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Abstract
Mesoporous silica-coated solid phase microextraction (SPME) Arrow systems were developed for capturing of low-molecular-weight
aliphatic amines (LMWAAs) from complicated sample matrices. Specifically, silicas of type MCM-41, SBA-15 and KIT-6 were
chosen as substrates to afford size-exclusion selectivity. They possess ordered multidimensional pore-channel structures and mesopore
sizes between 3.8 and 8.2 nm. Their surface acidity was enhanced by grafting them with a layer of titanium hydrogenphosphate (-TP).
This enhanced the chemical selectivity for basic LMWAAs. The siliceous coatings increased the extraction of ethylamine, diethylamine
(DEA) and triethylamine (TEA) by factors of 18.6–102.5, 4.8–10.8 and 2.6–4.0, respectively, when compared to the commercial
SPME Arrow with polydimethylsiloxane/divinylbenzene coating. Among them, the MCM-41 and MCM-41-TP coated SPME
Arrows demonstrated exceptional selectivity towards LMWAAs that were quantified by gas chromatography-mass spectrometry
(GC-MS). The total peak area ratios of LMWAAs/ten competing compounds were 25.4 and 36.3, respectively. The extraction
equilibrium was reached within 20–30 min. The MCM-41 and MCM-41-TP derived SPME Arrows gave very similar results (18.4
± 2.1–376 ± 12 ng g−1 to DEA and TEA) when applied to urban mushroom samples. SPME Arrow with MCM-41 coatings followed
by GC-MS was applied also to the analysis of atmospheric air and urine samples resulting in high selectivity due to the size and
mesoporous structure of the functionalized silica, and its chemical interactions with the LMWAAs.
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Introduction

Low-molecular-weight C1-C6 aliphatic amines (LMWAAs)
play a vital role in atmospheric and physiological processes.
In the Earth’s atmosphere, LMWAAs lead to the formation of

salt particles and nitrogen-containing organics and thereby
eventually contribute to the nucleation and growth of second-
ary organic aerosols (SOAs) [1–3]. Natural vegetation consti-
tutes one of the most widespread biosphere sources of the
airborne amines [1, 4, 5]. Quantitation of LMWAAs emission
from remote regions is therefore essential to help underpin the
mechanisms of aerosol formation and growth process. In
physiological processes, the breakdown of foodborne choline
and lecithin by intestinal microbes produces endogenous
LMWAAs [6–8]. However, disruptions on normal hepatic or
renal activities cause LMWAAs accumulation in the blood-
stream [6, 9], elevating the risk of forming carcinogens (i.e.
nitrosamines) and neurotoxins (diethylamine (DEA)) [7, 9,
10]. Hence, early-stage disease diagnosis aided by metabolite
profiling benefits from the accurate measurement of urinary
LMWAAs concentration.

The measurement of low-concentration (< ng mL−1)
LMWAAs from complex matrices is not a straightforward
task. They are intrinsically highly volatile, polar, reactive,
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and water soluble. Therefore, their selective and rapid adsorp-
tion and enrichment is necessary prior to instrumental analy-
sis. Solid phase microextraction (SPME) Arrow is a simple,
time-efficient, robust and reliable sample pretreatment tech-
nique that has become more popular just in the past few years
[11–15]. In order to achieve targeted separation of LMWAAs,
the adsorbent hosted on SPME Arrow needs to be tailored.

Engineered porous materials are widely employed for
selective gas adsorption and separation. The selectivity
arises synergistically from the synthetic control over the
pore-channel systems as well as the surface chemical
properties. For gas molecules, micro- and mesoporous
materials provide excellent shape recognition. To this
end, metal organic frameworks (MOFs), porous carbon-
based materials and ordered mesoporous silica, have
been designed and used as selective adsorbents due to
their tailorable structure, tunable pore geometry, high
specific surface area and good porosity [16, 17]. In our
previous work, although mesoporous acidified zeolite
imidazolate framework-8 (ZIF-8) and microporous
Carboxen1000 coated SPME Arrows demonstrated satis-
factory extraction selectivity towards LMWAAs in atmo-
spheric air, wastewater, salmon and mushroom samples
[12, 14], MOFs had a limited pore accessibility for
analytes [14]. Porous carbon-based materials feature an
ultrahigh thermal and chemical stability, while difficulties
are met in their surface functionalization [18–21].
Mesoporous silica materials offer more flexibility for
pore sizes (from a few up to dozens of nanometers)
[22] and they have better chemical and thermal stability
than MOFs. Further, it is easier to functionalize their
mesoporous inner walls compared to those of carbon
materials [22]. However, the most promising characteris-
tic of mesoporous silica is its natural acidic surface that
predicts a high affinity to basic amines. For all
abovementioned merits, ordered mesoporous silica seems
to be a good alternative to other classical adsorbents for
LMWAAs extraction. Additionally, chemical modifica-
tion of the mesoporous silica with appropriate functional
groups can improve their extraction selectivity towards
LMWAAs.

The purpose of this study was to construct mesoporous
silica materials for targeted and fast extraction of LMWAAs
from different sample matrices. Six ordered mesoporous silica
materials with various pore sizes, pore structures and surface
functionalities were synthesized and then individually fabri-
cated on SPME Arrow system. Extraction selectivity of the
mesoporous silica materials for LMWAAs was clarified, at
under 1% and 50% humidity levels, and compared with that
of commercial adsorbents. The applicability of SPME Arrow
system including our new materials was further tested by
exploiting them for detection of LMWAAs in mushroom, at-
mospheric air and urine samples.

Experimental

Reagents and materials

Tr ie thy lamine (TEA) (99%) , an i l ine (>99.5%) ,
dimethylformamide (DMF) (99.9%) and polyacrylonitrile
(PAN) (Mw = 150,000) were purchased from Sigma-Aldrich
(St. Louis, USA); ethanol (100%) and toluene (HPLC grade)
were fromVWRChemicals (Pennsylvania, USA); ethylamine
(EA) (70% in water), benzyl alcohol (99.5%), diethylamine
(DEA) (≥99.7%), benzyl acetate (≥99%) and decane (>99%)
were from Fluka (The Netherlands); acetone (≥99.8%), tetra-
hydrofuran (≥99.9%) and ethyl acetate (≥99.7%) were from
Honeywell (Honeywell GmbH, Seelze, Germany); 2-
pentylfuran (98%) was from Alfa Aesar (Karlsruhe,
Germany); and acetophenone was from The British Drug
Houses Ltd. (Poole, England).

T e t r a e t h y l o r t h o s i l i c a t e ( 9 8 % ) ,
hexadecyltrimethylammonium bromide (>99.0%), poly(eth-
ylene oxide)-block-poly(propylene oxide)-block-poly(ethyl-
ene oxide) with an average molecular weight of 5800, and
1-butanol (>99.7%) were used for silica synthesis. Titanium
(IV) isopropoxide (Ti(OPri)4) (>97%) and phosphorus
oxychloride (>99%) were used for functionalization. All of
them were from Sigma-Aldrich.

Polydimethylsiloxane (PDMS), PDMS-Carboxen1000,
PDMS-divinylbenzene (DVB) and Carboxen WR SPME
Arrows (sorbent film thickness 120 μm and the sorbent length
20 mm) and PAL RTC auto-sampler were kindly provided
from CTC Analytics AG (Zwingen, Switzerland). Bare
Arrows (for coating length of 20 mm) were from BGB
Analytik AG (Zurich, Switzerland).

Materials synthesis

The mesoporous MCM-41, SBA-15 and KIT-6 silica mate-
rials were synthesized via sol-gel template routes following
the literature procedures (Fig. 1) [23–25]. The details are
given in the Supporting Material.

The functionalization of the mesoporous silica with titani-
um phosphate moieties was conducted by surface grafting
techniques [26]. The details are found from the Supporting
Material.

Thus, totally six mesoporous silica materials were synthe-
sized: 1) MCM-41, 2) SBA-15, 3) KIT-6, 4) titanium-
phosphate modified MCM-41 (MCM-TP), 5) titanium-
phosphate modified SBA-15 (SBA-TP), and 6) titanium-
phosphate modified KIT-6 (KIT-TP).

Fabrication of SPME Arrow coatings

Firstly, 0.2 g of PANwas heated at 90 °C in 10mL of DMF for
1 h to form the binder solution. After cooling down to room
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temperature, 0.4 g of adsorbent was added and stirred at
1000 rpm for 18 h. The higher ratio of PAN (0.4 g of PAN+
0.4 g of adsorbent) in 10 mL of DMF solution increased vis-
cosity and resulted in a rugged coating. The lower ratio of
PAN (0.1 g of PAN+0.4 g of adsorbent) in 10 mL of DMF
solution caused the low viscosity and need for more dipping
cycles that lengthened the time needed for a satisfactory coat-
ing thickness.

Bare SPME Arrows were sequentially cleaned with
methanol/water (50/50, v/v) and MilliQ water (Millipore
DirectQ-UV, Billerica, MA, USA) under ultra-sonication
and dried under nitrogen flow.

The cleaned SPME Arrow was gently dipped into the
adsorbent/PAN mixture with a total of 12 cycles and dried
with nitrogen flow between each cycle. The SPME Arrows
were aged in the GC inlet at 250 °C overnight to remove any
possible residuals. At the end, six SPME Arrows, coated with
MCM-41-, MCM-TP-, SBA-15-, SBA-TP-, KIT-6-, and KIT-
TP, were fabricated.

Diffusion systems for on-line dynamic SPME Arrow

A self-made diffusion system was utilized in this study for
constant analyte/gas mixture flow formation. Sample vials
including chemical standards were individually placed into a
metal cylinder and kept at 30 °C in an oven. A 100 mL min−1

of nitrogen flow flushed the cylinder and was mixed with
vaporized analytes. Another gas flow (1 L min−1), either dry
(<1% humidity) or humidified (50% humidity) nitrogen, di-
luted the mixture afterwards. The confluent gas flow then
reached the sampling port used by SPME Arrow. All the se-
lectivity experiments were processed in this mode.

On-line dynamic SPME Arrow procedures for coating
comparison

A PAL Cycle Composer (CTC analytics) software and a PAL
RTC auto-sampler controlled and performed all the SPME

Arrow steps. Six laboratory-made and four commercial
SPME Arrow coatings (PDMS, PDMS-DVB, PDMS-
Carboxen1000 and Carboxen WR) were compared in terms
of extraction affinity and selectivity towards LMWAAs in
dynamic SPME mode. The procedure was as follows: pre-
cleaning at 250 °C in the auto-sampler conditioner for
10 min; 10 min extraction in the sampling port at room tem-
perature (~22 °C); desorption at 250 °C in the GC inlet for
1 min.

SPME Arrow procedures for analytical method
development and natural sample analysis

SPME Arrows coated successfully with MCM-41- and
MCM-TP were ready for the testing. To a 20 mL headspace
vial, 5 mL of sample with 2 g of NaCl were placed and vial
was closed with a PTFE/silicone septum screw-cap (both from
Phenomenex, Torrance, California, USA). Then 250 μL of
5 M KOH were injected through the septum with a syringe
to release the amines into the headspace. The vial was incu-
bated at 40 °C for 15min. At the same time, SPMEArrowwas
pre-cleaned at 260 °C for 10 min. Samples were extracted at
40 °C with 250 rpm agitation for 20 min (MCM-41-SPME
Arrow) or 30 min (MCM-TP-SPME Arrow). At the end,
SPME Arrows were cleaned at 260 °C for 1 min.

Natural sample preparation

Mushroom sample preparation

Six types of mushrooms (Figure S1) were collected from a
forest near Kumpula Campus of the University of Helsinki
(Helsinki, Finland) on the 8th of October, 2018. They were
pretreated and analyzed during the same day without storage.
Each sample (4 g) was mixed with 10 mL of 10% formic acid
(v/v) and homogenized with a kitchen blender (Bosch,
Gerlingen, Germany) for 10 min. The homogenate was cen-
trifuged three times at 5000×g for 15 min. The supernatants

Fig. 1 Synthesis route of
functionalized silica materials
includingMCM-TP, SBA-TP and
KIT-TP
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development of analytical methods. The SPME Arrow –
GC-MS methods at optimal conditions were validated and
further applied to the identification and quantitation of
LMWAAs in mushroom, atmospheric air and urine sam-
ples. The results achieved indicated that functionalized
mesoporous silica was suitable for the extraction and en-
richment of LMWAAs in different sample matrices. With
a careful selection of silica substrate and functional
groups, new materials allow to capture selectively many
other small and polar VOCs from liquid or gaseous sam-
ples. Furthermore, an exhaustive sampling technique,
such as in-tube extraction and needle trap extraction, can
improve the method sensitivity and the quantitation
further.
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