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Abstract

The results of the measuring of pHpz (point zero charge) of the surface of
adsorbents by potentiometric titration are presented. It was found that the pHpzc of
the bentonite-like clay of the Tam Bo (Lam Dong, Vietnam), the synthesized
hydroxyapatite and composite adsorbents based on them is 5.7, 6.9 and 6.8,
respectively. A study was made of the dependence of the efficiency of purification
of model aqueous solutions on Cu?*, Zn?* and Cd?* ions by various adsorbents on
the pH values. It was found that the optimal pH values are in the limits of 4 — 6. The
highest adsorption capacity of the composite adsorbent towards Cu?*, Zn?* and Cd?*
ions are 0.73, 0.71 and 0.81 mmol/g respectively, which is over 2.79, 1.92 and 2.43
times higher than the Lam Dong bentonite-like clay.

Keywords: Adsorption, Composite adsorbent, Heavy metal ions, Hydroxyapatite,
Montmorillonite, Water purification.
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1. Introduction

A serious danger to the environment is the pollution of natural and drinking water
by heavy metal ions, which have cumulative properties, enter the human body, can
accumulate and cause various diseases [1]. Therefore, the problems of developing
effective methods for their purification become topical. Heavy metals include
mercury, lead, nickel, chromium, cadmium, zinc, copper, etc. The most common
ions are Pb?" Cu?*, Zn?* and Cd?* [2]. The main sources of pollutant that cause
environmental pollution include galvanic bath waste, sewage from machine
building, electrical engineering, radio and instrument engineering, electronic,
chemical, printing, textile, leather, fur, oil refining, paper, rubber, woodworking
industries [3].

There are various methods for removing pollutant from sewage: ion exchange
[4], reverse osmosis [5], chemistry [6], electrodialysis [7], solvent extraction [8]
and adsorption [9]. However, many of the traditional methods have several
drawbacks, such as expensive equipment, continuous replenishment of
chemicals, time consuming cleaning and the likelihood of secondary pollution.
Charerntanyarak [10] explained that adsorption is the most effective method of
fine cleaning contaminated water at the present time. Advantages of adsorption
method is the capability of fine cleaning of dirty water containing several
pollutants, as well as recuperation of spent adsorbents.

Adsorbents are activated carbons, synthetic organic adsorbents, some
production wastes (ash, slag, sawdust), mineral adsorbents-zeolites, clays, flasks,
silica gels, aluminum gels and metal hydroxides. At present, the ion exchange
method is used for water purification, which allows using a wide range of ion-
exchange materials.

The use of clay minerals of structural type 2:1 with changing basal spacing is
known to be effective. Molecules of water and organic substances as well as
positively or negatively charged ions can be included in the inter-package cavities
of the minerals. lon exchange with the ions from the surroundings can take place
in them. Based on studies by Vesentsev et al. [11], the clay minerals concerned can
swell because of increase of space between basal layers where ions or molecules
absorbed are located.

Hydroxyapatite (HA) Caio(PO4)s(OH)2 has been known as the main inorganic
constituent of bones and teeth of mammals and the component of phosphate mineral
rocks [12]. Recently, the use of both (HA) and composite adsorbents based on it
for the adsorption and immobilization of pollutants is considered a promising
technology to remove pollution due to low cost and high adsorption possibility of
pollutants ions and dyes from aqueous solutions [13-15].

In recent years, composite materials based on bentonite and hydroxyapatite
have been studied as universal sorbents for the removal of toxic metals and dyes
from aqueous solutions [16-18]. It is of scientific and practical interest to obtain
composite adsorption-active materials based on natural bentonite-like clays
combined with synthetic hydroxyapatite.

The aim of this paper is to investigate the adsorption possibility of composite
adsorbents based on bentonite-like clay and hydroxyapatite synthesized by
chemical precipitation towards pollutants such as Cu?*, Zn®* and Cd?* ions.
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2. Materials and methods
2.1. Materials

As adsorbents for the adsorption Cu?*, Zn?* and Cd?* ions the following materials
were used: the bentonite-like clay of the Tam Bo (Lam Dong, Vietnam), which was
assigned the BT6 label, the synthesized hydroxyapatite (HA) and the composite
adsorbent (C-HA) obtained by the method described in literature [11].

Hydroxyapatite synthesis: HA was synthesized by adding a 10% (mass)
solution of ortho-phosphoric acid to Ca(OH), solution with the rate 1.5 - 2.2
mL/min per liter of the saturated solution of calcium hydroxide. The reaction
mixture was stirred for 20 - 30 minutes with the stirring shaft HS 100D (1000 rpm),
then the mixture was allowed to settle for 24 hours. The product obtained was
separated from the mother liquor by filtration, rinsed with distilled water and then
dried at 105+ 5°C for 5h. The samples were powdered in a porcelain mortar.

The preparation of the composite sorbent (C-HA): A 5 g sample of bentonite-
like clay was added to a 5 L vessel containing 1880 mL of the saturated solution of
Ca(OH),. The suspension was stirred with the stirring shaft mentioned above for 2
h. The required volume of a 10% solution of ortho-phosphoric acid was added with
the rate 1 mL/min at intensive stirring (1000 rpm) to provide the mole relation Ca:P
equal to 1.67. Then the solution was stirred for 2 h. The precipitate formed was
allowed to settle for 24 h at room temperature and then separated, filtered, dried
and powdered asdescribed above.

2.2. Methods

The pH value of the solutions was maintained by the addition of NaOH 0.1M and
HCI 0.1M solutions and monitored with the pH meter "Multitest IPL-101".

Trofimov et al. [19] reported that the pHp,c was measured by the potentiometric
titration method according in literature. The adsorption capacity is calculated by
the formula (1) [20].

C-C)V
= (Ci-C) , (D)
m

The adsorption efficiency (H %) Cu?*, Zn?* and Cd?* ions from model aqueous

solutions is calculated using formula (2).

i~ Ce

G
where (e - adsorption capacity, mmol/g; Ci, Ce - initial and equilibrium
concentration of Cu?*, Zn?* and Cd?* ions, mmol/L; V is the volume of a solution
containing of Cu?*, Zn?* and Cd?ions, L; m - the mass of the adsorbent, g.

The equations of the experimental Langmuir adsorption isotherm in the
linearized form and Freundlich are determined in accordance with formulas (3) and
(4) [14]

H=

100 %, 2
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—= 3)
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where g is the maximum adsorption capacity, mmol/g; b - constant of Langmuir
adsorption equilibrium, L/mmol; ki, n are the constants of the Freundlich equation.

The adsorption capacity studied samples towards Cu?*, Zn?* and Cd?* ions was
determined by constructing adsorption isotherms using the variable concentration
method under static conditions at room temperature (25 £ 2°C) using model
solutions of cadmium (1) nitrate, zinc (1) nitrate and copper (I1) sulfate in distilled
water with concentration of ions in a range from 0.3 to 3.0 mmol/L. To study the
adsorption of Cu?*, Zn?* and Cd?* ions by adsorbent samples into volumetric flasks
of 0.1 L containing 0.1 £ 0.001 g samples, 0.05 L model solutions were added. At
the end of the process, the suspensions were filtered. The residual concentration
ions in the solutions was determined using UV-visible spectrophotometer
SPECORD 210Plus (Germany).

3. Results and Discussion
3.1. Determination pHpz

It is well known in literature [21], that montmorillonite carried two kinds of electric
charge: the first is an variable charge that depends on the pH of the medium, due to
the appearance of adsorption-desorption reactions of protons on the hydroxyl
groups of the surface layer, Fig. 1(a), the second is the structural negative charge
arising due to the isomorphous replacement of Si** by AIP* in the structure of
montmorillonite. There are also hydroxyl groups on the surface of the edges of
montmorillonite crystals. They arise due to breakage and hydrolysis of Al-O and
Si-O bonds. On the other hand, it is well known that pHp,c value is an important
parameter to play a decisive role in many chemical phenomena, such as adsorption,
particle interaction in colloidal suspensions, coagulation, dissolution of hydroxide-
based minerals, electrochemical phenomena. At lower pH values than pHp.c (pH
values above zero charge the surface), the surface of samples has a positive charge.
At pH higher than the pHy;c value, the surface is negatively charged.

The lattice of hydroxyapatite has a hexagonal structure. The hydroxyl groups
are located along the hexagonal axis, and the phosphate groups are distributed as
isosceles triangles around the hexagonal axis, Fig. 1(b). The surface of HA in the
medium (below PZC) has a positive charge, mainly due to the dissociation of the
main groups of the type: Ca — OH* <> Ca?* + OH" with the release of OH- groups
into the outer layer of the double electric layer. In an alkaline medium, this process
is suppressed and dissociates mainly the acid groups according to the reaction
H,PO;. <> HPO4* + H*. At the same time, the proton is split off and the surface is
charged negatively [22].

The pHy is the point of intersection of the titration curves plotted on the graph.
In Fig. 2 shows that the points of zero charge of bentonite-like clay, hydroxyapatite
and composite sorbent (C-HA) are 5.7, 6.9 and 6.8.

3.2. The influence of the pH

It is known that the pH value of the medium is an important parameter in the study
of the adsorption process [20]. To assess the effect of the pH of the medium on the
extraction efficiency Cu?*, Zn?* and Cd?* ions from model aqueous solutions, a
study was carried out in the pH limit from 2 to 8 (Fig. 3).
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Fig. 1. Model of the structure of the crystal lattice:
a) montmorillonite [23]; b) hydroxyapatite [24]
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Fig. 2. Determination of the pHpz by potentiometric titration:
a) - BT6; b) - HA; ¢) - C-HA
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Fig. 3. Dependence of purification efficiency of model solutions: a) — Cd?*;
b) — Zn?*; ¢) — Cu?* sorbents of BT6, HA and C-HA from the pH value

The obtained results showed that the efficiency of ion adsorption increases
significantly in the limit of the pH 4 — 6: BT6 Cd?* (26 — 50)%; Zn?* (38 — 50)%;
Cu?* (38 — 47)%, on HA Cd?" (43 — 77)%; Zn?* (62 — 77)%; Cu?* (63 — 78)% and on
C-HA Cd?* (56 — 92)%; Zn?* (76 — 92)%; Cu?* (75— 93)%. At a lower pH value than
the pH value of the indicated range, the adsorption efficiency of the investigated
adsorbents towards Cu®*, Zn?* and Cd?* ions decreases. This can be explained not
only at low values pH < pHpz, on the surface of sorbents is a positive charge [19],
but also adsorption competition occurs between H* ions and heavy metals [25].
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To improve the absorption efficiency of heavy metal ions, the pH value above
pHyzc is desirable. However, at pH > 7, the precipitation of metal hydroxides was
occurred. Absorption was decreased, which is explained by the formation of
insoluble species of metal hydroxide [20].

3.3. Adsorption kinetics

One of the most important factors to evaluate the effectiveness of the use of sorbents is
the investigative kinetics of the adsorption process. For this purpose, the dependence of
the adsorption capacity of Cd?*, Zn?* and Cu?* ions onto the adsorbent based on change
of contact times the was studied. The kinetic curves are shown in Fig. 4.

In Figs. 4(a), (c), and (e) is represented that the kinetic curves for decreasing the
concentration of Cd%*, Zn?* and Cu?* ions onto the adsorbents. Adsorption of ions
onto the bentonite-like clay BT6, HA and C-HA composite under static conditions
with high speed are occurred the first from 1 to 5 minutes, Figs. 4(b), (d), and (f). In
that, the highest adsorption rate is observed with a composite adsorbent.
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Fig. 4. Kinetic curves for reducing the concentration of Cd?*, Zn?* and
Cu?* ions and the dependence of the rate of adsorption onto BT6, HA and
C-HA: a, b) - Cd*; ¢, d) — Zn?*; e, f) — Cu®*
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To explain the experimental data, the Langmuir isotherm equations in the linear
form (3) and Freundlich (4) are applied.

In Fig. 5 showed the isotherms of adsorption of Cd?*, Zn®* and Cu?* ions onto
the adsorbents. The shapes of all adsorption isotherms have a characterization
corresponding to the adsorption isotherms of Langmuir. The adsorption capacity of
studied adsorbents towards Cd?*, Zn?* and Cu?* ions increases in the following
order: BT6 < HA < C-HA.
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Fig. 1. Isotherms of adsorption of ions: a, b) — Cd?*; ¢, d) — Zn?*; e, f) —
Cu?* in the coordinates of Ce — ge and in the coordinates of Ce — Ce/ge

The isotherm parameters determined by the graphical method of the Langmuir
(1) and Freundlich (2) equations are presented in Table 1.

From the data in Table 1, it is established that the Langmuir isotherm is most fit
for describing the adsorption of the ions onto the bentonite-like clay BT6, HA, and
composite sorbent C-HA.

It has been established that the qm of the composite adsorbent towards Cd?*,
Zn?* and Cu?*ions is 0.81; 0.71 and 0.73 mmol/g, respectively, which is over higher
than of bentonite-like clay at 2.79; 1.92 and 2.43 times.
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Table 1. Parameters of the adsorption isotherm of Cd?*,
Zn? and Cu?*ions calculated from the Langmuir and Freundlich models.

Model parameters

lons Adsorbent Langmuir Freundlich

Gm. b 2 ks n R?
mmol/g  L/mmol

BT6 0.29 22.63 0.99 059 400 0.89
Cd* HA 0.78 16.03 0.99 0.80 3.70 0.86
C-HA 0.81 15.33 0.99 0.90 371 0.92
BT6 0.37 3.25 0.99 060 4.00 091
Zn?* HA 0.66 10.45 0.99 0.74 400 0.87
C-HA 0.71 17.47 0.98 084 476 0.93
BT6 0.30 41.59 0.99 063 455 098
Cu? HA 0.65 42.90 0.99 090 417 097
C-HA 0.73 25.39 0.99 0.97 2.89 0.86

The gm of the composite adsorbent and hydroxyapatite towards Cd?*, Zn?* and
Cu?*ions increases in the following order: Cd?* > Zn?* ~ Cu?*. Increasing in the qm
towards these ions can be explained that when adsorption of heavy metal ions with
hydroxyapatite and a composite adsorbent, the replacement of calcium ions by heavy
metal ions in the hydroxyapatite structure is one of the four adsorption mechanisms
(ion-exchange, surface complexation, dissolution of surface hydroxyapatite and the
formation of a new phase of metal phosphate, replacement of calcium ions by metal
ions in the structure of hydroxyapatite) [26]. The degree of replacement of calcium
ions by other cations depends on the ionic radius of the metal cation. Xu et al. [27]
concluded that cations whose ionic radius were smaller than calcium (0.99A) can be
incorporated in the apatite structure to a much lesser extent than those cations of
larger ionic radius. These results are consistent with our experimental results. Cations
Zn%* (0.74A) and Cu?* (0.74A) can be more difficult to co-precipitate with calcium
to form apatite structure than Cd?* cation (0.97A). Therefore, the gm of both
hydroxyapatite and composite adsorbent towards Cd?* cations is higher than to the
Zn?* and Cu®* cations (Table 1).

Table 2. Maximum adsorption capacity of
various adsorbents towards Cu?*, Zn?* and Cd?* ions.

Maximum adsorption

Adsorbent capacity, mmol/g References
Ccd* Zn** Ccu*
Natural bentonite 0.45 0.322 0.20 [28, 29]
Kaolinite 0.078 0.45 0.02 [9, 30]
Hydroxyapatite 0.592 0.568 0.58 [27, 31]
Bentonite-like clay (BT6) 0.29 0.37 0.30 In this work
Hydroxyapatite (HA) 0.78 0.66 0.65 In this work
Composite sorbent (C-HA) 0.81 0.71 0.73 In this work

The results for determining the maximum adsorption capacity of studied adsorbents
towards Cd?*, Zn?* and Cu?*ions are presented in Table 2. From these data, it can be
showed that the gm of the composite adsorbent (C-HA) is over higher than the
adsorption capacity of traditional sorbents, for example: the comparation with natural
clay (1.80, 2.21 and 3.65 times, respectively), kaolinite (10.4, 1.58 and 36.50 times,
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respectively), zeolite (16.26, 11.25 and 5.18 times respectively), active carbon (5.08,
4.20 and 7.30 times, respectively) and hydroxyapatite adsorption capacity (1.37, 1.25
and 1.26 times, respectively). The maximum adsorption capacity of the composite
adsorbent (C-HA) towards Cd?* ions is also higher than that of the composite bentonite
- magnetite (1.45 times), composite polyvinyl alcohol - hydroxyapatite (1.72 times) and
composite polyacrylonitrile-organobentonite (1.74 times).

4, Conclusions

Potentiometric titration was used to establish that the pH ;¢ value of the bentonite-
like clay of the Tam Bo (Lam Dong, Vietnam), synthesized hydroxyapatite and
composite sorbent are 5.7, 6.9 and 6.8, respectively. A study was carried out the
dependence of the efficiency of purification of model aqueous solutions Cd?*,
Zn?* and Cu®*ions onto sorbents from the pH value. It was found that the optimum
pH values are in the range 4 — 6. It was established that the adsorption of Cd?*,
Zn?* and Cu?*ions from the model aqueous solution by the studied sorbents is
consistent with the Langmuir adsorption model. The maximum adsorption
capacity of the composite adsorbent towards Cd?*, Zn?* and Cu?*ions is 0.81, 0.71
and 0.73 mmol/g, respectively, which is over 2.79, 1.92 and 2.43 times higher
than the Lam Dong bentonite-like clay. The maximum adsorption capacity of the
composite adsorbent towards Cd?* ions is higher than the Zn?* and Cu?* ions,
which is explained by the difference in their radius.

Nomenclatures

Ce Equilibrium concentration of heavy metals ions, mmol/L
Ci Initial concentration of heavy metals ions, mmol/L

m Mass of the adsorbent, g

Qe Adsorption capacity, mmol/g

Om Maximum adsorption capacity, mmol/g

\Y Volume of a solution containing of heavy metals ions, L
Greek Symbols

b Constant of Langmuir adsorption equilibrium, L/mmol
ki, N Constants of the Freundlich equation

Abbreviations

BT6 The bentonite-like clay of the Tam Bo (Lam Dong, Vietnam)
C-HA Composite adsorbents based on bentonite-like clay and
hydroxyapatite
HA Hydroxyapatite
PzC The point of zero charge
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