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oval from aqueous systems using
hydroxyapatite nanocrystals derived from clam shells

Dariela Núñez, *a Jon Ander Serrano,a Aritz Mancisidor,a Elizabeth Elgueta,a

Kokkarachedu Varaprasad, a Patricio Oyarzún,b Rodrigo Cáceres,a Walther Idea

and Bernabé L. Rivasc

Hydroxyapatite (HA)was synthesized bywet chemical precipitation, using clam shell (CS)waste as feedstock. SEM

and TEM observation of the produced hydroxyapatite revealed the presence of rod-shaped nanocrystals, while

XRD and EDS analyses confirmed the characteristic patterns of hydroxyapatite molecules. This material was

subsequently employed as a sorbent for heavy metal removal from aqueous solutions, both in batch and

column equilibrium procedures. In batch studies, higher sorption efficiencies were obtained at pH 5, with the

highest adsorption capacities of 265, 64, and 55 mg g�1 for Pb(II), Cd(II), and Cu(II), respectively. In addition, an

adsorption capacity of 42.5 mg g�1 was determined using a CS-HA packed bed column fed with a solution of

Pb(II). Finally, the breakthrough curve was fitted with Thomas model in order to predict column behavior and

scaling up.
1 Introduction

Safe and clean drinking water is essential for human life.
However, its availability is becoming scarce as a consequence of
the contamination of clean resources and the effects of global
warming.1,2 Water pollution due to the presence of heavy metals
represents a serious threat to living organisms and to the
environment, since they are toxic, non-degradable, and they
tend to bio-accumulate. Lead can severely impact the central
nervous, renal, reproductive, hematopoietic and hepatic
systems.3 Cooper is toxic at high concentrations, since it could
produce cellular and tissue damage leading toWilson disease in
humans.4 Cadmium is an established human carcinogen,
which has been associated with the development of prostate,
kidney, liver, hematopoietic system and stomach cancer.4

Anthropogenic activities, such as mining and other industrial
processes may introduce these contaminants into the water.5

Likewise, natural dissolution of heavy metals is also an impor-
tant source of contamination, because they are widely distrib-
uted in the Earth's surface.6 Thus, the removal of metal ions is
paramount to contribute to maintain these contaminants under
safe concentrations. Traditional purication technologies
include reverse osmosis, ion-exchange, precipitation,
membrane technology, and adsorption.7–10 However,
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adsorption-based technologies have emerged as simple, effi-
cient and economic alternatives.5

The use of mollusk shells to produce low cost sorbents is an
attractive approach, especially given its high content of calcium
carbonate that makes these waste materials excellent feedstock
candidates to produce hydroxyapatite (HA; Ca10(PO4)6(-
OH)2).11,12 We previously showed that clam shells have higher
calcium carbonate content compared with mussel shells and
eggshells,11 enabling thus a higher conversion rate into HA. In
addition, because synthetic HA is produced through stoichio-
metric conversion from calcium carbonate, the resulting
product is highly pure, with no residual content of reactants or
by products.11 By contrast, HA extracted from bones or other
natural sources is non-stoichiometric, since it contains trace
elements such as Na+, Zn2+, Mg2+, K+, Si2+, Ba2+, F�, and
CO3

2�.12–14 Up to date, synthetic and natural HAs have been
reported for different applications including biosorption for
removing of heavy metals.15,16 Heavy metal sorption studies
have been performed using commercial HA17–22 or HA produced
from chemical reagents,23–26 while some studies account for the
employment of bio-wastes for HA synthesis and sorption
applications, using as raw material Persian Gulf corals,27

eggshell,28–31 bone char,32 mammalian bone meal,25 sh scales33

andmicrobial precipitated calcite.34 However, only a few studies
focus on batch and column equilibrium procedures for heavy
metal sorption studies using HA synthetized from biogenic
sources. In addition, regeneration studies with synthetic HA,
either pure or composites, have shown only slight loss of
adsorption efficiency aer consecutive adsorption–desorption
cycles, proving the material can be reused for long term appli-
cations in water treatment.35,36
RSC Adv., 2019, 9, 22883–22890 | 22883
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In the present study, HA was synthesized from clam shells as
starting material (CS-HA) using wet chemical precipitation.
Material characterization was performed through X-ray
diffraction (XRD), transmission electron microscopy (TEM),
and scanning electron microscopy (SEM) coupled with energy-
dispersive X-ray spectroscopy (EDX). The effect of pH, contact
time (kinetic studies), maximum sorption capacity, and selec-
tivity were tested on CS-HA using Pb(II), Cd(II), and Cu(II) solu-
tions in batch procedure. A column equilibrium procedure was
also included using a CS-HA packed bed system. The results
were tted using Thomas Model.

2 Experimental
2.1 Production of calcium oxide from clam shells

Clam shells were collected from local markets in the province of
Concepción, Chile. The shells were grinded with a laboratory
mill (A11 basic Analytical mill, IKA) and sieved using a 100Mesh
stainless steel screen. The ne sieved fraction of the powdered
shells was calcined in a furnace (Thermolyne F6010, Thermo-
scientic), rstly at 550 �C for 1 h and then at 900 �C for 3 h, to
remove organic material in the shell and to convert the calcium
carbonate content into calcium oxide (CaO). Finally, the
calcined powder was triturated in a ceramic mortar.

2.2 Synthesis of nano-hydroxyapatite

CS-HA was prepared by wet chemical precipitation using
100 mL of 0.6 M phosphoric acid (H3PO4 85% p.a.) and
100 mL of 1 M calcium hydroxide (5.6 g of CaO were dis-
solved in 100 mL of water). The solution of H3PO4 was added
to the Ca(OH)2 solution dropwise at a ow rate of 2.5
mL min�1 using a syringe pump. The reaction vessel was
stirred at 1500 rpm, maintained at 40 �C and the pH was
adjusted to 10 using 1 M NaOH. The nal suspension was
stirred overnight at room temperature. The obtained
precipitate was washed three times with distilled water by
consecutive centrifugation (10 000 rpm). Finally, the
resulting precipitate was dried at 40 �C for three days.

2.3 Characterization of hydroxyapatite powder

The phase composition of CS-HA was determined by X-ray
diffractometry (XRD-Bruker, D4 Endeavor) at 40 kV and 20
mA, using Cu Ka radiation (l ¼ 1.5406 Å). Diffractograms were
recorded in a 2q range 5–70� (step size 0.02�, step time 141 s).
The morphology of CS-HA nanocrystals were examined by
scanning electron microscopy (SEM) (ETEC Autoscan) equipped
with energy-dispersive X-ray spectroscopy (EDX), and trans-
mission electron microscopy (TEM) (JEOL/JEM 1200 EX II).

2.4 Metal solution preparation and analysis

The solutions were prepared using Cu(NO3)2, Cd(NO3)2, and
Pb(NO3)2 standard solutions (Merck Co., Germany). Atomic
absorption spectroscopy (AAS) (PinAAcle 900F, Perki-
nElmer) was used for cation concentration analysis. The
ame atomizer was supplied with 2.5 L min�1 of acetylene
and 10 L min�1 of air. An electrode discharge lamp (EDL)
22884 | RSC Adv., 2019, 9, 22883–22890
was used as the radiation source for lead and cadmium, and
a cathodic lamp for copper. Detection wavelengths were
324.7 nm for copper, 228.8 nm for cadmium, and 283.3 nm
for lead.

2.5 Inuence of pH on adsorption

The sorption of Cu(II), Cd(II), and Pb(II) was assessed at pHs 3, 4,
and 5. Batch experiments were carried out with 40 mg of CS-HA
in 10 mL of metal solution (200 mg L�1) for 24 h at 25 �C and
140 rpm. At the end of the contact time, the sample was
centrifuged and metal concentration in the supernatant was
measured by AAS. The experiments were carried out in
triplicate.

2.6 Inuence of contact time on adsorption

The effect of the contact time between the sorbent material
and the heavy metal solution was assessed at 10, 20, 40, 60,
80, 120, 180, 360, and 1440 min at 25 �C. For each metal
(Cu(II), Cd(II), and Pb(II)), a set of 9 solution asks were
prepared using 40 mg of CS-HA with 10 mL of the corre-
sponding heavy metal ion solution (200 mg L�1). The
mixtures were subsequently centrifuged and the superna-
tants were analyzed for heavy metal content by AAS. The
experiments were carried out in triplicate.

2.7 Selectivity study

10 mL of a multicomponent solution containing Cu(II),
Cd(II), and Pb(II) at concentration of 200 mg L�1 each metal
ion were contacted with 40 mg of CS-HA. Aer 1 h of contact
time the solutions were centrifuged and analyzed by AAS for
heavy metal content. The experiments were carried out in
triplicate.

2.8 Sorption capacity studies

Sorption capacities for Pb(II), Cd(II), and Cu(II) were determined
at pH 5 and 25 �C using solutions prepared at the following
concentrations: 100, 200, 300, 400, and 500 mg L�1, for Cd(II)
and Cu(II), and 100, 200, 300, 400, 500, 750, 1000, and
2000 mg L�1 for Pb(II). 40 mg of CS-HA were contacted with
10mL of each solution. The sorption capacity at the equilibrium
(qe) was calculated using eqn (1).

qe ¼ ðC0�CeÞ V
X

(1)

where qe is the amount of adsorbed metal per weight of
adsorbent material at the equilibrium, expressed in mg g�1. C0

and Ce correspond to the initial concentration and the
concentration at the equilibrium (mg L�1), respectively. The
volume of the solution is represented by V (L) and the dry weight
of the sorbent material is denoted by X (g).

2.9 Column study

The removal of Pb(II) was studied at laboratory-scale using
a glass column (1 cm F � 0.4 cm height) lled with 0.2 g of
CS-HA, according to the experimental setup presented in
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Diagram of the packed bed column system.
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Fig. 1. The system was operated in up ow mode, by feeding
a synthetic solution of Pb(II) prepared at 30 mg L�1 and pH 5
at a constant ow rate of 1.2 mL min�1 using peristaltic
pump (120 S, Watson Marlow).

Samples were manually collected every 20 minutes from the
outow. The Pb(II) concentration in the samples was measured
by AAS.
Fig. 2 Hydroxyapatite nanoparticles characterization using (a) XRD, (b) S

This journal is © The Royal Society of Chemistry 2019
3 Results and discussion
3.1 Characterization of the materials

The crystalline structure of synthesized CS-HA was determined
from the XRD patterns (see Fig. 2a), conrming the presence of
reections peaks (25.77, 31.87, 33.01, 34.14, 39.98, 46.80, 49.55,
and 53.12�) corresponding to its main diffraction planes: (002),
(300), (202), (310), (222), (213), and (004).37 The crystalline peaks
were identied using the WinXPow soware (JCPDS Card No 9-
0432). In addition, the size and morphology of synthesized CS-
HA was analyzed by electronic microscopy (TEM/SEM), showing
the presence of rounded and smooth-surface aggregates
composed of rod-like nanocrystals of approximately 80 nm and
20 nm diameter (see Fig. 2b and d). Finally, the elemental
composition of CS-HA determined from the EDS spectra
conrmed the presence of Ca, O, and P, in agreement with the
result of XRD (see Fig. 2c).
3.2 Inuence of pH on adsorption

Fig. 3 shows the sorption efficiencies of CS-HA for Cu(II), Cd(II),
and Pb(II) at pH 3, 4, and 5 and initial concentration of
200 mg L�1. Higher sorption efficiencies were obtained at pH 5
for Cu(II), Cd(II), while for Pb(II) the sorption efficiency remained
over 99% for the three pH conditions tested. At pH 5 the sorp-
tion efficiencies were 96.8 � 0.3 and 96.1 � 0.6% for Cd(II) and
Cu(II), respectively. However, at pH 4 the sorption efficiencies
for these metals slightly dropped to 94.5 � 0.7 and 95.6 � 0.6%,
respectively. At pH 3, the sorption efficiencies also fell to 93.1 �
EM, (c) EDX, and (d) TEM.

RSC Adv., 2019, 9, 22883–22890 | 22885
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Fig. 3 Sorption studies of CS-HA for Cu(II), Cd(II), and Pb(II) at pH 3, 4,
and 5, with an initial metal concentration of 200 mg L�1. Error bars
indicate the standard deviation of triplicate.

Fig. 4 Sorption capacities of CS-HA using single metal solutions of
Cu(II), Cd(II), and Pb(II) for 10, 20, 40, 60, 80, 180, 360 min, and 24 h of
contact time. Error bars correspond to the standard deviation of tripli-
cate. Short dashed line indicates fitting to pseudo second-order kinetics.

22886 | RSC Adv., 2019, 9, 22883–22890

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 3
:1

0:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
1.5 and 93.9 � 0.6%, respectively. Therefore, given the detri-
mental effect on the sorption efficiency observed at pH 3 and 4,
the pH selected was 5 for the rest of the experiments.
3.3 Effect of contact time on adsorption

Sorption curves demonstrate that Pb(II) reached 99.0 � 1.0% of
efficiency at the rst 10 min and complete removal was achieved
aer 20 min of contact time (see Fig. 4). For Cu(II) and Cd(II) the
sorption efficiencies were, respectively, 65.8� 0.4 and 81.3� 0.1%
respectively at the rst 10min of contact and continued to increase
up to 80.9 � 0.1 and 92.0 � 0.2% at 60 min of contact time. The
highest efficiencies were obtained aer 24 h, reaching 93% for
Cu(II) and Cd(II). The contact time selected for the experiments was
60 min, since the removal capacity obtained at this time was over
90% of the maximum capacity obtained at 24 h of contact time.
3.4 Selectivity study

The selectivity of metal removal was studied using a multicom-
ponent solution containing Cu(II), Cd(II), and Pb(II) at a concen-
tration of 200 mg L�1 for each ion (see Fig. 5). The removal
efficiency of Pb(II) was not affected by the presence of the other
metal ions, reaching nearly complete removal under this condi-
tion. However, a detrimental effect on the sorption capacity was
observed for Cd(II) and Cu(II) in the presence of other metal ions,
which results consistent with other works showing a competitive
effect among certain metal ions.21 By contrast, the favorable
sorption of Pb(II) can been attributed to its high electronegativity
(2.33, Pauling) and ionic radius (1.19 Å), which is in the range of
Ca(II) ionic radius (0.99 Å),38 this phenomenon has been associ-
ated with a high sorption selectivity for HA.22,39 The electronega-
tivity of Cu(II), and Cd(II) are 1.9 and 1.69 (Pauling), and their
ionic radius are 0.73 Å and 0.97 Å,38 respectively.
3.5 Sorption capacity studies at different initial
concentrations

Pb(II) sorption capacities were higher than those of Cu(II) and
Cd(II) in the concentration range investigated (see Fig. 6). This
Fig. 5 Sorption efficiencies and capacities obtained with multi-
element solution containing Cu(II), Cd(II), and Pb(II). Error bars corre-
spond to the standard deviation of triplicate.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Sorption capacities of Pb(II), Cu(II), and Cd(II). Error bars corre-
spond to the standard deviation of triplicate. Langmuir and Freundlich
isotherms are presented inside main graph for each metal.

Table 1 Pseudo-second-order kinetics parameters for the sorption of
Pb(II), Cd(II), and Cu(II)

qe experimental
(mg g�1)

qe calculated
(mg g�1) k2 (g mg�1 min�1) R2

Pb(II) 49.4 49.5 0.03781 1
Cd(II) 47.7 47.8 0.00513 0.9999
Cu(II) 47.2 47.5 0.00209 0.9999
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result is consistent with previous reports using pure HA
synthesized by wet chemical precipitation.22,25 The sorption
capacities of Cu(II) and Cd(II) were similar, which could account
for the lower electronegativity of Cd(II) but higher ionic radius.
The highest sorption capacities were 265, 64 and 55 mg g�1, for
Pb(II), Cd(II), and Cu(II), respectively.
This journal is © The Royal Society of Chemistry 2019
3.6 Adsorption kinetics

The adsorption mechanisms of CS-HA were studied employing
pseudo-rst-order and pseudo-second-order kinetic methods.
Lagergren pseudo-rst-order equation is written as:

ln(qe � qt) ¼ ln qe � k1t (2)

Ho pseudo-second-order equation is written as:

t

qt
¼ 1

k2q2e
þ 1

qe
t (3)

where qe (mg g�1) and qt (mg g�1) are the removal capacity of
pollutants at equilibrium and at time t (min) respectively. k1
(min�1) and k2 (g mg�1 min�1) are the velocity constant of rst-
order kinetics and second-order, respectively. The Lagergren's
k1 and qe constants are calculated from plotting ln(qe � qt) versus
t, while k2 and qe are calculated from plotting t/qt versus t.

The pseudo-second-order kinetics is the best tting model
(see Fig. 6; Table 1), indicating that the rate limiting step
describing the adsorption process may be chemisorption rather
than physical sorption.40 The correlation factor (R2) for the
pseudo-rst order kinetics for the adsorption of Pb(II), Cd(II), and
Cu(II) were lower than that obtained for the pseudo-second order
kinetics, 0.42, 0.92, 0.96 respectively (data not shown). Differ-
ences between the theoretical capacity at the equilibrium and
experimental values are marginal using pseudo-second-order
kinetics.
3.7 Adsorption isotherms

The distribution of metal ions between liquid and solid phases
can be described by Langmuir and Freundlich isotherm
models. Experimental data was tted using linear regressions to
determine the best t to these isotherms (see Fig. 6).

The Langmuir adsorption isotherm quantitatively describes
the deposition of a large layer of molecules on an adsorbent
surface as a function of the concentration of the adsorbed
material in the liquid with which it is in contact.41 The Lang-
muir isotherm is described by the equation:

qe ¼ kL qm Ce

1þ kL Ce

(4)

The Freundlich isotherm is represented by the equation:

qe ¼ kF Ce

1
n (5)
RSC Adv., 2019, 9, 22883–22890 | 22887
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Table 3 Freundlich parameters for the sorption of Pb(II), Cd(II), and
Cu(II) on CS-HA

n KF (mg g�1) (mg L�1)�n R2

Pb(II) 0.11 3.6 � 10�19 0.95
Cd(II) 4.01 15.86 0.96
Cu(II) 5.59 19.48 0.99

Table 2 Langmuir parameters for the sorption of Pb(II), Cd(II), and Cu(II)
on CS-HA

q experimental
(mg g�1) qm (mg g�1) kL (L mg�1) R2

Pb(II) 265 263.2 0.089 0.99
Cd(II) 64 62.5 0.058 0.97
Cu(II) 55 55.9 0.060 0.99

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 3
:1

0:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
where qe is the amount of the adsorbate on the surface of the
adsorbent at the equilibrium (mg g�1), Ce is the equilibrium
concentration of the adsorbate in solution (mg L�1), qm is the
maximum adsorption capacity (mg g�1), and kL is the Langmuir
adsorption constant (L mg�1) related to the affinity of the
binding sites and also indicates the binding energy of the
adsorption reaction between adsorbate and adsorbent. kF is the
Freundlich adsorption constant ((mg g�1) (mg L�1)�n), which is
a relative indicator of adsorption capacity and n represents the
intensity of the reaction and indicating the favorability and
capacity of the adsorbent/adsorbate system. kL and qm are
calculated by plotting Ce/qe versus Ce for the Langmuir
isotherm. Thus, kF and n are calculated by plotting ln(qe) versus
ln(Ce) for the Freundlich isotherm.

The Langmuir model showed better tting than the
Freundlich model (see Table 2 and Table 3). The Langmuir
constant accounts for better adsorption affinity of CS-HA for
Pb(II), than that for Cd(II) and Cu(II), while affinities for Cd(II)
and Cu(II) were similar. In addition, differences between the
maximal theoretical adsorption capacity and the highest
adsorption capacity experimentally determined are
minimal.

The highest sorption capacity for Cd(II) obtained herein is
similar to that reported by Smiciklas et al.,22 Cheung et al.32 and
Xu et al.17 using chemically produced HA, bone char and
Table 4 Cu(II), Cd(II), and Pb(II) sorption capacities obtained from differe

Cu(II) (mg g�1) Cd(II) (mg g�1) Pb(II) (mg g�1) HA

68 676 Ch
470 151 563 Ch

64 Bon
68 Com

49 Com
189 Com

27 We
1001 We

55 64 265 We

22888 | RSC Adv., 2019, 9, 22883–22890
commercial HA, respectively (see Table 4). However, this value is
lower than the sorption capacities obtained by Dybowska et al.25

and Corami et al.,21 using chemically produced HA and
commercial HA, respectively. In terms of Cu(II) sorption, the
capacities obtained in our study are higher than those obtained
by Smiciklas et al.,22 Xu et al.,17 Corami et al.21 and Wang et al.,26

but lower than sorption capacities reported by Dybowska et al.25

Finally, the Pb(II) maximal removal capacity experimentally
determined in this study with CS-HA was 2-3 times lower than
the values reported by Smiciklas et al.,22 Dybowska et al.25 and
Ibrahim et al.28 (see Table 4).
3.8 Column studies

The behavior of the adsorption column packed with CS-HA was
studied for 400 min using a solution of Pb(II) prepared at
30 mg L�1 and pH 5. The breakthrough curve plotted in Fig. 7
shows the outow concentration of the metal that increases
constantly until around 60% of the initial concentration, aer
which it starts to decline at about 280 min of operation.

The adsorption capacity of the column was calculated
according to the eqn (6) and (7), and the efficiency of the
column was calculated using eqn (8).

qtotal ¼
Xt¼end

t¼0

QðC0 � CtÞðtt � tt�1Þ
1000

(6)

qeq ¼ qtotal

X
(7)

Column efficency ð%Þ ¼ qtotal

C0Qttotal
(8)

where, the total amount of the adsorbed metal is expressed as
qtotal (mg), the total amount of the adsorbed metal per amount
of adsorbent material is indicated by qeq (mg g�1), and C0 is the
initial concentration, Q is the operational ow, Ct is the
concentration at time t, and X is the amount of the CS-HA
loaded into the column (g).

The adsorption capacity reached a value of 42.5 mg g�1

during the total time of operation of the CS-HA packed bed
column (see Table 5).This capacity is lower than the value
calculated in batch experiments, since the contact time between
the liquid and solid phase in the column is signicantly lower
(empty bed residence time ¼ 1 min) than the contact time
employed in batch mode (60 min). The column removal
nt sources of HA

source Ref.

emical wet precipitation, Ca(OH)2–H3PO4 22
emical wet precipitation, Ca(CH3COO)2–(NH4)2HPO4 25
e char 32
mercial 17
mercial 20
mercial 21

t chemical precipitation, Ca(NO3)2 H3PO4 26
t chemical precipitation, eggshells H3PO4 28
t chemical precipitation, clam shells H3PO4 This study

This journal is © The Royal Society of Chemistry 2019
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Table 5 Operational parameters of Pb(II) adsorption in a column
system packed with CS-HA

Total volume
fed (mL) Adsorption capacity (mg g�1) Column efficiency (%)

993 42.5 52.6

Fig. 7 Breaking through curve of the CS-HA packed bed column
operated at 1.3mLmin�1, using a solution of 30mg L�1 of Pb(II) at pH 5.
Inside graph indicates fitting to Thomas model (R2 ¼ 0.92).
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efficiency determined from eqn (8) was 52.6% of the total
amount of metal ion fed in the solution.

Experimental data was tted to the Thomas model, which is
used to predict column performance under different opera-
tional conditions. The Thomas model equation42 is described in
eqn (9).

ln

�
Ct

C0

� 1

�
¼ Kthqm

X

Q
� KthCit (9)

where Ct (mg L�1) is the outlet concentration at the time t, C0

(mg L�1) is the inlet concentration, Kth (mL h�1 mg�1) is the
Thomas adsorption constant, qm (mg g�1) is the maximum
equilibrium capacity of the adsorbent, X (g) is the mass of the
adsorbent packed in the column, and Q (mL min�1) is the
operational ow.

The Thomas model showed good linear relation for Pb(II) for
the packed bed column system (R2 ¼ 0.92, Kth ¼ 1.9 � 10�4).
This model considers that the sorption process is controlled by
the mass transfer at the interface; it allows the scaling up of the
process by predicting the column behavior.
4 Conclusion

HA nanocrystals produced from clam shells as starting material
showed excellent sorption capacities to remove Pb(II), Cu(II) and
Cd(II) from aqueous solution. The experiment carried out in
column equilibrium procedure showed good performance,
reaching up to 42.5 mg g�1 of removal capacity in shorter
This journal is © The Royal Society of Chemistry 2019
residence time when compared with batch experiments. Addi-
tionally, Thomasmodel showed good tting to the experimental
data and, therefore, could be used to predict column behavior
and scaling up the adsorption process.
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