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ABSTRACT

Highly ordered hierarchical calcium carbonate is an important phase and has technological interest in the
development of functional materials. The work describes hierarchical CaCO3-maltose meso/macroporous
hybrid materials were synthesized using a simple gas-diffusion method. The uniform hexagonal-shaped
CaCOs-maltose hybrid materials are formed by the hierarchical assembly of nanoparticles. The pore
structure analysis indicates that the sample possesses the macroporous structure of mesoporous frame-
work. The distinguishing features of the hierarchical CaCOs-maltose materials in water treatment involve
not only high removal capacities, but also decontamination of trace metal ions. Langmuir model fit-
ted the equilibrium data better than the Freundlich isotherm. The maximum removal capacity of the
CaCOz-maltose hybrid materials for Pb%*, Cd?*, Cu?*, Co%*, Mn?* and Ni?* ions was 3242.48, 487.80,
628.93, 393.70, 558.66 and 769.23 mg/g, respectively. Adsorption data were modeled using the pseudo-
first-order, pseudo-second-order and intra-particle diffusion kinetics equations. The results indicate that
pseudo-second-order kinetic equation and intra-particle diffusion model can better describe the adsorp-
tion kinetics. The adsorption and precipitation transformation mechanism can be considered due to
hierarchical meso/macroporous structure, rich organic ligands of the CaCOs;-maltose hybrid materials

and the larger solubility product of CaCOs.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The contamination of freshwater has become one of the main
threats to the normal life of human [1]. Heavy metals, such as lead
and cadmium, because of toxicity, are harmful to living organism
[2-4]. To decontaminate the water polluted by heavy metals, var-
ious treatment technologies have been tried and used, including
chemical precipitation, solvent extraction, adsorption, etc. In these
technologies, adsorption seems to be the most convenient method
and is often the method of choice. However, economy and efficiency
have largely hampered the commercial applications of some adsor-
bents. Therefore, the high efficiency and inexpensive adsorptive
materials are still demanded.

The porous materials, as adsorbents, have attracted tremendous
research interest and have been put into practice [5-8]. Espe-
cially, the chemically designed inorganic—organic hybrid materials
with porous structures have attracted considerable attention
because of the combination of properties with respect to the
inorganic and the organic components, which allows to tailor den-
sity, chemical reactivity, and thermal stability [9-14]. Compared
with single-sized porous materials, the materials with hierar-
chical meso/macroporous structure as adsorbents can enhance
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properties due to increased mass transport through the large pore
channels of the materials and maintenance of a specific surface
area on the level of fine pore systems [15-20]. However, the
fabrication of inorganic-organic hybrid materials with hierarchi-
cal meso/macroporous structure, which have more advantages on
adsorption, is till a challenge as regards their application potential.

Carbonate minerals are effective in removing heavy metals and
the mechanism of adsorption was suggested to be ion-exchange
and precipitation on the carbonate surface [21-23]. It is well known
that calcium carbonate is one of the cheapest materials in nature
and harmless to humans. Furthermore, the larger solubility product
of CaCO3 could be lead to precipitation transformation happened
between CaCO3 and some carbonates, which could increase greatly
the adsorption capacity of the metal ions. Although calcium carbon-
ate has been studied for removal of heavy metal ions [22,24-26],
the low efficiency and further treatment necessity for the sludge
significantly limit the practical applications in water treatment.
Otherwise, maltose is one of the predominant saccharide and has
many hydroxyl groups, which could interact with heavy metal ions.
The interaction makes it possible to remove the heavy metal ions
from the waste water.

Herein, our aim is to facilely synthesize the inorganic-organic
CaCO3-maltose hybrid materials with hierarchical
meso/macroporous structure, which could be the high effi-
ciency and inexpensive adsorbents in removal of heavy metal
ions from waste water. The maximum removal capacities for Pb2*,
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Cd?%*, Cu?*, Co%*, Mn%* and Ni2* jons were higher than the reported
previously. The adsorption and precipitation transformation
mechanism can be considered due to rich organic ligands of the
CaCOs3-maltose hybrid materials and the larger solubility product
of CaCOs. From these results, the CaCOs-maltose hybrid mate-
rials with hierarchical meso/macroporous structure could be an
alternative and efficiency absorbent for removal heavy metal ions.

2. Materials and methods
2.1. Materials

All chemicals used in the study are of analytical grade and were
used without further purification. The corresponding metal nitrates
were employed as the metal ions sources. Anhydrous calcium chlo-
ride and ammonium bicarbonate were purchased from Chemical
Reagent Company of Tianjin. Maltose was purchased from Xiamen
Sanland Chemicals Company Limited, China. Double distilled water
was also used in our experiment. All glassware were soaked in a
mixing K,CrO;/H,SO4 solution, then rinsed with double distilled
water, and finally dried by the gas drier.

2.2. Preparation of the CaCO3-maltose hybrid materials with
hierarchical meso/macroporous structure

The experiments were carried out in a closed desiccator through
a simple gas-diffused method at room temperature 25+ 1°C with
ammonium bicarbonate as the source of CO,. First, the aqueous
solution of CaCl, 0.05 M was freshly prepared. Maltose in a desired
quantity was added to the CaCl, solution and stirred to ensure com-
plete dissolution to obtain the mixed solution. Then, 20 mL mixed
solution were added into a baker within a desiccator. Finally, the
ammonium bicarbonate powder, which can decompose and release
CO,, was placed at the bottom of the desiccator. Then the two
reactions:

CO5 +Hy0 — CO32~ +2H"

Ca%*t +C0O32~ — CaCO;

After 24 h the products were collected by centrifugation, washed
with the double distilled water and anhydrous alcohol, and then
dried at room temperature. The power products were obtained.

2.3. Adsorption equilibrium experiments

Solutions containing different concentrations of heavy metal
ions were prepared. As-prepared CaCO3 was added to the heavy
metals solution under stirring. At different time intervals, the solids
and liquids were separated by centrifugation and the concentra-
tions of the heavy metals ions remaining in the solution were
measured by atomic absorption spectroscopy. The amount of the
heavy metalions at equilibrium g, (mg/g) on the adsorbent samples
were calculated from the following equation:

(CO - Ce )V

ge= 2 (1)

where Cp and C, (mg/L) are the liquid phase concentrations of heavy
metal ions at initial and equilibrium, respectively, V is the volume
of the solution (L) and W is the mass of adsorbent used (g).

2.3.1. Effect of contact time

An as-prepared sample dose of 4 mg was added to 7 mL metal
solution, with constant metal ion concentration. After different
time interval (from 30 min to 2 h), the samples were taken out of
the mixed solution.

2.3.2. Effect of pH

In order to study the influence of pH on the removal efficiency,
NaAc-HAc buffer solutions was used to adjust and control the pH of
the initial heavy metals solution. 4 mg products were added to 7 mL
metal ions solution and the mixture was shaken on a thermostatic
reciprocating shaker for 2 h with different pH from 3 to 8.

2.3.3. Effect of initial metal ions concentration
Effects of initial metal ions concentration on the adsorption of
heavy metal ions were studied.

2.4. Adsorption kinetic experiments

The adsorption kinetic experiments were identical to those of
isotherm experiments. The aqueous samples were taken to pre-
set time intervals and the concentrations of heavy metal ions were
similarly measured. The amount of adsorption at time ¢, q; (mg/g),
was calculated by:

(Co -G )V

qc = —w (2)

where Cy and C; (mg/L) are the liquid phase concentrations of heavy
metal ions at initial and any time t, respectively, V is the volume of
the solution (L) and W is the mass of adsorbent (g).

2.5. Characterization

X-ray powder diffraction measurements were performed on a
Bruker D & Advance X-ray powder diffractometer with graphite
monochromatized CuKa (I=0.15406 nm). A scanning rate of 0.05°/s
was applied to record the pattern in the 26 range of 10-70°.
The morphology of nanoparticle self-assembly was observed by
means of an AMARY-1000B (Germany Bruker) scanning electron
microscope. HRTEM investigations were conducted on a JEOL JEL-
2010 transmission electron microscope. N, adsorption-desorption
isotherms were recorded on a Quantachrome NOVA 2000e sorption
analyzer at liquid nitrogen temperature (77 K). The samples were
degassed at 180 °C overnight prior to the measurement. The surface
area was obtained by the Brunauer-Emmett-Teller (BET) method,
and the pore size distribution was calculated from the adsorption
branch of the isotherms by both the Barret-Joyner-Halenda (BJH)
model. Thermogravimetry-differential thermal analysis (TG-DTA)
of the samples was conducted on a Rigaku Standard Model ther-
mal analyzer in air atmosphere with a heating rate of 10°C/min.
The concentration of heavy metal ions in the aqueous solution
was analyzed by PerkinElmer Analyst 700 model atomic absorption
spectroscopy (AAS) equipped with MHS 15 HGAAS system.

3. Results and discussion
3.1. Material characterizations

Fig. 1 shows the representative SEM and TEM images of the
samples. It indicates that the hexagonal plates-shaped CaCOs
(10-15 pm in diameter) is composed of the small granular micro-
aggregates (see Fig. 1a and b). As a result of the aggregation of
these micro-aggregates, the disordered wormhole-like macropores
with diameter distribution of 200-500 nm are formed in the hybrid
materials (Fig. 1c). As Fig. 1d shown, it reveals that the granu-
lar micro-aggregates consist of the smaller nanoparticles with the
size of 5-10 nm. And it was the aggregation of these nanoparticles
which results in the formation of the mesoporous in the hybrid
materials. The well-defined mesoporous structure was further con-
firmed by TEM and HRTEM observation. Fig. 2a shows the TEM
image of the hybrid materials and the obvious contrast between the
dark edge and pale center is the evidence for their porous nature.
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Fig. 1. The typical SEM images of the obtained CaCO3;-maltose hybrid materials.

From the HRTEM image (Fig. 2b), it can be observed that the regions
of light contrast between individual nanocrystalline (as the black
arrow shown)indicate the presence of interstices with the diameter
of 5-10 nm within these particles.

In fact, the genesis of such a hierarchical meso/macroporous
structure of CaCO3 corresponds to a self-assembly formation mech-
anism, in which the maltose not only takes arole in the formation of
the macroporous structure but also influences the textural proper-
ties and porosity of the hybrid materials. The possible formation
mechanism of the CaCO3; with hierarchical meso/macroporous
structure is shown in Fig. 3. Firstly, after the maltose was added into
CacCl, solution, calcium ions coordinated with some groups (such as

—OH and —CO) of maltose [27-31] and the nanoparticles with size
of about 5-10 nm were obtained. Secondly, under the mediation
of maltose additive, self-assembly of these CaCO3; nanoparticles
precursors would result in the formation of the micro-aggregates
and the mesoporous can be obtained. Finally, the micro-
aggregates self-assemble into the hexagonal plates-shaped CaCO3
microparticles.

The XRD pattern of as-prepared hybrid materials (Fig. 4a) shows
that the as-prepared products are composed of pure vaterite phase
(JCPDS card no. 01-072-0506). The XRD pattern of the synthesized
CaCO3 without the additive-maltose showed the samples was cal-
cite phase [30,32]. This indicates that the maltose play a role on

Fig. 2. The TEM (a) and HRTEM (b) images of the obtained hybrid materials.
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Fig. 3. The formation mechanism of CaCO3;-maltose hybrid materials with hierarchical meso/macroporous structure.
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Fig. 4. XRD pattern and TG-DTA curves of the as-prepared CaCOs crystals.

the formation of the meso/macroporous CaCO3-maltose hybrid
materials. Fig. 4b shows the TG-DTA profiles of the synthesized
products. The TGA curve of as-prepared CaCO3 demonstrates ini-
tial weight loss of 3.8% from 190 to 575°C, accompanied with
two exothermic peaks at around 253°C and 491.2°C in the DSC
curve, which may be assigned to the decomposition of the inter-
calated water and organic species. It might indicate that the
CaCO3;-maltose hybrid materials have been synthesized.

-

00

(a)

80 <
60

40+

Quantity Adsorbed {cm’/g STP)

T T T
04 0.6 0.8

Relative Pressure (p/p,)

T
0.0 0.2

The nitrogen adsorption-desorption isotherms of the synthe-
sized samples and their corresponding pore width distributions
are shown in Fig. 5. The N, isotherm of the CaCO3-maltose hybrid
materials is a type II isotherm (Fig. 5a), indicating that a macro-
porous structure, with good pore connectivity, may exist in the
samples. The nitrogen amount adsorbed rises very steeply at high
relative pressure (P/Py>0.85), which suggests the presence of an
appreciable amount of secondary porosity of very large pores
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Fig. 5. (a) N, adsorption and desorption isotherms and the corresponding BJH pore size distribution curve for the synthesized products.
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Fig. 6. Effect of initial concentrations of heavy metal solutions (with a pH value of 7) on removal of heavy metals by the CaCO3;-maltose hybrid materials.

macropores [11-13]. The isotherms of the hybrid samples exhib-
ited type H3 hysteresis loop that does not exhibit any limiting
adsorption at high P[Py, indicating the hybrid materials consisted
of aggregates of plate-like particles giving rise to slit-shaped pores
[33]. The pore size distribution curve derived from the adsorp-
tion branch of the isotherms shows one broad peak in the range
of 2-6nm, centered at 4.3nm, and one narrow distribution at
7.5-10nm (see Fig. 5b). This porosity should be as a result of the
organized aggregation of CaCO3 nanoparticles. It indicates that the
synthesis in the presence of maltose could efficiently result in the
improvement of porosity and textural property of the resultant
CaCOs3 samples. The BET surface area is 63.2 m?/g.

3.2. The adsorption of heavy metal ions by CaCO3-maltose hybrid
materials

3.2.1. Effect of initial concentration of heavy metal

The effect of initial concentration on the capacity and per-
centage removal of heavy metals by the CaCO3-maltose hybrid
materials is shown in Fig. 6. As Fig. 6a shown, while the dosage of
CaCO3-maltose hybrid materials remains constant (0.43 g/L), the
removal capacity increases with the increasing initial concentra-
tions of the heavy metal ions till the metals ions uptake value
reached the state of equilibrium saturation. Furthermore, it can be
observed that the uptake capacity for Pb(II) ions was significantly
higher than the other metal ions evaluated. From Fig. 6b, it can be
seen that the percentage removal decreases with the increase in
initial heavy metal concentration. The percentage removal of Pb2*
is almost complete (nearly 100%) at the initial metal ions concen-
tration range 300-900 mg/L for 0.43 g/L adsorbent dose, at pH 7
and a contact time of 5h. For Mn?*, Ni?*, Cu?*, Co®* and Cd?* at
same adsorbent dose and contact time, there are varying degrees
of drop in percentage removal at higher initial concentration. It
could be attributed to the high collision efficiency between the
metal ions and the adsorbent at lower initial metal ion concentra-
tions. However, the metal ions biosorption capacities are no longer

enhanced and remain almost constant after saturation at higher
concentrations. This may be due to the lack of available sites for
adsorbing metal ions on the biosorbents surfaces preventing fur-
ther adsorption of metal ions [34]. Hence, the percent removal of
heavy metals depends on the initial metal ions concentration and
decreases with increase in initial metal ions concentration. The
difference in percentage removal of different heavy metal ions at
the same experimental conditions may be attributed to the differ-
ence in the solubility products of their carbonates, chemical affinity
and ion exchange capacity with respect to the chemical functional
group on the surface of the hybrid materials.

The determination of trace metal ions is required in pollution
and toxicological studies because some elements might degrade
the quality of water even if present at very low concentrations [35].
It is well known that the trace amounts of metal ions are difficult
to remove in solution chemistry. Fig. 6¢ shows that the removal
capacities of these heavy metal ions increases with the increasing
initial concentration of these heavy metals from 5 to 500 w.g/L. From
Fig. 6d, the percentage removal of Pb(II) and Ni(II) are almost com-
plete (nearly 100%) throughout the initial metal ions concentration
range. However, contrary to the high concentrations, the removal
percentage decreased as the low concentration of heavy metal ions
decreased. These results demonstrate that it is not easy to remove
trace amounts of metal ions in the solution, but the CaCO3-maltose
hybrid materials have the abilities to remove trace metal ions to a
large degree.

3.2.2. Effect of contact time

Fig. 7a shows the variation in the percentage removal of
the heavy metals with contact time using 0.43g/L of the
CaCO3-maltose hybrid materials and 1000 mg/L of the heavy metal
ions atinitial pH 7. Itis observed that the balance can be established
in a short time about 40 min for removal of the above heavy metal
ions. Furthermore, for PbZ* ion, the percentage removal is nearly
100% after 30 min. The fast heavy metal ions uptake indicates a high
complexation rate between the metal ions and the organic groups
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Fig. 7. (a) Effect of contact time and (b) pH values on removal of heavy metal ions by the as-prepared calcium carbonate samples.

in the adsorbent, which is related to their small primary crystal-
lite size of adsorbent and specific surface areas, meso/macroporous
structure. The optimal contact time to attain equilibrium with the
CaCO3-maltose hybrid materials was experimentally found to be
about 1h. It is evident from the results that the hybrid materials
show powerful capability for fast removal of toxic heavy metal ions.

3.2.3. Effect of pH

Fig. 7b shows the effect of pH on heavy metal ions removal effi-
ciencies of the hybrid materials. The removal percentages of these
heavy metal ions are found to increase with pH to attain a max-
imum at pH 6 and thereafter it doesn’t change very much with
further increase in pH. The maximum removal of Pb%*, Mn2*, Cu2*
at pH 7 were found to be nearly 99.7%, 35.8%, 58.8%, respectively,
whereas, for Co?*, Cd%* and Ni?* 23.5%, 23.1% and 10% removal at
pH 6. From the result, it can be found that the maximum removal of
Pb(II) is greatly high than the other metal ions. When the pH is low,
the decontaminating effect becomes low because CaCO3 samples
could not exist under the low-pH circumstance. When pH exceeded
6 or 7, metals hydroxides could be formed because the formation
of the precipitation of heavy metals hydroxides was related to K
(Supporting Information, Fig. S1). Thus, the maximum adsorption at
pH 6-7 may be attributed to the partial hydrolysis of M2*, resulting
in the formation of M(OH),.

3.3. Adsorption isotherms

The adsorption isotherm can show adsorption capacity at dif-
ferent aqueous equilibrium concentration. Fig. 8 shows adsorption
isotherms for heavy metal ions on the CaCO3;-maltose hybrid mate-
rials at pH 7 and 25 °C. The adsorption process could be described by

the Langmuir and the Freundlich isotherms. The Langmuir equation
assumes that no further adsorption can take place at that site if a
heavy metalion occupies a site, The Langmuir equation is expressed
as follows [36]:

_ qmaxKiCe
Je = 11KC (3)
or in the linear from
Ce 1 Ce
e _ 4
qe AmaxKy ~ qmax )

where C, is the equilibrium concentration of remaining heavy metal
ions in solution (mg/L), ge is the amount of a metal adsorbed per
mass unit of sorbent at equilibrium (mg/g), gmax is the amount of
adsorbate at complete monolayer coverage (mg/g), and K is the
Langmuir adsorption constant (L/mg) and related to the free energy
of adsorption. The constants gmax and K; can be calculated from the
intercepts and the slopes of the linear plots of Ce/qe versus Ce.

The equilibrium adsorption data follow Langmuir’s isotherm,
which can be observed from Fig. 8a and Table 1. Table 1 indicates
that Langmuir model has a limited application for Mn%* and Co2*
sorption with a regression coefficient, R? =0.983 and 0.920, respec-
tively. A better description for Ni2*, Cu?* and Cd%* sorption datawas
evident (R%2=0.981, 0.995 and 0.988). The best fit to the Langmuir
model was obtained for Pb%* adsorption, with a correlation coeffi-
cient, R =0.999. The maximum sorption capacities for Pb2*, Cd2*,
Cu?*, Co%*, Mn?* and Ni2* ions were estimated using the Langmuir
equation and found to be 3242.48, 487.80, 628.93, 393.70, 558.66
and 769.23 mg/g, which are relatively higher compared with the
literatures [22,23,37,38].

Langmuir parameters calculated from Eq. (5) are listed in
Table 1. The essential characteristics of the Langmuir equation

25 5 3.6+
“1(a) | = pom 24
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Fig. 8. Langmuir (a) and Freundlich (b) isotherms for metal ions adsorption onto the CaCO;-maltose hybrid materials at 25°C.
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Table 1
Langmuir and Freundlich model parameters.
Metal ions (II) Langmuir constants Freundlich constants
Gmax (Mg/g) Ki (L/mg) R? R Kr (mg/g)(L/mg)"/" n R>
Pb 3242.48 0.23 0.999 0.004 1396.72 6.80 0.901
Ni 769.23 0.003 0.981 0.243 5.84 145 0.969
Mn 558.66 0.004 0.983 0.205 9.42 1.69 0.986
Cu 628.93 0.10 0.995 0.011 151.47 4.27 0.993
Co 393.70 0.004 0.920 0.159 11.94 2.09 0.982
cd 487.80 0.05 0.988 0.019 348.76 20.22 0.920

can be expressed in term of a dimensionless separation factor, Ry,
defined as follows [39]:

1
= 1 + KLCO

where (g is the highest initial solute concentration and K; is the
Langmuir’s adsorption constant (L/mg). From Table 1, it can be
found the values of R, were in the range of 0-1, confirming the
favorable uptake of these heavy metal ions.

The Freundlich equation is an empirical equation and has the
following form [40]:

e =KFCel/n (6)

R: (5)

or in the linear from
In qe:anp+%lnCe (7)

where ¢, is the solid phase adsorbate concentration in equilibrium
(mg/g), Ce the equilibrium liquid phase concentration (mg/L), Kr the
Freundlich constant (mg/g)(L/mg)!/" and 1/n is the heterogeneity
factor. A plot of Inq, versus In C, (Fig. 8b) enables the constant K
and exponent 1/n to be determined.

Table 1 indicates that there is a slight deviation from linearity
using the Freundlich isotherm model for describing NiZ*, Cu?* and
Cd?* sorption. The model gives a poor presentation for Pb2* sorption
behavior (R2=0.901). A relatively slight slope n>> 1 indicates that
sorption intensity is good over the entire range of concentrations
studied, while a steep slope (n<1) means that sorption intensity is
good only at high concentrations but much less at lower concentra-
tions [41,42].1tis clear from Table 1 that n values are all greater than
1, indicating that sorption intensity is good over the entire range of
concentrations studied. In particular, the n value for Cd%* adsorp-
tion is 20.22, which indicates a highly favorable sorption process
[42,43].

Table 2 lists the comparison of maximum monolayer adsorption
capacity of heavy metal ions onto various adsorbents. Compared
with some data obtained from the literatures, the hierarchical
meso/macroporous prepared in this work have a relatively large
adsorption capacity. In addition, the adsorption of heavy metals
by bare CaCO3; had also been determined. Bare CaCO3; could be
obtained in the double-distilled water without maltose using the
same simple gas-diffusion method. The crystals formed in distilled
water were irregular and loose lumps without the macroporous
structure of mesoporous framework (Supporting Information, Fig.

S2). The adsorption capacity and efficiency of bare CaCOs3 for
PbZ* was only 62.5mg/g and 3.77%, respectively. The result indi-
cates that the adsorption capacity and efficiency of bare CaCO3
is very lower than the adsorption capacity and efficiency of
CaCO3-maltose hybrids at the same experimental condition. We
suggest that there are two possible reasons for the low adsorption
capacity and efficiency of bare CaCOs. First, the precipitation trans-
formation mechanism can mainly be considered due to the larger
solubility product of CaCOs3;. However, the adsorption of heavy
metals only occur on the surface of the bare CaCO3 without the
macroporous structure of mesoporous framework and the heavy
metal ions can not further be adsorbed into the interior of bare
CaCO0s. Second, there are no rich organic ligands in bare CaCOs.

3.4. Interaction of metals with the CaCOs-maltose hybrid
materials

The studied heavy metal ions have many different basic proper-
ties and the differences between metal sorption capacities may be
due to their different affinity to the surface of the CaCO3-maltose
hybrid materials. The following rules can be considered as guide-
lines to consider metal sorption on the CaCO3-maltose surface: (a)
ionic radius of M2* cations; metals of ionic radius close to that
of CaZ* adsorb stronger than other metals; this rule can explain
the higher capacity of Cd%*, Pb** and Mn?* compared to Co2*.
The ionic radius for Co?* is much smaller than Ca%*, while the
ionic radii of Cd?*, Pb®* and Mn?* are much closer to that of
CaZ* (Table 3). (b) Electronegativity of metals; this rule states
that metals of higher electronegativity should adsorb more eas-
ily [44]. It can be observed where Pb2*, Ni%* and Cu®* show a
higher adsorptive capacity than Co?*, Cd?* and Mn2* and the result
is in agreement with this rule. However, MnZ* shows a higher
adsorptive capacity than Co?* and Cd2*, which possesses greater
electronegativities (Table 3). (¢) Solubility of the hydrate com-
plexes; the sorption theory suggested that metals of less soluble
complexes with hydrate have increased adsorptive capacity. How-
ever, Cu(Il) adsorbed less than Pb(II) and Ni(Il) which form more
soluble hydrate complexes compared to Cu(Il) (Table 3). (d) Sol-
ubility of the carbonate complexes; the theory suggested that
metals that form less soluble complexes with carbonate adsorb
stronger than metals which form more soluble complexes. The
rule can explain the preferential sorption of Pb%* compared to
Cu?*, Co%*, Cd2* and Mn?*, which has lower solubility product

Table 2
Comparison of the maximum monolayer adsorption of the studied metal ions onto the various adsorbents.
Adsorbents Maximum monolayer adsorption capacity (mg/g) Reference
Pb(II) Ni(II) Mn(II) Cu(In) Co(II) Cd(In)
Hierarchical CaCOs-maltose 3242.48 769.23 558.66 628.93 393.70 487.80 This work
Amorphous calcium carbonate 1028.21 537.2 514.62 [22]
Natural calcite 19.92 18.52 [23]
Limestone 0.0167 0.0380 0.0145 0.0184 [43]
Natural Jordanian sorbent 66.2 4.5 [25]
Bare CaCO3 62.5 The control experiment
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Table 3
Basic properties of the studied heavy metal ions.
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Metal ions(II) Ionic radius (pm)

Electronegativity (Pauling)

Ksp for MCO3 Ksp for M(OH),

Pb 120 2.33 33x10°14 1.4x10-20
Ni 69 191 1.4 x 10717 5.5x 10716
Mn 80 1.55 22x10°1 1.9x10°18
Cu 72 1.90 1.4x10°10 4.8 x 10720
Co 72 1.88 1.0x 10710 1.6 x 10715
cd 99 1.69 1.0x 10712 53x1071°
Ca 100 1.00 3.4x107° 5.5x107°

(a) *CaCO, +PbCO, e MnCO,

#CuCO, v NiCO,

* v CdCO, @ CoCO,

intensity(a.u)

Ni(l1)

c::(il

T T T T
20 30 40 50 60

20(degree)

Fig. 9. (a) XRD patterns of precipitates after adsorption with the CaCOs;-maltose hybrid materials. Color change before and after removal process by indicators. (b) SEM
image of sediments collected after water containing Pb(II) treatment with the CaCO3;-maltose hybrid materials. (c) Before and after adsorption with the CaCO;-maltose
hybrid materials for Ni** indicated by dimethylglyoxime solutions and Co?*. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article.)

constants. However, the reverse of this rule was also observed
in this study. According to this rule, Ni2* should have the high-
est adsorption capacity of the metals studied. But Ni2* adsorbed
less than Pb2*, which has greater solubility product constant in this
study (Table 3). Thus, these adsorption capacities of the metal ions
are not determined by one of the above rules, but correlates with all
the rules. Otherwise, the nature of the adsorbent is also one of the
factors, which determines the adsorption capacities of the metal
ions.

3.5. Mechanisms of metals sorption

The adsorption mechanism can be considered because of the
rich C=0 and OH groups of the CaCOs;-maltose hybrid materials,
which could lead to more effectively coordination with heavy met-
als. However, the large adsorption capacities of the heavy metal
ions indicate that the mechanism of the CaCO3;-maltose hybrid
materials on removal of heavy metal ions is not through a sim-
ple adsorption process. Precipitation transformation must also be
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Fig. 10. Pseudo-first-order kinetics (a), second-order kinetics (b) and intra-particle diffusion kinetics (c, d, e) for adsorption of heavy metal ions onto the CaCO3;-maltose
hybrid materials with hierarchical meso/macroporous structure (T=25°C; adsorbent dose =0.43 g/L; pH value=7).
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Table 4

Pseudo-first-order adsorption kinetic constants of the CaCO3;-maltose hybrid material.

Metal ions(II) Co (mg/L) Geexp (Mg[g) Pseudo-first-order model
Ge.cal (Mg/E) Ky (x107° min~1) R?
Pb 811.5 1884.2 469.16 79.04 0.73
Ni 43.8 374 33.18 57.48 0.89
Mn 565.2 3325 330.58 39.22 0.90
Cu 572.4 566.9 644.08 62.59 0.84
Co 434 63.5 62.02 69.55 0.87
Cd 410.1 367.5 610.46 59.69 0.92
Table 5
Pseudo-second-order adsorption kinetic constants of the CaCO3-maltose hybrid material.
Metal ions(Il) Co (mg/L) Qeexp (Mg/g) Pseudo-second-order model
Gecal (Mg/g) K (x10~* g/mgmin~1) R2
Pb 811.5 1884.2 1901 6.17 0.99
Ni 43.8 374 39.5 47.03 0.99
Mn 565.2 3325 397.1 1.40 0.97
Cu 572.4 566.9 621.2 1.79 0.99
Co 43.4 63.5 66.4 33.33 0.99
Ccd 410.1 367.5 485.4 0.73 0.96

considered. This solubility product of CaCOs is relatively larger than
the studied metal carbonates, which should definitely promote
transformation of precipitation between CaCO3; and heavy metal
carbonates. The phase of precipitates after treatment was deter-
mined by XRD (as Fig. 9a shown). From the results, the precipitates
consist mainly of studied metal carbonate, which indicates that the
CaCOs3 could be transformed after being stirred for 2 h in the metal
ions solution. Moreover, the morphology of precipitates collected
had been changed, which shows that a recrystallization process
occurred in such water treatment process (Fig. 9b).

To make the decontamination effect of the CaCO3-maltose
hybrid materials visually, coordination complex (dimethylgly-
oxime)was used as indicators. Fig. 9c reveals that the concentration
of Ni?* jon in the aqueous solution decreased dramatically after
absorption with as-obtained samples. The Ni2* solution after
absorption by the CaCO3-maltose hybrid materials shows no color
change with the addition of dimethylglyoxime, indicating almost
complete removal of Ni2* ion. So does Co%* ion, the color of Co2*
appear after adsorption by the CaCOs;-maltose hybrid materials.

3.6. Adsorption kinetics

Three known kinetic models are used to investigate the mecha-
nism of the adsorption [45,46]. Firstly, pseudo-first-order equation
has been widely used for analyzing the adsorption of an adsorbate
from an aqueous solution.

tkq

2.303 ®)
where ¢. and q; are the amounts of heavy metal ions adsorbed
(mg/g) at equilibrium and at time t (min), respectively, and
ki (min—1) is the rate constant adsorption. Values of k; are

log(ge — q¢) = logqe —

Table 6

calculated from the plots of log(qe — q¢) versus t (see Fig. 10a) for
the CaCO3-maltose hybrid materials. The R? values obtained are
relatively small and the experimental g, values do not agree with
the calculated values obtained from the linear plots (Table 4).

Secondly, the pseudo-second-order equation based on equi-
librium adsorption also has been widely used for analyzing the
adsorption of an adsorbate from an aqueous solution:

t_ 1t

qe kzqg de
where k, (g/mgmin) is the rate constant of second-order adsorp-
tion. The linear plot of t/q; versus t is shown in Fig. 10b and the
obtained R? values are greater than 0.96 for all samples. It indicates
a good agreement between the experimental and the calculated g,
values (Table 5), showing the applicability of above equation for
the CaCO3-maltose hybrid materials.

Only the above two kinetic models were not enough to explain
the diffusion mechanism, thus intra-particle diffusion kinetic
model based on the theory or equation proposed by Weber and
Morris is tested [47]. The kinetic model is an empirically functional
relationship, common to the most adsorption processes. The adsor-
bate uptake varies almost proportionally with t1/2. According to the
following Weber-Morris’s equation:

9)

qe = kaivVt+ ¢ (10)

where kg; is the rate parameter of stage i (mg/gh'/2), calculated
from the slope of the straight line of g versus t'/2. C; is the intercept
of stage i, giving an idea about the thickness of boundary layer. That
is to say, the larger the intercept indicates the greater the boundary
layer effect.

Fig. 10c and d presents a linear fit of intra-particle diffusion
model for adsorption of heavy metal ions onto the CaCO3-maltose

Intra-particle diffusion model constants and correlation coefficients for adsorption of metal ions on the CaCO3-maltose hybrid material.

Metal ions Co (mg/L) Intra-particle diffusion model

Kq1 (mg/g min'/2) Kgz (mg/g min 112) Kqg3 (mg/g min 1/2) Ci G G (R1)? (R2)? (R3)?
Pb 811.5 718.68 77.74 0.16 0 1438.36 1882.59 1.00 0.95 1.00
Ni 43.8 8.86 4.16 0.05 0 10.34 36.87 1.00 0.94 1.00
Mn 565.2 58.11 40.34 11.12 0 25.99 220.02 1.00 0.96 1.00
Cu 572.4 111.71 64.27 28.11 0 95.35 337.69 1.00 0.96 1.00
Co 43.4 15.95 6.25 0.03 0 22.52 63.07 1.00 0.96 1.00
Ccd 410.1 58.55 37.35 25.80 0 39.92 125.86 1.00 0.96 1.00
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hybrid materials. From the results, it can be observed that such
types of plots present multilinearity, indicating that three steps
take place. First, sharper region is the instantaneous adsorption
or external surface adsorption stage, which was completed within
the first 5 min. The possible reason could be that the high initial
heavy metal ion concentration is driving force of diffusion. Sec-
ond, the region is the gradual adsorption stage where intra-particle
diffusion is the rate limiting step. It can be speculated that the pre-
cipitation transformation happened in this process. Then, the third
region is the final equilibrium stage where intra-particle diffusion
further slows down because of the low concentrations of heavy
metal ions left in the solutions [45].Itis clearly that the rate of exter-
nal surface adsorption (stage 1) of Pb(Il) is higher than that the other
ions with the CaCO3-maltose (Table 6). As discussed above, heavy
metal ions are slowly transported via intra-particle diffusion into
macroporous and are finally retained in hierarchical mesoporous.
The rate parameters for Pb(II) show that the value of k4q; and ky; is
larger than that the other metal ions. We speculated that the reason
could be the lager chemical affinity and the smallest solubility prod-
ucts of PbCOs. Further observation indicates kqq > kg > kq3. This is
easy to understand because the concentration of metal ions left in
the solutions gradually decreases.

4. Conclusion

The CaCOs-maltose hybrid materials with hierarchical
meso/macroporous structure have been successfully prepared
in the presence of maltose under a simple evaporation diffusion
method. The CaCO3;-maltose hybrid materials is found to be effec-
tive and alternative adsorbent for the removal of heavy metal ions
from wastewater as a result of hierarchical meso/macroporous
structure, rich organic ligands of the CaCOs;-maltose hybrid
materials and the larger solubility product of CaCOs.
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