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ABSTRACT

A study on the adsorption characteristics of Pb(Il), Cd(II) and Zn(I) cations onto
carboxyphenylresorcinarene-impregnated resin in batch and fixed bed column systems has
been conducted. Results of the batch and fixed bed column systems confirm that impreg-
nated resin is a good adsorbent for Pb(I) and a poor one for Cd(Il) and Zn(II) ions. Solid
phase extraction (SPE) of Pb(Il), Cd(Il) and Zn(Il) was conducted in batch system under
various pH, interaction times, and metal concentrations. It was found that SPE of Pb(Il) was
optimal at pH 6.5 at contact time of 60min, and at initial Pb(II) concentration equal to
10mg/L. The extraction capacity for Pb(Il) in the batch system was 107.6mg/g, i.e. 99.7%.
On the other hand, the SPE of Cd(II) and Zn(II) under optimal conditions has shown much
smaller extraction capacities. Selectivity order of extracted metal ions was Pb(Il) >>Cd(I), Zn
(ID. The values of correlation coefficients (R*) indicated that the Langmuir isotherm model
well-described the sorption equilibrium. Application of Temkin sorption model to the
experimental data revealed that the mechanism of adsorption of metal ions onto resorcina-
rene-impregnated resin was physisorption. The column test also confirmed the results of
batch tests and showed that the total uptake of Pb(Il) was 104.4mg/g. The carboxyphenyl
resorcinarene derivative-impregnated resin has been found efficient and easily regenerative
and can be used several times.

Keywords: Adsorption; Pb(II); Cd(I); Zn(II); C-4-Methoxyphenylcalix[4]resorcinarene impreg-
nated resin; Batch system; Fixed bed column system

1. Introduction

The presence of heavy metals in the environment,
due to their toxicity, is very harmful; to overcome this
difficulty is now of a great importance. Contamination
of water supplies by heavy metals, such as lead, zinc,
and cadmium has steadily increased over the last

*Corresponding author.

years as a result of overpopulation and industrial
activity [1]. There are various industries those are
pertaining to heavy metals, such as pulp and paper,
petrochemicals, refineries, explosive manufacturing,
electronic, mining activities, automotive, coating,
painting, storage batteries, alloy, and steel industries.
Therefore, the elimination of toxic metals from
aqueous solutions is important for the protection of
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public health [2]. Up to now, various techniques,
including chemical precipitation, extraction [3], ion
exchange [4-6], membrane separation [7,8], and sorp-
tion [9] have been developed for effective removal of
heavy metals from different aqueous solutions of vari-
ous concentrations. The adsorption/solid phase
extraction (SPE) processes are the most attractive
methods, due to their high efficiency, in a wide range
of metal ion concentration, and easy handling under
relatively flexible working conditions; one should also
point out the selectivity and rapidity of these methods
[10,11]. Moreover, adsorption processes offer a
number of important benefits over conventional
solvent extraction, such as reduction in solvent use
and minimal cost due to low consumption of reagents,
safety with respect to hazardous solvents and ease of
automation [12]. In SPE procedure, the choice of
appropriate adsorbent is a critical factor to obtain full
recovery and a high enrichment factor [13].

In recent years, resorcinarenes and their deriva-
tives have received a growing attention as a versatile
class of macrocyclic compounds [14,15], and have
been studied as solvent extraction reagents for selec-
tive removal of metal ions [16,17]. However, the
conventional solvent extraction processes using
macrocyclic extractants are subjected to several limita-
tions, such as tedious operation, emulsion formation,
and low process efficiency as well as the toxicity of
solvents and their cost [18,19]. For this reason,
modification and impregnation techniques of solid
phase have been employed to increase the surface
adsorption capacity, and to enhance the removal
efficiency and selectivity of the solid phase [13,20-24].

The aim of this work is to study the behavior of
supported carboxyphenyl derivative of resorcinarene
as solid extractant using solid-liquid extraction
and sorption characteristics of impregnated resin for
the Pb(l), Zn(Il), and Cd(I) ions. For this purpose,
C-(4-carboxyphenyl) resorcin[4]arene 1 was chosen;
the impregnated resin was prepared by the
combination of Amberlite XAD-4 with 1.

2. Experimental part
2.1. Reagents

Metal solutions were prepared by diluting
1,000 mg/L Pb(NO3)2, Cd(NO3)2, and ZD(NO3)2
standard solutions to the desired concentration. An
adjustment of pH was carried out by adding slowly
NaOH, or HNO; solutions into metal solutions
followed by stirring until the desired pH was achieved.
Chemicals for the synthesis of 1 were: resorcinol,

carboxybenzaldehyde, methanol, and HCI. All reagent
grade chemicals were purchased from Sigma-Aldrich.

2.2. Instruments

In experiments, the equipments involving a set of
reflux utilities, Buchner funnels, and Fourier transform
infra red spectrophotometer (FTIR, Nicolet Nexus 470)
were used for resorcinarene 1 synthesis and character-
ization. In addition, other apparatus: thermostated
shaker (IKA 4000i), atomic absorption spectrophotom-
eters (AASs), i.e. flame system: Solaar 939, Unicam,
GBC Avanta—graphite furnace system as well as pH
meter (Accumet AR20, Fisher Scientific) were used for
SPE and the determination of metal concentrations.

2.3. Synthesis and analysis procedures

C-(4-CarboxyphenyDresorcinarene (1) was synthe-
sized by the acid-catalyzed cyclocondensation reaction
of resorcinol and p-carboxybenzaldehyde—(Fig. 1)
according to the reported method [25].

The structure of the synthesized C-(4-carboxy-
phenylresorcinarene have been confirmed by FI-IR as
well as by "H NMR, and "°C NMR spectroscopy. IR
spectra were recorded on Nexus Nicolet spectrometer.
"H NMR and ">C NMR spectra were measured on a
DRX 300 spectrophotometer by operating at 300 MHz
in CdCl; with TMS as an internal standard.

The FT-IR (KBr) spectrum of resorcinarene 1
displayed three sharp bands at 3,200, 1,620, and
900 cm!. The band at 3,200 cm ! results from the O-H
stretching vibration. It is known that O-H stretching
vibrations bands occur at around 3,600 cm™'; hydrogen
bonding shifts these bands to lower frequencies. In 1
carboxyphenyl acids, the resorcinarene hydroxyl
groups are situated very close to polar carbonyl groups.
The band at 1,620 cm ™" is assigned to the C=O group of
the carboxyl.

The 'H NMR (DMSO) spectrum of resorcinarene 1
shows five singlets at 7.2 and 7.4ppm for aromatic

Fig. 1. Synthesis of C-(4-carboxyphenyl [4]resorcinarene 1.
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protons, 8.25 and 8.3 ppm for hydroxyl groups, and
8.8ppm for carbonyl groups. In the spectrum, one
quartet at 4.5 ppm for methine is also present.

The ">C NMR (CDCl,) spectrum of resorcinarene 1
displayed two singlets at 120-130 and 140-160 ppm for
aromatic carbons, and one singlet at 170-180 ppm for
carbonyl groups. In addition, the compound displayed
one doublet at 35 ppm for bridged methine groups.

2.4. Impregnation of the stationary phase

A 1g portion of dry Amberlite XAD-4 was placed in
50 mL methanol containing 1.0 x 10~* mol 1 and stirred
for 24 h. The resin was separated by filtration through a
sintered glass funnel and washed with water to remove
the solvent. The ligand content was evaluated by sol-
vent evaporation using gravimetric analysis. The
amount of ligand 1 impregnated onto dry resin was cal-
culated from the material balance and its maximum
was 1.0 x 107 molg™'. The resin impregnated with
ligand 1 was used as an air-dried product.

2.5. Adsorption procedures

A Dbatch experiment was conducted by adding
0.75g of impregnated resin into 20mL metal cation
sample solution at a 10mg/L concentration (up to
100mg/L in the case of concentration change). The
mixture was shaken at room temperature for a certain
period of time, and the adsorbent was filtered and
dried in a desiccator. The metal ions in aqueous phase
were measured by AAS. The data obtained was
compared and corrected by a blank solution. The
blank solution was similar to the adsorption sample,
except for the existence of the adsorbent. The amount
of metal cation adsorbed was calculated from the
difference between the metal cation concentration
before and after the adsorption experiment. The metal
uptake, g. (mg metal ion/g resorcinarene 1) was
determined as follows: g.=(Co—C) x V/m, where C,
and C are the initial and the final metal ion concentra-
tions (mg/L), respectively; V is the volume of solution
(mL); and m is the resorcinarene 1 weight (g) in dry
form. For each metal cation, the experiment was done
under three conditions, i.e. variation of pH, shaking
time, and metal concentration.

2.6. The column experiments

Adsorption isotherm studies for resin impregnated
with ligand 1 were carried out using solid-liquid
extraction (column procedure). For the solid-liquid
extraction, a Millipore column (1.0cm LD., 25.0cm
length) filled with 1.0g of impregnated resin was

used. It was cleaned by passing methanol and double
distilled water. The 10mL of aqueous metal solutions
at the initial concentrations in the range 10-100mg/L
was passed through the column at a flow rate
1.0mLmin~'. The analyte amounts in the effluents
were determined by the flame atomic absorption
spectrophotometry (Unicam Solaar 939).

The blank experiments for metal ions sorption
when the ligand 1 was absent showed no significant
adsorption capacity of Amberlite XAD-4 resin.

The fixed bed column adsorption experiment was
done in a descendant flow, the apparatus used is
shown in Fig. 2.

The metal solution at a 10 mg/L concentration was
passed through the column in a down flow at a fixed
flow rate. The solution which passed through the
column was fractionated into 3.5mL portions, and the
effluent concentration was determined by AAS. Frac-
tions of the effluent were collected until the ratio of
effluent concentration (C) to initial concentration (Cgp)
was equal to one. After loading, the column was
rinsed with demineralized water so that the metal
ions, which were not sorbed could be removed. Metal
ions sorbed on the resin were then eluted using the
appropriate elution reagent. Preliminary regeneration
tests were conducted with different regeneration
agents (1M HCI and 1M HNO;). The effluent was
collected in fractions in which metal contents were

2

Fig. 2. Apparatus for fixed bed column adsorption
experiment: (1) feed solution, (2) pump (flow rate 1mL/
min), (3) fractions of sample (3.5mL), (4) column
adsorption (5cm x 1cm).
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determined by the AAS method, as in the case of the
sorption mode.

3. Results and discussion
3.1. SPE of Pb(1l), Cd(Ill) and Zn(II)
3.1.1. Effect of pH

The pH value is an important parameter for the
extraction of metal ions from aqueous solution
because it affects the solubility of the metal ions
concentration of the counterions on the functional
groups of the extractor and the degree of ionization of
the metal during process. To examine the effect of pH
on the Pb(II), Cd(I), and Zn(II) removal efficiency, the
pH was varied from 5 to 6.5. As shown in Fig. 3, the
uptake of Pb(Il) depends on pH where the optimal
metal removal efficiency occurs at pH 6.5 and
decreases at lower pH.

Fig. 3 shows that the differences of pH values in
the case of Pb(I) caused significant differences of
extraction capacity.

Generally, the increase of pH value accompanies
the extraction, and low acidity results in the higher
extraction capacity. This fact indicates that the pre-
dominant extracted species has a simple cation form.

In case of tetracarboxylated resorcinarenes, the first
acidity is stronger. However, the second and the third
acidities are slightly weaker; i.e. the removal of the
second and the third proton of resorcinarenes is more
difficult. This occurrence could be explained in terms
of stabilization of the protonated species through
hydrogen bonding with the additional oxygen atoms
present in the macrocyclic array.
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Fig. 3. The effect of solution pH on the metal ions
separation with 1.
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Recent reports for the applications of calixarenes/
resorcinarenes, or their derivatives for SPE of metal
ions are presented below. The adsorption capacities of
the thiacalix[4]arene-loaded resin toward Cu(Il), Pb(I),
and Cd(II) ions were investigated using batch adsorp-
tion experiments by Hu et al. [26]. They found that the
selective adsorption capacities of the thiacalix[4]arene-
loaded resin are mainly attributed to the complex of the
loaded thiacalix[4]arene with heavy metal ions.
Moreover, they studied various factors affecting the
adsorption capacities, such as contact time, tempera-
ture, pH, and initial concentration of metal ions. They
observed that the removal percentage of three heavy
metal ions increased sharply along with the increase of
the solution pH from 2 to 7, and reached 94% at
pH > 6. This means that the adsorption capacities of
the thiacalix[4]arene-loaded resin in weak acidic, or
neutral solution toward heavy metal ions are better
than that in strong acidic solution. In the case of contact
time, they found that the amount of heavy metal ions
adsorbed onto the thiacalix[4]arene-loaded resin
increased quickly with time, and after 60 min, slowly
reached equilibrium.

3.1.2. Effect of contact time

The result of Pb(Il) SPE at optimal pH as a func-
tion of the contact time is presented in Fig. 4. Some of
extraction parameters, such as solution pH equal to
6.5 and agitation speed were kept at optimal level,
and the experiments were performed at room
temperature.

The adsorption capacities of resorcinarene 1
increase rapidly in the initial stage of contact time and
reach equilibrium at 60min. In the beginning, the
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Fig. 4. Effect of contact time on the extraction of Pb(II)
with 1.
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extraction rate was fast as the lead(Il) was adsorbed/
complexed by external surface site of 1, i.e. carboxylic
groups. When the adsorptions of the exterior surface
reached saturation, the metal ions extracted onto
cavity of the resorcinarene.

Similar results of shaking time study of p-tert-
[(dimethylamino)methyl]-1,3-bisglycyl-calix[4]arene func-
tionalized aminopropylpolysiloxane resin for separation
of Cr(Il), Cudl), NidI), Co(), and Zn(II) ions were
obtained by Nie et al. [27]. This study showed the rapid
adsorption kinetics, i.e. 20min of stirring was enough to
reach maximum values of simultaneous separation of all
metals.

3.1.3. Effect of metal concentration

The effect of metal concentrations on extraction of
Pb(I), Cd(I), and Zn(I) onto resorcinarene 1 is shown
in Fig. 5. The amount of Pb(Il) extracted consistently
increased as the initial metal concentration increased.
At initial metal concentration of 10mg/L, the uptake
of Pb(Il) was 107.6 mg/g, whereas at initial concentra-
tion of 100, the uptake was 461.0mg/g.

The adsorption capacity of the resorcinarene 1
increases with the increasing metals concentration and
reaches a value: 2.22, 1.62 and 1.01 mmol/g for lead,
zinc and cadmium, respectively. The amount of Pb(II)
adsorbed onto resorcinarene 1 was significantly higher
compared with the other metals. In order to explain
dependencies observed in this work, the simplest
metal cation resorcinarene cavity size matching
approach may be used. The best fitting metal cation is
Pb(Il) which, indeed, was preferentially adsorbed by
resorcinarene derivative 1. The outer-sphere complex-
ation of metal ions with receptors plays a major role

400

200

q,, mg/g

0 40 80 120
c,, mg/L

Fig. 5. The effect of Pb(II), Zn(I), and Cd(II) concentrations
on the extraction capacity with 1.

in recognition. The excellent sorption behavior of
applied resorcinarene 1 towards Pb(Il) ions results
probably from better fitting of large Pb(Il) cations to
cavity size of resorcinarene than in the case of smaller
cations, i.e. Cd(I) and Zn(II).

According to their large cavity size, calix[4]resor-
cinarenes and their derivatives can be regarded as
artificial receptors for large metal ions. The selectivity
of inner-sphere complexation of metal ions by macro-
cycles is known to be mainly determined by “size-
match rule”. The outer-sphere complexation between
metal ions and calix[4]resorcinarene was found to be
also selective for Pb(II) over Cd(I) and Zn(I).

In literature data, a new p-tert-[(dimethylamino)
methyl]-1,3-bisglycyl-calix[4]arene functionalized amin-
opropylpolysiloxane resin (APPS-CA) has been investi-
gated for selective SPE of Cr(Ill), Cudl), Ni(I), Co(ID),
and Zn (II) trace amounts [27]. The results obtained by
Nie et al. [27] have shown that adsorption capacity of
various heavy metal ions was different due to their
size, degree of hydration, and value of their binding
constant to the adsorbent. Moreover, they observed
that the adsorption capacity of APPS-CA is much
higher than APPS; this fact indicates the high binding
abilities of the calix[4]arene derivative units.

3.2. Adsorption isotherms

Results obtained for the adsorption of Cd(Il), Zn
(I, and Pb(I) ions onto impregnated resin were
analyzed with well-known Langmuir, Freundlich and
Temkin adsorption models.

3.2.1. Langmuir model

The Langmuir isotherm is a commonly applied
model for adsorption on a completely homogenous
surface with negligible interaction between the
adsorbed molecules [28]. The model assumes uniform
adsorption energies onto the surface and maximum
adsorption depending on saturation level of
monolayer.

Langmuir model can be represented with the
following linear equation [29]:

N
—_
9

0 KV Y W

)
@
=

where g, represents the mass of adsorbed heavy metal
per unit resin (mg/g), Vy, is the monolayer capacity, k
is the equilibrium constant, and C, is the equilibrium
concentration of the solution (mg/L). k and V,, were
determined from the slope and intercept of the
Langmuir plot (Fig. 6).
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Fig. 6. Application of Langmuir model to the experimental
data.

3.2.2. Freundlich model

The Freundlich model is known as the earliest
empirical equation and is shown to be consistent with
exponential distribution of active centers characteristic
of heterogeneous surfaces [30,31].

The Freundlich equation (linear form) is [32]:

log g. = log K¢ + %log Ce (2)

where K¢ and n represent adsorption capacity and
intensity, respectively. K¢ is an important constant
used as relative measure for adsorption efficiency. The
magnitude of the n indicates the favorability of
adsorption [33].

The plot of log g. against log C. shows data for
adsorption of Cd(I), Zn(II), and Pb(II) on impregnated
resin (Fig. 7).

3.2.3. Temkin isotherm

Temkin isotherm shows that the decrease in the
heat of adsorption is linear and the adsorption is
characterized by a uniform distribution of binding
energies. Temkin isotherm 1is expressed by the
following equation:

RT

Ge = 7ln(KT C.) or go=B;InKy+B;InC, (3)

where Kr is equilibrium binding constant (Lmg™"), b
is related to heat of adsorption (kJmol™"), R is the gas
constant (8.314x107° kJ K! mol_l), and T is the abso-
lute temperature (K), and for investigated metal ions
is shown in Fig. 8.
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Fig. 7. Application of Freundlich model to the

experimental data.
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Fig. 8. Application of Temkin model to the experimental
data.

All value constants determined from Langmuir,
Freundlich, and Temkin isotherms are given in Table 1.

The adsorption parameters of Cd(I), Zn(Il), and
Pb(Il) ions onto impregnated resin are satisfactorily
described by the Langmuir model. The values of the
R? are regarded as a measure of the good fit of experi-
mental data to the isotherm model. These values for
CddD, Zn(Il), and Pb(Il) ions are very close to 1.
Therefore, determination coefficients indicate the
following order to fit isotherms: Langmuir > Freund-
lich>Temkin for adsorption of Cd(II), Zn(Il), and Pb
(II) ions onto impregnated resin. Values of Freundlich
constant,n, larger than 1 show the favorable nature of
adsorption.

The Temkin isotherm indicates that (1) the heat of
adsorption of all the molecules in the layer decreases
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Table 1
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Isotherm parameters calculated for metal ions onto resin impregnated with ligand 1

Metal ions Langmuir isotherm constants Freundlich isotherm Temkin isotherm constants
constants
Vin k R? K¢ n R? Kr b R?
Cdan 49.02 0.08 0.981 13.9 4.0 0.925 2.5 0.31 0.901
Zn(1I) 60.98 0.09 0.978 17.00 3.9 0.970 2.6 0.25 0.929
Pb(ID) 322.6 0.74 0.993 115.64 2.9 0.976 26.6 0.05 0.984

linearly with coverage due to adsorbent—adsorbate
interactions, and that (2) the adsorption is characterized
by a uniform distribution of binding energies. Typical
binding energy for ion-exchange mechanism is
reported to be in the range of 8-16 k] mol ', while phys-
isorption processes are reported to have low adsorption
energies [34]. Very low values of b (0.05-0.31kJ mol ")
obtained for all metals in the present study show weak
ionic interactions between sorbates and the sorbent
indicating the physisorption of metal ions.

Based on the data, Pb(Il) adsorption by 1 was
dominated by physisorption, but chemisorption ruled
adsorption mechanism to moderate extent. In the
range of pH 5-6, the partial deprotonation occurred
and therefore Pb(Il) was poorly adsorbed. Pb(Il) was
significantly associated with 1 via formation of mono-
nuclear 1:1 inclusion complexes. However, it was
difficult to determine the stoichiometries by interact-
ing Pb(ll) with ionizable (carboxylic) groups,
especially when they were partially deprotonated.

A wide variety of sorbents used to remove metal
ions from aqueous solutions have been reported in the
literature. Table 2 presents a brief list of the published

Table 2
Comparison of theoretical sorption capacities (§max, mg/g) for

maximum sorption capacity of various sorbents,
including also the results obtained in this work.

As Table 2 shows, the sorption capacity of the resin
impregnated with C-(4-carboxyphenyl) resorcin[4]arene
for Pb** ions is much more higher than that reported for
other sorbents [26,35-41]. The effectiveness of the
impregnated resin for Pb** ions is only comparable with
that reported for hydrous manganese dioxide [42], meth-
ylene-crosslinked calix[6]arene hexacaarboxylic acid
resin [43] and polyvinylcalix[4]arene tetraacetic acid
resin [10]. The relatively higher adsorption capacity of
polyvinylcalix[4]arene tetraacetic acid resin [10] is attrib-
utable to the cyclic structure of calix[6]arene with prede-
fined cavity and aggregating effect of larger number of
carboxyl functional groups which are responsible for the
uptake of lead ion. The sorption capacities of the
impregnated resin for Zn** and Cd** ions is mostly
comparable with that reported for other sorbents. The
higher sorption capacities for Cd** and Zn®" ions is
noted only in case of hydrous manganese dioxide [42]
and Mg(II)-doped goethite [38], respectively.

Comparing the data presented in Table 2, we may con-
clude that the resin impregnated with C-(4-carboxyphenyl)

heavy metal ions of different sorbents

Sorbent

Polyvinylcalix[4]arene tetraacetic acid resin
Thiacalix[4]arene-loaded resin

CG.Dh cryogel

Lignite

Iron ore slime

Mg(D)-doped goethite

Cross-linked metal-imprinted chitosan with epichlorohydrin
Mango peel waste

HBS-SH (thiol-functionalized silica)

Hydrous manganese dioxide

Methylene-crosslinked calix[6]arene hexacaarboxylic acid resin
Resin impregnated with C-(4-carboxyphenyl) resorcin[4]arene

Jmax Mg/g Reference
Metal ion

Pb** cd* Zn**

377.10 - - [10]

47.9 449 - [26]

- 18.47 8.28 [35]

39.03 5.18 15.21 [36]
105.26 48.07 - [37]

98.03 - 158.73 [38]

74.07 - 14.74 [39]

96.32 67.08 - [40]
117.51 33.72 - [41]
326.96 140.40 54.47 [42]
269.36 - - [43]

322.6 49.02 60.98 This study
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resorcin[4]arene is a promising sorbent for the selective
removal of heavy metal ions from aqueous solutions.

3.3. Fixed bed column system

Column operations do not have sufficient contact
time for attainment of equilibrium. Hence, in addition
to equilibrium studies, there was a need to perform
sorption studies using a column. The time for
breakthrough appearance and the shape of the break-
through curve are very important characteristics for
determination of the operation and the dynamic
response of adsorption column. The breakthrough
curves show the loading behavior of metal to be
removed from solution in a fixed bed and is usually
expressed in terms of adsorbed metal concentration
(Cag=inlet metal concentration (Cy)—outlet metal
concentration (C;)) or normalized concentration
defined as the ratio of effluent metal concentration to
inlet metal concentration (C;/Cy) as a function of time,
or volume of effluent for a given bed height [44].
Effluent volume (V.4) can be calculated from the
following equation:

Vet = Qt (4)

where t and Q are the total flow time (min) and
volumetric flow rate (mlmin~"), respectively. The area
under the breakthrough curve (A) is obtained by inte-
grating the adsorbed concentration (C,g; mgl™") vs. t
(min). Plot can be used to find the total adsorbed
metal quantity (maximum column capacity).

Total adsorbed metal quantity (feta; mg) in the
column for a given feed concentration and flow rate is
calculated from the following equation:

5]total - QA/].OOO (5)

Equilibrium metal uptake (geq) (or maximum
capacity of the column) in the column is defined by
the total amount of metal sorbed (giota)) per gram of
sorbent (X) at the end of total flow time:

5qu = qtotal/x (6)

The breakthrough is usually defined as the point
when the effluent concentration from the column is
about 3-5% of the influent concentration [45].

The breakthrough curves of Pb(Il), Cd(l), and Zn
(I) adsorption are presented in Fig. 9. It can be seen
that in the case of Pb(Il), a 5% breakthrough point
(BT), 50% BT, and a 100% BT occurred after the pass-
ing of the feeding solution of about 21, 56, and
118 mL. Shorter breakthrough points took place in the

CddI) and Zn(I) case wherein 5% BT, 50% BT, and
100% BT occurred after the feeding solution reached
up to 1, 5, and 11 mL. The value of adsorption column
capacity for Pb(Il) was significantly higher compared
with the value of adsorption capacity for cadmium
and zinc, which practically are not extracted. The total
uptake of Pb(Il) was 104.4mg Pb(II) per g of resorcin-
arene 1. This value was similar to that obtained in
batch experiment at the same initial concentration of
the metal solution (10mg/L).

As expected from the result of the batch experi-
ment, cadmium and zinc ions were immediately
eluted through after the starting of the feed without
being trapped in the bed. On the contrary, the break-
through of lead began to take place late which was
about 21 mL. This observation suggested clearly that
the complete separation of lead from other metals can
be achieved successfully by using a column packed
with the resin impregnated with resorcinarene 1.

It is known that both resorcinarenes and calixare-
nes are suitable macrocycles, which were immobilized
on the resins for selective separation of Pb(Il) from
various aqueous solution systems. For example, the
adsorption behavior of lead ion using calix[4]arene
tetracarboxylic acid-impregnated resin was studied
[46]. It was found that the selectivity of this resin
toward Pb(Il) over other metal ions was superior to
those of commercial resins. The selectivity order of
metal ions is as follows: Pb>>Cu>Zn>Ni, Co. There-
fore, it is evident that the resin described by Ohto
et al. [46] is effective for the removal of trace amount
of lead from large amount of other metals.

BT = 100%
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Fig. 9. Breakthrough curves of Pb(II), Zn(I), and Cd{I)
adsorption by 1 immobilized into Amberlite XAD-4
(Cp=initial metal ion concentration, C=metal ion
concentration in the effluent).
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3.4. Desorption studies

For real time application, the impregnated resin
should be recyclable, i.e. it should not only adsorb the
target metal ion but also be able to conveniently and
quantitatively release the adsorbed metal cation in
response to mild changes in the environment, such as
pH. The desorption process not only regenerates the
resin but also recovers the loaded metal in preconcen-
trated form. Consequently, the desorption test of loaded
lead on the impregnated resin was examined by contact-
ing the lead-loaded resin with 1.0M HCI and 1.0M
HNO; solutions. The results of desorption test indicate
that 1.0M HNO; solution is effective for this process
and can be used as a regeneration agent. The desorption
process is rapid during 7.0mL of the effluent volume
when more than 98% of lead were desorbed.

4. Conclusions

Resorcinarene 1 appears to have good capability
and efficiency for the selective extraction of heavy
metals from aqueous medium. The obtained results
can be summarized as follows:

¢ The highest percent removal of Pb(Il) ions (99.7%)
was obtained at initial metal concentration of
10mg/L under optimal conditions.

e The amount of Pb(Il) extracted consistently
increased with the increase of initial pH, and
reached optimum value at the initial pH 6.5. How-
ever, the increase of the initial pH to a value higher
than 6 negatively influences the selectivity since
simultaneous increase of Cd(Il) and Zn(Il) extrac-
tion capacity occurs.

* The breakthrough curve of Pb(Il) adsorption at ini-
tial metal concentration of 10.0mg/L presented in
Fig. 6 shows that a 3% breakthrough point (BT), 50%
BT, and a 100% BT occurred after the passing of
feeding solution of about 21, 65 and 118 mL, respec-
tively. The column test showed that the total uptake
of Pb(Il) was 104.4 mg Pb(II) per g of 1 and this value
was similar to that obtained in batch experiment.

* The use of sorption models to the experimental
data shows that the mechanism of removal of metal
ions onto resorcinarene-impregnated resin is physi-
sorption.

¢ These results are promising since they suggest that
the resorcinarene 1 may be useful in achieving a
selective and effective removal of trace amounts of
lead from the polluted water. Moreover, it is
important that the resorcinarene 1 is regenerative
and can be used several times.
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