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Abstract

Agricultural, industrial, and municipal water releasing organic contaminants into
the environment is of serious ongoing concern. To morthese waterborne pollutants,
sample preparation steps are required prior to analysis. Consequently, massivibasféorts
been directed toward new approaches that are fast, selectiveffective, usefriendly
and green. Molecularly imprinted polymers (MIPs) are an elegant solution to add selectivity

into sorptive materials.

In this thesis, MIPs were prepared usiiffedent polymerization techniques and in
various formats such as MIP patrticles, Mhitfilm, and MIRcoated mesh. The prepared
sorbents were successfully utilized for extraction of different classes of pollutants such as
polycyclic aromatic hydrocarborf® AHS) and organophosphorus pesticides (OPPs) from
water samples. To improve the heigeneity of MIPs, a controllable polymerization
mechanism (reversible addition fragmentation chain transfer (RAFT) polymerization) was
implemented for synthesis MIPs dfes04@SiCG: particles for extraction of PAHSA
tailormade MIP formulation was also ated and optimized for selective extraction of
OPPs from water. The sorbent formulae are versatile for use in different formats such as
thin film and mesh. MIP extractiaevices can be readily interfaced with various detection
systems such as gas chrongaéphy flame ionization detector (&ID), atmospheric
pressure chemical ionizatiggas chromatographandem mass spectromet&RCI-GC-
MS/MS) and liquid chromatographtandem mass spectrometry (MS/MS) using liquid
desorption, and thermal desorptioAdditionally, these devices canincreag the

throughput, reliability, and simplicity of environmental analysis. For example, we



develged a newsolvent assisted thermal desorption head spaceH{®Tmethod, which
we demonstrate to be excellent for theadtrction of analytes enriched by MIP thin films,
and it is amenable to direct and seantomated method improving reproducibility and

throughput.

In thisthesis MIP fabrication and performance will be demonstrated evaluated.
The value MIP techniques iproviding precious sensitivity, selectivity to the quality of

analysis of organic pollutants in waisrpresented
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List of Symbols, Nomenclature or Abbreviations

2,4DCP 2,4-dichlorophenol
2,45TCP  2,4,5trichlorophenol

2,4,6TCP  2,4,6trichlorophenol

2-NP 2-nithrophenol
2-VP 2-vinylpyridine
4-CP 4-chlorophenol
4-VP 4-vinylpyridine
4-NP 4-nitrophenol
4-NAP 2-aminc4-nitrophenol
-E2 17-betaestradiol
ABDV 2,2-azobig2,4-dimethylvaleronitrile
ACBN 1,1+Azobis(cyclohexanecarbonitrile)
Ace Acenaphthene

Ace-d10 Acenaphthene10

ACN Acetonitrile

Acy Acenaphthylene

AEM Averaged extracted mass
AIBN 2,2-azobisisobutyronitrile
AM Acrylamide

ANOVA Analysis of variance

Ant Anthracene
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APCI
APTS
ATRP
BaA
BaP
BbF
BBT
BGP
BkF
BPA
BPAF
BPE
BPF
BPM
BPs
Co
Cis
CCD
CCLs
Ce
Chry
Chry-d12

CNTs

Atmospheric pressure chemical ionization
3-aminopropyltriethoxysilane

Atom transfer radical polymerization
Benzo(a)anthracene
Benzo(a)pyrene
Benzo(b)fluoranthene

Benzyl benzodithioate
Benzo(ghi)perylene
Benzo(k)fluoranthene

Bisphenol A
2,2-bis(4hydroxyphenyl) hexafluoropropane
Bisphenol E

Bisphenol F

Bisphenol M

Bisphenols

Initial concentration

Octadecyl

Central composite design
ContaminanCandidate Lists
Equilibrium concentration

Chrysene

Chrysened12

Carbon nanotubes
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Conc.

Concentration

CPE Cloud point extraction

CPs Chlorophenols

DART Direct analysis in real time

DB(ah)A Dibenzo(a,h) anthracene

DBP Dibutyl phthalate

DCM Dichloromethane

DEAEM 2-dimethyl aminoethyl methacrylate
DEHP Di(2-ethylhexyl) phthalate

DEP Diethyl phthalate

DES Diethylstilboestrol

DESI Desorption electrospray ionization;
DF Desirability function

DI-SPME Direct immersion solid ptsgmicroextraction
DLLME Dispersive liquidliquid microextraction
DMP Dimethyl phthalate
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DMSO Dimethyl sulfoxide
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DSPE Dispersive solid phase extraction
DvB Divinylbenzene

El Estrone
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Flu
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FR
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Electrospray ionization
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Flame ionization detector
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imprinted poly mers for the analysis of organic pollutants in

environmental water samples
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1.1. Introduction

The evetincreasing release of chemicals from human activities like agriculture and
industrial processes has impactedehgironment and human health, for example, through
exposure to cancer causing or promoting agEnt]. Environmental matrices affected
include water, soil, and atmosphere, as well as flora and;fallrd these are the concern
of analytical chemists. Numerous analytical methods, usually including liquid
chromatography (LC) andag chromatography (GC), have been reported for the
guantification of pollutants in different samples. Although direct atete methods can
improve throughput and reduce errors associated with sample handling, low analyte
concentrations, and sample compigxXimit their accuracyand suitability. Therefore,
simple, rapid, cheap and reliable techniques for elgarisolation,and preconcentration
of desired compounds from environmental samg@les necessarpefore instrumental
analysigq3, 4].

The simplest routingoreconcentration method used widely for environmental
analysis idiquid-liquid extraction (LLE)[5]. LLE is timeconsuming, labemtensive, and
expensivel@borand solvent cost)t also requires large sample volumes and toxic organic
solvents. To overcome these disadvantages, extraction technigiresasisolid phase
extraction (SPE)6-8], solid phase microextraction (SPME, 10], stir bar sorptive
extraction (SBSEJ]11, 12] liquid phase microextraction (LPMIE)3, 14} and cloud point
extraction (CPE)15, 16] have been developed for isolation and preconcentration of
contaminants from environmental samples. Though these methods advance extraction

protocolsby reducing reagent and sample volumes and time, whiahlbdvo adoption in



routine analyses, they suffer from lack of selectivity against interfering compounds and
their performance is sensitive to matrix compositib]. Selective sample preparation
methods improve sensitivity and reproducibility by decreasmatrix effects.

One approach to achieving tlésbyusing molecularly imprinted polymers (MIPSs),
which is the focus of this paper. MIPs, wharte frequently describeab plastic antibodies
andanalogous to naturalgccurring antibodies, feature selgetrecognition properties for
target moleculeshese synthetic molecular recognition systems are chemically robust and
relatively easy to tailor to new analytical targets. MIPs are synthedtzgdl(J through
the copolymerizon of a functional monomer and a crosslinker, such as methacrylic acid
(MAA) and ethylene glycol dimethacrylate (EGDMA), respectively, in the presence of the
template molecule (the target analgtean analogue with similar chemistry and shape).
Polymerkation is usually induced witthermalor UV activation of an initiator. After
polymerization, the template molecuke® removedeaving a polymer containing cavities
complementary in shape, siaad functional groups to the target molecule. The excellent
recognition properties d1IPs compared to noimprinted polymers (NIPs) argerived
from the interactions between the template molecule and a monomer functional group that
is present in the prpolymerization complex. These interacticen® easily reestiblished
when the MIPsre exposetb the analyte in theamplematrix. It is this feature that gives
MIPs a significant advantage over traditional 1setective sorben{d8]. MIPs which have
been utilizedn wide range applicationsicluding chromatgraphy[19], sensor$20-23],
drug delivery[24, 25]and catalysi§26-28], can be implemented as selective extraction
phases for sample preatment and preconcentratifd9-31]. In theory, the selectivity of

MIPs should increase the sensitivity and repeatability of water analysis by diminishing the



co-extraction of matrix interferences. This seledyivi reduces overlapping
chromatographic peaks and matrix effects at detection, particularly ion suppression in mass

spectrometry (MS])32].

Template
J’/ Crosslmker Vs
Pre- polymerlzatlon
PorOEen Initiator %

Fig. 1.1.Schematic illustration of general preparation procedure for MIPs.

Due to the broad applicability of MIPs, comprehensive reviews on principles of
MIPs synthesis, formatand their applicationBave been publishg®3-35]. Chen et al.
[36] provided a focused review of the components of MIPs, and novel technologies to
prepare MIPs for selective analyte recognition in sample preparaticomatography, and
sensors. SPE, which is a routine and global preconcentration method generally gerforme
using nonrselective extraction phases in packed cartridges, was reviewed specifically by
Caro et a[37]. Application of MIRSPE allows for selective adsorption of target analytes
during sample loading and removal of matrix components. Following the successful

application for SPE packing, MIPs have been developed for use astthetion phase in



other formats. These techniques are promising for miniaturization, ease of use, direct
sampling, and automation. For exampy et al.[38] published a review afynthesisof

MIPs on magnetic beads, in membranes, and in the forms of SPME &tfl SBrafraz

Yazdi and Razavj39] presented a review dahe preparationof MIPs applied in SPME
including coated and monolithic fibers, -tmbe SPME (coatings and gangs),
membranes, and sael MIPs. Nanoparticles, which offer a large surface area with the
possibility for functionalization, can be used asshpports to fabricate MIP sorbents. Thus
MIPs-coated nanoparticles have also been discussed in seveealsfid-42] Ansari’s
review [42] was particularly useful, with configuratisnand preparation methods for
magnetic molecularly imprietd polymers (MMIPs) discussed in detail. The magnetic
properties of MMIPs provide an advantage for dispersive solid phase extraction (DSPE),
allowing for fast and efficient collection of sorbenttpdes[43]. Other nanoparticles such

as silica, quantum dots, carbon dots, and gold or silver nanoparticlebdmvesed in
coreshell MIPs[44]. Although it has been demonstrated that MIPs introduce selective
recognition of analytes in a variety of formats, it is also essktttiassess their performance

in the context of real sample matrices.

Many authors have reported using MIPs for analysis of environmental, food, and
biological samples. Ansari and Karifdi5] detail thesynthesis of MIPs in SPE, SPME,
and ultrasoni@assisted SPE, sensoasid magnetic separations for a suite of applications
for the analysis of drugs in biological and environmental samples. Speltini [@6hl.
publishedan updated review of MIPapplicatiors (20142017) in which diffeent formats
of MIPs, including offline and online SPE, SPME, SBSE, and DSPE were used for the

analysis of contaminants in food and environmental samiesay and Ormed47] and



Huang et al[48] providedapplications of MIPs in water arvdastewater treatment. MIPs

can be implemented for selective extragtaf organic contaminants from environmental
sampleg49]. The examplesfeuch applications include polycyckztomatic hydrocarbons
(PAHSs) [50], endocrine disrupting chemicals (EDC#®)1], pharmaceutical$52] and
pesticided53]. There is avealth of research on such applications, and further details will
be presented in this review. Though there are many good reviews of MIP technology in
which the authorsdiscuss the applications and novel developments of the materials, MIP
technology in weer analysis has not been critically assessed.

This review aims to provide a comprehensive evaluatiothefselectivity and
efficiency of MIPs used in sanglpreparation step for analysis of organic pollutants in
water samples. To achieve this aim, tledofving topics will be reviewed: synthetic
strategies, characterization methodologies, and MIP formula and sample preparation
parameter optimization for watanalysis, especially environmental waters. The versatility
of MIPs has led to the developmenteteral techniques for selective extraction of organic
contaminants from aqueous samples, such as3®PE, MIRDSPE, MIRSPME, MIR
SBSE, and membrane protedtMIPs, which will be discussed and evaluatdue factors
that limitthe applicability of MIPsdr selective extraction and isolation of pollutants from
agueous matrices will be identified. These shortcomings are incompatibility of MIPs with
aqueous maices, poor imprinting effects favatersolublecompounds, heterogeneous and
nonspecific bindingsites, and adsorption of interferences. Novel strategies can be adopted
in the synthesis of MIPs to overcome these limitations. Finally, some novel andhigtili
applications of MIPs that allow for reducing sample manipulation, and automation of

analysissuch as direct analysis wile explained



1.2. Synthesis strategies for MIPs

1.2.1. Covalent imprinting

MIPsbasedn theformationof covalent bonds betwee the template and monomer
in prepolymerization solutions demonstrate the most homogenous structures with well
defined binding sites and cavities because of the fixed stoichiometric ratio of functional
monomer to template molecslarising from the spdaity of the bond formatiorj39].
The main drawback ofowalentbased MIPs is the need for an appropriate monomer
template complex that could form easily reversible covalent bonds with geometry and
chemistry suitable for uptake of targets from aqueous sysfgdjs For this reason,

covalent strategies are rarely used in water analysis.

1.2.2. Noncovalent imprinting

MIPs formedby nonrcovalent ineractions (e.g., hydreg bonding, iofpairing, or
dipole interactions) between the template andnomer,frequently use an excess of
monomer to promote tHermationof the monometemplate compleX39]. The selection
of the porogenic solvent is particularly important as it should not disrupt the interactions
between the monomer anemplate, e.g., water would interfere with hydrogen bonding
[55], and it needs to support the formation of a porous polymer matrix during the phase
separation proce$s6]. The porogen should also be similar in terms of polarity to@eie
matrices to ensure @nsistent microenvironment which could facilitate rebinding of the

analyte[57]. The selection of the pogen is not trivial, because the features required are



often mutually exclusive. Nwecovalent imprinting can introduce many ngpecific
binding sites because of the excestuottionalmonomers, which leads to a reduction of

the séectivity of extraction.

1.2.3. Semicovalent imprinting

To reduce nosselective binding, a hybrid strategy called seowalent imprinting
can be implementg@3]. In this approach, template moléssiare covalently bourtd the
functional monomerbeforepolymerization enhancing the selectivity. The analgteénds
through norcovalent interactions which overcome long equilibrium time as a limitation of
covalent approach¢s8]. Semicovalent MIPs feature more homogenous binding sites and
rapid mass transfdao both organic and inorganic polymeric networks. Tang ef58l
synthesized a derivae of the template by reaction between the template (clenbuterol) and
methacryloylchloride as the monomer for polymerization with EGDMA as the crosslinker.
Hydrolysis under acidic conditions removed the péate and leftMIPs with cavities
containing actie sites for nostovalent interaction (hydrogen bonding). The polymer
provided rapid equilibrium for uptake of the analyte within 20 min with high specificity:
adsorption capacity, 7.34 for MIPs and 1.99 grigor NIPs.

The covalent complex cdre formedhrough the reaction betwephenolic moiety
in the template molecul&,2-bis(4hydroxyphenyl)hexafluoropropaneand isocyanate
group in 3(triethyloxysily) propyl isocyanate[60]. The obtained complex was
incorporated into a seyel process in order foreparea MIP sorbentSoxhlet extraction
was then applied to remove the template from shiased polymer. Hydrogen bonding

between the analyte antliH2 groups available in the cavities was proposed as the non



covalent interaction for adsorption of the bisphenol A (B&]. A similar reaction was

also used to form a prepolymer complex in order to imprint estrond@E[L)The formed
urethane bond, which is stable at room temperatures and cleavable at high temjg&jature
was cleaved by stirring the MIPs in a dimethyl sulfoxide (DMSO) and water solution at
180 °C for 3 h. The prepared MIRave higher affinity for adsorption of E1 compared to
NIPs while no selectivity was observed for adsorption of testosterone propionate as a
structural analogue. Therefore, imprinted sites, which are complementary talite and
created through a cowit reaction, have ability for selective adsorption of the target

molecules through necovalent interactions.

1.3. Determining the performance of MIPs for sample preparation

1.3.1. Adsorption studies

To evaluate the perfmance of MIPs, adsorption properties such as equilibrium
adsorption capacity of the synthesized MIP particles should be considered. To obtain the
equilibrium adsorption capacity, MIPs are exposed to the analyte in aqueous niéBjices
or in organic solvents suclas acetonitrile (ACIN [64] methanol (MeOH)[65],
dichloromethane (DCM)66] or water mixed with an organic solvef7] for an
experimentally determa interval, which is long enough to ensure equilibration. The
capacity is calculated using Eq. (1[&3]:

(V2% 1

3@2 5

(1.1)



Where %and %are the initial and equilibrium concentrations of the analyte in the
solution. 8 and 9 are the volume of the sample and mass of tHgnper used for
adsorption.

The selective adsorption properties BiPs are commonly definedy the
imprinting factor (F) obtained as:

E340 A
+(= —Efo: (1.2)

Where, 3£ @nd 3¢ a@re the equilibrium adsorption capacity bétanalyte on
MIPs and NIPs, respective[g9]. A highIF implies hat imprinting was successful, with
sites that selectively bind analytes in great excess of sites fosehective uptake
approximatedby NIPs performance. To evaluate the efficiency and selectivity of
fenoprofeaMIPs, 10mg of MIP and NIP particles weracubated with standard solution
of this analyte for 24 h. These experiments yielda@:38.8, Que: 209 mg ¢, andIF:1.9,
and demonstrated the selectivity of MIPs for fenoprdi®@)j. MIPs can be applied for
adsorption of other compounds analogous to the analyte or template. There are several
terms used to ebcribe tis affinity, including distribution coefficients-(s), selectivity

coefficients (-), and relative selectivity coefficient ().

- b
“x = 1/0 (13)
o= A"'(rsagoxmmixarga (1.4)
Alyixop
_ e AwncA
A, s (1.5)

Guanet al.[68] reported distribution coefficients for adsorption ehitrophenol

(4-NP), as the template molecule used in preparation of tlirs Mhd other structurally
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related compounds. The NIPs depict +spacific sites for adsorption of all compounds and
yielded in lowerKqy values. Conversely, higher, values were obtained using MIPs
indicated selective adsorption sitesnithrophenol (2NP) and2,4-dichlorophenol (2,4
DCP) as analogues of the templatelgled in - fof 13.55 and 11.02, respectively. The
higher selectivity of NP-MIPs toward2-NP compared to that & 4-DCP is due tdhe
similar structure and propensity for hydrogen bonding. The importance of functionality in
the imprinting effects of MPs is understandable by comparing the results @sf these

two compounds. Howeve?,4-DCPwith similar size and shape to the template showed the
importance of functionality for adsorption of analogues.

As listed in Tables 11 and 1.2 the ability of developed MIPs for selective
adsaption of targeted analytes was described by measuring adsorption capacity for the
analyté€s). In most of the studies, this propemyas obtainedn organic solvents or a
mixture of water and organic solvemn The resultant selective properties in thestioes
usually exceedhan that of pure agueous media due to strongspenific hydrophobic
interactions in water as well as disruption of selective interactions such as hydrogen
bonding in watef71]. Thus, the dsorption capacity of MIPs in organic solvents cannot
represent the real capacity of the material for selective uptake of organic pollutants from
water samples. Nevertheless, tiigher capacityof MIPs over NIPs shows the specific
interactions between ttanalytes and functional monomers in formed cavities of the MIPs.
Lian et al.[72] investigated the behavior of MIPs and NIPs for adsorptionedfendazole
from MeOH solution. MIP particles showed a higher capamiypared to NIP particles.

The prepared MIPs demonstrated great potentials for the preconcentratiehesfdazole

11



in seawater sampleMoreover,the higher extraction efficiency of analytes enredh by
MIP-SPE compared to NIBPE exhibits the imprintingffect of MIPs. MIPs prepared for
selective extraction of nesteroidal antinflammatory drugdfrom wastewater and river
water samples indicated 2 times higher extraction efficiency than thesponding NIPs

[73].

1.3.2. Chromatographic evaluation
Another measure to describe the selectivity of imprinted polymers is
chromatographicevaluation. The retention factor of analytes using chromatographic

columns packed with both MIPs and NIPs as sorlsrdstermineas below:

G= —‘?";9 (1.6)
p340 A
+e 2 (L.7)

The selectivity is explained W obtained by dividing the retention factor of MIPs
( Ge p)eover that of NIPs (& a)x[74]. The specific ineractions used to fabricate MIPs such
as hydrogen bonding formed through complexation of monomer and template are greater
than the nosspecific interactions like hydrophobic interaction observed in both MIPs and
NIPs. Thereforeweakly retaiedanalytes lg the NIP stationary phaseere easily washed

by the mobile phase.
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Table 1.1.Bulk polymerization procedures for MiIBPE of environmental water samples.

Analytes Template/Monomer/Cro SPE conditions Adsorption and selectivity Ref.
(Matrix) sslinker/(Ratio)/Poroge evaluation

n (Volume)/Initiator

Template remov.
Clenbuterol Clenbuterol/Methacrylo Cartridge: 100 mg Binding experiment: 30 mg [59]

(potable water) vyl Conditioning: MeOH MIPs in5 mL MeOH
chloride/EGDMA/(1:2)/ (5 mL), O (5 mL) solution; shaken at 300 rpm
MeOH:Ethyl Sampeé: 50 mL for 60 min
acetate(3nL+2mL)/Al  Washing: X Quip:7.34 mggt at
BN Elution: MeOH: HAc 120 mgL?
MeOH/HAc (90:10, (80:20, v/iv) 15 mL X  Quir:1.99 mgglat 120
vIv) mgL?
Comparing selectivity for
analogues
Non-steroidal Diclofenac/MAA/EGD  Cartridge: 100 mg 10 mg MIPs in1 mL ACN [64]
anti MA (32-63 pm) in MeOH  solution
inflammatory (0.3:12:7.2mmol) slurry X Qwip:127.2 pmolg ™
drugs(river Toluene (1.2 mL)/AIBN Conditioning: MeOH  x  Quir: 21 pmolg ™
water, Sonication with MeOH/ (5 mL) Water (5 mL) Selective retention of
wastewater) HAc (90:10, v/v) Sample: 10 mL analyte using MIFSPEin
15min Washing: DCM: ACN presence cAnalogues
(94:6), 3 mL
Elution: DCM:
MeOH (85:15), 3 mL
Non-steroidal Templates/2 Cartridge: 50 mg (25 x  Higher recovery for [73]
anti- VP/EGDMA/ 50 um) MIPs compared with
inflammatory (1:8:80)/Tolue/ACN  Conditioning: ACN (2 NIPs
drugs (50 mL/25 mL)/ACBN  mL), H2O (2mL, pH: Cleaner chromatogram
(wastewater and ACN: HAc (90:10, v/iv) 2.5) compaed with Oasis MAX
river water) Sample: 50 mL
Washing: HO:
MeOH (90:10, 2 mL)
Elution: ACN: HAc
FQs (river Enrofloxacin/Urea Cartridge: 150 mg 10 mg MIPs in 2 mL [75]
water) methacrylamide/EGDM (25-50 um) ACN/water  (1:9, v/v)
A/(0.5:0.5:1:20)/ACN  Conditioning 10mL solution
(5.6 mL)/ABDV of buffer Better efficiency for
- MeOH (100 mL) Sample: 10 mL rebinding and
- MeOH/ RO Washing: 5mL of chromatographic separation
(0.1MHCI) (90:10, v/v) ACN/H20 of analytes
- MeOH Elution: ImL of 2%
TFA in MeOH
Non-steroidal Ketoprofen/2 Cartridge: 14 mg (25 Comparison with structural [76]
anti VP/EGDMA/toluene/A 90 pum) competitors.
inflammatory CN (A0mL, 9:1, Conditioning: 6 mL
drugs v/v)/ACBN MeCOH, 6 mL HO
(wastewater) ACN: HAc (90:10, v/v) Sample: 50 mL
Washing:

triethylamine in HO
(1 mL, 95:5, v/v)
Elution: MeOH (1
mL)
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Table 1.1.(Continued

Analytes
(Matrix)

Template/Monomer/Cro SPE conditions

sslinker/(Ratio)/Poroge
n (Volume)/Initiator
Template remov.

Adsorption and selectivity Ref.
evaluation

Non-steroidal
anti-
inflammatory
drugs
(wastewater)

Fenoprofen/2
VP/EGDMA/toluene/A
CN (A0mL, 9:1,
v/v)/ACBN

Soxhletextraction with
MeOH: (90:10, v/v),
MeOH

Cartridge: 50 mg (25
P

Conditioning: 5 mL
MeOH, 5 mL RO
Sample: 50 mL
Washing:
triethylamine in HO
(1 mL, 95:5, v/v)
Elution: ACN (3 mL)

10 mgin 11 mL for 24 h. [70]
X Qwr:38.8 mgg ™t

X Quip: 20.9 mgg™t
Exhaustive extraction of

target analytes comparéal

<33% for structural

analogues

Cleaner chromatograms
compared to Oasis HLB

sorben

Benzimidazol
pesticides
(seawater)

Mebendazole/MAA/EG
DMA

(1:4:20)/ACN
(7.5mL)/AIBN

Soxhlet extraction with
MeOH: HAc (50:50,
viv)

Cartridge: 20 mg (75
106 pm)
Conditioning: MeOH:
HAc (2 mL,9:1, v/v),
MeOH (2 mL)
Sample: 10 mL
Washing: HO 1 mL
Elution: MeOH: HAc
(ImL, 1:1 viv

10 mg MIPs in 5 mL MeOH [72]
solution

X Qwr> Quip
Quip:10.46 mgy?

Neonicotinoid
pesticides (tap
water)

Imidacloprid/MAA/EG
DMA  (1:4:10)/ACN
(3.5mL)/AIBN

Soxhlet extraction

Cartridge: 100 mg
Conditioning: MeOH
(5 mL), RO (5 mL)
Sample: 10 mL
Washing: ACN: HO
1:4 (1 mL)

Elution: MeOH (4
mL)

Compaing the MIRSPE [77]
efficiency with NIRSPE

Triazine
pesticides
(surface water)

Atrazine/MAA/EGDM
A (1:4:3.96)/Toluene
(7 mL)/AIBN

Soxhlet extraction with
MeOH

Cartridge: 150 mg
(38106 pm)
Conditioning: 12 mL
MeOH: HAc / HO 20
mL

Sample: 500 mL
Washing: DCM 3 mL
Elution: MeOH 12
mL

X Qwe: 0.00251, Qmr; [78]
0.00064 mgy*

Higher extraction efficiency

thancommercialCis and

activated carbons

Guanosine
pesticide
(seawater)

Guanosine/MAA/EGD
MA (1:4:20)/DMSO
(15mL)/AIBN

Soxhlet extraction with
MeOH: HAc (90:10,
viv)

Cartridge: 50 mg
(200-450 pm)
Conditionirg: 5 mL
MeOH and 5 mL KO
Sample: 5 mL
Washing: 1 mL 0.1
mol/L glacial acetic
acid

Elution: MeOH: RO
(1 mL, 95: 5 v/v

Sample loading with 20 [79]

mg L-*aqueous solution

X Quip: 0.008560; @r:
0.006293 mgy!

DWwW Lt
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Table 1.1.(continued

Analytes Template/Monomer/Cro SPE conditions Adsarption and selectivity  Ref.
(Matrix) sslinker/(Ratio)/Poroge evaluation
n (Volume)/Initiator
Template remov.
Triazine Ametryn/MAA/JEGDM  Cartridge: 120 mg Comparing the efficiency  [80]
pesticides A/(1:4.49:22.28)/ACN  (50-105 pm) for MIP-SPE with NIRSPE
(drinking water) (6.41mL)/AIBN Conditioning: MeOH,
Soxhlet extraction with  H20 (5 mL)
MeCOH: (90:10, v/v), Sample: 10 mL
MeOH Washing: ACN:8 mL
Elution: MeOH (5
mL)
Phenols Phenols/MAA/DVB Cartridge: 60 mg 2 mg MIPs in 4 mlaqueous [81]

(reservair, river,
tap water, and
wastewater)

(1:4:20)/ACN/toluene
(4mL, 3:1, viv)/AIBN
Soxhlet extraction with
ACN: HAc (90:10, v/v)

Conditioning:
ACN/HAC (3 mL, 9:1,
v/v), 6 mL ACN and 3
mL H20

Sample: 15 mL
Washing:3 mL HO
Elution: ACN: HAc
(0.4 mL, 99: 1 viv

solution /shaken for 24 h

X Qwr> Quip
IF>2 for phenols

Phenals (tap 2,4,6 Cartridge: 300 mg 5 mg MIPsin 5 mL solution [82]
water, TCP/IMAA/EGDMA (3240 pm) oscillated for 20 h
river water (1:4:20)/ACN(6mL)/Al  Conditioning: MeOH  x Qwe: 197.27 mgy?y;
sewage water) BN (10 mL) Qnip: 111.48 mgy?
Soxhlet extraction with  H20 (10 mL) Chromatographitf:
ACN: HAc (90:10, v/v) Sample: 10 mL Phenol: 1.17/4CP:
Washing: MeOH 1.192,4,6 TCP: 1.68PCP:
(2mL) 1.22
Elution: ACN/ HAc
(9:1), 2mL
EDCs (tap and 2,2',4,4-tetrehydroxy ~ Cartridge: 200 mg 40 mg MIPsin2 mL ACN [74]
river water) benzophenonef4 (30-60 pum) shaken for 24 h at150 rpm
VP/EGDMA Conditioning: MeOH Higher adsorption capacity
(1:4:20)/ACN (3 mL) 3 mL O of MIPs compared to NIPs
(5.6mL)/AIBN Sample: 200 mL
Soxhlet extraction with Washing: ACN/ HO
MeOH/ HAc (90:10, (1:1, viv) 2 mL
viv) Elution: MeOH/TFA
(982, viv) 6 mlL
EDCs (lake, EL/AM/MPTMS Cartridge: 100 mg 20 mg MIPsmn10 mL [83]
river and tap (1:3:9)/6.1 mL of Conditioning: MeOH ethanol solution
water) DMSO, 1.0 (5 mL) HO (5 mL) X Qwe: El: 2.42; E3:
mL toluene/AIBN Sample: 10 mL 0.62;DES 0.71
Soxhlet extraction with  Washing:- X Qup: E1: 0.64; E3:
MeOH/ HAc (90:10, Elution: 1.2 mL of 0.50;DES 0.52

viv), 48 h

MeOH/H:0/ HAc
(95:5:5, viviv)

X K¥ES3: 3.34 andDES
2.98

Comparing chromatogram

with C1s-SPE
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Table 1.1.(continued

Analytes Template/Monomer SPE conditions Adsorption and sektivity Ref.
. /Crosslinker/(Ratio) .
(Matrix) P evaluation
orogen
(Volume)/Initiator
Template removal
BPs (river BPE/4VP/EGDMA Cartridge: 80 mg (288 40 mg in 2 mL MeOH [84]
water) (1:4:20)/MeOH pm) solution
(12mL)/AIBN Conditioning: 4mLHO x Quwe: 30, Qur: 10
MeOH/ HAc Sample: 250 mL umol gt at 2 mmolL?
) Washing: 3.0 mL of ChromatographitF and
(80:20, v) MeOH/HO  (10:90, 9P
vlv), solution (65:35, crossselectivity
viv)
2.0mL of
MeOH:0.05%triethylam
ine MeOH: HO
Elution: 4.0 mL of 5%
HAc in MeOH
Triazine Atrazine/MAA/EG  Cartridge: 10 mg (<40 ; Compare with [85]
pesticides DMA (1:4:28) pm) o commercial cartridge
Chloroform Conditioning:  MeOH Cleaner chromatogram and
(influent, tap (2.2mL)/AIBN (0.5 mL), HO (0.5 mL) reduce ceextracted matrix
and river water) Soxhlet extraction Samp!e: 10 mL
with MeOH: HAC Washing HO (10 mL), molecules
: DCM (1 mL):
(99:1, viv) Elution: MeOH/HAc
(99:1, 0.4 mL)
EDCs (potable  Fluorinated BPA/4  Cartridge: 250 mg (5 x Chromatographic [86]
water) VP/TRIM 38 um) evaluation IF) for
(1:6:6)/ACN Conditioning: HO (5x1 templates and analogues
(1.5mL)/AIBN mL) Comparing withOASIS HLB
Soxhlet extraction ~ Sample: 1 mL cartridge
. Washing: HO: MeOH
with MeOH (2:8, 2x1 mL), HO:
MeOH (1:1, 2x1 mL)
Elution: MeOH (2x1
mL)
MeOH (2x1 mL)
Climbazole Miconazole/MAAJE Cartridge: 200 mg (30 20mg in 2mL ACN solution [87]
(river and tap GDMA (1:4:20) 60 pum) incubated at 145 rpm for 24 h
water samples) ACN (11.2 Conditioning: 3 mL x QwurQuir
mL)/AIBN ACN X  Chromatographic

Soxhlet extraction
with MeOH: HAc
(90:10, v/v) for 24 h

Sample: 500 mL
Washing: HO (3 mL)
and ACN (2 mL)
Elution: 4 mL MeOH-
TFA (98: 2, viv)

evaluation; IF
(Miconazole 10.9,
Climbazole: 7.0

Selective MIPSPE recovery
of analytes compared to BPA
with similar LogP

4-CP, 4-chlorophenolABDV: 2,2-azobis(2,4dimethylvaleronitrile ACBN, 1,1
azobis(cyclohexanecarbonitriled|BN , 2,2-azobisisobutyronitrileE3, Estriol;PCP: Penta chlorophenol
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The difference between thetentionfactor of analyte in MIP and NIP columns
indicates the spefic binding sites responsible for selective retention of analytes in MIP
columns. In a study conducted to prepare MIPs for phthalate esters (PEs), the
chromatographidF exhibits the importancefosize and shape of the analytes, di(2
ethylhexy) phthalatg DEHP): 12.86; dimethyl phthalate (DMP): 1.413, diethyl phthalate
(DEP): 1.609, and dibutyl phthalate (DBP): 2.635. By usimEP-imprinted polymer
with along and branched alkyl chain, thisapte was selectively adsorbed compared to
other PEs with siight alkyl chains. Low distribution coefficients alt values for the
analoguesillustrate that similar functionality could cause a slight selectivity but not
superior suitability of MIPs ovedIPs[66].

There isalso a correlation between the retention of analytes usingchllinns K
andIF values) and capacity factdier adsorption of analytes. Feng et[8R] synthesized
MIPs using 2,4,@richlorophenol (2,4-TCP) as aemplate The adsorption isotherms
illustrated 197.27 mg'™ and 111.48 mg™ as Qnax for MIPs and NIPs, respectively.
Moreover, the retention factors of the template obtained by packed colunitgsrare. 90
andKnip: 1.13. This agreement between the values obtained using adsorption isotherms and
chromatograpla retention factors demonates the imprinting effects of using tieenplate

to prepare selective sorbents for phenols.
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Table 1.2.0ther polymerization techniques for MBPE for preparation of environmental water

samples.
Analytes Sorbent SPE Conditions: Adsorption and selectivity Ref.
(Matrix) evaluatiol
azo dye acid SubstrateFesO4 100mg 15 mg in 10 mL water [88]
orange Il Surface modifierSilica  Conditioning:- shaken at 200 rpm
(wastewater) Analyte/3 Sample: 50 mL x  Equilibration: More
(triethoxysilyl)propy! Washing:- than 90.86% in 5 min;
Isocyanate/TEOS/ Elution: Online SPE 97.2% 20 min
tetrahydrofuran x  Adsorption capacity:
X  Surface Qwir:50.91 and Qe:
polymerization 9.932 mgg*at 140
Film thickness: 40800 mgL?
nm Comparing MIPs and NIPs
for analogues
Triazine SubstrateTiOz 200 mg 5 mg MIPs in 5 mL solution [89]
pesticides Surface modifierAPTS Conditioning: MeOH shaken al00 rpm
(distilled water) Propazine/MAA/ (5 mL), O (5 mL) X  Equilibration: 90% (8
EGDMA/Toluene/AIB  Sample: 20 mL hours); 100% (15 hours)
N Washing: 2 mL x Adsorption  capacity:
X  Surface MeOH / HO (1:4, Qwip: 6.8076 and Qp:
polymerization VIv) 0.4243 mgg *
Film thickness: 287 Elution: 2mL MeOH  |F: 16.04
nm
Organophospho polymer 200 mg 30 mg of MIPs in 10 mL [90]
rus pesticides x Malathion/MAAJE  Conditioning: MeOH MeOHM:0 (60:40, v/v)
(tap water) GDMA/ACN:CHCI (4mL), O (4 mL) x Equilibration: 30 min
3 (1:1)/AIBN Sample: 20 mL X Adsorption  capacity:
Precipitation Washing: MeOH/HO Qur: 144 Que: 7.8
polymerization (8 mL) (4:6,v/v) mgg'
Elution: MeOH/HAC  Comparing the adsorption
(8 mL) (90:10, v/v)  capacity of MIPs and NIPs
for analytes in individual
and mked solution
Sulfonylurea x  ChlorsulfurodtMA 250 mg 50 mg MIPs in 5 ml MeOH [91]
herbicides A/MeOH: Conditioning: MeOH solution
(contaminated toluene/EGDMA/A (5 mL), RO (5mL)  x Qwp/Quir=5.5
water) IBN Sample25 mL Comparing bounded
X Precipitation Washing:- amount of MIPs and NIPs
polymerization Elution:MeOH/HAc  for template andnalogues
Particle size50- P (5mL) (90:10, v/v)
Organochlorine  Substrate: Silica gel 150 mg, 20 mg MIPs in 10 mL of [92]
pesticides (river BPA/1-(triethoxysilyl)  Conditioning: MeOH MeOH: HO (50:50, v/v)
andrural water) propyk3-aminopropyl (3 mL) solution shaken for 2 h at
imidazole Sample: 100 mL 190 rpm
bromide/tetrahydrofura Washing:- X Equilibration: > 75% in
n: MeOHF Elution: DCM (12 5 and equilibrium in 60
Monomer: ionic liquid ~ mL) min
Sol gel X Adsorption  capacity:
lonic liquid-based MIB Qmir: 30.01 andQuir:

14.23mgg™ for BPA
Higher extraction recovery
of analytewith MIPs
compareco NIPs and us

(continued on next page)
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Table 1.2.(Continued

Analytes Sorbent SPEConditions: Adsorption and selectivity Ref.
(Matrix) evaluatiol
Phenals (tap, SubstrateF-PTW 100 mg/100 mL 10 mg MIPs in 20 mL [93]
river and lake Surface modifier:  Conditioning: ACN(5 mL), solution
waters) MPS H20 (5 mL) - Adsorption capacity2-NP:
2- Sample: 100 mL Quip:23.62 andQnip: 12.48
NP/N.A./EGDMA Washing: ACN (3 mL) mgg’; 3-NP: Quie: 15.32
/ACN/AIBN Elution: ACN: MeOH (3 and Quir: 25.44mgg't; 4
Surface mL) (95:5, v/v). NP: Que: 15.99 andQnie:
polymerization 24.53 mg g%; 2,4,6TCP:
Film thickness: Qwip:20.68 andQnip: 2.32
MIPs: 28.37 and mgg™
NIPs: 26.73 IF: 2-NP: 2.746, NP

3.219, 4NP 2.561, and
2,4,6TCP: 1.214

Phenols @ke SubstrateSilica 500 mg 20 mg MIPs in MeOH [94]

and river gel Conditioning: MeOH (5 solution shaken for 1 h

waters) Surface modifier: mL) x  Equilibration: MIPs: 15
APTS Sample: 50 mL min and NIPs: 3@nin
Diphenolic Acid, Washing:- X Adsorption  capacity:
BPA/TMOS/MeO Elution: MeOH: HAc: H20 Omip-opa: 45, Quip-rA:
H (2 mL) (90:5:5, viv) 38 andQuir:22mgg™
Surface Comparing the recovery for
polymerization analytes between MIPs and
(Sokgel) NIPs

Phenols Multi-analytes 60 mg 2 mg in 4 mL aqueous [81]

(reservoirand  /MAA/DVB/ACN  Conditioning: ACN: HAc (3 solution shaken for 24 h

river water) /toluene(3:1, mL) (9:1, v/v), ACN (6 mL) x Qwe>Que for all
v/v)/AIBN H20 (3 mL) phenols
Precipitation Sample: 25 mL IF>2

polymerization Washing: HO (3 mL)
Elution ACN (400 pL)
containing 1% HAc(v/v)

Phenols and BPA/4- 100 mg Better performance [95]
phenoxy acid VP/EGDMA/Tolu  Conditioning: DCM (5 mL), compared with & and
herbicides ene/AIBN ACN/HAc (5 mL) (9:1, v/iv) HLB cartridges

(surface and precipitation and 10 mL of HO

ground water)  polymerization Sample: 250 mL

Washing: DCM (5 mL)
Elution: ACN/HAc (5 mL)

(9:1, viv)
4- Substrate: DVB 50 mg 20 mg MIPsin2 ml ACN  [96]
Methylimidazol Polymer:4- Conditioning:— solution
e (lake, ground, methylimidazole/ Sample: 8 mL x  Equilibration: 40 min
river and water) MAA/ethylene Washing:- X Adsorption  capacity:
dimethacrylate/Ch Elution: MeOH/HO/HAc Qwip: 416, Qup: 227
loroform/AIBN acid (1 mL) 80/20/0.04) pumol gt
Surface x  Chromatographic
polymerization validation

Similar adsorption capacity
of MIPs and NIPs for
analogues

(continued on next page)
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Table 1.2.(Continued

Analytes Sorbent SPE Conditions: Adsorption and selectivity Ref.
(Matrix) evaluatiol
BPA (tap, lake, Substrate: Silica 600 mg X 40 mg MIPs in 1 mL of [97]
anddrinking Polymer: BPAF Conditioning: MeOH, BPA aqueous solution
waters) SIITEOS H20 containing 5% MeOH
Covalent Sample: 1 mL Equilibration: 1 min
polymerization Washing: 1 mL HO
Elution: 2 mL MeOH
PEs (bottled DBP 200 mg X MIP-SPE Capacity: [98]
water) /IMAA/JEGDMA/ACN/  Conditioning: MeOH 0.98022mgg™
AIBN (15 mL), BO (15 mL) Higher sorption capacity of
Precipitation Sample: 25 mL MIPs compared with NIPs,
polymerization Washing: 1 mL, ACN: Cis, MWCNTSs
MeOH (1:1),
Elution: MeOH (4
mL)
DEHP methacrylamide /N,N-_ 5 mg 5 mg MIPs in 5 mL [66]
(wastewater) methylenebis- Conditioning: HO (5 CH:Clzsolution in
acrylamide/DMF and ~ mL) x  Equilibration: 15 min
H20 (2:8), 20 mL Sample: 5 mL x Adsorption  capacity:
mineral oil Washing:- Qur: 49.829 and
Suspension Elution: Chloroform Qnir:19.661 meg™
polymerization (I mL) x IF: DEHP:12.86; DMP:
Reuse €ycles 1.413, DEP: 1.609,
DBP:2.635
x Comparison with
commercial cartridges
Fewer interfering peaks
compared to HLB
Diclofenac(tap, Diclofenac/2 35mg 10 mg in 10 mL solution [99]
river and VP/EGDMA/ Conditioning: MeOH  Shaken for 4
wastewater) (0.67:2.56:13.8)/Tolue (5 mL), O (5 mL) x  Equilibration:15 min for
ne (60mL)/AIBN/ Sample 1000mL MIPs; 15 % of MP for
Precipitation Washing, ACN/HO NIP particles at the
polymerization (2 mL) (40:60, v/v) same time
Elution MeOH: HAC  x  Adsorption  capacity:
(9:1, viv) Quip: 324.8 and
Qnip:45.2mgg
Matrix effect: comparison
with Cyg cartridge and NIPs
Acidic Multi-analytes/2 15 mg > Adsorption  capacity: [100]
pharmaceuticals VP/EGDMA/CAN: Conditioning: MeOH Ketoprofen: 0.0487,
(lake and toluene (50:50, v/v) (3 mL), KO (3 mL) naproxen 0.0607,
wastewater) /AIBN Sample: 5 mL Clofibric acid 0.052,

precipitation
polymerization

Washing: DCM/CAN
(2 mL) (94:6, W).
Elution: MeOH/HACc
(2mL) (9:1, viy

diclofenac :0.0613 and
Ibuprofen 0.0607
mgg?
Comparing efficiency for
MIPs and NIPs and
compare with @
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Table 1.2.(Continued

Analytes Sorbent SPE Conditions: Adsorption and selectivity Ref.
(Matrix) evaluatiol
FQs Ciprofloxaci/lMAA/JEG 100 mg x  Higher extraction [101]
(wastewater) DMA (0.11:0.88:2.2) Conditionirg: MeOH: recovery of MIRSPE
MeOH (12 mL) AIBN HAc (10 mL) (50:50, compared with NIP
precipitation viv), MeOH (10mL) SPE
polymerization (60 °C) and 10 mL of HO Good affinity for FQs
Sample: 1.6 mL compared with NP, DMP,
Washing: MeOH (5 caffeine, DEHP, E2and
mL), H20 (1 mL) Octocrylene
Elution: MeOH: HAc
(50:50, viv
FQs (Tap, Substrate: Silica beads 30 mg - [102]
mineral and Enoxacin/MAA and Conditioning: 10 mL
river waters) TFMAA/EGDMA/AC of 2% (viv)
N/ADBV MeOH/TFAand 10
Precipitation mL of 0.1 M HAc
polymerization Sample: 10 mL

Washing: 2 mL 20:80
(viv) ACN: H20 and
0.005% TFA

Elution: 1 mL of 2%

TFA in MeOF
Nitrosamines Multi - 90 mg > 10 mg MIPs in 10 mL [103]
(tap, bottled, analytessMAA/EGDM  Conditioning: DCM aqueous solution shaken
and river A/ACN:H20 (3:2, (3x3 mL), MeOH for24 h
waters) vIV)/AIBN (3x3 mL), H:0 (3x3 x  Equilibrium between 50
precipitation mL) and120 min

polymerization (60 °C) Sample 1000 mL Qmax; MIPs:714-865 and
Washing: H:O (3x3 NIPs: 71 Nop
mL)
Elution: MeOH @ x 3
mL)

BPAF, 2,2-bis(4hydroxyphenyl); F-PTW, Functionaked potassium tetratitanate whiskeFMOS,
Tetramethoxysilane.

1.3.3. Crossselectivity of MIPs

MIPs can be deployetbr extraction of a class of analytes. The ciesiectivity of
MIPs towardsanalogousof the templatecan represent the specificity ofIRE for the
analysis. These selective sorbemtsed for simultaneous enrichment of a group of
environmental pollutantscan be developed using eithgngle [95] or multi-templated
[100] approachBisphenol E (BPEMIPswere applieds the statinary phase for retention

of phenolic compound84]. The MIPs provided hight (for bisphenols (BPshncluding
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BPA: 2.6 for bisphenol F (BPF): 2.7, bisphenol M (BPM): 2.4, tetrachlorobisphenol A
(TCBPA): 2.1 and tetrabromobisphenol (ABBPA): 1.8, even though other phenolic
compounds such asiP and 2,4,8richlorophenol (2,4,9 CP) are not selectively retained

by MIP-columns.

1.3.4. Other methodologies to determine selective recognition

The selectivity of MIPs for sample preparatisndemonstratethy the effect of
imprinting on clearup of the extraction product, tiegherextraction efficiency of MIPs
in contrast with commercial or NIP sorbents, and better accuracy and precisionsdbMIP
sample preparation. The chromatograms obtained by MIPs and NIPs for the analysis of
triazines were compared. As indicatedrig. 1.2 MIPs resulted in a mog@econcentrated
extraction product. Signal to noise ratios, sensitiatydselectivity of thenethodare also
enhancedlue to specific recognition of triazines using the MIP sor[i4].

Cleaner chromatograms obtained by MIP cdges compared to commercial
cartridges revealed the selectiviby the MIP material towards analytes and reduced
extraction of matrix componentZarejousheghani et .al85] compareda commercial
styrenedivinylberzene column to a MIP column to analyze an andhlge matrix
(wastewater). Total ion chromatogram for the commercial SPE revealed a complicated
mixture,in comparison; MIBSPE fiowed a reduced background signal by decreasing the
co-extraction of matrix comonentg85]. The selectivity of MIPs can lemonstrated by
comparing the chromatograms obtained by MIP and NIP cartridges after loading a sample

containing analyte and structurally related compounds.
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Fig. 1.2. Obtained chromatograms of water sample spiked with triazine after extraction
using MIRSPE and NIFSPE. Reprinted frorf104] with permission from Elsevier.

In one of these studies, ngteroidal antinflammatory drugs were extracted using
a MIP-SPE prepared by diclofenac as the pate moleculg64]. The washing solvent is
DCM/ACN mixture (94:6, v/v) and elution solvent is DCM/MeOH mixture (85:15, v/v).
The templée and analogues were removed from the NIP cartridge in the washing step,
while thewashing solvent can only remove analogues from MIP cartridge. Therefore, the
template molecule was selectively retained on the MIPs during the washing step and
yielded 98%recovery after elution step. This selective rebinding demonstrates successful
imprinting of diclofenac in both functionality and shape of the MIP microstrucRuan
et al.[100] synthesized MIPs for the selective enrichment of acidic pharmaceuticals from

environmental water samples. Commerciak 8PE cartridges have similar adsoopti
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properties compared with MIBPE in clean water toward these acidic analytesjtbut
performance in real waters such as lakewastewatewas diminishedThis reduction is
due to norpolar interactions between carbérydrogen bonds of the analyteslazarbon
hydrogen bonds of the:&€sorbent. These interactions, which are-spacifc, yielded an
early breakthrough of the analytes usings Cartridgesin the presence ofmatrix
interferences. Another feature of MIPs is to enhanceptkeisionand acctacy of the
analytical method through selective adsorption of ana|9t&s As can be observed ng.
1.3, co-extraction of the matrix components can cause overlapping chromatographic peaks
or reduce the signal intensity using conventional SPE cartridge phases. For esamypie,
which was extracted usin@is and hydrophiliclipophilic balanced (HLB) caridges, can
overlap with BPA as the target analyte. However, analytes adsorbed kselective
interactions carbe rinsedfrom MIPs during the washing step and analytesodaed by
selective interactions with imprinted cavities were desorbed during relatep which

increaseshe reliability and sensitivity of the analy$85].
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Fig. 1.3.Chromatograms obtained of river water samples after preconcentration using: A)
C1e-SPE; B) Oasis HLESPE; C) MIRSPE, washing spe D) MIP-SPE, elution step.

Reprinted fron{95] with permission fronklsevier.

1.4. Optimization of MIP formulae

There are several factors in preparation of MIPs which can be optimized to improve
the selectivity, including theype of template, monomer(s), and crosslinker(s) as well as

their relatiwe ratios. The type of porogenic solvent and its volume is also iargoRor this
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purpose MIPs with different formulae can be prepared and usedifaing experiments
to determine the optimum composition of the MIP formula leading to the highestsglecti
[105].

The selection of template is a crucial stepexidly for the analysis of a group of
compounds with MIPs prepared usiagpseudo template. The template should pose
structural similarities to the analytes and functionalities to form maximum binding
affinities. A competitive study between BPA adigphenolicacid with similar structures
indicated that ghhenolicacid with thefunctionalgroup could form stronger-Honding as
compared to BPA as a template. The efficiency of SPE for TBBPA, diethylstilbestrol
(DES), nonylphenol (NP), and 2,4,BCP by using diph&olic acidMIPs were higher than
that of BPAMIP [94]. Chromatographic characteristics of MIP packed columns can be
implemented toselect a suitable templaténdividual templateswere usedfor the
preparabn of MIP columns for benzophenong®6]. 2,2,4,4tetrahydrokybenzophenone
imprinted polymer between other individudlenzophenonegprovided the highest
imprinting and capacity factors among all analogues. The superior selectivity confirms the
formation ofrecognitionsites through the hydroxyl groups usitings mdecule. Sun et al.

[53] proposed a screening step for selecting the template. They injected potential molecules
into a nonimprinted column of MAAEGDMA-ACN to investigate the affinity of potential
templates which can be further assessed using chromatographiatieveand binding
experiments.

Sunet al.[64] reported NMR studies to analyze the recognition mechanisms and
selection of asuitabletemplate. They uized *H NMR to investigate interactions of both

diclofenac and Xinylpyridine (2VP) at different amounts. Proton shift of carboxyl groups
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in the template from 11.204 to 10.84pm by increasing the concentration of monomer
indicates onic interaction rgponsible for molecular recognition. The cost and time
required for SPE or chromatographic optimization can be reduced using simulation.
Simulation methods can be used for selecting structural anal@§u¢ or functional
monomer[108]. This methodology provides the minimum syelevel of the template
monomer complex and assists finding the most suitable composition.

Optimization of the templatenonomer ratio also preserves the best efficiency and
selectivity. A high ratio of template to monomer (1:2) diminishes the recogrmfithe
polymer due to amxcessamount of the template and lower number of specific binding
sites. On the other hand, lower ratios of template (1:8) yield in decreased number of the
templatemonomer complex in prepolymerization solution and specific c¢ags for
selective adsorption. Thetandardatio of analyte to functional monomgr mostof the
studiesis 1:4[77]. The ratio of monomercrosslinkemeeds tde optimizedaccording to
the efficiency, selectivity and required rigidity of the MIPs which can be varied according
to the format and application. In the clenbutévttPs developed by Tang at. [59] the
optimum ratio of monomecrosslinkerwas1:2 providing thehighestadsorption capacity
and imprinting effect. The higher amount of crosslinker generated a rigidusérweith
steric hinderance impeded template removal and formation of specific cavities for selective
adsorption.

The solvent plays a critical role in naovalent MIPs. It can be optimized via
chromatographic evaluation. Three porogesitventsincluding ACN, chloroformand
toluene were used to imprint phenols. The retention factord=armad analytes obtained by

MIP and NIP columns showed that ACN has a better ability to provide selective retention
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of chlorophenols (CP$b5]. Zhang etl. [109] adopted a polarizable continuum model to
investigate the effect of solvent on the selectivity of atrakhes. Accordng to their
calculation, toluene with smaller dipole moment is a more favorable solvent than ACN due
to less interruption of MAA and atrazine complex allowing for higher imprinting effect.
Because of the similarities between toluene and atrathisesolent resulted in a porogen
imprinting effect and ~10 times higher adsorption capacity than ACN. However, the
specificity of the toluendIPs for atrazine compared to other pesticides is lower than
ACN-MIPs due to the large pore size obtained gisoluene.Therefore, selection of the
porogenic system relies on different properties of MIPs such as binding capacity,
imprinting effects, the number and size of pores, and specificity.

Experimental design can be utilized for preparation of MIPs. Hab[&tl] used a
response surface methodology with central composite design to prepare a MIP coating at
the surface of functionalized nanoparticles. eTlnfluencing factors included
glutaraldehyde as the active groups at the surface of nanoparticles, monomer selection,
preparation temperature and time. The response which was the difference between the
adsorptioncapacity of MIPs andNIPs was obtainedor the desiged experiments. The
obtained results were evaluated using analysis of variance (ANOVA) to investigate the
significantfactors. A quadratic polynomial model containing regression coefficients and
their significancevas obtainedThe optimum levebf each peameter caibe achievedy
designing the response surface based on experimental levels of vafi&lelesaximum
response of the surfaceas explainethy the corresponding level of experimental variables

that lead to higher response.
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1.5. MIP-SPE

SPE is aroutine sample preparation method for water analysis and is used to
perform clearup, preconcentration, class fraction and extraction of analytes. In this
technique, materials such assCHLB, and iorexchange stationary phases have been
applied to extrat compounds with a wide range of physicochemical properties (i.e.,
solubility, pKa, LogP, and functional group$§)10]. To enhance selectivity in SPE and
analytical reproducibility and sensitivity, MIPs che deployedis sorbenf52]. MIP-SPE
as the most common appliaati of MIPsin sample prdreatmenis executedy packing
synthesized sorbent into cartridges using[88} or slurry packind73, 77, 86] Selective
extraction of analytes achievedy regular steps of SPE including conditioning, sample
loading, washing and elutidB3]. As illustrated byrig. 1.4a, after conditioningf the MIP
cartridge using aappropriatesolvent to increase the surface area and activate binding sites,
the sample solution is loadellliP cavities retained the analytes agisorption through
selective interactionduring thewashingstep while interfeencesare removedue to weak
nonselective adsorption. A desorption solvent capable of disturbing the interactions
between imprinted binding sites and analyies appliedor elution. The eluent can be
directly analyzed using a quantification methodined and reconstituted withsaitable
solvent for thedetectionsystem used. MHSPE has been widely used as preconcentration
method for selective analysis of pollutants arigus water samples such as wastewater
[111], seawate[112], river water{113] and drinking watef103].

The similarities in structure and functionalities of the template and analytes are

responsible for selective recognition of MBPE for structurallyelated compounds:or
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example, the efficiency of SPE using fluoroquinolomgrinted MIPs was 60% for
flumequne compared to 100% for fluoroquinolones (FQs). This difference is related to the
piperazinylring of FQs, which igaused bymprinted cavitieg101]. The sensitivity of the
analyticalmethod obtained by MHSPE can be enhanced by42imes than that obtained

by nonselective SPE protocols such as an HLB phase. Howeasgful washing steps
should be imgmented for convention&8IPE to remove the eetained compounds, MiP

SPE provides a more sensitive method without optimized washing [S&pMIP-SPE

was usedor extraction of different environmental pollutants. As mentioned in Section
1.3.], the adsorptiogapacity of MIPs cabeobtainedoy incubatiorof the sorbent with an
analyte solution. Another measure is obtaining the adsorption capacity of MIPs and NIPs
packed in cartridges. In a study to develop MIPE for atrazine herbicides, thdsorption

capacities of MIPs and NIRgere obtaine®.51 and (64 g g, respectively78].
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Fig. 1.4. Schematic representation of the application of MIPs@bentsin different
extraction techniques: A) MHSPE; B) MIRDSPE; C) MIRSPME; D) MIRSBSE; E)
SLM-MIPs

Commercial MIRSPE cartridgeswere also usedfor measurement of
pharmaceuticals such as nsteroidal antinflammatory drugs [114], ( E&xé&s[115,
116] and antidepressanis2] in wastewater and neutral watek$IP-SPE cartridgesvere
usedfor preconcentration of an estrogen (DES) in seawater. The complicated matrix due
to the salinitydisturbs the binding affinity of the polymer toward the analytes. This

interference can be minimideising MIRSPE[67]. Online MIRSPE @ables simultaneous
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extraction and detection of the analytes with reduced analysis time and increased
repeatability due to thelimination of multiple transfersand clean up stepf88]. A
miniaturized format of SPE, namely pipetie SPE, can be perfored by packing low
amount of MIP patrticles (&hg) in a pipetteip [117]. A high extraction efficiency (97%)

was obtained for methyl red from bl water samples using such amount of sorbent. The
elution step ca be performed by several aspirating/dispensing cycles and allows for high
throughput. Additionally, the small bed is adt@geous to reduce the solvent consumption

and required time for evaporation.

1.5.1. Synthesis of MIPs for SPE
1.5.1.1. Bulk polymezation

In MIP-SPE, the polymeric material is usually synthesized by bulk polymerization
through thermal or photoinitiatiorAfter grinding and sieving the resultant polymie
MIP particlescollected and subjected feemplate removal. The SPE cartridges packed
with MIP particlesare usedor selective extraction of target analytes. These selective
sorbents synthesized thugh bulk polymerization offer several advantages such as
stability, robustness, resistance to a wide range of pH, temperature, and organic.solvents
Moreover, it is notable that the preparation of MIPs is easy and cheap in comparison to
natural antibodiesThis polymerization technique is the most common method to prepare
MIPs for analysis of environmental contaminants such as pharmaceufi@ls
pesticideg72], EDCs[74], and BP$84] from water samples. A comprehensive list of the
developed methodsnd the obtained resulésse summarizeth Table1.1. The adsorption

capaity of MIPs is more than that of commerciak@nd activated carbdi@8]. However,
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bulk polymerization is #ime-consumingmethod for the prepation ofselectivematerials
for SPE cartridges and providemccesible sites for specific interactions. Additionally,
the synthesized MIPs lead tolow yield of produced sorbent due to the waste of fine
particles. Theelectivesites of synthesized fgailes aredestroyed duringrinding, and this
can reduce adsorptionapacity and selectivity99]. Therefore, other polymerization

methods should be considered to prepare MIPs.

1.5.1.2. Surface polymerization

The surface imprinting technology is a powerful tool to deposit a thin layer of
polymeric material owlifferent substrates such earbon nanotoes (CNTSs), F€4, TiO»,
SiOx. This layer of MIPs containing imprinted cavities at the surface of the particles
provides more accessible adsorption sites, rapid mass tramstéast binding kinetics and
high selectivity[94].

TiO2 with low toxicity and photo and chenstability is cheap and easy to prepare.
The prepared nanoparticles (@) were modified with immobilization of 3
aminopropyltriethoxysilane (APTS) (silanization) amtyloylationwith acryloyl chbride.
The synthegied particles (2Bm) were introduced during the polymerization reaction of
MAA to form a thin and uniform MIP shell (287nm). These thin filnrcoated
nanoparticles yielded rapid equilibration (90% equilibrium within 8cubation). Tk
higher capacity oMIPs over NIPs (16.02 times in water) indicatesfdrenationof specific
cavitiesin the presence ahe template leading to excellent recognition properties for
triazine herbicides in water sampl¢89]. For FeOs-MIPs, the magnetic particles were

firsty coated with silica (Stober process) and then functionalized with 3
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methacryloyloxypropyltrimethoxysilane (MPS). For this purpdéES was sonicated with
toluene and then added ts@lutionof FesO4s@ SiGin toluene for 1Gmin. A solution of
MPS in toluenewas droppednto FeOs@ SiG solution within30 min. The resultant
solution was stirred for 24 under N protection at 110C. Similar adsorption kinetics of
MIPs and NIPs reveals that adstion sites are at the surface of tereshell adsorbent
material. Higher extraction capacity of MIPs over NIPs proveddtectivesites of MIPs
for adsorption of sibnamideq118]. A thin layer of MIP can also be formedthé surface
of silica. The resulting MIPs have a fast mass transfer of analytes@mdtion of sorption
capacitycould occur within 1 mifi97].

Instead of templatenonomer interactions, the interaction between the template and
functional groups at the surface of the substrate can be usednadwoities containing
imprinted sites. In this surface polymerization technique, MRf3aftedonto thesurface
of potassiumtetratitanatewhisker. These grafted functional groups form complexes
through intermolecular interactions with template moleauighich then yields imprinted
crosslinked sorbent with reactive sites. The template removal was competg&oxhlet
extraction in MeOH and resulted in the formation of complementary cavities towards 2
NP. Close relative separation factors obtaine®fiP and 4NP with a similar structure
to the templateThus,MIPs have good affinity towards these ana$ytiue to the presence
of phenyl groups with nitryl groups. However, the high relative separation factor (3.969)
for 2,4,6 TCP showed that cavities thisimilar shapeould notadsorbselectively through

H-binding formed by the imprinting proce@s3].
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1.5.1.3. Precipitation polymerization

Another way to solve the associated difficulties with bulk polym&dmais
precipitation polymerization. In precipitatiggplymerization,a similar procedure to the
bulk polymerization is adoptebtutlarge volumes of porogeare used. Larger volumes of
porogernresult in MIP particles with spherical morphology and lasyeface are§98]. Lu
et al.[81] used a precipitation method for the synthesis of a rtartplated MIPs and NIPs
for recognition of phenolic compounds$n comparison with bulkpolymerization,
precipitation polymerization increased the sorption capacity of the material due to the larger
surface area from ~481 to ~768 gt andyielded a more homogeneom®rphology. The
MIPs provided higher affinity towards the templates compaedNIPs. However
structuralanaloguesvere similarly adsorbed by both the MIPs and NIPs due tespeaific
adsorption. In a similar study, diclofenacimprinted polymer prepared by precipitation
polymerization enhanced the adsorption capacitiehyimes compared to s prepared
by bulk polymerization and sample breakthrough volume from 200 to rhQ0O®4, 99]
The higher adsorption capacity is theulesf a larger surface area of the porstrsicture
and amore significaninumber of binding sites for recognition of analytes. Additionally,
the rapid equilibrium time of these MIPs resembles the accessibility of synthesized MIPs
through the precipitation method for sample prepard88dh The selection of porogen in
precipitation polymerization is criad and needs careful optimization since the effect of

the solvent on theizeof the pores and the surface area of the poly&®r
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1.5.1.4. Pickering emulsion polymerization

Precipitation polymerization employdargevolume ofporogenand is limited by
the need for highly specific reaction conditions. The Pickering emulsion approach has been
used to prepare regular MIP pargisiwith accessible imprinting sites and overcomes some
of the challenges of precipitation methods. The Piclgeeimulsion uses solid particles to
stabilize the formation of droplets in a mixture of two immiscible liquids, eliminating or
reducing the reliate on surfactant emulsifierf63, 119] leading to cheap and
environmentally friendly procedurd420]. Sunet al [63] used silica nanoparticles as the
stabilizer. Therefore, surface tension between immiscible phases is reduced and
polymerization occurred in the stabilized droplets. After polyna¢ion, the mixture
containing the MIPs is treated wittydrofluoric acid to remove the silica particles. The
resulting imprinted polymers can be useddelective extraction of pollutants directly from
water and wastewater or from a nonpolar phase afierst extraction to isolate
hydrophobic compounds.

To avoid strongly caustic properties lofdrofluoric acid, several other stabilizers
were proposedot prepare Pickering emulsi®uch as attapulgitel19], graphene oxide
(GO) [121], and halloysite nanotub§s22]. Holloysite nanotubes (ASiOs(OH)s-nH20)
have also been used as stabilizers to prepare water compatible MIPs. The surfaces of these
MIPs are hydrated and there is a possibility of muligite binding due to negatively
(SiO2) and positively charged (ADs) sites which provide better imprifihg in water
samples. Adsorption studies of analytes demonstrated that equilibration of polymers
synthesized through Pickering emulsion was faster thanpésticles made using

conventional polymerization processes. The MIPs exhibited a large capacitistwption
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of 2,4dichlorophenoxyacetic acid water in comparison to NIPs.M@ and Que were 60

and 32mg g, respectively. Furthermore, the adsorptibphenoxyacetic acidith similar
functionality but different structure to the template molecules wiatermined using
prepared sorbents,M@: 25mgg?! and Qur:20 mgg! [120]. These studies demonstrated
the suiability of Pickering polymerization to prepare MIPs for selective extraction of target

molecules.

1.5.2. MIP-SPE parameters
Several factors are influencing the efficiencydP-SPE Eig. 1.41) and selectivity
of this techniquehat should be optimized such as pH and salinityébrndingsolution,

wash solvent and elution solvgB0].

1.5.2.1. pH of rebinding

The pH of the sample can influence the efficiency of rebinding analytes to the
recogniton sites of MIPsgspeciallyfor acidic or basic analytes. Adjustmeritsample pH
for phenolic compounds as weak acids showed that neutral pH is the optimum value for
water samples. In neutrabnditions, phenols exist in their molecular forms and bind
strongly with MIPs synthesized based on hydrogen bon{Big A similar trendwas
observedfor rebinding atrazine through selective interactions diktling. Atrazine is
adsorbed weakly by #Honding sites within cavities due to th@mation of protonated
carboxylic groups of this ralyte [85]. For extraction of acidic pharmaceuticals, the
extraction efficiency was remained tnanged in the rangd 3 and 8; however, increasing

the selectivity of MIPs over NIPs at pH>4 suggested that thgerarsuitable for extraction
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of these analytes through selective interactions with MIE]. Additionally, the
extractionefficiency of PEs has shown no changes at different pH (3, 5, 7 and 9) due to
selective bindingites of MIPs. Thus, MHSPE cartridges can be used for the analysis of

real samples without sample manipulatiorchsas pH adjustme®8].

1.5.2.2. Effect of salinity

In order to employ MIFSPE for environmental alysis, especially seawater
samples, the efficiency of the MIP sorbents in saline environments needs to be assessed.
Salt addition is used in LLEBased extraction techniques to reduce the solubility of analytes
in the aqueous samples. This parameter imggaanalytes' mass transfer towards the
extraction phase. However, this effect could be varying depending on the pétire
analytes and nature of the polymer, particularly the interaction used in MIPs to adsorb
analytes.Guanet al. [93] investigated the efficiency of MIBPE for the extraction of
phenols from water. Their results shalan increase from ~70 to ~90% for nitrophenols
and from 30% to 50% for 2,4,6CP. This enhancement is due to lowered solubilities of
these analytes in water. The solubility of analytes and their working range in the water is
also crucial to assess theieféncy of MIRSPE in saline environments. The extraction of
nonsteroidal antinflammatory drugswas remained unchanged by increasing the salt
content[73]. Due to the exhaustive nature of SPE, salt addition isalways used to
improve the extraction efficacity; however; it is essential to investigate WP in real
samples. Characteristics of these complex matrices include saprityand dissolved

organic matter that can influence extraction efficiency. Bangple, the extraction
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efficiency of malachite green using MBPE reduced from 88.56% in standard aqueous

solution to 30.6359.62 in seawater samplg23].

1.5.2.3. Wash solvent

One of the most common interactions in the literature, which is used to form the
templatemonomer complex in #pre-polymerizationmixture, is hydrogen bonding. This
interaction is strong iaprotic and slightly polar solvents used for fre-polymerization
mixture. However,the uptake efficiency and selectivity ahalyses due to hydrogen
bonding areeducedn highly polar solvents such as watelydrophobicity is superior in
agueous matres which leads to adsorption of analytes throughspeeific binding sites
[124]. The selectivity of MIPsorbents and precision of the method are reduced by co
extraction of the matrix components. Implementation of a suitable washing step can reduce
the interfering cormpounds retained by the MIPs making MHPE suitable for
environmental analysi§78]. This solvent should be strong enough to overcome non
specific interactions between the polymeric network and the analyte and ineffective on
specific interactions between imprinted sites and the analytes dnvadindsthis is solvent
should poorly elute the analytes and readily wash off interferences. ACN is a polar solvent
with weak hydrogetbonding properties is unable to break the specific hydrbgeiing
interaction, however; most of theterferencead®rbed to he MIPs through hydrophobic
interaction leading to neselectivity are washed o[86].

Different washing solvents cdie usedor this step depending on the nature of the
analyte and the polymer such as DCM foisCR], H.O for mebendazolg2], ACN: H-O

(1:1) for benzophenon¢g4], H-O followed by DCM for atrazinf85]. A mixture of DCM
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and ACN for acidic pharmaceuticdl$00] from a polymer onto Wich the analytes are
adsorbed selectively throughlvinding interactionA higherproportion of ACN or other

polar solvents such as MeOH could ruin the selective interactions. A suitable washing
solvent is very helpful specially in complex matrices suchs wastewater samples.
Although a diclofenac imprinted polymer could retamme ceexisting pharmaceuticals
such as carbamazepine as well as the analyte, application of ACN/water (40:60, v/v) as a
washing solvent removed -@&xtracted interferences. Thistérfering molecule was not
bound to imprinted cavities as strongly as dehac due tampropersize and functionality

[99]. Application of MIPs for the analysis ofgaoupof analytes with a range of polarity

and solubility such as the analysis of EDCs necessitates the implemenofaseveral
rinsing stepg86]. The washing solvent obtained at different steps can be analyzed either
individually or cumulatively to ensure complete removal of interferef&gsThevolume

of the washing solvent should be enough to disturb-sp&cific polymeranalyte

interactions and remove interferenéesn the sorben[78].

1.5.2.4. Elution solvent

The retained analytesvere elutedwith a solvent capable complete desorption.
Selection of solvent depends on the nature of analytes and interaction used for selective
retention on MIPSPE such MeOH76, 78] or amixture of MeOH with water for polar
pesticideg79]. Due to thgresencef hydrogen bonding which is responsible for retention
mechanism by MIFSPE, usage of a solution containing acetic acid (HAc) with ME9H
or ACN[73] to ensure desorption of analytes is necessary. The presence of HAc improves

the efficiency of elution of analytes such as pher8] from MIP-SPE. The possible
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explanationis a competitionof HAc with functional groups in the binding sites which
facilitates the release of analyte from MBPE bed. Suet al [74] utilized a solution of
TFA (2%,) as a protic solvent in MeOH to disturbbBnding between MIPs and
benzophenones.

In MIP-SPE, loading organic solvents during different steps causes swelling of
packed polymeric sorbent. This swelling reduces availabletsadesites andncreases
channels, void effects, back pressure and volume of organic solvents required for elution
of analytes as well as the analysis time. Reducing the amount of MIP sorbent can decrease
this effect but results in low sorption capacitiytlee cartridge To deal with swelling of
MIP particles, theyare embeddedith silica gel with dow affinity towards atrazine. This
mixed bed SPE (using Xig of sorbent) yielded a higher extraction efficiency and lower
limit of detection compared witroaventual MIPs or other commercially available sorbents
due to the homogenous dispersion of MIPs in the silica gel and availability of the imprinted
sites. In addition to the sensitivity using mixed bed $REs, the reproducibility between

different colunmswas increasettfom +53 % to £16.1%85].

1.5.2.5. Other factors influencing MHBPE efficiency

Conditioning the MIPSPE column beforeample loading activates adsorption sites
and maximizes the selective interaogoon MIPs structurf87]. As shown inTables 1.1
andl.2 conditioning can be performed using organic solvents (i.e., MeOKA@NJ and
water. The pH of water in the conditioning step can be optimized to increase the selectivity
of adsorption. The effect of flow rate on the effiagrof MIP-SPE should be optimized.

An increased flow rate can cause low efficiency due to insuffigiene for interactions
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between the analyte and selective polymeric phase, on thehatitka low flow rate could
reduce the efficiency by additional @mactiong82, 98] Optimization of the mass of the
polyme packed in the cartridge is a variable that could affect the selectivity of the sorbent.
The amount of the polymer should be enough $pecific sample volume and
concentration. However, decreasing the amount of packediMtRs column could reduce
nonspecific interactions resulting in the selective adsorption of analytes by smaller
volumes of MIP9482]. Anothercrucialfactorfor MIP-SPE isthe breakthrough volume by

which adsorption capacity of packing, MIPs, can be calcu[a®d

1.6. MIP-DSPE

MIP-SPE cartridges hadeeen widely usetbr selective extraction of analytes from
environmental water samples. However, thekpay of MIPs in SPE cartridges has
potentialdrawbackssuch as clogged columns when using complex matrices and swelling
of the MIPs in organic solvents, both of whiclan increase the back pressure and
consumption of organic solvenf{88]. DSPE overcomes these issues by allowing for
dispersion of MIP particles into the sample. There has been lots of applications of MIP
particles used for extraction process followeabNection of MIP particles using filtration
[125] or centrifugatiorf126]. However, incorporation of a magnetic nanoparticle core aids
in therecoveryof the solid phaseHg. 1.4). The application of hanomaterials in sample
preparabn is appealing becausé the intrinsicfeatures of nanoparticles. These particles
have small size yielding high surface areas and suitable for miniaturized sample preparation

techniqueq127]. Additionaly, these materials can be easily functionalized twdhice
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selectivesites for uptake of analytes such as\NR> for H-bonding [88]. Therefore,
development of synthetic strategies based on surface polymerization of MIPs onto the solid
substrate allowsol the combinion of nanotechnology with MIP technology. The core
shell MIPsare disperseth the solution via ultrasonic dispersi@88], magnetic stirring
[128], or mechanical shakind29, 130]to extract analytes. Adr that the particles are
magnetically collected, and enriched analytes are desorbed ugiraper solvent. The
dispersion technique reduces the sample preparation time aadces theextraction
efficiency due to the rapithasstransfer of analytes. Thaccelerations attributedio the
large surface area of MIP particles and accessible imprinted sites on the coated thin layer.
Iron nanoparticles (R®4) [108] and CNTY131] have been used as substrates for
MIP-DSPE. FeOs with relatively low toxicity, low cost, and easy preparation are
extensively applied in combination with MIPs due to the effectiveness of magnetic
collection ratherhan filtration or centrifugatiofd4]. FeOa is usually synthesized through
co-precipitation of F& and Fé& in presence of sodium hydroxid&28] or ammonium
hydroxide [67]. A conventionalmethod to prepare them as substrate for M8/ls to
functionalize with oleic acid128, 132134]. FeOs@MIPs have been used for selective
extraction of sulfonamideqd128], FQs [132], BPA [133], and CPs[134] from
environmental water samples. To avoid aggregation gDf¢hese nanoparticles can be
coated with Si@ through the Stbber process. In thpsocess, tetraethyl orthosilicate
(TEOS) is hydrolyzed unddrasicconditions[67] (Fig. 1.5. TheSiO, coating is an ideal
substrate to form MIPs owing to excellent properties such as chemical and thermal stability
and easy modificationfothe silica surface for further polymerization stddd].The

resultantcoreshellFesOs@930- are functionalizedvith vinyl groups using silane coupling
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agents such as MPR35], vinyltrimethoxysilane(VTMOS) [136] , and APTS[137].
Sinalizationallows for grafting MIPs during the polymerization reaction. This general
procedure haseen employed a wide range of applications such as extraction of phenols
[137], pesticides[130], pharmaceutical§134] and EDCs[67] from water samples
(Table1.3). As can be seen in thEable 1.3 MMIPs show excellent efficiency in the
extraction of organic pollutants fromater samples. Additionally, most of the selectivity
studies which were performed in an aqueous media revealed selectivity of the MIPs
compared to NIPs due to the accessibility of the MIP binding sites at the surface of the
coreshell particles. Optimizatin of the MIP coating is a crucial part of MBSPEwhich
is possible using molecular simulation. Yang et[BB7] simulated interaction between
phenol as a template and different monomers includingAMacrylamide (AM), and 4
vinylpyridine (4VP). The composition containing MAA and phenol giving the most stable
binding energy provided satisfactosglectivty (IF~3) canbe usedfor other phenols
(K #xp>20).

Like silica coating, fly ash was proposed by Pan ¢1.8B] to avoid aggregation of
FesO4 nanoparticles. The fly ash contains negative chargedbegresencef Alo(SQy)s
andSiO; groups. These groups can electrostatically bind to iron cations in coprecipitation
reaction with iron particles and used as a substrate for selective polymeric sorbents. These
MMIPs, which were examined using rebindistgdies in aqueous matricy, 130, 133,
139, 140]have been demonstrated as selective sorbent and used for to perform DSPE for
enrichment of pollutants in environmental wat€snverselythe rebinding studies can be

performed in aganic solvent$51, 141)or amixture of water with organic solven{d18,
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138]. These rebinding media which can not reflect the interactions in aqueous media, are

not able to provide aaccurataneasure of selectivity of MMIPs.

Fig. 1.5.Schematic representation of the preparation of MMIPs.

Various carborbased materials have beamployed as aubstratéo growselective
binding sites to uptake analytes from aqueous matredg.s arecommon materials in
SPE packings due to i@rgesurface area, mechanical strengtiigichemical stabilityRao
et al.[142] developed a substrate byambinationof CNTs and F¢D4 to synthesize core
shell MIPs. Their results showed that CNTs@ @ MIPscouldbe effectively employed
for selecive extraction of EDCs. Because of tesencef binding sites on ¢hin layer
of MIPs (36-35nm) on the surface of the sorbent, the equilibrium state is achieved rapidly
(20 min). Mesoporous carbon on & is preparedby carbonization of F©,@SIG and

removal of SiQ using NaOH etchin§l43]. These particles used as a substrate for surface
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polymerization of MIPs provided pore size @9, and large BET surface area
430.25m? gt. FeO,@void@GMIPs allow for larg adsorption capacity 9223.9mgg*
for selectivity (F: 2.3-3.8) for extraction of PEsThe higheradsorption capacity of
FesOs@void@CGMIPs as compared to &@SiQ:@C-MIPs showed that the cavities
between the two layers provided sufficient recognisines for higher adsorption of target
moleculeq143].

Multifunctional supports can be deployed to imprint target moleculesnanebse
selectivebinding sites. Chitosan with amino and hydroxyl groups was coptaegiwith
FesO4 to achievesupportto form MMIPs. As a result, sulfamethazine (SMZ) and
sulfamethoxazole (SMX)yere selectively adsorbédm water samples with d& 3.2 and
3.48, respectively[144]. The GO/chitosan incorporated magnetic suppeas also
proposedy Bardi et al.[145]. GO as a carbebhased material with large $ace areand
oxygencontainingfunctionalities (epoxy, hydroxyl and carboxylic groups) in combination
with chitosarFesOs can form porous MMIPs. The gas@chitosan@GO@MIPs
possessed adsorption capacity of 66.2gth@nd IF 4 for fluoxetine in water samgs.
Mesopaous silica can surely ben excellenthoice to increase the porosity of substrate
and thus the total adsorption capacity of MMIPs. Wei ¢18H4] synthesized dual template
MIPs on the surface @hagnetianesoporous silica for extraction of antibiotics from water
samples. The resultant polymer withsphericalshape, rough surface, anddemeter
ranging from 12600nm, showed adsorption capacity 146.5 and 190.1gMdpr

chloramphenicol and fléenicol, respectively.
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Table 1.3.Application of MMIPs forselectiveextraction of analytes from water samples.

Analytes Substrate Template/ Template Rebinding Adsorption ad selectivity  Ref.
(Matrix) Functionalizatio Monomer/ removal solution evaluation
n agent Crosslinker/
Porogel
FQs(lake Fes04-Oleic Ciprofloxacin/ MeOH/ H20 Quip: 0.13 mmolg? [132]
water, river acid MAA/EGDM  HAc Quie: 0.05 mmolg?
water, sewage A (1:1, viv) x  Comparingabsorbed
water) (1:8:20)/Ethan amountof MIPs and
ol NIPs for the templa&t
and structural
analogue$Qs
antibiotics
- FesOs-VTEOS  p- MeOH/ H20 Quip: 70.92 mg ¢ [140]
Aminosalicyli Aminosalicyli HAc x IF:3
¢ acid c (8:2, viv) x  Lower capacity for
(wastewater) acid/MAAJE  at60 °C Sallicylic acid,
GDMA/(1:6:3 Nitrazepam,
0)/ACN Diclofenac, and
Ibuprofer
Amphenicol  Fe0s@SiQ- Chlorampheni  MeOH/ H20 X Chloramphenicol: [134]
antibiotics VTMOS col and HAc Qmip:146.5, Que: 55
(tap water) Florfenicol/M  (9:1) mgg?; Florfenicol:
AA/EGDMA Qwip: 190.1. Que: 44
(1:1:4:16) mg gt
H20/Chlorofo X IF: Chloramphenicol
m and Florfenicol ~3,
Thiamphenicol ~
Antidepressan FesOs@Chitosa Fluoxetine/M  MeOH/ H20 > Qwir:66.2mgd [145]
t drugs(tap n@GOacrylic  AA/EGDMA  HAc (9:1, x IF:A4
water, well acid (1:8:20)/ACN  v/v)
water and
spring watei
Sulfonamide  FesOs~Oleic Sulfamethoxy MeOH/ H20 X Quip: 121.5; Que: 23.9 [128]
antibiotics acid diazine/MAA/  HAc PRG J
(river and lake EGDMA (8:2) X |F: Sulfadiazine: 3.2
water) (1:4:20)/DMS sulfamethoxydiazine:3.
O 3,
Sulfamonomethoxine:
3.3 and
Sulfaquinoxaline: 1.
Dicofol and FeO4 Dicofol and MeOH H20 x  Dicofol: Quir: 41.82,  [139]
Chlorpyrifos Chlorpyrifos Qnip:7 mg gt
(MeOH) methyl/poly Chlorpyrifosmethyl:
(Styreneco- Quip: 36.22, Que: 7
MAA)/Chloro mg g*
form X  Selectivity towards

analogues such as
Procymidone,
Chlorpyrifos, and
Fenvalerate was
measure

a7
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Table 1.3.(Continued

Analytes Substrate Template/ Template Rebinding Adsorption and selectivity Ref.
(Matrix) Functionalization Monomer/ removal solution evaluaton
agent Crosslinker/
Porogel
Sulfonylure FeOs@ SiQ- Bensulfuron  MeOH/ MeOH/ Qwie: 37.32; Que: 18.45 mg [118]
a herbicides MPS methyl/MAA/  HAc H20 (3:7) ¢*
(rice water) TRIM (9:1, viv) IF: 2.02
(1:4:10) K ¥Bensulfuroamethy!:
/DMF 9.981; Triasulfuron: 7.187;
Prosulfuron 3.333;
Pyrazosulfurorethyl:
3.637; and Propazine
Organophos Fe0O4@ SiQ Diazinon/MA  MeOH/ H20 Higher adsorption capacity [130]
phorus A/EGDMA HAc of MIPs compared with
pesticides (1:10:100)/ (1:1, viv) NIPs
(well and Chloroform Selectivty studies for
tap water) template and two analogu
Sulfonamid  FesO4/Chitosarr  SMX, SMZ/2=  MeOH: H20 SMZ: Quie: 4.13mg g* [144]
e antibiotics MPS VP/TRIM TFA (9:1, SMX: Quip:4.32mg g*
(drinking (1:1:4:24)/AC  VIV) IF: SMZ: 3.20;SMX: 3.48
water, river N/toluene MeOH K %41.143.16 for structural
water and (3:1, V/V) ana|ogues
lake water
Phenols FesO4@ SiQ— 4- MeOH/ H20 Qwir: 43.4, Qur: 145mgg [135]
(water) MPS NP/MAA/DV  HAc (9:1, 1
B viv) No IF for analogues
(0.125:0.625: including 1,3
0.35)/ACN Dihydroxybenzene and
(10 mL) BPA
Phenols FeO:@SiO— Phenol/MAA/  MeOH/ H20 Qwie: 0.15, Que: 0.05 mmol [139]
(water) APTS EGDMA HAc gl
(1:3:5) (8:2, viv) K —NP): 20.754
Toluen
Phenols Fly-ash@FeOs- Nonyl Soxhlet EtOH/ Qwir: 434.8, Que: 357.1 mg [138]
(distilled MPS phenol/MAA/  extraction; H20 (1:1) g?
water) EGDMA/DM  MeOH/ Higher adsorption capacity
SO, RO HAc of MIPs compared to NIPs
(97:3, viv) for template and other
phenolic compount
Phenols Hallosite/NTs/Fe 2,45 Soxhlet H20 Qwip: 197.8, Que: 122.6 mg  [146]
(drinking Os+~MPS TCP/MAAJE  extraction; gt
water) GDMA/NIPA  MeOH/H No selectivity for structural
M Ac (95:5, analogues
(1:4:20:10)/D  viv)
MSO, 0
CPs FesOs+Oleic acid PCP/ St MeOH/ H20 Quir: 0.11810.1185mg g  [134]
(seawater) DVB- HAc (1:1,
GMA)/EtOH  v/v)
CPs (river  Attapulgite@Fe 2,4 Soxhlet H20 Quip: 145.79 mg g [147]
water and O+—Oleic acid DCP/MAA/E  extraction K —-CP: 3.478; 2,/DCP:
tap water) GDMA MeOH/H 2.318:2,4,6 TCP: 4.379;
(1:6:20)/DMS  Ac (95:5, and BPA: 4.838
0 viv)
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Table 1.3.(Continued

Analytes Substrate Template/ Template Rebinding Adsorption and selectivity Ref.
(Matrix) Functionalization  Monomer/ removal  solution  evaluation
agent Crosslinker/
Porogel
Nitrophenol Wallostine@FeO 4-NAP/MAA  Soxhlet H20 X  Qwir:36.62, Qup: [147]
s (deionized 4 (1:4) extraction; 21.36 mg ¢
water) St/EGDMA/A  MeOH X K —-NP: 4.114, 4\P;
CN: O 7.92(
BPA (lake FesOs+Oleic acid BPA/MAAJE  EtOH/ H20 X Qwir: 122.2, Que: 54.9 [133]
water) GDMA/ HAc mg g*
Mini- (19:1, viv) x IF:3.5
emulsion X  Separation factor (:
polymerizatio BPA/E2=23.6;
n BPA/E3=8.8; and
(_ BPA/DES=3.
PEs FesOs @SIQ— DEHP/MAA/  MeOH/H  EtOH X Qwp:4.74mgd, and [148]
MPS EGDMA(1:4: Ac (9:1) Quip: 2.35mg ¢
20)/ACN x IF for DEHP: 3.012,
diallyl phthalate 1.547,
and DBP: 1.78
EDCs FesO4@ SiQ— DS/MAA/EG  Soxhlet H20 Qwip: 4.68,Qnip: 1.72 [67]
(seawater) MPS DMA/ACN extraction mgg?
MeOH/ x IF for DS: 2.09 DES:
HAC DcE2:1.14
(9:1, viv.
EDCs (tap MWNTs@FeOs PTOP/4VP MeOH/ MeOH X Quip: 31.05,Quip: 9.64 [142]
water, (1:4) HAc (9:1, mg g*
rainwater TEOS/ACN  viv) K— 13¢( %3%$
and river and TBBPA: 1.8
water’
EDCs (lake, Fe&Os -E2/ EtOH/ EtOH X Quip: 10.02,Qnip: 1.89  [51]
river, and @glutaraldehyde gelatin/ACN  HAc mg g*
wastewater) aldehyde (96:4) Selectivity coefficient: E3:
1.92,DES: 7.0
Flame FesOs+-APTS TBBPS/TEOS Soxhlet MeOH X Qwr: 0.6898,Qnir: [149]
retardants (sokgel) extraction; /H20 (3:7) 0.3061 mg g
(wastewate MeOHH IF: BPA: 1.639
and tap Ac (95:5,
water viv)
2,4,6 FesOs@ SiQ— 2,4,6 MeOH/ H20 X Qwr: 40.39,Qnip: [150]
trinitrotolue  MPS trinitrotoluene  HAc (9:1, 18.45mg gt
ne (TNT) IMAAJEGDM  v/v) K —fer 4-NP: 1.65,
(tap water, A Nitrobenzene: 1.63, 2,4
water well, (1:4:20)/ACN Dinitrotoluene: 1.24
and
seawatel

4-NAP, 2-amina4-nitrophenol;,GMA , GlycidylmethacrylateNPE, Nonylphenol ethoxylate®TOP, 4-
tertoctylphenol;TBBPS, Tetrabromaobisphenol S.

Wallosite particles asiexpensive materials containing silica groups can be used to

enhance the mechanical properties of MMIPs[147]. These particles are firstly
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functionalized with amino and carboxylic groups atthched to F®s via the polyol-
medium solvothermal method. The prepared support is coated with MIPs through
microwave heatingnitiated polymerization with good performance of @dractionof
nitrophends from thewater samplePan et al[146] introduced another naturally occurring
nanostructurehallosite nanotubes, containing t@vo-layered aluminosilicate similar to
CNTs. This nanosticture is purified under acidic conditions and then attachedst0sFe
via electrostatic attractions. The synthesized substrate for 8hié¥sed not only thermal
stability but also high adsorption capacity97.8mg g?) due to its nanostructure network.
Attapulgite can also be incorporated witre®eto avoid fragility of polymeric sorbent.
Coprecipitation of attapulgite with E@: provided support to synthesize2,4-DCP
imprinted MMIPs for CPs priority poltants. The MMIPs which showed high adsorption
capaity for the template (145.79 ngy') and sufficienK Y%or other CPs (2.3%.37)could

be reusedive times with no reduction in efficiendyt47]. lonic liquids, which havéeen
usedin different applications, can be covalently incorporated into the MIPs structure. The
functional groups of ionic liquids increase the interaction of analytes with the sorbent
WK U R-XBE KH® H FW U Ryipul® Wdr&ctiotsLaBdRiydidogen bonding amthance

the capacity of ionic liquicbased MIPs for organochlorine pesticifi&sl].

Emulsion polymerization used for imprinting wataiuble molecules in oil/water
system can be conducted using functionalized magnetic NPs as stabilizers. Hag 2} al.
used vinyl functionalized magnetiallositenanotubes assubstrateéo prepare MMIPs for
pyrethroid pesticides. The template molecule can be grafted on to outer polymeric layer of
coreshell nanoparticles[134]. For grafing, a selfassembled complex between

pentachlorophenol (PCP) atetraethylenepentamine is added ta@@ polymer which
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resulted in grafting the template molecules through-opgning reactions. Aftesuccessful
grafting, the template moleaulis removd. The prepared MIPs showed high extraction
efficiency for CPs (88-98.7%) in a large sample volume (5®Q) by using only 20ng

of the synthesized sorbejit34]. MMIPs are also commercially avdile and hag been
usedfor extraction of PAH4152]. The extraction water sample contains 10% ACN to
increase theextractionefficiency of analytes. Afer 10min shaking, the analytes were
enriched (42L00% efficiency) to MMIPs followed byhreesuccessive desorption steps
using ACN (5 mL). The approach provided a green method for 16 PAHs with high

sensitivity, detection limits ranged from 18969ng L [152].

1.7. MIP-SPME

SPE, a validated alternative to LLE, is commonly used by th&BSS, and valued
for using less organic solventathLLE. The application of this method has been restricted
by the main drawback, analyte breakthrough when large volumes of samples aredanalyz
The other drawback is the loss of analyte during the filtration process when such a process
is required for ral samples, especially hydrophobic offgs3]. Arthur and Pawliszyf154]
introduced SPME as a miniaturized extractiechnique, which relies aife equilibrium
of the analytes between the extraction phase and the sample matrix instead of exhaustive
removal & compounds. Given the significant benefits of SPME, such as rapidness,
simplicity, greenness, high enrichment aodnvenience of integrating into portable
instruments, it hadeen widely appliedfor environmental analysi$155]. Despite

developments of SPME for samppgetreatment, there are only a few commercially

51



available SPME devices, most of which show low selectivity togvdadget analytes
leading to enrichmerd vastrange of molecules that can limit sensitivity and cause matrix
effects. Partitioning of analysebetween the sample solution and the extraction phase is the
driving force in SPME and cdme improvedby desiging a suitable MIP coatinfL56].
MIPs-coated fibes as a first solid phase for SPME was proposed by Kestdr[157] in
2001 for analysis of biological samples. gt al. [158] silanized silica fibersas the
substrate then immersed them in a-poé/merization solution to achieve a film with a
desirable thickness (44m). Ushg silanized metal support to prepare MBPME leads to
a chemically bound coating and robust SPME device with a reduced rislkeakage
typically associated with commercial SPME fibgi$9]. The metal wire was firstly
anodized leaving a pous layer of A}Os to enhance the surface area and adsorption
capacity of the sorbent. The hydroxyl functional groups were ddrrthrough the
immersion of anodized wire in sodium hydroxide beforesitamizationprocess. After the
pre-polymer solutionwas sprayedat the surface of the wire, it was cured under UV
irradiation. The spraying distance, polymerization time and the auoflpolymerization
or spraying cycles were optimized to obtain thesiredthickness. The obtained MIPs
coated wire with thermahnd chemical stability showed selective recognition towards
triazine compared to untargeted analytes.

MIPs have been extensily employed for extraction of organic contaminants from
water samples using direct immersion solid phase microextractieB®RME (Fig. 1.4)
[39], however theevaluative criteria for selectivity of MIP coating is controversial.
Terzopoulou et al. developed MBPME fibers for extraain of antiviral drugs in surface

waters and wastewater samp|[@60]. The imprinted sorbent showed 37.4% extraction
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recovery while noamprinted polymer resulted in 3.3%, #&nof 11.3. In addition to the
adsorpton efficiency of MIRSPME, the selectivity of thproposeddevice for uptake of
abacavirwas comparedavith the uptake of two antiviral drugs, acyclovamd adefovir-
dipivoxil. MIP-bars can be used as selective SPME device by polymerization inside a
capillary and pulling out the prepared bars after polymerizgti®i]. The MIP bars
yielded 1.7 times higher extraction eféncy for BPA in agueous medium than NIP bars
and recovered 689% at equilibrium conditions in 12€@in. The substratkess MIRfibers

can also be formed irtg a fused silica capillary as a mflé2]. The silica wall was etched
using arhydrofluoricacid solution after polymerization. The prepared Milker which is
stable upgo 320°C can be used for direct introduction of the extracted analytes on to a GC
column usingthermal desorption. MHAbers exhibited an excellent selectivity towards
trimethyl phosphate, Qxfor MIP and NIP fibers are 1600 and 16§ g?, respectivel.

To overcome the fragility of SPME fibers, an orgaimorganic MIP was prepared
using the seigel process to fabricate a more robust SPME codfi6g]. The sotgel
process is a convenient method under mild conditions at low temperatures. For the
preparationof sorbent, the template solutievas firstly peparedby mixing TEOS and
ethanol (EtOH) at 56C, followed by adding diclofenac and HCI. The prepared solution
was subjectedb the prepolymerization solutiortonsisting ofmonomer, crosslinker, and
initiator. Multi-walled carbon nanotubes (MWCNTSs) weaelded to increasthe kinetic
mass transfer of the analyte between an aqueous phase and sorbent. After homogenization
by an ultrasonic bath to obtain a gj&k solution, the sorbent was reinforced in a hollow
fiber and applied for extraction of diclofenftom differentsamples. Selgel technology

without conventional reagents and procedures for Mi&salso usetb fabricate selective
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SPME fiberq164]. In this procedure, a polysiloxane nanofiber was formed on a silanized
stainless steel wire and used with thermal desorption due to the high thermal stability. The
process was initiated with the hydrolysis of the mibxy groups of he
methyltriethoxysilaneusing HCI followed by condensation at room temperature under
stirring for 20h. After removal of the template using thermal treatnssiéctivesiteswere
formedfor adsorption of analytes throughldénding betweesilanol groupsnd analytes.

The proposed nanofibers which are thermally and chemically stable showed excellent
selectivity towards structurally similar compounds with amino functional groups.
Furthermore, this coating provided higher extraction effigtesmmpared to aoventional

SPME fiber such as PDMS and PA which is caused by larger surface area of polysiloxane
nanofibers.

Zarejoushegharat al.[165] proposed an wtube-MIP-SPMEmethod based an-
situsynthesis of MIPs. In this approach, an open tubular capillasyplacednside another
capillary filled with apre-polymerizationsolution. A metal rod inserted in the middle of
the capillaries was used to control the thickness of polymer and was removed after
polymerization. The proposed tnbeMIP-SPME device used for analysis alkylated and
chlorinated phenols in wastetea also showegotential for automation. MonolitMIPs
were alsousedfor pipette tipSPME by polymerization of prepolymer solution in a
micropipette tipj166]. The micropipette tip, which is more durable tharapiltary, was
connected to a syringe and used for simultaneous cleanup and preconcentration of the
analyte The resulting eluate can be directly collected using dilasd pipe and analyzed.

To increase the extraction capacity of SPME devices, Wang[&6d].develogd a MIR

SPME device by coating inner and outer sides of a capillary. The prepared extraction
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devices with a 6 pm coating thickness provided higher extraction efficiency than
polydimethylsiloxane  (PDMS, 100m), polyacrylate (PA, 8pm), and
polydimethylsloxane /divinylbenzene (PDMS/DVB, 65 um).

The efficiency of MIRSPME has some shortfalls faxtraction of organic
pollutants especially polar compounds in aqueous matrices. A combination of dispersive
liquid-iquid extraction (DLLME) and SPME oabe adopted to extract polar analytes: 1,2
benzenediol as a polar compound was derivatized to form a less@olpound, following
with extraction using an organic solvent. The SPME fiber prepared by coating a stainless
still wire with SiG; and MIPswasusedfor selective extraction of the concentrated product.
This synergic strategy has led to a selective andyhggnsitive enrichment technique for
polar compounds in water sampld$8]. Headspacsolid phase microextraction (HS
SPME) which is another mode of SPME can also be performed wewige MIPs. This
method has several advantages such as better efficiency and lower interferences for the

extraction of volatile compound§l69].

1.8. MIP-SBSE

SPME is a common microextraction technidoiethe solverdess measurement of
pollutants in environmental samples based on simplicity and portability of this d@}ice
howeve, there are several disadvantages assatiatith SPME technique such as low
extraction efficiency due to the low amount of sorbent coated on SPME fibers, fragility and
lack of robustness and reproducibility of SPME fibidrg0, 171] SBSEdemonstratedh

Fig. 14d, is another solveAess microextraction technigaad introducedby Baltusseret
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al.[172]. PDMS is the common commercially available coatingiBEEand has restricted
its use to thedraction of nonpolar compounds due to theydrophobicnature of the
polymer[173]. Additionally, the lack of the selectivity is the second disadvantages of SBSE
coatings which result in eextraction of interferense Thus, utilization of MIPs as a
coating for SBSE could extend the range of applicability of SBSE in complex aqueous
sampes. The MIRSBSE hadeen usedor extraction of pollutants from environmental
water samples whicare summarizeah Table 1.4

The first application of MIFSBSE wasdeterminationof organophosphorus
pesticides in environmentalamples[174]. The MIRSBSE device was prepared on a
PDMS coated stir bar as a substrate by formation of gub8@ilm usng formic acid and a
nylon-6 polymer solution containing monocrotophos as the template. However, the
developed coatingvas usedfor extraction of analytes from dichloromethane DCM
solutions. Insitu polymerizationwas also usedor the preparationof MIP-SBSE with
increased stability of the coated stir bar. In thisthod,a glass bais first treatedwith a
silanization reagent (MPS),followed by immersion of the glass bars in the -pre
polymerization solution. The MHSBSE devicewere usedor determination of dienestrol
(DS) and hexestrol (HS) in wastewaf&75], Bensulfuroamethyl in tap watef176], and
sulfonylurea herbicides in river watdr77]. Multi templated MIPSBSE devices weralso
reported for the determination of estrogens in river and lake water sgdfif8ésAddition
of estradiol (E2) and BPA as themplatehas resulted in thereationof cavities for

recognition of two groups of[ECs with different structures.
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Table 1.4.MIP-SBSE methods used for extraction of environmental pollutants.

Analyte Template/Monomer/  solvent T/UV Selectivity Extraction Capacity Ref.
(Matrix) Crosslinke

Organophos Monocmotophos/Nylo  formic room Comparison of - [174]
phorus n-6 acid temp chromatograms of

pesticides MIPs and NIPs

(DCM

solution

Sulfonylurea Bensulfuron ACN 60 °C IF=2.60 - [176]

herbicides Methyl/MAA/EGDM
(tap vater) A

Sulfonylurea Metsulfurorn ACN 60 °C IF for Metsulfuron  270.6 ng for MIP [177]
herbicides methyl/MAA/JEGDM methyl: 4.6 coating and 97.5 for
(river water) A NIP coating
EDCs DES/4VP/EGDMA  ACN 70°C Peakarea: 0,3V! 3/ [175]
(wastewater) MIPs/NIPs: 1,3V 13
DS: 1.64 and HS
1.71
EDCs (river BPA, MeOH: 60 °C IF:BPA=1.5 Qmax [178]
and lake E2/MAA/EGDMA ACN (1:1, E2=1.2 BPA: MIPs: 6530,
water) viv) NIPs 4508 ng
E2: MIPs: 6536,
NIPs:5520 ng
BPA (tap 4,4%o toluene 65y70 Extracted BPAN - [179]
water) dihydroxybiphenyl/4 °C presence of
VP/EGDMA interferences MIPs

>7 times NIPs
>24 times of PDMS

bar
BPA (river 4,4~ MeOH 60°C  Relative selectivity: Qmax [180]
and lake dihydroxydiphenylme 3.2 MIPs: 9300 nmol g
water) thane/AM/EGDMA NIPs: 1600 nmol g
CPs 2-CP/4VP/IEGDMA  ACN 60 °C Higher extraction - [181]
(seawater) efficiency for MIPs
than NIPs
Glyphosate  Glyphosate/ DEAEM MeOH: uv - - [182]
(river water) and N H20
allylthiourea/(EGDM  (90:10,
A) viv)

Sokgel technology, which haseen usedor the preparatiorof MIP particles[94],
also was used for the preparation of SBSE coafibg3]. In this method, MP particles
were synthesizedy polymerization of 4P and EGDMAIn the presence o#,4%o
dihydroxybiphenylas a dummy template at the surface of silica particles. The obtained

dummy templateMIPs were entangled into tls®lgel structure and coated on tineated
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glass bar. MIPgoated stir bars haveh@mogeneousurface which showedtagh affinity
for BPA. The extracted amount of BPify,the presence @&n increasing concentration of
four analoguesgs interferencesyassevertimes more than that of NiBBSE, and 24 times
that of a PDMS bar.

One of the problems associated with SBSghigsical damage of the sorptive phase
due to contact with glassware at high stirring rates. Therefore, development of extraction
devices to prevent deterioration of theragtion phase offers much more flexibility
regardingapplying high stirring rates thave fast mass transfer kinetics such as rotating
disc sorptive extractioRDSE)[183]. A Teflon disk equipped with a magnetic stir bar
with a diameteof 1.5cm and thénternalcavity of 0.44cm?® was filledwith MIP particles.
Afterward the rotating disc was covered with a fiberglass filter and sealed with a Teflon
ring. The RDSE devicevas utilizedfor extraction of antinflammatory drugs in water
sampleq184]. Monolithic MIPscoated rotating diskL85] was alsgoroposed by coating
the teflon supportAn etching step was performed to introduce functional groups and
reduce hydrophobicityAfter vinylization, an insitu polymerization under inert conditions
resulted in creation of MIPsoated disks capable of exhaustive extraction (100% extraction
recowery) from a large sample volume (20M). Liu et al.[180] developed a barbell
shaped stir bar by usimgedical silicone tubes as wheels to avoid the friction of the polymer
coated ora capillary glastube. The MIP coating consists ofsitu polymerization of AM
as functional monomer and EGDMA asceosslinker In the polymerizationprocess, a
dummy templte (BPF) with asimilar structure to BPA was used to recognize the analyte
from water samples without template bleeding. The silicone wheels which are easy to

reinstall provided the application of developed MIBSE for 100 extraction cycles in
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comparisorto the 40650 cycle lifespan of traditional SBSE devices. The proposed BPF
dummy template MIFSBSEwas evaluateth term of selectivity, and reproducibility and
stability. ThelF was more than 3.2 amwdas obtainedor BPA, with a relative standard
deviatin (RSD) of 3.5% fofive replicated extractions of 50JL ! BPA solutions. BPF
dummy template MIFSBSE lowered the lower limit of detection (LOD) of theethod
0.003 JL, in comparison to the in the literature with LOD 2.4L obtained for MIP
SPME fibers[186].

Another drawbackf MIP-based microextraction techniques applied for analysis of
environmental samples is the lack of water compatible sorbents especially for polar
compounds. GmezCaballero et al[182] developed awater compatible stir bar for
selective extraction of glyphosate , a polar herbicide, from river water samples. The
glyphosatamprinted MIP coating was preparedy polymerization of Zlimethyl
aminoethyl methacrylate (DEAEM) and EGDMA in a MeORM (90:10v/v). The
MeOH:HO mixture was used to eliminate nspecific hydrophobic interactions and
increase extraction selectivity of rebinding in agueous samples.ojtienization of MIPs
composition and MIFSBSE procedure, extraction of glyphosate in preseh@é0 JL*

four analogues proved the selectivity of proposed method.

1.9. Membranerelated MIPs

LPME is an alternative to traditional extractiorethods and is performed using a
very small amount (uL) of extraction solvent instead of large amountsolvents

associated with most LLE methods. In hollow filiguid phase microextraction (HF
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LPME) the analytes are extracted based on distributiomdaet the aqueous solution and
the extraction solvent (donor and acceptor phase, respectively), whiokparated by a
polypropylene hollow ¢, E H U-LPME provides several benefits such as simultaneous
cleanup and preconcentration, high efficiencies andhhenrichment factors, and
environmentally friendlinesgl87]. Nevertheless, the lack of selective extraction of target
compounds halimited their application. The application of MIPs as an acceptor phase for
the recognition of analytes improves the selectivity by increasing isteibdtion
coefficient. Moreover, this combination could overcome the selective recognition of
analytes wth high polarity in aqueous matrices. In this approach, a MtRsed silica fiber
was inserted in a porous polypropylene hollgwe HU P H P E U Dapdd witR & whited
immiscible solvent. In this example, toluene was employed to form a supported liquid
membrane (SLM)[188]. The extraction process proceeds by diffusion ofyaéesand the
compatible interferences from aqueous sample into the small volume acceptor phase and
through the SLM. The enrichment was completed H®y gelective absorption of target
molecules on recognition sites of MiEsated fiber. Incorporation of HEPME and MIR
SPME resulted in several advantages including good barrier characteristics of the
membranes, enhanced sensitivity by employing a deepilaction process; the obtained
LODs (0.0060.02ug L ™) were lower than those of MiBPME (0.180.30ug L ') and
HF-LPME (0.080.20ug L ™), increased selectivity due to a mpolar acceptor being in
contact with MIP cavities and avoiding water distudeby using SLM.

As mentioned earlier, the fragilityf 8PME fibers is one of the main disadvantages
of this technique. According to Diagklvarez et al[189], MIP beads can be implemented

in HF-LPME by packing sulfadimethoxirenprinted beads into a lumen of porous

60



propylene hollow fiberfig. 1.4e). After immobilization of toluene in the pores of the fiber,
the fiberwas usedor extraction of sulfonamides from water samples to the organic solvent
of toluene where MIP beads could uptake weal with more selectivity. The next steps
include washig to remove interferences, drying to remove organic solvent and elution for
desorption of bounded analytes to MIPs for further analysis. This metmwdlso utilized

for selective enrichment and aleup of triazines in tap and reservoir water saniileg].

A comparison of HRLPME performed by usiniyllPs, NIPs and organic solvent alone for
H[WUDFWLRWQWRID GH2Ri® wastewater samples depicts the selectivity of the
proposed method91].

Tan et al.[192] suggested a method where MIP coatimgge appliedonto the
surface of MWCNTSs due to the outstanding sorption capacity FSCNIWCNTs were
firstly functionalized carboxylic acidcHCOOH) groups followed bintroductionof vinyl
groups £CH CH,) at the surface of MWCNFEOOH. The next step f®rmationof a
MIP layer (15-20 nm thickness) aurfaceof MWCNTs-CH CH. for fast adsgption and
desorption. The MIPFMWCNTSs were packednto a polypropylene membrarevelope
and clamped to a paper clip.his seltstirred microextraction device increased mass
transfer and reduced adsorption of analytes on the hydrophobic stir bar. Theam&mbr
protectedMWCNTs-MIPs, which was applied to the extraction of triazines spiked in river
water and wastewater, shaivkigh selectivity and enrichment capability towards analytes
(40 mL of sample solution in comparison to 1j@l0 of final solution for anlsis).

The MIPscoated hollow fiber can be used for extraction of analytes from water
sampleq193]. In this procedure, a group of eadded hollow fibers were placed inside a

Pasteur pipette containing ppelymerization solution. The polymerization started with
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thermal intiation for a certain amount of time. After the g@dase formation, which is a
cloudy state, the fibers were withdnawrom the solution. The polymerization was
completed by incubating each fiber at%@ The required time for gel formation was
optimizead for 32.5min. Shorter exposure time yielded irreproducible results while longer
thermal polymerization could resulb ihighly crosslinked polymer formed pipette and
makes it difficult to separate fibers. As showrkig. 1.6, auniform MIP layer formed at

the surface of the hollow fiber and can be used as an extraction device for quantitation o
triazine herbicide§193] and fluoroquinolone antibioticgl94] in water samples. M
fibers demonstrated a larger agstion capacity extraction compared to NiPers

(Fig. 1.6b) due to the presence of seleetsites responsible for extraction of analytes.

The MIPMWCNTSs with excellent adsorption properties as well as selectivity and
stability were utilized for electranembrane extraction. In this procedure, the formation of
H-bonding between the analyte amavities of the MIPs increase the selectivity of the
diffusion of the target compounds from agueous sample towards the acceptdipbase
Incorporation of MIP particles in a polymeric substrate is another methodology to perform
extraction of analytes from water samples. Rozaini €tl86] dispersed MIP partiek in
an agarose polymer to obtain a mixed matrix membrane for preconcentration of
sulfonamide antibiotics in water samples. This forralows for a straightforward

preconcentration method with simultaneous advantages of both MIPs and membranes.
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Fig. 1.6.A) Crosssection detail of MIPgoated hollow fiber. Reprinted frofd93] with
permission from Elsevier. B) The extracted amount of ciprofloxacin recd\sreMIPs
and NIPscoated hollow fibers at different concentration of upload solution. Reprinted from

[194] with permission from Elsevier.

1.10. Optimization of MIP-based microextraction techniques

There are many faate in MIP-based microextraction techniques that need to be
optimized for maximum sensitivity of trenalysis. The key parameters influencing sample
preparation are sample agitation, extraction time, extraction temperature, pH, ionic
strength, and volume sample solution as well as desorption conditions.

After the preparation of MIPs (i.e., Miftber or MIP-stir bar), a solvent treatment
removes template molecules and results in selective bindingl6&sBesides, a thermal
conditioning step after template removal reduces bleeding from theont network and
decreases background ndi$62]. MIPs can be used for exttaan of organic contaminants
from water samples direct[\t57, 167, 168, 178, 180, 196} with preconditioning steps
[128, 165, 166, 193, 194jrior to each extraction/deption cycle These sorbents with

porous structure contains cavities with imprinting binding sites which can adsorb analytes
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selectively. Following template removal and drying steps, shrinking MIPs could change the
position ofbinding sitesZarejoushegharet al.[165] used ACN and water twondition in-
tube MIRSPME. They sugested that ACN, which was the porogenic solvent in the
fabrication process, results in the positioning of cavities complementary to the analytes.
Extraction of analytes using SL-MIPs is based on partitioning between threespka
including an aqueous satapan organic phase inside the hollow fiber membrane, and MIPs
[188]. In this extraction technique, conditioning MIPs with the organic solvent is crucial.
Diaz-Alvarez et al.[189] immersed a MIRpacked capillary in 4.51L toluene under
stirring for 5min. This solvent enhances ttiansport of analytes from the sample towards
MIPs and acts as an acceptor ph&deteover, it minimizes noselective adsorption of
analytes due to the absence of water which introduces adsorption of matrix components.
Solvents such as toluefie88, 189, 192]a mixture of toluene and ACN (95:5, vj\tp0],
and hexane/ethyl acetate (3:2, v/[91] can be applied as the acceptor phase and the
conditioning solvent foSLM-MIPs.

Most of the microextraction techniques, such as SBSE, DSPE, follow SPME theory
[197]. In this theory, analytes partition between the sample and adsorption sites on MIPs.
Extracted mass of analytesimereased by exposure time until an equilibrigondition is
achieved198]. Agitating the sample &ation increases the mass transfer of analfytas
the bulk of the solution to the surface of the sorbent and reduces the thickness of the
boundary layer and equilibrium time. Higher agitation also leads to greater sensitivity at
nonequilibrium conditios [199]. In this re@rd, the sampling rate must be investigated
durnng the development of MHBased microextraction techniques such as-BIFME

[162], MIP-SBSE[181], andSLM-MIPs[189]. However, very high agitation rates might
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reduce the reliability of the extraction process by introducing air bubbles to the surface of
MIPs [164], or instability of the MIP devicfl92]. Optimization of extraction time is also
necessary to ensure maximum efficiency. MIPs can shorten equdibtahe due to their
highly porous structure and the possibility to fabricate a thin polymeric layemparison

to semipermeable phases used in commercial SPME deji68% The utilization of MIP

DSPE can significantly reduce the time for equilibration of analytes betweenntipdesa
solution and MMIPs. Yang et 4lL43] achieved quantitativadsorption of PEs in water in

10 min using 15mg MMIPs shaken in a 1®L sample solution.

The volume of the sample solution, which has been scaled ohomvicroextraction
techniqgues, must be studied. Increasing the volume of solution enhances the
preconcetration factor by increasing the extracted mass of analytes and lowers the
extraction efficiency of analytes reducing the distribution coefficientarger sample
volumes[166, 199] The effect of sample volume on MIPSPE is more significant than
the other techniques due to the effective dispersion of MIP particles in the sample.
Consequently, simultaneous wpization of MIPs mass and sample volume, which depend
on each other, can be conducted using experimental d26igh Careful optimization of
temperature is required during microextraction pohoes. Highereimperatures increase
the diffusion coefficient in direct and headspace exposure modes and reduce equilibrium
time. However, distribution coefficients and the extracted amount of analytes will be
reduced at levanted temperatufd®99]. As described byMohammadiet al. [201],
extracton efficiency using chlorpyrifogmprinted fibers showed an improvement by
increasing the temperature from 25 °C to 45 °C followed by a decline in the range of 45

65°C. As mentioned in Section 1.5.2.1, the pH of extraction is a usefamgser for
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adsoption using MIPs. The effect of pH is more pronounced for@draustive extraction
techniques that use small amounts of an extraction phase. The pH of sample solution can
determine the functionality of imprinted sites as well as targetatytes. This déct was
illustrated by changing pH in the range eBZor the extraction of bensulfuron methyl with
MIP-SBSE. The optimum pH value was obtained at 4 and showed the maximum hydrogen
bonding for selective adsorptigh76]. Salt addition is usually employed in MHS-SPME
to reduce the solubility of analytes in the sample and increase their headspace
concentration. However, salt content during direct exposure of MIPs cesasecor
decreas the efficiency of adsorptiorCai et al.[162] investigated the salt effect on the
efficiency of MIPs for the extraction of trimethyl phosphate. The results represented
optimum values at 25% and 10% NacCl (w/v) for-8BME and DISPME, respectively.
The effect of salt addition in SLM can be considerably variable depending on the type of
analyte, particularly for large volume studies when the partition coefficient of esab
be improved. Extraction recovery of triazines as polar analytes was obtained in the range
of 78% and 104% using SLWMIIP from 150mL sample solutiofl90].

After adsorption from water samples, quantitative desorption must be conducted
before instrumental analysis. This step is performed eithérdomal or solvent desorption.
For solvent desorption, the selection of solvent depends on the nature of analytes and
compatibility with MIPs and detection systems. Different types of solvents were used for
desorption of analytes from MIPs such as cyekaime for PAHs[202], MeOH for
diclofenac[163] MeOH/HAc (95:5, v/v) for sulfonamidefl28], ACN for pyrethroid
pesticide§203], N&HPQ; (10 mM) for glyphosat§l82], etc. Furthermore, the volume of

solvent and desorptiomtie must be considered to avoid caomer effectsExtensive post
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cleaning steps are required to avoid caver (30min washing using 5thL. MeOH)

[204]. Regarding MIPs stabilitythermal desorption can be used to introduce arsalgte

GC system$205, 206] Elevated temperature inetmal desorption can deform cavities,
reduce signal, deteriorate the extraction device, and contaminate the injection port of GC
[159, 201] Thus, the temperature and time required for desorption must be carefully

investigated.

1.11. Challenges of MIPs for environmental analysis

1.11.1. Extraction of watersoluble compounds

Selective rebinding of watesoluble compourglfrom environmental water samples
is problematic. This issue raised from the weak interactions during templatemer
complexation due to the disturbance of the hydrogen bonding by polar solvents. To solve
this problem, different strategies can be addptene solution is polymerization of
hydrophilic monomers in a water/MeOH porogenic system to increase the interaction with
the watersoluble templates. Polymerization ef 2methyl acrylate3-methylimidazolium
bromide (monomer) with trimethylolpropane trimethacryldt&IM) (crosslinker) in the
presence ofartrazine(template) in a MeOH: water (8:2, v/v) yielded MIPs with good
specificity towards the watesoluble dyes compared to MIPs prepared by MAA aivP4
The higher efficiency of this water compatible MIPs is tesult of formedcomplexin
SUHSRO\PHU PLIWXUH GXHEWRWIHGNEQYU RQWBW DIF VIR E .

moleculeq207].
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Another solution is to dissolve the template in water and transfer it into a nonpolar
solvent system in which necovalent interactions, whidls usually usedor the synthesis
of MIPs, are established. These stronger interactions are not disturbed which lead to
selective recognition of analytes. Zarejousheghani et HO08] applied
(vinylbenzyl)trimethylammonium chloride as an ipairing reagent to transfer a
negatively charged acesulfame as a sweetener from water into the chloroform in which
polymerization reaction occurs. This transfer ageas incaoporatedn thepolymerization
reaction,and the yieldedMIPs contained ammonium groups showed good selectivity
towards acesulfame arfwbmologueswith negatively charged sulfonyl groups. The MIPs
also reduced the matrix effects for extraction of acesulfamneinfluent and effluent water
samples compared tstyrenedivinylbenzenepolymer asa general commercial SPE
cartridge Sodium dodecyl sulfate (SDS) was also used to flmmpair complex with

pyridoxine[209].

1.11.2. Water compatibility of MIPs

MIPs are usually synthesized in organic solvents such as toluene gcémsin
efficiency of these polymeric sorbentsagueous samplegicompatibility of hydrophobic
MIPs with agueous sampleaised this issuel he interaction between the binding sites of
MIPs and analytes can be enhanced during polymerization using[2Hdor a mixture
of water with miscible organic solverts32] as the pavgenic solvent. Another strategy is
to use a hyphilic coating. Gelatin is a hydrophilic coating with a broad range of
functionalities such asNH,, -COOH, and-OH groups, and hydrophobic chains and can

be used to obtain hydrophilic MIPEhe prepolymecomplex formed through necovalent
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interactionsand incorporated in polymerization through amino groups of the gelatin with
aldehydemodified magnetic nanopatrticles. The rebinding studies of the synthesized water
compatible MIPs yielded in Qx 10.02mgg? for MIPs and Qax 1.89mgg? for NIPs.

The results demonstrated successful imprinting of template using gelatin as a monomer
[51]. This polymemvas successfully appliddr the exhaustive extfa W L R Q-BR (88.3%

to 99.1% recovery) from water samplgsl]. Cyclodextrin and its derivatives hav
hydrophilic functional groups on the surfacéhey were applied to enhance water
compatibility while their lipophilic inner cavities increase adsorption through inclusion
complexes[211] or selective interactions (hydrogdionding) with the target analytes
[203]. These macromolecules were implemented in the MIPs structure using gratting on
the surface of silica suppd@11] or incorporation in polymerization st¢pl2].

Addition of comonomers to the polymerizati@omponents is another strategy to
increase the hydrophilicity of MIPs [213]. For example, -Acrylamidez2-
methylpropanesulfoniacid, awatersolude monomer, was incorporated as comonomer
with styreng214]. Other hydrophilic monomers arendroxyethyl methagiate (HEMA)
and Nisopropylacrylanide (NIPAM) that can be added to the polymerization components
to form acopolymer[215], or grafted onto a hydrophobic surface as hydrophilic brushes
[216]. J. Dai et al[216] showed that grafting HEMA brushes over eshell composite
reduced the water contact angle from 122.2° to 70.6°, enfgamgdmophilicity (Fig. 1.7).

Using hydrophilic crosslinkers such as polyethylene glycol can reducespsmific
hydrophobic interactions and enhance MIPs selectivity in comparison with conventional
crosslinkers such as EGDMA or BVfor adsorption of estrogens from environmental

water sampleR217].
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Fig. 1.7.Water contact angle profiles MIPs (B) and NIPs (C, D) without (&) and with
HEMA hydrophilic brushes (BD). Reprinted fronj216] with permission fom John Wiley
and Sons.

The recognition of analytes in aqueous matrices is difficult due to weak interactions
such as hydrogen bonding used for the formation of templeteomer complexes.
Sellergren et al[218] proposed a monomer with the ability to forstoichiometric
interactions with the template. This metheds usedor imprinting enrofloxacin for FQs
through ionic interaons between aarboxylic group of tke template andireabased
monomer (1(4-vinylpheny)-3-(3,5-bis(trifluoromethyl)phenyl) ured)/5]. To synthesize
the polymeric nevork, methacrylamidevas used as a anonomer, EGDMA a crosslinker
and ACN as porogenic solnte The formation of ionic interactionsas confirmedby

chromatographic retention of the template using a Nbid&sked column. The template was
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in a protonated fon during washing with ACNIncreasing the water content of the mobile
phasecaused thdormaton of deprotonated enrofloxacin that could interact with the
binding sites of theMIP stationary phase. Chromatographic evaluation and rebinding
experiments depted that imprinted sites can stoichiometrically interact with the F&s (
of 4 for enrofloxam), especially for structuranaloguesvith low PK, such as flumequine

and oxolinic acid which are in carboxylic form at neutral pH.

1.11.3. Homogeneity of MIB

Synthesis of MIPs using free radical polymerization (FRP) does not allayodar
control ofthe number and size of macromolecules and polymer architecture because of fast
chain propagation and irreversible termination react[@t8]. The MIPs synthesized by
FRP containnaccessibleand heterogeneoubinding siteseading to slow mass transfer
and low selectivityf220]. To solve these issues, controlledlical polymerization such as
reversible addition fragmentation chain transfer (RAFT) polymerizdab, 221223],
atom transfer radical polymerization (ATRH224] and ringopening metdtesis
polymerization[225] have been proposed and applied for extraction of analytes.

In ATRP, an alkyl hide initiates the reaction witimetal complex and vyields
radicals. An equilibrium is established between dormant species and radicals. The low
concentration of radicals results in insignificant termination reactionsathdontrol over
the length and siicture of polymef226]. In a study conducted by Zhang et[aR7], 2, 2
bipyridyl and cuprous chloridevere usedas ligand and catalyst, respectively. The
imprinted polymeric microspheres of MAA was obtained bghloro-1-ethyl benzenas

the initiator and utilized for selective extraction of pireids.
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Immobilization of initiator oto the surface of substrates such as yeast enables to
create welicontrolled coreshell MIPs for selective rebinding of cefalexin. The imprinting
of target molecules was confirmed by higher adsorption capacity witls (BlR07mg g
1 while NIPs yielded 138 mgg? [228]. By using yeast as a green, inexpensive and
accessible material which has amino groups, the substrate is ready for grafatay il
surface polymerizatiof224]. The main limitations of ATRP polymerization aemoval
of metalcomplex from thefinal products andpecialmethods to minimize the oxygen
content inreactionchambe229].

In RAFT polymerization, the control of polymer structure relies olA& Ragent
which is usually aithioestercreating living radical initiators during polymerizatif#0].
Like FRP, the propagating radicase generateldy using an initiator, then they react with
C=S bond in RAFT agent and form intermediate RAFT radicals. These intermediates form
the reactants, a polymeric RAFT compound, or another radical.rélersible chain
transfer and living polymeric chains could lead to proper propagation of all chains with a

narrow dispersion of molecular weights (chain equilibriurfiop 1.8 [226].
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Fig. 1.8. Schematic representation of RAFT polymerization mechanism. Reprinted from

[220] with permision from Elsevier.

In the first type RAFTbased MIPs for sample preparation of pollutants, the RAFT

agent was immobilizedn to the surface of silica particles. This process involves a
substitute reaction of RES—MgBr with functionalized silica (chloreted) nanopatrticles.
The homogenous binding sites were created by grafting the copolymelBf ahd
EGDMA onto the surfacef RAFT-functionalized NP$230]. Chang et a[231] used core

shell MIPs prepared by RAFT polymerimm for the uptake of,4-DCP from water
samples. Faster equilibration of SIRAFT@MIPs (40min) compared to Sis@MIPs
(>120min) showed the more accessible binding sites and higher saturation capaciy (SiO
RAFT@MIPs: 4.25 and S@MIPs: 3.07mgg?). This improvement in adsorption

capacity was achieved using RAFT initiation polymerization.
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Fig. 1.9. Static adsorption IRW KH U P VERdnto RAFFMIPs, ControiMIPs and
RAFT-NIPs. Reprinted froni232] with permission from The Royal Society of Chemistry.

RAFT initiatedpolymerization was also useddeatea thin nanefilm (22 nm) on
magneticcore shellparticles. An excellent selegiiy was obtained using E@s@ SiO-
RAFT@MIPs in contrast with E@:@SiQ-RAFT@NIP, 21.30 and 5.018gg™;
saturation capacity, respectiyeThe agreement between rebinding study and Langmuir
isotherm indicated that theumberof heterogeneousites was reduced using RAFT
polymerization233]. In another example, Li et §232] reported BET analysis of -E2-
MIPspreparedy RAFT polymerization. Larger specific surface area and cuimelpore

volume and smaller pore diameter represented a undadregular spherical struatel of
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polymer obtained RAFInitiated polymer. As it is illustrated iRig. 1.9 the RAFFMIPs
showed higher adsorption capacity than tomtrol MIPs synthesized without RAFT
agents. RAFIMIPs servemore substantiamprinting efect and improved selectivity of
the measurement. Utilization of RAFT agent such as béyeytodithioateas one of the
polymerization components is another siggtewhich has been applied to graft
homogenous MIPs for selective recognition of BP234] and PAHs[200] from

environmental waters

1.12. Prospects for direct and online measurementsing MIPs in
environmental analysis

MIPs have shown great potential for the analysis of organic contaminants during
the last decade. These sorptive materialsnateonly selective but also deployable for
online and direct analysis. Using an online extraction procedure allows for simukaneou
preconcentration and determination of analj28%]. Watabe et a[236] used onlineMIP-

SPE coupled with LC for the determination of -E2in river water. By loading the water
sample onto a MIP column, whichaw the pretreatment column, the analytes were
preconcentrated. The analytes were then eluted from the MIP column and sepaétaed in
analytical column. Online MHSPE eliminates all manual and tiroensuming steps for
conditioning, sample loading, washingnd elution. Besides, higher sensitivity can be
achieved by loading a large sample volume (i.emk) instead of a portion (&t pL) of

a preconcentrated sample. As a result, fighughput and automated methods can be

developed for the analysis of lpgants in water using online MIBPELC [237].
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Microextraction by packed sorbe(MEPS) is a miniature SPE by which all sample
pretreatment steps can be completed in a single extraction device. The exttaciten
consists of a syringe with a packed sorbend (hg) for loading water samples (uL to mL).
Low-volume eluents resultingom MEPS allow for direct injection into LC systems. Thus
fully automated protocols with minimal sample manipulation can beaetii238]. MEPS
in combination with MIPs have been reported for extraction and determination of FQs in
wastewater samplgd01]. MIP-MEPSwas also reported as an online sample elgan
followed by GC analysis. The elution product was directly injected on tdSQvith the
large volume injectiof239]. In addition to automation and reducing the cost of analysis,
MIP-MEPS is an environmentally friendly tasique using small volumes dadrsples and
reagents.

Ambientionizationtechniques such as desorption electrospray ionizédb&sl)
and direct analysis in real time (DART) have made revolutionary progress in trace analysis
by theeliminationof chromatogrphic steps and facilitating @cted sample introduction
into an MS with sample dissolution or other sample preparation methods. These techniques
directly ionize the targeted compounds urlabientcondition with minimal consumption
of toxic organic solvets [240]. However, direct introduction ofeal sample can
contaminate instiments, and matrix componegtmn lead to significant signal suppression.
Miniaturized sample preparation techniques using MIPs as the sorbent with these direct
measurement methods is an elegant soly@dd, 242] MIP thin film, which is a new
forma on MIP-SPME and developed in our group for several classes of organic pollutants
[241, 243, 244]can be employed for sample preparation followed ibctlintroduction

methals. In one of these studies, a MIP thin film hagn usedor the selective extraction
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of 2,4dichlorophenoxyacetic acid as a pollutant from environmental water samples directly
analyzed by DESMS [241]. The results of MIFDESI showed feasibtly for high
throughputanalysis of targeted analytes and the possibility edittnsampling, minimizing
the errors associated with sample handling and reducingp#tef analysis.
Solventdesorptionrequired before chromatographic measurement reqtores
organic solvents radl additional steps for evaporation and reconstitution of analytes.
Recently, a novel desorption technigwas developedn our group[245, 246], after
extraction of analytegshe MIP thin film containing enrichehalytesvas transferrethto
headspace vial. The targeted analyesre directly introducednto GC via thermal
desorption which minimizes errors for solvent desorption and cost of analysis. This
automated desorptatechnique is greenanalytical methd that carbe usedor industrial

labs performing environmental monitoring witheagenumber of samples

1.13. Conclusions on MIPs for environmental analysis

Arising from the rapidly growing interest in setive sorbents for sample
preparationthe development of MIPs used for different sample preparation techniques,
especially MIPSPE will remain one of the main themes in the sample preparation field.
MIPs for online SPE and-BPE is an attractive applicat which can improve water
analysis umg automated extraction and quantitation. The high efficiency associated with
the combination of nanoparticles with MIPs especi®lMIPs, encourages researchers to
develop coreshell MIPs for faster analysis. Thevamtages of MIFSPME and other

SPMEba®d extraction techniques (i.e., simultaneous eclganand enrichment,
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portability, field sampling, compatibility for coupling with detection systems) will expand
the application of MIPs as sampling, extraction andyaiginterfaces in water analysis.
Additionally, recentprogressin modern polymerization procedures for synthesis of
homogenous andvater compatiblepolymers will result in ahuge improvement in
selectivity and recognition properties of sorbents desifmeithe uptake of environmental
pollutants. Finally, MIPs are easy to modify and manipulate in awgdy that they can be

used to accelerate and miniaturize sample preparation steps through innovations like
MMIPs or thin film-MIPs yielding inexpensive esisitive, selective, and environmenyall

friendly methods with higher reproducibility for tracing environmental pollutants.

1.14. Thesis objectives

MIPs are tailobmade sorbentsvhich are usedn the analysis of water before
instrumental analysis. The excellent performance of MIPs has beemsieated by the
introduction of selective materials with reduced matrix effect and high adsorption
capacities in for sample preparation fi€lah assesthe potentials and boost the prospects
of these materials for environmental analysis, the objectivéssothesis include

x A review of MIP sorbents for sample preparation in water analysisA critical

evaluation of MIPs in the analysis of environmental waters is provid&thapter 1.
MIPs are discussed based thre preparation of materials, applications different
formats, and recent develogrts. The selectivity and efficiency of MIPsagvaluated

based orthe rebinding mediumThe limitations of MIPs for water analysis weakso

78



discussed. Direct and onlimeeasurement techniquesing MIPsthatcanpromote the
quality of water analysis are described.

x Development of homogenous MIPsMIPs have been used extensively for
extraction using dispersidmased techniques. However, MIPs areelmeneos
materials resulting in slower adsorption/desampproessthan for solventgelatively
low selectivity and repeatability. To overcome theseb@ams, a controlled
polymerization technique named reversible addition fragmentation chain transfer
(RAFT) polymerizationwasused to prepare MIPs in Chapter 2.

x Application of MIP sorbents in different extraction techniques: Eae of
preparation is one othe most appealing features of MIPs. Therefore, Mise
fabricated using various preparation protocwoisluding a surface polymerization to
prepare MMIPs for DSPH Chapter 2and adrop-casting method to prepag&traction
devicedfor thin film microextraction (TFME) in Chapters 3 and 4

x Devdopment of MIP-coated mesh:Mesh devicehaverecently receiveanuch
attention due to the potentials for being coupled Wighdetection systems. In Chapter
4, wereportsingleuse MIRcoated nesh for the first time. These mesh devjedsich
are optimized and validated for extraction of OPPs from waterlsamgan be coupled
to ahandheld mass spectrometer.

X Optimization strategies for MIP-based extraction: Optimization of extraction
parameterare esseral in order to guaraeea practicabnd reliable sample preparation
step.In this context different optimization strategiesepresented (i.eexperimental

design in Chater 2 and oneat-a-time methodology in ChapteBsand4).
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x Development of a direct analysis technique using solvothermal headspace
desorption (ST-HD): MIPs have been widely used to introduce the preconcentrated
samples using solvent desorption. To reduash |ample manipulation in the lab as
well as the environmental impact®f analytical techniques, we introdu@enew
technique in Chapter.3n this work, thekey parametersare optimized, and a
mechanism is introduced thatplains theenhanceentof analye desoption compard

to conventionathermal desqtion techniques.

x Development of a protocol for fabrication of thin film MIPs: Although there has
beenanimpressivegrowthin MIP research antechnology, MIPsorbentsin thin film
format can suffer fron poor selectivity due tsubstantialpresence of noeelective
adsorption sites. In Chapter dnewMIP with exceptional selectivity and perfonance
for theextraction of OPPs is presented.

x Validation thin film MIPs and MIP -coated mesh: Although MIP baed
microextraction devices particulg thin films, have beemused formanyapplications,

a comprehensive evaluation of theseides froman analyticalpoint of viewfor the
guantitationof organic pollutants has not been fully investigated. Therefdi®
materialsare validatedfor the extraction of thespollutants from water samples
Chapter2, 3 and 4.

x Analysis of complicated environmental samples using MIPneof the main
limitations of sorberttis thepoor performance in real samples due to glexmatices.

In Chapters 2 and 3, we utiliz&dlP sorbentdor the extraction of PAHS ira complex
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matrix, specificallyproduced water samplese.wastewater from offshore sited and

gas operations
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Chapter 2: Magnetic molecularly imprinted polymers prepared
by reversible addition fragmentation chain transfe
polymerization for dispersive solid phase extraction of
polycyclic aromatic hydrocarbons in water

A. Azizi, F. Shahhoseini,C.S. Bottara “Magnetic molecularly imprinted polymers
prepared by reversible adion fragmentation chain transfer polymerizatior dispersive

solid phase extraction of polycyclic aromatic hydrocarbons in WwaleChromatogr.A
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2.1. Introduction

Polycyclic aromatic hydrocarbons (PAHsIN be considered aersistent organic
pollutants (POPsin the environment and accumulate in biological systems due to their
hydrophobic naturfl]. These pollutants, which are well knowrcascinogenic, mutagenic
and teratogenicompounds, threaten human health, and the ecosy2te8h PAHS were
also determined to be effective on the global carbgcle by inhibiting the growth of
diatoms[4]. PAHs have mainly originated through the exposure of organic compounds to
high temperatures with low or no oxygen, called pyrogenic PAHsS. The other major source
is petrogenid®AH formation during the mutation of crude {8]. Petrogenic PAHs can be
introduced into water resources duripgoduction and transportation. For example,
produced water which is the main discharge of oil and gas industries contains large
guantities of these pollutan{®, 6]. These hydrophobic contaminants with relativieky
solubility (Table 2.3 can be deposited onto sediments and eliminated through
microbiological degradatiorf7]. However, resuspension of sedimemigrticularly in
coastal areas, wHicis caused eithdsy natural forces such as wayeurrens, storns or
humanrelatedactivities such as dredging, trawling, and gimg traffic, decreaseshe
degradation rat¢7]. Therefore PAHs have been recamu as priority pollutants by
regulatory agencies such as United Staiegironmental Protection Agency (LEPA)[8]
and European Uniof9].

The most common methods to trace and quantify PAHseienvironment rely on
chromatographic methods such as gas chromatography (&Q)) and liqud

chromatography (LC)11]. A sample preparation step is required before analysis to
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preconcentrate the target analytes and remove matrix compopeantsularly when
tracking very low concentrations (pg as limits for PAH¥ in environmental waters
Liquid-iquid extraction (LLE) is the conventional extraction technidoeisolation of

PAHs from water sampld42]. However, LLE needs largevolume of organic solvents

and istime-consuming Additionally, theformationof emulsions reduces efficiency of the
extraction and pmsion of analysi§13]. There are several newer extraction techniques
such as solid phase extraction ($PE], solid phase microextraction (SPMA)5], stir

bar sorptive extraction (SBSH)6], and dispersivequid-liquid microextraction(DLLME)

[17] for preconcentration and determination of PAHs. These techniques improve
conventional extraction protocols by reducing consumed reagents, sample volume
requirements and prefaion time. Nevertheks they are neselective methods reducing

the reliability of the quantitation by eextraction of interfering compounds associated with
environmental samplg48]. The interfering compounds ireal samples are prahatic
because they can reduce the quality of the analysis by complications such as overlapping
chromatographic peaks and matiixiuced effects. These can influence fundamental
processes likedetector response and column behaviorjctvHead toinaccuraces in
quantitation[19].

Molecularly imprinted polymers (MIPs)similar to synthetic antibodiesare
alternative sorptive phases in sample preparation and introduce selectiqiretneatment
methods forenvironmental[20], food [21], and biological[22] samples. MIPsare
synthesizedhroughcopolymerizatiorof a functional monomer and a ssghinking agent in
the presence o& template molecule interacting with the functional monomer. After

polymerization, the template molecule is removedleating recognition sites
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complementary to tharget molecule in shape, siaadfunctional group$23]. MIPshave
been widely utilizedas the extraction phase in the vagdormats such as MiBPE[24],
MIP-SPME [25], and MIP-SBSE [26]. Nanoparticles hae beengainng attentionin
analytical chemistrybecauseof their large specific surface areand the possibility of
functionalization with innovative sorptive phases like MIPs[27]. The MIP-coated
nanoparticlesareusedfor dispersive solid phase extractidDSPE)by distributionof the
extraction phase in the sample insteadaxfuestered gsckingin acolumn oron adisk
[28]. The dispersionof small particles inthe sanple lead to numerous extraction
microenvironmentswhich translates into better accessstlective recognition sitd29].
The main advantages of dispershased SPE techniques using MIPs are $attctive
adsorption andaapid desorption of analytes due favorablemass transfephenomena,
leading tohigh efficiencyalong withredu@d solventconsumpbn [30].

Despite considerable benefits of MIPs for éineichmat of analytes, these sorbents
are heterogeneoupolymeric material$31]. Therefore, these polymeric sorbents include
inaccessibleand heterogeneousdsorption sitesausingslow mass transfer anaw
selectivity [32]. This heterogeneitys causedyy fast chain propagation and irreversible
terminatiorreactions irthefreeradicalpolymerization mechanisfs) used to prepare MIPs
[33]. To improve thehomogeneityof the sorbent, controlled radical polymerizatio
strategiesuch as reversible addition fragmentation chain transfer (RAFT) polymerization
are used to prepare MIP coatif3g, 35] In this polymerization, lhe chain transfestep is
reversibleand relies on RAFT radicals living polymeric chainghatallow for constrained
propagation of all chains with a narrow dispersion of molecular wejig6}sTherefore, a

homogenous polymeric tweork is obtained which enhances the selective retiognof
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targeted analyte§37]. RAFT polymerization also provides more accessibtessfor
adsorption and thus faster mass transfer of angdly8sRAFT-MIPs have been reported
for extraction of organic pollutants from environmental pke® such as2,4-
dichlorophenoxyacetic acidi35], bisphenol A[39, 40] 2,4-dichlorophenol[38], and
diethylstilbestrol [41] from water samples and7 -estradiol [42] and silfonylurea
herbicidedrom soil sample§43].

MIPs have been previously reportddr the enrichmeniof PAHs[44-49], andyet,
selective recognition of PAHsy MIPs continues to bémited by lack of functionality on
aromaic rings and therefore, a reliance ¢rydrophobicinteractions withthe polymeric
coating for adsorption[48]. An additional mode of neoovdent interactions used for
aromatic compounds is hydrogen bondi®@]. Thus,phenol is used aspseuddemplate
WKH DURPDWLFLW\ VXSSRUWE [KQ®UHRIIHQNEIRQ Gl GDW & HA
hydrogen bonding. Both modes can be exploitedestablishing monomertemplate
interactions andhe creaton of recognition sites for PAHis the polymer

The magnetianolecularly imprinted polymer(MMIPS) are preparedon silica
core-shell magnetic nanoparticles gEe@SiQy) as asubstrateMagneticcollection of the
MMIPs facilitates sample preparation by redudiimge required for sorbent collectiafter
extraction,washing and elutioby eliminatingfiltration or centrifugationsteps[51]. The
MIP coating is prepareith a thin layemwith a uniform distributionof thebinding sitesvia
RAFT polymerization RAFT-MMIPs, which have not been reported for enrichment of
PAHSs, is utilized for DSPE of thesmalytes from water samples. The ulinan coating
along with astdispersionof MMIPs in the sanple is achieved using an ultrasonic bath,

minimizing equilibration time for extraction and desorption of PAHs
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Optimization of MMIRDSPE procedure, which isrucial to obtain a desirable
efficiency, provides information on sorbent characteristics forratlea and affinity of
the selected PAHs towards MMIPs. Therefaeultivariate methods employedor the
optimization of variables influencing the extraction of PAHs. A screening step with a
fractional factorial design (FFD} used to determine thesentialfactors.A response
surface methodology (RSM) based on central composite design (CCD) sirabiliey
function OF) isthen applied to optimize thmportantfactors Finally, the performance of
the optimizedMMIP-DSPE methods evaluatedhroughsensitivity, selectivity, accuracy,

andprecisiontestsfor traceanalysisof PAHSs in environmentaamples.

2.2. Experimental

2.2.1. Reagents and materials

Naphthalene (Naph, 99%@cenaphthylene (Acy, 99%), acenaphthene (Ace, 99%),
fluorene (Flu, 98%)phenanthrene (Phe, DQWKUDFHQH $QW - I O
(Flut, 98.7 %), pyrene (Pyrs FKU\WWHQH &KU\ EHQ]JR D DQWKUD
benzo(b)fluoranthene (Bb®8%), benzo(k)fluoranthene (BkFs, EHQ]JR D S\UHQF
(BaP, - L Q G2@ &) pyrene (InR)dibenzo(a,h) anthracene (DB(ah)A), and
benzo(ghi) perylene (BGP, 98%3 well agleuterated PAHs1:aphthalena8 (Naphd8,99
atom % D), acenaphtheitd 0 (Ace-d10, 99 atom % D), phenanthred#0 (Phed10, 98%
CP), chrysenell2 (Chy-d12) perylened12 (Rer-d12, 98 atom %0D) tetramethyl
orthosilicate (TMOS, 98%), -Biethacryloxypropyltrimethoxysilane (MPS, 98%)

methacrylic acid (MAA, 99%), isopropyl acrylangd (NIPAM, 97%), benzyl
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benzodithioate (BBT96%) phenol ¢ H W K \yodH diprketh@crylate (EGDMA,
98%), and 1,%azobis(cyclohexanecarbonitrile) (ACBN, 98%) were purchased from
SigmaAldrich (Oakville, ON, Canada)ron(lll) chloride hexahydrate (Fé§6H.O) and
iron(ll) chloride tetrahydrate (Feg£4H>0), Optima grade metmal, acetonitrile, hexane,
and toluenewere purchased from Fisher ScientifisVpitby, ON, Canada) Absolute
ethanol wagpurchasedrom Greenfield Global Inc. (Brampton, ON, Canad&dium
chloride (NaCl, 99%) andlacial acetic acid (>99.7%)wvere purchaske from ACP
chemicals (Montreal, QC, Canada).

Ultrapure water (182 0 .cmt) was producedy an SYBROMBarnstead water
purification system (Boston, MA, USA)ndlividualstock solutions of PAH&ere prepared
in acetonitrile: acetonél:1, v/v) at 1000 mg t. Acetone has been used in this binary
solvent system to dissolvd the analytes along with acetonitrile to avoid solvent koss
changing the concentration of stock solutioNerking standards, whiclvere addedb the
water samples before performitigeextraction, were prepared from the stock solutions by
diluting in pureacetonitrile.To obtainthe instrumentalibration curvefor theanalytedor
the calculation of extracted massulti-standardef PAHswere prepared in toluendll

the solutions wex stored at 4C in a refrigeratoprior touse.
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Table 2.1 Target analytes with physical and chemical propeffigs53]

Solubility in
Compound Structure MW (g mol?) LogP
water(mgL™?)

Naph

128.17 31 3.30
Acy

152.20 16.1 3.4
Ace

154.21 3.8 3.92
Flu

166.2 1.9 4.18
Phe

178.23 1.1 4.46
Ant

178.23 0.045 4.45
Flut

202.26 0.26 5.16
Pyr

202.26 0.132 4.88

(continued on next page)
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Table 2.1.(continued

Solubility in
Compound Structure MW (g mol?) LogP
water(mgL™?)

BaA 228.29 0.011 5.76
Chry 228.29 0.0015 581
BbF 252.32 0.0015 5.78
BkF 252.32 0.0008 6.11
BaP 252.32 0.0038 6.13
InP 276.34 0.062 6.58
DB(ah)A 278.35 0.0005 6.75
BGP 276.34 0.00026 7.1
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2.2.2 Instrumentation and operating conditions

An Agilent 7890B GC instiment (Agilent Technologies, CA, U.S.A.) coupled to
Waters Xevo TGE equipped with an atmospheric presscinemical ionizatiorsource
(APCl) was utilizedfor all analyses. A 7693A Automatitiquid Sampler (Agilent
Technologies, CA, USAwas used to injectl-uL of samplein pulsed splitless mode
(25 psi, 1min) with a liner temperature of 28C. Separations were performed using a DB
5MS column G0mx0.250mm, 0.25um film thickness) purchased from Agilent
Technologies. Helium (5 UHP) (Praxaftanada) was ephoyed as the carrier gas at a
constanflow rate of 1.2mL min™. The oven temperature programas as follows: initial
temperature 080 °C held for 2min; increased t®20°C at 25 C min'?, thento 240°C at
10°C min %, to 280°C at 3 °C min, and firally to 300°C at 10°C min'* and held for
2.5min. The temperature of theansferline from GC to the ion source was 30D with
N2 as makeup gas KIM32LA, PeakScientific, Scotland, UK) flowing at 28®L min™.
The temperature of the ion source was 160with N> as the auxiliary gas and cone gas
flow rates operated at 200 and 19@er hour respectively. The corona pin was operated
in constant current mode apA. MRM transitions, cone voltages and collision energies
used for all compoundsre include in Table 2.2

The crystalline structure of the nanopartickess studiedby using UltimalV x-ray
diffractometer (Rigaku, Japaequipped with a Cu source (wavelength: Inb4) and a
scintillation detector. The operation cotidins are 4kV, 44mA, a scan rate of 1min*
DQG VWHS VL]HTRR spectroscopy was cdacted using a BrukeALPHA
instrument equipped with an ATR sample adageans were collected using a range of

4000-400 cm! and a resolution of 1.6m?. Morphological studies were conducted by
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taking micrographausing a Quanta 650 FEG (field emissgum) SEM (FEI, OR, USA).
The instrument was operated at a constantk®8.Cand the detector was an ETD.
Transmission electron microscopy (TEM) images waieen usinga TecnaiG2 Spirit
Transmission Electron MicroscopEEl, OR, USA)

Table 2.2 Summary of tandem mass spectrometry parameters usiGy@E-MS/MS.

Compound RT Precursor ion Product ion Cone Collision
(min) (m/z) (m/z) voltage(V) energy (eV)
Naphd8 5.82 136 108 55 20
Naph 5.84 128 102 55 20
Acy 7.41 152 151 65 28
Ace-d10 7.54 164 162 40 20
Ace 7.57 154 153 40 20
Flu 8.09 166 165 35 20
Phed10 9.17 188 186 65 25
Phe 9.20 178 177 65 25
Ant 9.27 178 177 65 25
Flut 11.03 202 201 70 35
Pyr 11.49 202 201 70 35
BaA 14.87 228 228 30 15
Chry-d12 14.90 240 240 30 15
Chry 15.00 228 228 30 15
BbF 19.24 252 252 30 15
BkF 19.38 252 252 30 15
BaP 20.67 252 252 30 15
Perdl12 20.94 264 264 30 15
InP 25.39 276 276 40 15
DB(ah)A  25.55 278 278 40 15
BGP 26.27 276 276 40 15
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2.2.3. Synthesis procedure
2.2.3.1. Synthesis of magnetic nanopatrticles

Magnetic iron nanoparticles were prepared ushegco-precipitation technique
[54]. Firstly 0.4M of HCl and 0.7M of NH4OH solutions were prepared and decanaged
by passing nitrogen through the solutfon 15min. Then 8.5 of FeCk6H.0 and3.0g of
FeCb4H.O which were previously groundsing a mortar and pestlerere dissolved in
38 mL of the 0.4M HCI solution. The synthesis procedwrasperformed inanultrasonic
bath by rapid addition othe acidic mixedron salt solution into 37&L of the 0.7M
ammoniumhydroxide solutionAfter sonication for 3@nin, the FeO4 particleswerestored

in this reactiorsolutionbeforeuseto avoid aggregation.

2.23.2. Preparation of F4@SiQ

A silica coatingpreparedhroughthe Stéberprocess is used to reduttee amount
of agglomeration of the magneti@angarticles[39]. For this purpose, a 54L aliquot of
the solution containing 50hg FeOs waswashed with ultrapurewater three times. Then
the wet particles were dispersed in a solution containingr00f ethanol and 1061L of
ultrapurewater. After 10min magneticstirring at 1200rpm, ammonium hydroxide was
used to adjusthe pH to 10.5 beforeaddition of TMOS (5nL). The coating processas
completedby mixing the solution for 18 stirred at 1200pm which lead to théormation
of FeOs@SIiQ. After synhesis, the particles wereollected using a 4"x 2" x 2”
neodymium block magnet from Apexdgnets Petersburg, WV, USA)The collected
particles weravashedwith ethanol 8 x 150mL) and nanopore wateB & 150mL ) and

subsequentlgriedin avacwm ovenat 9 °C overnight
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2.2.3.3. Preparation of vinyl functionalizée:04@SiQ

Dried FeOs@SiO (1 g) was disperseth a mixed solution of ethanol (#6L) and
ultrapure water (23nL). The acidity of the solutiowas adjustetb a pH of4.0 using acetic
acid. After addition of25mL MPS solution in ethanol (1\2t%) under N, the solution
was stirredfor 24h [39]. The resultant coreshell nanoparticles coatewith the silane
coupling agent were washedth ethanol 8x150 ml andultrapurewater 8x150 mb),

dried and used as tlsebstratéo preparehe MMIP.

2.2.3.4. Preparation of RAFMMIP

In order to prepare RAFMMIP, a published procedurg¢39] with some
modificationshas been usedhe pre-polymerizationsolutionfor synthesis oMMIP was
preparedy dissolving MAA (2mmol) and NIPAM (2mmol) as functioalmonomersand
phenol (0.5mmol) in 200mL of acetonitrile The solution was kept at°€ in the darkfor
12 h to formthe templatemonomercomplex. The functionalized nanoparticles wiren
dispersed in the prepolymer solution and degdsfor 15min to remove oxygenvhich
interferes with the radicgbolymerization. After reaching the temperatofeés0 °C using
an oil bathunder N, EGCDMA (5.83 mmol), BBT (200uL) and ACBN (99.2mg) were
added The polymerization was conducted th a 75-78 °C. ThesynthesizedMMIP
particles were washed with methanol/acetic acid (9:1, v/v) to remove the template from the
polymer structure-inally, theMMIP particles were washed with methanol and dried using
a vacuumoven at 50C. Nonrimprinted polymer, named MNIRyas synthestzed as a

control sorbent with an identical procedure except for excluding the template when forming
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the prepolymesolution. To evaluate the effect of RAFT polymerization on sorbent
performance, MMIP and MNIRarticles were also prepared withausing BBT and

considered as-®MMIP and CMNIP, respectively.

2.2.4. Magnetic molecularly imprinted polymekrdispersive solid phase extraction
(MMIP -DSPE)

The extraction of PAHs from water samples using MNIIBPE procedures
presented irrig. 2.1 A mixture of 16 PAHs waspiked into thaultrapure water to obtain
final concentratiorof 2000pg mL™* for 8 low molecular weighPAHs (Naph, Acy, Ace,
Flu, Phe, Ant, Flut and Pyand 2% pg mL™ for 8 high molecular weight PAHBAA,
Chry, BbF, BkF, BaP, InP, DB(ah)A and BsFPhe organisolventcontent of thesample
solution was maintained below 1% to avoid any effect of soldeming extraction.
Addition of a standard solution intthe water samplesersus preparing solutions in a
volumetric flaskbeforeextraction eliminates the loss of hydrophobic analwtkgh tend
to stick to thewalls of the glassward 0 mg of MMIP particlesvere dispersedh a water
sample using aaltrasonicbath for 2min which is then followed by magnetollection of
the sorbent for Bnin usingthe magnet After decanhg the supernatantthe sorbent was
washed with InL of ultrapurewater to remove salts and undesirghdéar contaminants
adsorbed bynteraction througmon-selective binding sites. Therbent washen dried
under ggentlenitrogen stream tminimizethe finalwater content. For desorption of PAHS,
500 L of hexane vas added into théal and sonicated for &hin. Thesupernatantyhich
can easilypbe removedrom the sorbent by applying magnet was transferreanto GC

vials. Finally,the solvent was gently evaporated under a stream of nitrogen before being
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reconstiited in 100pL of toluenewith a higher boiling point than hexane in order to
perform GC runs with a higher initial tempens The preconcentrated PAHs were

transferred into insert vials asdbsequenthanalyzedby APCI-GC-MS/MS.

Fig. 2.1. Experimetal setp for extraction and determination using propos&dIP—
DSPE-APCI-GC-MS/MS procedure.

2.2.5. Experimental design

The potentially important parameters on the MMIBSPE were selectedafter
preliminary studies. These factors includemassf MMIPs, sample volume, salt content,
collection time, desorption volume, and desorption time. A STATISTICA 10.0 (Stat Soft

Inc., Tulsa, USA) was used to generate ttesign of experimentD(OE) and process the
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data The factors were screened usihgPlackettBurman design consistirgf afractional
factorial (2') design with a set of 16 experiments.

The effect of each variable wasvastigated through its effect of the response of
analytes. Since optimization of 16 individual PAHs with varying solubility is difficult, the
analytes were divided into 3 groups dependent on relative polarity including group 1 (Naph,
Acy, Ace, Flu, Phe, An Flut and Pyr), group 2 (BaA and Chry) and gr&u(BbF, BkF,

BaP, InP, DB(ah)A and BGP). CClntroduced by Box and Wilsgrwas utilized for
optimization of the most significant factors which resulted in quadratic polynomial models
[55]. In a CCD, the total number of experiments (N) is obtained by incorporation of 2
factorial points (N (f: number of factors), 2f star points (Nand one or more central
points (N) (Eq.2.1)

0= Oyt O + 04 (2.1)
The level of star points ensuring tfatatability of the obtained CCD modaielocated at
“ IURP WKH F HQvaleulated Bta X 68Y using E22 [56]:

U= %0y (2.2)
Moreover, the total numbef replicaesat the central level of each variable guagang

the orthogonality of the model was calculate@dqoalto 9 using Eq2.3 as below[57]:

¥ Cr (G >Cr>G) 2Gx
6

U=

(2.3)

Averaged extracted mag®\EM) of analytes in each th8 groups were used for
simultaneous optimization of extraction of 16 PAHs @anavideda quadratic model for

each group
=t g ot e B vvovt Mwxol @9
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where Y is a dependent variable (AEM for groupS In the pesent work), Xis an
independent variablep s the constant coefficient; is the coefficiendf the linear effect,

bj is the coefficient of the interaction effect, dmdis the coefficient of the squad effect.
The quadratic polynomial models (as.B@) were obtained to predict the response of each

dependant variables for extraction analytes.

DF is used to find the best level of each variable and optimize the redb8hs€his
functionis obtainedby transforming each response into an individdil( @)B By using
optimization criteria and fitted models in CCD, this funct{as Eq.2.5) varied between O

(for undesirable response) and 1 (desirable response) as f{B@jvs

K EBi< g
@B ~EEXA ERQ:uQTy (25)

1 EBy 7o

In DF equation, 7yand . sare the upper and lower values desired for the dependant
variable ;yand s is the weight to achieve a desirabilespamse. The @ Br different
responses are then combined to obtain the global desirability as a joint response using

Eq.2.6.[60]

~

&= k@bx @Bx ...x @BFE KAl @EE (2.6)

In this equation,Njs the importance of each response comptreldeothers[59]. The
desirability profileachievedfor each response can be employed to predict thedslef

factors providing the mostesirable response.
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2.2.6. Environmental water samples

For validation studies, @ver watersamplewas collectedrom the Waterford river
in St. John’s, NL, Canaddhe samplevas storedat 4 °C beforeextraction. Theiver
samplewasanalyzed and verified as “nafetect” tofurther evaluatethe suitability of a
matrix-matchedcalibration curveProduced water which is the main discharged waste
during oil extraction has a complex matrix with high cohtehorganic andnorganic
compoundg5, 6]. To determine PAHSs in produced watesamplewasreceivedirom an
offshore sitdn sealedbottlesandkept at 4 °Quntil use was used for this studyhe water
samples were filtered thugh 0.2mm filters before the extraction process as described

in Section 2.4.

2.3. Results and discussion

2.3.1. Characterization studies

FT-IR spectra of the synthesized particles including Fe;Os, FeOs@SiQ,
FesO1@SiO-MPS, C-MMIP, MMIP, and MNIPwere obtained to confirm the successful
preparation of the sorbent. As presenteéig. 2.2 the absorption characteristiandat
560cm?! represents the stretching of-feein thesynthesizedspinal FeOs nanoparticles
[61]. The peaksat 802 and1040cm™ on Fe;04@SiQ spectrawhich correspond tehe
symmetric stretching of iISO-Si and asymmetric stretching of-8i, respectively can
confirm the formation of ailica layer m the surface of gtamagnetic nanoparticlg$2].
Additionally, the presencef the absorption peaksf C=0O bonds at 1726m?, CH;, at

2958cm? and CH at 2992cm* on GMMIP, MMIP and MNIP spectrandicate the
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grafting of polymeric coating over the coreshell nanoparties [63]. The stretching
vibrationof C=S bondat 1150 in MMIP and MNIP compared teMIMIP revealed that the
polymeric coatings in MMIP and MNIP sorbent halkeen formed through RAFT

polymerization mechams [41].

Fig. 2.2.FT-IR spectra of F©04, FeOs@SIiO, FeOs@SiG-MPS, GMMIP, MMIP, and
MNIP.

The XRD spectra adynthesizethanoparticles weracquiredand shown irrig. 2.3
The result oFe04 specifiessixk SHDNV LQ W KwhidhEh@rddtierRdhe pure FeOa
with inverse spinal structure confimg the successful synthesis of the magnetic substrate
for the sorben A similar patternwas observeébr the coated nanoparticles exhibited that
the coating with silica shell, surface modification and grafting tlbigrperic phase have

no effects on the crystalline structure of the magnetic nanopaitegs
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Fig. 2.3. XRD spectra of nanoparticles at each stage of produdticnding Fe:Os,
FesOs@SiO, FeOs@SIig--MPS, MMIP,andMNIP.

The morphological studiesvere performedby obtaining scanning electron
micrographswhich are shownin Fig. 2.4 As can be observed, tife04 substrate
agglomeratediue totheir magnetic properties. The silica coating reducesiabgregation
of the substrate by forming a shell over the magnetic core. sthaning electron
micrographof the synthesized MMIP (Fig. 2.£) revealsthat these particles have an
averaged size of 100 nm with less aggregation andiform formation of polymeric
coating Therefore, these particles witlarge surface areavhich can be effectively
dispersed in aqueous usiag ultrasonic bath prode a rapid equilibrium between the

sample and the sorbesrhda large adsorption capacityr uptake of analytes
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Fig. 2.4. Scanningelectron micrographs of a) #&, b) FeO.@SiC, and ¢) MMIP.

Fig. 2.5 demonstrates the TEM images B&0s4, Fe&s0s@Si®, C-MMIP and
MMIP. The formation of MIP coating can be observed ¥WMEIP prepared by a
conventional surface polymerization and MMIP prepared by RAFT polymerization.
However, the MP layer formed irpresence of RAFT agent is thinner and more uniform
which provides rapid mass transfer during adsorption/desorption steps as well as

homogenous and selective binding sites.

122



Fig. 2.5.TEM images of) Fe;0s, b) Fes04s@SiC, c) C-MMIP, andd) MMIP.

2.3.2. Selection of the desorption solvent

The desorption solvenplaysa vital role in the sensitivity and repeatability of a
preconcentration techniqusy ensumg a completedesorptionof the analytes from the
sorber. Additionally, thedesoption solvent used in MMHDSPE musbe easily separated
from the particles allowindor rapid sample preparationTherefore, solvents with the
capability of desorbing PAHs from the MMHEAncluding methanolacetonitrile hexane,

and toluene were seled and tested. Using methanol aadetonitrilefor desorption of
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analytegesulted in the formation @suspension of the MMKBn the solutiorrequiring a

longer collection time after desorption\asll ascareful filtration of the solution to avoid
introduwcing particulateresidue intothe chromatographic systent.o avoid filtration and
potential errors associated with this extra step, the samples desorbed by methanol and
acetonitrile were not analyzeldexane and toluene which cha easily separatédom the

MMIP swithout the need for filtration of the samples. Both solvents recovered the analytes
with the same efficienes However, hexandemonstrated &igher reproducibilityand

higher volatilityand therefore ibetter suited for desorption asdlventevaporation.

2.3.3. Screening the significant parameters

A two-level FFD comprising 16 &) experimentsvasconducted to investigate the
importance of 6 variables. These variables, teenlesand the level of seeningare
presentedn Table 2.3 The sequence of experiments was randomized to minimize the
uncontrollable variables during experimental de$&$].

Table 2.3.Factors, codes, low and higlvéds in the screeningxperiments.

Factors Levels
Low (i High (+1)

(X1) Mass of polymer (mg) 5 10
(X2) Sample volume (mL) 10 20
(X3) Salt addition (NaCl concentration; w/v) (%) 0 10
(X4) Collection time (min) 2 5
(Xs) Desorption volume (uL) 500 1000
(Xe) Desorption time (min) 2 10
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The importance of the parameters considered in the screening step can be illustrated
using Pareto chagtin these chartghe standardized effects of three groups of PAde
plottedregarding the analysis of vari@am¢ANOVA) tests of the AEM of PAHSs in each
group(Fig. 2.9. The length of each bar in the charproportional to the estimated effect
of that parameteiThe parametershich exceed the referemdine ©5% of the confidence
interval) aresignificant Sample volume has a significant effect on the extracted mass of
all 16 PAHs due to increased loaded mass of PAHs in the sample solution as well as
dispersion of sorbent in the sample. Moreover atlastion of salt, 10% compared t@ %,
has a positive influence on the extraction of PAHs. Increasing the mass of the polymer from
5 to 10mg has positive effects on the efficien2groups due tahe enhanementof the
partition coefficients of these ag&ts with higher solubility in thesample matrix.
Nevertheless, this parametsrnot significantfor group 3 because dheir hydrophobic
naturewhich favors their extraction toward MMIP phasensequently, MMIPmass
sample volume, and salt additianethe importantparameterandwerefurther assessed
during CCD optimizationOther parameteisave no significant effect on the extraction of
PAHSs in their determined range, therefore, the following experimentspedoemedby
fixing these parameters according to the sign of their edretfect on th&aretocharts

(i.e.,5 min collection time, 50QiL desorption solvent, andrin desorption time).
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Fig. 2.6.Pareto charts of the standardized effects in the screening step a) group 1, b) group
2, and c) group 3; sample solution coniiag 2000pg mL* of Naph, Acy, Ace, Flu, Phe,

Ant, Flut and Pyr and 250y mL *of BaA, Chry, BbF, BKF, BaP, InP, DB(ah)A and BG
extraction: 2min ultrasonic dispersion; desorption solvent: hexane; internal standards:
Naphd8, Aced10 and Phel10: 5000Qpg mL* Chry-d12, Peyd12: 1000pg mL™.

2.3.4. Central composite design

The second optimization step was conducted usir@C® with 23 randomized
experimensg including9 replicaes at the center poinfTable 2.4presents thevariables
selected from the screening step with tloeides and levels, the designed matrix and the

response of eaaxperiment
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Table 2.4.Main factors, symbols, levels and design matrix for the CCD.

Factor Code Levels

-1.681 -1 0 1 1.681

Mass of paymer (mg) X1 3.2955 5 7.5 10 11.704
Sample volume (mL) X2 6.59105 10 15 20 23.40895
Salt addition (%) X3 6.59105 10 15 20 23.40895
# X1 X2 X3 Group 1l Group2 Group 3

1 -1 -1 -1 7.32424 1.95183 2.62867

2 -1 -1 1 9.56362 2.48721 2.35118

3 -1 1 -1 11.14484 4.71166 4.33170

4 -1 1 1 12.94872 3.57052 3.46292

5 1 -1 -1 10.79566 2.45913 2.63126

6 1 -1 1 11.15466 1.90746 1.59689

7 1 1 -1 16.80002 4.98668 4.41181

8 1 1 1 20.84067 4.14860 4.19295

9 -1.68179 0 0 8.88362 3.54922 3.62951

10 1.68179 0 0 17.38B30 3.26966 3.34166

11 0 -1.68179 0 8.09670 1.67746 1.75685

12 0 1.68179 0 15.07387 3.77358 3.47664

13 0 0 -1.68179 12.25251 3.79508 3.49163

14 0 0 1.68179 17.14403 3.52931 3.19179

15 0 0 0 14.85570 3.09526 3.50179

16 0 0 0 14.93115 3.19268 3.57118

17 0 0 0 15.78191 2.86925 4.01891

18 0 0 0 15.96825 3.73205 3.45315

19 0 0 0 14.04876 2.99748 3.78471

20 0 0 0 15.89377 3.88862 3.53291

21 0 0 0 14.94815 3.08338 3.32124

22 0 0 0 15.00729 3.21392 3.60631

23 0 0 0 15.99560 2.92933 4.04533
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Quadratic polynomial models comprising the main effects, quadratic effects,
interaction effectsvere achievedor 3 groups of PAHs by plotting the responses versus
experimental variables (BR.7-2.9).

AEM Group 1= 15.279541995342+2.410594258651:(X8448621697898*X 12 +
2.5357422860659*%1.3939954056786*X2+1.2205925223985*X
0.29338459444058*X'2 + 1.0605830839484*¥ + 0.044549591418375%X
+0.40576960905098*XX 5 (2.7)

AEM Group2=3.222235777646% 0.022735412587118*%
0.068092459936878*X2+0.888716444629*X>-0.17371044160568*X2-
0.17884610689598*%+0.15745612544376*X2+0.11569460360344*X »-
0.097998720184401*X3-0.24536626039647*X 3 (2.8)

AEM Group3=3.6465985320358.031168095167348*x
0.040296964295063*X2+0.73836282400194*%0.34747730658789*X2-
0.21262317094149*%0.091163204479559*X2+0.1952302437265*X 2-
0.013372292834466*%3+0.028026739421684* X3  (2.9)

The results of CCD stepere further evaluatethroughANOVA for each group
(Tables 2.52.7). In these tablestatistical parameters values including the sum of square
(SS), the degree of freedom (df), mean ofgheargMS), F andp-valueswere included
The square of theodficient of determination %) which is a measure of thyobal fit of
the model needs to be at least 0.80 for a good fit of a nj66klThe R? values were
obtained ®6372 forgroup 1, 0.85789 for group 2, and 0.87861 for group 3 implying that
these models can desailthe changes in the response of each gr¢é®]. The
p-values<0.05were statistically important at 95 % g6 HQFH OHYHO LQ WKHVH
“lack of ¢ W /2)vali& of three calculated models is greater than OIOBF is

considerednsignificant relative to the pure error of the models.
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Table 2.5.Analysis of varance (ANOVA) for CCD (Group 1)

Facto S¢< f MS F P

d
(1) Polymer mass(l 79.359: 1 79.3593! 175.588! 0.00000: Significan
Polymer mass(( 11.341¢ 1 11.3416' 25.094: 0.00104: Significan
(2) Sample volume(l 87.813¢ 1 87.81331 194.293! 0.00000: Significent
Sample volume(C 30.876: 1 30.8764- 68.316¢ 0.00003. Significan
(3) Salt content(L 20.346¢ 1 20.3465¢ 45.018: 0.00015. Significan
Salt content(C 1.367" 1 1.3676t 3.026: 0.12012! Not significan

1

1

1

5

8

2

1L by 2L 8.998" 8.9986¢ 19.910: 0.00210! Significant

1L by 3L 0.015¢ 0.0158¢ 0.035: 0.855991 Not significan
2L by 3L 1.317: 1.3171¢ 2.914« 0.12617! Not significan
Lack of Fit 5.458: 1.0916: 2.415: 0.12833! Not significan
Pure Error 3.6157 0.45196

Total SS 250.1145 22

Table 2.6.Analysis of variance (ANOVA) for CCD (Group 2)

Facto S¢< df MS F P

(1) Polymer mass(l 0.0070¢ 1 0.0070¢ 0.0564( 0.81824. Not significan
Polymermass(Q 0.0736° 0.0736° 0.5886! 0.46498! Not significan
(2) Sample volume(l 10.7864! 10.7864( 86.185( 0.00001! Significan

Sample volume(C 0.4794¢ 0.4794¢ 3.8310( 0.08601 Not significan
(3) Salt content(L 0.4368: 0.4368: 3.4903: 0.09867: Not significan

1

1

1

1
Salt content(C 0.3939: 1 0.3939: 3.1476( 0.11396. Not significan
1L by 2L 0.1070¢ 1 0.1C70¢ 0.8556( 0.38202° Not significan
1L by 3L 0.0768: 1 0.0768. 0.6138{ 0.45589 Not significan
2L by 3L 0.4816: 1 0.4816: 3.8483! 0.08543! Not significan
Lack of Fit 1.1271° 5 0.2254: 1.8012¢ 0.21884! Not significan
Pure Erro 1.0012: 8 0.1251!
Total S¢ 14.9776. 22

Table 2.7.Analysis of variance (ANOVA) for CCD (Group 3)

Facto S¢< df MS F P

(1)Polymer mass(l  0.0132° 1 0.01326° 0.211¢ 0.65761! Not significan
Polymer mass(( 0.0258( 0.02580: 0.411¢ 0.53896. Not significan
(2)Samplivolume(L, 7.4454: 7.44542¢ 118.856. 0.00000- Significan
Sample volume(C 1.9184¢ 1.91848. 30.625¢ 0.00055. Significan
(3)Salt content(L 0.6174: 0.61740° 9.856! 0.01381" Significan

1

1

1

1
Salt content(C 0.1320* 1 0.13205. 2.108( 0.184591 Not significan
1L by 2L 0.3049: 1 0.30491' 4.867¢ 0.058421 Not significan
1L by 3L 0.0014: 1 0.00143: 0.022¢ 0.88362: Not significan
2L by 3L 0.0062¢ 1 0.00628: 0.100 0.75955! Not significan
Lack of Fit 0.9432° 5 0.18865- 3.011¢ 0.08047! Not significan
Pure Error 0.50114 8 0.062642
Total SS 11.89891 22
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The response of each group baen correlateth the experimental levels of factors
by drawing threalimensional plots in which AEM was plotted versus two experimental
parameters while the otheictar wasconsidered consta(fig. 2.7. The response plots for
group 1 containing analytes with lower extraction efficieaoy showrin Fig. 2.7a. The
relationshipbetween polymer mass and sample volimg. 2.1 VKRZV WKDW LQFU
the mass othesorbent yielded higherextracted mass of groupwith p value 0f0.000001
for linear effect Table 2.9. The enhancemems attributedto thehigher mass of sorbent
causng anincreasegartitioning of analytes between the sample solutionta@dorbent.
This plot (AEM versus polymer masample volume) reached a maximuna &wsample
volume and decreased by further addition of polymer implying the insufficient dispersion
of sorbentin the sample solution. The effect of polymer na@sthe extraction oftwo other
groups (see Fig. m—-1 DZ¥6&1 LV QRW VLI @dnldlde begnwludddthrbugh
ANOVA tests Tables 2.6and2.7) with p values 0f0.818242and 0.657619for group 2
and 3, respectivelylhe sample volume interfsed the extracted mass of analytes in three
groupsby increasng theloaded PAHSs in the original sample solutionaddition to the
dispersion effect. Thp values for the linear effect of sample volume on extracted mass of
three groups ar8.000001for group 1,0.000015for group 2 and.000004for group 3.
This trend (AM versus sample volume) &d peak followed by a declirstlargersample
volumes due to theinfinite dispersion of MMIP particles which can nbé collected
sufficiently from the samm. A glance at polymer mass. sample volume plotd=(g. 2.7,
b, -1 GHF O Rdverseeedt bf large sample volumes which is more pronounced in
smallamounts of extraction phase. Another variable which is widely usedptowa the

extraction of analytein LLE and DLLME is thedditionof salt. This effect called “salting
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out” is caused by expelling hydrophobic analytes from the sample solution to the extraction

phase.

Fig. 2.7.The response surface plots of AEM for ®gps of PAHSs: a) group 1, b) group 2

, and c) group 3 versus: polymer maasnple volume { S R O\ P Hsalt ddomténi/|(

and sample volumsalt content  VDPSOH VRO X\208@mERDNA&Eh. QL Q J
Acy, Ace, Flu, Phe, Ant, Flut and Pyr and 25@mL'of BaA, Chry, BbF, BKF, BaP, InP,
DB(ah)A and BGP; extraction: 2 min ultrasonic dispersion; magnetic collection 5 min,
Desorption: 50QL hexane, 2nin ultrasonic dispersion; internal standards: NdfhAce

d10 and Phel10: 5000Qpg mL* Chry-d12,Perd12: 1000pg mL™.
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The salt effect is a significant parameter foréRkeactionof group 1(p: 0.00015)
and 3 (p: 0.184590Q while the extractionof group 2 was not affected profoundly. O.
098674. In group 1, AEMwas enlargethy saltadditionasshown in plotfig. 277 DQG
- 8, however,salt content caused a slight decrease for extractibrd6 heavy PAHs
(Fig.2.7c-7 D Qdpbecause of thew solubility of these analytes in water which is hantt
reduced by salt content anthy cause the analytés adsorb onto the walls of the sample

vial.

2.3.5. Desirability function

Simultaneous optimizatioof MMIP-DSPE is of utmost importance guantitation
of PAHs using this methollecause of various kility and hydrophobicit of these
analytes Therefore DF was employed to maximize the response of the analytid® B
groups. According to the result of CCD step, the minimum and maximui Y&ues
obtained for each grouprere considereds the leastlesirable (@=B) and the most
desirable (@-8) responsesrespectively The corresponding desirability score for each
group was illustrated in the lefthand panel of Fig. 2.&, in addition toDF profile of
depenénts and a amposite desirability (righhand side oFig. 2.8). TheDF optimization
allows for the obseration of how the changes in the level d¢he variables can
simultaneously influence the response and overall desirability of the exmriimhe

desirability of 1.0 was set as a goal in the calculationkexdptimum conditions.
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Fig. 2.8. Profiles for predicated values and desirability function a) using optiDErfor
extraction of PAHs using MMHBDSPE; b) using usespecified paramets for extraction
of PAHs using MMIRDSPE.
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The optimal levels of variables were obtained at +1.681Bdibrpolymer mass and sample
volume and 0 for salt content with a high overall desirability (0.95106). These variables
responded AEM of 20.266g (groupl), 4.7836ng (group2) 4.29142ng (group 3).
However, dueto operational limitationandthe divese reponse of PAHs to the changes

in the level of variables, a compromised optimization strategy by usingspseified
optimization inthe DF was employd (Fig. 2.&). In this optimizatn strategy, the
importance of the variables on the response of three individual groups was considered
according to the ANOVA results obtained in the CARMgles 2.52.7). In STATISTICA

10.0, theDF can beplottedwith various levels of each parameter to observe the predicted
values for three responses. Therefore, polymer mass and sample volume weredioth set
the +1 level since larger samplelumes, andpolymer mass increase the cost and analysis
time. To optimize the amount cfalt in the extraction process,careful examination of
three group®f analytes was conductefis discussed in CCD, thisariable has a positive
effect on the extraed mass of grquil, no significant effect on groupéhd a slight negative
effecton group 3. As a compromise, the salt content was set at +dlise¢ove the salting

out effect andachieve a more sensitive method for extraction of 8 light PAHs higter
solubility in water. Therefore, the usepecifiedDF optimization contribugs a sensitive
determination of grouf, while the proposed levels of variables provide enough sensitivity

for the other 2 groups due to their exhaustive extraction.
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2.3.6. Setctivity evaluation for extraction of PAHs

Regardingthe hydrophobicnature ofthe MMIPs and the hydrophobicity ofthe
PAHSs, selectivity studies were conducted using a large sample volunme_j4thd asmall
amount othe sorbents (i.€-e:04 andFe304@SiG;, CG-MNIP, C-MMIP, MNIP andMMIP;
5mg). The small ratio oMMIP massas compared t@sample volume provides the
opportunity for MMIP to adsorb analytédsroughselective recognition sites in addition to
nonselective sites. Additionally, the experimentgevperfomed with no salt to avoithe
saltingout effect. The obtained data iig. 2.9 revealed adsorption of PAHs from the
sample solution usingresOs4 and Fe&sOs@SiQx nanoparticles which islue to intrinsic
properties of theseapticles with alarge surface area especialtgr analytes with higher
LogPvalues. The extracted mass of PAHs using Mi\iRlicates adsorption of the analytes
using norselective recognition sitesn the polymeric layer which coatsthe coreshell
particles. Creation of selective recognition sites through imprinted cawhssletermined
to besuperiorfor theextraction of PAHs using MMI® As can be seen theFig. 2.9 the
adsorption of PAHs using MMHBEwas higher than that &fINIPs particularly for lighter
PAHSs with lowerLogP values and higher solubility in the watlithough PAHs have no
specific functiondties and mainly adsorb by hydrophobikteractions,preparationof
MMIPs using RAFT polymerizatiomnd apseudo templa generate cavitiesuitable for
the adsorption othe PAHsusing &Enteractionsand Hbonding in addition to non
specific interactions Therefore, this polymerization strategy caused shaped
functionalized imprinted polymeric coating forthe selectiveadsorption of PAHs
Furthermore, the polymeric coatings eithelNPs or MNIPs enhance the reproducibility

of theenrichment due to less aggregation of nanoparticles. TM&E showed similar
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adsorption behavior to MMIP with lower repeatability this is mainly to due heterogenous
distribution of the binding sites in-MIP. Interestingly, GMNIP have higher adsorption
than MNIP due a higher population of nspecific binding sites created through a free
radical polymerization. Therefore, it can be concluded that RAFT polymerization can

enhance the selectivithroughhomogenously distributed binding sites.

Fig. 2.9. Comparison of performance 6604, FeOs@SIiG, C-MNIP, C-MMIP, MNIP
and MMIP for extraction of PAHs from water samples. samplemd0sample solution
containing1600pg mL* of Naph, Acy, Ace, Flu, Phe, AnFlut and Pyr and 208g mL
Yof BaA, Chry, BbF, BKF, BaP, InP, DB(ah)A and BGP; extractiomii2 ultrasonic
dispersion; magnetic collectionmdin, Desorption: 50QiL hexane; internal standards:
Naphd8, Acedl0 and Phel10: 50000pgmL? Chry-d12, Peyd12: 1000pgmL?;
Extraction recovery (%) using MMIRMNaph 1.8 Acy: 0.6, Ace: 1.5, Flu: 3.7, Phen:13.2
Ant: 5.3 Flut: 34.6 Pyr:33.5 BaA:46.9 Chry:50.1, BbF:65.2 BKkF:69.4 BaP:50.4

InP: 82.1, DB(ah)A: 84.7, BGP:68.2
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2.3.7. Analytical performance of the MMIP-DSPE-APCI-GC-MS/MS for
determination of PAHs

The proposedDSPE method using RAFWVIMIPs as a selective sorbentas
evaluatedfor the analytical figures of merits including linear range (LR), catieh
coefficient R9), limit of detecion (LOD), and limit of quantation (LOQ) These tests were
completedusing optimized conditionsand summarized inTable 2.8 LOD and LOQ
defined assgnakto-noise (S/N) ratio of 3 andO, respectivelyfor each analytewere
obtainedby analyzingblank ultrapure water samples containing internal standards.
acceptance criteria for calibration curves coesisif a determination coefficientR?)
higher than 0.99 ananintercept highethanthe LOD. Weighted calibration cuesusing
1/x as the weighting factor were used to achieve better fitting and more accuracy of
quantification,particularlyfor lower concentrations. Calibration poim®&re preparety
adding standarBAHssolutiors into ultrapure water to obtain<60000pg mL* exhibiting
a goodcorrelation to signal with Rraluesgreaterthan 0.99. Preparation oftmoadrange
of concentrationss requireddue tothe varyingsolubility of differentPAHs in the aqueous
environment. In the present work, the dynamic rangee obtained in ppt to syipb
levels forhigh M.W. PAHs with lower solubility in water and ppb ppm levels forlow
M.W. PAHSs withincreasingsolubility. LOD and LOQ for target alyées were in the range
of 1-100pgmL* and 2200pgmL™, respectively This range of sensitivity achievésl
due tothe selectivity and efficiency of the proposed MMI&lowing for thedevelopnent
of a single method of extraction and analysis for 16 PAHs iratjumougnatrix. Apart
from the extraction of analytes using RAMMIPs, performing thelesorptiorwith small

volumes of solvent and solvent evaporatiornincrease the enrichment factor (EH@\we
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resulted in a sensitive method. The obtained LOQ values are lower thamaxmaum
contamination limit (MCL) by USEPA [67] and can meet the criteria regtdal by
EuropearUnionfor human consumptioj8] and environmental quality standd69]. For
example, theegulatedconcentration of BaP in the water intended for human consumption
is 10 pg mL1, wherea sum of concentrations of BbF, BKF, BGP and InP must not exceed
100pgmL™? [68]. The obtained LODs using MMIBSPE for theseanalytes were
1-2 pgmL™

Accuracy and precision of the method were evalubtedxtracting PAHs at five
levels of concentration in thknear range including 7.5, 35, 140, 350000pgmL™*
(Table2.9) in one dayThe precisio of the methodvas determinedsthe relative standard
deviation (RSD%) for a triplicate MMHRSPEAPCI-GC-MS/MS experiment per
concentration The accuracywas obtainedn the range 72335 % for extraction and
analysis PAHs with satisfactoprecision,i.e., 1.2-28%. The obtained calibration curves
in ultrapure watewere utilizedas matrixmatched calibration fax river sample as theal
environmentakample Table 2.1Qpresents the results for river wateddterentlevels of
PAHSs to obtain 15, 80, 250, 2500 and 25000nL . The acquired accuracy and precision
show the potential of the MMIBSPE for quantitation of PAHs in real samples without
thestandarahddition methodEor further evaluation of the MNDSPE for wéer analysis,
the accuracy of two sampleslttapure and river watemvere shownin histograms in the
range of 7680%, 86-120%, 126130%, and >130%. As illustrated tyig. 2.1Q this
methodproducedaccurateesultswith more tha 77% of the results in the acceptable range

of 80-120%.
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Table 2.8.Figures of merit for determination 16 PAHs in the water samples under optimized-DBRE conditions (& 3).

PAHSs Internal LOD LOQ LR Equation R?
standard  (pgmL?Y) (pgmL?)  (pgmL?)

Naph Naphds 100 200 20050000 y=1.85x 10° (+1.60 x 10)x + 2.75 x 10 (3.34 x 10)  0.9997
Acy Ace-d10 10 20 2050000 y=1.10 x 10f (+8.28 x 10)x + 4.83 x 16 (+6.40 x 1)  0.9997
Ace Ace-d10 10 20 20-50000 y=1.05x 10° (¥2.43 x 1F)x + 3.28 x 1 (+2.26 x 1F) 0.9979
Flu Phend10 40 100 10050000 y=2.74 x 10° (+4.76 x 1F)x + 9.55 x 10 (+9.10 x 10) 0.9982
Phen Phend10 10 20 20-20000 y=1.31x 10° (¥2.65 x 1F)x + 1.15 x 10 (¥1.91 x 10) 0.9967
Ant Phend10 20 40 40-20000 y=6.60 x 10' (+6.78 x 1P)x i T 3 (x1.18 x 10) 0.9995
Flut Phend10 20 20 20-20000 y=2.26 x 10° (¥2.90 x 1F)x i T 2(+2.50 x 10) 0.9992
Pyr Pherd10 20 40 40-10000 y =2.29 x 10% (+6.00 x 1F)x i i 2(*2.33x1%)  1.0000
BaA Chry-d12 1 2 2-1000 y=1.23 x 10 (+6.70 x 1F)x i i 2(2.46 x 1)  0.9998
Chry Chry-d12 1 2 2-1000 y=1.26 x 107 (+3.26 x 16)x + 2.79 x 16 (+1.20 x 1)  1.0000
BbF Perd12 1 2 2-1000 y=2.52 x 1% (+2.00 x 10)x i i 1(*7.33x1%)  0.9996
Bkf Perd12 1 2 2-400  y=1.97 x 10 (+1.66 x 10)x i 1 32.70x1%)  0.9996
BaP Perd12 2 4 4-1000  y=1.56 x 10% (+1.50 x 10%)x i i 2+5.83x1%)  0.9994
InP Perd12 2 4 4-4000  y=8.29 x 1% (+8.61 x 1F)x i i 1(*125x 10  0.9991
DB(ah)A  Perd12 1 2 2250  y=4.03 x 10 (+1.64 x 10)x + 2.00 x 1¢ (+1.42 x 1)  0.9917
BGP Perd12 1 2 2250  y=6.40 x 10F (+2.49 x 10)x i 1 22.15x 1%  0.9925

@ Concentration of internal standards in the wasemplesNaphd8, Aced10 and Phe&l10: 10@ pg mL?; Chry-d12, Perd12:
100pg mL™L.
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Table 2.9.Method validation summary for simultaneous determination 16 PAHs in the water samples using®Mii2e
DSPEconditions (n=3).

PAHS Recovery EF Inter-batch Accuracy (%) Precision RSD (%)
(%) RSD (%) 7.5 35 140 350 7000 7.5 35 140 350 7000
Naph 4.5 8.9 4.9 NQ° NQ NQ 81.0 74.6 - - - 15 55
Acy 25.2 50.4 6.4 NQ 113 95.3 82.8 86.0 - 97 44 17 17
Ace 24.8 49.6 2.2 NQ 87.1 949 80.2 723 - 65 86 10 13
Flu 58.1 116.3 4.1 NQ NQ 80.7 87.4 86.8 - - 28 14 46
Phen 84.5 169.0 24 NQ 115 126 126 111 - 12 44 72 22
Ant 77.4 154.8 1.9 NQ NQ 105 101 89.8 - - 36 94 1.2
Flut 97.0 193.9 5.1 NQ 109 135 112 96.4 - 22 22 17 6.0
Pyr 84.8 169.7 3.1 NQ NQ 122 98.1 84.1 - - 30 15 40
BaA 90.5 180.9 7.9 100 101 102 99.1 NLC® 47 45 12 3.7 -
Chry 89.4 178.9 6.9 106 108 111 111 NL 53 36 29 13 -
BbF 94.8 189.6 3.6 91.4 105 108 99.8 NL 19 93 6.1 11 -
Bkf 92.1 184.3 5.2 97.0 127 121 127 NL 53 11 56 18 -
BaP 84.8 169.6 7.7 88.8 92.1 104 115 NL 42 11 53 13 -
InP 924 184.9 7.0 96.8 95.3 95.8 106 NL 14 13 33 11 -
DB(ah)A 95.6 191.2 4.4 90.3 104 130 NL NL 12 46 22 - -
BGP 83.7 167.4 6.1 90.4 102 105 NL NL 3.8 17 11 - -

2 Concentration of internal standards in the water samples:ti&phced10 and Phel10: 10@ pg mL?! Chry-d12, Perd12: 100
pg mL?Y; all the concentrations are in pg rhL

b NQ: Added concentration is lower than LOQ.

¢ NL: Added concentration is highdran linear range.
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Table 2.10.Matrix-matched results fatetermination 16 PAHS in river water samples under optimized MDBPE conditions

(n=3).
Added
Conc 15 80 250 2500 25000

PAHs Found  Accuracy RSD Found Accuracy RSD Found Accuracy RSD Found Accuracy RSD Found Accuracy RSD

conc (%) (%) conc +SD (%) (%) conc +SD (%) (%) conc +SD (%) (%) conc +SD (%) (%)

+SD
Naph NQP - - NQ - - 247.2+49.2 98.9 20 2477943417 99.1 14 20035.3+2314.8 80.1 12
Acy NQ - - 109.7+16. 137 15 332.2+17. 13¢ 53 3209.0+234. 12¢ 7.3 28742.0+1788 11¢ 6.2
Ace NQ - - 73.8+15.! 92.2 22 227.3+16. 90.¢ 7.3 2090.6+156. 83.€ 7.8 21219.3+139%4 84.¢ 6.6
Flu NQ - - NQ - - 305.7+20.1 122 6.6 2566.1+73.1 103 2.8 27905.6+1551.1 112 5.6
Pher NQ - - 100.6+8.i 12¢ 8.7 313.6+18. 12t 5.9 3215.8+40. 12¢ 1.3 30958.1+1161 124 3.8
Ant NQ - - 107.9+16.1 135 15 300.6+14.5 120 48 2912.0+89.5 116 3.1 30669.3+3665.6 123 12
Flut NQ - - 98.8+6.1 124 6.1 290.2+21.9 116 7.6 2598.1+422.2 104 16 NLC - -
Pyt NQ - - 89.0+1.¢ 111 2.1 245.9+18. 98.: 7.8 2163.0+389. 86.t 18 NL - -
BaA 15.5+0.9 103 6.0 88.7+12.6 111 14 252.1+14.6 101 5.8 NL - - NL - -
Chry 15.5+0.¢ 10z 3.6 87.9+10.! 11C 12 237.6+18. 95.( 7.7 NL - - NL - -
BbF 13.9+0.¢ 92.7 6.C 780+4.2 97.t 5.4 219.4+18. 87.¢ 8.4 NL - - NL - -
Bkf 15.9+0.6 106 3.7 93.2+14.7 117 16 247.1+14.3 98.8 5.8 NL - - NL - -
BaP 15.6+0.7 104 4.6 91.8+18.6 115 20 245.3+20.4 98.1 8.3 NL - - NL - -
InP 13.7£1.0 91.3 7.3 64.4+4.0 80.5 6.2 184.9+D.0 74.0 11 2029.6+£39.1 81.2 1.9 NL - -
DB(ah)A 17.0+1. 11z 7.C 107.0+6.: 134 5.8 304.2+21. 12z 7.C NL - - NL - -
BGP 14.4+1.8 96.0 13 80.2+3.7 100 4.6 237.3+15.7 94.9 6.6 NL - - NL - -

2 Concentration of internal standards in the waterpdesn Naphd8, Aced10 and Phel10: 10@ pgmL™ Chry-d12, Perd12:
100pg mL%; all the concentrations are in pg_*
b NQ: Added concentration is lower than LOQ.

¢ NL: Added concentration is higher than linear range.
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Fig. 2.10.Accuracy of the MMIPDSPE method for analysis PAHs in water samples.

A comparsonof the procedureummery angherformance of our proposed MMIP
DSPEwith previously reported methods using MIP materisishown inTable 2.11This
method showd desrable LODs for the quantitative analysis of PAHvith small amount
of the sorbent and high extraction recovery values, particularly for heavier PAHs, which
are of concern at trace levels. Our method is able to perform selectivetiertraithout
adding oganic modifiers required for efficient adsorption of these analyils This is
mainly due to well dispersion of grared MMIP particles wi uniform and thin coating in
water samples. In conventional polymerization, long intervals are required for equilibrium
adsorption due to inaccessibility of binding sif48]. The accessibility of binding sites
can be significantly enhanced using RAR®lymerizationand thin and homogenous
polymeric layer which also helps the creation of selective binding sites. Hmoog
RAFT-MMIP also alows for an efficient desorption using a singtep elution with a small

volume of solvent instead of mukteps elution with larger quantities of solvefdd 48]
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Table 2.11 Comparison of MMIFDSPE with othemethods for the determination of PAHSs.

Method Sample pretreatment Performance ig;?g? Ref.
MMIP - Sorbent: MMIP patrticles (2thg) Selectivity+ 16 PAHs in  [44]
DSPE Sample volume: 3&L LOD: 1.3-969pgmL* tap water,
HPLC-FL Rebinding media: wateacetonitrile ~ Recovery: 46100% mineral

(90:10, v:v) water, lake

Extraction time: 10nin water and

Desorption 3xE mL of aceton river wate
MMIP - Sorbent: MMIP patrticles (Bg for Selectivity: Similar 16 PAHs in  [45]
DSPE light PAHs, and?0 mg for heavy extraction efficiency for sea water
GC-MS PAHS) MIP and NP, better

Sample volume: 2L repeatability of MIP

Rebinding media: water+8i_ compared to NIP

acetone LOD: 30-750pgmL*

Extraction time: 15nin Recovery75.6-100.6/%6

Desorption: 2 x mL aceton
MIP - Sorbent: MIP microspherg¢&0 mg) Selectivity: adsorption  BaP in [46]
DSPEFL  Sample volume: 1L capacity for BaP: MIP:  sediment

Rebinding mediawater acetonitrile ~ 75.9ug g*; NIP:

(99:1, viv) 14.8ug gt

Extraction time: LOD: —

Desorption=- Recovery: 98%
MIP - Sorbent: bulkpolymerized MIP Selectivity: Adsorption - [47]
DSPE particles (10ng) capacity MIP: Emgg*
GC-MS Sample volume: L LOD:-

Rebinding media: cyclohexane Recovery: 100%

Extraction time:

Desorption solvent: hexane(3 mL)
MIP -SPE-  Sorbent: Sebel MIP particles Selectivity: inprinting 16 PAHs in  [48]
GC-MS (150mg) factor of 1.50-3.12 sea water

Sample volume: 3L LOD:5.2-12.6-pgmL™*

Rebinding media: water Recovery: 93.2%

Extraction time-
Desorption solvent: DCM/acetic acid
(9:1, viv) (Ex2mL)

Thin film - Sorbent: Bulkpolymerizedthin films  Selectivity: relative slope 4 PAHs in [49]

MIP-GC-  Sample volume: 8L of calibration curves ( wastewagr
MS Rebinding media: water ;’_ﬂ) ~2 and sea water
Extraction time: h 0+2
Desorption solventthyl ether LOD: 1.5-18pgmL*
(10.CmL) Recovery28-47%
MMIP - Sorbent: RAFTMMIP particles Selectivity: Higher 16 PAHs in  This
DSPE (10mg) efficiency of MIP river water work
APCI- Sample volume: 2L compared to NIP and produced
GC- Rebinding media: Water (MIP/NIP extration water
MS/MS Extraction time: Znin efficiency 1.7419.4)

Desorption solvent: hexane (0ri)  LOD: 1-100pgmL*
Recovery: 4.-97%
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2.3.8. Determination of PAHs in complex aqueous matrices

To evaluate the applicability of the proposed methqgaloaluced water sample as
acomplexmatrix wasanalysedising MMIP-DSPE methodology. The samplas treated
as described in the experimental section for extraction and quantifBliersample was
spiked with the standards of PAHS orderto performthe standard addition method
(Fig.2.17). As itis shownin Table 2.12 Naphdemonstratedhe highest concentration in
the produced water sampB60ngmL™L. While the other light PAHs including Ace, Acy,
Flu, Phen, Ant have conceations betweed5.62and2669.99pg mL™. The less soluble
PAHSs including BaAChry, BbF, BkF, BaP, InPDB(ah)A, and BGPwere foundat the

concentratiomange 0f4.49-26.58pg mL™.

Table 2.12.Determination of PAHs in produced water by MMIFSPE.
PAHs Detected amount = S(pgmL™) PAHSs Detected amount + SpgmL™?)

Naph 360121.95+ 19.00 BaA 5.37+0.90
Acy 69.81+ 4.28 Chry 5.44+ 0.91
Ace 860.08+ 51.12 BbF 4.49+ 1.07
Flu 2669.99+ 50.22 Bkf 5.62+ 1.00
Phen 1189.32+ 74.81 BaP 8.03+ 1.36
Ant 45.62+ 15.14 InP 14.38+ 2.17
Flut <LOQ DB(ah)A 26.58+ 6.14
Pyr <LOQ BGP 13.42+ 2.07

@Naph spiked at 0, 10000, 200000, 500000and1,000000pg mL™?; Acy, Ace, Flu, Phe,
Ant, Flut and Pyr spiked at 0, 400, 8000 and £00pgmL™; BaA, Chry, BbF, BkF,
BaP, InPDB(ah)A and BGP spiked at 0, 50, 100 and p§onL™.
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Fig. 2.11 Evaluation of the MMIPDSPEAPCI-GC-MS/MS for determination of PAHS
in the produced water a) Naph anddg(ah)A.

2.4. Conclusion

This work is the report of devgbinga MMIP-DSPEfor simultaneous enrichment
and quantitation ofhe USEPA priority PAHS in environmental waters. The MMIRsS
preparedvia RAFT polymerization as@ontrollablemechanism to create homogenous and
well-distributed binding sites. After cracterization by FAIR, XRD, and SEM, the MMIP
was implementedor extraction of PAHs from water sampleSSPE outweigh the
disadvantages of conventional methods for analyd®Adis, such as using toxic solvents
in LLE or clogging SPE column&urther using theMMIP s improves the specificity and
sensitivity of the analysidy employing a selective sorbent. The templateonomer
interactions in th@re-polymerizationcomplex are@sponsible fogenerating theelective
recognition binding siteaccordingto the size shapeand hydrophobicity of the analytes
The MMIPs arecapable of superior adsorption compared to nanoparticles sucbQs Fe
and FeOs@SiQ, as well as MNIP as eontrol sorbent. Because of diverse solubidihd
LogPvaluesof PAHSs, a sing extraction method for quantitationtbfs group ofanalytes

is appealing. Henceauring the development of MMIBDSPE method, a comprehensive
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studywas conductetb recognizehe factorswith the greatest impaetnd optimiz these
factors. The number @xperiments for optimization of extraction and desorption stegss
notably shortenedvhereas the extracted analytes andlyticalresponsevere maximized

An RSMwas adopteébr optimizationof simultaneous extraction of PAHs using CCD and

DF to observehe interactions between the variables and the response by altering the levels
of factors. The feasibility of the optimized method demongtithie potential advantages

of MMIP-DSPE for precise and accurate extraction and analysis of PAHs from water
sampes. The MMIP-DSPE is a usefulobl for analyzingcomplex environmental water
samplesover a broad concentration range of PAHSs, yielding boths#ectivity and

sensitivity to be sufficient as a regulatory method.
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Chapter 3: High throughput direct analysis of water using thin
film microextraction solvothermal headspace desorption

(TFME -ST-HD)

A. Azizi, F. ShahhoseiniA. Modir-Rousta,C.S.Bottara “High throughput direct analysis
of water using solvothermal headspace desorption with porous thin’fikngl. Chim.
Actal087 (2019p1-61.
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3.1. Introduction

Watercontamination has become a serious concern during the lasedeatizl to
the constantrelease of the organic contaminants into the environm@etause of
detrimental impacts of these pollutants, their presence in the water has been limited by
regulatoryagencies such as the United States Environmental Protectios\Ag¢BEPA)
[1], European Uran (EU) [2], and he Goernment of Canadg8]. Polycyclic aromatic
hydrocarbons (PAHSs) are considered persistent organic pollutants (POPs) due to their
toxicity and low reactivity[4]. PAHSs have carcinogenic, mutagenic, and teratogenic
properties that threaten human health &edenvironmenis]. These organic contaminants
can be released into the environment by natural sources such as oil sesp$irés,and
volcanic eruptions or anthropogenic sources such as oil spills, leakage of petroleum
products as well as incomplaetembustion of fossil fuelg]. Produced water, which is the
main waste discharged during oil and gas exiwva and contains a mixture of inorganic
and organic compounds, is a source of entry for PAHs into Wétemhis wastewater
includes natural water found in reservoirs, and thesietjected into the reservoirs to
enhance the oil and gas recov@8). Monitoring of this complex matrix is important to
assess the level of PAHs, and as an indication of the amount of water before
discharging into the environmeffl]. To measure and track these chemical pollutants in
complex environmental samplesmple preparation methods to clegmthe samples and
isolation and preconcentration of analytes are essential. Liquid extraction (LLE)[10]
and solid phase extraction (SPHE)] are weltvalidated techniques that are frequently

employed before instrumental analysis. These sample prepasdéips, which are tirme
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consuming and can be expensive, limit the throughput and increase analytical costs. Recent
innovations in ample preparation have focused on microextraction techniques capable of
replacing the traditional extraction methqdg-14].

Solid phase microextraction (SPME) as one of the first miniaturized and green
sample preparation techniques has gained considerable interest due to its potential for
automation and portabilityl5]. This technique has been employed for sampling and
extraction of analytes with a wide rangepdfysicochemicaproperties in food, biofluid
and environmental saples[16]. Bruheimet al.[17] proposed thin film microextraction
(TFME) by employing thin sheets of PDMS with a large surface-tir@alume ratio which
improves the extraction rates of analytes. TFME enhances the ads@afbcency and
sensitivity of the analysis for short extraction intervadfDMS sheets can also be
impregnated with sorptive particles to improve the distribution coefficient of @salyt
between the sample and extraction pja8g This method has been applied éxtraction
of pesticideg19, 20]and volatile organic compoun{al] from water samples using small
sample volumes and achieving the accuracy required byategu agenies [19]. This
green alternative toonventionalextraction methods is amenable to automafi#j and
use for orsite sampling23]. One drawback of PDMS films ideeding of siloxanes in
thermal @sorption modes and instability of the films at high agitation rates or during direct
exposure in harsh field conditions, which necessitates preparation of thin fims on a
stabilizing substratf?4]. Polyacrylaitrile (PAN) has been used as diemative to PDMS
as a polymeric binder to immobilize sorptive particles typically used in SPE, sugh as C
[25], divinylbenzend22], and hydrophilidipophilic balancg26] particles. These PAN

based thin films are not compatible with thermal desorption and only suitable for solvent
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desorption in liquid chromagwaphy analyse$27]. Other innovative uses of natural
materials for TFME include diatomaceous ed28]| and cork[29]. Despite considerable
benefits of TFME for extraction of targeted compounds, preparation of the coatings is time
consuming and usually neeshltiple preparation and curing pte

For rapid analysis of organic pollutants, which are preconcentrated by TFME,
thermal desorption is frequently employed to perform samwmated and high throughput
analysis by gas chromatography (@80]. Thus, timeconsuming solvent immersion and
solvent evaporation steps can be eliminated; decreasing the sample manipulation steps and
improving the repeatability. For accurate and precise analyte measurement whem reusin
SPME devices, exhaustive cleanprgtocols that completely remove residual analytes are
vital to avoid carryover effects in successive extracti¢pds]. This makes development of
singleuse thin films with simple, fast, arwbsteffective preparation and treatment steps
attractive for high throughput analysis of pollutants.

In this work, singleuse TFME devicesre used to extract PAHs from water,
followed by analysis using GC equipped with a flame ionization detector (Fh@)films
for TFME were prepared according to the procedure developed previously in our group for
the fabrication of polymeric filmg2] with UV curing on solid substrat¢33]. These films,
which are stable in organic solvents and salinérioes, are suitable for extraction with
high agitation rates and direct analyj§i4]. The desorption technique used in the literature
for direct analysis fotarget analytes from thin films employs a thermal desorption unit
which can contain these largezed extraction evices[35-37]. However, this injection
process needs continuous heating of the sample and @augofg stp to trap analytes

before introduction into GC colum[88]. A headpace (HS)interface with GC is a
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convenientalternative system for thermal desorption. HEC is routinely used for
environmental analysis of volatiles from waf88] and soil[40] and can be applied for
desorption of molecules of interest from solid sorbents that hareused to extratargets
directly from water sampleigll, 42]. We have fond that addition of a small volume of
organic solvent assists with thermal desorption process, particidaHigh boiling points
PAHSs. In solvothermal headspace desorptioni®l), the evaporated analytes in the gas
phase are introded into a GC columasing solvent trapping instead of cryogenic trapping

in the thermal desorption unit. The effects of operational faatfiteencingefficiency of
desorption and the possible mechanism responsible feHBETare investigated.
Additionally, the adsorption &vior of analytes to these porous films is assessed based on
agitation rates, extraction time, and salt content. The prepared thin films show low bleed in
ST-HS-GC-FID, which is acommonand affordable detection system, and can prostde

ppb detectioniimits for quantifying PAHs in complex samples. This is the first report of
ST-HS-GC, with the additional benefit of employing singise TFME devices requiring

no preconditioning or timeonsuming sample preparation steps.

3.2. Experimental

3.2.1. Reagerd and Chemicals

All PAH standards: naphthalene (Naph, 99%); acenaphthylene (Acy, 99%);
acenaphthene (Ace, 99%); fluorene (Flu, 98%); phenanthrene {Phe, DOQWKUDFHQ
(Ant, e *& IOXRUDQWKHQH )Opyine (Pyr,e *& *®Q®QG

deuterated PAHs1aphthalenals (Naphd8, 99 atom % D); acenaphthette (Ace-d10, 99
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atom % D); and phenanthrede, (Phed10, 98% CP), were purchased from Sigma Aldrich
(Oakville, ON, Canada). Chemicahd physical propertie®f the PAHs are provided in
detail inTable 3.1 Acetonitrile, hexane, and toluen®gtima grade) were obtained from
Fisher Scientific (Whitby, ON, Canada) and cyclohexane (GC grade) was obtained from
Sigma Aldrich (Oakville, ®l, Canada). Reagents used for preparatiotheffiims (the
functional monomer <4inyl pyridine (4VP, 95%), crosslinker ethylene glycol
dimethacrylate (EGDMA, 98%), photoinitiator 2¢dimethoxy2-phenylacetophenone
(DMPA, 99%), and porogen-dctanol (>99% were purchased from Sigma Aldrich
(Oakville, ON, Canada). Sodium chloride was from ACP chemicals (Montreal, QC,
Canada). To prepare PDMS filmSylgard 182 including PDMS elastomer base and
curing agent was purchased from Dow Corning (Midland, W8A). Frosted microscope
slides (25 x 75 mm) forage as the film substrate were purchased from Fisher Scientific
(Whitby, ON, Canada). Cover Glasses (18 9nwere obtained from VWR (Mississauga,
21 &DQDGD 8O0OWUDSXUNwEDvediitkd by an SYRBIR/Barnstead N
water purification system (Boston, MA, USA). For method development and evaluation
steps, individual stock solutions of PAHs were predain acetonitrile at 1000 mg'L
Working solutions of 8 PAHs were prepared in acetonitrile by apm@igpdilution of the
stock mixture of 8 PAHs at 100 mg'{ these were used for method development as well
as validation studies. All the solutions westored at 4 °C in a refrigerator until use.
Aliquots of the mixtures described above were spikemlwater samples to obtain required

concentrations for each experiment.
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Table 3.1 Physical and chemical properties of selected PRds44]

Compounds Structure MW (g Solubility Vapor LogP Boailing

(# of rings)  mol?) (ng mLY) pressure point

(mm Ho) (°C)

Naph 2 128.17 3.1x1d 8.89x 10° 3.30 218
Acy 3 152.20 1.61x10 2.90x10? 3.9 280
Ace 3 154.21 3800 3.75x10° 3.92 279
Flu 3 166.22 1900 3.24x10° 4.18 294
Phen 3 178.23 1100 6.80 x 10* 4.46 338
Ant 3 178.23 45 255x10° 4.45 341
Flut 4 202.26 260 8.13x10° 5.16 384
Pyr 4 202.26 132 4.25x10° 4.88 394

3.2.2.Instrumentation

Analyses were anducted using an Agilent 7890B GC system equipped with an
FID, and Agilent 7697A headspace sampler with 0.25 mL sample loop (Agilent
Technologies, USA). Chromatographic separation was performed on &MBPUI
column (30 mx@50 mmx0.25 um) (Agilent Teclatogies, USA). The carrier gas used
was ultrahigh purity nitrogen (5.0 UHP) (Praxair, Canada) at a flow rate of 1.0 mit.min
The oven temperature programming was as follows: initial temperature 80 °C hold 2 mins;
then rampat 25 °C min‘ to 220 °C; ramyto 240 °C at 10 °C mil then to 250 °C by 3 °C
mint. A postrun program at 300 °C held for 2 mins was applied to ensure that no residual
of the injections remained on the column. The total run time for GC was 15 mins. The
injector (equipped with a lindor headspace injection) was maintained at 280 °C in pulsed

splitless mode at 40 psi for 1.25 mins to ensure maximum transfer of analytes onto the GC
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column. The FID temperature was maintained at 320 °C, with flow ratesg00in of
Ultra Zero Air (Prxair, Canada), 25 mL mihof 5.0 UHP nitrogen, and 30 mL mtrof
hydrogen (5.0 UHP) (Praxair, Canada).

Instrumental method calibration curves were constructed from data using mixed
standard solutions prepared from stockusohs of individual PAHs (100Gng L in
cyclohexane) and analyzed using thel5S-GC method as follows: a 4L aliquot of
PAH standard solution (from 0.5 to 50 mgLin cyclohexane is dispensed onto an
untreated singhkaise thin film inserted in a hesyghce vial and analyzed usifgtSTHS
GC method. Each concentration was measured in triplicate, with new films used for each.
This data was used to determine the extraction efficiency of PAHs from water samples.

The reusability and carrgver for the films were assessed using GC wiidiss
spectrometry (G&S). For GEMS analysis, an Agilent 7890B GC instrument (Agilent
Technologies, CA, U.S.A.) coupled to Waters Xevo-3@quipped with an atmospheric
pressurechemcal ionizationsource (APQ was utilized. Injections performed using a
7693A Automatic Liquid Sampler (Agilent Technologies, CA, U.S.A.).Qhénjections
were made using pulsed splitless mode (25 psi, 1 min) with a liner temperature of 280 °C.
A DB-5MS column (30 m x 0.250 mm, 0.25 pm film thickness) purchased from Agilent
Technologies was used for the chromatographic separation. The GC separation using ultra
high purity helium (5.0 UHP) (Praxair, Canada) as carrier gas flowing at 1.2 miLwai
condwcted using the same temperature program as th&€lGCGnethod. The tempetae
of the ion source was 150 °C with Bs auxiliary gas and cone gas, with flow rates of 200

and 190 L ht, respectively. The corona pin was operated in constant current moga.at 2
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MRM transitions, cone voltages and collision energy used for alpoands are included

in Table 3.2

Table 3.2 Summary of tandem mass spectrometry parameters usiGy@E-MS/MS.

Compound Precursor ion  Product ion Cone (V) Collision
(m/z) (m/z) Energy (eV)
Naph 128 102 55 20
Acy 152 151 65 28
Ace-d10 164 162 40 20
Ace 154 153 40 20
Flu 166 165 35 20
Phed10 188 186 65 25
Phe 178 177 65 25
Ant 178 177 65 25
Flut 202 201 70 35
Pyr 202 201 70 35

Morphologies of the films were investigated through nacaphs of golesputtered

thin films taken on a Quanta 650 FEG (field emission gun) SEM (Field Electron and lon

Company, OR, USA). The instrument was operatedcainatant 5.0 kV and an Everhart

Thornley electron detector.

3.2.3. Preparation of porous thin films

Glass microscope slides with frosted (superficially roughened) end segments were

used as substrates to prepare the porous film extraction devices. Physical stability of the

sorbent is crucial for TFME devices to perform extractions in a highlylemb sanpling

environment. For the preparation of thin film coating, glass was the best candidate as the
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substrate, given that it is relatively inert, and it can easily withstand high agitation rates.
The glass slides are cut to 11 mm (width) x 30 mmltovefor insertion into both standard
sample vials and headspace vials. Cut slides were cleaned with detergent and water, then
methanol, and dried in an oven at 50 °C for 30 mins. The prepolymer solution used to form
the porous film coating was preparedttwR1.25uL of toluene, 58 uL 4/P, 755 pL
EDGMA, 16 mg DMPA, and 1000 pL-a@ctanol thoroughly vortex mixed in amML vial

and degassed in an ultrasonic bath for 5 minutes to remove dissolved oxygen that can
interfere with radical polymerization. In a sitagdropcasting method, an 8L portion

of the prepolymer solution was pipetted onto the frosted glass surface and evenly spread by
carefully applying the cover slide. The thin layer of solution, which is sandwiched between
the two glass layers, was poigrizedunder UV light (254 nm) for 30 ming=ig. 3.]).
Following polymerization, the cover slides were removed using a sharp blade. The prepared
thin films were then washed with methanol at 1000 rpm for 30 mins to remove udreacte
comporents, then rinsed with methanol, dried and stored at room temperature until use.
This simple approach to film fabrication has advantages over conventional methods to
prepare TFME devices. Typical methods involve dispersion of sorptive parti¢EEMIS

or PAN as binding agents in tir@nsuming preparation steps and thermal treatments, for

example, heating the films for up to 200 °C for 16 h to remove interfering comp{iednts
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Fig. 3.1.Experimental setip for high throughput fabrication, THM and STHS-GC-FID for the

analysisof water samples.

3.2.4. High throughput TFME-ST-HD for PAHs analysis

For optimization of the SFHD desorption process, studies of intlevice
variability, reusbility and durability, PAHs were loaded to the filmsnr@®0mL of
aqueous PAH solutions (18 samples simultaneously) agitated at 1400 rpm for 2 h (at room
temperature) on a mugiosition magnetic stirrer. For all other studies where higher
sensitivity isrequired, PAH extraction studies were carried out ug#h@ mL of water
agitated at 1100 rpm. The thin films were removed from the water and rinsed-2vitiL_1

of ultrapure water to remove interfering substances, which is needed in the analysis of real
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sanples, and dried using a Kimwipe to remove residual water to transfer into 20 mL
headspace vials.

The optimization of the SHD process and details regarding the proposed
mechanisms of action are presented in detail in the Results and Discussiom Jédut
final optimal method is as follows. Immediat@gior to HS analysis, 60 pL of cyclohexane
as the ST solvent was pipetted onto the surface of thin films and the vials were quickly
sealed with crimgcaps lined witlPTFEsilicone septunand transfeedin the 96position
autosampler. For desorption, theadspace oven was maintained at 220 °C for 5 mins.
After equilibrium, 1 mL of the headspace volume was flushed through the 0.250 mL sample
loop and injected into the GC for analysisd. 3.J). To avoid condensation of analytes
during the STHD process, the temperature of the loop and transfer line were kept at 10 and

20 °C higher, respectively than the oven temperature.

3.2.5. Environmental samples

Seawater wasollected from St. John’s Harbor, NL, Canada. The sample was stored
at 4 °C before extraction. PAHs were not detectable in the harbor sample, so this water was
spiked to test the validity of using ultrapure water with salt for matiaxching seawater.
A produced water sample was received from an offshore site in sealked lboid kept at
4 °C until use. The sealed sample was homogenized under low agitatiori@GQf@512
hours before analysis. No other special sample handling or filtration was requaetb p

extraction of PAHs from the produced water and harbor watepkes.
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3.3. Results and discussion

3.3.1. STHD as a novel desorption technique for direct analysis
3.3.1.1. Optimization of SAD Conditions

Use of a headspace sampler as the desarptierface and sample introduction
method can reduce sample handlatgps in the lab and enhance method repeatability. In
this sampler, a portion of sample (1 out of 80 in the current study) is injected into GC
system. Although STHD compromises the satisity, this desorption technique improves
the throughput and samplendling using a convenient inlet for GC. For quantitative
transfer of adsorbed analytes from the thin films to the GC column, several Kdip ST
parameters must be optimized, particylédybe and volume of the desorption solvent, oven
temperature, and adibrium time.

Addition of solvent to the headspace vial can facilitate the desorption of analytes
and increase sensitivity due to the increased diffusion rate of analytes from thee thiken
gas phase. The efficiency of this process is dependent oatilve of the solvent, its ratio
to the solid phase and sample vial volume. As PAHs are mainly adsorbed through
hydrophobic interactions, nepolar solvents including toluene, cyclohexaard hexane
were tested to aid in the desorption process. As showiti 3.23, cyclohexane provided
the highest signal intensity and repeatability. As well, chromatographic behavior was
better, yielding more symmetric peaks. We also found that increasing the solvent volume
enhances the desorpti@nd sensitivity up to the pointahthe vapor pressure inside the
vial exceeds the system limit, which can lead to venting and loss of sample. Thus, varied

volumes of cyclohexane (20, 40, 60, 80, and 120 uL) were examined (shéwn $d).
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Increasing the sobknt volume from 20 to 60 pL, increased the signal intensity for PAHSs.
For volumes exceeding 60 pL, the response for the more volatie PAHs declined
significantly. Therefore, 60 pL was selected as the optimum volumeabdlexane for
addition to the headspe vials.

It was also found that increasing the headspace oven temperature enhances the
desorption of analytes from the thin films. Temperatures from 140 to 260 °C were tested to
assess desorption efficiency and extnbackground noise from the polynesorbent.

There were dramatic improvements in signal intensity from 140 to 22FitC 3.Z).
However, there was undesirable background noise (data not shown) in chromatograms for
240 and 268C related to the decomposition detpolymer.

The desorption process is tirdependent, thus optimal equilibration time in the
headspace oven was assessed over a range of times (1, 2, 5, 10, 15 mins). The resultant
peak intensitiesHig. 3.21) demonstrated that lighter compounds such as Naph and Acy
reached equilibrium within 2 minutes while higbiling points PAHs such as Flut and Pyr
reached equilibrium in 5 mins. Thus, 5 min equilibrium at 220 °C was used as an optimum

headspce condition fofurther optimization and validation studies.
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Fig. 32. Effect of parameters on SHD efficiency a) type of desorption solvent (80 pL) equilibrated at 200 °C for 15 min in headgpage o
b) volume of cyclohexane as desorption soheguilibrated at 200 °C for 15 min in headspace oven; c) oven temperatume6asuL
cyclohexane equilibrated for 15 min in headspace oven; d) equilibrium time in the headspacengW&hpuscyclohexane alP °C; Sample:

20 mL sample solution of PAHINaph, Acy, Ace, Flu, Phen, Ant, Flut, and Pyr) at 50 nglnﬂxtraction atLl400 rpm for 2 h.
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3.3.1.2. Mechanism of SHD

A headspace sampler is typically used for the analysis of volatile compounds in
solids and liquid$45]; thiswork extends the apparatus to desorption afygas from thin
films. The main advantage over traditional thermal desorption is that heating and desorption
occurs in a closed system (i.e., sealed vial). Thus, equilibration with headspace oecurs off
line prior to injection, which allows for adding reawts (e.g., solvents) to aid in the
desorption process. Specifically, the use of solvent reduces the temperature needed for
efficient desorption and, consequently, minimizes noise associated with polymer
decompsition. However, the method relies aptimization of several parameters that
should be guided by an understanding of the mechanism of action.

The effect of depositing the solvent directly to the polymer surface was compared
to adding it to the bottom dhe vial; with no difference in signahhancement found. This
might lead to a conclusion that the-8lD mechanism is based on the presence of the
solvent in the gas phase. However, we also observed that regardless of where the solvent
was put, it would viatilize and condense on the polymdrgpolymer turned from opaque
to semitransparent). We conclude that this wetting mechanism is driven by the relative
hydrophobicity of the polymer surface, which favors the formation of a microlayer of

solvent on thgolymer surface over elevated gasa® levels.
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Fig. 3.3. Comparisonof ST-HD and dry thermal desorption of PAHs, Sample: 20 mL
sample solution of PAHs (Naph, Acy, Ace, Flu, Phen, Ant, Flut, and Pyr) at 50 Hg mL
Extraction at 1400 rpm for 2 h; Destign: 60 pL cyclohexane, equilibratetl 220 °C for

5 min in the headspace oven.

In all cases, the addition of the solvent leads to improvements in sensitivity over
simple thermal desorptiofig. 3.3). It is likely that this isin part, a result of thextraction
of the hydrophobic analytes into the layer of solvent on the polymer surface. Once extracted
from the polymer surface, the PAHs can diffuse more easily into the gas phass4lrig 3
this transfer into the gas phasealso aided by the evapoi@t of the solvent, which is
promoted by heating. The data suggests that the energy required for the analytes to be first
partition into solvent and themto the gas phase lower than the energy required for
desorption direcyl from the solid to the ggshase. A plot of the signal enhancement-(ST
HD relative to dryHD) versus LogP values (Fig3) shows that the improvement in
desorption is correlated to hydrophobicity. This is better explained by the role of the solvent
in overcoming the negative impaof increasing molecular weight with decreased vapor
pressure.Fig. 3.4 shows the signals associated with headspace introduction of PAH
standards in cyclohexane. Though the operational temperaturascudelow the boiling

points of most of the analyte$dble 3.}, the presence of the cyclohexane has a moderating

168



effect on the intermolecular forces that dictate the phase behavior in this mixed system,
improving the volatilzation of all PAHs heavighan naphthalene. When the same amount

of standard solution is deposited on the film, the PAHs partition into the polymer and the
gas phase composition reflects a reduced concentration of heavier PAHSs in the solvent
phase. This @rtitioning can be improvetly addition of solvent to overcome the forces

holding the PAHSs.

Fig. 3.4.Comparison of signal intensity of PAHs on headspace desorption with and without
the presence of a thin film. (60 pL of PAHs standard solution in cygéntes 10 mg 12);
Desorption equilibrated at 220 °C for 5 min at headspace oven.

In headspace desorption, solvent addition has a greater signal enhancement effect

for hydrophobic compounds. For these analytes, partitioning into the solvent is a key to
improve their volatiity. Increasing the volume of cyclohexane up toqu&dmproves the
signal for all analytesHig. 3.2), with more pronounced effects for more hydrophobic
PAHs such as Pyr and Flut. This lends more support tthdwy that the nehanism of
ST-HD is based on the ability of the solvent to desorb the analytes from the sorbent.

Therefore, increased solvent volume leads to a more favorable phase ratio for desorption
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from the solid film into the solverjt6]. In addition to higher sensitivity, solvent addition
also increases the repeatability of thalgsis andmproves the chromatographic attributes

of analyte peaks.

3.3.1.3. Calibration of SHD-GC-FID

For all analytical techniques, the extent of the linear range and instrument sensitivity
must be assessed prior to quantitative method developmeéntaséidation. The use of a
headspace sampler rather than direct injection to introduce extracted analytes into the GC
adds a level of complexity to the sample introduction system, with only a portion of the
headspace volume is delivered to the GC colunuive®t polaity and volatility, and
desorption conditions, including residence time and equilibration temperature, contribute
to the sensitivity and linearity of the instrumental method and can have a profound effect
on analysis. Consequently, analyte loadtion cuves were obtained by depositing known
guantities of PAH standards onto the films and performing headspace desorption as we
have described, replicating the process for analyzing unknown masses of analytes adsorbed
to the film through extractionsing TFME. This allows us to more accurately calculate
extracted mass and total recovery of analytes extracted from water samples. It is illustrated
in Fig. 3.5 that the response of SHD-GC-FID has a good correlation with the

corcentrationof PAHs (0.250 mg L) with R? between 0.9985 and 0.9999.
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Fig. 3.5. Calibration curves for PAHs using $9D-GC-FID (60 pL of PAHs standard
solution in cyclohexane depositedtofilms in HS vials); Desorption: equilibrated at 220

°C for 5 minat headspaceven.

To assess the effect of the film on the headspace behavior, a comparative study was
performed on standard solutions in headspace vials with no thin film. As can be seen in
Fig. 3.4, the signal intensities of ¢hstandards decreased when the analytes were desorbed

from the films. This decrease is most likely due to the affinity of the heavier PAHs for the
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more hydrophobic film surface, where paditing into the gas phase is dictated by both
the volatility of armalyte and the chemistry of the film. This observation also supports the
proposed mechanism for partitioning of analytes between the sorbent and the gas phase,

particularly since the desorptiamccurs well below the boiling point of the analytes.

3.3.2. Opgimization of TFME

There are many factors that can be varied to improve the extraction efficiency of
analytes from water into porous thin films. Here, agitation rate, extraction time amtysali
are presented. Agitation rate and extraction time were nlioseptimization because they
are frequently studied in SPME methods, they are easy to vary, and they usually have a
significant impact on the experimental results. Salinity is also caesideecause of the

salt effect and the potential range of salastseen for environmental water samples.

3.3.2.1. Agitation rate

Agitation of the sample solution is crucial in TFME since higher agitation rates
replenish analytes from the bulk solution to the film. As a result, rapid agitation shortens
equilibrium time for analyte partitioning and increases the amount of analytescext
under norequilibrium conditiond47]. Agitation rates were controlled using a magnetic
stir bar on a multposition stiring plate. The agitation rates ranged from 200 to 1400 rpm
for 20mL and 600 to 1100 rpm for 140 mL. All extraction efficiencies were highest at the
highest stirring speed§ig. 3.6shows the effects on percent recovery for 20and 140

mL samples).
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Fig. 3.6. Effect of the agitation rate of sample solution on extraction of PAHs using TFME;
a) 20 mL sample solution of PAHs (Naph, Acy, Ace, Flu, Phen, Antt, Bind Pyrat50 ng

mL* agitated for 2 hourdy) 140mL sample soliubn of PAHs (Naph, Acy, Ace, FliRhen,

Ant, Flut, and Pyy at 40ng mL™* agitated for 2 hoursDesorption: 60 pLcyclohexang
equilibrated at 220C for 5 minin theheadspace oven.

For example, a comparison between the lowest and highest agitatioforates showed
improvement from 30.2% to 39.9% for 20 mL samples, and from 14.9% to 21.0 % for 140
mL. Furthermore, the effect of stirring rates is more significant for higher matewaight

hydrophobic compounds (highkeogP). This can be explainedtarms of the partition and
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diffusion coefficients, where highkogP value lead to greater mass loading on the polymer
and rapid depletion at the boundary layer. However, replenishofetiis layer is
dependent on diffusion, which is slower for higher ecolar weight compounds. This
effect on the rate of mass loading can be minimized by reducing the thickness of the
boundary layer using high agitation. Comparing AcpdP 3.9) and Fut (LogP 5.16),

Acy showed an increase in the extraction efficiency fidni% at 600 rpm to 15.0 % at
1100 rpm for 140 mL, while Flut showed an improvement from 19.5 to 33.2 %. Therefore,
the highest possible agitation rates for both sample volumes (fd0for 20 mL and 1100

rpm for 140 mL) were selected for the remainipgraization steps and validation studies

to obtain higher sensitivity and precision.

3.3.2.2. Extraction time

In TFME, the extraction mechanism is based on the equilibrium of comgound
between the sample solution and extraction phase, which is smala&besample volume
compared to typical exhaustive extraction methods, i.e., LLE and SPE. The extracted mass
of analytes increases with time of exposure until equilibrium is reaahdds proportional
to the concentration of the analytes in the san®. The time required to reach the
equilibrium depends on several paramgtsuch as the affinity of the analytes for the
sorbent, diffusion coeitientsof analytes, and the thicknesses of the film and the boundary
layer [49]. The extraction time profiles for extraction of PAHs using porous films for 20

and 140 mL were obtaine#if. 3.7).
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Fig. 3.7. Extraction time profile of PAHSs, using a) 20 mample solution of PAHs (Naph,
Acy, Ace, Flu, Phen, Ant, Flut, arlelyr) at 40 ng mt! agitated at 1400 rpm, b) 140 mL
sample solution of PAHs (Naph, Acy, Ace, Flu, Phen, Ant, Flut, Ryr (40 ng mt)

agitated at 1100 rpm; Desorption: 60 UL Cyclohexaqeijlérated at 220 °C for 5 mins in

the headspace oven.

For 20 mLs, Naph reached equilibrium within 3 h, whild-dxtraction led to near
exhaustive or exhaustive uptake of other yesl where sample depletion occurred which
reduces thepparent partitioing and uptake of hydrophobic PAHKEB0]. Therefore, no

significant improverant can be observed for longer egtran intervals. Under these
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conditions, exhaustive extraction (>70%) was achieved for four analytes: Flu, Phen, Flut,
and Pyr at 20 mL.

The extraction time profile of PAHs using TFME in 140 niig. 3.4) was also
obtained throgh which different portioning behavior has been observed. Equilibrium for
Naph was established within 4 h, while 6 h is required for equilibrium of Ace and Acy.
Additionally, for the two most hydrophobic compounds inahgd Flut and Pyr, the
equilibrium was not reached even after ali@ur extraction. The long equilibration time at
140 mL is due to the large volume of the sample and higher mass loading of analytes. For
guantitative measurements, ®@ur extraction timender norequilibrium conditions was

selected.

3.3.2.3. Salinity alt effect)

Different amounts of salt were added to ultrapure water sample to evaluate the effect
of salt on the extraction of PAHs and also to determine the need for matrix matching of
envronmental samples. As can be seen flam 3.8 theaddition of salt had no significant
effect on extraction efficiency for PAHs with pgevel solubility until 10 % (w/v). For
example, the extraction efficiency of Phen has meethin the range of 23.85.8 %.
Further addition of salt (10 to 20 % w/v) véted in a significant reduction in the extraction
efficiency for Phen, decreasing from 24.2 to 16.9 %. The negative effect of increasing
salinity is more apparent for Ant, Fjuand Pyr, which are more hydrophobic and have
lower solubility. The reductioms attributed to ionic strength and reduced solubility of
PAHSs in the saline solution, which is expected to lead to some deposition of PAHs on the

apparatus surfacgs1]. Analytes that are adsorbed onto the surface of glads cannot
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easily transfer to the surface of the film through the highly saline water. Since the aim is to
reduce the number of steps for sample preparation, externalatialibrcurves using
analysis of films loaded with PAHs from standards madetrapure water with 3.5% NaCl
were obtained; this salinity is typical of seawater. By obtaining a mataiched
calibration in this solution, the minor effects of salinity onME performance can be

minimized.

Fig. 3.8 Effect of salt addition on the extraction of PAHs using TFMIE) mL sample
solution of PAHs (Naph, Acy, Ace, Flu, Phen, Ant, Flut, and Pyr) atd0L; Extraction:
1100 rpm for 2 hours; Desorption: 60 pL tyleexane, equilibrated at 220 °C for 5 min i

the headspace oven.

3.3.3. Evaluation of noise due to thermal decomposition of polymer films
Bleeding of siloxane groups from commercially available TFME devices during
thermal desorption can lead to noisy kgound signals. This noise can reduce the

accuracy of integration and separation quality by overlapping with analytes, which is a
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greater problem with neselective detection or mortargeted analysis is the objective.
These contaminants can also redtieeionization efficiency in MSources, contaminate

the sourceexclude analyte ions in trapping instrumerdad reduce column life. One
method proposed to reduce bleed from PDMS is to lower the mass of the PDMS phase
using a carbotbased mesh to suppdDMS membrang4]. Another strategy is to use a
polymer with less potential for thermal decomposition, such as the polymer films used here.
A blank thin film was subjected for SHID-GC-FID and the background was compared
with the background oA homemade PDMS membrane whidis been reported in the
literature for extraction of analytes. The resultant chromatograms, showiu.ir8.9
illustrate the lower level of background noise compared with PDMS. The lower bacgroun

should improve detection linst
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b)

Fig. 3.9 Comparison of bleeding of background for a) headspace vial b) developed thin
film c) PDMS, STHD performed by equilibration for 5 min at headspace oven at 220 °C.

3.3.4. Inter-device variability: Assessment bsuitability for single-use applications
Forhigh throughput analysis using TEFME, developing singe extraction devices

with low interdevice variations is important. To investigate the reliability of the film

preparation procedure, the relative stadddeviation (RSD%) of the extracted mass of

PAHs was assessed for 20 individual thin films. Extractions were performed usmg 20
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samples of 50 ng mlL PAHSs in ultrapure water. Analysis conducted by-$D-GC-FID

as described in Secti@®2.4 gave intedevice repeatabilityHig. 3.10 ranging from 7.2 to
13.5% for manually prepared devices and without internal standard tcamreThese
results show that TFME devices can be used for fast and efficient analysis specifically for
field sampling without ancern for gross intedtevice variability. The high repeatability for
these TFME devices demonstrates that they can be usedivetie without internal
standards, and in a singlse format the possibility of falgmsitives and loss of

performance witheuse are eliminated, and it allows for high throughput.

Fig. 3.1Q Inter-thin film relative standard deviation (%) for extiact of PAHs; 20 mL
sample solution of PAHENaph, Acy, Ace, Flu, Phen, Ant, Flut, and Pgt)s0 ng mL;
Extraction: 1400 rpmdr 2 hours Desorption: 60 pL cyclohexene, equilibrated at 220 °C

for 5 min at headspace oven (n=20).
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3.3.5. Reusability and dwability of thin films

The thin film devices are intended for singige in environmental samples,
however we investigated reuse to further reduce the cost of anf#g$isAlso, to
demongrate the applicability of these devices using more conventional protocols, a new
method was employed based on solvent desorption and analysis #SGChree
individual films were used for extraction of PAHs from 20 aflsample (4&yg mL! PAHs
in ultrapure water)After extraction, the thin films were agiried and immersed in toluene
to desorb the PAHs. The resulting toluene solution from a single desorption step was
analyzed using an AR-GC-MS/MS method optimized and validatesizart é other work
in our lab. The immersion step was repeated for each film with two more aliquots of
toluene, each of which was subjected taCAM&C-MS/MS to assess cargver. No carry
over was detected for any of the 8 PAHSs (the instrument limitetction (LOD) were
0.1-1.0 ng mLY), implying the porous structure of the coating allowed for efficient solvent
desorption. Therefore, a simple treatment protocol consisting ofmairf8fie wash with
methanol was conducted to ensure removal oftaayettrace rsidual contaminants from
preceding extractions. As illustrated IByg. 3.11, each thin film was used for five
extractions, and their performance showed no decrease in sensitivity or capacity. Additional
studies were ngberformel to assess the reusability since it was beyond the scope of this

work.
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Fig. 3.11 Efficiency of thin film for 5 consecutive extraction a) using TRMBCI-GC-
MS/MS, b) TFMEST-HS-GC-FID; 20 mL sample solution of PAHs (Naph, Acy, Ace, Flu,
Phen, A, Flut, and Pyr) at 40 ng mi, Extraction at 1400 rpm for 2 hoyf®esorption: a)

4 mL of toluene spiked with Aeé10 and Phed10 (5 ng mtY) as internal standard; b) 60
ML cyclohexane, equilibrated at 220 °C for 5 min in the headspace oven.
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As thinfilm devices are subjected to high temperature (220 °C), it is essential to
assess the performance of polymeric sorbents for several headspace desorption processes.
For this purpose, three thin films were used for extraction PAHs mentioned in Section 2.4.
After desorption and analysis, thin films were washed with methanol for 30 minutes before
each set of preceding extractions. The thin films were then used for four more consecutive
extraction and desorption processes. The resits 8.1Db) obtained for the three thin
films after five uses revealed that there was no substantial difference observed in the
extraction efficiency after several cycles of the headspace oven. The obtained recovery
values of analytes using SAD-GC-FID are in a good agreement with those of using
solvent desorptioMPCI-GC-MS/MS expect a slight difference in Ant %ecovery.
Regarding complete solvent desorption of Ant using toluene with no carryover effect, this
difference is because of variations in paming behavior of Ant. Subsequently, Ant
adsorbed by films will be desorbed at lower efficiency than standard solution of Ant
deposited on the films. Since the thin films experienced a slight color change from white
to brown after five uses (SHD-GC-FID) (Fig. 3.19, they were inspected using SEM.
These images which are shownFig. 3.13 show that exposing thin film into headspace
oven has led to micro cracks on the surface of the thin films commaoeidinal thin films.
However, consistent performance with no measurable loss of extraction capability
compared to the pristine coatingiggests that the thermal treatment and cracking this did

not degrade adsorptive sites and the porous structure iemtant.
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Fig. 3.12 Thin films before use (left) and after 5 headspace desorptions) (right

Fig. 3.13 Scanning electromicrographs of a) and b): unused porous thin films; c) and d)

thin films that have been reused 5 times.
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3.3.6. TFME-ST-HD-GC-FID for determination of PAHs in water samples

The performance of the optimized method was assessed by obtaining figures of
meritsuch as LOD, limit of quartation (LOQ), and linear range (LR). Experiments were
carried using the optimized TFME and -85 conditons using 140 mL samples of
ultrapure water with 3.5 % NaCl spiked with PAHs at concentrations of 0.1, 0.2, 0.4, 1.0,
2.0, 40, 10.0, 20.0, 40.0, 100.0, 200.0 and 500.0 ng';nthe results are summarized in
Table 3.3

Table 3.3. Figures of merit for analysis of PAHs using TFANE-HD-GC-FID.

PAHs LOD LOQ LR Linear Calibration R? Extraction RSD%* PF*
(ngmL?%) (ngmL?1) (ngmL?) recovery%*
Naph 0.2 0.4 0.4-500 y=9.6648X+2.3329 0.9990 8.4 3.9 195
Acy 0.2 0.4 0.4-200 y=7.7479x+#.3201 0.9985 12.2 5.7 285
Ace 0.4 1 1-200 y=9.9113x+10.502 0.9985 13.5 5.5 315
Flu 0.4 1 1-200 y=11.838x+6.5399 0.9990 18.2 51 426
Phen 0.4 1 1-200 y=12.447x+15.227 0.9980 23.6 4.4 551
Ant 0.2 0.4 0.440 y=11.828x4.2725 0.9952 16.2 6.4 378
Flut 0.2 0.4 0.4-200 y=8.08.6%x11.697  0.9991 254 4.2 592
Pyr 2 4 4-100 y=7.2131x10.751 0.9973 29.6 7.1 691

* spiked at 40 ng mtt

Based on the minimum acceptance criteria for the calibration curves, i.e.,
determination coefficients @R higher than 0.99 and tercepts higher than LOD, the
dynamic linear ranges were typically €280 ng mL!. Wide LR can be achieved using GC
FID for quantitation. However, the extraction of PAHs from ultrapure water with 3.5 %
NaCl cannot be performed itoncentrations higher thatheir maximum solubility. For
example, the LR of Ant is betwe@y and 4(hg mL1. Concentrations resulting in signal

to noise ratios of 3 and 10 were calculated and reported as LOR (@ 2nL'!) and LOQ
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(0.4-4 ng mL?), respetively. The sukppb levés of LOD and LOQ values which were
obtained using an FID demonstrate the sensitivity of analysis using the proposed method.
A high preconcentratiofactor (PF) is one of the goals in sample preparation giving more
sensitive methasl For PAHSs loaded to tHidm from water, the amount of analyte desorbed
from the film into the solvent in the headspace sampler was compared to the data using
standards applied to the film to calculate the enrichment fattdni€ 3.3. High PFs (195

to 691) result in low detection limits and demonstrate the potential of this method for
environmental monitoring.

The method was validated for irtgay and intraday accuracy and precision by
extracting PAHs at low, mid, and higboncentrations within theR: 2.5, 25 and
125ngmL2. The data is presented Tiable 3.4 Although the data fofable 3.3is based
on normal linear regression, for the method validation weighted linear regression (1/x) was
applied to obtain better fit and accuracy, especially for lower concentrationsdayra
precision was evaluated using triplicate extraction and quintitan the same day, while
inter-day precision was assessed at each concentration on three diffaysntTte
precision for the singlase thin films without internal standard correction was very good,
with intra-day %RSD of 34% for 125 ng mit and 521% for 2.5 ng mtL. The interday
precision for the higher concentration was®%6 and 2% for the lowconcentration. For
accuracy, the data is within the acceptable rangd 28%o). Note that for Ant, 125 ng mL
! exceeds its solubility limit.

Calibration curves in ultrapure water with 3.5 %aCl were used for matrx
matched calibration to calculate thencentration of PAHS in seawatdrable 3.5shows

the resultgor harbor water spiked with 10, 20, 40 and 100 ng'wi.PAHs.The accuracy
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and precision show the suitability of the proposed method for analyzing real sampgies, suc
as seawater, without standard addition.

Table 3.4.Method validation data summary for analysis of PAHs using TERMEID-GC-
FID.

Intra-day Inter-day
Accuracy (%) Precision (%) Accuracy (%) Precision (%)
Spiked
Conc 2.5 25 125 25 25 125 2.5 25 125 25 25 125
(ng mL™)
Naph 102 948 79.5 12 3.0 45 110 96.6 748 3.6 25 9.0
Acy 97.8 106 113 19 10 1.0 88.9 110 105 41 6.3 17
Ace 108 118 121 54 10 1.7 106 123 112 29 6.0 15
Flu 76.8 104 112 74 11 23 77.1 109 102 8.2 6.4 16
Phen 78.8 103 110 70 13 27 786 110 995 7.0 6.8 16
Ant 91.7 106 - 15 17 - 98.0 106 - 6.3 14 -
Flut 86.2 118 115 21 17 21 87.5 128 102 22 85 17

Pyr <LOQ 87.0 96.0 0O 20 3.8 <LOQ 95.5 84.0 0 12 19

Table 3.5. Performance ofmatrix matchedcalibration for analysis of spiked harbor
seawater using TFMEST-HD-GC-FID.

Fortified at Fortified at Fortified at Fortified at

10 (ng mLY) 20 (ng mLY 40 (ng mLY 100 (ng mLY)
PARS Accuracy RSD Accuracy RSD Accuracy RSD Accuracy RSD

(%) (%) (%) (%) (%) (%) (%) (%)
Naph 127 54 119 9.1 108 6.6 87.0 4.8
Acy 121 3.9 119 5.7 120 3.5 114 5.5
Ace 129 6.5 128 6.9 126 5.5 118 3.2
Flu 113 5.0 118 8.3 119 6.5 117 4.1
Phen 108 6.2 114 10 117 12 115 2.0
Ant 95.7 13 114 16 116 10 - -
Flut 121 5.3 121 16 123 20 119 4.0
Pyr 66.9 7.8 85.3 19 96.0 24 99.1 6.7
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3.3.7. TEME-ST-HD-GC-FID for complex matrices

The matrixmatched calibration was tested for analysis of a highly complex matrix,
in this case, produced water, which containgelised droplets of oil as well as high
concentrations of dissolved organics such as alkylphenols. Results revealed that matri
matched calibration was not successful for such a complex matrix. Therefore, a standard
addition method was applied to analyze pnoduced watem.able 3.6summarizes the data
for spiked produced water (140 mL sample volumd%)e method provides a good
correlation between the response and the spiked concentrations. The concentratidn of Nap
in the prodeed water, which is expected to be high, was determined Td¢hdng mL?
based on the calibratiofiQ. 3.14).

Table 3.6.Determination of PAH concentration in produced water using THSVHED-
GC-FID.

PAHS Spiked conc range Slope  Intercept - Detected conc
(ngmL™) (ng mL*Y)

Naph 50-1000 3.0609 +2278.6 0.9968 744.4

Acy 2-40 6.7971 +76.054 0.9926 11.2

Ace 2-40 6.7143 +37.523 0.9953 5.6

Flu 2-40 7.6811 +96.951 0.9928 12.6
Phen 2-40 5.1859 +90.873 0.9695 17.5

Ant 4-40 4571 57463 0.9968 ND

Flut 4-40 1.3815 -0.0826  0.9993 ND

Pyr 4-40 1.2829 -8.4953 1.000 ND

The concentrations of Acy, Ace, Flu, and Phen were 11.2, 5.6, 12.6, andgl7.5

mL?, respectively. Ant, Flut, Pyr were not detected. These concentrations aredn go
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agreement with those reported previously in produced Wa8}r Additionally, the wide
linear range possiblgsing this TFME methodnd relying FID is particularly advantageous
for determination of PAHs in produced wat&éhese samples show a high range of PAH
concentrations with Naph frequently occurring ah@entrations 2 orders of magnitude

higher than other PAHSs.

Fig. 3.14 Determination of Naph in produceuater using TFMEST-HD-GC-FID; 140
mL sample solution (Ndpspiked in the range of 80000 ng mL?) agitated at 1100 rpm;
Desorption: 60 pL Cyclohexane, equilibrated at 220 °C for 5 mins in the headspace oven.

3.4. Conclusion

A direct, high throughput and semutomated method of analysis for organic
pollutants was achieved in complex environmental samples using novel desorption
technique (STHD) for introducing analytes enriched by TFME. TFME was performed

using singleuse thin films with no sample filtratioand pretreatment. The suitability of
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thin films for extraction of analytes without internal standards is supported by figures of
merit, which show good repeatability and enrichment, linearity and sensitivity. The
precision of method is attributable to tkeémination of several sample handling and
manipulaton steps, such as solvent desorption from the film and evaporation. Moreover,
simultaneous and high throughput sample analysis reduces the error by minimizing the
effects of common variables such as @demin ambient room temperature and humidity.
Such éects are illustrated in the inteand intraday variability. The introduction of the
analytes onto the GC column through the headspace sampler was enhanced by employing
a small volume of cyclohexan€he partition of analytes into a solvent microlayea ikey
feature of as a mechanistic rationale for signal enhancement, especially for less volatile
compounds. Under optimized conditions,-8D employs mild desorption conditions with

less noise from pgmer decomposition than with traditional thermal apson allowing

for subppb detection limits using a conventional FID system. Moreover, successful
application of matrixmatched calibration for seawater samples showed the enormous
potential of high thoughput TFMEST-HD for environmental monitoring witho standard
addition. The advantages of this method, such as throughput, simplicity, sensitivity, and
repeatability, make it an attractive alternative to standard LLE and SPE methods for the

analysis ofenvironmental waters.
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Chapter 4. Molecularly imprinted polymers for selective

extraction of organophosphorus pesticides from water samples
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4.1. Introduction

The widespread use of pesticides is one of the major causes of contamination of
environmental water resources. Only 1% of the applied pesticides reackatiget while
the other 99% is released into soil, water and the atmosphetigidesspersist in those
matrices according to their hdifes [1, 2] Organophosphorus pesticides (OPPs) are a
major class opesticides hang largelyreplaced organochlorirgesticidesvhich are more
toxic and have longer halflives [3]. OPPs are neurotoxic compounds inhibiting
acetylcholinesterase which functions to hydrolyse acetylchabraameurotransmitter. The
accumulation ofacetylcholineat syrapses and myoneural junctions results in both acute
and chronidoxicity [4].

The USEPAhas place®PPs on the Contaminant Candidate LI€SI(s) 1,2 and
4 andapplies to thenthe Unregulated Contaminant Monitoring Rules (UCMRS},and
4. Additionaly, they are listed irthe Drinking Water Standards and Healtdvisories
published in 20135]. According to the council of the European Union, the maximum
contaninant level (MCL) of each pesticide in water intended for human consumption is 0.1
ug L andthe total concentration of the pesticides must not exceed 0.5 [&] LReliable
analytical methods use gas chromatography)([3€.0] and liquid chromatography (LC)
[11-13] techniques to trace these pesis in real samples. Howeveiow MCLs,
complicated matrices, and incompatibility with chromatographic systems necessitate
sample treatment steps including clegnand extraction before instrumental analysis.

The most common preconcentration method, whasbeen widely usedor

envionmental analysis, idiquid-iquid extraction (LLE). LLE is expensive, time
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consuming, labemtensive and requires large volumes of both samples and toxic organic
solvents. Solid phase extraction (SPE) is recommendeccdyRA[14] and implemented
for extraction of OPPELS, 16] SPE is a wous technique and usually requires a large
sample volumelLargeramounts of organic solvents used in elution sexpiirefurther
drying and evaporatiosteps which reduces the accuracy and precision of the analysis. The
drying is also a key parameterdbtain desirable enrichment and needs to be optimized.
Excessive drying of the sorbent could cause evaporation of the volatile compounds or
oxidation of amalytesexposed to thair [17]. Other drawbacks of SPE include analyte
breakthroughduring preconcentratiofrom large volumes anthe loss of analytes during
filtration steprequired for reasamples, particularlfor hydrophobic analyted 8]. During
the last two decades, several miniaturized techniques have been developed to reduce or
eliminate the use of organic solventsciase sample size, increabeoughput,and
improvepreconcentration factors. These methods ard-pblase microextraction (SPME)
[19], stir bar sorptive extraction (SBSE)O], dispersive liquidiquid microextraction
(DLLME) [21], anddispersive solid phase extraction (DSPE]]. These techniques use
extraction phases (solid or liquithat adsorb analytes with wide range of physical and
chemical properties. Since the extraction phase is not a selective phase, these methods
suffer co-extraction ofinterfering compoundsral perform poorly in complex matrices
[22].

MIPs have been extensively used for siedectiveextraction of OPPR3]. Aside
from their selectivity, MIP materials arglsorobust and eastp prepae, which anreduce
theassociated total cost of analygg]. MIPs reported in the literature, are mainly used as

a packing material for SPE of OPR%&-28]. Interfering compoundsften can be easily
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washedaway when using NP-SPE thereby enhanang aralytical performanceg?28].
Nonetheless, MIFSPE can become cloggébm components ofeal samplesand the
phase may also sweliith use of organic solvenf®9]. Furthermoreusing MIP-SPE
requiresseveral stepthatcanrot easilybe conducted duringeld sampling (i.e.the need

for sample preparation such as filtratjomor to extractionprocessusing of conditioning
solvents and vacuum manifollsSSPME is simultaneous cleaip and extraction method
that can be tilized for onsite sampling However, this technique usemnselective
commercial sorbents that adsorb compounds with wide ranges of physiochemical
properties. To enhance the selectivity of SPRIE]P coating can be used as an extraction
phase. Wang edl. [30] developed ahermallystable MIP-coated fiber for headspace
SPME of OPPsDirect introductionof analytes was perfored using thermal desorption
that replaced solvent desorpti@nd enhancd the sensitivig of analysis. Therepared
MIP-fibers showedgood affinity towards OPPs compared to momprinted polymers
(NIPs) and commercially available SPME fibers. Howeversymthesis procedure, which

is a solgel methodrequires several cycles of depositiorddinermal curing to achieve a
desirablehickness. MIPcoated stir bars can also be used for the extraction of OPPs. They
can be prepared by polymerization of ny®m presence of monocrotophos as a template
[31]. Although the polymer showed good selectivityonganic solventsthe selectivity in
water was negligible which the authorsattribute tothe water interfering witlinydrogen
bondng between the nyloand target molecule§ hin film microextraction (TFME) is a
new microextraction technique that is conducted using sheetsof coating with or
without a support. Téextraction devices used featarkarge surface area of the extract

whichincreases thepeed and efficiency of the extractidrhe unique tunabl@bsorption
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properties of MIPge.g. porosity and selectivityake them a promisingxtraction phase
for TFME.

In this work, thin film MIPs, which have been previousalyplied toextraction of
polycyclic aromatic hydrocarbor82], phenolqd33], andthiopheneg34], aredeveloped
for the selective adsorption of OPPs. These MIPs are compatible for both solvent
desaption [35] and thermal desorptiof86] and can be used for direct analysis using
ambient ionization techniqud87]. However, obtaining selective aggnition of polar
analytesin aqueous samples using thin film MIPs is challendiegause of water can
interfere with the some of the more debleanoncovalent binding regimes, including
hydrogen bonding and electrostatic interactidrsachieveselecivity, several parameters
must be considerenh the design of the MIPsuch asthe type oftemplate, monomer,
crosslinker, porogenic solvent arfteir respective ratios. The prepolymer composition is
optimized for both extraction capacity and selectiiiggchMIP compositionrwasassessed
for suitability for use irboth thin film and mesh formatsr extraction of OPPs from water
samplesAfter extraction, the enriched analytes are rapidly desorbed assngall volume
of organic solvent. This is the fingtport of a single use extractibiP devicewith superior

selectivity for pesticides analysis in water samples.

4.2. Experimental

4.2.1. Chemicals and reagents
OPPs standards malathion, parathion methyl, fenamiphos, diazinon, and

chlorpyrifos were purcleed from Sigma Aldrich (Oakville, ON, Canad&andards
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solutions of other OPPs used for validation studies (i.e.dichlorvos, mevinphos,
dimethoate, demete®&-methyl, ethoprophos, paraoxon methyl, parathion methyl, tolclofos
methyl, methidathion, fenantys, diazinon,pirimiphos methyl, disulfoton sulfone,
azinphos methyl, malathion, prothiofos, chlorpyrifaetrachlorvhphos, profenofos,
pyrazophos, and ethigigshown inTable 4.), Optima LGMS grade acetonitrile (ACN)
methanol (MeOH), and formic acid (FAWwere obtained from Fisher Scientific (Whitby,
ON, Canada). Sodium chloride (NaCl, 99%) and glacial acetic &3@.7%) were
purchased from ACP chemicals (Montreal, QC, Cana8@.WUDSXUH ZDWH U
was produced by a MilQ purification system.

Individual stock solutions of OPPs were prepared in acetonitrile at 1000'mg L
Working solutions of OPPs for development fiPs were prepared in MeOH by
appropriate dilutionfithe stock mixture of 5 OPPs at )y L. For MIPvalidation studies
on coated mesh, a mullomponentmixture of OPPs (4 40mgL™) was prepared in
MeOH. All the solutions were stored at 4 °C unsk. Aliquots of the mixtures described
above were sked into water samples to obtain required concentrations for each

experiment.
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Table 4.1.Targeted OPPs with physical and chemical propel@igls

- Solubility in water .
Pesticide (mgL?) Log P Structure
Dichlorvos 8000 1.43
Mevinphos 600000 0.13
Dimethoate 5000 0.78
DemetoRs- 3300 1.02
methyl
Ethoprophos 750 3.59
Paraoxon 3640 1.33
methyl
Parathion 377 286
methyl
Tolclofos 0.4 456
methyl
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Table 4.1.(continued

. Solubility in

Pesticide water (mg.LY) Log P Structure
Methidathion 187 2.2
Fenamiphos 400 3.23
Diazinon 60 3.81
Pirimiphos 5 4.2
methyl

Disulfoton NA 187
sulfone

Azinphos 20.9 2.75
methyl

Malathion 145 2.36
Prothiofos 0.07 5.67

(continued on next page)
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Table 4.1.(continued

Pesticide Solubility in water (mg.t!) | Log P Structure
Chlorpyrifos 1.4 4.96

Tetrachlorvinphos 11 3.53

Profenofos 28 4.68

Pyrazophos 4.2 3.8

Ethion 2 5.07

4.2.2. Instrumentation

The chromatoguzhic separation and quantitativeadyses were performed using a
Waters Acquity ultrgoerformance liquid chromatography (UPLC) system (Waters,
Milford, MA, USA) interfaced to a triple quadrupole mass spectromg@fervo TQS
,Waters, Milford, MA, USA equigped with a Zspray electrospray ionization (ESI) source

Chromatographic separation of 5 OPPs was performed using a PFP @lumm x 150
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mm,3 P SDUWLFOH VL]H &DQDGL.ORe tempdradufeldfl tRe~dalun&D QD G C
was maintained at 3€. Themobile phase consisted of an isocratic mixture of Me@# a
water (90:10, v/v) containing 0.1% FA with a flow rate of 0.7 min™. Samplenjections
(1-uL) were made using a sample manaflew-through needle (SNFTN), which
maintainedsampletemperaturet4 °C.
For optimization and validation of MiBoated meh, 21 OPPs were extracted from
water samples and separated using a Wategsity BEH Gg column (2.1 x 50 mm, 1.7
pm) maintained at 30C. Gradient elution was employed shown inTable 4.2 The
injected volume waS-pL, while sample werekept at 4 °C.

Table 4.2.LC gradient method for separation of selected OPPs.
Time (min) Flow rate (mLminY) Water % MeOH% 10 % FA in water

Initial 0.45( 89 10 1
0.5 0.45( 89 10 1
3 0.450 39 60 1
4.t 0.45( 24 75 1
7.5 0.450 14 85 1
7.51 0.45( 89 10 1
8.5 0.450 89 10 1

The MS/MS detection and quantitation were perfornregositive mode under
multiple reaction monitoring (MRM) conditiond/RM transitions, cone voltages and
collision energy used for all compounds are included @ble 4.3 Nitrogen gas was
supplied by a generatgPeak Scienti€, Scotland, UK) and was uses both cone and
desolvation gases, with flow rates of 150 af@0LL h*, respectrely. Other relevant mass
spectrometer parameters were capillary voltages +3.5 kV; source temperature 150 °C and

desolvation temperature 65G.°
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Table 4.3.Summary of tandem mass spectrometry parameters usih3/0IS

Pesticide Precur Cone Product Collision Product Collision
sor ion voltage ion 1 energy ion 2 energy
(m/z) (V) (m/z) (eV) (m/z) (eV)
Chlorpyrifos 351.¢ 44 96.¢ 30 199.¢ 18
Dichlorvos 221 34 79 34 109 22
Disulfoton sulfon 307.1 24 97.1 28 153.] 12
Paraoxormethyl 248 36 90 25 202 19
Mevinphos 225.] 24 127.] 15 193.] 8
Tetrachlorvinphos  364.8 32 127 16 238.9 20
Dimethoat 230.] 24 12t 20 19¢ 10
Demetol-S-methy! 231.] 16 61.z 30 89.1 10
Ethoprophos 243.2 32 97 31 131 20
Parathion meth 263.¢ 38 79 36 10¢ 22
Tolclofosmethyl 301 41 125 29 174.9 17
Methidathior 30:< 18 85.1 20 14E 10
Fenamiphos 304.1 30 201.9 34 216.9 22
Diazinon 305.1 16 153.1 18 169.1 20
Pirimiphos-methy 306.1 36 108.1 32 164.] 22
Azinphosmethyl 318 20 160 18 261 8
Malathior 331 18 99 20 127 10
Prothiofos 345.2 30 133 20 241 20
Profenofo 372.¢ 36 127.¢ 40 302.¢ 20
Pyrazophc 374 44 194 32 222.] 22
Ethion 385 25 171 20 199 10

4.2.3. Preparation of thin film MIPs and MIP-coated mesh

For optimization of the MIP composition, we prepared thin film MIPs accgrigin
our previous studies with some modificati¢BS, 36] Precut stainless steeheal blades
(0.5x 20 mnt) with a triangular tip on one end were used as substrates to prepare thin film
MIPs. This substrate is stable acan be used for extraction at high agitation rates. In
addition, these metal substrates can be used for directngwblihese devicas MS. The
metal bladeswere cleaned withMeOH and dried using a gentle stream of nitrogen. The

prepolymer solution with a proprietary composition was thoroughly vortex mixed and
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degassed in an ultrasonic bath for 5 minutes. AuB.@ortion of the prepolymesolution

was pipetted onto the metal blade and evephgad by carefully applying a glass cover
slide (25 mm). The thin layer of solution sandwiched between the two layers, was
polymerized under UV light (254 nm) for 30 mins. Aftard polymerization,the cover
slides were remove@nd the resultinghin films (i.e. 30 thin film MIPs)(were washed
with 100 mL MeOH: acetic acid (9:1, v/v) solution at 500 rpm foh 20 remove the
template molecules and unreacted components. Thangasbiution was changeslery

30 min. After template removathethin films were rinsed with MeOH, dried and stored at
room temperature until use.

To prepare MIRcoated mesh, fiber glass sheetsre sprayeddirectly with
pre-polymersolution with no preeatment steps. After UV polymerization, a uniform layer
of the polymer was formed dheglass fibers. The polymaoated mesiwvas washed with
MeOH for 2h to remove residual unreacted components. Following that, the coated sheets
were cut into 20 mm (with) x 80 mm strips. The cut strips were then rinsed MeOH (30
min at 500 rpm), conditioned in a vacuum oven (16t 660T orr vacuum for 12h) and

stored at room temperature until use.

4.2.4. Sample preparation procedure

For extradbn of OPPs using thifilm MIPs, mixed standard solutions (5.0 mgL"
! of each OPPyvere prepared in 20 mL ultrapure water by spiking radtnponent stock
standards and used immediately to avoid adsorption of analytes to the glasgheial
organic solvat content must lowethan1% of the sample volumt® avoid any effect of

solvent during extractianThe thin films were directly exposed to the aqueous solutions

206



with no preconditioning step. Thextractionof analytesnto the filmswas performed by
agitatingat 1000 rprusing a multtposition stirrer Eisher ScientificCanada) The optimal
extraction time wa$0 min at room temperature. After that, the thin films were washed
with 1-2 mL of ultrapure water and allowed to dAmnalytesdesorption from the filnwas
performed m 700uL MeOH by agitatingat 1500rpm for 10min using a vortexmixer
(Fisher ScientificCanada)For analysissamples were filtered using 0.géh PTFEfilters

and 1L of the extract was injected into the INI$-MS system The apparatus used are

illustrated inFig. 4.1

Fig. 4.1.Experimental setip for extraction and determination of OPPs using thin film
MIPs and MIRcoated mesh

MIP-coated mesh extraction devices were immersed im4 of the OPPsmixed
standardsolution wih concentration rangeof 10-100 ngmL™ for 30 min agitaéd at
1000rpm. The MIP mesh werg¢henremoved from vials an@llowed to air dry. For

desorption of OPPs, the measfsfolded andplaced in &.0-mL screw cap PP centrifuge
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tube (Eppendorf) with 2 mMeOH agitated at 150pm for 30 min. The extraction and
desorption processes weararied out in digh throughpumannerutilizing multi-position
stirrer and vortexmixing devices, respectively. Folng desorption, the MeOH
containing the desorbed agtes was filtered using a 0.22 um filter and injected to the

LC/MS-MS system.

4.3. Results and discussions

4.3.1. Optimization of MIP composition

Performance and selectivity of MIPs for recognitiontariget compounds can be
influenced by MIP compositioincluding factors such as the type and amount of template,
monomer and crosslinkg9]. The template must possess functionality and shape close to
the target moleculeplO]. Other criteria for an appropriate templatee itsstability in
prepolymer mixtureand the robustnesd oesulting MIP coatings We fabricated MIPs
using 6 different template molecubeich weresynthesized in house. The structure @f th
templates is proprietary and will not described furtii@e results oéxtractions usinghese
MIPs are presented iRig. 4.2 MIP(T5) prepared using emplate 5 yielded an unstable
coatingand could not be tested for sorptioghlavior The other templates demonstrated
very similar extraction efficiencieand very good selectivity relative to théM\which can
be attributed toformation of astable complex between the template molecules and
monomergprior to and after polymerizi@an, which leads tgsuccessful imprintingMIP(T2)
was selected for further studies due to its stability in the prepolgoietion and in the

prepared films.
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mNIP
= MIP(T1)
= MIP(T2)
MIP(T3)
= MIP(T4)
= MIP(T6)
Parathion methyl ~ Fenamiphos Diazionon Malathion Chlorpyrifos
b) 77
6 -
>
S5
8, = MIP(T1)
§ = MIP(T2)
= 3 A
= MIP(T3)
€ 2 u MIP(T4)
1 - = MIP(T6)
0 -
Parathion methyl ~ Fenamiphos Diazionon Malathion Chlorpyrifos

Fig. 42. Effect of different templats on the a)extraction efficiency and b) relative

selectivity of thin film MIPs compared to thin film NIPSample: 20 mL sample solution

of OPPs (parathion methyl, fenamiphdg&zinon, malathion, and chlorpyrifos) at 50 ng
mLL; Extraction at 1000 rpm for ii; Desoption: 700 uL MeOH agitated at 1500 rpm for
30 min.

The ratio between the monomer and crosslinker determines the stability of the
polymer as well as binding sit$l]. Therefore, thin films using different ratios (i.e. 1:6,
1:4, and 1:2 of monomer to crosslinker) were prepared and used for extractioRfrOP
these prepared formulations, we used a fixed amount of crosslinker to obtainttstable

films. As illustrated inFig. 4.3, increasmg amount offunctionalmonomer(from 1:6 to
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1:2 of monomer to crosslinkeenhances thexgaction recovery of OPPs using MIPs while
the efficiency ofthe NIPs remais constantegardless of the amount of monomEnis is

evidence that the templateonomer complex is important in producing appropriate

binding sites.
40 -
a) 0
35 -
30 - I I I
S - . m NIP M-C(1:6)
> = MIP M-C(1:6)
g 20 -
3 { = NIP M-C(1:4)
L 15 1
2 MIP M-C(1:4)
10 u NIP M-C(1:2)
5 1 = MIP M-C(1:2)
Parathion methyl Fenamiphos Diazionon Malathion Chlorpyrifos
7 -
b)
6 -
>
S5
3]
841
@ = MIP M-C(1:6)
= 3 A
z MIP M-C(1:4)
g 2 - = MIP M-C(1:2)
1 -
0 -
Parathion methyl Fenamiphos Diazionon Malathion Chlorpyrifos

Fig. 43. Effect of monaner to crosslinker ratio on the a) extraction efficiency and b)
relative seletivity of thin film MIPs compared to thin film NIPSSample: 20 mL sample
solution of OPPs (parathion methyl, fenamiphos, diazinon, malathion, and chlorpyrifos) at
50ngmL?; Extraction at 1000 rpm for h; Desorption: 70uL MeOH agitated at
1500rpm for 30min.
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This is rationalized through the theoreticaimber of templatenonomer complexes in
each film which increases with a decrease relative loading of -tirdss. However
increase from MC (1:4) to(M-C (1:2)) had no effect on performze of MIPs butled toa
dramaticincreasean theextraction efficiencyusingNIPs This is explained by an increase
in sorption sites in the NIP, which is likely to be manifested as nw¥selective sorption
sites in the analogous MIPs, which is comigastimated aselative selectivity, whicls
obtained by dividing the extraction efficiency of MIPs over NIBased on extraction
efficiency and selectivitythe ratio of 1:4 of monomeo tcrosslinker was chosen as the
optimal value.

In noncovalentimprinting strategies, the monomer is usually used in excess to
ensureequilibrium favorghe establishment of pigolymeiizationcomplexesecessary for
selective adsorption using MIP42]. The amount of template must be enough to provide
maximum number interactis with functional groups in the monomer and therefore
selective binding sitegl3], however large amoustf template could be problematic due
to low solubility in prepolymer mixture or instability of the coating. We assessed the
templatemonomer ratiddy increasing the molar ratio of template to monomer from no
template adde{NIP) to 1:2 ratio of template tmonomer

The results shown ifrig. 4.4 reveal that adding template molecule, even small
amount (1:16), enhances the extraction capacity of the polymeric sorbent. Increasing the
amount of template from 1:16 to 1:8 results in apriorement in extraction efficieg@and
selectivity of MIPs. Further increase has slight effect on the efficiency of the extraction

thoughMIPs preparedavith a1:2 ratio of template to monomer was not stable and yielded
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irreproducible resultsThe T-M ratio of 1:4 was selected as the aptimand was used in

fabrication ofthe MIPs inbothformats.

a) 50 -
40 -
S | I
1>" 30 - I m NIP
g I = MIP T-M(1:16)
é 20 - I = MIP T-M(1:8)
MIP T-M(1:4)
10 1 = MIP T-M(L:2)
Parathion methyl Fenamiphos Diazionon Malathion Chlorpyrifos
7 -
b)
6 -
>
S5
3
o 4 - = MIP T-M(1:16)
Q4 ] = MIP T-M(1:8)
3 MIP T-M(1:4)
X 2 1
= MIP T-M(1:2)
1 -
0 -
Parathion methyl Fenamiphos Diazionon Malathion Chlorpyrifos

Fig. 44. Effect of template to monomer ratio on the a) extraction efficiency and b) relative
selectivity of thin film MIPs compared to thin film NIPSample:20 mL sample solution

of OPPs (parathion methyl, fenamiphos, diazinon, malathion, and chlorpyrifos)nat 50
mLL; Extraction at 1000 rpm for ii; Desorption: 700 uL MeOH agitated at 1500 rpm for
30 min.

4.3.2. Optimization of extraction using MIPs
To opimize the analytical method, experimental parameters for sample preparation

were investigated. First the desorption process was optimized by studying the three
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effective parameters including type of the organic solvent, agitation speed and desorption
time. The desorption solvent should have the ability to desorb the analytes and must be
compatible with the sorbent and the detection instrument. These criteria will result in
reproducible and reliable analytical data. High chemical resistance of oaspobprbent

makes it compatible with most of the commonly available organic solsantsas ACN,
MeOH, DCM, hexane, and toluerss described in our previous wdas].

For thin film MIPs, ACN and MeOH which are compatible with liquid
chromatographywere tesed andherecovery valuedeterminedKig. 4.5a). Both solvents
were able to quantitatively desorb OPfPem thin film extraction devicesHowever,

MeOH gave morereproducible results and better chromatographic behawaurmesh
MIPs, three different solvents including MeOH, ACN and mixture MeOH/water (85/15,
v/lv), the composition of mobile phase with highest organic contemg evaluated fdDPP
desorption(Fig. 4.5b).

As can be seemjgher recoeresof OPPs using the MIP mesh were obtained when
MeOH was used as the desorption solvent. This is mainly due to the abitgQ@ifl to
disrupthydrogen bonding responsible for adsorption of OPPs using MiPsxture of
MeOH and wateis al® efficientat disruptinghydrogen bondingwhichresuling in good
recovery for most of analytexceptthe morehydrophobic compoungsuch as ethion and
chlorpyrifos. Therefore, MeOHlonewas used for desorption using both extraction thin

film MIPs andMIP-coatedmesh.
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Fig. 4 5. Effect of type of solvent on the desorption of OPPs using a) thin film MIPs and b)

MIP-coated mesh

A multi-positionvortexmixer was selected to desorb OPPs from the MIP devices.
The efficiency of absorption was investigateging 3differentspeeds (500, 1000, 1500
rom) and the results are showedFiy. 4.6 Increases in thagitation speedlid not

significanty affect recoveries but did seem to improve the reproducibility ofiéserption
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processFast desorjion even at the slower agitation speeds is attributed tefflogency
of agitation using vortexnixer, as well asghe porousMIP structure of MIPsSince the
coatingwas stable at all speedsb00 rpm was selected to ensure maximum efficiency and

repeaability of the desorption.

Fig. 4.6. Effect of agitation rate using mufiositionvortex mixer on desorption of OPPs.

Desorption timas also a significant factor in the process ahduldonly be long
enough to provide complete desorption of analySgending amore time than needed
makes the analytical method moreostly because of lower througtipun this study
agitation times from 2 t0o30 min were evaluate@Fig. 4.7). For the thin film MIP devices,
with no significantincrease beyond 10 miBased on the results for Miédated mesh in
Fig. 4.7b), no significantdifference between desorption intervalas observed. This can
be attributed to the porous structure of prepared MIP sorbent. Toeemgaximum
desorption of OPPs from MIP coated medhminwas selected as tloptimal desorption

time.
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Fig. 4.7. Effect of agitation time on the desorption of OPPs using a) thin film MIPs and b)

MIP-coated mesh

As we demonstratedith the thin film MIPspreviously[36], the extent ofagitation
of sample solutions critical for efficient extractionof analytes. The importance of the
agitation in themaximizing theextraction ratanto MIP-coated mesh is demonstrated in
Fig. 4.8 Even incremental inceses in mixing ovestatic conditionsresulted in large
increassin extraction recoveryl he higher agitation spels are necessaryitcrease mass
transfer of the analytes from the bulk solutiothte boundary layer near tfiem surface,

where they areapidy adsorbed44].
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Fig. 4.8. Effect of the agitation rate of sample solution on extraction of OPPs using

MIP-coated mesh.

It is worth mentioning that thedsorption undestatic conditiosis enoughto meet
sensitivity requirements fodetermiration of OPPs in waterwhich qualifiesit for use in
on-site sampling. This is mainly due to the large surface pr@aded by the mesh~or
some of the pesticides such as dichlorvos, mevinphos, dimethoate aoxbpareethyl,
agitation had very minimal effects on the extractiomcefhcy. Ths is likely because they
have a low partition coefficient and only minimal improvements can be made to their poor
extraction recovees [36]. In accordance wit theresults, 1000 rpm was selected as the

optimum stirring rate for further studies.

4.3.3. Extraction time profile using MIPs

A kinetic adsorption study can reveaflormation abouthe extraction mechanism.
As it is shownin the extraction time profdfor OPPsuptakeusingthe MIP-coated mesh
(Fig.4.9), the mechanism is similao those reported fo8PME[45] and thin filmSPME

devices [36]. The extent of extaction increasedinealy with exposure timefor
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approximately 30 mimntil equilibrium isapproachedequilibrationis achieved within 90
min for most of OPP. A similar increasing trend can be seen by comparing this graph with
extraction time profile usg thin film MIPs presented iRig. 4.10 However, enrichment
of these pesticides reached equilibrium far faster with-téi&ed mesh devices rather than
MIP thin films. This behaviour can be explainggdhigher surface aresssaiated with the
mesh supported MI®hichtypically increasethe rate of the extractiqd6]. According to
the formula(Eq. 4.1)developed foISPME devicg theextractionrate is proportional to
the surface area of the sorbed,(theanalytediffusion coefficient &g and theanalyte
concentration in the sampledq, and inversely proportional to the thickness of the
boundary layer (J). Thus, mesh format with higher surface area prevate increased
extractionefficiency in a shorter exposure tinieshould be noted th#he mass of the MIP

on mesh device is also higher, and thus exhaustive extraction is obtained.
—2: G;?EAO/& (4.1)

High surface area, ease of use and rapid exdrantake the coateghesh sorptive
phases an ideal device for fast analysis afew samplesSince extraction increases with
extraction time,extraction efficiency and sensitivitgre best with longer extractigns
increasessample preparation time. As amgpromise, the shortest time to obtain the

required sensitivityo meet regulaty limits was chosen for each type of deviegs 30

min for themesh and. h for thethin film.

218



Fig. 4.9.Extraction time profile using MHeoated mesh

Fig. 4.10.Extracton time profile using thin film MIPs

4.3.4. Inter device variability

One of the problems associated widiboratorymade extraction devices is poor
inter-device repeatability. These variations necessitate dexecee for calibration and
sample aalysisto obtain acceptable analytical data. \W&e a reproduciblespraying

technique to prepare Miéoated mesh whicheducesnter-device variability. To assess
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inter—device variability and demonstrate the potentialtttésedevices for single use
applications,15 individual mesh devices were used to extract OPiBs4.11 illustrates
the RSD% values of these 15 experiments. The average of RSD values was le8%than 1

with no internal standard added, demonstrating excellent reprokitycibi

Fig. 4.11.Inter-mesh variability for extraction of OPPs (n=15)

4.3.5. Selectivity evaluation

To evaluate the selectivity of MIPs (thin film and mekhmetic studiesof MIPs
were compareeverecompared with their corresponding NIP$id film MIPs and NIPs
were utilizedfor extraction of 5 OPPs from watavith extraction time ranged frorO to
480 min Eig. 4.19. Higher extraction efficiencies were obtained usiniP$1due to the
selective interactions for adsorptimf OPPs particularly fenamiphos, diazinon, and
malathion.Similarly, the selectivity of the MHeoated meskor adsorption of 21 selected
OPPswas compared to mesh coated with N¢Bated meshwith extraction time between

5 and 120min (Fig. 4.13. Equilibrium conditions were attained quickly the more polar
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analytes such as dichlorvos, mevinphos, and dimethdagetolow LogP which results in
low portioning into the sorbe&nAs is well illustrated by their extraction timeofites, using

a selectiveMIP coating for these analytes is advantageouh@dMIP has the benefit of
templated sites with higher affinities for these analy®&sne researchers believe that NIPs
posses only nonspecific binding siteswith lower affinity for analytes therefore
equilibrium extraction is longer for NIHg47]. It is thought that the MIPs have a more
selective binding sites that are also readitgssibe to the analytesyhich shortesthe

time toequilibrium[48].

Fig. 4.12.Effect of extraction time on the efficiency of adstwp of OPPs using thin

films.
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Further evidence for the extraction mechanism can be elucidatethiea@xtraction
time profiles oftheanalytes with the higdr selectivity valuesspecificallyfenamiphos and
ethoprophogFig. 4.13). Eachof these analytes reached equilibrium conditions within 45
min for the NIPswhile the extraction using MIP coating continued to increase even after
120 min. This long equilibrium for Mi&can be attributed to a larger number of available
binding sites, but perhaps sites that are less accessilttmugh the NIP materials have
large adsorption capacity demonstrated through exhaustive or near exhextstigon of
analytes such as pratifios, ethion, and chlorpyrifoghe evidence supports cdmsions
that the MIPs have a larger adsorption capacity, higher affinity binding sites and perhaps
higher surface area related to the porosity of the MIP mat&halfavourable binding site
energy and porosity in the MIPs allow for fastequlibrationfor analytes with low relative
selectivity such as chlorpyrifos and ethigig. 4.13. This demonstrates the availability or
affinity of selective binding sites for adgion of those analytes. Therefore, an extraction
mechanisimusing MIP based extraction devices involves both the nature of analytes and
properties of the binding sites in addition to porosity and capacity. Since the only difference
is the presence of tengté molecules, selective binding sites are created andprdhe

interaction particularly for analytes with lower extraction efficiency.
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Fig. 4.13.Effect of extraction time on the efficiency of adsorption of OPPs using &ié
NIP-coated meshes.
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Crossselectivity of MIPs for extraction of other analytes thatld be present in
the sample matriwas also evaluatedhe MIPs and NIPs were used tdraxt OPPs from
solutions that also containedidic herbicides and tricyclic antidepressa(fiig). 4.19. As
can be seen MIPs yieldedhigh extraction efficiency of OPPs compared NIPs. Although
the pharmaceuticals and acidicebicides were extracted using M|Pthe standard
deviationsare high, and efficiencies were low relative to those for the ORfese findings
reveal selective regnition properties of MIPs for OPPs and rsmlective recognition
mechanism responsible fadsorption omatrix componentslhis nonselective adsorption
can be reduced by performing a proper washing step. However, thin film NIPs can adsorb
matrix compoents with better precision in comparison with MIPs. The repeatable
extraction ofpharmaceutals and acidic herbicidassing NIPs indicates the different
interactions that are responsible for adsorption of matrix components than MIPghirhus
film NIPs are sorbents with high affinity for a wide range of compounds, amctraction

of matrix @mponents can be reduced with application of MIPs.
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Fig. 4.14. Extraction efficiency of different classes of compounds using thin film Mdifels
NIPs. Sample: 20nL sample solution of OPPs (parathion methyl, fenamiphos, diazinon,
malathion, ancthlorpyrifos) at 50 ng mt, tricyclic antidepressants (25 ng ), and
acidic herbicides (250g mL1); Extraction at 1000 rpm forH; Desorption: 700 uL MeOH
agitated at 300 rpm for 30 min.

4.3.6. Method validation

Analytical methods are validated btainingfigures of merit such as limit of
detection (LOD), limit of quantitation (LOQ), and linear range (LLRder optimized
conditions. The results are summarized @bles 4.4and4.5. LOD and LOQ are defined
as signato-noise (S/N) ratio of 3 and 10, respectively, obtained by analyzing blank

ultrapure water samples. LODs and LOQs using thin films were obtairited nanges of
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0.002-0.02 ngmL? and 0.5-0.05 ngmL™, respectively. This method provided good
linearity (R>>0.99) with high sensitivity.

Table 4 4. Figures of merit for analysis of OPPs using thin film MIESMS/MS.

LOD LOQ LR )
OPPs Function R2
(ngmL?) (ngmL?) (ngmL™)

Parathiormethyl 0.02 0.05 0.0550 y=5336.1x + 1746.40.9986

Fenamiphos 0.002 0.005 0.00520 y=150314x 1336.1 0.9999
Diazinon 0.002 0.005 0.00520 y=903075x +209140.9998
Malathion 0.005 0.02 0.0250 vy =106020x + 393510.9981
Chlorpyrifos 0.005 0.02 0.0250 y=70660x + 22105 0.9983

Introductionof MIP-coated mesh devicaato the methodyreatly enhanethe
sensitivity. As can be seenTiable 4.5 The LOD and LOQ were 0.000260ngmL™ and
0.0005-2.0ng mL™* respectively with good linearity of?R0.99. Higher sensitivity of mesh
devices can be attributed to higher preconcentration factor of this mode of extraction with
greater efficiencgven withshorter extraction intervals. The da¢ported inTable 4.5vas
obtained by 30 min extractiptherefore Jongerextraction times can lower the detection
limits further, particularly if theyreater sensitivity is required

Precision was characterized in term&@SD by analying triplicate spiked water
samples in different concentratiofvgithin low and high concentration rarg)en the same
day (intraday precision) andn three different days (intetay precision). Accuracy was
assesselased orhe percentage erbetween the measured and spiked concentration. For
better fitting and more accuracy of quaatton, weighted calibration curves using 1/x as

the weighting factor were used, particularly for lower concentratibaisles 4.6and 4.7
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summarze the intraday and intedday accuracy and precision. The results represent a
validated analytical method with acceptable accuracy and precision of + 20% for most of
the analytes.

Table 45. Figures of merit for aalysis of OPPs using MiPoated mesi.C-MS/MS.

OPPs LOD LOQ LR Function R?
(ngmL)

Dichlorvos 0.05 0.1 0.1-100 y =13470x + 14371 0.9985

Mevinphos 0.125 0.25 0.2550 y =1138.6x + 1193.3 0.9969

Dimethoate 1.0 2.0 2-20 ppb y =1922.2x + 1140.3 0.9969

DemetonrS-methyl 0.2 0.5 0.510 y =4943.2x + 930.18 0.9933

Ethoprophos 0.025 0.05 0.0550 y =61284x + 51364 0.9929

Paraoxon methyl 0.0125 0.025 0.0255 y =23676x + 919.91 0.9970
Parathion methyl  0.025 0.05 0.055 y =19032x + 445.76  0.9999
Tolclofosmethyl 0.005 0.01 0.02-10 y = 45548x + 4305.3 0.9984

Methidathion 0.01 0.02 0.021 y =7450.9x + 74.596 0.9987
Fenamiphos 0.00125 0.0025 0.002550 y=200122x + 66756 0.9986
Diazinon 0.0005 0.00125 0.0012525 y =3384426x + 451017 0.9987

Pirimiphos méhyl  0.00025 0.0005 0.000510 y =2388360x + 33527 0.9993
Disulfoton sulfone 0.005 0.0125 0.012550 y =46721x + 7363.6 0.9972
Azinphos methyl 0.02 0.04 0.04-20 y =1762.5x + 477.39 0.9975

Malathion 0.005 0.01 0.0%:10 y =57315x + 5111  0.9982
Prothiofos 0.001 0.002 0.00220 y =96397x- 2518.2  0.9993
Chlorpyrifos 0.015 0.03 0.0360 y =99403x + 11317 0.999
Tetrachlorvhphos  0.005 0.0125 0.012550 y =92430x + 13379 0.9986
Profenofos 0.001 0.002 0.00220 y =84051x +5188.8 0.9997
Pyrazophos 0.001% 0.0025 0.002550 y =506429x +29895 0.9972
Ethion 0.005 0.01 0.01-20 y =102884x + 1708.6 0.9997

227



Table 46. Intraday method validation summary for analysis of OPPs usingdd#é®ed mesh (n=3).

Accuracy (%)

%RSD

Added Conc (ng mL™) 0.003125 0.03125 0.3125 1.875 18.75 0.003125 0.03125 0.3125 1.875 18.75
Disulfotor-sulfone NQ 109.7 113.. 109.F 89.C - 7.7 2.6 13.¢ 127
Mevinpho NQ NQ 79.C 922 76.¢ - - 5. 7.2 47F
Ethopropho NQ NQ  115.¢ 123.F 101.f - - 7. 10.C 3.
Paraoxo-methy NQ NQ 945 957 94.r - - 7.4 176 17.¢
Parathion meth NQ NQ  106.1 114.1 98.€ - - 5.2 9.2 1€
Fenamipho 96.5 139.7 109.17 109.t 108.¢ 14.2 3.C 16.6 222 12.(
Diazinor 94.¢ 1221  109.6 118.C 91.1 20.2 3.2 8.4 8. 12.:
Tetrachlorvinphc NQ 115.6 108.C 1110 88.¢ - 9. 127 172 31.¢
Pyrazophos NQ 108.1 98.2 956 97.8 - 2.0 65 135 11.1
Added Conc (ng mLY) 0.00062! 0.0062! 0.062¢ 0.37¢ 3.75(  0.00062! 0.0062! 0.062¢ 0.37% 3.75(
Pirimipho=methy 103.: 110.¢ 107.¢ 108.C 91.2 11.5 2.2 54 11.Z 4.7
Added Conc (hg mLY) - 0.0125 0.125 0.75 7.5 - 0.0125 0.125 0.75 7.5
Dimethoat - NQ NQ NQ 100.¢ - - - - 251
Demetor-S-methy - NQ NQ 109.6¢ 111.] - - - 30.F 8.4
Malathior - 99.C 1157 119. 97.¢ - 3.C 122 13.€ 4F
Prothiofo: - 93.¢ 872 92.( 91. - 9.C 19.¢ 11§ 54
Methidathior - NQ  110.6 115 93.f - - 10.¢ 14§ 7E
Profenofo - 112.¢ 109.7 107.¢ 98.1 - 4.2 111 14z 7.
Ethior - 96.1 90.. 86.2 121.0 - 18.€ 14 19.¢ 11.¢
Added Conc (ng mL") 0.0625 0.375 3.75 375 — 0.0625 0.375 3.75 375 -
Dichlorvos - 96.2 100.F 99EF - - 13.1 5.1 2.7 -
Tolclofos-methy 106.¢ 114.2  100.1 - - 3.€ 12.€ 4rF - -
Added Conc (ng mL?) _ 0.0375 0.375 2.25 225 - 0.0375 0.375 2.25 225
Chlorpyrifos - 87.C 99.7 102. 101.€ - 6.7 54 11E 4F
Added Conc (g mL?Y) - 0.25 1.5 15 - - - 025 15 15
Azinphosmethy - 106.¢ 110« 85¢ - - - 172  16.¢ 6.C
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Table 4.7. Inter-day method validation summary for analysis of OPPs usingdd#é®ed mesh (n=3).

Accuracy (%) %RSD

Added Conc (ng mL") 003125 0.03125 0.3125 1.875

18.75  0.003125 0.03125 0.3125 1.875 18.75
Disulfotor-sulfone NQ 95.¢ 113.2 102.C 96.7 - 18.¢ 11.¢ 14 0.
Mevinpho: NQ NQ 98.2 103.C 94.¢ - - 36.z 38. 12.¢
Ethopropho NQ NQ 120.: 119.¢ 99.C - - 31.1 33¢ 11z
Paraoxo-methy NQ NQ 109.t 107.C 94.ct - - 28.C 35 18.
Parathion meth NQ NQ 100.z 111.: 098.t - - 12.¢ 16.€ 0.7
Fenamiphc 110.¢ 127t 117.C 1117 113 3.C 13.€ 20.8  29.1 16.€
Diazinor 110.¢ 104.f  106.: 110.¢ 95.7 15.¢ 19.4 17.€ 24.€ 2.7
Tetrachlorvinphc NQ 99.t 101.7 106.: 102.c - 4.€ 16.z 23.C 10.
Pyrazopha NQ 97.C 90.2  92.f 101.: - 9.€ 21.8  13.€¢ 34
Added Conc (ng mL") 0.00062' 0.0062! 0.062! 0.37% 3.75( 0.00062! 0.0062! 0.062¢ 0.37% 3.75(
Pirimiphos-methy 123.t 108.¢ 106.. 106.1 100.: 6.€ 10.t 15.1 84 5.1
Added Conc(ng mL™) - 0.0125 0.125 0.75 75 - 0.0125 0.125 0.75 75
Dimethoat - NQ NQ NQ 118. - - - - 22.%
Demetol-S-methy - NQ NQ 102.2 110. - - - 30.7 21
Malathior - 88.2 110.7 110.& 96.£ - 17.¢ 16.z 25.¢ 6.€
Prothiofo: - 79.2 96.5 84.¢ 98.¢ - 6.€ 247 18.¢ 9.1
Methidathior - NQ 102.¢ 116.6 96.4 - - 9.4 19.¢ 10.€
Profenofo - 98.¢ 104.7 103.2 103.¢ - 12.C 17.€ 14t 3¢
Ethior - 93.¢ 102.C  84.2 110.C - 36.4 22.¢  17.C 22.
Added Conc (ngmL") 0.0625 0.375 3.75 375 - 0.0625 0375 375 375 -
Dichlorvos - 131.6 1029 906 - - 13.9 28.8 9.7 -
Tolclofos-methy 99.( 107.¢ 96.¢ - - 18.2 9.7 4.4 - -
Added Conc (ng mL") - 0.0375 0.375 2.25 225 - 0.0375 0.375 2.25 225
Chlorpyrifos - 71.2 86.2  95.Z 100.¢ - 12.2 28.¢ 13.C 2.7
Added Conc (ng mL™) - - 0.2t 1.t 15 - - 0.2t 1.t 15
Azinphosmethy - - 97.6  105.¢ 94.¢ - - 12t 26.C 8.7
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4.4. Conclusion

A protocol to fabricate a MIRsing custom templatefor selective and efficient
extraction ofOPPshas be describedfter opimization ofthe MIP components, thin film
MIPs on steel and meshere used for TFME of OPP$hin film MIPs and MIRcoated
mesh for OPPs can improve the workflow for analysis of water samples. Due to the porous
MIP surface,the extraction is performed akly with no preconditioning of the MIP
coating requiredThe porous structure of the coatialgofacilitates thefast and complete
desorption to avoid long elatn times. Single use application of the prepared extraction
devices avoids carrgver effectsSuperioiselectivity of MIPs explored via extraction time
and crossselectivity studies demonstrate the strengths of MIP technology to introduce
selective interactions for adsorptioh a specific class of compounds. Givéte simple
fabrication procedw, MIPs can replace the traditional sample preparation techniques for
pesticide analysis such as LLE and SPE. Furthermore, the flexibilittheofMIP
composition, provides the opportunity to prepare mesh with MIP coatirg fdrimats
presented can be uskdl extraction of organic contaminants-site due to their robustness
and efficient targeted extraction abilities. MtBated mesh with a larger surface area
accelerates and enhances the extraction of analytes. Consegireméyibly sensitive
methods an be developed due to the high extraction efficiency usingddé®ed mesh.
The validity of proposed extraction devices coated with MIP sorbents demonstrates the

benefits of MIP technology for the reliable measurement d?<OP
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Selectivesample preparatiomsing MIPs has drawn significant attentiarthe field
of water analysis The selectivity afforded by MIPs increass the sensitivity and
repeatability of water analysis in analytical methods for targatddcules These features
of MIPs have triggered movations in sample preparation primarily in the form of MIP
based sorbentsvhich has been the impetus the research presented in this thesis

In the last decade, several reviews hlagen publishedn MIP technology fothe
analysis of environmentand biological sampleg-5]. These reviews have focused on
innovative applications of MIRssuch asnovel synthdic procedurs and operatioal
formats. However,none of thesecritically assess MIP technology, especially the
performance and selectivity in water sampfesapter 1 is the culmination afthorough
investgationof the literature omhe selectivity and efficiendyliP-based extraction phases
for the enrichmenbf organiccontaminantsin the water. The synthetic and fabrication
strategiesused in MIP technologies were reviewed and examined considémang
sdectivity and performance for sample preparation. To evaluate the applicabitty
sorptive phaseslifferentapplication formats namelyMIP-SPE ,MIP-DSPE,MIP-SPME,
MIP-SBSE andmembranébased MIPswerediscussedEven though MIPs can provide
selectvity for target analytes, thempplicability can be restricted by factors such as the
nature of analytes, as well as hgphobicity and heterogeneity of the MIP sorbents. MIPs
sorbent can be fabricated into various formats, which allowsdegl applicabns of MIPs
for direct and online analysis with minimal sample manipulation.

The advent of microextraction techniques leasto a considerable expansion in the
sample preparation field. These techniques are miniaturized, fast, simple, green, cheaper

thanLLE and SPE, and suitable for automat{éh Among these techniques, DSPE has
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gained much attention due to the rapid growth of applications of nanogawtith superior
efficiency [7]. In Chapter 2, a MM? was developed for selective enrichméet PAHS
listed by USEPA The sorptive MMIP particles were synthesized usingtrolled
polymerization technique reversible addition fragmentation chain transfer (RA&FT
obtain homogenous MIPSMMIPs were useddr extraction of PAHs via dispersion in the
sample solution The MMIPs improved theselective recognition of PAHdue to the
imprinting effect resulting from the templateonomer complex in the prepolymer
solution

An experimental design approach consgtiof a screening step and central
composite design was employtedptimize theMMIP-DSPEmethod In this optimization,
the 16 analytes were categorizedadr3 groupsbased on their physical and chemical
propertiesto investigate the effective parameterns their extraction.Optimization of
MMIP-DSPE using experimental design is crucial dchiee the goal of using MIP
sorbents for selective extraction. This optimization not only maximizes the response for
each analyte but also identifies the behavior ofettgped MMIPs for adsorption. For
example, high extraction efficiency can be obtdifoe both MIPs and NIPs iising a small
sample volume andlarge amount of MMIPs sorberthus, selectivity cannot be assessed
under these conditionSince the experinmgal design employs data from a range of sorbent
loadings, it allows the selectivitp be assessedxperimental desigmlso helped us to
avoid oneata-time optimizationwhich requires analysis of a greater number of samples
does not allow for identifation of synergistic effects of earying key parametersuch
as polymer mass arsample volumeThe other feature of our optimization methodology

is that these analytes with different characteristics sscolubility and hydrophobicity
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responded diffeently to each variable. Therefore, simultaneous optimization using
desirability furction (DF) is necessaryThis approachs recommended for use witther
classes of compounds.

The sampletreatment technique wassedto analyz PAHsin simple anccomplex
(produced watgrwater samples and showed excellent sensitivity, accuaacyprecision.
In comparison to previously reported methods, our RMMIPs have the main
advantage of providing fast adsorption/desorption due ttoe thincoating provided by
RAFT polymerization,is selective for extraction frorwater samplesand requies low
amountf sorbeneindorganic solventThese materials can also be dispersed in other film
based systems to impart selectivity. Li et [8] prepared partiel loaded sorbent by
incorporation ofFes0.@SiO; in polyacrylonitrile (PAN}octadecylsilane(ODShin films
(Fig. 5.]. The ODS particleare crucial to impove the extraction efficiency of the thin
film. In addition, the magnetic properties of the particles are retained by the thin film, which
can be used to aid TFME process, for example as a means to hold or retrieve films from
samples. Usof MMIPs to amenl less selectivéhin filmslends the desirable selectivity

and surface area features of MIP to the thin film devices.
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Fig. 5.1.SEM images of the surface (A) and section (B) for magnetic-©AIS thinfilms.
Reprinted fron{8] with permission from Elsevier

MMIPs can also be employed for direct coupling with mass spectrometry, most
easily with ambient ionization techniques. These soft ionization techniques have
revdutionized chemical analysis by introducing hitjinoughput and direct analysis of
sampleg9]. However, direct analysis of complex matrices can lead to contamination of the
detection system or matrix components can reduce sensitivity. An excellent example of
direct oupling magnetic sorptive particles has been showrChgn et al.[10] They
coupled magnetic cerparticles coated witpolypyrrole with desorption corona beam
ionizationmass spectrometrfter extraction, the sorbent was collected using ariakde
magnetic glass capillary and transferred to the ionization source for quantitation. Using
direct intioduction eliminated the solvent desorption and chromatographic separation steps
and yielded ira 3min total analysis time including sample preparation and measurement.

MIP sorbents were broadly reported as microextraction devices. These devices,
which follow SPMEtheory, offer additional benefits such as simultaneous sample clean

up and extraction. Thin film MIPs, which were introduced in our group for extraction of
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pollutants such as PAH%1], is another geometry that could enhance the extraction rate of
analytes due to larger surtaareaHowever, most of the reported methods rely on time
consuming solvent immersion for desorption of analytes and solvent evaporation for further
preconcentration. Chapter 3 presehtsfirst report of solvothermdileadspace desorption
(ST-HS) of anajtes aderbedby thin film extraction devices. Singlese thin filmdevices
werefabricated inhouse usingorptive phase developed previously in our grida) with
some modification to perform #mial extraction and desorption. Usingrngile techniques
and equipnent it was possible t@vercome the current limitations of thin film devices,
such asieed forpreconditioning, availabilityf a range of sorbent chemistriasddevice
cost, while avoiding carrpver effectsby eliminating the need to reuse dms The
effectiveness of our approaehas demonstrated in the analysis of PAHs as exemplar
priority pollutants in aquatic environments. The direct and tigbughput method for
analysis of adsorbed PAHsas performed using headspace desorption to iwniced
analtes into GC system. Thermal desorption into the headspace can be assisted through
theaddition ofa small volume o$olvent whichextracsthe analytes from the solid surface
of the film into athin layer ofsolventthat forms on the polymer sade This process
lowers the temperature required for desorption rédgigoolymer decomposition and
background noise, which is a common issue associatédthermal desorption from
TFME deviceq13].

This novel desorption technique was assesséelns of effective parameters and
a mechanism is proposed to understand the effect of solvent addition on desorption process.
Thin films that presented intelevice variabilities fron¥.2 to 13.5%were validated for

determination of PAHSs in the watesiraples.The method provided exceptional detection
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limits in ug L rangeusing GGFID, as a conventional detection system. This is mainly
due to the high extraction efficiency, and introduction of a large proportion of extracted
analytes into the GEID system.The resultingtechnique allows for rapid genemt of

data inenvironmentalanalysis using high throughput direct analysis of analytes with
minimal sampléhandling

Using the STHD technique as a gentle desorption technique enhances the
applicability of thin film devices by reducing the background noise. To further understand
the desorption mechanism, there is a need to assess the feasibility of this technique for the
desorption of other classes of compounds with various functionalities. One apfwoach
undestanding the controlling mechanisms, is to use solvents with lower volatility than the
cyclohexane used in this reseafth]. This will help to decouple the role of the solvent in
desorption of the analytésto the gas phase. Therefore, the partitioning mechanism as the
main driving force proposed in this research can be evaluated.

One of the main advantages of thin film devices is the possibility of performing on
site sampling. Our thin films can tolerdtgh agtation rates and are suitable to be used as
a sorbent in osite sampling. Thus, all the steps required for sample collection, transfer,
extraction in the lab can be eliminated, and sample contamination, analyte loss can be
avoided, leading to ragj precse, and accurate analytical meth@ts).

In Chapter 4, a MIP coating was developed for QRIRgh are deadinggroup of
pesticides. erisks associated with thpresence of this group in water resourcesléas
regulatory agencies teet limitsat subppb MCL values. Therefor¢he development of
extraction techniques with high efficiency and selectivity is crucial. We used statelelss s

asan inert substrate to prepdafes coating. The protocol for preparation of MIP coating
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was optimized with respect to tlessentiacomponents such as template, monqraad
crosslinker in the polymerization mixtur€ollowing the development of thecoating
materials which offer an excellent selectivity towards these analytes, the composition was
usedto prepae mesh extraction devisecoated with OPRMIPs. For both extraction
devices (i.e., mesh and thin film), full analytical protssmnsistingof solvent desorption

and extraction wredeveloped and evaluated. The provided LODs for OPPs using these
two methods in the range of 0.0295 ngmL?* and0.00025-1.0ng mL™* for MIP-coated

mesh and thin film MIPs, respectively.

Thin film MIPs are usefriendly extraction devices which can boost the prospects
for application of MIPs. After the successful development of thin film MIPs for POPs and
pesticides, the necessary knowledge and experience to prepare these devices were obtained
which can be usedof developing thin film MIPs for the determination of emerging
pollutantsin environmental water samples (i.e., plastizers, hormones, and pharmaceutical
compounds). These thin films can be superior to other extraction techniques that use MIPs
as adsorbent&or example, MIFSPE consists of timeonsuming operation steps, or MIP
SPME employs extraction devices with long fabrication methods and limiteedenvere
repeatability. Thus thin film can improve environmental analysis due to the easy
preparation ath easy operation. Another feature of thin film MIPs, which is still
unexplored, is the possibility to perform headspace extraction. These sorbents have a highly
porous structure and can be used for the extraction of volatile organic compounds (VOCs)
from water samples. It is expected that the extraction efficiency of these componds in direct
immersion of thin film MIPs in the sample solution is low due to their volatility. This

deficiency, which was also observed during extraction of light PAHs such as ¢éapbe
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overcome using exposure of thin films to the headspace of sample solution. the extraction
of analytescan be enhanced by adding salt and heating the sample solution. In headspace
mode, norvolatile and high molecular weight compounds can notfiaterwith analytes

of interes{16].

Besides, thin film MIPs have the advantageous elgaeffect in real samples.
Therefore, deployment of these devices for analysis of more complicated samples such as
biofluids, including urine, @sma, and whole blood, can improve the analysis in healthcare
in which reliable and sensitive protocols are required.

The prepared thin film MIPs can be used to perform the direct introduction of
analytes using electrospray desorption. This techniqueydited byGomezRios and
Pawliszyn [17], employs a metal substrate coated with a sorbent. After placing the
extraction device using a blade holder in front of the mass spectrometer, the desorption of
analytes is performed by depii@n of a desorption solvent and application of a high
voltage.The advantages of this technique are high sensitivity due to introduction of the
whole extracted mass, simple workflow, and short analysis time by elimination of
chromatographic separations{8]. The selectivity with thin film MIP sprayer could boost

the prospects for using electrospray ionization for the analysis of complex matrices

(Fig.5.2).
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Fig. 5.2.Workflow for MIP sprayeiin direct MS aalysis.

Portable instruments, especially mass spectrometers, are of utmost importance in
conducting irsitu analysis. The introduction of the sample in these instrumentations is a
critical stgp. M908 which is the first commercially available handheld nspsstrometer,
can analyze gaseous samples or solid samples using inert Teflon swabs as the sampling
interface. In Chapter 4, we prepared MiGated mesh for thadsorptionof OPPs.These
extraction devices, which can b#sedto detect organophosphates as chemical warfare
agents, were validated by extraction of OPPs from water followé€HYWS/MS analysis.
MIP-coated mesh as mew format of MIR was interfaced with an X908 mass
sped¢rometer (he MX relies on a corona discharge for chemical ionizatidfe were able
to obtain preliminaryresults using such a configuratipnhowever, the working
concentratiorrange wadigh, and the data are not presented in this thégsertheless,
the resultswere promisingenough to demonstrate that using the right sorbent in an
appropriate format will allovsuch an instrument to analyze liquid samples such as bio

fluids. Further research will need optimizatiof the MIP-coated mesh format and
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instrumental peameters, anés well as softwarenodification to achievehe necessary

detection limits and linearity for routine analysis.
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