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ABSTRACT

enicillin G imprinted membranes were prepared by utilizing UV induced in-situ po-

lymerization. The characterization of membranes was conducted by using ATR-FTIR,
XPS, SEM and AFM. The binding properties of imprinted membranes were evaluated
against concentration and time. The binding capacity of the membranes was tested for
real water samples. The size of the binding cavities of membranes was determined by us-
ing PALS. The specific selectivity of the membranes was investigated by using similar
-lactams, penicillin V and amoxycillin. The specific binding of the membranes was de-
termined as 3.27 pg/g for penicillin G while this value was obtained as 0.83 and 0.51 pg/g
for pencillin V and amoxycillin, respectively. The binding capacity of the membrane was
determined as 5.03 pg.g"! for ultra pure water while this value was obtained as 4.01 pg.g*

and ~3.50 pg.g for tap water and natural water samples from different sources, respectively.
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INTRODUCTION

S ince its discovery, penicillin G has been useful for
the treatment of infectious diseases in humans
and animals. This compound is one of the most wi-
dely used drugs among antibiotics. Unfortunately,
there is a continuous release of antibiotics due to the
widespread and overuses of this family of the drug
in some certain places such as hospitals and farms.
Release of antibiotics to environmental waters is a
crucial problem for human health. The residues of
antibiotics were detected in industrial and municipal
wastewater, and also surface and groundwater samp-
les [1-4]. The residues of antibiotics in environmental
waters may cause the development of antibiotic re-
sistance [5]. The recognition and removal of the an-
tibiotics from environmental water are necessary to
protect public health by using easy, compatible, cheap
and reliable materials.

There are several sensing and recognition systems
for Penicillin G prepared by utilizing molecularly imp-
rinting method [6-8]. Most of them are related by detec-
ting of antibiotics from complex matrices such as food
and food derivatives like milk, chicken, etc. [8, 9]. The
production methods includes synthesis of nanopoly-
mers by emulsion polymerization [9], surface imprin-
ting onto various support materials like magnetic nano-
particles [10] or non-woven fabrics [11]. Unfortunately,

the number of researches on the removal of Penicillin G
is not many. Molecularly imprinted polymers are func-
tional materials prepared by polymerizing functional
monomers and a crosslinking agent around a template
molecule. Removing the template molecule from the
network provides recognition sites that can accurately
fit the template molecule concerning its affinity, size
and shape. In this study, Penicillin G imprinted memb-
ranes were prepared by utilizing UV induced polyme-
rization method for removal of the template molecule
Penicillin G from real water samples. Photopolymeri-
zation is a good alternative to thermal polymerization
by providing polymerization and crosslinking at room
temperature. It is possible to say that the synthesis at
room temperature is an important factor to get molecu-
larly imprinted polymers with high specific selectivity
depending on the stability of pre-polymerization comp-
lexes [10].

EXPERIMENTAL
Materials

Penicillin G, penicillin V, amoxicillin, methacrylic
acid (MAA), ethylene glycol dimethacrylate (EGD-
MA), dimethylformamide (DMF), methanol, acetic
acid and benzophenone were purchased from Sigma-
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Aldrich (Milwaukee, USA). All the reagents and solvents
were used as received without any further purification
step.

Preparation of Penicillin G imprinted membranes

Penicillin G (0.503 mmol) was dissolved in 2 mL DMF
and then 2.01 mmol MAA was added into the solution.
The solution had been kept overnight at 4 °C. EGDMA
(5.00 mmol) and 8 mL of DMF were added. The ratio of
MAA to penicillin G was kept as 4:1 [11]. The formati-
on of pre-polymerization complex between template and
functional monomers and the synthesis of penicillin G
imprinted membranes were illustrated in Fig. S1. Finally,
20.0 mg of benzophenone was added. The solution was
purged with nitrogen and then placed between two iden-
tical silanized glass slides which separated by a rubber
O-ring. The solution filled glass slides was placed into a
zip-lock plastic bag under a nitrogen blanket. The poly-
merization was carried out by using a Philips type HB
171/A self-tanning UV lamp, adapted with four fluores-
cent tubes of Philips CLEO 15 W UVA. The irradiation
time was kept as 90 min. The distance from the glass
slides to the UV lamp was held as 10 cm. Subsequently,
Penicillin G imprinted membranes (MIM) were carefully
removed from the surface of the glass slides. The templa-
te molecule and unpolymerised monomers were washed
out of the membranes with a mixture of acetic acid/met-
hanol/water (1/5/1, by volume) until no Penicillin G was
detected through a UV spectrometer. The non-imprinted
membranes (NIM) was prepared using the same techni-
que except for the addition of penicillin G.

Characterization of membranes

ATR-FTIR, XPS, SEM and AFM were used in the chemi-
cal and physical characterisation of membranes. The size
of the recognition sites in the membranes was investiga-
ted by employing positron annihilation lifetime spectro-
meter (PALS) to analyze the effect of the presence of the
template molecule.

The FTIR experiments were performed using Thermo
Nicolet iS10 Thermo Nicolet iS10 model spectrometer in
attenuated total reflection (ATR) mode. Spectra were recor-
ded by accumulating 32 scans with a resolution of 4 cm™.

Experiments with X-ray photoelectron spectroscopy
(XPS) were carried out using a Thermo spectrometer with a
monochromated Al K a X-ray source. Survey and core scans
were reported with a pass energy of 30 eV and 200 eV, res-
pectively. All analyzes were performed at a take-off angle of
90°. Elemental composition of the surface of the membranes
was examined with a 400 pm X-ray spot size and binding
energy ranged from 0-1000 eV.

SEM membrane images were taken using an FEI Quan-
ta 200FEG instrument with an accelerating voltage of 2.00
kV. Until screening, samples had been sputter-coated with
gold.

Bruker Nanoscope 9 atomic force microscopy (AFM)
was employed in tapping mode to make the morphological
investigation of the membranes.

PALS experiments were performed using a standard
system with detectors whose scintillators are plastic. The
position of the detectors was face-to-face. The positron
source was *Na with an activity of 11 pCi, in the form of
dried NaCl solution between two thin Kapton foils with
glued together. The instrument time resolution was 258
ps (FWHM). The source was placed between two identi-
cal membranes in a typical ‘sandwich’ configuration. Each
spectrum was saved in the air at room temperature every 3
h for a total count of 3x10¢. The sum of 5 spectra was used
to produce 1.5x107 counts. The spectra obtained were exa-
mined using the program LT [12].

Investigation of binding properties of membranes

Batch binding experiments were performed to determi-
ne the binding capacity of imprinted and non-imprinted
membranes. The membranes were incubated in 2 mL Pe-
nicillin G solutions with a various concentration in the
range of 0.5-50 ppm. The concentration of Penicillin G
before and after incubation was analyzed by employing
a UV-vis Varian Caryl00 spectrophotometer at a maxi-
mum absorption wavelength of 216 nm [11]. The number
of repetition of the analyses was three. The binding be-
haviour of membranes was analysed by using adsorption
isotherms. The adsorbed amount of penicillin G (qe) was
determined by using the following equation:

- G-¢

/4

where C and C, are the initial and equilibrium concent-

4, xV Q)

rations of template molecule, penicillin G (umol/L), res-
pectively, V is the volume of solution (L), W is mass of the
dry membrane (g).

The kinetic behaviour of adsorption was investigated
by incubation for various periods in 3 ppm Penicillin G so-
lution.

The reusability of the membranes was investigated by
an adsorption-desorption cycle which was repeated 7 times.
The concentration of Penicillin G was 3 ppm and the in-
cubation time was 20 min. After each adsorption step, the
membrane was washed as described before and then the in-
cubation was repeated.
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Figure 1. Chemical structures of antibiotics.

The specific selectivity of imprinted membranes was
investigated by incubation in the presence of similar com-
pounds, Penicillin V and amoxicillin (Fig. 1). The concent-
rations of antibiotics were kept as 3 ppm and the incubation
time was 20 min.

The binding performance of the membranes was inves-
tigated in real water samples collected from Pazar Creek (in
Ankara) and Kizilirmak (in Iskilip/Corum region). And the
binding performance of the membranes was also tested in
tap water. Water samples were firstly filtered by using a 0.25
um Nylon filter and stored at +4 °C until analysis. Before
experiments 3 ppm Penicillin G was spiked into the water
samples. The incubation time was kept as 20 min. All the
experiments were repeated three times.

RESULTS AND DISCUSSION

Chemical characterization of membranes

As can be seen in Fig. 2 the structural characterization

of imprinted and non-imprinted membranes was carri-
ed out by ATR-FTIR spectroscopy. The peak at 1721 cm™

is attributed to stretching of C=0O groups of methacrylic

acid and EGDMA. The stretching vibration of sp? hybri-
dized C-H bonds can be seen at 2943 cm™ while the ben-
ding vibration of the same group is at 1454 cm™. The peak

at 1140 cm™ corresponds to the stretching of C-O groups

in dialkyl ethers [13]. All the peaks can confirm the che-
mical structure of poly(ethylene glycol dimethacrylate-
co-methacrylic acid). Unfortunately, it is not possible to

see any evidence of the presence of the template mole-
cule due to its trace amount in the polymeric network by
using FTIR. However, the presence of the template mole-
cule can be proven by using more sensitive instrumental
analysis methods such as XPS. XPS is a useful tool which
provides detailed information about the chemical com-
position of the surfaces after modification for the appro-
ximately 10 nm depth from the surface.

Therefore, the surface elemental composition of
membranes was investigated by employing XPS. The sur-
vey scans of MIM and NIM can be seen in Fig 3. The che-
mical compositions of the imprinted and non-imprinted
membranes show similarities for Cls (285 eV) and Ols
(532 eV) peaks with an exception of the N1s peak at 400
eV for MIM [14]. The appearance of N1s peak proves the
presence of the template in the crosslinked polymer.
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Figure 2. FTIR spectra of the imprinted membrane (MIM), template
removed imprinted membrane and non-imprinted membrane (NIM).

The Cls core level spectra of MIM, pencillin G remo-
ved MIM and NIM can be seen in Fig 4. The common and
the major component for all is the C-C and C-H peak which
is detected at 284. eV. The component at 286.0 eV is att-
ributed to the C-O [15]. The highest binding energy value
(~288.3 eV) can be ascribed to C=0O groups of copolymeric
matrix [14]. There is one more component in MIM spect-
rum at 2874 eV which corresponds to C-N type carbon
atoms in amide (399.9 eV) and lactam groups (400.2 eV) of
pencillin G (Fig. S2) [15]. This is a direct evidence of the pre-
sence of the template molecule in the imprinted membrane.
It can be said that the procedure for the removal of template
molecule is sufficient as can be noticed with the disappea-
rance of C-N in the spectrum of penicillin G removed MIM.
The binding ability of the MIM was also investigated by
XPS analysis. The C-N peak at 2874 eV appears again for
the penicillin G removed MIM after penicillin G incubation
in 3 ppm for 20 min.

Physical and morphological characterization of
membranes

The presence of the template molecule in the imprinted
polymers can cause various morphological differences
[16]. The difference in the morphological structures of
the surfaces of NIM and MIM can be seen from SEM
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Figure 3. Survey scans of penicillin G imprinted (MIM) and non-
imprinted membranes (NIM) and the chemical structure of penicillin G.
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Figure 4. Cls spectra of penicillin G imprinted membranes (MIM), penicillin G free imprinted membranes by washing with a solution of acetic
acid:methanol:water, non-imprinted membranes (NIM) and penicillin G free imprinted membranes after incubation in 3 ppm penicillin G solution

for 20 min.

images (Fig. 5). The interaction between the monomer
and the template can cause more porosity and roughness
on the surface of the membranes [17].

The roughness of the surfaces of the membranes was
also investigated by employing AFM (Fig 6). The value of Rq
is determined as 234-and 98 for MIM and NIM, respectively.
The roughness of the surface of MIM provides higher bin-
ding capacity for penicillin G due to the increasing in surfa-
ce area and permeability of the membranes that provides to

Figure 5. SEM images of NIM and MIM.

enhance in the possibility of the interaction between MIM
and penicillin G [18].

The size of the free volume holes in the membranes was
investigated by employing PALS. It is an absolute and highly
sensitive method which provides detailed and certain in-
formation on the size and size distribution of free volume
holes in polymeric structures [19, 20] and defects in metals
[21]. The selectivity of the molecularly imprinted polymers
can be controlled mainly by two factors: 1) chemical affinity
of the recognition sites and 2) binding cavity size and size

my 0.0 my 0.0t

Figure 6. AFM images of non-imprinted (NIM) and imprinted memb-
ranes (MIM).
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distribution [13]. The second factor gains more importance
when the binding of compounds with a similar molecular
size is considered. Therefore, it is important to have infor-
mation about the size of the binding cavities of imprinted
polymers. In previous work from our laboratory, the average
diameter of the free volume holes of imprinted polymers of
penicillin G prepared by grafting on the non-woven fabric
was determined as 0.570 nm while this value was obtained
as 0469 nm for non-imprinted polymer grafts [13]. In this
study, the diameter of the free volume holes in MIM was
obtained as 0.558+0.003 nm that matches to previously
obtained data. The pore size of the NIM (0.434+0.002 nm)
was also similar to the previous data for the control polymer.
The obtained data also correlates to the molecular diameter
of the penicillin G which was reported as 0.500 nm by Wu
and coworkers [22].

Investigation of the binding properties of
membranes

Adsorption isotherms

To examine the binding characteristics of the memb-
ranes binding isotherms were constructed. Adsorption
isotherms are created by using the equilibrium concent-
ration of an analyte onto an adsorbent (q) and the con-
centration of the analyte in the solution (c ) with which it
is in contact. This relationship is explained by using seve-
ral equations. The most common models used to investi-
gate the binding behaviours of the molecularly imprinted
polymers are Langmuir, Bi-Langmuir and Freundlich
isotherms (Table S1) [23]. The binding isotherms Lang-
muir and Freundlich were used to determine the binding
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Figure 7. a) Langmuir and b) Freundlich isotherms for molecularly
imprinted membranes (MIM).

efficiency of the membranes (Fig. 7). As it is apparent the
binding behaviour of MIM fits Freundlich model with an
R? value of 0.96. Heterogenous binding models are more
suitable to evaluate the binding behaviours of imprinted
polymers due to their heterogeneous nature of the recog-
nition sites [23]. The heterogeneity index, n which varies
in the range of 0-1 was determined as 0.13. The value of n
shows an increase with an increase in homogeneity of the
system and it equals to the 1 for an ideal homogeneous
system [24]. As can be noticed the MIM prepared by con-
ventional free radical polymerization method has a hete-
rogeneous nature due to the polymerization method [25].

Kinetics of adsorption of penicillin G imprinted
membranes

The kinetic evaluation of the adsorption is important as
the type of the adsorption gives information about the
nature of the binding. The adsorption rate-limiting step
can be managed by diffusing the template to the adsor-
bent surface, or by the chemical interaction between the
template and the adsorbent. Generally, the binding in
molecularly imprinted polymers is controlled by chemi-
cal affinity between template and host. The kinetics of
adsorption was evaluated by using Lagergren’s first-order
rate equation and pseudo-second-order rate equation
(Table S2). The kinetic behaviour of the prepared memb-
ranes matches the pseudo-second-order kinetic model
with an R? value of 0.99 (Fig. 8), which suggests that the
rate-determining step of penicillin G adsorption is regu-
lated by the chemical affinity of penicillin G to MIM [16,
26).
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Figure 8. Curves of (a) first-order and (b) pseudo-second-order kinetic
models (incubation concentration of penicillin G was 3 ppm, n=3).
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Figure 9. Binding of penicillin G which was determined by using the
same imprinted membrane after each adsorption for seven cycles (incu-
bation concentration of penicillin G= 3 ppm, incubation time= 20 min,
n=3).

Reusability of the membranes

The reusability of the membranes was investigated by
repeating the adsorption-desorption cycle 7 times (Fig.
9). After each binding step, the removal of the template
molecule was achieved by solvent extraction which was
described previously. The performances of the imprinted
membranes did not show a significant decrease upon re-
peated use. The crosslinked imprinted membranes can
be used for many times without a significant binding ca-
pability loss.

The binding capability of imprinted and non-imprinted
membranes

As is evident from Fig. 10 the adsorption capacity of MIM
is greater than the binding capacity of NIM. The morp-
hological differences and the data about the size of the
recognition sites support the higher binding capability
of the MIM. The roughness of the surfaces of the MIM
enhances the chemical interaction between penicillin G
and the imprinted membranes. It can be assumed that
the rise in surface area due to the roughness makes the
availability of the binding sites easier [18]. Non-imprinted
membranes (NIM) were produced without the addition
of the template molecule using the same procedure. The
absence of a template molecule produces smoother surfa-
ce due to the lack of any specific chemical interaction [16].
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Figure 10. The adsorption capacity of imprinted (MIM) and non-
imprinted membranes (NIM) (n= 3, incubation time 20 min).
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Figure 11. Selectivity of penicillin G imprinted (MIM) and non-
imprinted membranes (NIM) against penicillin V and amoxicillin (con-
centration of each antibiotic= 3ppm, incubation time=20 min, n=3).

It still has a porous structure because of the presence of
a porogen solvent.

Specific selectivity of membranes

Specific selectivity of the membranes was investigated
by using structurally similar B-lactam antibiotics such as
amoxicillin and penicillin V (Fig. 11). The concentration
of the antibiotics was kept as 3 ppm for 20 min incubation.
The specific binding (SB) value is a criterion to investigate
the specific selectivity of the imprinted polymers against
the target molecule. SB is determined by substracting
of the binding onto non-imprinted polymers due to the
non-specific interactions from the binding of imprinted
polymers. Thus, the obtained binding data is the result
of the specific interaction between the template and ad-
sorbent [27]. SB of the MIM was determined as 3.27 pg/g
polymer for penicillin G while this value obtained as 0.83
and 0.51 pg/g polymer for penicillin V and amoxicillin,
respectively. Because of the complete complement of the
binding sites in terms of shape, size and unique interac-
tion between the template molecule penicillin G and the
imprinted membrane, the highest SB value was obtained
for the template molecule [11].

The selectivity (k) and relative selectivity coefficients
(k') were determined by using equations summarized in
Table S3. The selectivity coefficient (k) is used to investi-
gate the degree of selectivity of molecularly imprinted and
non-imprinted polymers towards the target molecule. The
selectivity of the MIM for penicillin G is 2.33 and 3.48 times
higher than the selectivity towards penicillin V and amoxy-
cillin, respectively (Table S4). The relative selectivity coeffi-
cients were determined as 1.38 and 1.46 for penicillin V and
amoxycillin, respectively. The data prove that the specific
selectivity of MIM is higher than the NIM as expected due
to the formation of binding sites by templating of penicillin
G.
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Investigation of the binding capacity in real
samples

To analyze the binding capabilities of the imprinted
membranes in real samples tap water and natural surfa-
ce water samples from different regions were used. As it
is apparent in Fig. 12 the binding capacities of the MIM
decreases due to the complexity of the real samples [16].
The binding capacity of the MIM was determined as 4.01
pg.g’ for tap water and ~ 3.50 pg.g* for natural surface
waters which contains 3 ppm spiked penicillin G, respec-
tively. It is possible to say that the imprinted membranes
can be useful to remove penicillin G from real water
samples.

CONCLUSION

Penicillin G imprinted membranes were produced by UV
induced in-situ polymerization of methacrylic acid in the
presence of a crosslinking agent. The detailed structu-
ral and physical characterization of the membranes was
carried out using various methods of spectroscopy and
microscopy. XPS was used to prove the existence of the
template inside the imprinted membranes. The change in
morphology of the membranes was investigated by SEM
and AFM. The interaction of the template molecule and
the network results in the roughness of the imprinted
membrane surface. The size of the free volume holes of
the imprinted membranes was investigated by PALS. The
kinetic behaviour of the imprinted membranes supports
the presence of the chemical affinity between penicil-
lin G and the membranes. The binding capability of the
membranes was investigated for real water samples. The
binding capacity was determined as approximately 3.50
pg.g'. As aresult, the prepared membranes can be useful
to remove penicillin G from natural surface water samp-
les. The use of the molecularly imprinted membranes as
a filtration material for the selective removal of penicillin
G from environmental water sources can be considered
as the main novelty of this work.
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Figure S1. Synthesis of penicillin G imprinted polymers by employing
methacrylic acid and ethylene glycol dimethacrylate as functional mono-
mer and crosslinking agent, respectively.
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Figure S2. N1s spectrum of penicillin G imprinted membrane (MIM).
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Figure S3. The binding capacity of the pencillin G imprinted memb-
ranes vs time.
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Table S1. Adsorption isotherm models and related parameters.

Isotherm Model Equation Parameter

NKc

e

Langmuir qe:1+KC
e q,, bound concentration of analyte on

imprinted membrane
c,, free concentration of analyte in solution
N, number of binding sites

Scatchard Equation &_KN Kq K, binding constant
- - e

e

k, adsorption constant
Freundlich =k.c" f P .
q. =K,C, n, heterogeneity index

Lagergren’s first-order rate equation and pseudo second-order rate equation [1] were employed to evaluate the kinetics of the binding by using the
equations which summarized in Table S2. The binding capacity of the membranes changes with time as apparent in Fig. S3.

Table S2. Kinetic models and related parameters.

Kinetic Model Equation Parameter
Pseudo-First Order Kinetic ln(qe—qt)zln(qe)—klt
Model q,, amount of the analyte adsorbed at equilibrium

q, amount of the analyte adsorbed at time t
¢ 1 1 t, time
t k,, pseudo-first order rate constant

Pseudo-Second Order Kinetic —= 7 |+ —
Model q, que q. k,, pseudo-second order rate constant

Periasamy K, Namasvayam C. Process development for removal and recovery of cadmium from waste water by a low cost adsorbent: adsorption
rate and equilibrium studies. Ind. Eng. Chem. Res. 1994, 33, 317-320.

Table S3. Equations and related parameters for dissociation constant (Kd), selectivity (k) and relative selectivity coefficient (k').

Equation Parameter
« _(€=C) v
Dissociation Constant (K,) d = =
C, m
C, Initial concentration of dye
C, Final concentration of dye
K, ponicini V volume of the solution
d Penicill
Selectivity Coefficient (k) k= et M mass of the dry polymer
d Antibiotic Ky, Selectivity coefficient of imprinted membrane
ky Selectivity coefficient of non-imprinted membrane
Relative Selectivity Coeffici- k' = oMM
ent (k") kNIM

Table S4. Dissociation constant (K,) and selectivity selectivity (k) and
relative selectivity coefficient (k').

I(d,MIM Kd,NIM leM NIM k'
Penicillin G 4.75 2.04 - - -
Penicillin V 2.04 1.20 2.33 1.69 1.38
Amoxycillin 1.36 0.85 348 2.39 1.46
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