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ABSTRACT: Ni*"-imprinted monolithic column was pre-
pared for the removal of nickel ions from aqueous solutions.
N-Methacryloyl-L-histidine was used as a complexing
monomer for Ni*" ions in the preparation of the Ni*'-
imprinted monolithic column. The Ni**-imprinted poly(hy-
droxyethyl methacrylate-N-methacryloyl-L-histidine) (PHE-
MAH) monolithic column was szynthesized by bulk
polymerization. The template ion (Ni°") was removed with
a 4-(2-pyridylazo) resorcinol (PAR):NH;— NH4CI solution.
The water-uptake ratio of the PHEMAH-Ni*" monolith
increased compared with PHEMAH because of the forma-
tion of nickel-ion cavities in the polymer structure. The
adsorption of Ni** ions on both the PHEMAH-Ni*" and

PHEMAH monoliths were studied. The maximum adsorption
capacity was 0.211 mg/g for the PHEMAH-Ni*" monolith.
Fe’", Cu®", and Zn>" ions were used as competitive species in
the selectivity experiments. The PHEMAH-Ni>" monolithic
column was 268.8, 25.5, and 10.4 times more selective than the
PHEMAH monolithic column for the Zn?>", Cu?>", and Fe**
ions, respectively. The PHEMAH-Ni*" monolithic column
could be used repeatedly without a decrease in the Ni*"
adsorption capacity. © 2010 Wiley Periodicals, Inc. ] Appl Polym Sci
117: 3704-3714, 2010
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INTRODUCTION

Nickel is a metallic element that is naturally present
in the earth’s crust. Nickel compounds are also
found in soils and are present in both insoluble
forms, such as sulfides and silicates, and in a num-
ber of soluble forms.! Natural sources of atmos-
pheric nickel include dusts from volcanic emissions
and the weathering of rocks and soils. Natural sour-
ces of aqueous nickel derive from biological cycles
and soluble nickel compounds from soils. Because of
their unique physical and chemical properties,
metallic nickel and its compounds are widely used
in modern industry. Nickel compounds are used in
electroplating and electroforming and for the pro-
duction of nickel-cadmium batteries and electronic
equipment. Nickel alloys, such as stainless steel, are
used in the production of tools, machinery, arma-
ments, and appliances. The high consumption of
nickel-containing products inevitably leads to envi-
ronmental pollution by nickel and its byproducts at
all stages of production, recycling, and disposal. The
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global input of nickel into the human environment
is approximately 150,000 metric tons per year from
natural sources and 180,000 metric tons per year
from anthropogenic sources, including emissions
from fossil fuel consumption and the industrial pro-
duction, use, and disposal of nickel compounds and
alloys.>?

Human exposure to nickel occurs primarily via
inhalation and ingestion. Significant amounts of
nickel in different forms may be deposited in the
human body through occupational exposure and
diet over a lifetime.*” It is known; however, that
exposure to nickel compounds can have adverse
effects on human health. A nickel allergy in the
form of contact dermatitis is the most common and
well-known reaction. Although the accumulation of
nickel in the body through chronic exposure can
lead to lung fibrosis and cardiovascular and kidney
diseases, the most serious concerns relate to nickel’s
carcinogenic activity. Epidemiological studies have
clearly implicated nickel compounds as human car-
cinogens on the basis of a higher incidence of lung
and nasal cancer among nickel mining, smelting,
and refinery workers.® In various animal models,
nickel compounds induce tumors at virtually any
site of administration. Additionally, insoluble nickel
compounds such as nickel subsulfide efficiently
transform rodent and human cells in vitro. On the
basis of these observations, the International Agency
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for Research on Cancer (IARC) evaluated the carci-
nogenicity of nickel in 1990.° All nickel compounds
except for metallic nickel were classified as carcino-
genic to humans.!

In recent years, molecular imprinting has
attracted considerable interest in many areas of
chemistry, biochemistry and biotechnology. In the
field of chemistry, especially in analysis and sepa-
ration science, molecularly imprinted materials
have received increasing attention because of their
high selectivity and affinity for the target mole-
cules."”"" Molecular imprinting is a rapidly devel-
oping technique for the preparation of polymers
having specific recognition properties that can
selectively recognize the template molecules in the
presence of compounds with structures and func-
tionalities similar to that of the template.'> Molecu-
larly  imprinted  polymers (MIPs) are artificially
synthesized macromolecular materials with a
prearrangement of structure and specific recogni-
tion ability.’> MIPs have been used as chromato-
graphic media, sensors, artificial antibodies and cat-
alysts.'*™'® Different approaches have been reported
so far for metal-ion-imprinted materials.'”** These
imprinted materials have been prepared in the
form of particles or beads, which were then packed
into columns.*?** However, MIPs can be prepared
by bulk polymerization, where the resultant mono-
lithic columns consist of a single piece of highly
porous material. The pores inside the monolith are
open and form a highly interconnected network
of channels; this leads to a reduced diffusional
mass-transfer resistance and facilitates convective
’franspor’f.25

This article deals with the preparation of nickel-
ion-imprinted monolithic columns, which can be
used for the removal of nickel ions from aqueous
solutions. N-Methacryloyl-L-histidine (MAH) was
used as a complexing monomer for the preparation
of Ni**-imprinted monolithic column. Tonic interac-
tions between Ni** and the imidazole nitrogen
atom, oxygen and peptide nitrogen atom in the
MAH structure were the goal PHEMAH was
selected as the basic matrix, which had hydrophilic
characteristics and high chemical and mechanical
stabilities for column applications.”**” In this study,
the Ni*"-imprinted poly(hydroxyethyl methacrylate-
N-methacryloyl-L-histidine) (PHEMAH) monolithic
column was prepared by in situ polymerization,
where there was no need to grind and sieve to form
particles for column packing. The Ni*'-imprinted
PHEMAH monolithic column was characterized and
used for the selective adsorption of Ni*" ions from
an aqueous solution. Ni*" adsorption on the MIPs
and selectivity studies of Ni*' ions versus other
interfering metal ions (Zn*", Cu®>", and Fe’") were
examined.
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EXPERIMENTAL
Materials

L-Histidine and methacryloyl chloride were supplied
from Sigma (St Louis, MO). Hydroxyethyl methacry-
late (HEMA) and ethylene glycol dimethacrylate were
obtained from Fluka A. G. (Buchs, Switzerland), dis-
tilled under reduced pressure in the presence of a hy-
droquinone inhibitor, and stored at 4°C until use. 4-(2-
Pyridylazo) resorcinol (PAR) was supplied by Dionex
Corp. (Munich, Germany) 4-(2-Hydroxyethyl)-1-piper-
azine ethanesulfonic acid was supplied from Sigma (St.
Louis, MO). Nickel, iron, copper, and zinc stock solu-
tions (1000 mg/L) were obtained from SCP Science. All
other chemicals were reagent grade and were pur-
chased from Merck AG (Darmstadt, Germany). All
water used in the adsorption experiments was purified
with a Barnstead ROpure LP reverse-osmosis unit
(Dubuque, IA) with a high-flow cellulose acetate mem-
brane (Barnstead D2731) followed by a Barnstead
D3804 NANOpure organic/colloid-removal and ion-
exchange, packed-bed system.

Preparation of the complex monomer (MAH-Ni**)
The synthesis of MAH was adapted from a proce-
dure reported by elsewhere®® The MAH-Ni*"
monomer—template complex was formed by the
slow addition of MAH monomer (0.09 mmol) into a
Ni*"  solution [0.045 mmol; Ni*" source:
Ni(NO;),-5H,0] at room temperature by constant
stirring (250 rpm) for 3 h. The newly prepared
monomer-metal complex (MAH-Ni*") was filtered
off, washed with 250 mL of water, and dried in a
vacuum oven at 50°C for 24 h.

Preparation of the PHEMAH-Ni*" monolithic
column

The Ni*"-imprinted PHEMAH (PHEMAH-Ni*")
monolith was prepared by in situ polymerization in
a closed-bottom syringe in the presence of potassium
persulfate as the initiator. Briefly, 15 mg of potas-
sium persulfate and 45 mg of 4-(2-hydroxyethyl)-1-
piperazine ethanesulfonic acid were dissolved in a
mixture of HEMA (1.0 mL) and MAH-Ni*" complex
(0.1 mmol). Toluene (0.750 mL) and ethylene glycol
dimethacrylate (0.250 mL) were included as the dilu-
ent (as a pore former) and crosslinker, respectively.
A monomer mixture (4 mL), including the initiator
and the porogenic diluent, was transferred into a
closed-bottom syringe (4 mL, inside diameter = 1.0
cm); this was followed by a sonication step to obtain
a clear solution, which was then purged with nitro-
gen gas for 15 min. The polymerization was allowed
to proceed at 75°C in a water bath for 1 h. As a
control, the nonimprinted (PHEMAH) monolithic
column was synthesized in the absence of Ni*" ions
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by the same polymerization procedure. After the
polymerization was completed, water was pumped
through the column at a flow rate of 0.5 mL/min to
remove the unreacted monomers and porogenic
diluents present in the monolith. The template (Ni*"
ions) was removed by a PAR:NH;-NH,Cl (pH 10)
buffer system for 2 h at room temperature. This pro-
cedure was repeated several times until the Ni*"
ions could not be detected in washing solution. The
template-free monolith was cleaned with 0.1M
HNO; and deionized water. When not in use, the
resulting monolithic column was kept under refrig-
eration in a 0.02% sodium azide (NaN3) solution to
prevent microbial contamination.

Characterization studies

The surface structure of the monolith sample was
visualized and examined by scanning electron mi-
croscopy (SEM). After the monolith sample was
dried at 25°C for 7 days, tiny fragments of the
monoliths were mounted on SEM sample holders,
on which they were sputter-coated for 2 min. The
sample was then consecutively mounted in a scan-
ning electron microscope (Jeol JSM-5600; Tokyo,
Japan) to visualize the surface structures of each
monolith at desired magnification levels.

The surface area of the monolith sample was deter-
mined by a multipoint Brunauer—-Emmett-Teller (BET)
apparatus (Quantachrome, Nova 2200E; Florida). The
monolith (0.5 g) was placed in a sample holder of
BET and degassed by passage through N, gas at
150°C for 1 h. The adsorption of the N, gas was per-
formed at —210°C, whereas its desorption was per-
formed at room temperature. Experimental values
obtained from the desorption step were used to calcu-
late the specific surface area of the monolith.

The water-uptake ratio was determined in deion-
ized water. The water-uptake experiment was con-
ducted as follows: the dry monolith was carefully
weighed before it was soaked in a 50-mL vial contain-
ing distilled water. The vial was then placed into an
isothermal water bath at 25°C for 2 h, after which the
wet-monolith sample was taken out of the vial, wiped
with filter paper, and weighed. The water content of
the monolith was calculated with the weight of the
monolith before and after the uptake of water.

The elemental analysis of monolith was imple-
mented on a Leco elemental analyzer (model CHNS-
932; St. Joseph, MI) to evaluate the MAH incorpora-
tion amount in the monoliths.

Fourier transform infrared (FTIR) spectroscopy
was studied on an FTIR instrument (Shimadzu IR
Prestige-21, Japan) to determine the functional
groups detected in the range 4000-400 cm ' for the
MAH monomer, the MAH-Ni*" complex, and the
PHEMAH-Ni*" sample in the solid state.
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Assay of nickel in aqueous solutions

PAR is commonly used as a chromogenic reagent. It
reacts with many metal ions, particularly with
nickel, forming intense red-colored complexes in
alkaline media. All complexation reactions of PAR
with metal ions are strongly dependent on the pH of
the solution because PAR is an organic ampholyte,
which, in acidic media, can easily attract a proton to
its pyridine nitrogen atom; in basic media, its
o-hydroxyl group can easily dissociate.”” Our
method was based on the reaction between the ana-
lyte and PAR at pH 10.0. In all mixtures, the PAR
concentration (mol/L) was kept equal to six-fold the
sum of metal concentrations (moles per liter) in the
most concentrated calibration mixture, that is,
[PAR]/[Metals] > 6. Briefly, the solution for analysis
was prepared by the successive addition of aliquots
of Ni*"-ion solution, 4.75 mL of NH;—NH,Cl buffer
solution (pH 10), and 2.65 mL of 2.5 x 10~* M PAR
solution in ethanol to a 10 mL volumetric flask.
Then, water was added, and the solution was soni-
cated for 2 min. The absorbance was measured
against a corresponding reagent blank. The concen-
tration of the complex was determined by an ultra-
violet-visible spectrophotometer (Shimadzu UV-
1601; Tokyo, Japan) at a wavelength of 494 nm.

The limit of detection (LOD) and limit of quantifi-
cation (LOQ) were calculated from the following
equations:

LOD =332 1)
m

S
LOQ =10 )

where s is the standard deviation of response and m
is the slope of the corresponding calibration curve.

Adsorption of Ni** ions from aqueous solutions

The adsorption of Ni** ions on both the PHEMAH-
Ni** and PHEMAH monoliths from aqueous solu-
tions were studied in a continuous system. The
effect of the flow rate on Ni*" adsorption was imple-
mented in the range 0.5-3.5 mL/min. The pH of the
solution was changed between 4.0 and 8.0 to deter-
mine the effect of pH. The effect of the equilibrium
concentration on Ni*"-ion adsorption was studied in
the range 5-100 mg/L. After the desired treatment
period, the concentration of the Ni?* ions in the
aqueous phase was determined by the PAR method,
as described earlier. The experiments were per-
formed in replicates of three, and the samples were
also analyzed in replicates of three. For each set of
data present, standard statistical methods were used
to determine the mean values and standard
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Figure 1 SEM micrographs of the (A) PHEMAH-Ni*" and (B) PHEMAH monoliths.

deviations. Confidence intervals of 95% were calcu-
lated for each set of samples to determine the mar-
gin of error. The amount of Ni*" adsorbed on unit
mass of each monolith was evaluated with a mass
balance approach.

Selectivity experiments

The nickel (Ni*"; Atomic weight (A,) = 58.69
g/mol, ionic radius = 69 pm) specificity of the PHE-
MAH-Ni*" monolith was compared with the com-
petitive adsorption of zinc (Zn*"; A,, = 65.39 g/mol,
ionic radius = 74 pm), iron (Fe**; A, = 55.85 g/mol,
ionic radius = 64 pm), and copper (Cu*"; A, =
63.55 g/mol, ionic radius = 72 pm). The equilibrium
concentration of the competitive ions (i.e., Zn>",
Fe*', and Cu®") was 30 mg/L in 0.1% HCIO,, (v/v;
pH 6.0). The PHEMAH-Ni*" and PHEMAH mono-

liths were treated with these competitive ions. After
adsorption equilibrium, the concentration of Zn>*,
Fe’", and Cu™" ions in the remaining solution was
measured with a Dionex BIO-LC and postcolumn re-
actor. The column was an ion pack CG5A Guard
(P/N 046104) and IonPac CS5A analytical column
(P/N 046100) (Dionex Corp., Munich, Germany).
The eluent was MetPac PDCA eluent concentrate
(P/N 046088) (Dionex Corp., Munich, Germany).
The flow rate was 1.2 mL/min, and the expected
backpressure was 1700-1900 psi. The postcolumn re-
agent was 0.5 mM PAR (P/N 39672) in MetPac PAR
postcolumn reagent diluent (P/N 046094) (Dionex
Corp., Munich, Germany) with a postcolumn reagent
flow rate of 0.6 mL/min.

The distribution of Cu?**, Fe*', and Zn?" with
respect to Ni*" was obtained from the equilibrium
binding data according to eq. (3):

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 (A) Molecular formula of the MAH monomer.
(B) Possible structure of the MAH-Ni*" complex
monomer.

®)

where K; is the distribution coefficient (mL/g); C;
and Cy are the initial and final concentrations of the
metal ions (umol/mL), respectively; V is the volume
of the solution (mL); and m is the mass of monolith
used (g). The selectivity coefficient (k) was calculated
according to eq. (4):

nonomer

T%
3253 2930

1733/
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k= Kd (template ion) ( 4)

Kd (interferention)

where Kd(template ion) and Kd(interferent ion) are the dis-
tribution coefficients. A comparison of the k values
of the PHEMAH-Ni*" monoliths with the metal ions
allowed us to estimate the effect of imprinting on se-
lectivity. The relative selectivity coefficients (k') for
the PHEMAH-Ni*" and PHEMAH monoliths were
also calculated by eq. (5):

kim rinte
k — _imprinted (5)

kcon’trol

where  kimprinted and  keonwrot  are the selectivity
coefficients.

Desorption and repeated use

The desorption of Ni*" ions was studied with
PAR:NH;—NH,CI (pH 10) and water (27 : 48 : 25 v/v %)
mixture. The monolithic column (4 mL, inside
diameter = 1.0 cm) was stable at pH 10.0. In a
continuous desorption experiment, 20 mL of the
desorption agent was pumped through the mono-
lithic column at a flow rate of 0.5 mL/min for 2 h.
The desorption ratio was calculated from the
amount of Ni*" ions adsorbed on the monolith and
the final Ni*'-ion concentration in the desorption
medium. The concentration of Ni*" ions in desorp-
tion medium was determined by the PAR method.
To test the reusability of the PHEMAH-Ni*" mono-
lith, the Ni**-ion adsorption-desorption procedure

1653 1529

4000 3600 3200 2800 2400 2000 1800

1600 1400 1200 1000 500 600 400

o

Figure 3 FTIR spectra of MAH and the MAH-Ni*" complex monomer. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
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Figure 4 FTIR spectra of the PHEMAH-Ni*" monolith. [Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]

was repeated five times with the same monolith.
To regenerate it after desorption, the monolith was
washed with 0.1M HNO; and deionized water.

RESULTS AND DISCUSSION

Characterization of the PHEMAH-Ni**
monolithic columns

The specific surface area was found to be 45.8 m?/ g
for PHEMAH-Ni*" and 32.3 m®/g for PHEMAH,
respectively, by the BET method. The equilibrium
swelling ratio was measured as 72.8% for PHE-
MAH-Ni*" and 64.9% for PHEMAH. Compared
with that of the PHEMAH monolith, the water-
uptake ratio of the PHEMAH-Ni*" monolith
increased because of the formation of imprinted
nickel-ion cavities in the polymer structure.

The porous character of the PHEMAH-Ni*" and
PHEMAH monoliths were exemplified by SEM pho-
tographs (Fig. 1). Both the PHEMAH-Ni*" and PHE-
MAH monoliths had porous, rough surfaces and
good flow properties for column applications.

The incorporations of MAH with nitrogen stoichi-
ometry were determined to be 33.4 and 28.5 umol/g
of polymer for the PHEMAH-Ni*" and PHEMAH
monoliths, respectively. HEMA and other chemicals

used in the polymerization process did not contain
nitrogen. The amount of nitrogen determined by ele-
mental analysis originated only from the MAH
groups incorporated into the polymeric structure.

Characterization of the Ni**~-MAH complex
formation

The molecular formulas of the MAH monomer and
MAH-Ni*" complex are shown in Figure 2. A metal
coordination complex was formed between the Ni**
ions and the imidazole nitrogen atom, oxygen, and
pegtide nitrogen atom in the MAH structure. The
Ni“*~-MAH coordination complex was an octahedral
structure.

To confirm complex formation between Ni** and
the MAH monomer, FTIR measurements were per-
formed. The FTIR spectrum of MAH with the char-
acteristic amide I and amide II stretching vibration
bands at 1667 and 1531 cm ™}, carbonyl band at
1739 cm™!, and C—O bending absorption band at
1206 cm ' is shown in Figure 3. In the analyzed IR
spectra of the complex, the characteristic amide
I and amide II stretching vibration bands at 1667
and 1531 cm ™" shifted to down 1653 and 1529 cm ™
(Fig. 3). The appearance of a significant broad peak
at 661 cm ' in the FTIR spectrum of the MAH-Ni*"

TABLE I
Calibration Data for Ni*"-PAR Complex
Linearity range SD of SD of the LOD LOQ
Sample (ng/mL) Slope Intercept the slope intercept R? (ng/mL) (ug/mL)
Ni** 0.255-0.638 1.34 0.162 0.031 0.014 0.999 0.024 0.072

SD = standard deviation.

Journal of Applied Polymer Science DOI 10.1002/app
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complex also indicated the presence of Ni*" ions in
the complex.

The MAH-Ni*" complex was incorporated into
the polymer structure by bulk polymerization. The
FTIR spectrum of the PHEMAH-Ni*" monolith had
the characteristic stretching vibration band of hydro-
gen-bonded alcohol, O—H, around 3500 cm !, car-
bonyl at 1728 cm ™', C—O bending absorption band
at 1275 cm ™!, and amide I and amide II absorption
bands at 1635 and 1478 cm ™, respectively (Fig. 4).

Assay of nickel in aqueous solution

The nickel-ion concentration in aqueous solution
was detected by a method that was based on the
reaction between the analyte and PAR at pH 10.0, as
described earlier. The absorbance was measured
against a corresponding reagent blank at 494 nm.
The calibration data was constructed by the plotting
of absorbance versus standard concentration
(Table I). The LOD for nickel ions was determined
as 0.024 pg/mL.

Adsorption of Ni** from aqueous solutions

Effect of the flow rate

The adsorbed amounts of Ni*" ions at different flow
rates are given in Figure 5. The adsorbed amount
of Ni*" ions decreased significantly from 0.21 to
0.08 mg/g as the flow rate increased from 0.5 to
3.5 mL/min. This could be explained by ligand—-tem-
plate (i.e, MAH-Ni*") interaction, which would
have a faster dissociation rate compared to the asso-
ciation rate, because the template ions (i.e., Ni*")
would have passed through the monolithic column
without binding at a high flow rate. The contact
time in the column was longer as the flow rate
decreased; the diffusion then became more effective.

0,25 4
0,2 4

0,15

Adsorbed Ni* (mg/g monolith)

0 0,5 1 1.5 2 2,5 3 3,5 4
Flow rate (ml/min)

Figure 5 Effect of the flow rate on the adsorption of Ni**
ions of the PHEMAH-Ni** monolith (Ni*"-ion concentra-
tion = 30 mg/L, total volume = 20 mL, polymer amount =
800 mg, temperature = 20°C).
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pH

Figure 6 Effect of pH on the adsorption of Ni*" ions of
the PHEMAH-Ni*" monolith (Ni*'-ion concentration =
30 mg/L, flow rate = 0.5 mL/min, total volume = 20 mL,
polymer amount = 800 mg, temperature = 20°C).

Thus, the Ni>* ions had more time to diffuse and
bind the nickel-ion cavities in the monolithic col-
umn, and a better adsorption capacity was obtained.

Effect of pH

The adsorption effectivity of Ni*" ions was
extremely dependent on pH. Ni*" adsorption onto
the PHEMAH-Ni** monolith was measured at dif-
ferent pH values of buffer solutions (pH 4.0-8.0).
The effect of pH on Ni*" adsorption is shown in
Figure 6. As shown, the maximum Ni*" adsorption
amount was obtained in pH 6.0 phosphate buffer;
this was the isoelectric point of the imidazole side
chain (imidazole group pK, = 5.97) of the MAH
monomer. This suggested that the Ni*" ions electro-
statically interacted with the imidazole side chain of
MAH. This way, the binding should not have
decreased with increasing pH above 6.0, where both
the imidazole ring and carboxy group were depro-
nated; this, hence, promoted binding. The decrease
in the binding affinity could be explained by hy-
droxide ions, which started competing for Ni*" ions
at high pH values and prevented their binding to
the adsorbent.

Effect of the equilibrium concentration of Ni*" ions

The adsorbed amount of Ni*' ions on the PHE-
MAH-Ni*" monolithic column was dependent on
the equilibrium concentration of Ni*' ions. The
adsorption amount increased with increasing con-
centration of Ni*" ions, and a saturation value was
achieved at a concentration of 30 mg/L, which rep-
resented the saturation of the active binding nickel-
ion cavities of the PHEMAH-Ni*" monolith (solid
line in Fig. 7). Mass transfer limitations were also
overcome by a high driving force, which was the
concentration difference of Ni*" between the liquid
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Figure 7 Experimental data of the absorbed Ni*" ions
onto the PHEMAH-Ni** monolith compared to the
Langmuir and Freundlich isotherms (pH 6.0, flow rate =
0.5 mL/min, total volume = 20 mL, polymer amount =
800 mg, temperature = 20°C).

and the solid phases in the case of high Ni*'-ion
concentration. The maximum adsorbed amount of
Ni*" ions was 0.21 mg/g monolith.

Two important physicochemical aspects for the
evaluation of the adsorption process as a unit opera-
tion are the kinetics and the equilibria of adsorption.
The modeling of the equilibrium data was done
with the Langmuir and Freundlich isotherms.® The
Langmuir and Freundlich isotherms are represented
in egs. (6) and (7), respectively:

g = Gmaxb m (6)

q=KeC)/" )

where g is the Langmuir adsorption capacity (mg/g),
C, is the equilibrium Ni*" concentration (mg/mL), b
is the constant related to the affinity binding sites, K¢
is the Freundlich constant, and n is the Freundlich
exponent.

In Figure 7, the experimental adsorption behav-
ior is compared with Langmuir and Freundlich
adsorption isotherms. The experimental data
tended to agree more with a Langmuir adsorption
fit rather than the Freundlich isotherm because the
correlation coefficient (R*) was high (0.99). The
maximum amount of adsorption (0.21 mg/g)
obtained from experimental results was also very
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close to the calculated g (0.27 mg/g). Table II
shows the experimental and calculated results. We
concluded that the adsorbed Ni*" ions onto the
PHEMAH-Ni** monolith showed a monolayer
adsorption behavior.

The factors affecting adsorption mechanism,
such as mass transfer and the chemical reaction,
were investigated on the basis of two different
kinetic models. The kinetic models (pseudo-first-
order and pseudo-second-order equations) could
be used in this case with the assumption that the
measured concentrations were equal to the ad-
sorbent surface concentrations. The first-order rate
expression of Lagergren is one of the most widely
used for the adsorption of a solute from a liquid
solution.’!

The pseudo-first-order kinetic model is expressed

by eq. (8):

kqt
log (g — 1) = log e — 20" ®)

where g, is the experimental amount of Ni*"
adsorbed at equilibrium (mg/g), g; is the amount of
Ni*" adsorbed at time t (mg/g), and k,; is the rate
constant of the pseudo-first-order adsorption
(min~Y). A straight line of log(q. — ¢:) versus t sug-
gested the applicability of this kinetic model. Also,
in many cases, the pseudo-first-order equation of
Lagergren did not fit well to the whole range of con-
tact times and was generally applicable over the ini-
tial stage of the adsorption processes.

The pseudo-second-order kinetic
expressed by eq. (9):

t 1 1

(%) (kzq§> ’ <qe>t ©
where k, is the rate constant of the pseudo-second-
order adsorption [g (mg min) ']. If the pseudo-sec-
ond-order kinetics were applicable, the plot of t/q
versus t would show a linear relationship. The
pseudo-second-order kinetic model is favorable
when the adsorption behavior over the whole range
of adsorption is in agreement with the chemical
sorption being the rate-controlling step.’” The time
interval was changed in the range 0-60 min for the
both pseudo-first-order and pseudo-second-order
adsorption mechanisms.

model is

TABLE 1I
Langmuir and Freundlich Adsorption Isotherm Constants

Experimental Langmuir constants Freundlich constants
fex (Mg/8) fmax (Mg/8) b (g/mg) R? Kg n R?
PHEMAH-Ni*" monolith 0.21 0.27 67.83 0.997 1.0812 0.54 0.944

Jex = experimental adsorption capacity; gmax = Langmuir maximum adsorption capacity.
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TABLE III
k; and k, Values for the PHEMAH-Ni*>* Monolith

Pseudo-first-order

Eauilibri Experimental kinetics Pseudo-second-order kinetics
quilibrium
concentration Jex k1 e ko e
(mg/L) (mg/g) (min~) (mg/g) R? [g (mg min) '] (mg/g) R?
30 0.211 0.007 0.739 0.988 0.091 0.312 0.998

Jex = experimental adsorption capacity.

As shown in Table III, R* in the linear plot of
—log(q. — q:) versus t for the pseudo-first-order
equation was lower than R” in the linear plot of t/gq;
versus t for the pseudo-second-order equation. The
theoretical g, value was slightly more different from
the experimental value (0.312 mg/g). These results
show that this adsorbent system was not so well
described by pseudo-first-order kinetic model. How-
ever, the theoretical g. value calculated from the
pseudo-second-order kinetic model was very close
to the experimental value, and R* was much higher
than that in the pseudo-first-order kinetic model. By
these results, the pseudo-second-order adsorption
mechanism was predominant for the PHEMAH-
Ni*" monolith, and the overall rate of the Ni*"
adsorption process appeared to be controlled by a
chemical process.

Selectivity experiments

The competitive adsorption of Cu*"/Ni*", Fe*" /Ni*"
and Zn>"/Ni*t from their mixtures were also stud-
ied in a continuous system. Cu”*, Fe’* and Zn*"
were chosen as competitive metal ions. After adsorp-
tion equilibrium was achieved, the concentrations of
Cu”", Fe’" and Zn*" ions in the remaining solution
were measured by BIO-LC (Dionex BIO-LC and
postcolumn reactor). The target ion (Ni*") and com-
petitive ions (Cu®*, Fe’" and Zn*") were separated
by an IonPac analytical column, as described earlier.

Table IV summarizes the K; k, and k/, values of
Cu**, Fe®" and Zn*" with respect to Ni*". A com-
parison of the K; values for the PHEMAH-Ni*"
samples with the control samples showed an

increase in K; for Ni*", whereas K,; decreased for
Fe*', Cu®", and Zn?'. kK is an indicator for the
expression of the metal-binding affinity of recogni-
tion sites to imprinted Ni** ions. These results show
that the k' values of PHEMAH-Ni?" for Ni*"/Zn?",
Ni**/Cu®", and Ni*"/Fe’" in single-ion media were
1.6, 24 and 2.1 times greater than the PHEMAH
monolith, respectively (Table IV). In addition to
these results, the k' values of the PHEMAH-Ni*"
monolith for Ni**/Zn?", Ni?*/Cu?*" and Ni**/Fe**
in template/competitive ion pairs media were 268.8,
255, and 10.4 times greater than the PHEMAH
monolith, respectively (Table IV).

Figure 8 illustrates the adsorbed template and
competitive ions in both the PHEMAH-Ni** and
PHEMAH monoliths. As shown in Figure 8(A), the
Ni*" ions had good selectivity toward the competi-
tive ions (i.e., Cu®", Fe®" and Zn®"). The results
show that the competitive adsorption of Ni** ions
increased in the multiple-ion media [Fig. 8(B)]. The
adsorption capacity of the PHEMAH monolith was
considerably higher than the PHEMAH-Ni*" ones.
This could have been due to the nonspecific interac-
tions between the Ni** ions and MAH molecules
incorporated into the PHEMAH monolith. However,
the relative selectivity of the PHEMAH-Ni*" mono-
lith was not affected by this phenomenon (Table IV).

Desorption and repeated use

The desorption of the Ni*" ions from the PHEMAH-
Ni*" monolith was performed in a continuous sys-
tem. Different factors were probably involved in
determining the rates of Ni*' desorption, such as

TABLE IV
K4 k, and k' Values of Cu®*, Fe**, and Zn** with Respect to Ni**

PHEMAH PHEMAH-Ni>*

Metal ion K; (mL/g) k K; (mL/g) k K
NiZ* 543 — 13.58 — —
Znt 251 2.16 3.36 3.61 1.67
Cu?* 0.77 7.02 0.81 16.79 2.39
Fe?t 2.14 2.54 253 5.36 2.11
Ni?*/Zn* — 0.17 — 46.36 268.84
Ni?*/Cu?t — 0.98 — 25.11 25.56
Ni?*/Fe*" — 0.04 — 0.37 10.37

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 8 Adsorbed template and competitive ions both in the PHEMAH-Ni** and PHEMAH monoliths for the (A) sin-
gle metal ions and (B) template/competitive ion pairs (i.e., Ni**/Zn**; flow rate = 0.5 mL/min; Ni**, Cu®*, Fe*" and
7Zn** concentrations = 30 mg/L; pH 6.0; total volume = 20 mL; polymer amount = 800 mg, temperature = 20°C).

the extent of the hydration of metal ions and the
polymer microstructure. However, an important fac-
tor appeared to be binding strength. In this study,
the desorption time was 45 min. The desorption
ratio was high (up to 82%). To determine the reus-
ability of the PHEMAH-Ni*" and PHEMAH mono-
liths, adsorption—desorption cycles were repeated
five times with the same PHEMAH-Ni*" and PHE-
MAH monoliths. The adsorption capacity of the
recycled PHEMAH-Ni*" and PHEMAH monoliths
could still be maintained at the fifth cycle (Fig. 9).
We concluded that the PHEMAH-Ni** and PHE-
MAH monoliths could be used several times without
decreases in their adsorption capacities.

CONCLUSIONS

MIPs are synthetic materials that mimic biological
receptors in their specific recognition of analytes.”®
They possess several advantages over their biologi-
cal counterparts, including low cost, simple and con-
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Fi%ure 9 Adsorption—-desorption cycle of the PHEMAH-
Ni“" and PHEMAH monoliths (flow rate = 0.5 mL/min,
Ni?>"-ion concentration = 30 mg/L, pH 6.0, total volume =
20 mL, polymer amount = 800 mg, temperature = 20°C).

venient preparation, storage stability, repeated oper-
ations without loss of activity, high mechanical
strength, durability to heat and pressure and applic-
ability in harsh chemical media.>*>® In this study,
MIPs were prepared by bulk polymerization. The
specific surface area increased after template
removal as a result of the formation of cavities. The
adsorption of Ni*" ions was established in 45 min.
The adsorption difference between the PHEMAH-
Ni** and PHEMAH monoliths was most probably
due to the geometric shape affinity (or memory) of
Ni*" ions toward Ni** cavities in the PHEMAH-
Ni** structure. The adsorption values increased with
increasing concentration of Ni?* ions, and a satura-
tion value was achieved at an ion concentration of
30 mg/L, which represents the saturation of the
active binding cavities on the PHEMAH-Ni*" and
PHEMAH monoliths. The Langmuir adsorption
model could be applied in this affinity adsorbent
system. k' was an indicator to express the adsorption
affinity of recognition sites to the imprinted Ni*"
ions. A significant increase was observed in the se-
lectivity of the PHEMAH-Ni*" monolith when the
adsorbent was prepared in the presence of the target
ion. Finally, the PHEMAH-Ni * monolith could be
used many times without a significant decrease in
its adsorption capacity.
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