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Abstract A novel and efficient sulfadiazine imprinted
polymer was synthesized via co-precipitation method and
successfully grafted on magnetic multi-walled carbon
nanotubes. The synthesized magnetic imprinted polymer
was characterized by scanning electron microscopy, Fou-
rier transform infrared spectroscopy, X-ray powder dif-
fraction analysis, thermal analysis and applied as a sorbent
for selective magnetic solid-phase extraction of sulfadia-
zine. The retained sulfadiazine was eluted by 150.0 uL
methanol/acetic acid (6:4) solution and quantified by fiber
optic linear array spectrophotometry via formation of a
detectable azo dye. All parameters affecting the extraction
of sulfadiazine were investigated and optimized. Under
the optimized conditions, the method exhibited a linear
dynamic range of 2.0-50.0 g L~! with a detection limit of
0.56 ug L™! and enrichment factor of 300.0. The relative
standard deviation at 30.0 ug L™ of sulfadiazine (N = 6)
was 2.8 and 4.6% for intra-day and inter-day, respectively.
The method was successfully applied to determine sul-
fadiazine in human urine, honey, milk and environmental
water samples.
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Introduction

Sulfadiazine (4-amino-N-2-pyrimidinyl-benzene sulfona-
mide, SD) is an effective, inexpensive and broad-spectrum
synthetic antibiotic agent which is widely used for veteri-
nary purposes to control bacterial infection. Thus, it may
enter the food chain via consumption of animal products,
water contaminated by surface runoff or transport through
soil and uptake by plants [1]. On the other hand, it is well
known that sulfadiazine has relatively long half-life and
potential carcinogenic effect. Furthermore, the spreading
of antibiotics into the environments may lead to the gen-
eration of resistant pathogens [2]. Accordingly, there is an
urgent need to develop a selective, simple, sensitive and
reliable analytical method for monitoring its concentration
in different matrices.

Several analytical methods have been reported for
the determination of sulfadiazine using different modes
of chromatography (HPLC, LC/MS, GC and TLC) [3-
5], capillary zone electrophoresis [6], enzyme-linked
immunosorbent assay (ELISA) [7], different electro-
chemical techniques [8, 9], chemiluminescence [10],
spectrophotometric methods [11-13] and flame atomic
absorption spectrometry [14]. Among them, spectro-
photometric techniques are the most commonly utilized
technique for the analysis of different analytes due to
the wide availability of the instrument, inherent simplic-
ity, low cost, adequate precision and accuracy. Accord-
ingly, various spectrophotometric methods have been
developed for the determination of sulfadiazine in dif-
ferent matrices which the majority of them are based
on a derivative reaction of sulfadiazine with different
coupling agents such as iminodibenzyl [11], phloroglu-
cinol [12] and a-naphthylamine [13] to produce a detect-
able azo dye. However, due to the lack of selectivity of
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spectrophotometry beside the low concentration of sul-
fadiazine in real samples with the complex matrix, an
efficient sample pretreatment is indispensable prior to
instrumental quantitative analysis. Several sample prep-
aration methods including cloud point extraction [14],
dispersive liquid-liquid microextraction [15] and solid-
phase extraction [16] have been used for the separation
and preconcentration of sulfadiazine.

Molecular imprinting technique is a promising and
powerful method to design and construct tailor-made bio-
mimetic receptors with specific molecular recognition abil-
ity. This technique is based on the synthesis of a polymeric
matrix in the presence of template molecule/ion. Removal
of the template leaves behind specific recognition cavities
complementary in size, shape and chemical functionality to
the template. Due to the high selectivity, high stability, rela-
tive ease of production, reusability and low cost, these pol-
ymer-based materials have been applied for separation and
solid-phase extraction of a wide variety of target analytes
[17]. Despite widespread application, traditionally pre-
pared imprinted polymers suffer some drawbacks includ-
ing high rigid structures, incomplete template removal,
poor site accessibility, low binding capacity and slow mass
transfer. However, surface imprinting through grafting
imprinted polymer on the surface of a support material has
been proved to be a promising technique to overcome these
drawbacks via controlling the template molecules to locate
at the surface of imprinted materials [18]. Different materi-
als such as Fe;0, nanoparticles [19], titanium dioxide [20],
carbon nanotubes [21] and graphene [22] have been used
as a support material in the surface imprinting process.
Among them, multi-walled carbon nanotubes (MWCNTs)
have attracted great attention due to their extraordinarily
high specific surface area, unique atomic structures, high
mechanical strength and ease of surface modification [23].
Several kinds of imprinted polymers have been synthesized
and applied for the recognition of sulfadiazine, but the syn-
thesis of MIP based on MWCNTs is not reported yet [10,
24-28].

In our previous study, a simple, sensitive and fast spec-
trophotometric method was developed for quantification
of sulfadiazine based on the formation of an azo dye with
thenoyltrifluoroacetone as a new coupling agent [29]. In
this study, we intended to synthesize a novel molecularly
imprinted polymer based on magnetic multi-walled carbon
nanotubes (MMWCNTs-MIP) and develop a novel mag-
netic micro-solid-phase extraction method for selective
separation and preconcentration of sulfadiazine. Further-
more, the developed microextraction method was combined
with our previously reported spectrophotometric technique
to provide a more reliable method for determination of sul-
fadiazine in complex matrices. The developed method was
thoroughly investigated and optimized and successfully
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applied to determine sulfadiazine in human urine, honey,
milk and environmental water samples.

Experimental
Apparatus

An Avantes (Netherlands) photodiode array spectropho-
tometer model Ava-Spec-2048 with a source model of Ava
Light-DH-S-BAL was used for all absorbance measure-
ments. The spectral measurements were done against the
blank solution as a reference. The pH measurements were
performed with a Metrohm pH meter (model 827, Switzer-
land) equipped with a combined glass calomel electrode.
A model MR 3200 heater-stirrer (Heidolph, Germany) was
used for the synthesis of the polymer. A strong magnet (1.2
T, 10 cm x 5 cm x 2 cm) was applied for the magnetic
separation.

Standard solutions and reagents

All reagents were of analytical reagent grade and used
without any further purification. Multi-walled carbon
nanotubes (diameter: 30-50 nm, length: ~20 wm) were
obtained from Research Institute of the Petroleum Indus-
try (Tehran, Iran). Sulfadiazine was purchased from Alfa
Aesar (Karlsruhe, Germany). 2,2’-Azobisisobutyronitrile
(AIBN) was purchased from the ACROS Company (New
Jersey, USA). Thenoyltrifluoroacetone was purchased
from Sigma-Aldrich (Missouri, USA). All the other chemi-
cals including, methacrylic acid (MAA), ethylene glycol
dimethacrylate (EGDMA), ammonium iron (II) sulfate hex-
ahydrate and cetyltrimethylammonium bromide (CTAB)
were purchased from the Merck Company (Darmstadt,
Germany). Double distilled water was used during the
study. A 1000.0 mg L~" stock standard solution of sulfadia-
zine was prepared by dissolving an accurately weighed
amount of powdered standard in diluted alkaline solution.
Working solutions were prepared daily through serial dilu-
tions of the standard stock solution with distilled water. A
1% (w/v) thenoyltrifluoroacetone solution was prepared by
dissolving an appropriate amount of the reagent in ethanol.

Real sample preparation

Milk and honey samples were purchased from a local
supermarket. Twenty mL of an ethanol/acetic acid (97:3,
v/v) solution was added to 200.0 mL of the milk sample
and homogenized under sonication for 30 s. The mixture
was centrifuged for 5 min at 5000 rpm [30], and 150.0 mL
of the supernatant was treated according to the developed
procedure. Ten mL double distilled water was added to
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20.0 mL of honey sample. The solution was mixed and fil-
tered using a filter paper. The filtrate was then diluted to
150.0 mL with double distilled water, mixed thoroughly
and centrifuged at 5000 rpm for 15 min [31]. The super-
natant was treated according to the developed method. The
urine sample provided by a healthy volunteer was stored
at —4 °C until analysis. The sample was centrifuged at
5000 rpm for 15 min. Then, 50.0 mL of the supernatant was
diluted to 150.0 mL and treated according to the developed
procedures [32]. The Well water sample was filtered using
a 0.45 Millipore filter. Then 150.0 mL of it was treated
according to the given procedure.

Synthesis of MMWCNTs-MIP

As shown in Fig. 1, the MMWCNTs-MIP was synthesized
in three steps. The first step was to introduce the carboxylic
groups onto MWCNTs surface. For this purpose, 500.0 mg
of MWCNTs was dispersed in 100.0 mL 3:1 (v/v) mixture
of concentrated sulfuric/nitric acid under sonication for
2 h and refluxed under magnetic stirring at 80 °C for 3 h.
The mixture was then filtered through a 0.45 um polycar-
bonate membrane and washed thoroughly until the filtrate
was neutral. The resultant carboxylic acid functionalized
MWCNTs were dried under vacuum at 60 °C overnight.
The second step was to introduce magnetic property into
the carboxyl-functionalized MWCNTs (MWCNTs-COOH)
which was achieved through a simple solution method
[33]. Briefly, 0.6 g of ammonium iron (II) sulfate hexahy-
drate was dispersed into 20.0 mL of double distilled water

Fig. 1 Schematic illustration
for synthesis of sulfadiazine

imprinted polymer based on ﬁ/%‘ ‘ H,SO
MWCNTSs § ;JJ\J et
i HNO,
il
bl
< W

.

\
M cooH e
Wﬁﬂﬁi (NH4 )2 FC(SO4)2 6H20 ;.r r‘: ")‘,";

and hydrazine hydrate solution (volume ratio 3:1) which
resulted in the instant formation of a grass-green solution.
Then 250.0 mg of carboxyl-functionalized MWCNTSs was
added to the solution, and the mixture was stirred vigor-
ously. Subsequently, the pH of the mixture was adjusted in
the range of 11.0-13.0 by the addition of ammonia solution
and it was then refluxed at boiling point for 2 h. Finally, the
magnetic product was separated using an external magnet
and washed several times with double distilled water and
ethanol, and dried at 60 °C under vacuum for 24 h.

In the third step, the MMWCNTSs-MIP sorbent was
prepared. To synthesize MMWCNTs-MIP, 0.5 mmol
of sulfadiazine powder was dissolved in 100.0 mL of
DMSO followed by the addition of 2.0 mmol of MAA.
After 60 min stirring, 500.0 mg of MMWCNTs along
with 200.0 mg CTAB (as dispersant [21, 34]) was added
and mixed for another 60 min. Subsequently, 10.0 mmol
of EGDMA and 50.0 mg of AIBN were added and mixed
thoroughly. The mixture was cooled to 0 °C and degassed
under a nitrogen atmosphere for 15 min. Finally, the flask
of the mixture was sealed and transferred to a water bath.
The temperature was slowly raised to 60 °C, and the reac-
tion was allowed to proceed at 60 °C for 24 h. After com-
pletion of polymerization, the synthesized magnetic sul-
fadiazine imprinted polymer was collected using external
magnet, washed with double distilled water and ethanol
several times and dried under vacuum at 60 °C. To remove
sulfadiazine from the MMWCNTs-MIP, the obtained
polymer was treated successively with 6:4 mixture of
methanol/acetic acid solution until no SD was detected by
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spectrophotometer in the eluent. The control polymer was
prepared by the same procedure, but without the presence
of sulfadiazine.

General procedure

20.0 mg of the MMWCNTs-MIP was added to the stand-
ard or sample solution of sulfadiazine with pH of ~4. The
mixture was stirred by means of a mechanical stirrer for
10 min. The sorbent was then separated using an external
magnet followed the decantation of the supernatant. To
desorb retained sulfadiazine, 150.0 uL of 6:4 mixture of
methanol/acetic acid solution was added to the sorbent and
sonicated for 4 min. Subsequently, the sorbent was sepa-
rated with a magnet and the supernatant was transferred to
a spectrophotometric cell for quantification.

Sulfadiazine was spectrophotometrically quantified
based on the derivative reaction between diazotized sulfadi-
azine and thenoyltrifluoroacetone as a coupling agent in the
alkaline medium [29]. For this purpose, 70.0 uL of sodium
nitrite (5.0 x 107> mol L™!) and 90.0 pL of hydrochloric

acid (3.0 mol L") were added to the extract. The contents
were mixed well for a few seconds the sulfadiazine diazo-
tization was completed in acidic medium. Then, 120.0 pL
of sodium hydroxide (6.0 mol L™!) along with 90.0 uL of
thenoyltrifluoroacetone (1.0%) was added to the solution
which resulted in the instant formation of an orange azo
dye. The content was mixed thoroughly and the resultant
orange azo dye was detected for quantification of sulfadia-
zine using fiber optic linear array spectrophotometry at
510 nm against the reagent blank.

Results and discussion
Sorbent characterization

The stepwise surface modification of MWCNTSs and suc-
cessful synthesis of the MMWCNTSs-MIP were ascertained
by the FT-IR spectroscopy (Fig. 2). Figure 2a, b represents
the FT-IR spectra of MWCNTs and MWCNTs-COOH.
As it is demonstrated in Fig. 2b, the appearance of the
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Fig. 2 FT-IR spectra of MWCNTSs (a) MWCNTSs-COOH (b) MMWCNTs-COOH (¢) MMWCNTs-MIP (d)
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characteristic absorption band of C=O stretching vibra-
tion at 1684 cm™!, COO~ asymmetric stretching band at
1621 cm~! and O-H stretching band at 3405 cm™! confirms
the successful introduction of carboxylic groups on the
MWCNTs surfaces. The spectrum of magnetic multi-walled
carbon nanotubes (MMWCNTs-COOH) (Fig. 2¢) showed
the same characteristic bands with decreased intensity or a
slight shift in some peaks which is due to further modifica-
tion of MWCNTs—COOH with the magnetic nanoparticle.
The observed characteristic band at 559 cm™!, correspond-
ing to Fe-O in Fe;0,, is indicative of successful synthesis
of MMWCNTs. Furthermore, the spectrum of MMWCNTs-
MIP (Fig. 2d) is quite different. The appearance of absorp-
tions peaks corresponded to O-H stretching vibration at
3441 cm™!, C-H stretching vibration in CH, and CH; at
2853 and 2956 cm™! and the related bending vibrations at
1390 and 1458 cm™!, C=0 stretching vibration of carboxyl
group (in MAA) at 1731 cm™!, C=C stretching vibration in
the benzene ring of sulfadiazine at 1559 cm™!, asymmet-
ric and symmetric C-O stretching of ester (in EGDMA) at
1265 and 1152 cm™" and the Fe-O stretching vibration at
470 cm™! indicates that the sulfadiazine imprinted polymer
has been grafted successfully on the MMWCNTs—-COOH.

The morphological structure of MWCNTs, MMWC-
NTs and MMWCNTs-MIPs was characterized using SEM
(Fig. 3). Comparison of these three images revealed the
homogeneous distribution of iron oxide nanoparticles on
the MWCNTs (Fig. 3b vs. a) and the successful grafting of
MIP on the MMWCNTs surface (Fig. 3c).

The successful synthesis of the sorbent was further
verified by investigating the X-ray diffraction pattern of
prepared MMWCNTs-MIP. As indicated in Fig. 4a, the
appearance of characteristic diffraction peak of MWC-
NTs (JCPGS Card No. 01-0640) at 20 = 26.13° and also
the characteristic diffraction peaks of Fe;0, (JCPDS Card
No. 19-0629) at 26 = 30.29, 35.70, 43.28, 53.38, 57.31 and
62.92 confirms the presence of MWCNTs and magnetic
phase in the final MMWCNTSs-MIP. The TG/DTA analysis
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was also carried out to investigate the thermostability of the
synthesized MWCNTs-MIP. Based on the thermogram rep-
resented in Fig. 4b, the sorbent was stable up to 250 °C and
the weight loss due to decomposition of MIP layer occurred
between 250 and 400 °C. Also, the weight fraction of MP
layer was estimated to be ~21.4%. This evidence further
verifies the successful synthesis of MMWCNTs-MIP.

Optimization of extraction condition

To assess the capability of synthesized MMWCNTSs-MIP
as a sorbent for selective magnetic micro-solid-phase
extraction of sulfadiazine, different parameters affecting
the extraction conditions were investigated and optimized.
All optimization experiments were done in triplicate using
univariable approach.

Effect of the pH

The sample solution pH may drastically affect the reten-
tion capability of the analyte by the sorbent and thereby
improve the extraction efficiency. To investigate this
effect, the extraction procedure was performed at various
pH in the range of 2.0-7.0. As it is shown in Fig. 5a, the
extraction recovery increased with increasing the sample
pH, reached its maximum amount in the range of 3.5-4.5
and then decreased gradually. These observations can be
explained by considering the chemistry of sulfadiazine
and the surface binding sites of the sorbent in the aqueous
phase. According to the pKa value of MAA (pKa = 4.7),
at pH lower than 4.7, the surface charge of MAA, the
recognition site on the sorbent, is positive and in higher
pHs it is negative. On the other side, sulfadiazine with
the pKa values of pKal = 1.57 and pKa2 = 6.5 can
exist in cationic, neutral or anionic forms depending on
the environmental relevant pH [35]. Accordingly, at low
pH range (<1.57), sulfadiazine exists mainly in the cati-
onic form which is not favorable for interaction with the

v

SEMHV: 15KV |
View fleld: 6.3 pm | Yazd University 1 ym

Fig. 3 SEM images of MWCNTs (a) MMWCNTs-COOH (b) MMWCNTSs-MIP (c)

@ Springer



1940

JIRAN CHEM SOC (2017) 14:1935-1944

-8.0

: : -25.0
500 600 700 800

Temperature [°C]

Fig. 4 XRD pattern of MMWCNTSs-MIP (a) TG/DTA curve of MMWCNTs-MIP (b)

protonated recognition sites of the sorbent. Hence, negli-
gible amounts of sulfadiazine are adsorbed to the sorbent.
With the increase in pH, the ratio of neutral to the cati-
onic form of sulfadiazine increases and in the pH range
of 3.5-4.5 the interaction of analyte and sorbent reaches
its maximum, resulting in higher extraction efficiency. At
higher pH, the anionic form of sulfadiazine dominates
and the extraction recovery decreases as a consequence
of the repulsion with negatively charged MAA. Based on
this evidence, the pH of ~4 was chosen as optimum pH
for quantitative extraction of sulfadiazine.

@ Springer

Effects of desorption condition

Effective desorption of analyte from the sorbent is neces-
sary to ensure its quantitative recovery. To optimize the
desorption condition, type and volume of desorbing solu-
tion were investigated and optimized. For this purpose,
different solvents including acetonitrile, methanol, acetic
acid and two mixture of methanol/acetic acid with the
volume ratio of (9:1) and (6:4) were examined. Among
them, 6:4 mixture of methanol/acetic acid was found to
be superior in comparison with other eluents. Therefore,
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it was used as a desorbing solution in subsequent experi-
ments. Likewise, the effect of volume of the desorbing
solution on the extraction recovery was examined by
varying its volume in the range of 50.0-250.0 uL. The
results showed that 150.0 pL of the desorbing solution is
sufficient for quantitative extraction of sulfadiazine.

Effect of the sorption and desorption time

To attain quantitative and satisfactory results in a proper
time, the effect of sorption and desorption time was con-
sidered. To optimize this parameter, the extraction pro-
cess was carried out at different times in the range of
1-40 min. As demonstrated in Fig. 5b, the extraction
recoveries increased with increasing the extraction time
from 1 to 10 min and then remained constant by a fur-
ther increase in the extraction time. Thus, 10 min was
sufficient to achieve quantitative extraction of sulfadia-
zine. The time of desorption of sulfadiazine was also
investigated and optimized via varying the time from
1 to 10 min. It was found that the complete removal of
sulfadiazine from the sorbent was achieved in 4 min
(Fig. 5c). These results confirm the fast sorption/desorp-
tion kinetic of the sorbent.
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tion, 30.0 ug L™'; amount of sorbent, 20.0 mg; desorbing solution,
150.0 pL mixture (6:4) of methanol/acetic acid

Effect of the amount of sorbent

The effect of the amount of sorbent on the extraction effi-
ciency of sulfadiazine was studied by using a different
amount of MMWCNTs-MIP in the range of 2.0-50.0 mg.
According to the obtained results, maximum extraction of
sulfadiazine was achieved using 20.0 mg of sorbent and
more amounts of the sorbent did not lead to a significant
improvement. Thus, 20.0 mg of the sorbent was used in
subsequent studies.

The effect of ionic strength

To investigate the effect of ionic strength on the extraction
efficiency of the sulfadiazine, different amount of NaCl
(0-10% (w/v)) was added to the sample solution. Based
on the results of this investigation (Fig. 5d), the addition of
salt up to 5% did not have a significant and beneficial effect
on the analytical signals. However, further addition of salt
resulted in a slightly negative effect on the extraction effi-
ciency. This behavior can be related to the increase in viscos-
ity due to the addition of salt, which hinders mass transfer
and resulted in lower extraction efficiency. Furthermore, the
reduction of interaction between analyte and sorbent surface
in the presence of high amount of salt may be another reason
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for the reduction of extraction efficiency. Consequently, sub-
sequent experiments were done without salt addition.

Effect of sample volume

The ability of the developed method for the enrichment of
the trace amount of sulfadiazine from the large sample vol-
ume was investigated. For this purpose, the extraction of
1.5 pg of sulfadiazine from different sample volumes (25.0—
250.0 mL) was carried out under optimum conditions. The
results revealed that the quantitative recovery (>95%) was
achievable up to a sample volume of 150.0 mL. Accord-
ingly, the developed method has the potency of achieving
high enrichment factor for the extraction of sulfadiazine.

Capacity and reusability of the sorbent

The sorption capacity of the synthesized imprinted sorb-
ent toward sulfadiazine was measured upon addition of
10.0 mg of MMWCNTSs-MIP to the 50.0 mL of sulfadia-
zine solution with a concentration of 10.0 mg L~'. After
60 min mixing, the amount of sulfadiazine remained in the
solution was determined and the sorption capacity of the
sorbent was found to be 48.4 mg g~ .

Reusability is a key factor in the assessment of the per-
formance and stability of the sorbent materials. The pos-
sibility of regeneration and reusability of the prepared
MMWCNTs-MIP was evaluated through the accomplish-
ment of five consecutive sorption—desorption cycles under
the optimized conditions. According to the results, extrac-
tion recoveries were quantitative without any significant
loss in the extraction capability of the sorbent. Therefore,

the MMWCNTs-MIP was stable and reusable at least for
five sorption—desorption processes.

Selectivity assessment

The selectivity of the synthesized MMWCNTs-MIP was
assessed by applying the developed method to sulfadia-
zine, sulfamethoxazole and sulfathiazole as its structural
analogues and metronidazole as the non-analogue. For
this purpose, 20.0 mg of MMWCNTs-MIP or MMWC-
NTs-NIP was added to the solution containing each com-
pound at a concentration level of 30.0 ug L~!. As it can be
deduced from the extraction efficiencies demonstrated in
Fig. 6, compared with MMWCNTSs-NIP, the MMWCNT-
MIP exhibited higher rebinding selectivity for sulfadiazine
and its analogues. The specific recognition property of the
synthesized MIP was evaluated using imprinting factor (c)
and selectivity factor () defined as follows:

_ A

“= 2 M
_al

=0 @

where 0, and Qy are the amounts of the examined com-
pounds retained on the MMWCNT-MIP and MMWCNT-
NIP, respectively. ; and o, represent the imprinting fac-
tor with respect to the template and other compounds,
respectively. The imprinting factors of 2.58, 1.19, 1.59 and
0.50 for sulfadiazine, sulfamethoxazole, sulfathiazole and
metronidazole and the selectivity factors of 2.16, 1.62 and
5.16 for sulfamethoxazole, sulfathiazole and metronidazole
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Table ,1 Comp arisqn ,Of the Analytical technique Extraction procedure ~ LOD? RSDY LDR® PF¢  References

analytical characteristics of —1 -1

: (ngL™) (%) (gL™)

the present method with other

previously reported methods for HPLC SPE 12 <7 36-800 _ [5]

determinati f sulfadiazi

clermnation of sufadiazine HPLC DLLME 123 27 438-4426 - [I5]

Chemiluminescence SPE 50 2.53 200-50,000 - [16]
Chemiluminescence SPE 38.5 2.56 100-25,000 - [10]
Spectrophotometry SPE 3.6 5.48 100-1000 - [11]
Spectrophotometry DMSPE 0.82 2.6 3-80 200 [29]
Spectrophotometry MSPE 0.56 2.8 2-50 300 This work

2 Limit of detection
® Relative standard deviation
¢ Linear dynamic range

4 preconcentration factor

Table 2 Determination of sulfadiazine in different samples

Sample Added (ugL™")  Found (ugL™")*  Recovery (%)
Milk 2 2.02 +£0.20 101.0
20 19.15 £ 0.24 95.8
40 39.11 4+ 0.38 97.9
Honey 2 1.91 £0.16 95.5
20 20.24 +0.27 101.2
40 38.37 +0.53 96.0
Urine 2 1.94+0.18 97.0
20 18.96 + 0.45 94.8
40 38.01 £ 0.35 95.0
Well water 2 1.97 £0.12 98.5
20 19.61 £ 0.32 98.1
40 39.45 +0.36 98.6

# Mean and standard deviation of three independent measurements

were obtained, respectively. Based on these results the
yielded imprinting factors for the template is bigger than
those of other compounds which indicate the good imprint-
ing effect of the synthesized MIP toward sulfadiazine.

Analytical performance

Once the developed method was optimized, different
analytical characteristics including dynamic range, cor-
relation coefficient (Rz), limit of detection, relative stand-
ard deviation (RSD) and preconcentration factor were
evaluated to assess the method performance. Calibration
curve constructed with the sample volume of 150.0 mL
was linear over the range of 2.0-50.0 ug L' of sulfadia-
zine with a correlation coefficient of 0.9996 and equation
of A = 0.0248C + 0.0011 (where A is absorbance and C
is the concentration of sulfadiazine in initial solution).
Limit of detection (LOD) of 0.56 ug L™ was obtained for

sulfadiazine based on 3S,/m, where S, is the standard devi-
ation of blank measurements and m is the slope of calibra-
tion graph. The preconcentration factor defined as the ratio
of the maximum volume of the aqueous phase (150.0 mL)
to the final volume of the extract (0.5 mL) was found to
be 300.0. The relative standard deviation (RSD) for the six
independent measurements of the 30.0 ug L™! of sulfadia-
zine was 2.8 and 4.6% for intra-day and inter-day analysis,
respectively.

The efficiency of the developed method was further
investigated by comparing the analytical parameters of the
method with those of recently reported methods for the
extraction and determination of sulfadiazine. The results
are presented in Table 1. As it can be concluded from
Table 1, the developed method provides a lower detection
limit and comparable precision. In comparison with our
previously developed dispersive micro-solid-phase extrac-
tion (DMSPE) method for sulfadiazine which is superior
in simplicity, ultra-fast extraction process and being cost-
effective by using the very low amount of sorbent, this
method provides higher preconcentration factor, lower
detection limits as well as higher selectivity.

Application

To assess the feasibility and applicability of the developed
method for determination of sulfadiazine in different matri-
ces, the method was utilized for the determination of sul-
fadiazine in different real samples including milk, honey,
environmental water samples and human urine. However,
the examined samples were found to be free of sulfadia-
zine. Therefore, the reliability of the developed method was
assessed through the recovery experiments by spiking the
samples with three levels of sulfadiazine. As it can be seen
from the results given in Table 2, the quantitative recoveries
were obtained for all samples type examined (from 94.8 to
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101.2%). Thus, the developed procedure is promising and
reliable for the determination of sulfadiazine in the wide
variety of real samples.

Conclusion

In this study, an efficient molecularly imprinted poly-
mer for sulfadiazine was synthesized via co-precipitation
method and successfully grafted on magnetic multi-walled
carbon nanotubes (MMWCNTSs-MIP) which provide the
enhancement in the surface area and facilitate its separa-
tion. Furthermore, the synthesized MMWCNTs-MIP was
characterized and applied as a novel sorbent for selective
magnetic micro-solid-phase extraction of sulfadiazine. The
experimental results indicated that the imprinted sorbent
possesses fast kinetics and good selectivity for sulfadia-
zine. Quantification of sulfadiazine was performed using
a simple and fast spectrophotometric method based on the
formation of an azo dye. Ease of separation of magnetic
sorbent, excellent selectivity and fast sorption/desorption
kinetic toward sulfadiazine in combination with simplicity,
rapidity, sensitivity and specificity of the spectrophotomet-
ric method provide a simple, cost-effective, selective and
reliable procedure for the determination of sulfadiazine in
a wide variety of real samples with complex matrices. Fur-
thermore, the developed method provided good accuracy
and precision, low detection limit and high enhancement
factor.
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