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Abstract A novel composite material, i.e., surfactant-
modified hydroxyapatite/zeolite composite, was used as an
adsorbent to remove humic acid (HA) and copper(Il) from
aqueous solution. Hydroxyapatite/zeolite composite (HZC)
and surfactant-modified HZC (SMHZC) were prepared and
characterized by X-ray diffraction, Fourier transform infra-
red spectroscopy, and field emission scanning electron mi-
croscope. The adsorption of HA and copper(Il) on SMHZC
was investigated. For comparison purposes, HA adsorption
onto HZC was also investigated. SMHZC exhibited much
higher HA adsorption capacity than HZC. The HA adsorp-
tion capacity for SMHZC decreased slightly with increasing
pH from 3 to 8 but decreased significantly with increasing
pH from 8 to 12. The copper(Il) adsorption capacity for
SMHZC increased with increasing pH from 3 to 6.5. The
adsorption kinetic data of HA and copper(Il) on SMHZC
obeyed a pseudo-second-order kinetic model. The adsorp-
tion of HA and copper(Il) on SMHZC took place in three
different stages: fast external surface adsorption, gradual
adsorption controlled by both film and intra-particle diffu-
sions, and final equilibrium stage. The equilibrium adsorp-
tion data of HA on SMHZC better fitted to the Langmuir
isotherm model than the Freundlich isotherm model. The
equilibrium adsorption data of copper(Il) on SMHZC could
be described by the Langmuir, Freundlich, and Dubinin—
Radushkevich isotherm models. The presence of copper(Il)
in solution enhanced HA adsorption onto SMHZC. The
presence of HA in solution enhanced copper(Il) adsorption
onto SMHZC. The mechanisms for the adsorption of HA on
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SMHZC at pH 7 may include electrostatic attraction, organ-
ic partitioning, hydrogen bonding, and Lewis acid—base
interaction. The mechanisms for the adsorption of copper
(II) on SMHZC at pH 6 may include surface complexation,
ion exchange, and dissolution—precipitation. The obtained
results indicate that SMHZC can be used as an effective
adsorbent to simultaneously remove HA and copper(I])
from water.

Keywords Surfactant-modified hydroxyapatite/zeolite
composite - Humic acid - Copper(Il) - Adsorption

Introduction

The contamination of surface and ground waters caused by
toxic heavy metal ions has become a serious environmental
issue because these ions are virtually non-biodegradable and
tend to accumulate in living organisms, causing severe dis-
orders and diseases (Lee et al. 2012; Tong et al. 2011; Yadav
et al. 2012). Therefore, it is very important to remove heavy
metal ions from contaminated water in terms of protecting
human health and environment. There are several physico-
chemical methods available for heavy metal ions removal
from aqueous solution, including chemical precipitation,
reverse osmosis, filtration, solvent extraction, electrodepo-
sition, electrodialysis, ion exchange and adsorption, etc.
(Da’na and Sayari 2011; Engates and Shipley 2011;
Sulaymon et al. 2012; Tong et al. 2011; Wang et al.
2011a; Wu et al. 2012). Among these methods, adsorption
is considered as an effective method for heavy metal ions
removal from aqueous solution due to its cost effectiveness
and high efficiency (Lee et al. 2012; Wang et al. 2011a).
Humic acid (HA), commonly present in natural waters
and soils, is an important component of natural organic
matter (NOM) due to biological decomposition of organic
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matter from plants and other organisms (Wang et al. 2011b,
¢). HA contains both hydrophobic and hydrophilic compo-
nents as well as many chemical functional groups such as
carboxylic, phenolic, carbonyl, and hydroxyl groups
(Maghsoodloo et al. 2011). The presence of HA in water
is not directly toxic but may cause some problems in drink-
ing water production (Jarvis and Majewski 2012). For ex-
ample, HA can react with chlorine during water treatment
and produce carcinogenic disinfection by-products such as
trihalomethanes (Imyim and Prapalimrungsi 2010; Jarvis
and Majewski 2012). In addition, HA may cause water to
have undesirable color and taste and bind heavy metals and
other organic matter to increase their concentrations in water
(Wang et al. 2011b). Therefore, it is very important to
eliminate HA from water. Various methods such as chemical
coagulation, membrane separation, advanced oxidation, ion
exchange and adsorption, etc. have been developed to re-
move HA from aqueous solution (Hartono et al. 2009;
Maghsoodloo et al. 2011; Wang et al. 2011b). Among these
methods, adsorption is considered as an effective method for
HA removal from aqueous solution due to its simplicity and
high efficiency (Wang et al. 2011b).

Heavy metal ion in natural waters often coexists with
NOM such as HA. When heavy metal ion is concurrently
present with HA in water, their simultaneous removal is of
crucial importance to simplify treatment processes and to
reduce cost as much as possible. Activated carbon is a very
popular adsorbent for removing contaminants from water
due to its highly developed porosity, large surface area,
variable characteristics of surface chemistry, and high de-
gree of surface reactivity (Bouhamed et al. 2012; Jarvis and
Majewski 2012), and it can simultaneously adsorb heavy
metal ion and HA (Chen and Wu 2004). The adsorption
properties of heavy metal ion and HA from single- and
binary-component aqueous solutions on activated carbon
have been extensively investigated in previous literatures
(Bouhamed et al. 2012; Chen and Wu 2004; Daifullah et
al. 2004; Demirbas et al. 2009; Rauthula and Srivastava
2011; Terdkiatburana et al. 2008; Wang et al. 2011a).
However, activated carbon is not very effective in removal
of large molecules such as HA because its micropores are
inaccessible for HA molecules (Jarvis and Majewski 2012;
Moussavi et al. 2011; Starek et al. 1994; Tang et al. 2012).
Therefore, efforts are still needed to exploit new and more
effective adsorbents for simultaneous removal of heavy
metal ion and HA from aqueous solution.

Zeolites are crystalline-hydrated aluminosilicates miner-
als characterized by cage-like structure with high internal
and external surface areas (Neupane and Donahoe 2012).
The use of zeolite as an efficient adsorbent to remove heavy
metal cations from aqueous solution has gained great atten-
tion in recent years due to its high cation adsorption capacity
and low cost (Jamil et al. 2010; Motsi et al. 2009, 2011;

Sljivié et al. 2009a; Wang and Ariyanto 2007). However,
zeolite has a low adsorption capacity for HA in aqueous
solution (Li et al. 2011; Zhan et al. 2010). Hydroxyapatite
(HAP), Ca;((PO4)s(OH),, is a main mineral constituent of
teeth, bones, and phosphate mineral rocks and has been
proven to be a very efficient adsorbent for heavy metal
cations removal from aqueous solution (Corami et al.
2007, 2008; Elkady et al. 2011; Hasret et al. 2012; Meski
et al. 2011; Smiciklas et al. 2006; Wang et al. 2009; Zhu et
al. 2008). Considering that HAP can be used an efficient
adsorbent for removing phenol and low molecular weight
organic acids that contain carboxylic group (such as acetic,
oxalic, malic, and citric acids) from aqueous solution
(Bouyarmane et al. 2010; Tanaka et al. 1997; Wei et al.
2011), HAP is expected to have a good affinity for HA in
aqueous solution because HA contains phenolic and carbox-
ylic groups. According to above introduction, HAP/zeolite
composite (HZC) may be a potential adsorbent for simulta-
neous removal of heavy metal cation and HA from aqueous
solution because HZC may be characteristics of both HAP
and zeolite.

Zeolites possess net permanent negative charges on their
framework surfaces resulting from isomorphic substitution
of Si*" by AI’*, making them suitable for surface modifica-
tion using cationic surfactants such as hexadecyltrimethy-
lammonium bromide (HTAB) and cetylpyridinium bromide
(CPB) in which each molecule is composed of a hydrophilic
and positively charged head group and a hydrophobic tail
(Chao and Chen 2012; Guan et al. 2010; Zhan et al. 2010).
This surfactant-modified zeolite (SMZ) has been proven to
exhibit a good adsorption capacity for HA in aqueous solu-
tion (Li et al. 2011; Zhan et al. 2010). In addition, since
loading of cationic surfactant with large molecular weight
(e.g., HTAB and CPB) onto zeolites is only limited to these
external cation exchange sites, SMZ is also capable of
adsorbing heavy metal cations from aqueous solution
(Chao and Chen 2012; Neupane and Donahoe 2012).
These results indicate that surface modification of HZC with
cationic surfactant is expected to enhance its HA adsorption
capacity, and this surfactant-modified HZC (SMHZC) may
be a potential adsorbent for simultaneous removal of heavy
metal cation and HA from aqueous solution. However, to
the best of our knowledge, studies investigating the adsorp-
tion of heavy metal cation and HA on SMHZC have never
been reported.

In this study, HZC and SMHZC were prepared and
characterized by X-ray diffraction (XRD), Fourier trans-
form infrared (FTIR) spectroscopy, and field emission
scanning electron microscope (FE-SEM). The adsorption
of HA and copper(Il) on SMHZC was investigated by
using batch experiments. For comparison purposes, HA
adsorption onto HZC was also investigated by using
batch experiments.
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Materials and methods
Materials

Natural zeolite was collected from a mineral deposit in
Jinyun County, Zhejiang Province, China and ground and
sieved to obtain the geometric size less than 0.075 mm.
Cationic surfactant CPB with minimum 99 % active sub-
stance was supplied from Sinopharm Chemical Reagent Co.
Ltd., China and used without further purification. HA was
supplied from Aldrich Chemical Co. and used without fur-
ther purification. Analytical-grade Cu(NO3),'3H,0, Ca
(NO3)2’4H20, (NH4)2HPO4, NH3'H20, NaCl, NaOH, and
HCI were supplied from Sinopharm Chemical Reagent Co.
Ltd., China.

Preparation of HZC

First, Ca(NOs3),-4H,0O was dissolved in distilled water to
form 100 mL of 2 mol/L solution, into which 20 g of natural
zeolite was added and 2 mol/L (NH4),HPO, solution was
also added with a Ca/P molar ratio of 1.667. The suspension
solution was then buffered to pH=9 using NH;-H,O solu-
tion. After 72 h of shaking, the solid was collected by
centrifugation and repeatedly washed with distilled water
until neutral. Then, the solid was treated with 400 mL of
1 mol/L NaCl solutions at a constant shaking speed of
150 rpm for 24 h. After that, the solid was collected by
centrifugation, repeatedly washed with distilled water until
no ClI” was detected by AgNO; solution, and dried in an
oven at 378 K for 24 h. Finally, the dried solid was ground
and sieved to obtain the geometric size less than 0.1 mm.

Preparation of SMHZC

First, 10 g of the previously prepared HZC was added into
150 mL of 25 mmol/L CPB solution. The mixture was then
placed in a thermostatic water bath shaker at a constant
shaking speed of 150 rpm for 24 h, with the temperature
maintained at 313 K. The solid was then collected by
centrifugation and washed with distilled water repeatedly
in order to remove superficially held CPB molecules. The
residual CPB concentration in the supernatant was deter-
mined using a TU-1901 UV/Vis spectrophotometer (Beijing
Purkinje General Instrument Co., Ltd., China) at 259 nm.
Finally, the solid was dried in an oven at 323 K for 24 h.

Characterization of adsorbent materials
FTIR spectra of natural zeolite, HZC, and SMHZC were
recorded on a Nicolet 5700 model FTIR spectrometer

(Thermo Nicolet Corporation, USA) at 400—4,000 cm .
The identification of crystalline phase was performed using
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an X’Pert PRO X-ray diffractometer with Cu Ko radiation
(PANalytical, the Netherlands) operating at 40 kV and
40 mA. The surface morphologies of natural zeolite, HZC,
and SMHZC were observed by a JSM-7500F FE-SEM
(JEOL Ltd., Japan).

Adsorption studies

The adsorption of HA and Cu(Il) from single- and binary-
component aqueous solutions was studied in batch mode. The
batch adsorption experiments were performed in conical
flasks containing a definite dosage of adsorbent and a given
volume of adsorbate solution. The initial pH of adsorbate
solution was adjusted to a definite value using 0.1 mol/L
NaOH and 0.1 mol/L HCI solutions. The mixtures were then
shaken at 150 rpm in a thermostatic water bath shaker at given
temperature. After pre-defined contact time, the adsorbent was
removed from the mixture by centrifugation. Then, the resid-
ual concentration of HA in the supernatant was analyzed using
a TU-1901 UV/Vis spectrophotometer (Beijing Purkinje
General Instrument Co., Ltd., China) at 259 nm, and the
residual concentration of Cu(ll) in the supernatant was ana-
lyzed using a TAS-990 atomic absorption spectrophotometer
(Beijing Purkinje General Instrument Co., Ltd., China). The
amount of adsorbate adsorbed on adsorbent at any time # (g, in
milligrams per gram) was calculated according to the follow-
ing equation:

e )4 0

m

where Cj is the initial concentration of adsorbate in solution
(in milligrams per liter), C, is the concentration of adsorbate in
solution at any time ¢ (in milligrams per liter), Vis the volume
of adsorbate solution (in liter), and m is the mass of adsorbent
(in grams). The removal efficiency of adsorbate (in percent)
was calculated according to the following equation:

C() - Cl‘
Co

Removal efficiency (%) = x 100 (2)

Results and discussion
Characterization of adsorbent materials

The XRD patterns of natural zeolite, HZC, and SMHZC are
shown in Fig. 1. The XRD pattern of the natural zeolite
showed the characteristic peaks of clinoptilolite, mordenite,
and quartz, indicating the presence of these minerals in the
natural zeolite. The main XRD peaks at 26=9.94°, 20.9°,
22.4°,25.7°,26.7°,27.8°, and 50.2°, which were in agreement
with the characteristic XRD peaks of the natural zeolite, were
observed in the HZC. This indicates the presence of the
natural zeolite in the HZC. In addition, a comparatively broad
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Fig. 1 XRD patterns of natural zeolite, HZC, and SMHZC

diffraction peak at about 20=31.8°, which was a characteristic
XRD peak of HAP, was observed in the HZC. This indicates
the presence of HAP in the HZC. The positions of the main
XRD peaks of SMHZC were similar to those of HZC. This
indicates that the modification of HZC with CPB does not lead
to the significant structural change of HZC.

The FTIR spectra of natural zeolite, HZC, and SMHZC
are shown in Fig. 2. The positions of the main adsorption
bands for the natural zeolite were listed as follows: 3,627,
3,450, 1,644, 1,041, 796, and 466 cm . The bands at 3,627,
3,450, and 1,644 cm ' are attributed to the presence of
zeolitic water (Elaiopoulos et al. 2010). The band at
1,041 cm ™' is attributed to a strong T—O stretching vibration
(Elaiopoulos et al. 2010). The band at 796 cm ! is attributed
to quartz or amorphous SiO, stretching vibration
(Elaiopoulos et al. 2010). The band at 466 cm ™ is attributed
to Si—O-Si bending mode (Elaiopoulos et al. 2010). The
positions of the main adsorption bands for the HZC were
listed as follows: 3,442, 1,641, 1,035, 796, 604, 565, and
468 cm™ . The bands at 3,442 and 1,641 cm ! are attributed
to the OH stretching and bending vibrations, respectively
(Shaltout et al. 2011). The band at 1,035 cm ™' is attributed
to the strong T-O stretching vibration and the bending
vibration (v3) of the phosphate group of HAP (Elaiopoulos
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Fig. 2 FTIR spectra of natural zeolite, HZC, and SMHZC

et al. 2010; Suresh Kumar et al. 2010). The band at
796 cm ! is attributed to quartz or amorphous SiO, stretch-
ing vibration (Elaiopoulos et al. 2010). The bands at 604 and
565 cm ™! are attributed to the bending vibration (v,) of the
phosphate group of HAP (Suresh Kumar et al. 2010). The
band at 468 cm ' is attributed to Si-O-Si bending mode
(Elaiopoulos et al. 2010). It was obvious that the FTIR
spectrum of HZC showed the combination of characteristic
adsorption bands due to the groups of the natural zeolite and
HAP, indicating the presence of the natural zeolite and HAP
in the HZC. The FTIR spectrum of SMHZC showed two
pronounced adsorption bands at 2,854 and 2,922 cm ',
which are attributed to the symmetric and asymmetric —
CH, stretching vibrations, respectively (Zhan et al. 2010).
The presence of bands at 2,854 and 2,922 cm ! in the
SMHZC spectrum, which were absent in the HZC spectrum,
indicates that CPB molecules have been loaded onto the
surface of HZC after the contact of HZC with CPB solution.

The surface morphologies of natural zeolite, HZC, and
SMHZC were determined by using a FE-SEM. The obtained
results are given in Fig. 3. As shown in Fig. 3a, the natural
zeolite was characterized by a drusy texture with very high
microporosity, partially developed crystalline laminar habits
and conglomerates of compact crystals. The surface morphol-
ogies of HZC and SMHZC were significantly different to that
of the natural zeolite. When the surface of the natural zeolite
was covered by agglomerated HAP particles, the zeolite crys-
tals could not be seen clearly (Fig. 3b). When the surface of
the natural zeolite was covered by agglomerated HAP par-
ticles and CPB molecules, the zeolite crystals also could not
be seen clearly (Fig. 3c). The HZC and SMHZC had a porous
and coarse surface texture, which possibly indicates that these
solid materials are highly porous with a high adsorption
capacity for pollutant.

According to the difference between the initial concen-
tration of CPB in the solution and the residual concentration
of CPB in the solution after the modification of HZC with
CPB, the amount of CPB loaded onto HZC was found to be
235 mmol/kg. As HAP had a very low affinity toward CPB
in aqueous solution (data not shown), the loaded CPB
molecules on the HZC mainly formed CPB layers on the
external surface of the zeolite. When aqueous cationic sur-
factant concentrations are larger than the critical micelle
concentration and sufficient surfactant is present in solution,
the loaded cationic surfactant molecules primarily form a
bilayer on the zeolite surface with the lower layer held by
electrostatic attraction, while the upper layer is bound to the
lower layer by hydrophobic interaction (Li et al. 2000;
Malekian et al. 2011; Zhan et al. 2010). As the amount of
CPB available for the modification of HZC was much
higher than that of CPB loaded on HZC, the loaded CPB
molecules on the HZC mainly formed CPB bilayers on the
external surface of the zeolite.

@ Springer
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Fig. 3 SEM images of a natural zeolite, b HZC, and ¢ SMHZC

Adsorption of HA on HZC and SMHZC

Effect of adsorbent dosage on HA adsorption onto HZC
and SMHZC

The adsorption of HA on HZC and SMHZC as a function of
adsorbent dosage is shown in Fig. 4. Figure 4 showed that
the HA removal efficiency of HZC increased from 17 to
78 % with the increase of adsorbent dosage from 0.2 to 3 g/
L, and the HA removal efficiency of SMHZC increased
from 48 to 95 % with the increase of adsorbent dosage from
0.2 to 0.8 g/L. With a further increase in the dosage of
SMHZC to 3 g/L, the HA removal efficiency slightly went
up to 97 %. The increase of the HA removal efficiency with
increasing adsorbent dosage was attributed to the increase in
the adsorbent concentration, which increased the available
surface area and adsorption sites (Wen et al. 2012).
However, the amounts of HA adsorbed on HZC and
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Fig. 4 Effect of adsorbent dosage on HA adsorption onto HZC and
SMHZC (solution volume 50 mL; initial HA concentration 100 mg/L;
pH 7; contact time 24 h; temperature 303 K)
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SMHZC decreased significantly with the increase of adsor-
bent dosage from 0.2 to 3 g/L. This was attributed to the
unsaturation of adsorption sites during the adsorption pro-
cess (Wen et al. 2012). Figure 4 also showed that SMHZC
exhibited a much higher adsorption capacity for HA than
HZC, indicating that the surface modification of HZC with
CPB significantly enhances its HA adsorption capacity and
thus SMHZC is more suitable as an efficient adsorbent for
removing HA from aqueous solution than HZC.

Effect of solution pH on HA adsorption onto HZC
and SMHZC

The adsorption of HA on HZC and SMHZC as a function of
solution pH is shown in Fig. 5. As shown in Fig. 5, the HA
adsorption capacity for HZC increased slightly with increas-
ing initial pH from 3 to 5 but decreased continuously with
increasing initial pH from 5 to 12. HA contains a variety of
weakly acidic functional groups such as carboxylic and
phenolic groups (Tao et al. 2010). The pK, values of car-
boxylic and phenolic groups are around 3 and 9 (Tao et al.
2010); thus, HA is expected to be negatively charged by the
deprotonation of carboxylic groups at pH above 3. The HA
adsorption capacity for HZC is mainly related to the surface
properties of HAP because the natural zeolite has negligible
affinity toward HA in aqueous solution (Zhan et al. 2010).
The HAP surface charge is expected to be the result of acid—
base interactions of the reactive surface sites (Bouyarmane
et al. 2010; Wu et al. 1991). The pHpzc (pH at the point of
zero charge) of pure HAP was determined by using the
procedure described in the previous literatures (Balistrieri
and Murray 1981; Smiciklas et al. 2000), and it was found to
be 7.1. Below the pHpzc of HAP, protons in the solution are
consumed by the protonation of the surface =P-O and =Ca—
OH groups, resulting in the increase of final pH value
(Smi¢iklas et al. 2006). The positively charged =Ca—OH,"
and neutral =P-OH groups prevail on the HAP surface in
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Fig. 5 Effect of solution pH on HA adsorption onto HZC and SMHZC
(solution volume 50 mL; initial HA concentration, 50 mg/L for HZC
and 100 mg/L for SMHZC; adsorbent dosage 0.5 g/L; contact time
24 h; temperature 303 K)

solutions at pH below the pHpzc of HAP, making surface
charge of HAP in this pH region positive (Smiciklas et al.
2006). In this case, the adsorption of HA on HZC may be
achieved through the electrostatic attraction between the neg-
atively charged HA molecules and the positively charged
HAP surfaces. In addition, the oxygen atom of functional
groups of HA may interact with Ca®" groups of HAP via
Lewis acid-base interaction (Bouyarmane et al. 2010). The
adsorption of HA on HZC at pH below the pHp,c of HAP
may also be achieved through hydrogen bonding. For exam-
ple, the =P—OH groups on the HAP surface and the carboxylic
groups of HA molecules may form hydrogen bonding (Wei et
al. 2011). With the increase of initial pH from 3 to 5, the
ionization of carboxyl groups of HA molecules increases and
more negatively charged carboxyl groups exist in HA mole-
cules. This will result in the increase of the electrostatic force
between the negatively charged HA molecules and the posi-
tively charged HAP surfaces, which may cause an increased
HA adsorption capacity. With the increase of initial pH from 5
to the pHpyc of HAP, the positive charge on the HAP surface
decreases. Hence, less negatively charged HA molecules will
be attracted to the HAP surface, which may cause a decreased
HA adsorption capacity. Above the pHp;c of HAP, final pH
value decrease occurs due to the consumption of OH  via the
deprotonation of the surface =Ca-OH," and =P-OH groups,
and thus, neutral =Ca—OH and negatively charged =P-O
groups predominate, causing HAP surface to become nega-
tively charged in this pH region (Smiciklas et al. 2006). In this
case, the electrostatic attraction between HA molecules and
HAP surfaces is impossible. The adsorption of HA on HZC at
pH above the pHpz of HAP may be attributed to the Lewis
acid-base interaction between the oxygen atom of functional
groups of HA and the Ca®" groups of HAP. In addition, the
adsorption of HA on HZC at pH above the pHpzc of HAP
may also be achieved through hydrogen bonding. For exam-
ple, the P-O groups on the HAP surface and the phenolic
hydroxyl groups of HA molecules may form hydrogen bond-
ing (Bouyarmane et al. 2010). The increase of initial pH from
the pHpzc of HAP to 12 resulted in the increase of the
electrostatic repulsion between the negatively charged HA
molecules and the negatively charged HAP surfaces, which
may reduce the HA adsorption capacity. It has been suggested
that HA may exist in a spherical structure at lower pH value
but exist in a rather linear or stretched structure at higher pH
value (Maghsoodloo et al. 2011). This will cause less amount
of HA adsorbed in the adsorbent pores at higher pH value.
Therefore, the increase of the sizes of HA macromolecules
with increasing pH may be another factor contributing the
decrease of the adsorption capacity with increasing initial pH
from 5 to 12.

As shown in Fig. 5, the HA adsorption capacity for
SMHZC decreased slightly with increasing initial pH from
3 to 8 but decreased significantly with increasing initial pH
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Fig. 6 Adsorption isotherm of HA on HZC and SMHZC (solution
volume 50 mL; pH 7; adsorbent dosage 0.5 g/L; contact time 24 h;
temperature 303 K)

from 8 to 12. The HA adsorption capacity for SMHZC is not
only related to the surface properties of HAP but also related
to the loaded CPB molecules on the zeolite surface. At pH
below the pHpzc of HAP, the HA molecules in solution may
interact with the HAP in SMHZC via electrostatic attraction,
Lewis acid-base interaction, and hydrogen bonding. At pH
above the pHpzc of HAP, the HA molecules in solution may
interact with the HAP in SMHZC via Lewis acid-base inter-
action and hydrogen bonding. The great difference of the HA
adsorption capacities between HZC and SMHZC (Fig. 4)
proves that the loaded CPB molecules on the HZC surface
play a very important role in the adsorption process.
Regarding the SMHZC, the loaded CPB molecules formed
bilayers on the zeolite surface. This bilayer formation results
in a charge reversal on the zeolite external surface from
negative to positive and the positively charged outward-
pointing head groups of CPB bilayers are balanced by coun-
terion bromide (Li et al. 2000; Zhan et al. 2010). Therefore,
the CPB bilayers on the zeolite surface may remove the
negatively charged HA molecules from aqueous solution
through anion exchange and electrostatic attraction (Li et al.
2011). In addition, a large number of hydrogen bonds between
nitrogen of CPB bilayers and carboxylic groups and phenolic
groups of HA molecules may additionally guarantee the ef-
fective adsorption of HA on SMHZC (Wang et al. 2006). The
adsorption of HA on SMHZC may also involve partitioning of
HA molecules into CPB bilayers (Ding and Shang 2010). At
lower pH value, more of weakly acidic functional groups such
as carboxylic and phenolic groups of HA molecules are in an
uncharged state (Doulia et al. 2009) and more adsorbable due
to the hydrogen bonding and organic partitioning. At higher
pH value, more of these weakly acidic groups of HA mole-
cules are ionized to exhibit anionic properties. The increase of
initial pH from 3 to 8 results in the decrease of the hydrogen
bonding and organic partitioning between HA molecules and
CPB bilayers as well as the increase of the sizes of HA
macromolecules, which are unfavorable for HA adsorption.
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However, the increase of initial pH from 3 to 8 results in the
increase of the electrostatic attraction between HA molecules
and CPB bilayers, which is favorable for HA adsorption. The
former may be partially counteracted by the latter, resulting in
that the amount of HA adsorbed on SMHZC decreases slight-
ly with increasing initial pH from 3 to 8. The increase of initial
pH from 8 to 12 leads to the decrease of the hydrogen bonding
and organic partitioning between HA molecules and CPB
bilayers, the increase of the sizes of HA macromolecules,
the increase of the competition between the hydroxyl ion
and the negatively charged HA molecules for the same ad-
sorption sites on the positively charged CPB bilayers, and the
electrostatic repulsion between the negatively charged HA
molecules and the negatively charged HAP surface, which
may cause a significantly decreased HA adsorption capacity
with increasing initial pH from 8 to 12.

Adsorption isotherms of HA on HZC and SMHZC

The adsorption isotherms of HA on HZC and SMHZC are
shown in Fig. 6. It was shown that SMHZC exhibited a
much higher adsorption capacity for HA than HZC, indicat-
ing that the surface modification of HZC with CPB signif-
icantly enhances its HA adsorption capacity and thus
SMHZC is more suitable as an efficient adsorbent for re-
moving HA from aqueous solution than HZC. The
Langmuir and Freundlich isotherm models were applied to
analyze the equilibrium adsorption data. The Langmuir iso-
therm model assumes that the adsorption takes place at
specific homogenous sites within the adsorbent and is com-
monly used for monolayer adsorption (Chen et al. 2011).
The linearized form of Langmuir isotherm model can be
written as (Chen et al. 2011):

C. Ce 1

— =+ 3
ge dm  quKr ( )

where g, is the amount of adsorbate adsorbed per unit of
adsorbent at equilibrium time (in milligrams per gram), C, is
the equilibrium concentration of adsorbate in solution (in
milligrams per liter), ¢y, is the maximum monolayer adsorp-
tion capacity (in milligrams per gram), and K is the
Langmuir constant related to the energy of adsorption (in
liters per milligram). The values of ¢,, and K| can be
predicted from the slope and the intercept of the plot of
Co/q. versus C.. In order to determine whether the adsorp-
tion is favorable, a dimensionless constant separation factor
or equilibrium parameter (Ry) is defined based on the fol-
lowing equation (Venkatesha et al. 2012):

1

R =——7—
L 1+ K Cy

(4)

where C, is the initial adsorbate concentration (in milligrams
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Table 1 Isotherm parameters

for HA adsorption onto HZC Adsorbent Langmuir isotherm Freundlich isotherm
and SMHZC
G (M/g) Ky (L/mg) R Ky (mg'""L'"/g) Un R
HZC 75.8 0.0511 0.975 7.46 0.497 0.860
SMHZC 227.7 0.119 0.995 52.0 0.322 0.906

per liter). The values of Ry indicate the adsorption to be either
unfavorable (Ry>1), linear (R =1), favorable (0<Ry<1), or
irreversible (R;=0) (Venkatesha et al. 2012). The Freundlich
isotherm model is usually used to describe the multilayer
adsorption behavior for heterogeneous surfaces, and its line-
arized form can be written as (Tang et al. 2012; Tao et al.
2010):

In(ge) = In(Kr) + 1 In(C:) (5)

where K¢ (in mg' ""L'"/g) and 1/n are isotherm constants
which indicate the capacity and the intensity of the adsorption,
respectively. The values of 1/7 and K can be predicted from
the slope and the intercept of the plot of In(g.) versus In(C).

The obtained parameters of Langmuir and Freundlich
isotherm models for HA adsorption onto HZC and
SMHZC along with correlation coefficients (R?) are shown
in Table 1. The Langmuir isotherm model gave a much
better fit to the experimental data compared to that of the
Freundlich isotherm model, revealing that the adsorption of
HA on HZC and SMHZC is monolayer coverage rather than
multilayer adsorption. According to the Langmuir isotherm
model, the predicted maximum monolayer HA adsorption

capacities for HZC and SMHZC at pH 7 were found to be
75.8 and 227.7 mg/g, respectively. It is evident that the
maximum HA adsorption capacity for SMHZC was much
higher than that for HZC and was also much higher than that
for those adsorbents had been reported in previous litera-
tures (as shown in Table 2). This indicates that SMHZC is a
very promising adsorbent for HA removal from aqueous
solution. The Ry values for HA adsorption onto HZC and
SMHZC were in the range of 0.123-0.662 and 0.0360—
0.251, respectively. This indicates that the adsorption of
HA on HZC and SMHZC is favorable.

Adsorption kinetics of HA on SMHZC

The adsorption kinetics of HA on SMHZC at different initial
adsorbate concentrations are shown in Fig. 7. It was shown that
the amounts of HA adsorbed at different initial adsorbate con-
centrations increased with the increase of contact time until an
equilibrium was reached. It was also shown that the amounts of
HA adsorbed at different contact time increased with increasing
initial adsorbate concentration. This is due to the increase in the
mass driving force which allows more HA molecules to pass

Table 2 The comparison of

maximum HA adsorption ca- Adsorbent dm (Mg/g) Reference
pacities of various adsorbents
Acid-activated Greek bentonite 12.062 Doulia et al. 2009
Polyaniline/attapulgite composite 61.35 Wang et al. 2011b
Palygorskite 17 Wang et al. 2011c
Modified rice husk ash 8.2 Imyim and Prapalimrungsi 2010
Activated carbon prepared from biomass 45.4 Daifullah et al. 2004
material
Granular activated carbon (Filtrasorb 200) 2.51 Chen and Wu 2004
Granular activated carbon (Filtrasorb 400) 55.8 Maghsoodloo et al. 2011
Chitosan treated granular activated carbon 71.4 Maghsoodloo et al. 2011
(Filtrasorb 400)
Layer structured graphite oxide 190 Hartono et al. 2009
Aminopropyl functionalized SBA-15 117.6 Tao et al. 2010
Mg/Fe layered double hydroxide 76.70 Gasser et al. 2008
PEI functionalized magnetic mesoporous 128.64 Tang et al. 2012
silica composite microspheres (MS-PEI)
Bi-functional resin JN-10 105.31 Wang et al. 2010

CPB-modified zeolite

HTAB-modified zeolite synthesized from

coal fly ash
SMHZC

92.0 Zhan et al. 2010
126.6 Lietal. 2011

227.7 This study
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Fig. 7 Adsorption kinetics of HA on SMHZC at various initial adsor-
bate concentrations (solution volume 50 mL; pH 7; adsorbent dosage
0.5 g/L; temperature 303 K)

from the solution to the surface of the adsorbent (Doulia et al.
2009). In order to investigate the mechanism of HA adsorption
onto SMHZC, three widely used kinetic models, namely
pseudo-first-order, pseudo-second-order, and intra-particle dif-
fusion models, were applied to analyze the kinetic data. The
linearized form of pseudo-first-order kinetic model can be
written as (Doulia et al. 2009):

In(ge — g1) = In(ge) — kat (6)

where ¢, and ¢, are the amounts of adsorbate adsorbed (in
milligrams per gram) at any time ¢ and at equilibrium time,
respectively. & is the pseudo-first-order adsorption rate constant
(1/min). The values of &; and ¢, can be calculated from the
linear plot of In(q.—¢,) versus ¢. The linearized form of pseudo-
second-order kinetic model can be written as (Doulia et al.
2009):

Lt 1
9 qe  kq?

(7)

where £, is the pseudo-second-order adsorption rate constant
(in grams per milligram minute). The values of &, and ¢, can be
calculated from the linear plot of #g, versus ¢. The obtained
parameters of pseudo-first-order and pseudo-second-order ki-
netic models along with correlation coefficients (R?) are shown
in Table 3. Although the correlation coefficient value for the
pseudo-first-order kinetic model was relatively high or high, the
calculated g, value was not in agreement with the experimental
one. Therefore, the adsorption of HA on SMHZC does not

follow the pseudo-first-order kinetic model. The correlation
coefficient value for the pseudo-second-order kinetic model
was very high, and the calculated g, value was in good agree-
ment with the experimental one. Therefore, the adsorption of
HA on SMHZC follows the pseudo-second-order kinetic
model.

The mechanisms for HA adsorption onto SMHZC may
consist of four steps: transport of HA molecules from the
bulk solution to the adsorbent surface, diffusion through the
boundary layer to the adsorbent surface, adsorption at sites
on the adsorbent surface, and intra-particle diffusion into the
adsorbent pore. Generally, bulk transport and adsorption at
sites on the adsorbent surface are rapid processes, while
diffusions including film diffusion (boundary layer diffu-
sion) and intra-particle diffusion are slow processes and thus
rate-limiting steps (Bia et al. 2012). The intra-particle diffu-
sion model proposed by Weber and Morris were used to
identify whether the intra-particle diffusion process is a rate-
limiting step in the adsorption process of HA on SMHZC.
The linearized form of intra-particle diffusion model can be
written as (Bia et al. 2012):

g = kit'* + C (8)

where k; is the intra-particle diffusion rate constant (in mg/g
min') and C is the intercept (in milligrams per gram), related
to the thickness of the boundary layer. According to this
model, if the intra-particle diffusion is the sole rate-limiting
step, a plot of ¢, versus 7'/ is a straight line passing through the
origin (Bia et al. 2012). Otherwise, both film and intra-particle
diffusion processes are the rate-limiting steps (Bia et al. 2012).
The plots of g, versus ' for HA adsorption onto SMHZC at
different initial adsorbate concentrations are shown in Fig. 8.
It was shown that the adsorption process includes three dif-
ferent stages: (a) the first sharper portion being a fast external
surface adsorption stage, (b) the second linear portion being a
gradual adsorption stage where intra-particle diffusion was
rate-limited, and (c) the third portion being a final equilibrium
stage where intra-particle diffusion started to slow down. As
the second portion of the plot of ¢, versus * did not pass
through the origin (Fig. 8), the intra-particle diffusion was not
the sole rate-limiting step during the gradual adsorption stage,
and both film and intra-particle diffusions took place
simultaneously.

Table 3 Kinetic model rate

Pseudo-first-order model

Pseudo-second-order model

Ge,cal (mg/g)

ky (1/min) ~ R? Geca (MPE) Ky (¢/mgmin)  R?

constants for HA adsorption on- Co (mg/L)  geexp (Mg/R)
to SMHZC
50 92.4
100 155.8
150 177.8

45.5 0.0106 0.926 95.2 0.000580 1.00
94.6 0.00757 0.989 161.6 0.000208 0.997
95.1 0.00881 0.979 184.8 0.000239 0.999
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Fig. 8 Plot of ¢, versus *-° for HA adsorption onto SMHZC

Effect of coexisting Cu(ll) on HA adsorption onto SMHZC

The adsorption of HA on SMHZC as a function of coexist-
ing Cu(Il) is shown in Fig. 9. The presence of Cu(ll) in
solution led to markedly enhanced HA adsorption onto
SMHZC. This may be explained as follows: Coexisting
Cu(Il) ions tend to form complexes with carboxyl and
phenolic groups of HA molecules to produce intermolecular
bonds between HA molecules, which may result in that
more HA molecules are adsorbed by the same amounts of
the adsorption sites on the surface of SMHZC. In addition,
coexisting Cu(Il) in solution may neutralize the repulsive
force between HA molecules in solution and HA molecules
adsorbed on the surface of the adsorbent, which may favor
the adsorption of HA onto SMHZC.

Adsorption of Cu(Il) on SMHZC

Effect of adsorbent dosage on Cu(Il) adsorption
onto SMHZC

The adsorption of Cu(Il) on SMHZC as a function of ad-
sorbent dosage is shown in Fig. 10. It was shown that the Cu
(II) removal efficiency of SMHZC increased from 52 to
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Fig. 9 Effect of coexisting Cu(Il) on HA adsorption onto SMHZC
(solution volume 200 mL; pH 6; adsorbent dosage 0.05 g/L; initial HA
concentration 20 mg/L; temperature 303 K; contact time 24 h)
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Fig. 10 Effect of adsorbent dosage on Cu(II) adsorption onto SMHZC
(solution volume 25 mL; initial Cu(II) concentration 60 mg/L; pH 6;
contact time 24 h; temperature 303 K)

98 % with the increase of adsorbent dosage from 0.8 to
2.4 g/L. With a further increase in the dosage of SMHZC to
3.2 g/L, the Cu(ll) removal efficiency slightly went up to
99 %. However, the amount of Cu(Il) adsorbed onto
SMHZC decreased significantly with the increase of adsor-
bent dosage from 0.2 to 3.2 g/L. Similar trend has been
observed for HA adsorption onto SMHZC.

Effect of solution pH on Cu(Il) adsorption onto SMHZC

The adsorption of Cu(Il) on SMHZC as a function of solu-
tion pH is shown in Fig. 11. It was shown that the Cu(Il)
adsorption capacity for SMHZC increased with the increase
of initial pH from 3 to 6.5 and remained unchanged with the
increase of initial pH from 6.5 to 7.5. This indicates that the
Cu(Il) adsorption capacity for SMHZC in weakly acidic or
neutral solution is better than that in strongly acidic solution.
It is well-known that the ion exchange between the ex-
changeable inorganic cations within the zeolite crystal struc-
ture and Cu(Il) ions is an important mechanism that governs
the adsorption of Cu(II) on zeolite (Motsi et al. 2009; Sljivié
et al. 2009a). The CPB molecules are too large to enter into
the internal zeolite channels and the loading of CPB
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Fig. 11 Effect of solution pH on Cu(ll) adsorption onto SMHZC
(solution volume 25 mL; initial Cu(Il) concentration 60 mg/L; adsor-
bent dosage 1.6 g/L; contact time 24 h; temperature 303 K)
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Fig. 12 Adsorption isotherm of Cu(Il) on SMHZC (solution volume
25 mL; pH 6; adsorbent dosage 1.6 g/L; contact time 24 h; temperature
303 K)

molecules on zeolite is only restricted to the external cation
exchange sites (Li et al. 2000; Zhan et al. 2010). Therefore,
we deduce that the ion exchange with the exchangeable
inorganic cations within the internal zeolite channels is an
important mechanism that governs the adsorption of Cu(II)
on SMHZC. There are three possible mechanisms that gov-
ern the removal of Cu(Il) from aqueous solution by HAP
(Corami et al. 2008; Sljivié et al. 2009b; Wang et al. 2009).
The first mechanism is the surface complexation of Cu(Il)
on the =P-OH groups of HAP (Corami et al. 2008; Wang et
al. 2009). The second mechanism is the ion exchange with
Ca®" of HAP (Corami et al. 2008; Wang et al. 2009; Sljivi¢
et al. 2009b). The third mechanism is the dissolution of
HAP followed by the precipitation of copper-containing
hydroxyapatite with formula Cu,Ca;_,(PO4)c(OH),
(Corami et al. 2008; Sljivi¢ et al. 2009b). Therefore, we
deduce that the mechanisms for the adsorption of Cu(Il) on
SMHZC may include the surface complexation of the =P—
OH groups of HAP, the ion exchange with Ca** of HAP, and
the dissolution of HAP followed by the precipitation of
copper-containing hydroxyapatite. The drop in equilibrium
pH suggests that H' ions are liberated from the HAP surface
into the aqueous phase as a result of the exchange with
heavy metal ions (Corami et al. 2008; Smiciklas et al.
2006). The observed pH decreases after Cu(Il) adsorption
at initial pH 5.5-6 confirm that the surface complexation is
an important mechanism for Cu(Il) adsorption onto
SMHZC. The increase in the Cu(Il) adsorption capacity
for SMHZC with the increase of initial pH from 3 to 6.5
may be explained on the basis of proton-competitive

Table 4 Isotherm parameters for Cu(Il) adsorption onto SMHZC

35
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Fig. 13 Adsorption kinetics of Cu(Il) on SMHZC at various temper-
atures (solution volume 25 mL; initial Cu(I) concentration 60 mg/L;
pH 6; adsorbent dosage 2 g/L)

adsorption reactions. At lower pH value, more hydrogen
ions compete with Cu(Il) ions for the surface binding sites
of SMHZC, thereby causing a lower Cu(Il) adsorption ca-
pacity. As the solution pH increases, the concentration of the
hydrogen ions as competitors decreases and this causes an
increase in the Cu(I) adsorption capacity. The amount of
metal hydroxide increases with the increase of solution pH,
which also intensifies the adsorption of Cu(Il) via precipi-
tation mechanism (Wang et al. 2008).

Adsorption isotherm of Cu(Il) on SMHZC

The adsorption isotherm of Cu(Il) on SMHZC is shown in
Fig. 12. It was shown that the Cu(II) adsorption capacity for
SMHZC increased with the increase of the equilibrium Cu
(II) concentration. The Langmuir and Freundich isotherm
models were applied to analyze the equilibrium adsorption
data. The obtained parameters of Langmuir and Freundlich
isotherm models for Cu(Il) adsorption onto SMHZC along
with correlation coefficients (R®) are shown in Table 4. It
was shown that the equilibrium adsorption data of Cu(II) on
SMHZC could be described by the Langmuir and
Freundlich isotherm models. According to the Langmuir
isotherm model, the predicted maximum Cu(Il) monolayer
adsorption capacity for SMHZC at pH 6 was found to be
38.1 mg/g under our experimental condition, which is much
higher than that of natural zeolite reported in previous
literatures (3.37-23.3 mg/g) (Motsi et al. 2009; Sljivié¢ et
al. 2009a; Wang et al. 2008). This indicates that SMHZC is

Langmuir isotherm Freundlich isotherm D-R isotherm
gm (mg/g)  Kp (L/mg)  R? Kr (mg" ""Lg) 1/n R? go (mmol/g)  Kp (mol’kJ?)  E (kJ/mol)  R?
38.1 0.796 0.991 23.9 0.123 0911 0.813 0.000987 22.5 0.920
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Table 5 Kinetic model rate

Pseudo-first-order model

Pseudo-second-order model

qe,cal (l’l’lg/g)

ki (1/min) R Geca (Mg/g) ko (g/mgmin) R

constants for Cu(Il) adsorption T (K) Ge.exp (Mg/Q)

onto SMHZC
295.5 28.0 4.90
303 28.7 5.85
311.5 29.2 3.59

0.0124 0.866 28.0 0.00996 1.00
0.0191 0.926 28.8 0.0105 1.00
0.0134 0.873 29.3 0.0143 1.00

more suitable as an efficient adsorbent for Cu(Il) removal
from aqueous solution than natural zeolite. The Ry values
for Cu(Il) adsorption onto SMHZC were in the range of
0.0124-0.0402. This indicates that the adsorption of Cu(II)
on SMHZC is favorable.

In order to determine the nature of the adsorption process
as physical or chemical, the Dubinin—Radushkevich (D-R)
isotherm model was also applied to analyze the equilibrium
adsorption data. The linearized form of D—R isotherm model
can be written as (Chen et al. 2011):

In(ge) = In(go) — Kpe® (9)

where ¢, is the amount of adsorbate adsorbed per unit of
adsorbent at equilibrium time (in moles per gram), g is
the maximum adsorption capacity (in moles per gram),
Kp is the isotherm constant related to the adsorption
energy (in square moles per square kilojoule), € is the
Polanyi potential and equal to RT In(1+1/C,), R is the
universal gas constant (8.314 J/molK), T is the temper-
ature (kelvin), and C. is the equilibrium concentration
of adsorbate in solution (in moles per liter). The values
of Kp and ¢ can be predicted from the slope and the
intercept of the plot of In(g.) versus 2. The obtained
parameters of D—R isotherm model for Cu(Il) adsorption
onto SMHZC along with correlation coefficient (R?) are
shown in Table 4. It was shown that the equilibrium
adsorption data of Cu(Il) on SMHZC could be de-
scribed by the D-R isotherm model. The value of mean
free energy of adsorption (£, in kilojoules per mole) can
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Fig. 14 Plot of g, versus />3 for Cu(II) adsorption onto SMHZC

be calculated as follows (Chen et al. 2011):

E = (2Kp)™"® (10)

It is well-known that the magnitude of E is useful for
estimating the type of adsorption, and if this value is
below 8 kJ/mol, the adsorption type can be explained
by physical adsorption (Chen et al. 2011). If the value
of E is between 8 and 16 kJ/mol, the adsorption type
can be explained by ion exchange, and if the value of £
is between 20 and 40 kJ/mol, the adsorption type can
be explained by chemical adsorption (Chen et al. 2011).
The value of E obtained from the present study was
between 20 and 40 kJ/mol, indicating that the adsorp-
tion of Cu(Il) on SMHZC involves a chemical adsorp-
tion mechanism. This confirms that the mechanisms for
the adsorption of Cu(Il) on SMHZC include surface
complexation and dissolution-precipitation.

Adsorption kinetics of Cu(ll) on SMHZC

The adsorption kinetics of Cu(Il) on SMHZC at different
temperatures are shown in Fig. 13. It was shown that the
amounts of Cu(ll) adsorbed at different temperatures in-
creased with the increase of contact time until an equilibri-
um was reached. It was also shown that the amounts of Cu
(IT) adsorbed at different contact time increased with in-
creasing temperature, indicating an overall endothermic pro-
cess. In order to investigate the mechanism of Cu(Il)
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Fig. 15 Effect of coexisting HA on Cu(Il) adsorption onto SMHZC

(solution volume 200 mL; pH 6; adsorbent dosage 0.05 g/L; initial Cu
(II) concentration 5 mg/L; temperature 303 K; contact time 24 h)
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adsorption onto SMHZC, three widely used kinetic models,
namely pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models, were applied to analyze the kinet-
ic data. The obtained results are shown in Table 5 and
Fig. 14. As shown in Table 5, the adsorption of Cu(Il) on
SMHZC does not follow the pseudo-first-order kinetic mod-
el, but follows the pseudo-second-order kinetic model. As
shown in Fig. 14, the adsorption of Cu(Il) on SMHZC takes
place in three different stages: fast external surface adsorp-
tion, gradual adsorption controlled by both film and intra-
particle diffusions, and final equilibrium stage.

Effect of coexisting HA on Cu(Il) adsorption onto SMHZC

In theory, HA may influence the adsorption of Cu(Il) on
SMHZC in three ways. First, the adsorption of HA may
increase the negative charge on the SMHZC surface, there-
by increasing Cu(Il) adsorption; second, by competing with
the adsorption sites of SMHZC for Cu(lIl), the presence of
HA may decrease Cu(Il) adsorption; third, HA reacts with
Cu(Il) to form HA—Cu(Il) complexes, which influence Cu
(IT) speciation and its adsorption onto SMHZC (Wang et al.
2008, 2009). In the present study, the effect of coexisting
HA on Cu(ll) adsorption onto SMHZC was investigated,
and the obtained results are shown in Fig. 15. It was shown
that the Cu(II) removal efficiency in the presence of HA was
higher than that in the absence of HA, indicating that coex-
isting HA enhances Cu(Il) adsorption onto SMHZC. Similar
influence of coexisting HA on Cu(Il) adsorption was ob-
served for activated carbon (Terdkiatburana et al. 2008).
This may be attributed to two reasons. The adsorption of
HA on SMHZC can cause an increase in the surface nega-
tive charges, which may favor Cu(Il) adsorption. HA and
Cu(Il) can form complexes in solution, and HA—Cu(II)
complexes can be easily adsorbed on the adsorption sites
of SMHZC for HA, which also may favor Cu(II) adsorption.

Conclusion

SMHZC exhibited much higher HA adsorption capacity
than HZC. The HA adsorption capacity for SMHZC de-
creased slightly with increasing pH from 3 to 8 but de-
creased significantly with increasing pH from 8 to 12. The
Cu(Il) adsorption capacity for SMHZC increased with in-
creasing pH from 3 to 6.5. The adsorption of HA and Cu(II)
on SMHZC obeyed a pseudo-second-order kinetic model.
The adsorption of HA and Cu(Il) on SMHZC took place in
three different stages: fast external surface adsorption, grad-
ual adsorption controlled by both film and intra-particle
diffusions, and final equilibrium stage. The equilibrium
adsorption data of HA on SMHZC better fitted to the
Langmuir isotherm model than the Freundlich isotherm

@ Springer

model. According to the Langmuir isotherm model, the
predicted maximum HA monolayer adsorption capacity for
SMHZC was found to be 227.7 mg/g at pH 7. The equilib-
rium adsorption data of Cu(Il) on SMHZC could be de-
scribed by the Langmuir, Freundlich, and D-R isotherm
models. The presence of Cu(Il) in solution enhanced HA
adsorption onto SMHZC. The presence of HA in solution
enhanced Cu(Il) adsorption onto SMHZC. The adsorption
of HA on SMHZC at pH 7 may be achieved via electrostatic
attraction, organic partitioning, hydrogen bonding, and
Lewis acid—base interaction. The adsorption of Cu(Il) on
SMHZC at pH 6 may be achieved via surface complexation,
ion exchange, and dissolution—precipitation. Results of this
work indicate that SMHZC can be used as an effective
adsorbent to simultaneously remove HA and Cu(Il) from
water.
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