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Calcite originating from waste treatment technologies was utilised for the chemical precipitation of
hydroxyapatite (HAP). The physicochemical properties of the as-synthesised-HAP was fully characterised
using FT-IR, BET, SEM and TEM, confirming its crystal structure and formation of high purity HAP by
XRD. The product was employed for removal of lead from agueous media at pH 5.0, achieving almost

80% of the adsorption in the first 5 min and a maximum adsorption capacity for Pb* of 224.4 mg g~*. A
contact time of 40 min was required to achieve equilibrium with Pb?* uptake of 98%. The kinetics of the
cation exchange of HAP from calcite were predicted using integrated rate laws, revealing a pseudo-

second order cation exchange process with a rate constant of 6.84 x 10~* g (mg min)~*. All obtained

results are benchmarked against a control HAP sample simultaneously derived from eggshells, which
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were demonstrated to offer slower kinetics of cation exchange (4.82 x 1074 g (mg min)~Y) and almost

half the maximum adsorption capacity (129.1 mg g™3). The results showed that hydroxyapatite
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1. Introduction

The ambitious Waste Framework Directive (WFD) details
a series of very clear waste management targets for all European
Union (EU) member states, and has shaped modern waste
management systems within its borders. Despite many different
advancements, recycling targets are still to be achieved in the
UK, and some sources, including Department of Food and Rural
Affairs (DEFRA), report recycling rates in the UK to be either
stagnating or even falling. This could be argued to be due to the
law of diminishing returns, where the “easier” materials such as
plastic bottles, paper, and steel/aluminium cans all have
established markets supported by effective segregation, pro-
cessing, and distribution networks® and therefore significant
increases in recycling are unlikely. This means that innovative
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synthesised from calcite waste represents a low-cost material for the adsorption of hazardous Pb2* in
contaminated waters and a promising alternative for heavy metals remediation in aquatic environments.

methods in this field are still required in order to achieve targets
set out by central government, with a particular focus on
materials that are either difficult to recycle, or don't have
existing recycling routes. Aside from this, solid residues,
precipitates, and minerals accumulating within advanced waste
management technologies are yet another issue with practical
application of the principles set out by the WFD.

Calcite is an example of an unwanted material formed as
a result of an advanced waste management systems. It is very
well-known that calcite (CaCO;) is formed in many water
processes causing blockages and technology failure in heat
exchangers, tanks, reverse osmosis systems, and pipework
within industrial environments. It is an off-white mineral that is
extremely hard, crystalline, and highly pure. The EU estimates
that calcite issues in processing technology (such as heat
exchangers) can cost up to 0.25% of a nation's GDP in the
industrialised world.> Developing methods to feed these mate-
rials back into the supply chain will help close the loop to the
‘circular economy’.

Hydroxyapatite (HAP, Cas(PO,4);OH) is an inorganic material
that has been extensively studied due to its valuable charac-
teristics and has been mostly employed in biomedical applica-
tions as it exhibits structural similarities to human bones and
teeth. Besides various dental, orthopaedic and drug delivery
fields that utilise HAP for its recognised biocompatibility, it has
been also described as an excellent catalyst, because of its
hydrophilic properties, structural stability and bifunctionality,

This journal is © The Royal Society of Chemistry 2019
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as summarised in a review by Gruselle.® In recent years,
however, attention has turned towards the utilisation of HAP as
a sorbent material for environmental pollutants. In particular,
HAP has been successfully investigated for the adsorption of
heavy metals, due to its low water solubility and high stability
under oxidising and reducing conditions, giving rise to its
excellent adsorption capabilities.*® In view of chemical
synthesis of HAP, it essentially requires a source of calcium and
phosphate. Thus, exploring innovative and simpler approaches,
employing inexpensive recycled calcium materials and using
reduced energy consumption protocols to synthesise such
a benign material presents a worthwhile research challenge.
Besides conventional synthetic chemical routes, a plethora of
waste materials that attain high calcium content have been
successfully utilised as a calcium source in the preparation
process of HAP, such as mussel shells,*” eggshells,'** kina
shells," fish bones or scale,”>'® gypsum,”" ash of poultry
waste,”® aquaculture wastewater,” biomass ashes,” oyster
shells,” calcium sulfite from production of agrichemicals,*
abalone shells,* cattle bones* and mystery snail shells.*®

Heavy metals’ pollution of aquatic environments as a conse-
quence of anthropogenic activities has drawn international
attention due to their persistency, non-biodegradability, bio-
accumulation and toxicity.?* Lead (Pb>") is one of the most
ubiquitous hazardous contaminants in aquatic environments
of which presence at certain concentrations may cause irrepa-
rable damage for the environment, including flora and fauna,
and humankind after consuming contaminated water.*®
Consequently, the development of technology for the efficient
removal of heavy metals from contaminated waters is a neces-
sity of global interest.

This paper explores the utilisation of calcite waste, which is
already in existence as common waste by-product, as a calcium
source in the synthesis of hydroxyapatite (HAP). Calcium
carbonate was extracted from waste calcite in acidic media and
directly employed in the standard wet precipitation protocol to
obtain stoichiometric HAP. The obtained material was bench-
marked against eggshells-derived HAP that is widely reported in
the literature. Resulting materials together with raw calcium
precursors were fully characterised for their physicochemical
properties and applied to remove hazardous Pb>" from aqueous
solutions.

2. Experimental

2.1. Materials and chemicals

All chemicals were obtained from Sigma-Aldrich and were used
as received without any further purification, such as HCI (37%,
=99.8%, 1.2 g mL ™" at 25 °C), HNO; (70% purified by redis-
tillation, =99.999%, 1.413 g mL™' at 20 °C), (NH,),HPO,
(=98%), NH,OH (28.0-30.0%, 0.9 ¢ mL™' at 25 °C), NaCl
(=99.5%), Pb(NO3), (=99.999%). All solutions were made by
using deionised water with a resistivity not less than 18.2
MQ cm. Glassware employed for the lead adsorption experi-
ments was thoroughly conditioned for trace analysis i.e. soaked
in hot nitric acid at 10% for 48 h, rinsed with ultrapure water,
dried and kept in hermetic plastic bags until used.

This journal is © The Royal Society of Chemistry 2019
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Calcite is a common mineral found to build up inside water
treatment technologies as a result of high levels of calcium ions
within hard water. The process of calcium spontaneously
depositing on a surface is commonly known as scale deposition,
and can affect chemical technology significantly if not managed
effectively. The resulting “scaling” of treatment technologies can
cause severe process hindrance and downtime through
increasing pipe pressure and blockages. This work takes advan-
tage of a waste treatment process suffering from a “downtime”
period, where calcite was responsible for its closure. The calcite
was extracted from a process water tank suffering from severe
calcite scale deposition. The tank was part of an industrial
anaerobic digestion process for the treatment of municipal solid
waste. The mineral was sheet-like and very brittle, hence was
extracted from the tank walls using a hammer and chisel. The
calcite was dried at 105 °C for 18 hours before use.

2.2. Preparation of calcium precursors from waste materials

Two different waste materials were used, calcite waste and
eggshells, as a calcium precursor for the synthesis of HAP and
pre-treated as follows: calcite was first manually shattered using
a hammer, then crushed into a fine powder with a vibratory
micro mill (Fritsch analysette 3 Spartan, 50 W, 50-60 Hz). The
eggshells were first thoroughly cleaned with deionised water
and then soaked in concentrated NaCl (1 M) solution for 10 min
to remove the inner membrane layer. After drying at room
temperature, crushed eggshells were ground to a fine powder
using a planetary ball mill (Retsch PM100) equipped with Teflon
jars and zirconia grinding balls, for 10 min at 300 rpm and
10 min at 500 rpm, consecutively. Finally both materials were
homogenised using a 250 um sieve (Retsch) and stored in the
desiccator chamber. This ensured homogeneous particle size
for both materials, ensuring that the materials were as
comparable as possible.

Pre-treated waste powders (8.51 g) were dissolved in
a 100 mL solution of HCI (37%) and water in the molar ratio
1:3 and stirred for 2 hours at room temperature to extract
calcium. The obtained solutions were filtered in a vacuum
system to eliminate any possible residue and the resultant
filtrates were kept at room temperature until used as calcium
precursors to perform the synthesis of HAP.

2.3. Synthesis of hydroxyapatite (HAP) from waste materials

A solution of (NH,4),HPO, (0.18 M, 50 mL) was stirred at room
temperature in a beaker with the extracted calcium precursor
from waste powders (see Section 2.2) added dropwise, resulting
in a “milky” suspension of HAP. During the precipitation
process, the pH was maintained within the range 9.8-9.9
through the addition of small amounts of NH,OH (28%). The
mixture was stirred overnight (16 h) at room temperature (20 +
1 °C) using a magnetic stirring bar. The final precipitate ob-
tained was filtered, cleaned alternately with water and ethanol
three times, dried in the oven at 60 °C for 2 hours and calcined
at 550 °C for a further 6 hours. The resulting HAP was manually
powdered using a pestle and mortar. The same procedure was
repeated to synthesise eggshells-derived HAP.

RSC Adv., 2019, 9, 4054-4062 | 4055
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2.4. Characterisation techniques

Microscopic images were recorded using a Supra 40VP (Carl
Zeiss Ltd) scanning electron microscope (SEM) and JEOL 3000F
using field emission gun instrument at 300 kV high resolution
transmission electron microscopy (HR-TEM). Semi-quantitative
chemical analysis was performed by X-ray fluorescence (XRF)
via Rigaku NexCG 1220 and energy-dispersive X-ray spectros-
copy (EDAX) using an Apollo 40 SDD instrument. Fourier
transform infrared spectroscopy (FT-IR) was performed via
Nicolet 380 Smart iTR using diamond attenuated total reflection
(ATR) spectrometer. X-ray diffraction (XRD) was conducted in
powder spinning mode at ambient conditions using a Pan-
alytical X'Pert Powder diffractometer with Cu Ka radiation (A =
1.5406 f&). All powder diffraction patterns were recorded with
step size 0.052 and step time 200 s, using an X-ray tube operated
at 40 kv and 30 mA with fixed 1/2° anti-scatter slit. XRD patterns
of waste materials and HAP were benchmarked against known
XRD standards (JCPDS 05-0586 and JCPDS 09-0432 for CaCO;
and HAP, respectively). Nitrogen adsorption/desorption
measurements were carried out using a Micromeritics ASAP
2020 Surface Analyser at —196 °C. Samples were degassed under
vacuum (p < 10> Pa) for 3 hours at 300 °C prior to analysis. BET
surface areas of the samples were calculated in the relative
pressure range 0.05-0.30 and pore volume was calculated at
relative pressure of 0.999. Calcium content in the extracted
calcium precursor solutions as well as lead remaining in the
solution after performing adsorption experiments on syn-
thesised HAP were determined by inductively coupled plasma
optical emission spectroscopy (ICP-OES) using Thermo Scien-
tific iCAP 6300.

2.5. Adsorption of lead (Pb>")

The adsorption of Pb>" was conducted by adding synthesised
HAP (0.025 g) into a set of conical flasks with Pb(NOj3),
(220 ppm, 25 mL). The pH of the initial Pb** solution was
adjusted to 5.0 using NaOH (0.01 M) and/or HNO; (0.01 M) as
required. Resulting mixtures were placed on a mini orbital
shaker (Stuart SSM1) and batch adsorption experiments were
performed at room temperature (20 = 1 °C) with a constant
speed of 200 rpm. After adsorption, the contents of each conical
flask were filtered under vacuum at different time intervals in
the range of 0 to 300 min and the filtrates were diluted with
HNO; (5%) for the determination of residual Pb®* concentration
by ICP-OES. The Pb>" adsorption capacity of HAP (q,) obtained
from waste materials was calculated according to eqn (1):

o= 02 C Q0

m

where ¢, is the amount of Pb** adsorbed on the HAP (mg g™ '),
Co and C, are the Pb** concentration before and after adsorption
(mg L), Vis the volume of solution (L) and m is the weight of
HAP used in the adsorption experiment (g).

The kinetics of cation exchange on HAP were calculated
using the function method of simple integrated rate laws. The
pseudo-first order kinetic model was investigated using the
Lagergen equation,’® expressed as eqn (2), which describes the
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adsorption rate of the material based on the adsorption
capacity:*

K
log(ge — gr) =log ge — 5=t )

where ¢, is the amount of adsorbed Pb>" (mg g ') at any given
time ¢ (min), ¢. is the amount of Pb*>" adsorbed (mg g™ ') at
equilibrium and K; is the pseudo-first order reaction rate
constant for adsorption (min~'). The pseudo-second order
reaction rate equation was described by the eqn (3):

I_ t+ 1 (3)
@ g Kq?

where ¢, is the amount of adsorbed Pb>" (mg g ') at any given
time ¢ (min), ¢. is the amount of Pb*>" adsorbed (mg g™ ') at
equilibrium and K, is the second order reaction rate constant
for adsorption (g (mg min) ).

3. Results and discussion

3.1.
precursors

Characterisation of raw waste materials as calcium

First considered is the physicochemical characterisation of both
waste materials using the methods described in Section 2.4.
Calcite and eggshells were pre-treated as described in the
Section 2.2 to obtain fine powders, before performing the
chemical pre-treatment for calcium extraction. As shown in
Fig. ESI 1A,7 SEM images revealed highly agglomerated and
irregular surface of eggshells. It is interesting to note, that
similar characteristics were also observed in the calcite (Fig. ESI
1Bt), which suggests that the calcite possessed similar physical
structure to that of eggshells.

Attention was turned to the investigation of the chemical
composition of raw eggshells and calcite waste materials via
XRF analysis. As summarised in Table 1, the results obtained
confirmed an expected high calcium content in eggshells,
which corresponded to 41.9%. A near identical high concen-
tration of calcium was also detected in the waste mineral that
was found to be 40.6%. Apart from calcium, minor impurities
were identified in both materials, including Mg, Al, Si, P, S, Fe,
Cl and Mn that are present at insignificant concentrations
compared to Ca. It is also noted that Pb was not observed in
significant levels within either material (0.0024 wt%).

Following chemical characterisation, XRD analysis was next
performed to investigate the crystal structure of the raw mate-
rials. As presented in Fig. ESI 2, the obtained diffraction
patterns for both materials showed all peaks that clearly cor-
responded to pure calcite (CaCOj3) (JCPDS 05-0586). This was an
expected result for eggshells, however great similarities were
identified in the pattern obtained for the extracted calcite, and
a higher diffraction intensity was observed for the calcite when
compared to eggshells. Furthermore, the observed patterns did
not display any secondary phases present in both materials, at
the same time excluding any major impurities present that
could cause a detrimental effect in further synthesis.

Subsequently, spectral characterisation of the waste prod-
ucts was performed via FT-IR studies, using attenuated total

This journal is © The Royal Society of Chemistry 2019
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Table 1 Results obtained from the analysis of raw eggshells and calcite by XRF

Ca (%) Mg (%) Al (%) Si (%)

P (%)

S (%) Fe (%) cl (%) Mn (%)

Eggshells 41.90 £ 0.097 0.204 £ 0.025 0.088 £ 0.0202 0.177 £ 0.002 0.175 £ 0.001 0.12 £ 0.000 0.010 £ 0.000 0.077 % 0.000 0.004 £ 0.000

Calcite

reflectance (ATR) to indicate chemical bonding within the
materials. As shown in Fig. ESI 3,1 the most intense peak
present at 1398 cm ™" corresponded to »; asymmetric stretching
mode of carbonate. The peak observed at 872 em ™ indicated
asymmetric deformation of CO;>~ followed by the peak at
712 em ™! associated with symmetric deformation of CO;>~.*
The absence of any other significant peaks is in agreement with
other studies performed that excluded any other phases or
impurities and confirmed that calcite is the main component of
the tested waste materials.

After full characterisation, both powders were separately
treated with hydrochloric acid to extract the calcium into solu-
tion. The final concentration of Ca was accurately determined
using ICP-OES. Based upon those results, the exact amount of
phosphate precursor ((NH,),HPO,) required to precipitate stoi-
chiometric HAP was calculated in each case in order to maintain
molar ratio of Ca/P of 1.67 during the synthesis process.

3.2. Synthesis and characterisation of HAP from waste
materials

Next considered is the structure and characteristics of the syn-
thesised HAP materials. The mechanism of HAP formation is
described according to eqn (4), where HAP is formed via the
reaction of calcium precursors, in the form of CaCO;, extracted
from the waste materials at the conditions described in Section 2.2.

5C3CO3 + 3(NH4)2HPO4 + 2NH4OH i Ca5(PO4)3OH +
4(NH,),CO; + CO, + 2H,0 (4)

This novel approach utilised calcite materials directly from
the source, without further purification or pre-treatment,
instead of using refined material since this work recycles the
waste calcite in order to obtain an advantageous material that
can be employed in many different ways. This allows insights

25.00KX

1 pm 100KV SE2

WD = $.2mm

40.60 + 0.092 0.554 £ 0.037 0.165 & 0.003 0.472 £ 0.003 0.163 & 0.001 0.491 £ 0.001 0.327 £ 0.003 0.066 £ 0.000 0.191 £ 0.003

into the direct valorisation of a waste material at a reduced cost.
Moreover, this synthetic approach is attractive due to an
extremely high yield obtained from both products, which cor-
responded to 99.2% and 95.7% when calcite and eggshells were
utilised, respectively.

The obtained HAP materials were characterised via SEM,
which revealed a highly agglomerated crystalline HAP structure,
as observed in Fig. 1. It is interesting to note, that as exhibited in
SEM micrographs smaller particles were formed on the surface of
HAP synthesised from eggshells. EDX analysis was subsequently
performed to detect impurities formed within the precipitated
HAP products. Excluding elements anticipated in HAP ie. Ca, P
and O, there were insignificant presence of other species within
the products. In the mineral derived HAP the main impurities
were Fe, Cl, Mg, Mn, S, Al and Si. The chlorine species were
associated with residues from HCl employed to extract Ca,
whereas all other elements were present in the raw mineral
before any treatments (Table 1) and are likely intercalated within
the structure due to trace ions in the waste water process.
However, such low wt% of all elements (<1 wt%) were considered
as insignificant. The eggshells-derived HAP exhibited Mg and Cl
from the same origins. The structure of HAP was further studied
by HR-TEM. As depicted in Fig. 2C, the obtained HAP particles
were highly ordered hexagonal shaped when HAP was prepared
using calcite. At higher magnification (shown within Fig. 2D),
very clear repeated structural arrangements of HAP were
observed, that indicated columns of calcium ions and oxygen
atoms originating from phosphate groups, that are situated
parallel to the hexagonal axis. This is a typical feature of HAP,
which is demonstrated previously appearing as “light” coloured
lines, circled on the HR-TEM images (Fig. 2). The eggshells-based
HAP exhibited the same surface characteristic, shown in Fig. 2A
and B, however the particles appear to exhibit a shorter range
order (~10 nm) compared to the calcite-based HAP (~40 nm).

1 pm 100KV SE2
— WD = 5.5 mm |

Fig. 1 SEM micrographs of HAP synthesised from (A) eggshells and (B) calcite.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 TEM images of HAP synthesised from eggshells (A and B) and calcite (C and D).

Following microscopic imaging, XRD analysis was per-
formed to confirm phase purity of the prepared HAPs. As shown
in Fig. 3B, the calcite based HAP was highly crystalline with
sharp peaks that resembled the standard diffraction pattern
(JCPDS 09-0432). Furthermore, no secondary phases were
observed, indicating a highly efficient synthetic process. It is
worth noting that the HAP prepared by employing eggshells

3500 - @n)

A

Counts

\4

20 30 40 50 60
Position / 2 Theta (degrees)

(Fig. 3A) revealed a less crystalline structure, observed in Fig. 3A
as broader diffraction peaks. Note in this particular application,
reduced crystallinity may be more beneficial, since according to
Hashimoto and Sato less crystalline materials promote
enhanced adsorption capabilities.>® FT-IR studies revealed in
both cases the characteristics of the HAP phase (shown in
Fig. 4), with the main peaks at 1030 em™", corresponding to the

A
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Fig. 3 XRD patterns of HAP synthesised from (A) eggshells and (B) calcite.
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stretching mode of P=0, a small band at 870 cm " indicating
HPO,>” ions, and broad band at 1420 cm ™' typical of CO;>~
species.*” It is also worth noting that while the OH band typical
in HAP appears reduced, this is actually a result of the increased
intensity of the P=O stretching mode. The peaks have been
clearly labelled on Fig. 4 for ease of identification.
Subsequently, a nitrogen adsorption isotherm was employed
to examine the porosity and pore size distribution of both
materials. The BET surface areas of the HAPs corresponded to
45.4 + 0.1 m*> g" and 113.4 £ 0.3 m*> g' for calcite and
eggshells-derived HAPs, respectively. This demonstrates that
even though there were no additional templates employed in
the process, thus keeping the procedure simple, the obtained
materials revealed relatively high porosity when compared to
that reported in the literature.>® In consequence, as presented
within Fig. 5A, BJH pore size distribution showed very uniform
pores obtained from eggshells-derived HAP with the average
diameter of 10 nm. Much bigger and irregular mixture of pores
were obtained in HAP that utilised calcite (Fig. 5B) with the
average of 53 nm; however the full range of pores present
involved both meso- and macro-sized pores. It is worthy to note
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90 OH
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40
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that even though calcite-derived HAP exhibited a lower surface
area, it revealed higher pore volume when compared to
eggshells-derived HAP and corresponded to 0.47 cm® g~ and
0.33 cm® g ', respectively. This suggests that during the
synthesis calcite promoted formation of an open structure of
HAP, which in consequence can be more beneficial for an ion
exchange mechanism.*

3.3. Adsorption of lead (Pb*")

Next considered is the efficacy of Pb** removal using the as-
synthesized HAP materials. Batch experiments were carried
out to investigate the application of fully characterised HAPs
synthesised from waste materials for the removal of Pb>" from
water. In the particular case of Pb*", it is very well described the
suitability of HAP to immobilise this pollutant via cation
exchange with the consequent substitution of metal for Ca**.2
It is also well-known that pH, contact time, initial concentration
of metal and mass of adsorbent are important parameters that
directly affect the adsorption process.'**>* Therefore, based on
the results previously reported in the literature, the kinetic

A
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904 OH
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50 1
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40
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T
3500

Fig. 4 FT-IR spectrum of HAP synthesised from (A) eggshells and (B) calcite.

A
A
_ 15
o
£
o
[} il
g 1.0
>
©°
>
o
S 0.5
a 113.41£0.3 m’g”
0.04
T T T T T T :
0 10 20 30 40 50

Pore diameter (nm)

A
B
_ 06
o
€
o
(0] -
2 04
=}
S
>
o
S 0.2
o 45.4%0.1 m’g"
0.0
T T T T T T T :
20 40 60 80 100 120

Pore diameter (nm)

Fig. 5 Pore size distribution and BET surface area HAP synthesised from (A) eggshells and (B) calcite.
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study of the removal of Pb*>* from water using HAP synthesised
from eggshells and calcite materials was adapted and per-
formed following the conditions described in the Section 2.5.
The adsorption kinetics of Pb** on different HAPs were then
monitored at 0, 5, 10, 20, 40, 60, 90, 120, 150, 180, 240 and
300 min, respectively.

As represented in Fig. 6, a rapid kinetic reaction of Pb**
adsorption by both HAPs occurred within the first 5 min. This
behaviour was more drastically observed in HAP from calcite,
where the removal of around 80% (187.4 mg g~ ') of Pb>* took place
in the first 5 min. Differences in the capability of both HAPs to
adsorb aqueous Pb*" were also clearly observed in Fig. 6. Unex-
pectedly, HAP synthesised from calcite had a greater rate of
adsorption and removed 98% of Pb>* (218.6 mg g~ ') in 40 min,
whilst HAP synthesised from eggshells just achieved 58%
(128.2 mg g~ ") within 300 min. These results were unpredicted
considering the fact that eggshells are a well-known and reported
waste source to perform this synthesis, and also the higher purity
of precursor from eggshells and subsequent HAP were assumed
more favourable for this application. Also, as reported by Hashi-
moto and Sato,* poorly-crystalline HAP showed greater capacity
for Pb** removal than crystalline, so better effectiveness of HAP
synthesised from eggshells in the adsorption experiments was
expected in contrast with the experimental results obtained. It can
thus be proposed from this experiment that the poorer crystallinity
of the eggshells-derived HAP cannot explain previous experiments
due to the fact that the more crystalline calcite-derived HAP has
significantly out-performed the eggshells-derived HAP in terms of
cation exchange. This observation is also supported by the sorp-
tion kinetic rates calculated for both materials using eqn (2) and
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(3). As depicted in Fig. 6B, the R* value of the correlation coeffi-
cients indicated that the adsorption of Pb*>* onto both eggshell and
calcite-derived HAPs fit the expected pseudo-second order model,
where greater linear correlation obtained for calcite HAP explains
enhanced efficiency of this material for the adsorption process.
Also, the characteristic rate constants (K,) estimated for both
materials after the adjustment to the pseudo-second order model
revealed a higher value for calcite-derived HAP. Corresponding
calculated values using the pseudo-first order and the pseudo-
second order models for the adsorption of Pb*" on calcite-
derived HAP and eggshells-derived HAP are summarised in
Table 2.

The efficacy of HAP synthesised from calcite compared to
eggshell is also demonstrated in Fig. 7, where the time-
evolution of the concentration of Pb*>" and Ca®" in solution is
monitored during the adsorption process by using ICP-OES. It
was observed that the cation exchange reaction took place
during the adsorption process of Pb>" on HAP synthesised from
both waste materials because of a decrease in the concentration
of Pb** in solution was accompanied with an increase in
concentration of Ca** from HAP in a similar proportion (Fig. 7A
and B). Substitution of Pb®" in the structure of HAP was
remarkably more effective in HAP from calcite (Fig. 7B) where
a concentration of 5 mg L™" of Pb>" was only remaining in
solution after 40 min, demonstrating that the cation exchange
process took place favourably on this material. This may be
related to the pore volume of the calcite-derived HAP, which was
demonstrated to be larger than the eggshells-derived HAP, thus
allowing movement of ions in and out of the open structure of
HAP more efficiently.

A A
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2.4
200 4
B 2.0
2 Calcite-HAP: y = 0.0056x + 0.0458
£ 150 1.6
3 3
o
s = 1.2
§ 100
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50 1 0.4 Eggshells-HAP: y = 0.0095x + 0.1873
Re= 0.9850
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Time / min t/ min

Fig. 6 Pb?* adsorption kinetics at room temperature on HAP synthesised from eggshells and calcite waste materials (A) and pseudo-second
order fit for the adsorption of Pb?* by calcite and eggshells-derived HAPs at the experimental conditions described in Section 2.5 (B).

Table 2 Calculated parameters using the pseudo-first order and the pseudo-second order models for the adsorption of Pb?* on calcite-derived

HAP and eggshells-derived HAP

Pseudo-first order model

Pseudo-second order model

Metal ion HAP e K, R? e K, R?
Pb** Calcite 12.68 8.52 x 1073 0.2142 178.57 6.85 x 107 0.9942
Eggshells 59.53 1.66 x 102 0.9647 105.26 4.82 x 1074 0.9850
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Fig. 7 Time-evolution of the concentration of Ca®* released from HAP obtained from (A) eggshells and (B) calcite and concentration of Pb?*

remaining in solution during cation exchange-adsorption process.

Finally, the maximum adsorption capacities of HAP syn-
thesised in the present study from calcite and eggshells were
calculated using eqn (1) and corresponded to 224.4 mg g ' and
129.1 mg g ', respectively. They were similar to those reported
in the literature for the removal of Pb** using HAP obtained
from recycled eggshells (101 mg g '), incinerated ash of
poultry waste (277 mg g~ *)?° or flue gas desulfurisation gypsum
waste (227.8 mg g~ ').»°

4. Conclusions

This paper, to our knowledge for the first time, has explored the
direct valorisation of calcite waste extracted from waste treatment
technologies in a simple, rapid and low-cost synthesis of high
purity stoichiometric hydroxyapatite via chemical precipitation.
The high crystallinity and high phase purity of HAP were
confirmed by XRD and FT-IR analysis and were benchmarked
against reference HAP derived from eggshells waste simulta-
neously synthesised following the same procedure. The HAP
derived from calcite was successfully utilised for the adsorption of
Pb>* from aqueous media at pH 5.0 by cation exchange and
demonstrated an excellent removal efficiency of ~80% of Pb*" in
the first 5 min, which corresponded to 187.4 mg g~ ' of Pb*". A
contact time of only 40 min was required to reach an equilibrium
and remove 98% of Pb>* i.e. 218.6 mg ¢~ '. The pseudo-first order
and pseudo-second order rate laws were evaluated to investigate
the kinetic behaviour and rate constant of initial Pb>" concentra-
tions. The experimental results demonstrated pseudo-second
order fit with the maximum adsorption capacity of 224.4 mg
g~ ", and a rate constant of 6.84 x 10~ g (mg min)~". This greatly
exceeded the value obtained from the reference HAP derived from
eggshell waste, where the maximum adsorption capacity was
129.1 mg g~ " and the rate constant was 4.82 x 10~ * g (mg min)~".
Furthermore, the crystallinity of both the waste calcite material
and the waste calcite-derived HAP were demonstrated to be higher
than the respective eggshells benchmarking materials. While
previous reports suggest crystallinity to be detrimental to Pb**
adsorption, this work finds no such connection. The preparation
of HAP adsorbents via chemical approach using naturally depos-
ited calcite as a calcium source has demonstrated to be

This journal is © The Royal Society of Chemistry 2019

remarkably easy and inexpensive alternative to recycle waste
materials, opening possibilities of application in the environ-
mental field.
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