, which is close to the stoichiomet-
ric atom ratio in hydroxyapatite. The FT-IR spectrum of the
calcium-containing phosphate (Figure la) has an absorption
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Figure 3. XRD patterns of the prepared phosphates containing (a) calcium (b) strontium (c) calcium-fluoride and

(d) calcium-carbonate.

band around 3560 cm™' which can be attributed to OH™
stretching vibrations and the absorption bands at 1070, 957,
and 860 cm ™' are due to PO,*~ stretching vibrations.* Fig-
ure 2a shows a 1.9% weight-loss in the sample which coin-
cides with a 1.8% total water loss due to the thermal decom-
position of Ca;o(OH),(PO4)e. This serves as further evidence
that the obtained calcium-containing phosphate is hydroxy-
apatite. The XRD pattern of the calcium phosphate sample
(Figure 3a) has peaks at 20 = 25.78°, 31.78°, 32.10°,
32.90°, and 33.98° which are all characteristic peaks of hy-
droxyapatite (PDF#74-0565). However, the crystallinity of
the sample is poor and there are indications of amorphous
grains. From the elemental analysis, FT-IR, XRD, and
TG-DTA results, it can be concluded that the obtained cal-
cium-containing phosphate is hydroxyapatite. The obtained
hydroxyapatite has a short rod-like appearance, as shown
in Figure 4a.

Characterization of the strontium-containing phosphate

The strontium-containing phosphate has a St/P molar ratio of
1.62 (Table 2) which is close to the stoichiometric atom ratio in
apatite. The FT-IR spectrum of the strontium-containing phos-
phate (Figure 1b) has a weak absorption at 3590 cm ™' which
can be attributed to OH™ stretching vibrations, and the absorp-
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tion bands at 1020, 943, and 868 cm ! are due to PO437 stretch-
ing vibrations.?” The TG-DTA curves of the strontium-contain-
ing phosphate (Figure 2b) shows a rapid weight loss at about
507°C which is due to the loss of water in its structure. The
0.5% weight loss is obviously lower than the 1.2% total loss of
water that would occur for Sr;o(OH),(PO,)s. The XRD pattern
of the strontium-containing phosphate sample (Figure 3b) has
peaks at 20 = 27.82°, 30.50°, 31.64°, 44.60°, and 46.92° which
are characteristic peaks for Sr;o(OH),(PO,4)¢ (PDF#33-1348)
and Sr;(O(POy)¢ (PDF#44-0654). However, the peaks are a bet-
ter fit with the latter. From these results, it can be concluded that
the obtained strontium-containing phosphate is a mixture of
Sr10(OH),(PO,)6 and Sr;gO(POy4)¢ (Sr-AP). The sample is more
crystalline than the hydroxyapatite obtained at the same temper-
ature. Figure 4b shows that the strontium-substituted phosphate
has a slender rod-like appearance.

Characterization of the magnesium-containing
phosphate

The magnesium-containing phosphate has an Mg/P ratio
of 1.60 (Table 2) which is close to stoichiometric atom ratio
in apatite. For comparison, a magnesium-containing phos-
phate was also prepared at ~100°C. This was done to deter-
mine if the magnesium-containing apatite can exist at a high
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Figure 4. SEM photomicrographs of the prepared phosphates containing (a) calcium (b) strontium (c) calcium-fluo-

ride and (d) calcium-carbonate.

temperature or if it could be prepared in a purer form (simi-
lar samples were also prepared for the calcium-fluoride-con-
taining and calcium-carbonate-containing samples). The
magnesium-containing phosphate obtained at ~100°C had a
Mg/P ratio of 1.50. Only a very small amount of precipitate
was obtained in the preparation of the magnesium-containing
phosphate at 36—40°C, suggesting that even if a magne-
sium-substituted apatite exists, its solubility in water is too
high for it to be a good adsorbent for the removal of heavy
metals from aqueous solutions. From this result, we can also
deduce that trace magnesium is unlikely to precipitate on
bones.

The FT-IR spectrum of the magnesium-containing phos-
phate (Figure 1c) is different from the above phosphates.
Whether obtained under near-physiological conditions or at a
high temperature, there is no characteristic OH™ stretching
band at ~3560 cm™'. However, there is a strong broad band
at 3440 cm~' which is associated with the O—H stretching
vibrations of water. The TG-DTA curves of the magnesium-
containing phosphate obtained at 36—40°C (Figure 2c) show
a gradual weight loss beginning at about 80°C. The 14.4%

Table 3. The Unit Cell Dimensions and Volumes of
Hydroxyapatite and Substituted Apatites

Apatites a(mm) b(mm) c(mm) V (nm’)
Hydroxyapatite 0.9416 0.9416 0.6866 0.5271
Strontium-substituted apatite  0.9752  0.9752  0.7266  0.5984
Fluoride-substituted apatite 0.9383 0.9383 0.6880 0.5246
Carbonate-substituted apatite  0.9402  0.9402 0.6869  0.5260
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weight-loss in the temperature region of 0—700°C is far
greater than the 2.13% total loss of water that would occur
for Mg;o(OH),(PO,)s. This suggests that the obtained mag-
nesium-containing  phosphate is  unlikely to  be
Mg1o(OH),(POy4)s. The XRD pattern for the magnesium-con-
taining phosphate obtained at 36—40°C exhibits an amor-
phous pattern (not shown), and the magnesium-containing
phosphate  prepared at ~100°C is identical to
Mg;(PO,4),-8H,0 (20 =11.06°, 12.70°, 29.70°, and 37.26°;
PDF#84-1147). From the elemental analyses, FT-IR, XRD
and TG-DTA results, it can be concluded that it is difficult
to obtain a magnesium-substituted apatite from a dilute
aqueous solution, and the magnesium-containing phosphate
obtained at ~100°C is Mg3(POy),-8H,0.

Characterization of the calcium-fluoride-containing
phosphate

The calcium-fluoride-containing phosphate has a Ca/P
molar ratio of 1.60 (Table 2) which is close to the stoichio-
metric atom ratio in apatite. The fluoride elemental analysis
indicates that the F-content in the product is about 88% of
the theoretical amount [assuming the product is
Ca;pF,(POy)g]. In contrast, the F-content in the product pre-
pared at ~100°C was about 78% of theoretical amount sug-
gesting that a relatively high temperature is unfavorable for
the substitution of OH™ with F~.

The FT-IR spectrum of the calcium-fluoride-containing
phosphate (Figure 1d) does not have an obvious peak for
OH™ stretching around 3560 cm . In contrast, the spectrum
of the calcium-fluoride-containing phosphate prepared at
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Table 4. The Removal of Heavy Metals by Substituted Apatites

Final Concentration of M in Solution’ (mg/L)

M-Removed (%)

Adsorbents* Pb** cd*t Hg*' crit crt As*" Pb** cd*t Hg*t ot ot A8t
HAP* 48.04 3415 1598 1605 2490 3590 517 367 83.4 35.7 0.0 0.0
Sr-HAP* 0.10 3594 1935 1453 2490 3590 999 334 79.9 41.8 0.0 0.0
F-AP* 6345 4004 1695 2229 2490 3590 362 258 82.4 10.7 0.0 0.0
HCO; -AP* <0.01 032 13.19 075 2490 3590  >999 = 994 86.3 97.0 0.0 0.0
Cas(PO,)," <0.01 124 17.33 280 2490 3590  >999 = 977 82.0 88.8 0.0 0.0
CaCO;* 1353 21.6 77.80 037 2490 3590 864  60.0 19.2 98.5 0.0 0.0
Polyaspartate hydrogel 25.16  12.68  23.89 471 2490 3590 747 765 75.1 81.1 0.0 0.0

*Amount of adsorbents = 0.1 g, total volume of solution = 50 mL, pH = 67,

exchange time = 2 h, temperature = 18°C, M = Pb, Hg, Cd, Cr, or As

“Initial concentration: ¢ (Pb>") = ¢ (Cd*") = ¢ (Hg*") = ¢ (Cr*F) = ¢ (Cr*") = ¢ (As®) = 0.48 mmol/L, Cr®* and As** were mainly in the form of Cr,0,>

or CrO4* and H3;AsO3/HAsO,, respectively.

“HAP and the substituted-apatites were unground, grain-sizes can be estimated from SEMs in Figure 4.

The grain-size was about 40—50 um.

~100°C has a small absorption band at 3538 cm™ ' (not
shown). The absorption band at 740 cm™ ' is attributed to
OH---F stretching vibrations,*® and the absorption bands at
1030, 960, and 868 cm ™" are due to PO,>~ stretching.

The TG-DTA curves of the calcium-fluoride-phosphate
obtained at 36—40°C (Figure 2d) displays a rapid weight
loss at 302°C. This can be attributed to the loss of water that
is present in the crystal lattice due to strong H-bonding
between F and H,O. The XRD pattern of the calcium-
fluoride-phosphate obtained at 36—40°C (Figure 3c) has
peaks at 20 = 25.84°, 31.82°, 32.20°, 33.00°, and 49.52°
which are not in accordance with the characteristic peaks
of Cas(PO4);F (PDF#15-0876), but which are characteristic
for Ca5(PO4)3F0494C10A1 (PDF#84-1997) This is because
the Cas(PO4);F in the database was obtained at 1000°C,*
whereas our sample was prepared at 36—40°C, and thus, has
a different crystal lattice structure.

From these results, it can be concluded that the calcium-
fluoride-phosphate obtained at 36—40°C is Cas(PO4);F¢ s
(OH)g.12. The fluoride-substituted apatite is more crystalline
than hydroxyapatite, and exhibits a pine needle-like appear-
ance, as shown in Figure 4c.

Characterization of the calcium-carbonate-containing
phosphate

Table 2 shows that the calcium-carbonate-containing phos-
phate has a Ca/P molar ratio of 1.61 which is close to stoi-
chiometric atom ratio in apatite. The FT-IR spectrum of the
calcium-carbonate-containing phosphate (Figure le) does not
have an obvious characteristic OH™ stretching band around
3560 cm~!, but does have a strong band at 1460 cm ™!
which can be assigned to HCO;™ anion stretching vibra-
tions.>' The absorption bands at 1030, 958, and 870 cm™!
are due to phosphate anions. In contrast, the spectrum of the
calcium-carbonate-containing phosphate prepared at ~100°C
has an absorption band at 3564 cm™! (not shown).

The TG-DTA curves (Figure 2e) of the calcium-carbon-
ate-containing phosphate obtained at 36—40°C show a nota-

ble weight-loss at 267°C, which is attributed to the loss of
the CO, and H,O that are formed during the thermal decom-
position of carbonate. The 9.2% total weight-loss of the sam-
ple in the range of 0—1000°C is in good agreement with the
expected 9.7% total loss that would occur for Ca;o(H-
CO3)2(PO4)s.

The XRD pattern of the calcium-carbonate-phosphate
obtained at 36—40°C (Figure 3d) exhibits a similar pattern
to that of hydroxyapatite, with characteristic peaks at 20 =
25.84°, 31.78°, and 32.08°. However, it has poor crystallinity
and smaller crystal grains than hydroxyapatite which is
known from the smaller peak-widths at half height. No char-
acteristic peaks for CaCO5; were observed.

From these results, it can be concluded that the obtained
calcium-carbonate-phosphate is likely to be a HCO;3 -substi-
tuted apatite. In addition a relatively high temperature is
unfavorable for the substitution of OH™ with HCO5;~ but
favorable for the formation of hydroxyapatite. It can be seen
from Figure 4d, that the carbonate-substituted apatite
(HCO;3; -AP) has an irregular shape and smaller crystal
grains which is consistent with the XRD results.

It should be pointed out that, under near-physiological
conditions, we failed to obtain SO427—, HSO, -, or Cl" -sub-
stituted apatites by the substitution of CaSO, or CaCl, for
Ca(NO3;),. In those cases, the products were always hydroxy-
apatite, indicating that even if SO42’-, HSO,4 -, or Cl™ -sub-
stituted apatites did exist, their solubilities in water are too
high to precipitate them out from the aqueous solution.
Thus, SO427, NO; 7, and Cl™ have no effect on the composi-
tion of bone.

The lattice structures and parameters of the
prepared substituted apatites

The substituted apatites all have orthorhombic structures
with hexagonal type cells. Their unit cell dimensions and
volumes are listed in Table 3.

The unit cell volumes correlate well with the ionic radii
of the substituted ions. As the ionic radius of Sr*" is larger

Table 5. The Removal of Low Concentrations of Heavy Metals by Substituted Apatites

Final Concentration of M ions in Solution (mg/L)%

M-Removed (%)

Adsorbents* Pb>+ cd** Hg*" crt Pb>* cd*t Hg*" crt
Ca-HAP <0.01 0.10 4.98 1.46 >99.8 98.0 0.4 71.5
HCO; -AP <0.01 <0.01 1.12 <0.01 >99.8 >99.8 77.6 >99.8
Ca3(POy), <0.01 <0.01 1.67 <0.01 >99.8 >99.8 66.7 >99.8
CaCO; -- -- - <0.01 - - -- >99.8

*Amount of adsorbents = 0.1 g, total volume of solution = 50 mL, exchange time = 2 h, temperature = 20°C, M = Pb, Hg, Cd, or Cr, pH 6—7.

“Initial concentration: ¢ (Pb*") = ¢ (Cd*") = ¢ (Hg>") = ¢ (Cr*") = 5.0 mg/L.
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Table 6. The Removal of Cr,0;* and CrO,* by Amino-Containing Resins

Final Concentration of Cr in Solution (mg/L)T

Cr-Removed (%)

Adsorbents* Exchange Time (h) In K,Cr,O5 Solution In K,CrO, Solution In K>Cr,O5 Solution In K,CrO, Solution
D380 2 2.95 5.95 84.7 66.9

24 0.86 0.98 95.5 94.6
D382 2 4.36 6.05 77.4 66.4

24 1.08 1.38 94.4 92.3
D301T 2 7.32 6.23 62.1 65.4

24 1.07 2.49 94.5 86.2
Chitosan 2 10.31 15.14 46.6 15.9

24 10.31 15.14 46.6 15.9

*Amount of adsorbents = 0.1 g, total volume of solution = 50 mL, temperature = 22°C, pH 6—7.
TInitial concentration: ¢(Cr, in K»Cr,O- solution) = 19.31 mg/L, ¢(Cr, in K,CrOy solution) = 18.01 mg/L.

than that of Ca>", the unit cell volume of the strontium-sub-
stituted apatite is larger than that of hydroxyapatite, and sim-
ilarly since the ionic radius of F~ is smaller than that of
OH™, the unit cell volume of the fluoride-substituted apatite
is smaller than that of hydroxyapatite. It should be noted
that although the ionic radius of HCO;5™ is larger than that
of OH", the unit cell volume of the carbonate-substituted ap-
atite is smaller and the c-axis lattice constant is almost the
same as that for hydroxyapatite. As HCO3™ is much larger
than OH™, it is difficult for HCO5;™ to substitute for OH™,
and so only the —O™ in the structure enters into the lattice
sites that were originally occupied by OH . The other atoms
are not in the lattice and this may be why the carbonate-sub-
stituted apatite is less crystalline and has smaller crystal
grains than hydroxyapatite. The —O~ has a smaller radius
than that of OH™ but a larger radius than that of F~, so, the
unit cell volume of the carbonate-substituted apatite is
smaller than that of hydroxyapatite, but larger than that of
the fluoride-substituted apatite.

Comparison of the fixation of heavy metals by the
substituted apatites

To determine the sites that have the strongest ability to fix
heavy metals (i.e., the key species for binding heavy-metals)
in bone, a comparison of the ability of the hydroxyapatite
and the substituted apatites to remove heavy metals was
made. The magnesium phosphate was not studied because of
its high solubility in water. The results for the hydroxyapa-
tite, the substituted apatites, Ca3(PO4), and CaCO; are
shown in Table 4. In addition, another biomimetic material
with a protein-resembling structure, polyaspartate hydrogel,
was also studied for contrast.

The following conclusions can be drawn from Table 4:

(1) PO,*~ is a very strong species for the fixation of Pb*"
and Cd*".
g2) Ca’" and CO;>  are key species for the fixation of
Cr.

(3) With both PO,*~ and CO327 sites, the carbonate-sub-
stituted apatite exhibits a strong fixation of Pb>", Cd*", and
Ccrit. Compared to the polyaspartyl polymer (a protein-like
structure) which has been used as a biomimetic material,l7

the carbonate-substituted apatite had lower equilibrium con-
centrations of Pb”, Cd”, and Cr'™.

(4) The substituted apatites have some ability to fix Hg2+
but are better at fixing Pb>", Cd*", and Cr’".

(5) The substituted apatites have no ability to fix As®'in
the form of H3;AsO3;/HAsO,, or Cr®" in the forms of
Cr,0,% or CrO,*".

(6) The substitution of F~ for OH™ in hydroxyapatite
reduces its ability to fix Pb2+, Cd2+, and Cr*t.

Many adsorbents exhibit excellent abilities for binding
heavy-metals at high concentrations, but these same adsorb-
ents are ineffective at removing low concentrations of
heavy-metals. This is because they do not strongly bind the
heavy metals, which limits the amount of heavy metal ions
which can be removed. Some adsorbents from Table 4 with
excellent heavy metal fixing abilities were selected and their
abilities to remove heavy metals at a low concentration (5
mg/L) were investigated. The results are shown in Table 5.

It can be seen from Table 5 that calcium phosphate and the
carbonate-substituted apatite still exhibit a strong fixation of
Pb2+, Cd”, and Cr’" at low ion concentrations. These ions
are almost completely removed. For Hg”, there was a
smaller percentage removed at the lower concentration than at
the higher concentration. This is because the formed mercury-
containing phosphate compounds are slightly soluble in water
which limits the amount of mercury that can be removed.

The gemoval of Cr (VI) in the forms of Cr,07~ and
CrO;~

Table 4 shows that the phosphates do not fix Cr,0,%" or
CrO4> at all. In addition to phosphates, bones also contain
proteins with various amino-groups.lg’19 To investigate the
interaction of Cr(VI) with these functional groups, resins
containing either primary-, secondary-, or tertiary-amino-
groups were used to simulate similar groups in proteins and
their abilities to fix Cr(VI) were examined. The results are
shown in Table 6.

It can be seen from Table 6 that all the amino-containing
resins remove Cr(VI) under near-neutral conditions. Chitosan
is an effective agent for the removal of Cr(VI) in acidic con-
ditions,*?> but under near-neutral condition it is not very

Table 7. Removal of Arsenic from a Solution with Other Heavy-Metal Cations*

Final Concentration of M in Solution (mg/L)T

M-Removed (%)

Adsorbents* Pb>* cd*t Hg*" crit As*E Pb>* Ccd** Hg>" Ccrt As*
HCO; AP <0.01 <0.01 1.16 <0.01 28.11 >99.0 >99.0 94.2 >99.0 9.3
Cas(POy), <0.01 <0.01 1.66 <0.01 26.14 >99.0 >99.0 91.7 >99.0 15.7

*Amount of adsorbents = 0.1 g, total volume of solution = 50 mL, exchange time = 2 h, temperature = 19°C, M = Pb, Hg, Cd, Cr, or As, pH 6—7.
“Initial concentration: ¢ (Pb*") = ¢ (Cd*") = ¢ (Hg*") = ¢ (Cr*") = 0.1 mmol/L, ¢ (As>") = 30.99 mg/L.

*As™ was mainly in the form of H3AsO3/HAsO,.
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Table 8. The Removal of Arsenic by Amino-Containing
Resins*

Final
Concentration of
As in Solution

(mg/L)T As-Removed (%)
Exchange

Adsorbents*  Time (h)  As((IIl)  As (V)  As((III)  As (V)
D380 2 30.16 21.87 0.0 27.2
24 30.16 5.17 0.0 82.8
24 - 1.39* - 46.7
D301T 2 30.16 24.18 0.0 19.5
24 30.16 5.66 0.0 81.2
24 - 1.26* - 51.7
Chitosan 2 30.16 30.05 0.0 0.0
24 30.16 28.85 0.0 4.0
HCO; -AP 2 30.16 29.12 0.0 3.1
24 30.16 28.64 0.0 4.7
Caz(POy), 2 30.16 29.32 0.0 2.4
24 30.16 29.34 0.0 24

*Amount of adsorbents = 0.1 g, total volume of solution = 50 mL, tempera-
ture = 25°C, pH 6—7.

Initial concentration: c(As(IIl)) = 30.16 mg/L, ¢ (As (V)) = 30.05 mg/L.
*Initial concentration: ¢ (As (V)) = 2.61 mg/L.

effective. The mechanism for the removal of Cr(VI) by the
amino-containing resins will be discussed in a later section.

The removal of arsenic

As shown in Table 4, the phosphates did not fix As(III).
So, another test was designed to test whether arsenic could
be removed from a solution containing several different
heavy metal-ions. The results are shown in Table 7. The
same resins used to remove Cr(VI) were also tested for their
ability to fix arsenic. These results are shown in Table 8.

It can be seen from Table 7 that in the presence of Pb,
Cd, Hg, and Cr, some As(IIl) can be removed, but the per-
centage is still very low. Table 8 shows that the amino-con-
taining resins do not adsorb As(III) and have a moderate
ability to remove As(V). However, at a low As(V) concen-
tration, the percent removed is smaller than it is for a higher
concentration. These results may be attributed to the differ-
ent acidities of the As(III)- and As(V)-containing species. In
a near-neutral aqueous solution, As(V) is mainly in the
forms of H,AsO4~ or HAsO,?~. The dissociation constant of
H,AsO,~ at 25°C (K, = 1.0 x 1077) is greater than that of
H;AsO; (or HAsO,) (K, = 6.0 x 107'9.**3 implying that
H,AsO,~ has a stronger acidity than H3;AsO; (or HAsO,),
and thus, has a stronger interaction with the alkaline amino-
groups on the resins This interaction also drives the solution
equilibrium between H,AsO,  and HAsO,*~ toward
H>AsO4~ which favors more As(V) being adsorbed onto the
resins. However, this acid—base interaction between them is
not strong enough to lead to a high removal percentage at a
low concentration. A further discussion is given below.

Table 9. The Equilibrium Concentrations of Ca and P for
Different Adsorbents in Water

n(Ca)/n(P) in

Absorbents c(Ca) in c¢(P) in
Adsorbents (mol/mol) Solution (mg/L)  Solution (mg/L)
Caz(POy), 1.51 0.86 1.96
Ca-HAP 1.68 0.84 0.94
HCO; -AP 1.61 3.12 4.38

Temperature = 20°C, pH ~ 7, 24 h.
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Figure 5. XPS spectra of D380 resin after adsorption of
Cr(VI) (a) N1s (b) Cr 2p3/».

The mechanism for the removal of heavy-metal ions

Mechanism for the Removal of Heavy-Metal Cations. 1If
a water-insoluble precipitate is formed during the reaction of
a heavy-metal ion and an inorganic adsorbent, the ion can be
removed from aqueous solution. Ions that form precipitates
with lower solubility-product constants can be removed more
completely.>® When calcium phosphate, hydroxyapatite, and
carbonate-substituted apatite were used as the adsorbents for
the removal of Pb>", Cd*", Hg?", and Cr’", water-insoluble
compounds, such as  Mj3(POy)s,  M;o(OH),(PO4)e,
M, o(HCO3),(PO4)s, or MCO; (M = Pb*", Cd*", Hg>", or
Cr’") were formed through an exchange with Ca*" or
through a reaction with PO437 or HCO3™. The solubility
products (Ksp) of Caz(POy,),, Pb3(PO,),, and Cd3(PO,), are
2.1 x 107%°, 8.0 x 107*, and 2.5 x 10~ respectively,*®
implying that it is possible to substitute Pb*" or Cd*" for
Ca”". Thus, Ca3(PO,), can strongly fix Pb>" and Cd*".

At a pH 7-7.2, a solution containing Cr(OH); is turbid
and a solution with a low Cr*" concentration can remain
suspended for 24 h. However, if Ca®* and CO327 are also
both in the system, a fast precipitation will occur at the
same pH and Cr’" concentration. As Cr(OH); has a low
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Figure 6. XPS spectra of D380 resin after adsorption of
As(V) (a) N1s (b) As 3d.

solubility product (6.3 x 107°"),*® the strong fixation of
crit by CaCOj can be attributed to the co-precipitation of
Cr(OH); with CaCOs.

Table 9 gives the equilibrium concentration of Ca and P
for different adsorbents in water. As hydroxyapatite has
lower remaining concentrations of Ca and P than those for
calcium phosphate or the carbonate-substituted apatite, the
concentrations of Ca and P in the saturated solutions of the
latter two are over-saturated compared to those in the solu-
tion of hydroxyapatite. This leads to the formation of hy-
droxyapatite and subsequent re-deposition on Caz(PO,4), or
on the carbonate-substituted apatite adsorbents.

Mechanism for the Removal of Cr(VI) and As(V). Using
the D380 resin as a representative amino-containing resin,
XPS was performed to investigate the removal mechanism for
Cr(VID) and As(V). The results are shown in Figures 5 and 6.
After adsorbing Cr(VI), the N (1s) peak of the D380 resin was
separated into two Gaussian peaks centered at 399.67 and
402.01 eV (Figure 5a). A shift to higher binding energies indi-
cates that a portion of the N atoms was oxidized. The peak at
399.67 eV is from the N atoms in —NH,, and the peak at
402.01 eV can be assigned to the N atoms oxidized by Cr(VI).
This suggests that the fixation of Cr(VI) on the amino-contain-
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ing resin is mainly via a redox-reaction between —NH, and
Cr(VI), followed by the fixation of Cr(III). The peak at 575.87
eV in the Cr (2ps/;) spectrum (Figure 5b) may be due to Cr(III)
in the form of Cr(OH); which serves as further supporting evi-
dence for above proposed mechanism. The precipitation of
Cr(IIT) would cause a high formal potential (or conditional
potential) for the Cr(VI)/Cr(II) couple, and thus, drive the re-
dox-reaction nearly to completion.33 Thus, it can be concluded
that the removal of Cr(VI) is greatly improved by its reduction
to Cr(III).

Figure 6 shows the XPS spectra for the D380 resin after
As(V) adsorption. The N(1s) peak was separated into two
Gaussian peaks centered at 399.07 and 401.65 eV (Figure
6a). The peak at 399.07 eV is from the N atoms in —NH,,
and the peak at 401.65 eV can be assigned to the N atoms
that are interacting with the As(V) species. In the As (3d)
spectrum (Figure 6b), the peak at 46.26 eV coincides with
the binding energy of As(V) atoms, which serves as further
evidence of the interactions between the —NH, groups in
the resin and the As(V) species.

Characterization of the chitosan-polyaspartyl polymer
bone-like composite and its fixation of heavy metals

As mentioned earlier, the carbonate-substituted apatite had
the strongest fixation of heavy-metal cations (Pb>", Cd*",
Cr’", and Hg?") and the material with primary-amino-
groups has some ability to remove Cr,0,>~ and CrO,> . A
large surface area is also important for the uptake of adsorb-
ents. So, a bone-like composite was prepared, in which chi-
tosan served as the saccharide portion, a polyaspartyl poly-
mer as the protein portion, and the carbonate-substituted apa-
tite as hydroxyapatite. The designed composite is expected
to possess several heavy-metal-fixing groups, a large surface
area, and good hydrophilicity and permeability. Thus, it
should be a more effective agent than those with only one
type of function group. The effects of the operating condi-
tions and the ratios of starting materials on the composition
of the composites are currently under investigation in our
laboratory. The IR spectrum (Figure 1f) of the composite
prepared under the conditions given in the Experimental sec-
tion shows a band around 1640 cm™' which can be attrib-
uted to a combination of the amide-I band (C=O stretching),
the C=N stretching vibration, the amide-II band (N—H
bending) and the C—N stretching vibration in the secondary

Table 10. Performance of the Composite for Removing
Heavy Metal Ions*

Initial Final
Concentration Concentration
Heavy-Metal of M in of M in
Tons Solution (mg/L) Solution (mg/L) M-Removed (%)
Pb>* 99.5 <0.01 >99.9
5.0 <0.01 >99.8
cd*t 54.0 0.38 99.3
5.0 <0.01 >99.8
Hg*" 96.3 6.07 93.7
5.0 0.09 98.2
1.0 <0.01 >99.0
crrt 25.0 0.33 98.7
5.0 <0.01 >99.8
ot 19.2 18.1 5.7

Published on behalf of the AIChE

*Amount of bone-like composite = 0.1 g, total volume of solution = 50 mL,
exchange time = 2 h, temperature = 18°C, M = Pb, Hg, Cd, or Cr, pH
6—7.
fCr®* was added in the form of Cr2072’.

January 2013 Vol. 59, No. 1 AIChE Journal



amide. The band at 1400 cm ' is assigned to symmetric
stretching of the carboxylate anion (Vs,c00-),'® and the
strong band at 1031 cm™" is due to PO,*~ stretching. Addi-
tionally, the strong broad band at 3424 cm~ ! is a combina-
tion of O—H and N—H stretching band. It can be concluded
that a composite material containing chitosan and polyaspar-
tyl polymer was formed.

The surface morphology (not shown) of the composite
shows that it has nano-size particles (ca. 10—20 nm), indi-
cating that the addition of the polyaspartyl polymer helped
to disperse the inorganic phase. This is because of the inter-
actions between —COO~ and Ca”". The ability of the com-
posite to remove heavy metal ions was examined and is
shown in Table 10.

Table 10 shows that the composite exhibits excellent per-
formance for the removal of Pb2+, Cd2+, and Cr3+, and
compared to Table 5, the removal of Hg2+ is improved
which can be attributed to the larger surface area and the
introduction of the —COO™ groups in the polyaspartyl poly-
mer structure. There are a large number of —COO™ groups
in the polyaspartyl polymer structure. However, the removal
of Cr,05%~ is still not very effective.

Conclusions

Hydroxyapatite and some substituted-apatites, including
strontium-, fluoride- and carbonate-substituted apatites, were
prepared under near-physiological conditions and character-
ized by means of ICP, FT-IR, XRD, TG-DTA, and SEM. The
experimental investigation for the removal of Pb, Cd, Hg, and
Cr ions showed that the carbonate-substituted apatite exhibits
a very strong ability to fix Pb>", Cd**, and Cr3t.

A bone-like composite, in which chitosan served as the
saccharide portion and a polyaspartyl polymer as the protein
portion, was synthesized via co-precipitation. At a low
heavy-metal ion concentration, under a near-neutral condi-
tions, the biomimetic composite was excellent at removing
Pb*t, Cd*t, Hg”, and Cr**, with removal percentages as
high as 99.8% and residual concentrations as low as 0.01
mg/L. The prepared apatites had little ability to fix Cr(VI) in
the form of Cr,0,>~ or CrO,>", or to fix As(IIl) in the form
of H3AsO3;/HAsO,. However, if Cr(VI) was reduced to
Cr(IIl), the amount removed was greatly improved. The
amino-containing materials exhibited a strong ability to
remove Cr(VI) and moderate adsorption of As(V) under
near-neutral conditions. The mechanism of Cr(VI) removal
involves a redox-reaction and then the formation of water-in-
soluble compounds (a precipitate).
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