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Fluorescent paper-based sensor integrated with headspace thin-film 
microextraction for the detection of acyclic N-nitrosamines following in situ 
photocatalytic decomposition 
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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• In situ photocatalytic decomposition of
N-nitrosamines to NOx species is
performed.

• Combination of microextraction with
fluorescent paper-based sensing for NOx 
detection.

• Ag NCs immobilized onto cellulose
behave both as sorption and sensing
platforms.

• Front-face fluorescence spectroscopy as
readout technique in the paper-based
sensor.

• A simple and rapid method for acyclic
N-nitrosamines detection is
accomplished.

A R T I C L E  I N F O

Keywords: 
N-nitrosamines 
Photocatalysis decomposition 
Thin-film microextraction 
Ag NCs fluorescent probes 
Cellulose substrates 
Drinking waters 

A B S T R A C T

Background: In this work, a novel analytical approach based on the photocatalytic decomposition of N-nitrosa-
mines combined with headspace thin-film microextraction of the generated nitrogen oxides such as NO has been 
developed for the determination of the acyclic N-nitrosamine fraction in drinking water samples. A hydrophilic 
cellulose substrate modified with fluorescent silver nanoclusters (Ag NCs) was used both as extractant and 
sensing platform. A quenching effect of Ag NCs fluorescence occurs as the concentration of N-nitrosamines in-
creases. Front-face fluorescence spectroscopy with a solid sample holder was employed for directly measuring 
the fluorescence quenching onto the cellulose substrate. 
Results: In order to achieve an optimal analytical response, different parameters involved in the photocatalytic 
reaction as well as those concerning the microextraction step were fully investigated. It is demonstrated that the 
photodegradation rate of cyclic N-nitrosamines at acidic pH is much lower than that of acyclic ones, which can be 
the basis for the determination of the later fraction in waters. Under optimal conditions, a detection limit for the 
acyclic N-nitrosamine fraction around 0.08 μg L−1 using N-nitrosodimethylamine (NDMA) as model compound 
for calibration was obtained. Several drinking waters were spiked with acyclic N-nitrosamines showing re-
coveries in the range of 98–102% with a relative standard deviation of 3–4% (N = 3). 
Significance and novelty: N-nitrosamines generated as by-products during disinfection processes applied to water 
cause multiple adverse effects on human health being classified as potential human carcinogens. 
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This study highlights the suitability of a fluorescent paper-based sensor for the rapid analysis of the acyclic N- 
nitrosamine fraction (i.e. the most abundant fraction) as a total index in drinking water, being useful as screening 
tool before exhaustive chromatographic analysis, which saves costs, time and reduces waste generation.   

1. Introduction 

Drinking water disinfection is of paramount importance to avoid 
waterborne diseases caused by pathogen microorganisms [1]. However, 
during the disinfection process, non-desirable by-products can be 
generated. This is the case of N-nitrosamines, i.e. nitrogen containing 
by-products, which are classified as potential human carcinogens. 
N-nitrosamines cause multiple adverse effects on human health, 
including hepatotoxicity, neurotoxicity, immunotoxicity, and genotox-
icity [2]. These compounds can be also detected as pollutants in the 
aquatic environment due to anthropogenic discharges of untreated 
urban wastewater containing precursors, which originate N-nitrosa-
mines by nitrosation [3]. Furthermore, it has been recently reported that 
N-nitrosamines and their precursors can be also release from tire scraps 
in high traffic areas [4], which can be dragged on rainy days reaching 
water sources. The composition and levels of N-nitrosamines in water 
relies on the characteristics of the water source and disinfection treat-
ments. Usually, the concentration of N-nitrosamines in drinking water is 
in the range of ng L−1 [5,6]. Different N-nitrosamines have been 
detected in chloraminated drinking water and surface water, including 
N-nitrosodimethylamine (NDMA), N-nitrosodibutylamine (NDBA), 
N-nitrosodiethylamine (NDEA), N-nitrosomethylethylamine (NEMA), 
N-nitrosodipropylamine (NDPA), N-nitrosodiphenylamine (NDPhA), 
N-nitrosomorpholine (NMOR), N-nitrosopiperidine (NPIP), and 
N-nitrosopyrrolidine (NPYR). Among them, NDMA and NDEA are the 
most reported species, representing up to 60% of the total N-nitrosa-
mines that can be found in drinking water and recycled water [5,7]. 
NDMA is included in the World Health Organization (WHO) Drinking 
Water Guidelines with a guideline value of 100 ng L−1 in drinking water. 
In the European Union, N-nitrosamines are not still specifically listed in 
the Drinking Water Directive (Council Directive 98/93/EC, revised in 
December 2020). Different countries have monitored the presence of 
N-nitrosamines in drinking and recycled water establishing notification 
levels for the most frequently found N-nitrosamines. For instance, the 
German regulatory authorities set a notification value of 10 ng L−1 for 
NDMA. 

Direct detection of N-nitrosamines in water is difficult owing to their 
low concentrations. Hence, sample pre-treatment for enriching the 
target N-nitrosamines from water matrices and interference removal are 
usually employed. Solid phase extraction (SPE) [8–10] and its minia-
turized versions, such as micro-solid phase extraction (μSPE), dispersive 
solid phase extraction (dSPE) [11], solid phase membrane tip extraction 
(SPMTE) [12], stir bar sorptive extraction (SBSE) [13] and thin film 
microextraction (TFME) [14] have been applied for sample clean-up and 
analyte pre-concentration due to their advantages of easy operation, 
ability to achieve high enrichment factors, efficient interference removal 
and low consumption of solvents. In combination with the 
above-mentioned sample treatment strategies, high performance liquid 
chromatography (HPLC) and gas chromatography (GC) coupled to mass 
spectrometry (MS) are the most used techniques for the detection of 
N-nitrosamines in water samples [15,16]. In fact, the normalized EPA 
Method 521 for the determination of N-nitrosamines in drinking water is 
based on the use of SPE followed by gas chromatography coupled to 
tandem mass spectrometry (GC-MS/MS) [17]. Despite these techniques 
offer high sensitivity, a desorption step is required in all cases prior to 
analysis apart from involving the use of expensive equipment requiring 
high level of expertise. 

The integration of analyte separation/derivatization, enrichment 
and sensing in one only device would provide a very efficient and 
simplified analytical approach. In this sense, nanomaterials can be used 

as optical probes for recognition and enrichment of the target analyte 
simultaneously. Among the different nanomaterials, silver nanoclusters 
(Ag NCs) can be easily synthesized offering high photostability, good 
miscibility in aqueous media, good biocompatibility and efficient 
emission rate [18]. Ag NCs have been used as fluorescent sensors for the 
detection of a wide variety of analytes including metal ions [19,20], 
amino acids, e.g., glutathione [21], volatile organic compounds, e.g., 
formaldehyde [22], pharmaceuticals [23,24], and biomarkers such as 
uric acid, sarcosine, choline, lactic acid and glucose [25]. 

However, there are very few reports in the literature on the devel-
opment of sensors for N-nitrosamines. For instance, Hu et al. developed a 
procedure based on the use of quantum dots (QDs) as fluorescence 
nanoprobe for the detection of NDPhA in tap water and seawater sam-
ples [26]. To reach good selectivity and ensure QDs stability in the 
sample matrix, molecularly imprinted polymers (MIPs) must be used as 
coating of QDs. 

In order to avoid matrix interference or nanoprobe instability, it 
would be interesting to generate volatile species from N-nitrosamines, 
which can be detected or extracted in the gas phase, hence avoiding 
direct contact with the sample matrix. In this sense, it is known that the 
homolytic cleavage of the N–NO bond in N-nitrosamines by UV light 
yields nitrite (NO‒

2 ) [27], which can further converted into volatile ni-
trogen oxides, such as NO and N2O [28]. Based on these reactions, 
molecular techniques such as UV–Vis spectrophotometry [29], fluores-
cence or chemiluminescence [30–32] in combination with chromatog-
raphy have been employed for the determination of N-nitrosamines after 
derivatization of the photolysis products. 

If UV irradiation is performed in a closed system, the generated NO 
can be extracted and preconcentrated following headspace (micro) 
extraction onto a sensing platform making it feasible the determination 
of total N-nitrosamines without the need for a desorption step or chro-
matographic separation. As far as we know, nanomaterials applied as 
optical nanoprobes for N-nitrosamines through the detection of NO after 
photolysis or photocatalysis, have not been reported yet. In this work, an 
innovative analytical approach based on the fluorescence detection of N- 
nitrosamines following photocatalysis in aqueous phase and headspace 
microextraction of NO onto a cellulose substrate modified with silver 
nanoclusters (Ag NCs) is developed. Application of the proposed method 
to the determination of the acyclic N-nitrosamines fraction including 
compounds such as NDMA NDEA, and NDPA in water samples is 
demonstrated. 

2. Experimental 

2.1. Instrumentation and material 

Front-face fluorescence measurements were performed by means of a 
spectrofluorometer Horiba model Fluoromax-4 series (Tokyo, Japan) 
equipped with solid sample holder model J1933 maintaining an inci-
dence angle of excitation at 60◦. A microbalance model MC5 and an 
analytical balance model CP 124S (Sartorious, Göttingen, Germany) 
were used for weighing. A Metrohm UV digester model 705 (220 V, 50 
Hz) equipped with high pressure mercury lamp (500 W) and sample tube 
holder with 12 positions (Herisau, Switzerland), was used for UV irra-
diation. Transmission electron microscopy (TEM) images were captured 
with a JEOL JEM-1010 instrument (Tokyo, Japan) for the character-
ization of Ag NCs and palladium nanoparticles. 

Quartz tubes of 12.5 cm length and 15.6 mm external diameter 
(Metrohm AG, Herisau, Switzerland) were used as containers to perform 
photocatalysis and microextraction. Rubber septa 14.9 mm diameter 
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(Saint-Gobain, Charny, France) were used for closing the quartz tubes. 
Whatman™ quantitative filter paper grade 1 (pore size 11 μm, thickness 
180 μm), grade 3 (pore size 6 μm, thickness 390 μm), grade 540 (pore 
size 8 μm, thickness 160 μm), grade 541 (pore size 22 μm, thickness 155 
μm) and grade 542 (pore size 2.7 μm, thickness 150 μm) (GE Healthcare, 
Buckinghamshire, UK), were used as platforms for immobilization of Ag 
NCs. 

2.2. Standards and reagents 

All chemicals were of analytical reagent grade. Ultrapure water ob-
tained from Merck Millipore Simplicity water system (Darmstadt, Ger-
many) was used. For the synthesis of Ag NCs, silver nitrate 99% (m/m) 
(Scharlau, Barcelona, Spain) and poly(methacrylic acid sodium salt) 
(PMAA-Na) 40% m/v, average Mw 4000–6000 (Sigma-Aldrich, St Louis, 
USA) were used. Palladium nitrate dihydrate 40% Pd basis (Sigma- 
Aldrich, St Louis, USA) and absolute ethanol (Prolabo, Fontenay-sous- 
bois, France) were employed for the synthesis of palladium nano-
particles (Pd NPs). Formic acid 90.5% (m/m) (Merck, Darmstadt, Ger-
many) and titanium dioxide nanopowder 99.7% (m/m) with and 
average particle size of 5 nm (Sigma-Aldrich, St Louis, USA) were used 
for photocatalysis. Stock standard solutions (500 mg L−1) of NDEA 
(ISOPAC®, Sigma-Aldrich, Tokyo, Japan) and NPYR (Fluorochem, 
Castleton, UK) were prepared by diluting the commercial N-nitrosa-
mines in methanol. NDMA, NDPA, NMOR and NPIP 500 mg L−1 certified 
reference material solutions in methanol (CRM40059, CRM40061, 
CRM40458 and CRM40485, respectively) were purchased from Sigma- 
Aldrich (St. Louis, USA). Diluted working aqueous standards were pre-
pared fresh daily from the stock solutions. 

The following reagents were employed for interference studies: so-
dium chloride 99.5% (m/m) (Sigma-Aldrich, Soborg, Denmark), sodium 
sulphate 99% (m/m) (Sigma-Aldrich, Bangalore, India), magnesium 
chloride hexahydrate 99% (m/m), potassium dihydrogen phosphate 
99% (m/m), calcium sulphate dihydrate 99% (m/m) (Merck, Darmstadt, 
Germany), sodium hydrogen carbonate 99.8% (m/m) (Carlo Erba, 
Rodano, Italy), sodium carbonate anhydrous 99.5% (m/m) (Panreac, 
Barcelona, Spain) and humic acid (Fluka, Buchs, Switzerland). 

2.3. Experimental procedure 

2.3.1. Synthesis of Ag NCs and W1–Ag substrates preparation 
Ag NCs were synthesized following the procedure described by Lu 

et al. [33] with few modifications. Briefly, 60 mg of AgNO3 (0.35 mmol) 
were dissolved in 4 mL in ultrapure water at pH 7.2. The aqueous so-
lution was transferred to a quartz tube (15.6 mm Ø, 12 mL capacity) and 
0.2 mL of PMAA-Na were added. The mixture was homogenized by 
vortex mixing for 30 s. Finally, the quartz tube was placed in the UV 
digester and irradiated for 15 s. The solution changed from colourless to 
dark pink. The synthesized Ag NCs were kept in an amber glass vial at 
4 ◦C before use. This colloidal solution was stable for at least five 
months. 

To prepare the cellulose substrates containing Ag NCs, firstly 
Whatman™ quantitative filter paper grade 1 (pore size 11 μm, thickness 
180 μm) were cut in 8 mm diameter circles using a hole punch. This 
diameter fits well with the size of the septum used for closing the quartz 
tubes. Ag NCs were deposited onto the cellulose substrate by the drop- 
casting method. For this, an aliquot of 10 μL Ag NCs was added onto 
the cellulose substrate (W1) and dried in the dark in a laminar flow hood 
at room temperature for 1 h. The obtained dried substrates, named as 
W1–Ag, were stored at room temperature in plastic petri dishes covered 
with aluminum foil for protecting from light until use. These substrates 
were stable for at least 5 days. 

2.3.2. Synthesis of Pd NPs 
Uncoated Pd NPs, used as metal catalyst for the photodecomposition 

of N-nitrosamines, were synthesized following the procedure describe 

by Romero et al. [34]. Briefly, 1.5 mg of Pd(NO3)2⋅2H2O were dissolved 
in 300 μL of a water:ethanol mixture (1:2 v/v). The mixture was un-
disturbed for 10 min until the solution changes from light yellow to 
black color indicating the formation of colloidal Pd with an average 
particle size of 3 nm. These Pd NPs were prepared daily. 

2.3.3. Photocatalytic decomposition of nitrosamines and headspace thin- 
film microextraction 

For the photocatalysis of N-nitrosamines and fluorescence sensing, 8 
mL of aqueous solution (sample, standard or blank) containing 1 M 
formic acid, 0.2 mg mL−1 TiO2 and 0.3 μg mL−1 Pd NPs, were added to a 
quartz tube containing a magnetic stirrer. The tube was closed with a 
rubber septum, which contains the W1–Ag substrate in the inner part of 
the septum (Fig. 1). Then, the tube was irradiated by UV light for 90 s so 
as to perform the photocatalytic decomposition of nitrosamines and the 
generation of volatile NO. Based on studies regarding photolysis of ni-
trosamines and photoreduction of nitrite [27,28,35,36], the following 
mechanism can be proposed to explain the formation of NO from 
N-nitrosamines: 

R − N − N = O⋯H+ →
hν

(R − N − N = O)
∗

excited state̅̅̅̅̅→
H2O/H+

R − NH+
2 + HNO2

(1)  

HNO2 ↔ NO−
2 + H+ (2)  

NO−
2 + e−

TiO2
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅→

HCOOH − Pd
hν

NO• 2−
2 (3)  

NO• 2−
2 + 2H+ → ↑ NO + H2O (4) 

N-nitrosamines are known to undergo photolysis under acidic con-
ditions. The photoexcited protonated N-nitrosamine can be converted to 
nitrous acid under UV light (1), which further decomposes to nitrite (2). 
In addition, TiO2 generates simultaneously electrons (e−

TiO2
) and holes 

(h+) when irradiated by UV light [37]. Under acidic conditions, nitrite is 
reduced to NO• 2−

2 radical (3) followed by a subsequent dehydration to 
volatile NO (4). In this step, formic acid (HCOOH) acts as hole scavenger 
enhancing the photoreduction of nitrite. Furthermore, the presence of a 
noble metal, such as Pd, can promote the rapid transfer of the photo-
generated e−

TiO2 
thus increasing the photocatalytic efficiency. 

After UV irradiation, the tube was magnetically stirred for 2 min at 
1600 rpm for a quick transfer of the NO to the W1–Ag substrate, which is 
exposed to the headspace. Finally, the W1–Ag substrate is collected and 
the fluorescence signal is measured using an excitation wavelength of 
520 nm and an emission wavelength of 610 nm. 

Fig. 1. W1–Ag substrate for HS-TFME of NO.  
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3. Results and discussion 

3.1. Characterization and stability of Ag NCs 

Firstly, optimal excitation and emission wavelengths for fluorescent 
measurements with Ag NCs were established. As can be seen in the 3D 
fluorescence spectrum for the Ag NCs (Fig. S1a, supplementary mate-
rial), the highest fluorescence intensity is achieved for an excitation 
wavelength of 520 nm and an emission wavelength of 610 nm. These 
values were further selected for fluorescence measurements with the 
W1–Ag substrates. Furthermore, the Ag NCs were characterized by 
transmission electron microscopy (TEM) showing spherical shape with 
an average size of 3 nm (Fig. S1b). 

Besides, the stability of the Ag NCs stored in amber glass vials at 4 ◦C 
was tested by measuring the fluorescence intensity for several months. 
As shown in Fig. S1c, there is no any significant change in the fluores-
cence signal at least for a period of 5 months, hence demonstrating the 
high stability of the as-prepared Ag NCs. In addition, Whatman-1 cel-
lulose substrates before and after Ag NCs drop-casting are shown in 
Fig. S1d. As can be seen, W1–Ag substrates show orange fluorescence 
under UV irradiation, which is indicative of the formation of Ag-PMAA 
NCs [33]. 

3.2. Preliminary studies 

Before optimization of the parameters involved in both photo-
catalysis and microextraction steps, several preliminary studies were 
carried out. It has been reported that N-nitrosamines photolysis yield 
nitrite as intermediate species, which is further photoreduced giving rise 
to NO [27,38]. Taking this into account, nitrite at a 0.5 μg mL−1 con-
centration was used for preliminary studies and optimizations since its 
toxicity and cost is lower as compared to N-nitrosamines. The analytical 
response is expressed as the fluorescence intensities ratio of the blank 
(I0) and standard signal (I). 

In order to establish the reaction conditions, a photolysis step 
(without a catalyst) was firstly attempted. For this, two different short 
chain carboxylic acids, e.g., formic acid and acetic acid, used as H2 
precursors in photoreduction reactions [39], have been tested. Fluo-
rescence was recorded both for blanks and standards immediately after 
UV irradiation. As shown in Fig. 2a, both acids increase the reaction 
kinetics resulting in higher fluorescence quenching in comparison with 
the results obtained without a precursor. It should be noted that when 
acetic acid is used, some condensation is observed in the upper part of 
the quartz tube (headspace) resulting in poor precision. Therefore, for-
mic acid was selected as H2 precursor for further optimization studies. 

In addition, stirring during the microextraction step favors the mass 
transfer as well as convection in the headspace, thus facilitating the 
extraction of the volatile species generated (Fig. S2). As shown, 

magnetic stirring during the microextraction step results in a significant 
increase in the analytical response (quenching) when compared to the 
results obtained without stirring. On the other hand, during mechanical 
agitation (e.g. using a vortex), the liquid phase can reach the W1–Ag 
substrate exposed to the headspace, causing impaired results. Thus, 
magnetic stirring at 1600 rpm was used for further studies. 

For assessing the influence of the cellulose substrate used for pre-
paring the extractant phase, several Whatman™ filter papers, i.e. grade 
1, grade 3, grade 540, grade 541 and grade 542, with different pore size 
and thickness were tested. Substrates were prepared following the pro-
cedure described in section 2.3.1. As can be seen in Fig. 2b, those filter 
papers with higher thickness, i.e., Whatman™-3 and Whatman™-542, 
showed worse analytical response, which can be ascribed to lower 
extraction kinetics. In this case, it was necessary to increase the 
extraction time for achieving higher analytical response [40]. On the 
other hand, for filter papers with similar thickness, i.e., Whatman™-540, 
Whatman™-1 and Whatman™-541, the results improve as the pore size 
increases. A larger pore size can facilitate the analyte diffusion in the 
extracting phase, thus increasing the analyte response obtained [41]. 
Consequently, the filter paper Whatman™-1 was selected for further 
studies. 

The amount of Ag NCs on the cellulose substrate, which determines 
the fluorescence signal and subsequently the analytical response, 
directly depends on the volume of the deposited aliquot. The aliquot 
should impregnate completely the cellulose substrate ensuring the ho-
mogeneous distribution of the Ag NCs. In order to evaluate the influence 
of this parameter on the analytical response, different volumes in the 
range from 2 μL to 20 μL were deposited on the Whatman™-1 substrates 
(Ø 10 mm). Results are shown in Fig. 2c. The analytical response in-
creases on increasing volume of Ag NCs deposited up to 10 μL. For small 
volumes of Ag NCs, the cellulose substrate is not completely coated with 
Ag NCs resulting in poor fluorescence intensity and thus low analytical 
response. For volumes above 10 μL, lower analytical responses are ob-
tained, which can be ascribed to the O-ring effect, i.e., Ag NCs are not 
homogeneously distributed being mostly accumulated at the cellulose 
substrate boundaries, worsening the fluorescence intensity and thus the 
precision. Furthermore, 20 μL aliquot exceed the cellulose substrate 
boundaries resulting in Ag NCs losses. Finally, a 10 μL aliquot was 
chosen as optimal. 

3.3. Optimization of experimental parameters 

Different parameters involved in the photocatalysis procedure (NO 
generation) and the microextraction step were optimized. Experiments 
were carried out using 0.1 μg mL−1 nitrite. The analytical response is 
expressed as the ratio between the fluorescence intensity of the blank 
(I0) and the standard signal (I). 

Fig. 2. (a) Type of H2 precursor (AA: acetic acid; FA: formic acid); (b) Type of Whatman™ cellulose substrate type (W3: Whatman™ grade 3; W542: Whatman™ 
grade 542; W540: Whatman™ grade 540; W1: Whatman™ grade 1; W541: Whatman™ grade 541); (c) Volume of Ag NCs deposited on the cellulose substrate 
(volume range: 2–20 μL corresponding to Ag NCs mass between 17 ng and 172 ng) (F.I.: fluorescence intensity). 
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3.3.1. Effect of the photocatalyst type and concentration 
The use of photocatalysts in the reaction medium can favor the 

decomposition of formic acid as well as the generation of NO [42]. TiO2 
is one of the most used photocatalysts for the photoreduction of nitrites 
and nitrates [43]. Since nitrite is an intermediate species in the 
photolysis of N-nitrosamines, TiO2 is expected to be a suitable photo-
catalyst for the proposed procedure. Furthermore, it has been reported 
that the combination with noble metals, such as Pd and Pt, increases the 
catalytic activity of TiO2 [44]. In this work, nanostructured Pd (Pd 
nanoparticles, Pd NPs) was selected as metal catalyst, since it can pro-
vide increased surface area yielding higher reactivity [45]. 

Firstly, to evaluate their catalytic behavior, 0.5 mg mL−1 TiO2 and 
0.7 μg mL−1 Pd NPs were tested both separately and combined. As 
shown in Fig. 3a, the best analytical response is obtained when both 
photocatalysts are used simultaneously, thus demonstrating the syner-
gistic effect. Then, to set the optimal amount of each photocatalyst in the 
reaction medium, concentrations in range of 0.05–1 mg mL−1 for TiO2 
and 0.05–1.5 μg mL−1 for Pd NPs, were studied. As can be observed in 
Fig. 3b, the analytical response increases on increasing the catalyst 
concentration up to 0.2 mg mL−1 TiO2 and 0.3 μg mL−1 Pd NPs. These 
concentrations were selected for further studies. 

3.3.2. Effect of UV irradiation time and formic acid concentration 
UV irradiation is a critical parameter that affects the decomposition 

of formic acid releasing H2 [46] as well the formation of free radicals, 
which induce the photocatalytic decomposition of nitrosamines to yield 
NO [27]. To evaluate the effect of this parameters, different UV irradi-
ation times were tested (Fig. 3c). As the UV irradiation time increases, 
the response is higher, since the photoreaction kinetics is enhanced, 
until reaching a maximum at 90 s. For longer UV irradiation times, 
condensation in the upper part of the quartz tube was observed. The 
W1–Ag substrate can get wet, yielding lower fluorescence signal of Ag 
NCs for both blanks and standards. An UV irradiation time of 90 s was 
selected as optimal for further optimizations. 

Besides, the concentration of formic acid was tested in the range of 
0.1–1.2 M. The obtained results are shown in Fig. 3d. The analytical 
response increases with increasing formic acid concentration up to 0.8 

M. For higher concentrations, the quenching signal keeps constant. 
Hence, a formic acid concentration of 1 M was selected. 

3.3.3. Effect of sample volume 
In order to evaluate the effect of sample volume, different volumes in 

the range of 1–10 mL were tried. An increase in the sample volume 
brings about a decrease in the headspace sample volume, and hence, the 
higher concentration of volatile species achieved would entail an 
enhanced sensitivity [47]. This positive effect is observed up to a sample 
volume of 8 mL (Fig. 4a). For larger sample volumes, a decrease in the 
analytical response occurs, which can be attributed to a lower convec-
tion of the aqueous phase during microextraction [48]. Therefore, a 
sample volume of 8 mL was selected as optimal. 

3.3.4. Effect of microextraction time 
The time needed to reach equilibrium conditions during the micro-

extraction process is crucial for an efficient mass transfer of volatile 
species from the headspace to the W1–Ag substrate. Different micro-
extraction times from 30 s to 6 min were tested. As can be seen in Fig. 4b, 
the analytical signal increases rapidly reaching a plateau at 2 min. In 
accordance with these results, a microextraction time of 2 min was 
chosen as optimal. 

3.4. N-nitrosamines sensing 

To evaluate the application of the proposed method, photocatalysis 
and HS-TFME of six different N-nitrosamines, i.e. 1-nitrosopyrolidine 
(NPYR), N-nitrosomorpholine (NMOR), N-nitrosopiperidine (NPIP), N- 
nitrosodimethylamine (NDMA), N-nitrosodiethylamine (NDEA), and N- 
nitrosodipropylamine (NDPA) were carried out under optimal condi-
tions. NDMA, NDEA and NDPA were selected as the most representative 
of the acyclic N-nitrosamines family, whereas NPYR, NMOR and NPIP 
were selected as a model of cyclic N-nitrosamines. The analytical 
response of each N-nitrosamine is shown in Fig. 4c. NDEA, NDMA and 
NDPA provided comparable analytical response showing a similar 
photodegradation efficiency. On the other hand, cyclic N-nitrosamines, 
NPYR, NMOR and NPIP, provided a negligible quenching (I0/I~1.0) of 

Fig. 3. (a) Effect of the type of photocatalyst; (b) Effect of TiO2 and Pd NPs concentration as photocatalysts; (c) Effect of UV irradiation time; (d) Effect of formic acid 
concentration. 
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the fluorescence signal. The photodegradation rate at acidic pH of cyclic 
N-nitrosamines is much lower than that of acyclic ones, due to their 
higher electron density and higher N–N band energy [49]. Therefore, the 
proposed method can be applied for the determination of the acyclic 
fraction of N-nitrosamines. 

As mentioned before, N-nitrosamines are photosensitive and UV 
irradiation promotes the cleavage of the N–N bond yielding nitrite as 
intermediate species, which is further photoreduced to volatile nitrogen 
oxides, mainly NO [27,38]. It has been reported that NO can reacts with 
silver causing the reduction of volatile NO, most probably to N2 [50,51]. 
In the proposed procedure, this interaction can promote the agglomer-
ation of Ag NCs exposed to the headspace of the quartz vial with the 
subsequent loss in fluorescence intensity. Furthermore, 
oxygen-containing groups could enhance the redox activity towards NO. 
It is reported that NO interacts with the C––O bond of carboxylic acid 
groups [52]. In our case, the Ag NCs are coated with poly(methacrylic 
acid (PMAA), which possesses carboxylic groups, thus offering active 
sites available for interaction with NO. 

3.5. Interference studies 

Drinking water contain salts and organic matter that could interfere 
in the photocatalysis and/or microextraction processes. The potential 
interferent effect of different typical salts and organic matter (humic 
acid), which can be present in water samples, was tested (Table S1, 
supplementary material). An interferent effect was defined to be sig-
nificant if a variation beyond ±6% in the quenching signal is observed. 
The experiments were performed at different concentration levels using: 
NaCl, Na2SO4, MgCl2, CaSO4, NaHCO3, Na2CO3 (concentration in the 
range of 50–500 mg L−1), KH2PO4 (concentration in the range of 5–50 
mg L−1), Na2SO3 (concentration in the range of 5–100 mg L−1), NaNO3 
(concentration in the range of 1–50 mg mL−1) and humic acid (con-
centration in the range of 1–20 mg L−1). No interferences were observed. 
It should be noted that, under the conditions used in this work, inorganic 
species such as sulfite or nitrate, which could be decomposed to SOx or 
NOx volatile compounds under UV irradiation do not produce significant 
changes in the analytical signal, even at concentrations above the 
maximum permissible for drinking waters. Only high contents of NaCl 
(concentration above 250 mg L−1) caused a significant decrease of 
around 8% in the analytical response. This depressive effect can be 
attributed to the formation of Cl• radicals, which strongly absorbs UV 
photons, hence decreasing the fraction of UV absorbed by water [53]. 
Nonetheless, the NaCl concentration usually present in drinking water is 
lower than the tolerance level [54]. The Environmental Protection 
Agency (EPA) establishes a guidance level of 20 mg L−1 for Na in 
drinking water [55]. It can be concluded that this sensing approach 
exhibits great tolerance to matrix concomitants usually present in 
drinking waters. 

3.6. Analytical figures of merit 

The quenching effect produced by NO generated from the photo-
catalytic decomposition of N-nitrosamines is well described by the 
Stern-Volmer equation: 

I0/I = Ksv[Q] + C  

where I0 is the fluorescence intensity of the W1–Ag substrate after 
photocatalysis in the absence of N-nitrosamines (blank), I is the fluo-
rescence intensity of the W1–Ag substrate after quenching, Ksv is the 
Stern-Volmer constant, Q is the concentration of N-nitrosamine in μg 
L−1, and C is a constant. The analytical characteristics of the proposed 
method were established under optimal conditions. The calibration 
curves, based on the detection of NO generated from NDMA, NDEA and 
NDPA, were linear in the concentration range 2–120 μg L−1 for the three 
tested N-nitrosamines with correlation coefficients >0.99 (Fig. S3). 
Detection limits (LODs) calculated following the 3σ criterion, were 
around 0.08 μg L−1 for NDEA, NDMA and NDPA. The repeatability 
tested at a concentration of 50 μg L−1 expressed as relative standard 
deviation (RSD, N = 5) was 3.5% for the assessed analytes. The repro-
ducibility estimated as between-day precision was 6.1% (N = 3). A 
comparison of the proposed methodology with other reported proced-
ures for the determination of N-nitrosamines in water is shown in 
Table 1. 

One of the main advantages of using immobilized Ag NCs onto cel-
lulose substrates for sensing volatile N-nitrosamines after their photo-
catalytic decomposition is the absence of a desorption step before 
measurement, which saves time, solvents and reduces waste generation. 
Fluorescence intensity can be measured directly on the W1–Ag substrate 
using a solid sample holder (Fig. S4). Photocatalysis and microextraction 
can be accomplished in the same device within 3.5 min (1.5 min for 
photocatalysis +2 min for microextraction). Furthermore, using the UV 
digester for the photocatalysis step, up to 12 samples can be simulta-
neously treated, thus achieving a high sampling throughput. The use of 
HS-TFME for the preconcentration avoids the direct contact of the sensor 
with the sample matrix, which removes potential interferent effects. SPE 
approaches for purification and extraction of the target analytes are not 
needed. However, in contrast to chromatographic techniques, which 
allow to quantitate individual N-nitrosamines, only the total content of 
N-nitrosamines can be determined with the proposed methodology. 
Comparing the LODs for NDEA, NDMA and NDPA, the values obtained 
in the present work are significantly improved in comparison with those 
obtained by HPLC with post-column UV photolysis and UV 
photolysischemiluminescence. 

4. Analysis of drinking water 

Different drinking waters, i.e. mineral water, tap water and urban 
drinking fountain, were analyzed. Results for each acyclic N-nitrosamine 
tested separately are shown in Table 2. As can be seen, NDEA, NDMA or 

Fig. 4. (a) Effect of sample volume; (b) Effect of microextraction time; (c) N-nitrosamines response under optimal conditions (NDMA: N-nitrosodimethylamine; 
NDEA: N-nitrosodiethylamine; NDPA: N-nitrosodipropylamine; NPy: N-nitrosopyrrolidine; NPIP: N-nitrosopiperidine; NMOR: N-nitrosomorpholine). 
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NDPA were not detected in all cases. Furthermore, recovery studies were 
performed by spiking water samples at three concentration levels, i.e., 
10 μg L−1, 25 μg L−1 and 50 μg L−1, for selected acyclic N-nitrosamines. 
Average recoveries (%, N = 3) varied from 97% to 103% (Table 2). 

In addition, recovery studies were carried out by spiking the Drink-
ing Water-1 sample with a mixture of acyclic and cyclic N-nitrosamines, 
i.e. NDEA, NDMA, NDPA (as acyclic fraction) and NPYR, NMOR, NPIP 
(as cyclic fraction), at equal concentration of each individual compound. 
Total content of acyclic N-nitrosamines fraction was determined using 
NDMA as model compound for calibration since it is the most repre-
sentative compound of the acyclic fraction, and the change in calibration 
curve slope is only 0.2% in respect to the mixture (Fig. S3). Results are 
shown in Table 3. 

5. Conclusions 

The proposed sensing approach based on the photocatalytic 
decomposition of N-nitrosamines and HS-TFME using cellulose sub-
strates modified with Ag NCs (W1–Ag) both as extraction phase and 
fluorescence sensing platform has proven suitable for the determination 
of the acyclic N-nitrosamine fraction as a total index in water samples. 
N-nitrosamines can be directly quantitated on the W1–Ag substrate 
using front-face fluorescence spectroscopy. The integration of analyte 
derivatization, separation, enrichment and sensing in one only device 
provides an efficient and simplified approach. This approach could be 
useful for fast screening of the most abundant fraction of N-nitrosamines 
in drinking water prior to more sophisticated methods involving chro-
matographic separations along with mass spectrometry detection. 
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Table 1 
Comparison of different methods from the literature for the determination of NDMA, NDEA and NDPA in drinking water.  

Analytical method LOD (μg L−1) Extraction time (min) Desorption step Repeatability (%) Ref. 

NDMA NDEA NDPA 

μSPE-GC-EI-MS/MS 0.17 0.02 0.02 15 Liquid desorption 5 [8] 
TFME-GC-MS 0.010 0.002 – 30 Thermal desorption 5 [14] 
SPE-HPLC-PCUV 3.4 4.5 4.8 n.d. Liquid desorption 10 [29] 
UV photolysis-CL 5.2 8.2 9.1 3 Not required 6 [31] 
SPE-HPLC-MS/MS 0.0004 0.002 0.0003 55 Liquid desorption n.d. [56] 
SPE-HPLC-MS/MS 0.0002 0.0002 – 50 Liquid desorption 1.5 [57] 
SPE-HPLC-UV photolysis-CL 0.0002 – – n.d. Liquid desorption n.d. [58] 
SBSE-GC-MS – 2.8 2.4 25 Liquid desorption 6 [59] 
UV photocatalysis-TFME-FL 0.08 0.09 0.08 3.5 Not required 3.5 This work 

μSPE: micro-solid phase extraction; GC-EI-MS/MS: gas chromatography-electron ionization-mass spectrometry tandem; TFME: thin film microextraction; GC/MS: gas 
chromatography-mass spectrometry; SPE: solid phase extraction; HPLC-PCUV: high-performance liquid chromatography with post-column UV photolysis; CL: 
chemiluminescence; HPLC-MS/MS: high performance liquid chromatography-mass spectrometry tandem; SBSE: stir bar sorptive extraction; FL: fluorescence. 

Table 2 
Found values and recoveries obtained by applying the proposed approach for the 
analysis of different drinking water samples.  

Sample N-nitrosamine 
added (μg L−1) 

N-nitrosamine found (μg L−1) ± s (N = 3) 
(Recovery % ± s (N = 3) 

NDMA NDEA NDPA 

Drinking water- 
1 

0 < LOD <LOD <LOD 
10 10.2 ± 0.4 

(102 ± 3) 
9.9 ± 0.4 
(99 ± 4) 

10.1 ± 0.3 
(101 ± 3) 

25 25.2 ± 0.8 
(101 ± 3) 

25.1 ± 0.7 
(100 ± 3) 

24.9 ± 0.8 
(100 ± 3) 

50 50.8 ± 1.5 
(102 ± 5) 

49.8 ± 1.9 
(100 ± 4) 

50.1 ± 1.7 
(100 ± 3) 

Drinking water- 
2 

0 < LOD <LOD <LOD 
10 9.8 ± 0.3 

(98 ± 3) 
10.1 ± 0.3 
(101 ± 3) 

9.7 ± 0.4 
(97 ± 4) 

25 24.9 ± 0.8 
(100 ± 4) 

24.8 ± 0.9 
(99 ± 4) 

25.2 ± 1.0 
(101 ± 4) 

50 50.1 ± 1.2 
(100 ± 4) 

49.7 ± 2 
(99 ± 4) 

50.0 ± 1.8 
(100 ± 4) 

Tap water 0 < LOD <LOD <LOD 
10 10.1 ± 0.3 

(101 ± 3) 
10.0 ± 0.3 
(100 ± 3) 

9.9 ± 0.3 
(99 ± 3) 

25 25.3 ± 0.7 
(101 ± 3) 

24.8 ± 1.1 
(99 ± 4) 

24.8 ± 0.8 
(99 ± 3) 

50 50.5 ± 1.5 
(101 ± 4) 

49.1 ± 2.1 
(98 ± 4) 

49.6 ± 1.3 
(99 ± 3) 

Urban drinking 
fountain 
water 

0 < LOD <LOD <LOD 
10 10.1 ± 0.4 

(101 ± 4) 
9.9 ± 0.4 
(99 ± 4) 

9.9 ± 0.3 
(99 ± 3) 

25 24.8 ± 0.7 
(99 ± 3) 

24.5 ± 1.0 
(98 ± 4) 

25.2 ± 0.9 
(101 ± 4) 

50 49.7 ± 1.6 
(99 ± 3) 

50.3 ± 2.0 
(101 ± 4) 

50.2 ± 1.7 
(100 ± 3) 

NDMA: N-nitrosodimethylamine; NDEA: N-nitrosodiethylamine; NDPA: N- 
nitrosodipropylamine. 

Table 3 
Found values and recoveries obtained by applying the proposed approach in a 
water sample spiked with a mixture of N-nitrosamines. Recovered contents are 
expressed as NDMA concentration.  

Sample Acyclic 
N-nitrosamine mixture 
added (μg L−1)a 

Acyclic N-nitrosamine found (μg 
L−1) ± s (N = 3) 
(Recovery % ± s (N = 3) 

(as NDMA concentration) 

Drinking 
water-1 

15 15.1 ± 0.2 (101 ± 2) 
30 29.8 ± 0.5 (99 ± 2) 
60 59.7 ± 1.8 (99 ± 3)  

a Total concentration as the sum of each individual acyclic N-nitrosamine at 
equal concentration. The cyclic fraction was added at equal concentration. 
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