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Abstract

New chemical vapor reaction (CVR) and atomic layeposition (ALD)-conversion methods were
utilized for preparation of metal organic framewoIi®MOFs) coatings of solid phase microextraction
(SPME) Arrow for the first time. With simple, eaapd convenient one-step reaction or conversion,
four MOF coatings were made by suspend ALD irordexiFe0Os) film or aluminum oxide (AlOs)
film above terephthalic acid gBDC) or trimesic acid (kBTC) vapor. UIO-66 coating was made by
zirconium (Zr)-BDC film in acetic acid vapor. Aséhfirst documented instance of all-gas phase
synthesis of SPME Arrow coatings, preparation patens including CVR/conversion time and
temperature, acetic acid volume, and metal oxie/metal-ligand films thickness were investigated.
The optimal coatings exhibited crystalline struesjrexcellent uniformity, satisfactory thickness/(3
um), and high robustness (>80 times usage). To dtuelyractical usefulness of the coatings for the
extraction, several analytes with different cheinm@perties were tested. The Fe-BDC coating was
found to be the most selective and sensitive far tietermination of benzene ring contained
compounds due to its highly hydrophobic surface amshturated metal site. UIO-66 coating was best
for small polar, aromatic, and long chain polar poomds owing to its high porosity. The usefulndss o
new coatings were evaluated for gas chromatograpss spectrometer (GC-MS) determination of
several analytes, present in wastewater sampléses levels of concentration, and satisfactoryltes

were achieved.

Keywords: Atomic layer deposition; Chemical vapeaction; Metal organic frameworks; Solid phase

microextraction Arrow; Gas chromatography-mass speetry



1. Introduction

As a miniaturized sampling technique, solid gghanicroextraction (SPME) has attracted a lot of
interest due to its time-efficient, cost-effectiample, and reliable properties. Recently intraxtlic
solid phase microextraction (SPME) Arrow has ovareats widely mentioned drawbacks, such as low
sensitivity and fragility, by introducing stainlesgeel rod as the substrate and increasing adgorben

volume [1-8].

As well known, the sorbent plays an importari¢ iin the performance of SPME technique. This has
led to the development of various commercial anldrtanade coatings. Various materials and their
composite coatings are commercially available @jd carbon nanotubes (CNTs), graphene, ionic
liquids, molecularly imprinted polymers (MIPs), amdetal organic frameworks (MOFs) [10-14]
coatings have been reported in the literature. cdaing method itself plays also an important inle
the developments of different SPME systems. Esfpgeaaatings containing crystalline powder or
particle sorbent having the requirements of thdoumity and reproducibility, which can affect the
extraction performance and intra SPME fiber/Arroepeatability, have attracted special interest.
Moreover, the useful coating method should alloes @élatomation, accurate control, high through-put,
sustainability, and solvent-free procedure. Up eaavhSPME coating preparation protocols are based
mainly on dipping, sol-gel, electrochemical deposit electrospinning, in-situ crystallization aghi
temperature, slow diffusion and seeded growth nu=stH@5]. Unfortunately the difficulties related to

the preparation of the coatings have still prevetibeir wider exploitation.

Atomic layer deposition (ALD), an advanced a#ion of chemical vapor deposition (CVD), is a thin

film deposition method based on alternate pulsegastous precursors separated by inert gas purging



[16]. The precursors react only on the surfacectvieads to a self-limiting growth mechanism. ALD
enables accurate control over film thickness, sapeonformality even on complicated 3D structures,
and large-area uniformity. Molecular layer deposit(MLD) is a closely related method to ALD. In
MLD, layers of whole molecules are deposited dung self-limiting reaction step. ALD and MLD
have been utilized in MOF thin film deposition eithdirectly or by using post-deposition treatments
[17-21]. Metal-organic ligand film deposited dirgcby ALD and converted into a MOFs film have
been reported by Leo et al in 2013 [19], requirarg additional solvent conversion step. Recently,
Lausund et al. reported that when ALD depositedRE film was converted into UIO-66 in acetic

acid vapor, UIO-66 film with good uniformity and qesity could be obtained [18].

Chemical vapor reaction method is a way to eonthin metal oxide film into MOFs layer with a
simple vapor-solid reaction procedure [21]. Preslgwinc oxide (ZnO) film was firstly deposited
using diethylzinc and oxygen plasma as precurddren ZnO film was converted to a crystalline ZIF-
8 structure by suspending the ZnO coated substbaiee 2-methylimidazole in a closed reactor vessel
at 100°C for 30 minutes so that metal oxide could reathwaporized organic ligand. Not only the
adjustable thickness, but many other materiald) siscZIF-61, ZIF-67, and ZIF-72 MOFs and CCDC
EHETER and CCDC NIFMIY coordination polymers coulse prepared by just changing the organic
ligand or/and metal oxide layer. This method wa® alery flexible for MOFs layer deposition on a
high-aspect-ratio features substrate, PDMS pil&nd as example. These studies with several merits
inspired us to test the suitability of integratédnaic layer deposition and chemical vapor reactmn

the preparation of metal organic framework coatiiogsSPME Arrow system.

The feasibility of MOFs coatings, such as 2B Fe-BTC, AI-BDC, AI-BTC, and UIO-66, for
SPME Arrow by ALD-chemical vapor reaction and ALDrAversion methods for the extraction of a

wide range of target compounds with different cbhemastics was clarified. To our best knowledge,



this is the first paper to present ALD-chemical mapeacted or ALD-converted SPME coating.
Satisfactory results were obtained in terms of ingaextraction capacity, selectivity, limits of
detection, and quantification in comparison withvesal commercial coatings. In addition, the

applicability of coatings for influent and effluewastewater samples was carried out.

2. Experimental
2.1. Reagents and materials

Standard solution for phenolic compounds (20 nmig' in dichloromethane) was purchased from
AccuStandard, Inc. (New Haven, CT); caryoplyllexé&e was from Acros Organics (Geel, Belgium);
decane (>99%), 1-naphthylamire90.0%), 1,2,4-trichlorobenzene99%), terephthalic acid gBDC)
(>99%), and naphthalene (99%) were from Fluka (Thth&&ands); hexachlorobutadiene (96%) and
acetic acid (100%) were from Merck (Darmstadt, Gamg); 2-bromopropane (99%), atrazine,
hexachlorobenzene (99%), pentyl acetate (99%),agtpiene (98%), trimesic acid {BITC) (95%),
nonanal (95%), and trimethylamine hydrochloride @MCI) (98%) were from Sigma-Aldrich (St.
Louis, USA); aniline was from Aldrich-Chemie (Steaim, West-Germany); 2-propanol (HPLC
grade), methanol (HPLC fluorescence grade), antusodhloride (NaCl) were from Fisher Scientific
(Loughborough, Leics, UK); pyridine (100%), chlasoin (HPLC grade), and potassium hydroxide

(KOH) were from VWR Chemicals (Pennsylvania, USA).

Ultrapure water was prepared by a water patifon system (Millipore DirectQ-UV, Billerica, MA,
USA) and used for stock, standard, and sampleisolyrreparation. All of the stock solutions were
1000 pg mL' in methanol except hexachlorobenzene (10§ mL* in chloroform) and

hexachlorobutadiene (1@ mL" in 2-propanol) because of their low solubilityrirethanol.



Carboxen/WR Arrow (sorbent film thickness 120 and the sorbent length 20 mm), and PAL RTC
auto-sampler were kindly provided by CTC Analyt& (Zwingen, Switzerland). Uncoated solid
phase microextraction Arrows (for coating length26fmm) were from BGB Analytik AG (Zurich,

Switzerland). PDMS, PDMS/DVB, and PA SPME fiberga&vfom Supelco (Bellefonte, PA, USA).
2.2. Preparation of coatings
2.2.1. Preparation of iron- and aluminum- based M OFs coating

Al,O3 films were deposited at 250 °C using trimethylalwm (Chemtura, Axion PA 1300) and
H»0 as the precursors. Pulse and purge times forgrettursors were kept in one secongd(zdilms
were deposited at 400 °C using FeQ\ldrich, >99.99%) and KD as the precursors. Pulse time for
both precursors was one second and purge timedaands. TMA and kD were led into the reactor
from external sources at room temperature and;re&3 evaporated inside the reactor at 145 °C. After
ALD deposition of iron oxide (R©s3) or aluminum oxide (AOs) films on silicon substrate or blank
Arrow, another conversion step was needed to cotivem into MOFs coating. For silicon substrate, it
was cut into 40 mmx5 mm blade (blade SPME) in otddit its size with conversion reactor and self-
made thermal desorption unit (TDU). 0.5 gBBC or HiBTC was added into a steel reactor, then
FeOs or Al,Ozcoated blade or Arrow was transferred inside tlaetee. After conversion of 40 hours
conversion at 356C for Fe/Al-BDC and 330C for Fe/Al-BTC, Fe-BDC, Fe-BTC, AI-BDC or Al-
BTC coatings were obtained. The blades and Arroer®uwhen pre-conditioned in TDU undes flow

at 250°C and in GC inlet at 25%C under N flow for 60 minutes, respectively.
2.2.2. Preparation of Ul O-66 coating

Zr-BDC films were deposited at 250 °C usin@Er(Aldrich, >99.9%) and KEBDC (Fluka,>99%)

as the precursors, evaporated inside the react8mfC and 190 °C. Pulse time was one second and



purge time two seconds. Three seconds long aceiit pulse (Fisher Chemical, 99.8%) from an
external source was used for modulation betweercyhkes. For the conversion of Zr-BDC film into
UIO-66 coating, the conditions were similar to thoseported in literature with small
modifications[18]. At first, a 500 mL Teflon vessahd Zr-BDC coated blade (also in 40 mmx5 mm
size) or Arrow were pre-heated together in an deerd0 min. Then, 4 mL acetic acid in a 20 mL glass
vial was immediately transferred into the Teflossel and sealed for 23 hours. After conversiordela
or Arrow was moved out of the vessel quickly. Tleerted UIO-66 coating was cooled down to
ambient temperature. Then, the blades were pretiamed, in order to remove any residuals left from
ALD or conversion periods, in TDU at 258G under nitrogen flow and the Arrows in GC inlet2a8D

°C under helium flow for 60 minutes, respectively.
2.3. Instruments and GC-M S analysis

All film depositions were done in a hot-wallpw-type F-120 ALD reactor (ASM Microchemistry
Ltd., Helsinki, Finland). The carrier and purgingsgwas nitrogen (Aga, 99.999 %), and the pressure

inside the reactor ~0.7 kPa.

Two different GC-MS systems were utilized instetudy. An Agilent 6890 N gas chromatograph
coupled with an Agilent 5973C mass selective detestas used for the GC-MS analysis of
comparison samples of blade SPME. An Agilent 6898aN chromatograph coupled with an Agilent
5975C mass selective detector (Agilent Technolodtedo Alto, USA) was used for optimization of
SPME Arrow parameters, method validation, and amslyf natural samples. An HP-5 (Agilent
Technologies, Palo Alto California, USA) capillacglumn (30 m length, 0.25 mm id, with 0.2
film) was utilized for the chromatographic sepamatin both systems. GC-MS conditions and TDU

system are described in detail in the Supplemeaterial (Page 2 and Table S1).



X-ray diffraction (XRD) patterns were measutgda PANalytical X'Pert Pro MPD diffractometer.
The surface morphology of the Fe-BDC and UlO-66 &PMrows were studied by scanning electron
microscopy (SEM) (Hitachi, model S-4800, Japan).erftogravimetric analyses (TGA) were
performed with a Mettler Toledo Stare system aeating rate of 16C min* from 30 to 60°C under

nitrogen flow.
2.4. Blade SPME procedures

MOFs (Fe-BDC, Fe-BTC, AI-BDC, AI-BTC, and UIGBp coated blade SPME was firstly tested
with compounds having different chemical propertisach as hydrophobicity (Table S2). The
extraction and desorption conditions were showedTable S3. Due to low volatility, 1,2,4-
trichlorobenzene, hexachlorobutadiene, hexachloodree, and atrazine were extracted in immersion

extraction, and 15 mL of each was used to fully enge the sorbent.
2.5. SPME Arrow procedures

Fe-BDC and UlO-66 coated SPME Arrows by utilgiCTC RTC autosampler were employed for
the optimization of sampling parameters, methoddasibn, and wastewater analysis with chlorinated

phenols, hexachlorobutadiene and hexachlorobeneesmectively.

For Fe-BDC-coated SPME Arrow, 5 mL of diluteadrslard solution of chlorinated phenols (pH=1,
adjusted by sulfuric acid (96%, JT Baker, Deventéolland)) and solid NaCl placed in a 20 mL
headspace vial equipped with a PTFE/silicone segamw-cap (Phenomenex, Torrance, California,
USA). Fe-BDC-coated SPME Arrow was exposed to heacks inside the vial for extraction after 10

min incubation at 46C.

For UlIO-66 coated SPME Arrow, 15 mL diluted helxarobutadiene and hexachlorobenzene mixed

standard solution was added into a 20 mL extractiah and then incubated at #4C for 10 min.



Extraction time and agitation speed were optimizegtause of their large effect on extraction
efficiency of the UIO-66 coating. In GC-MS analysmpounds were desorbed at 28D for 3

minutes.
2.6. Optimization of experimental design.

The most significant parameters that have @mfte on MS response of target compounds were
confirmed after the preliminary tests of selectedameters. Plackett-Burman design was used to
determine the final parameters that affect theaekion of the analytes by using SPME Arrow system
and their effect were evaluated using responsaceirhethodology (RSM). For Fe-BDC Arrow, there
were three variables, namely, extraction timg 20-60 minutes), NaCl ¢x 0-2 g), and extraction
temperature (% 40-80°C), were evaluated. For UIO-66 Arrow, there wer® tvariables, agitation

speed (x, 150-750 rpm) and extraction time,(20-60 minutes), that were evaluated.

Minitab 18 statistical software (Minitab, &aCollege, USA) was used for the experimentalgtesi

and data analysis.
2.7. Wastewater analysis.

Both influent and effluent wastewater samplesreanvfrom Viikinmaki municipal wastewater
treatment plant (WWTP), Helsinki, Finland. Samplese filtered through cotton wool to remove large
particles followed by Jum pore size Acrodisc syringe filter (Gelman Laborgt MI) and 0.45um
pore size Durapore membrane filter (Millipore, &medl) and then stored in a refrigerator 8C4efore
analysis. For recovery experiments of Fe-BDC ArrbwmL sample was spiked with 5, 25, and 100
of 10 ug mL* chlorinated phenols standard solution, and resittel0, 50, and 200 ng riiLsolutions.

For UIO-66 Arrow, 15 mL sample was spiked with Z5, and 15Q.L 10 ug mL* hexachlorotutadiene



and hexachlorobenzene standard solution, and egsilt10, 50, and 100 ng rilhexachlorotutadiene

and hexachlorobenzene in spiked samples.

3. Results and discussion

The performance of all the coatings (Fe-BDGBH&, Al-BDC, AlI-BTC, and UIO-66) on blade
SPME were first tested with a wide range of compuisusection 3.2). Superior Fe-BDC and UIO-66
coatings were then utilized for SPME Arrow. Extrastand desorption steps were optimized, and the

validated method was applied to wastewater sanfpéesions 3.3-3.5).
3.1. Chemical conversion and AL D-converted coatings

H,BDC or BTC were selected for MOF coating precursors dudbeda hydrophobicity and water
stability as environmental samples frequently contaater. MIL-53 (Fe), MIL-100 (Fe), MIL-53 (Al),
and MIL-100 (Al), including iron or aluminum as raéfprecursor and #8DC or HBTC as organic
ligand are hydrophobic and nonreactive with wa22j.[We first deposited the metal oxide (iron oxide
or aluminum oxide) film which act as oxide precuribn via ALD. The thickness of iron oxide or
aluminum oxide film was ~200 nm. The conversiongenature of HBDC was as high as 35C and
that of KBTC 330°C owing to their high boiling points. To guarantide possibility to reuse the
organic ligand bed the ligands were kept at tempega below their boiling points. Thicker coating
was obtained after increase of the conversion firmm 20 hours to 40 hours, resulting in higher
extraction capacities. So 40 hours was selectedréeBDC, Fe-BTC, AI-BDC, and AI-BTC MOFs
film conversion time. The resulted MOFs films dersivated crystalline structure (Figure S1), even

though their x-ray diffraction (XRD) patterns didtrmatch well with that of MIL-101 (Fe), MIL-100

10



(Fe), MIL-101 (Al), and MIL-100 (Al) [23-26]. Furégrmore, the preparation conditions of optimal Fe-
and Al- based MOFs films were employed for SPMEoAricoating. According to SEM images of Fe-
BDC coating, the average thickness of the coatiag wround 2um (Figure 1), meaning that its

thickness had increased roughly 10 times afteds@por reaction (ALD). Due to the small extraction

capacities of Fe-BTC, AI-BDC, and AI-BTC, their SEMages are not presented here.

Zr-BDC, an organic-inorganic hybrid materiahdasubsequently obtained crystalline UIO-66 film
resulted in good porosity [18]. Here we studied plossibility to deposit Zr-BDC film on rod SPME
Arrow and convert it into a UlO-66 coating. For ghprocedure we optimized first conversion
parameters (pre-heating, acetic acid volume, camwetime, and conversion temperature) for Zr-BDC
coating (~200 nm thickness) on silicon wafer. Peating was a crucial step because Zr-BDC could be
easily decomposed when it was simultaneously heat@&dflon vessel together with acetic acid due to
condensed acetic acid droplets on film surface pByheating the film at conversion temperature for
10-20 minutes, the condensation of acetic acidldteould be eliminated resulting in a uniformly
converted film. 10 minutes pre-heating time wagdel for further experiments because longer pre-
heating time had no effect on final UIO-66 film.demall acetic acid volume (<4 mL) and too short
conversion time (<21 hours) led to incomplete cosiem of Zr-BDC film to UIO-66 film. With lower
temperature (<206C), weaker XRD signal intensity was achieved. 4 agktic acid and 23 hours of
conversion at 200C were the optimal Zr-BDC conversion conditions. dddition, XRD pattern
matched well with UlIO-66 (Figure S1) [18]. Then thiect of Zr-BDC thickness on the extraction
capacity of resulting UlO-66 was clarified, and heg film thickness (0.9um) assured the highest
density UIO-66 film (7.5um thickness) (Figure 1). Thicker coatings were tedted due to the

limitation of ALD procedure.
3.2. Comparison of coatings

11



Blade SPME coupled with TDU unit was utilizededto its convenient preparation and operation.
Commercially available SPME fibers and Arrows (PDME®MS/DVB, and PA SPME fibers and
Carboxen WR SPME Arrow) were selected for extracefficiency comparison. Sorbent volumes for

all the coatings are listed in Table S4.

The comparison of the results for differenttoags are shown in Figures 2 and S2. Only PA SPME
fiber was used for the extraction comparison ofnpltee because of its excellent performance [27]. Fe-
and Al-based MOFs and UIO-66 coatings gave diffeexiraction efficiencies with phenols due to the
n-m interactions between the benzene rings. Fe-BDCFanBTC coated blade SPME provided much
better extraction efficiencies than PA SPME fibed &l-BDC/BTC coated blade SPME probably
owing to their higher hydrophobicity which prevemtater from occupying the extraction sites of the
adsorbent surface [28, 29]. Due to high affinityPé\ coating towards water, its extraction effiagn
was decreased in high humidity conditions. Fe-basksbrbent with stronger hydrophobic interactions
demonstrated higher extraction efficiencies towetbrinated phenols, compared to those of phenol
and methylphenols. This trend agrees well with joesly reported results [30, 31]. In addition, Fe-
based MOFs, opposite to Al-based MOFs, have opeal siees (F&) that accelerate the extraction of
phenolic compounds [32]. The synthesized MOF cgatexhibited good extraction efficiencies also to
some other aromatic compounds such as naphthdlghé;trichlorobenzene, and hexachlorobenzene,
the values being comparable to those obtained @athmercial coatings. UIO-66 adsorbent extracted
high amounts of small compounds, such as acetd; pgridine, and trimethylamine. Molecular mass
affected significantly the adsorption performant&JtO-66, seen from extraction efficiency that was
decreased with the increased molecular mass fadipgr aniline and 1-naphthylamine. Furthermore,
polarity of the analytes played an important rofe paoved by efficient extraction of some polar

compounds with long chain hydrocarbons, such asypenetate, nonanal and hexachlorobutadiene,

12



compared to nonpolar decane. In addition, MOF dmisds did not extract neither nonpolar nor
nonaromatic alpha pinene, nor nonaromatic carydg@hgl oxide with larger molecular mass.
PDMS/DVB and CarboxenWR adsorbents provided goddaetxon efficiencies for atrazine and 2-

bromopropane.

In summary, Fe-based MOF coatings gave besiaidn efficiencies for compounds that contained
a benzene ring. Their efficiencies further incrélases the hydrophobicity of target compounds
increased. UIO-66 coating proved to be suitablgHerextraction of small polar compounds, aromatic
compounds and long chain polar compounds. For idaled phenols, acetic acid, pyridine,
trimethylamine, nonanal, hexachlorobenzene and thajgne, the MOF coatings gave better or

comparable performance with commercial SPME coating

Because chlorinated phenols, hexachlorobutadiand hexachloribenzene need to be monitored in
water in EU and Fe-BDC and UIO-66 coatings provitlexlbest extraction for these compounds, these
chemicals and coatings were exploited in furthedisss. In addition, results of TGA analysis for Fe
BDC (up to 270°C) and UIO-66 coatings (up to 480) showed their suitability for thermal-desorption

processes.
3.3. Clarification of the final extraction and desor ption conditionsfor SPME Arrows

The goal was first to find the most importanéliinary extraction and desorption parameters for
the successful extraction of different chemical poonds by Fe-BDC and UIO-66 coated SPME

Arrow systems before the final optimization by iatitg response statistical design.
3.3.1. Selection of preliminary extraction and desor ption parameters

The addition of NaCl, agitation, longer extraot time and low pH increased the extraction

efficiency of Fe-BDC coated SPME Arrow. Only onennitie desorption time was needed to release all

13



the analytes completely. Increased extraction teatpee had a positive effect on extraction of
tetrachlorophenols and pentachlorophenol, and ativegeffect on that of di- and trichlorophenols.
Based on these results, NaCl amount, extractioe @nd temperature were the most significant

variables.

With UIO-66 Arrow, longer extraction time, atldnal agitation and incubation increased the
extraction of hexachlorobutadiene and hexachlorodes Extra added NaCl and higher extraction
temperatures decreased their extraction, and @nhedess soluble analytes could be transferreldeto t
headspace. In addition, higher temperatures cdasésr kinetics from UIO-66 coating. Three minutes
desorption was long enough to desorb all the amsly$o extraction time and agitation speed were

selected as the main parameters for the extraofioexachlorobutadiene and hexachlorobenzene.
3.3.2. Optimization using response statistical models

A central composite design (CCD) allows theiroation of the most significant variables with
decreased number of runs, needed [33-35]. For Fé-BbBow, the experimental design comprised of
20 tests (8 tests of the full factorial design viliree factors, 6 tests of the star points, ares&tin the
center, Table S5). For UIO-66 Arrow, only 13 tegtstests of the full factorial design with three

factors, 5 tests of the star points, and 4 testisércenter, Table S6) were needed.

Response surface plots (RSPs) demonstratdfdu ef extraction time, extraction temperatuned a
NaCl addition on the extraction of chlorinated pblsnresponse variables) by Fe-BDC SPME Arrow
(Figures 3 and S3). Results demonstrated that ofagtsponse areas of target compounds increased
with the increasing NaCl amount. Enhanced extradiime above 20C improved the response area

although for some compounds areas decreased’@. 8 guarantee that coatings were applicable for

14



longtime use, optimal extraction conditions for BBC Arrow were 30 minutes extraction at 40

with 2 g NaCl.

For UlO-66 coated SPME Arrow, the longer thetraotion time ,ess amounts of
hexachlorobutadiene (>40 minutes) and increaseduarmoof hexachlorobenzene were obtained
(Figure S4). Higher agitation speed acceleratedraetiton of both hexachlorobutadiene and
hexachlorobenzene, 40 minutes and fastest agitafi@ed 750 rpm were selected for the optimal

conditions.

3.4. Method validation

The analytical performances of Fe-BDC SPME Aw®C-MS and UlO-66 SPME Arrow-GC-MS
methods for the analysis of chlorinated phenolxabklorobutadiene and hexachlorobenzene were
investigated with the PAL autosampler sampling &@-MS analysis in SIM mode, and the linear
ranges, the coefficient of determination”\Rhe limits of quantifications (LOQs), and préois are

shown in Table S7.

The LOQs, calculated as the ten times standevdhtion divide the slop of the calibration cuite
the lowest concentration, were from 0.07 to 0.4¢ mi_* for all the target compounds, being lower
than the maximum allowable concentration (MAC) mrface water by European Union and in
drinking water by US Environmental Protection Aggii86, 37]. The linear range for tri-, tetra-, and
pentachlorophenols were 0.5-500 ng héand for 2,6-dichlorophenol was 1-500 ng TalThe linear
ranges for hexachlorobutadiene and hexachlorobenzene 0.1-250 ng mbt The calibration curves
of Fe-BDC SPME Arrow for chlorinated phenols andok86 SPME Arrow for hexachlorobutadiene

and hexachlorobenzene were conducted with sevem mtEhts with triplicate measurements. The

15



correlation coefficients (£ were within the range of 0.9835-0.9995. The R8bPall the compounds
in the linear range were 0.3-26.4%. In summary, FleeBDC SPME Arrow-GC-MS and UIO-66
SPME Arrow-GC-MS methods exhibited wide linear rasiglow LOQs, and good repeatability. In
addition, our experimental results also demondirdkteat both Fe-BDC and UlIO-66 coated SPME

Arrow can be reused over 80 times without signiftdasses in the extraction performance.
3.5. Wastewater analysis

Fe-BDC and UIO-66 SPME Arrows were applied to thetedmination of chlorinated phenols,
hexachlorobutadiene and hexachlorobenzene in miflaad effluent wastewater samples to confirm
their applicability to natural samples. Since negidaal target compounds were detected, recovery
experiments were conducted in spiked wastewatempleam(Table 1). The recoveries (n=3) of
chlorinated phenols by Fe-BDC coated SPME Arrowem@nging from 67.7 t0114.2% (RSDs=1.3-
16.4%) in effluent wastewater samples and from 60.493.5% (RSDs=2.1-23.1%) in influent
wastewater samples. Those of hexachlorobutadiedénexachlorobenzene by UlO-66 coated SPME
Arrow were in the range of 69.2-92.9% with 2.8-24.8SDs in influent wastewater samples and in
the range of 78.8-91.8% with 7.2-11.8% RSDs inueffit wastewater samples. As could be expected
lower recoveries and higher RSDs values, were woéthfor influent wastewater samples due to the

more complex sample matrix.

4, Conclusions

In this study, the MOF coatings for SPME Arréay chemical vapor reaction method and ALD-
conversion method were successfully prepared. Thmesthods enable the automation and high

through-put of the reproducible preparation of tbhatings without the use of organic solvents due to

16



the atomic level control of the coating growth biet ALD deposition and gas phase
reaction/conversion. The coatings prepared wese ¢inaracterized by XRD, SEM, and TGA, and the
results confirmed their good crystalline structusatisfactory uniformity and thickness, and good
thermal stability which proved their applicability SPME sampling, followed by GC thermal
desorption. Their suitability for the analytes witifferent chemical properties was also testedBB&

and UIO-66 coatings gave much better or comparakti@ction efficiencies and selectivities for most
of the tested polar compounds, but weaker extnacéfficiencies towards nonpolar compounds
compared to commercial PDMS, PDMS/DVB, PA, and GaenWR coatings. These new SPME
Arrow coatings were exploited with success for gampling of influent and effluent wastewater
samples. The new coating preparation methods deselbere can be also utilized for the fabrication

of other coating materials.
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Figurelegends
Figure 1. SEM images of Fe-BDC (A and C) and UlIO@B&nd D) coated SPME Arrows.

Figure 2. Comparison of home-made Fe-BDC, Fe-BTEBBC, AI-BTC, and UIO-66 SPME blade

coatings with commercial PA coating for chlorinatgtenols in terms of GC-MS peak areas.

Figure 3. Represent response surface models oficéiled phenols using Fe-BDC SPME Arrow. (a)
2,6-dichlorophenol, (b) 2,3,5-trichlorophenol, @)3,4-trichlorophenol, (d) 2,3,6-trichlorophencod) (
2,4,6-trichlorophenol, (f) 2,3,4,6-tetrachlorophkno(g) 2,3,4,5-tetrachlorophenol, and (h)

Pentachlorophenol.
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Table 1. Analytical results of Fe-BDC SPME Arrow and UIO-66 SPME Arrow for the extraction and

GC-MS analysis of spiked wastewater samples.

Effluent Wastewater

Influent Wastewater

10ngmL? 50ngmL™ 200 ng mL* 10ngmL? 50ngmL* 200 ngmL*

Fe-BDC SPME arrow Recovery (%) ?)/?)D Recovery (%) g/f)D Recovery (%) g/f)D Recovery (%) TSS Recovery (%) (RD’E)D Recovery (%) ?D%)
2,6-dichlorophenol 76.9 4.2 114.2 13.9 82.7 14.3 68.7 11.0 89.2 8.6 69.9 231
2,3 ,5-trichlorophenol 91.7 57 90.2 6.6 89.4 43 90.2 25 747 119 784 7.1
2,3 4-trichlorophenol 93.6 47 954 6.9 104.9 23 88.2 51 849 9.9 94.3 57
2,3,6-trichlorophenol 9.9 47 93.7 52 945 57 94.1 27 91.6 35 822 79
2,4,6-trichlorophenol 67.7 5.0 1141 5.0 104.3 45 60.5 55 935 50 92.2 6.6
2,3,4,6-tetrachlorophenol 719 4.3 742 4.3 86.1 10.3 60.4 23 705 25 86.8 4.7
2,3,4,5-tetrachlorophenol 81.7 81 99.8 15.5 845 16.4 705 15.1 845 6.7 736 10.1
Pentachlorophenol 80.4 13 91.7 58 83.6 4.9 782 21 785 21 720 4.8

10ngmL? 50ngmL* 100 ngmL* 10ngmL* 50ngmL* 100 ng mL*
Ul0-66 SPME arrow Recovery (%) ?,/?)D Recovery (%) g/f)D Recovery (%) g/f)D Recovery (%) T%D Recovery (%) (F:/f)D Recovery (%) ?Dic))
Hexachlorobutadiene 69.2 28 88.0 10.1 92.9 10.1 88.0 10.1 86.5 10.7 84.3 11.4
Hexachlorobenzene 89.7 89 91.8 11.8 91.2 9.3 91.8 11.8 788 75 795 7.2
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Highlights

* New procedure was developed for the preparation of solid phase microextraction Arrow
coatings

» Coating process included integrated chemical vapor reaction and atomic layer deposition-
conversion methods

* Four different metal organic frameworks coatings were successfully prepared

» For thefirst documented all-gas phase synthesis of SPME Arrow coatings the effect of
different parameters on preparation were tested

o Usefulness of new coatings was evaluated for determination of several analytes, in
wastewater samples



