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a b s t r a c t

Poly[4-(4-vinylbenzyloxy)-2-hydrobenzaldehyde], PVBH, a salicylaldehyde chelating functional group-
based polymer has been found to be capable of the removal of low concentration of cadmium metal
ion in ppb level from aqueous media. The adsorption fits best with the Langmuir model, indicating the
monolayer coverage of the metal ion on the surface of chelating polymer. The RL values have indicated
vailable online 15 May 2009
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the favorable adsorption in the range of all the ppb concentrations studied. The kinetic study has revealed
a very fast adsorption process with the rate following the pseudo-second-order.

© 2009 Elsevier B.V. All rights reserved.
alicylaldehyde
helating polymer
-Vinylbenzyl

. Introduction

Cadmium is a toxin of environmental concern. The impact for
on-cancer causes includes kidney, liver, and lung damage [1]. It

s also classified as a probable human carcinogen for lung cancer.
he association of cadmium with hormone-related cancers such as
rostate and breast cancers has being actively investigated since
he initial implication [2-4].

There is no known function of cadmium in the human biolog-
cal system. The presence of such foreign metal ion in the human
s likely a result of various exposures. In addition to direct expo-
ure from air and drinking water, another potential exposure is
o result from crops grown in the contaminated water and soil
nvironment, which transports the metal into food chain where
admium is accumulated in various parts of crops [5]. Electroplat-
ng, nickel–cadmium battery production and disposal, fossil fuels,
igments, fertilizers, certain electronic components are all potential
ources of contamination to water [6].

The removal of heavy toxic metal from water has been explored
ith the use of solid support materials including activated carbon,
etal oxides, silica and ion-exchange resins in addition to precipi-

ation with bases (such as lime) and sulfides [7–10]. Bio-adsorbents

ave been also studied for the removal including plants, fruit com-
onents, rice polish, and various seeds [11–17]. The solid support
aterials furnished with ligands have received an increasing inter-

st because of the defined chelating groups and the dedicated

∗ Corresponding author. Tel.: +1 404 880 6897; fax: +1 404 880 6890.
E-mail address: xbu@cau.edu (X.R. Bu).

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2009.05.028
ligand–metal complexation mechanism. Recently, we have set out
to investigate salicylaldehyde-based polymers. Salicylaldehyde is a
ligand with manifested chelating capability for various metal ions
including alkaline earth metal, transition metal, and heavy metal
ions [18–22]. It is an important building block for many other types
of ligands for metal chelating as well [23]. The use of such lig-
ands for metal removal would provide an insight into the design
of better solid support materials. The present study is focused on
the salicylaldehyde-containing chelating polymer PVBH (Fig. 1) and
particularly on its capability and kinetic properties for removal of
low concentration of cadmium from aqueous media.

2. Materials and methods

2.1. Instrumentation

All ICP-MS measurements were carried out with an ICP-MS spec-
trometer (ELAN DR-e) equipped with an AS-90 auto sampler, a cross
flow nebulizer and a 4-channel peristaltic pump (pump 1), which
was used for introduction of carrier solution (0.65% nitric acid) as
well as spray chamber draining. Platinum sampler and skimmer
cones were used throughout the experiments. Each experiment
was duplicated under identical conditions using this instrument
for concentration determination.
2.2. Materials and standards

The chelating polymer, PVBH was prepared according to a pub-
lished procedure [24].

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:xbu@cau.edu
dx.doi.org/10.1016/j.jhazmat.2009.05.028
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from the Langmuir isotherm. It is defined as unfavorable, linear, and
irreversible, respectively, when RL is greater than 1, equal to 1, and
less than 1. The adsorption is defined as favorable when 0 < RL < 1.
The values obtained for the present chelating polymer are between

Table 1
Fig. 1. Structure of the chelating polymer, PVBH.

All reagents used were of analytical-grade unless indicated oth-
rwise. All laboratory wares used for analytical determination were
leaned first by trace metal grade nitric acid and hydrochloric acid,
ollowed by repeated rinsing with de-ionized water. All the solu-
ions were prepared with distilled de-ionized water (18 M� cm−1)
rom a Milli-Q analytical reagent-grade water purification system.
alibration standard solutions and internal standards were pre-
ared from commercial metal standard solutions (Spex Plasma).
ptimal grade nitric acid (Fisher) was used as acid for the prepa-

ation of all the calibration standard solutions and analytical
olutions.

Standard working solutions of cadmium were prepared from
000 mg/L standard solution (Titrisol, Merck), and internal stan-
ard was added (10 �g/L) to all of the working standard solutions.
he pH measurements were made on a digital pH meter (Beckman)
quipped with a combined pH electrode. The meter was calibrated
ith the buffers of 4, 7 and 10. A Burrell Wrist Action shaker was
sed as the shaking device for the batch experiments.

Stock solutions of cadmium were prepared using analytical-
rade nitrate salt (99.99% purity). Solutions of varying initial
oncentrations were prepared from a 1000 mL stock solution of
000 mg/L in 2% nitric acid by serial dilution using distilled de-
onized water in 2% nitric acid.

.3. Batch equilibrium adsorption experiment

The initial cadmium concentrations used in equilibrium study
re in the range of 50–1000 �g/L. At pH of 5.5, a series of batches of
dsorbents (50 mg each) was equilibrated separately with 25 mL
liquots of cadmium solutions of different concentrations. The
uspensions together with blank solutions were shaken on a
echanical shaker at 25 ◦C for 2 h, and then filtered through What-
an filter paper (no. 42). The filtrates were then analyzed using

CP-MS.

.4. Kinetic adsorption experiment

The kinetic study uses three different concentrations (86.9,
84.3, 505.4 ppb) at pH of 5.5. Data acquisition protocol includes
he treatment of a series of 25 mg of the adsorbent polymer with
2.5 mL aliquots each for a given concentration, followed by shaking
nd separation (quenching). These series of samples are quenched
t a different time intervals between 5 and 10 s by filtration. The
oncentrations of the filtrate were analyzed by ICP-MS.

. Results and discussion
.1. Adsorption isotherms

The initial Cd(II) concentrations in the range of 100–2000 �g/L
ave been used for investigation of the adsorption isotherm. The
Fig. 2. Effect of the initial concentration on cadmium adsorption determined
through equilibrium concentration vs. adsorption capacity. Inset: Langmuir plot.

equilibrium concentrations are obtained after 2 h of contact time,
which is surely adequate since all the equilibriums are achieved in
just less than 1 min (vide infra). The amount of Cd(II) adsorbed on
the chelating polymer was found to increase as the concentration
went up. At ca. 400 �g/L (Ce in Fig. 2), the adsorption leveled off.

Two models, both Langmuir [25] and Freundlich [26], are applied
to analyze the data. The Langmuir isotherm (Fig. 2, inset) model is
based on the equation of Ce/Qe = 1/(Qmb) + Ce/Qm, where Ce is the
equilibrium concentration obtained from the initial concentration
upon a certain period of contact time with the chelating polymer,
Qe is the amount of Cd(II) ions adsorbed per gram of the chelating
polymer (�g/g) at equilibrium, and Qm is the maximum adsorption
capacity (�g/g). b is the Langmuir parameter related to energy of
adsorption. Qe is derived from the formula of Qe = (Ci − Ce) × V/m
where Ci and Ce are initial and equilibrium concentration (�g/L),
respectively. V (L) and m (g) are volume of the sample solution and
mass of the chelating polymer, respectively. The linear plot of Ce/Qe

vs Ce gives the intercept and slope corresponding to 1/(Qmb) and
1/Qm, respectively, from which both Qm and b are derived.

On the other hand, the Freundlich isotherm (not shown) is ana-
lyzed based on the equation of log Qe = 1/n log Ce + log K, where K
and 1/n are Freundlich constants, indicating the sorption capac-
ity and sorption intensity, respectively [26]. Ce is the equilibrium
concentration of Cd(II) in aqueous solution and Qe is the sorption
capacity. The plot of log Qe against log Ce gives the intercept and
slope corresponding to log K and 1/n, respectively, from which both
K and n are obtained.

Results from analyses of both models are listed in Table 1. The
Langmuir model is more likely applicable because of higher corre-
lation coefficient, indicating possible monolayer coverage of Cd(II)
on the surface of the chelating polymer.

The equation RL = 1/(1 + bCe) is to quantify favorability of an
adsorption system [27]. The RL value is a dimensionless parameter
Langmuir and Freundlich parameters for metal adsorption.

Freundlich model Langmuir model

K 1/n R2 Qm (�g/g) b (L/�g) R2

31.17 0.343 0.963 250.0 0.019 0.987
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Table 2
RL values from various initial Ci ’s.

Ci RL

98.921 0.93
204.666 0.75
270.446 0.50
368.985 0.44
475.184 0.28
563.846 0.23
671.601 0.19
756.042 0.16
881.176 0.12
984.152 0.10

1025.02 0.09
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ig. 3. The sorbed amounts of cadmium ion at varying initial concentrations with
ime.

.93 and 0.09 (Table 2), suggesting that the favorable adsorption
akes place in all the concentrations studied.

.2. Adsorption kinetics

The kinetic property of Cd(II) adsorbed on the chelating polymer
as assessed (Fig. 3). The adsorption rates were determined at pH
f 5.5 in the range of Cd(II) concentrations from 85 to 510 ppb in
queous media. The adsorption kinetics exhibit the following char-
cters: (1) the adsorption is fast, and (2) the adsorption increases
ith increased concentration of the metal ion. At any given con-

entration, the Cd(II) adsorption quickly rose, and then reached the
lateau, which is the equilibrium capacity. In all three cases, the
dsorption reached the equilibrium capacity in less than 40 s. As a
atter of fact, at Cd(II) concentrations of 86.9 and 248.5 �g/L, the

ime is ca. 20 and 30 s, respectively. This fast kinetics results from

high complexation process between the metal and the chelating
nits. At higher concentrations, more Cd(II) ions in liquid phase

acilitate mass transfer to the solid surface as a result of great con-
entration gradient between the two phases [28].

able 3
inetic parameters for metal adsorption onto the polymer.

o (�g/L) First order Sec

k1 (s−1) R2 k2

86.9 0.0811 0.857 [0.
48.5 0.2537 0.831 [4.
05.4 0.0944 0.956 [2.
Fig. 4. Second-order kinetic plot for the sorption of cadmium.

The noticeably short time to reach the equilibrium for present
kinetic study complements those reported from various systems
for the heavy metal removal. Several systems have been reported
to have equilibrium achieved between 2 and 72 h [29-31]. The short
equilibrium adsorption time between 15 and 30 min has also been
reported for PEI-coated silica gel and ligands-modified gel beads
[28,32]. Sawdust has also been reported to have a short equilibrium
time of 2–10 min in the removal of Cd(II) [33-34]. The equilibrium
time is an important factor for cost-effective application in practical
systems.

The adsorption kinetic mechanism was evaluated using two
conventional models, namely the pseudo-first-order and the
pseudo-second-order equations [35–37]. The rate expression,
log(Qe − Qt) = log Qe − k1t/2.303, is known as the Lagergren equa-
tion for the first-order assessment, where k1 (min−1 or s−1) is the
rate constant of pseudo-first-order adsorption, Qe (�g/g or mg/g)
is the amount of metal ion sorbed at equilibrium, and Qt (�g/g or
mg/g) is the amount of metal ion sorbed at time t (min or s). The
value of k1 is derived experimentally from the slope of the linear
plots of log(Qe − Qt) versus t. In this case, low correlation coefficient
values were obtained, indicating that this absorption less likely
proceeds in the first-order model.

A pseudo-second-order reaction is guided by the expression
of t/Qt = 1/(k2Qe)2 + t/Qe [35-36], where Qe (�g/g or mg/g) is the
amount of metal ion sorbed at equilibrium, Qt (�g/g or mg/g) is the
amount of metal ion on the surface of the sorbent at time t, and k2
[g/(�g s) or g/(mg min)] is the rate constant of pseudo-second-order
adsorption. The values of 1/(k2Qe)2 and 1/Qe are derived experi-
mentally from the intercept and slope of the linear plots of t/Qt

versus t, which eventually leads to values of k2 and Qe (cal.) (Fig. 4).
It is found that this pseudo-second-order approach gives high corre-
lation coefficient values, indicating that the pseudo-second-order is
the model applicable to the present adsorption kinetics. The kinetic
listed in Table 3.
It is apparent that the high adsorption rate is corresponding to

the fast equilibrium. This, coupled with the Langmuir monolayer
adsorption coverage, suggests that the chelating polymer has most

ond order

[g/(s �g)] (g mg−1 min−1) Qe (�g/g) R2

0126] (7.56 × 102) 45.45 0.998
837 × 10−3] (2.90 × 102) 121.95 0.999
575 × 10−3] (1.54 × 102) 196.08 0.998
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Fig. 5. Plausible coordination modes

Table 4
Adsorption of other heavy metals from aqueous solution.

Metal ions Percent removal (%)a Qe (�g/g)b

Cu(II) 64.0 278.7
Zn(II) 82.0 357.3
Co(II) 97.5 423.2
Ni(II) 92.7 312.5
Cr(III) 99.9 393.3

a Initial metal ion concentration: 50 ppb, temperature: 25 ◦C, contact time: 2 h,
a
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immobilised microorganisms cultivated in a liquid soil extract medium: effects
nd pH 5.5, mass of adsorbent: 0.05 g, volume of solution: 25 mL.
b Initial metal ion concentration: ca. 1000 ppb, temperature: 25 ◦C, contact time:
h, and pH 5.5, mass of adsorbent: 0.025 g, volume of solution: 12.5 mL.

f their chelating groups on or near the surface for easy access. As
ointed out earlier, the complexation is very fast between Cd(II)

ons with the chelating groups. All these factors indicate the poten-
ial high efficiency of the adsorption process, in particular as far as
he rate is concerned.

Six-coordinated cadmium has been found in oxygen-based
identate ligands and other types of ligands [38-40]. This general
endency prompts us to speculate that three types of coordination

odes would take place during the interaction of metal and poly-
er. They are based on number of chelating units involved (Fig. 5)

o cover three scenarios: when three chelating units in the close
roximity from the same chain and adjacent chains are available,
hey would complete six coordination (Fig. 5c); if only two units
re available, additional coordination sites will be filled by water
olecules (Fig. 5b); and if only one unit is available, an anion has to

articipate either in inner or outer coordination sphere to balance
he charge (Fig. 5a).

. Removal efficiency for other heavy metals

The batch screening studies were performed to study the uptake
f other metals by the chelating polymer. For capacity study, the
olutions of ca. 1000 �g/L of Cu(II), Ni(II), Co(II), Zn(II), and Cr(III)
t pH of 5.5 were used. The Qe values (Table 4) were obtained after
h contact time. For removal efficiency study, the solutions of ca.
0 �g/L were used with 2 h contact time. The percentage of removal

as calculated by the equation

emoval efficiency (%) = Ci − Ce

Ci
× 100
of metal and chelating units.

where Ci and Ce are the initial and equilibrium concentrations of
the metal ions.

It is found that removal efficiency in the following decreas-
ing order: Cr(III) > Co(II) > Ni(II) > Zn(II) > Cu(II). But, in the initial
concentrations of ca.1000 ppb, the removal efficiency is in the
following decreasing order: Cu(II) > Co(II) > Ni(II) > Zn(II) (data not
listed), indicating that the order for Cu(II) is highly dependent on
the initial concentration, but not for the rest of metal ions.

5. Conclusion

The present research establishes the ability of salicylalde-
hyde group-based chelating polymer to adsorb cadmium of low
concentration with fast equilibrium rate. The investigation of
poly[4-(4-vinylbenzyloxy)-2-hydrobenzaldehyde] for the removal
has found the fast complexation capability for the metal ion of
the ppb concentrations studied. The adsorption is best described
with the Langmuir model, indicating the monolayer coverage of the
metal ion on the surface of chelating polymer. The RL values indicate
that the adsorption in the range of all the concentrations studied
is favorable. The kinetic study has revealed a very fast adsorption
process, which is in less than 40 s to reach the equilibrium capacity.
The adsorption rate follows the pseudo-second-order.
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