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Abstract A polyamidoamine dendrimer was synthesized,
placed on magnetite nanoparticles, and the resulting material
was then employed as a fiber coating for use in solid phase
microextraction of chlorophenols. The polyamidoamine was
expected to be an efficient extracting medium due to the pres-
ence of multipolar groups and its inner porosity. A thin stain-
less steel wire was coated with the dendritic polyamidoamine
polymer via electrolysis and chemical reactions. The coated
fiber was investigated in terms of headspace solid phase
microextraction of chlorophenols from aqueous samples
followed by GC-MS quantitation. The calibration plots are
linear in the 2-1000 ng-L™"' chlorophenol concentration
ranges. The LOD values (for an S/N ratio of 3) are between
0.6 and 10 ng-L~". The relative standard deviations (RSDs) for
spiked distilled water samples (for n = 3) are <7% at a level of
100 ng-L™". The RSDs for fiber to fiber variations at the same
concentration are <9%. The method was applied to spiked tap
water, well water and Caspian Sea water samples. Relative
recoveries are between 80 and 97%. The method shows good
repeatability, sensitivity, long operational lifetime, and the
fibers are physically stable.
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Introduction

Dendrimers are an interesting class of macromolecules with
hyperbranched, homogeneous and spherical structure, with
distinct properties such as multifunctional terminal surfaces
and high density of accessible active sites, nanoscale size,
monodispersity, host—guest potential, intensive internal
porosity and moderate biocompatibility [1-4]. One inter-
esting feature of these polymers is that their terminal
surfaces can be chemically modified for any desired applica-
tion. Polyamidoamine (PAMAM) dendrimers are the most
common type of these materials which is due to their globular
structure, imitating the three—dimensional structure of
biomacromolecules, their convenient synthesis method, high-
ly reactive primary amine terminal surfaces and good biocom-
patibility which make them suitable for many bio—oriented
applications [4, 5]. Two major approaches have been imple-
mented for synthesizing the desired dendrimers. In the first
approach, called “divergent method”, the dendrimer grows
from a central core in a stepwise manner which involves
assembling monomeric modules in a radial, branch—up-
on—branch motif based on certain principles. In the sec-
ond approach, convergent method, several dendrons are
synthesized primarily and then they reacted with a multifunc-
tional core to obtain the final product [6]. Dendrimers have
found wide numbers of applications in drug delivery and
medicinal applications [7-9], gene therapy [10], cancer
diagnosis and therapy [11], catalysis [12], electrochemi-
cal sensors [13, 14], coatings [15], separating agents
[16] and so on [17, 18] .

In the meantime, the high surface—to—volume ratio
of nanostructured materials such as magnetic PAMAM
provides more active sites for sorption, making an ap-
propriate platform for efficient separation/extraction
process [19].
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Chlorophenols (CPs) are widely distributed in the environ-
ment due to their numerous industrial and agricultural appli-
cations [20]. Due to their toxic and carcinogenic properties,
their determination has remained an important issue for envi-
ronmental health. Since the concentrations of CPs in the en-
vironment are at ng-L ™" to pg-L™" levels, their monitoring is
highly important. Development of a rapid, sensitive, and con-
venient sample pretreatment method for their simultaneous
determination is therefore essential [21, 22].

In this research, a synthesized dendritic polymer was chem-
ically immobilized on the surface of a stainless—steel wire to
be implemented as a fiber coating [23] for solid phase
microextraction (SPME) of trace amounts of CPs from water
samples.

Experimental
Chemicals

Ferric chloride hexahydrate, ferrous chloride tetrahydrate, am-
monia (25% w/w), 3-aminopropyltriethoxysilane (APTS),
methyl acrylate, salts of sodium chloride and sodium bicarbon-
ate, hydrochloric acid, ethanol, methanol, pyridine, acetonitrile,
acetone, thionyl chloride, hydrofluoric acid and chlorophenol
compounds (4-chlorophenol, 2,4-dichlorophenol, ethanedial
40% (w/w) solution, sodium nitrite 2,6-dichlorophenol and
2,4,6-trichlorophenol) were supplied from Merck (www.
merckmillipore.com). Acetic anhydride was purchased from
Fluka (www.sigmaaldrich.com). Ethylenediamine provided
from Loba Chemie (www.lobachemie.com). 4-aminophenyl
acetic acid was purchased from Acros (www.acros.com).
Standard solution of CPs compounds was prepared in
methanol at a concentration of 1000 mg-L ™.

Instrumentation

The optimizing experiments were carried out by a gas chro-
matograph model 6820 (www.agilent.com) with a flame
ionization detection system, a split/splitless injection port
and a HP-5 analytical column (30 m, 0.25 mm id) with 0.25
pum film thickness (Hewlett- Packard, Palo Alto, CA, USA).
The sample injection port was set on splitless mode for 4 min
at 180 °C while the nitrogen carrier gas with the purity of
99.99% passed through the column at a flow rate of
2 mL-min'. The temperature of detector was set at 290 °C.
A gas chromatograph model HP 6890 from Hewlette Packard
(HP, Palo Alto, USA) equipped with a split/splitless injection
port and a HP 5973 mass—selective detector was used for the
quantitation purposes and real samples analysis. The MS sys-
tem was operated on electron impact (EI, 70 eV) mode. A
capillary column, TRB-5MS (www.teknokroma.es) (30 m,
0.25 mm i.d.) with 0.25 pum film thickness, was used for
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separation of analytes. Helium gas with purity of 99.999% at
a flow rate of 1 mL-min ' was used as the carrier gas. The
samples were injected into the GC (splitless mode) at 180 °C
and the split valve was kept closed for 4 min. The temperature
program of GC was started at 40 °C for 4 min, increased to 55
°C at the rate of 10 °C-min”" and kept at this temperature for
2 min, then increased to 105 °C at a rate of 40 °C-min ' and
remained at this temperature for 2 min and finally raised to
200 °C at a rate of 40 °C-min ' and remained at this
temperature for 4 min. The GC-MS parameters were set at
270,230 and 150 °C for the interface, ion source and quadru-
pole temperatures, respectively.

For each analyte, two ions with the highest intensities were
selected for the time—scheduled selected ion monitoring (SIM)
mode. lons at m/z 128 and 170 were selected for 4-CP at
tg = 12.04 min; m/z 162 and 164 for 2,4-DCP and 2,6-DCP
at tg = 12.66 and 12.79 min; and m/z 196 and 198 for 2,4,6-
TCP at 13.28 min. Water samples in the 19 mL glass vials with
a PTFE faced septum and aluminum cap were heated in a
water bath (www.thermo.com) while stirred with a Gerhardt
Bonn (www.gerhardt.de) hot plate magnetic stirrer. FT-IR
spectrometer model ABB Bomem MB-100 spectrometer
(www.abb.com) was used for characterization and
identification of PAMAM. The field emission—scanning
electron microscopy (FE-SEM) images were obtained by
TESCAN MIRA 3 LMU instrument (www.tescan.com).

Synthesis of magnetic PAMAM dendrimer

Synthesizing the PAMAM dendrimer was initiated by
preparation of magnetic nanoparticles (MNPs) as the
core moiety based on the iron salts co—precipitation method.
Stoichiometric amounts of FeCl;.6H,0 (5.2 g) and
FeCl,.4H,0 (2.0 g) were dissolved in 50 mL deaerated double
distillated water at 70 °C under the nitrogen atmosphere.
Then, 20 mL ammonia solution (25%) was added to the solu-
tion drop by drop with vigorous stirring. A black Fe;04 MNPs
precipitate was immediately formed and separated by the ap-
plication of an external magnetic field. The produced MNPs
were washed several times with double distillated water to
remove all the chloride ions; then they were washed two times
with methanol and dried under the nitrogen atmosphere at
45 °C. A mixture of MNPs was prepared by sonicating 2 g
of dried Fe;04 in 50 mL ethanol/water mixture (4:1) for
30 min. To functionalize the prepared MNPs, an excess
amount of APTS (6 mL) was added into the mixture and kept
it at 80 °C for 48 h. The amine functionalized MNPs were
collected by a permanent magnet from cooled mixture and
washed three times with methanol and dried under neutral
atmosphere. An amount of 1.7 g of amine functionalized
MNPs was dispersed in 30 mL of absolute methanol in soni-
cation bath for 30 min. After addition of 2 mL methyl acrylate,
the mixture was kept at 50 °C for one week (GO0.5). Then
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MNPs@APTS were magnetically separated from the cooled
mixture and washed 3 times with dry methanol; dried under
the nitrogen atmosphere and then was suspended again in
50 mL of methanol. A volume of 3 mL ethylenediamine was

added to the mixture and stirred at room temperature for a day.
Then mixture was kept at 50 °C for one week. The PAMAM
coated MNPs (G1) (MNP@PAMAM) was magnetically col-
lected and then washed 3 times with absolute methanol, and

NH, NH,

Fig. 1 Synthetic steps of magnetic polyamidoamine dendrimer. a) After methyl acrylate addition, b) After ethylenediamine addition

@ Springer



2204

Microchim Acta (2017) 184:2201-2209

dried as previously described. The synthesizing step was re-
peated for two more times using a 50—fold excess of methyl
acrylate and a 125—fold excess of ethylenediamine with re-
spect to the amount of amino groups. The third generation
of PAMAM dendrimer (G3) is expected to be grown up on
the surface of MNPs [4, 24]. The schematic steps for prepara-
tion of MNP@PAMAM dendrimer are shown in Fig. 1.

Preparation of PAMAM SPME fiber

A 2.0—cm stainless steel wire was etched by diluted
hydrofluoric acid for 30 min and then washed and sonicated
by acetone. The next step included primarily functionalizing
the wire, involving the electrochemical reduction of 4—amino
phenyl acetic acid for in situ generation of aryl diazonium
cation [25, 26]. As it was previously reported, the
functionalizing process proceeded by addition of sodium ni-
trite solution (2 mM) to 4—amino phenyl acetic acid (2 mM) in
0.05 M HCI solution under maximum stirring rate. Prior to the
electrochemical functionalizing process, the solution was kept
at room temperature for 5 min to ensure the completion of the
reaction. Then, the wire was placed in the electrolyte solution,
as the cathode, and a piece of aluminum foil was used as the
anode while a constant potential of 1.5 V was applied for
15 min [27]. Then, the functionalized wire was immersed in
SOCI, for 12 h. For amidation reaction, the wire— substrate
was immediately immersed in PAMAM suspension of pyri-
dine for 6 h to chemically bond the first layer of PAMAM on
the fiber. For adhesion of additional layers of PAMAM, the
wire was immersed in PAMAM suspension in acetonitrile

with 10 uL 0f40% (w/w) solution of ethanedial as cross linker
for 2 h [28, 29]. The prepared fibers were positioned in a
laboratory—made SPME device for implementation of extrac-
tion process (Fig. 2). The prepared fiber was conditioned in
the GC injection port under N, stream at 150 °C for 2 h and
raised to 180 °C and kept for 3 h.

Extraction procedure

After preparation of the PAMAM SPME fiber, it was used for
headspace extraction of CPs from water samples. For deriva-
tization of CPs, 3.0 g of sodium chloride, 0.2 g of sodium
bicarbonate and 0.1 mL of acetic anhydride were added to
12 mL of spiked water/sample in a 19 mL vial and it was
vigorously shaken until the CO, gas formation was ceased.
The vial was sealed with a PTFE—faced septum and an alumi-
num cap and stirred at maximum rate at 30 °C. In order to do
extraction process, fiber coating was exposed to the headspace
over the aqueous sample for 15 min at 30 °C. After extraction,
the SPME fiber was transferred from the sample vial to the
180 °C GC injection port for 4 min.

Results and discussion
Synthesis and characterization of the PAMAM dendrimer
MNPs were chosen to be the first core due to their high surface

to volume aspect ratio and magnetic property which is essen-
tial in separating the synthesized product in each steps of

Fig. 2 Functionalization of R= CH,COOH
substrate with aryl diazonium, V) o /2 /\
acylation, amidation and a) + X 'N;—x( R —— | *t+( \( );)—R — |—{ ),\—R
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synthesis. Functionalizing MNPs by APTS led to the genera-
tion of amine groups on its surface, assisting the grown up of
PAMAM dendrimer [30].

Fourier transform infrared spectroscopy (FTIR) is
helpful to examine the synthesis process. Fig. 3a shows
the FT-IR spectra regarding the two steps in one gener-
ation PAMAM synthesis on the surface of MNPs (G0.5
and G1.0, after methyl acrylate and ethylenediamine ad-
dition, respectively) and the stretching vibration of ester
groups at 1744 cm™ ' for G0.5 disappeared in the second
step because of conversion of ester to amide groups.
Also the FT-IR spectra of MNP, MNP@APTS and

MNP@PAMAM (G3) are shown in Fig. 3b. The spectrum
of bare MNP shows stretching vibration of Fe-O at
641 cm '. Absorption peaks appearing at around 900—
1200 cm ! and 444 cm ! are attributed to the Si—-O—Metal,
Si—OR and O-Si—O vibrations of the MNP@APTS spectrum
and also the vibration peak at 1631 cm™' shows N—H bending
vibration of amino group of APTS. For MNP@PAMAM
(G3), the dual peaks at 1635 and 1547 cm " are corresponding
to amide C = O stretching and N—-H bending vibrations, re-
spectively. Absorption peaks at 2850-3000 and 3000—
3600 cm ' are attributed to the C—H and N-H stretching
vibrations.

40
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Fig. 3 FT-IR spectra of two steps in one generation PAMAM synthesis, a) G0.5 b) G1.0 and b FT-IR spectra of a) MNP, b) MNP@APTS and c)

MNP@PAMAM (G3). See the text for details

@ Springer



2206

Microchim Acta (2017) 184:2201-2209

Fabrication and evaluation of the PAMAM SPME fiber
coating

For fabrication of the PAMAM SPME fiber coating, the stain-
less steel wire was primarily functionalized by aryl diazonium
layer. The primarily PAMAM dendrimer layer bonded to the
substrate via intensification of the surface activity by thionyl
chloride as an activating agent. The amidation reaction be-
tween PAMAM amino group and activated acyl group of di-
azonium layer was expected to occur. The PAMAM coating
thickness was subsequently enhanced using ethanedial as a
cross linker [12].

The surface characteristics of the PAMAM SPME fiber
were investigated by FE-SEM. As Fig. 4a shows the stainless
steel substrate demonstrates some small cavities which is due

SEM MAG: 10.0 kx SEM MV 150 kY
WO 11,58 e Det: St
" 1000 View Dels: 144 pm

MIRA) TESC

RAZI FOUNDATION

SEM MAG: 50.0 kx SEM MV 150 &V
WO 11,64 e Det St
= 1000 View Dol 2.89 pm

I talany l MIRAD TESC

500 am
RAZI FOUNDATION

to the etching process. Figure 4b illustrates the functionalized
diazonium layer is covering the cavities throughout the sub-
strate while the formation of primarily PAMAM layers and
subsequent cross—linking process are shown in Fig. 4c and 4d,
respectively. Apparently, the final PAMAM dendrimer coat-
ing possess sufficient porosity, expecting to act as an appro-
priate candidate toward isolation of polar—oriented organic
compounds.

Optimization

The extraction efficiency of the prepared coating was investi-
gated by adapting a HS-SPME method to isolate some select-
ed CPs from aqueous samples followed by GC-MS determi-
nation. Considering the relative volatility of acetylated

SEM MAG: 50.0 kx SEM MV 150 KV
W 11.63 men Dot St
e 10.00 View Deld: 2.89 pm

MIRAD TESCAN

RAZI FOUNDATION

500 am

WO 11.52 e Det St

" 10.00 View Deld: 2.89 pm RAZI FOUNDATION

Fig. 4 SEM images of (a) etched stainless steel substrate (b) primary functionalized diazonium layer, (¢) PAMAM primary layer and (d) PAMAM

coating layers after addition of cross linker
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Table 1 Some analytical data
obtained after HS-SPME of se- Compound LOD* LOQ" LDR* R? RSD RSD RSD RR RR RR
lected CPs using the PAMAM @ @) (@ (% (B (%)*
dendrimer fiber and GC-MS
4-Cp 10.0 30 30-1000  0.9964 7 9 9 91 84 88
2,4-DCP 1.0 4 4-1000 0.9988 6 8 9 93 98 91
2,6-DCP 1.0 4 4-1000 09994 4 8 8 97 98 93
2,4,6-TCP 0.6 2 2-1000 09935 6 9 9 82 87 80
“(ngL ™)
o Intra-day (n = 3)
¢ Inter-day (n = 3)
4 Fiber to fiber (n=3)
¢ Tap water (n = 3)
fWell water (n = 3)
€ Caspian-sea water (n = 3)
chlorophenols and their adaptability for HS-SPME procedure, =~ Method validation

chlorophenols were derivatized. Initially, the cross linker vol-
ume was necessary to be optimized to find the most suitable
fiber coating.

Ethanedial as a cross linker, plays a major role in increasing
the PAMAM coating thickness. The effect of ethanedial on the
PAMAM fiber performance was studied by its various contri-
butions within the polymeric structure. The results demon-
strates addition of ethanedial up to 10 uL led to thicker
PAMAM coating and improving the extraction efficiency
while, the excess amount of etanedial causes the deactivation
of active sites. An amount of 10 uL of ethanedial was there-
fore used as the optimum quantity.

Eventually, the effects of influential parameters on the ex-
traction and desorption efficiency including the ionic strength
(A), extraction temperature (B) and time (C), desorption tem-
perature (D) and time (E) were considered for optimization.
Respective data and figures are given in the Electronic
Supporting Material (Fig. 1S). We found the following exper-
imental conditions to give the most appropriate results: a salt
concentration of 25%, equivalent to 3 g of sodium chloride
(A); extraction temperature of 30 °C (B); extraction time of
15 min (C); and desorption temperature of 180 °C (D) and its
duration time of 4 min (E), while carry over remains
negligible.

The calibration curves show good linearity for most of the CPs
with correlation coefficients ranging from 0.9935 to 0.9994.
Limits of detection (LODs) and limits of quantification
(LOQs) were obtained, based on the signal-to—noise ratio of
3 and 10, are in the range of 0.6 to 10.0 ng-L™" and 2.0 to
30.0 ng-L ", respectively. The relative standard deviation per-
centage (RSD%) values for intra—day, inter—day and fiber to
fiber was calculated at 100 ng-L™" concentration level and are
less than 9% (the significant quantitative data are tabulated in
Table 1). To evaluate the applicability of this method to real
samples, Tehran drinking water, well and Caspian—sea waters
were spiked with CPs at 100 ng-L ™" and analyzed under the
optimized condition. The results show good relative recover-
ies for CPs in complex matrix such as sea water (Table 1).
Also Table 2 shows a comparison between the analytical data
obtained from the HS-SPME PAMAM fiber with other sor-
bents. The prepared PAMAM SPME fiber in comparison with
other published methods shows lower LOD values and faster
extraction time. The polarity of extraction media due to pres-
ence of amine functional groups leads to higher tendency for
phenolic compounds. Moreover, the dendrimeric sorbent can
be modified and functionalized desirably for extraction of oth-
er analytes and future purposes.

Table 2 Comparison of current sorbent with other sorbents for analysis of CPs in aqueous samples using HS-SPME-GC-MS method

Sorbent 4-CP 2,4-DCP 2,6-DCP 2,4,6-TCP LDR (ng LY Extraction time (min)
Current method LOD (ng-Lfl) 10 1 1 0.6 2-1000 15

[31] LOD (ngL™") 10 2 2 2 7-1330 40

[32] LOD (ng:L™") 15 2 2 0.8 3-1500 10

[33] LOD (ng:L™") 40 5 8 5 10-100,000 30

[34] LOD (ng:L™") 700 1100 800 500 5000-150,000 -
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Conclusion

A new magnetic PAMAM fiber coating was synthesized and
implemented to quantify traces of CPs in water samples.
Possessing three—dimensional network which provides higher
specific surface area, intense internal porosity and loading
capacity, capability of the chemical structure of coating for
contribution in hydrogen bonding and higher polarity led to
the construction of a rather susceptible fiber for extracting
polar—oriented organic compounds. Eventually, the chemical
binding between substrate and the coating led to a chemically
and thermally stable SPME fiber, while its thermal stability is
not comparable with the sol-gel-based fiber coatings. In over-
all, the constructed dendritic SPME fiber coating exhibits ap-
propriate extraction efficiency along with good relative recov-
eries for the selected CPs. The analysis of various samples
such as drinking water, well and Caspian-sea waters led to
low LOD and LOQ values, well below the allowable levels
along with acceptable RSD%. The current SPME fiber can be
used for more than 60 times at the 180 °C desorption temper-
ature. These results confirm that the modified PAMAM den-
drimer is an appropriate candidate as a SPME fiber coating for
extracting polar—oriented compounds. Apparently, the den-
dritic polymers with plenty of flexible functional groups can
be selectivity modified.Their inherent potential makes them
suitable for further applications.
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