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Highlights

e Graphene quantum dots/polyacrylonitrile membranes were prepared by electrospinning

e GQD-PAN filters are turn-off fluorescence sensors for free chlorine detection

e Membranes have fast sensing response to chlorine concentration (10-600 uM range)

e Filters show high sensitivity (DL=2 uM detection limit), reproducibility (< 5% RSD) and selectivity
e Filters sensing response was stable after months immersed in buffer solutions
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Abstract

We report a method to encapsulate graphene quantum dots (GQD) in polyacrylonitrile (PAN)

nanofibrous membranes to manufacture robust filtering membranes by electrospinning. GQD-PAN



membranes with different nanofiber diameter were prepared tuning the electrospinning parameters,
all exhibiting the characteristic fluorescence fingerprint of the GQD probes. The photoluminescence
(PL) stability of GQD embedded in the PAN fibers was significantly enhanced with respect to that of
water dispersed GQD luminescent probes. The PL of GQD-PAN filtering membranes showed
remarkable time stability, both stored dry and immersed in phosphate buffer solutions (PBS), as well
as exposed to continuous light irradiation. However, the PL intensity of GQD-PAN membranes was
irreversibly quenched by highly oxidant free chlorine solutions. Thus, electrospun GQD-PAN
membranes exhibited excellent performance as turn-off fluorescence sensing platforms for free
chlorine detection in PBS 0.1 M pH 7. The analytical performance of GQD-PAN membranes was
comparable to that of GQD solutions with optimal concentrations, displaying a fast (no need of
incubation time) and linear response to chlorine concentration in the 10-600 uM range, a low
detection limit of 2 uM, high sensitivity, reproducibility and selectivity. Moreover, the sensing
performance of the membranes was very stable after being immersed in PBS for months,

outperforming the stability of GQD solutions.

Keywords: graphene quantum dots; nanofibers; membranes; electrospinning; fluorescence sensor;

chlorine detection

1. Introduction

Graphene quantum dots (GQD) are graphene sheets smaller than 100 nm that are attracting enormous
interest in view of their fascinating and easily tunable electronic and optical properties [1,2]. GQD
are regarded as versatile fluorophores due to their size- and composition-dependent emission that can
be tailored by the synthetic method [3]. Moreover, depending on the preparation method GQD may
exhibit outstanding luminiscence properties such as high photostability against bleaching and
blinking in addition to biocompatibility, excellent solubility and lower toxicity than semiconductor
quantum dots [4]. All these attractive features have triggered investigation of GQD for applications

in different fields such as lighting, bioimaging, photovoltaics, energy conversion and storage,



catalysis or sensing [5-9]. Among them, GQD have attracted tremendous attraction in the analytical
field as sensing probes for diverse environmental and biological applications [10,11]. Based on
different GQD properties and sensing mechanisms, GQD have been applied in electronic,
electrochemical, electrochemiluminescence and photoluminescence (PL) sensors [9]. In “turn-off”
PL sensors, GQD fluorescence is selectively quenched by the analyte. Fluorescence quenching is
based on photo-induced electron transfer from excited GQD to the analyte. By tailoring the bandgap
and functional groups in GQD, selectivity towards detection of different target analytes has been
achieved, such as Hg?" [12], Fe** [13], Cu®" [14], Ni*" [15], Cl1O"[16], glucose [17], fructose [18],
melamine [19], among others. In most studies, GQD are used as soluble fluorescent probes for turn-

off selective sensing co-dispersed with the target analyte.

On the contrary, the development of PL sensing platforms based on GQD confined to surfaces
is comparatively scarce despite being more practical from the application’s viewpoint. There are
several studies reporting incorporation of GQD in filtration membranes by different methods
(covalent bonding, interfacial polymerization, layer-by-layer assembly) to produce membranes with
bactericidal properties [20], enhanced antifouling performance [21] and chlorine resistance [22]. In
the field of sensors, there are just few examples of surface-confined GQD-based PL sensing
platforms. Thus, GQD-chitosan-creatinine mixtures were deposited on silica slides and the resulting
fluorescent films were applied to detect picric acid in water by measuring film PL quenching [23]. A
solid fluorescent sensor for selective detection of Fe*" was also developed by adsorbing GQD on a
polystyrenic anion-exchange resin [24]. Similarly, a fluorescent polyacrylonitrile membrane for Fe**
detection was reported where carbon dots were encapsulated in a mesoporous silica coating around
the membrane fibers [25]. GQD were also chemically bonded to nylon membranes to yield

fluorescent membranes with excellent sensing performance for Cr®" detection [26].

All these studies highlight the preservation of GQD intrinsic fluorescence and sensing ability
after immobilization onto different surfaces. However, the preparation methods involve post-

deposition of GQD on the host matrix or complex encapsulation methods. Developing strategies for
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one-step integration of GQD during membrane preparation would contribute to large-scale and high-
throughput manufacturing of the sensing membranes. In this regard, electrospinning represents an
attractive and versatile strategy to embed GQD in filtering membranes as it enables control over
membrane fiber diameter, thickness, good mechanical strength, high porosity and surface area per
unit mass, areal weight control, GQD loading, etc [27-28]. Electrospinning represents a low-cost solid
route to manufacture filtering membranes with sensing properties. As an example, Zhang et al
immobilized GQD into a nanofibrous membrane by electrospinning water-soluble GQD and
polyvinyl alcohol, fabricating a fluorescence and electrochemical biosensing platform for H2O:

detection [29].

On the other hand, determination of free residual chlorine in water is very important as its
concentration should be strictly controlled and maintained at appropriate level, because of its
relevance as quality control index. Too high concentration may lead to production of harmful
trihalomethanes by reaction with organic matter present in water [30]. On the other hand, too low
concentration may not ensure the microbiological level of disinfection required to keep water clean
[31]. The different chlorine-based oxidizing compounds (Clo, HCIO, C10O") accounting for the total
amount of free residual chlorine in water are extensively used as disinfectants in water treatment,
hence the need of efficient analytical methods to monitor their concentration in water. Common
analytical techniques for selective determination of free chlorine include different
spectrophotometric, electrochemical and liquid chromatographic methods, each having different
drawbacks [32, 33, 34]. The main concern related with analytical methods for free chlorine
measurement is the time-delay due to water travel from chlorine dosage station to the distribution
networks and measurement points. Under this complex scenario, low cost, selective and robust

sensors to monitor free chlorine are needed.

In this paper, we report the successful incorporation of GQD into electrospun polyacrylonitrile
(PAN) membranes, demonstrating the excellent and stable performance of GQD-PAN filtering

membranes as turn-off fluorescent sensing platforms for selective and sensitive detection of free
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chlorine in water. The capacity of strongly oxidizing chlorine to quench the luminescence of dispersed
GQD probes has been previously demonstrated [16], which is the fundamental sensing principle of
the nanofibrous filtering membrane developed by the authors. Here we have produced PAN
membranes containing GQD by one-step electrospinning solutions of both components with very
homogeneous GQD distribution across the membrane volume. The resulting fluorescent GQD-PAN
membranes have proven to be very sensitive fluorescence sensing platforms for selective
determination of free chlorine in water. Moreover, we will demonstrate that GQD exhibit more stable
luminescence emission protected by the PAN fibers than dispersed in water. As a result, the analytical
performance of GQD-PAN membranes remained very stable after months immersed in aqueous

buffer solution.

2. Materials and methods
2.1. Reagents and materials

NaCl, KCI, NiCl..6H20, ZnCl,, CuCl,.2H20, MnSO4 and CoCl,.6H20 purchased from Scharlau.
Stock NaClO (10%) solution, Cd(ClOa4),, FeCl2.4H,0, MgCl,.7H20, CaClz, AgNOs, Pb(ClOa)z2,
Hg(ClO4)2, KH2PO4, NaoHPO4, pyrene, ammonia, hydrazine hydrate, polyacrylonitrile (PAN) with
molecular weight My, = 150.000 g.mol* and N,N-dimethylformamide (DMF) were purchased from
Sigma Aldrich (Spain) and FeCls.6H2O from Panreac. All chemicals were of analytical grade and
used without further purification. All solutions were prepared with ultrapure water of Synthesis A10
from Millipore (18Q.cm) (Massachusetts, USA). The concentration of free chlorine in the stock

solution was determined by iodometric titration.
2.2. Instrumentation

GQD-PAN nanofibrous filtering membranes were prepared using a custom-made needle
electrospinning apparatus. The NE-1000 dosage pump speed range available is 0.73 pL/h to 2100

mL/h. The applied voltage between needle and collector (30 kV) was generated using a high voltage



power supply (model AU-30R1-L from Matsusada Precision Inc). The needle — collector
configuration was vertically oriented (supporting information, Figure S1). The electrospinning setup

is equipped with humidity control until 20% RH.

The morphology of nonwoven GQD-PAN nanofibrous membranes was studied by scanning
electron microscopy (JSM 5910-LV JEOL) to determine electrospun nanofiber diameter,
homogeneity and defect concentration. The average diameter of the GQD-PAN nanofibers in the
filtering membrane was determined using the Image-J image processing program [35]. GQD-PAN
membrane photoluminescence was characterized using a BX51 fluorescence microscope
(OLYMPUS) equipped with a Color View Ill camera and an U-LH100HG mercury excitation source
with A =450 - 495 nm. Absorption and fluorescence spectra were measured with a Jasco V-570 UV-
VIS-NIR spectrophotometer and a Varian Cary Eclipse fluorescence spectrophotometer, respectively.
TEM images of GQD on carbon-coated copper grids were taken using a TECNAI G2 20 TWIN (FEI)
transmission electron microscope, operating at an accelerating voltage of 200 KV in a bright-field
image mode. AFM images of GQD on mica substrates were obtained in tapping mode at room
temperature using a scanning probe microscope (Molecular Imagings PicoScan) equipped with a
Nanosensors tips/cantilever, at a resonance frequency of 330 kHz and a spring constant of about 42
N/m, with a tip nominal radius lower than 7 nm. XPS measurements were performed in a SPECS
Sage HR 100 spectrometer with a non-monochromatic X-ray source (Magnesium Ka line of 1253.6
eV energy and a power applied of 250 W) and calibrated using the 3ds line of Ag with a full width
at half maximum (FWHM) of 1.1 eV. Measurements were made in an ultra-high vacuum chamber at
a pressure around 8x108 mbar. Raman spectra of freeze-dried solutions were measured with a

Confocal Raman Voyage spectrophotometer (BWTEK, USA) at an excitation wavelength of 532 nm.
2.3. Synthesis of GQD

GQD were synthesized according to a method reported elsewhere [36]. Briefly, in a typical procedure

pyrene (1g) was nitrated into 1,3,6-trinitropyrene in 65% wt. HNO3 (80 mL) under refluxing and



stirring for 16h. After cooled to room temperature, the mixture was diluted with deionized (DI) water
and filtered through a 0.22 pm nylon membrane. Part of the resultant 1,3,6-trinitropyrene (1 g) was
dispersed by ultrasonication in a DI water solution (0.1 L) containing 0.2 M ammonia and 1.5 M
hydrazine hydrate for 1 h. The suspension was transferred to a teflon-lined autoclave and heated at
200 °C for 8 h. After cooled to room temperature, the GQD solution was filtered through a 0.22 um
nylon membrane to remove insoluble carbon product, and further dialysed in a dialysis bag (retained

molecular weight: 3500 Da) for 1 day to remove salt and small molecules.

2.4. Preparation of GQD-PAN electrospun nanofibrous membranes

Dry GQD were dispersed in DMF using magnetic stirring for 1 hour and GQD loading was 0.5 wt%
referred to the polymer weight. PAN pellets were dissolved at 10 and 12 wt.% in the GQD/DMF
dispersion by magnetic stirring for 24h at room temperature. The dispersions were loaded into 10 mL
plastic syringes and dispensed at a flow rate of 0.63 mL/h. The applied voltage was kept constant at
15 kV and the distance between the needle and the collector was 240 cm during the electrospinning
process. All electrospinning experiments were carried out under humidity control, with 50 % relative
humidity at approximately 20 °C. After the stable jet formation, electrospun GQD-PAN nanofibrous

membranes were collected on aluminium foil, which was removed for membrane characterization.

Electrospun filtering membranes prepared from PAN 12 wt% and GQD 0.5 wt% in DMF
solution were referenced as GQD-PAN12 while membranes prepared from PAN 10 wt% and GQD
0.5 wt% in DMF solution were named as GQD-PAN10. As control, electrospun GQD-free PAN
nanofibrous membranes were manufactured to confirm lack of interference between GQD and

polymer fluorescence.

2.5. Fluorescence measurements of dispersed GQD and GQD-PAN membranes

Fluorescence measurements were done in 96-well fluorescence plates, placing either GQD solutions
or small pieces (4 mm x 4 mm) cut from GQD-PAN electrospun membranes at the bottom of the
wells. Fluorescence spectra were recorded at a scan rate of 10 nm/s and a 5 nm slot width, both for
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excitation and emission. Fluorescence quenching by the different analytes was measured at the
maximum emission wavelength of the GQD-PAN membranes, 478 nm, at an excitation wavelength
of 420 nm. The background fluorescence of GQD-free PAN electrospun membranes at the excitation
wavelength (420 nm) was subtracted from the spectra on GQD-PAN membranes. Blank PL
measurements were done with the GQD-PAN membrane immersed in 0.1 M phosphate buffer pH 7
(PBS) to rule out photodegradation. The fluorescence quenching effect of different chlorine
concentrations on each type of GQD-PAN membrane was investigated by adding aliquots of NaClO
in PBS onto wells containing different pieces of each membrane immersed in PBS. Three replicates
were measured for each chlorine concentration. Fluorescence measurements both for dispersed GQD
and GQD-PAN membranes were done immediately after adding the test solutions without any

incubation time.

3. Results and discussion

3.1. Characterization of GQD and GQD-PAN membranes

The size and thickness of GQD synthesized by hydrothermal condensation of 1,3,6-trinitropyrene
were examined by TEM and AFM. TEM and AFM images (Fig. 1a and b) reveal that GQD are very
uniform in terms of lateral size and thickness, with an average size of 2.7 + 0.4 nm and height of 1.5
+ 0.4 nm, indicating that most GQD were composed of 2-5 layers. A full characterization of
comparable GQD samples by Raman, XPS and FTIR spectroscopies was carried out in previous
studies [26, 37]. Both XPS and FTIR spectroscopy (supporting information, Fig. S2 and S3A)
corroborated that GQD have amine and hydroxyl groups originating from the precursor and the media
(hydrazine and ammonia) used in the condensation reaction. The chemical composition of the GQD
estimated from the XPS survey spectrum indicates 71.1 at.% C, 18.2 at.% O and 10.7 at.% N contents.
That is, the O/C atomic ratio for GQD (0.26) falls in the range of values reported for different types
of reduced graphene oxides (0.15-0.28) and is considerably lower than graphene oxide ratios (0.4-

0.6) [38].



The optical properties of GQD were investigated by UV-visible absorption and fluorescence
spectroscopy (supporting information, Fig. S4). The UV-visible absorption spectrum (black line in
Fig. S4a) exhibits three well-defined absorption bands located at 250, 290 and 400 nm, which can be
assigned to the n-r* transition of the aromatic sp?> domains and electronic transitions between energy
levels of surface states arising from the functional groups [7]. The PL excitation spectrum (blue line
in Fig. S4a) features three intense bands at 260, 308 and 418 nm, in good agreement with the
corresponding UV-vis absorption bands. The most intense PL emission (red line in Fig. S4a), centered
at 498 nm, is obtained with an excitation wavelength of 420 nm. However, the PL emission is
excitation-dependent; when the excitation wavelength is increased from 340 to 460 nm the PL
emission peak slightly shifts to longer wavelengths (from 475 to 505 nm) and at long excitation
wavelengths the PL intensity decreases sharply (Fig. S4b). This excitation-dependent PL emission
has been commonly observed in GQD and has been ascribed both to excitation of different sized

GQD or conjugated sp? carbon domains in the GQD carbon network [39].

Next, PAN and GQD-PAN electrospun membranes were characterized. As shown in Figure 2a
and 2b, GQD-PAN membranes exhibit a pale yellow coloration compared with white PAN
electrospun membranes. Photoluminescence of GQD-PAN10 and GQD-PANI12 electrospun
membranes, with 2.83 and 2.00 pg/cm? of GQD respectively, was investigated using a fluorescence
microscope. GQD emission is perceptible in the electrospun nanofibrous membranes upon excitation
with a UV-vis light source (450 nm - 495 nm), as seen in Figure 2¢ (sunlight) and 2d (UV-vis light).
A very homogeneous distribution of GQD was observed across the whole nanofiber area in the
nanofibrous membranes. From fluorescence microscopy observation, the spinnability of PAN, GQD-

PAN10 and GQD-PAN12 solutions was confirmed due to the absence of defects.

The absence of defects and nanofiber morphology were further examined by Scanning Electron
Microscopy (SEM), for both GQD-PAN10 and GQD-PANI12 filtering membranes (Figure 3). The
average nanofiber diameter was calculated using Image-J image analysis program. Approximately

250 measurements were used to estimate the nanofiber average diameters and distribution (Figure 3¢
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and 3d). The average nanofiber diameter increased from 595 nm (GQD-PAN10) to 762 nm (GQD-
PAN12) when PAN content in the initial precursor solution increased by 2 wt%. A similar change was
observed in the GQD-free PAN nanofibrous membranes, where the average nanofiber diameters
increased from 458 nm to 553 nm in membranes electrospun from 10 wt% and 12 wt% PAN solutions
in DMF, respectively. This average diameter growth is directly related to an increase in viscosity of
the precursor solution [28]. GQD addition into the PAN solution, even at a very small content of 0.5
wt.%, further increases the viscosity of the electrospinning solution and, as consequence, nanofiber
diameters grow compared to GQD-free PAN solutions. A comparable growth was noted for both

samples, GQD-PAN12 and GQD-PAN10.

The PL emission spectra of PAN and GQD-PAN electrospun membranes as well as water
dispersed GQD were measured by fluorescence spectroscopy. The PL emission spectra of GQD-PAN
membranes and water dispersed GQD at a same excitation wavelength (420 nm) are compared in Fig.
4 together with the spectrum of a GQD-free PAN electrospun membrane. At this excitation
wavelength, PAN has a considerable emission, with a clear shoulder at 480 nm that is also well-
resolved in the spectra of GQD-PAN membranes together with a band at 466 nm. The spectra of
GQD-PAN membranes after subtracting the contribution of PAN emission at this wavelength (Fig. 4)
exhibit a well-defined band centered at 478 nm corresponding to the emission from the GQD. PL
emission of GQD in PAN membranes is blue-shifted with respect to that of water dispersed GQD,
whose band is centered at 498 nm. In contrast, no emission shift was noted in our previous work
where GQD were immobilized at the surface of a nylon membrane instead of embedded within the
PAN fibers in the membrane [26]. As it is well known that GQD PL emission is largely affected by
the environment [40], the blue shift is most likely caused by interactions between functional groups
of GQD and the PAN host matrix, as has also been reported for GQD embedded in other matrices
such as polystyrene [24] and silica [25]. The considerable broadening of the nitrile stretch band (at
2242 cm!) in the FTIR spectra of GQD-PAN membranes (supporting information, Fig. S3C) suggests

the formation of hydrogen bonds between nitrile groups of PAN and hydroxyl and amine groups of
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GQD [41]. Moreover, the red shift of C=C stretch bands (at 1590 and 1504 cm™) in GQD-PAN
membranes may also point at - interactions between sp? carbon domains of GQD and nitrile groups

of PAN [42].

Electrospun GQD-PAN membranes with different fiber diameter exhibit comparable
fluorescence intensity, as expected in view of their similar overall GQD content (2.00 — 2.83 pg/cm?).
Moreover, the emission intensity at 480 nm determined from the PL spectra of 10 different pieces cut
out of each membrane (supporting information, Fig. S5 and S6) has a relative standard deviation
(R.S.D.) of 6.5% (GQD-PAN12) and 10.1% (GQD-PAN10), demonstrating that GQD loading across
the whole membrane area (300 cm?) was very homogeneous, as also observed by fluorescence

microscopy.

3.2. Luminescence stability of GQD and GQD-PAN membranes

Before assessing the performance of GQD-PAN membranes as fluorescent sensing platforms, we
examined the stability of GQD PL intensity embedded in the PAN fibers. The time evolution of PL
intensity at 478 nm (Aexc =420 nm) of a dry GQD-PAN10 membrane measured at different days over
a 2-month period is shown in Fig. 5a. The plotted values of relative PL intensity (F) with respect to
the initial emission (Fo) are the average of 5 replicates from different pieces of membrane. As can be
seen, a negligible F/Fo decrease (1%) was noted after 2 months for the GQD luminescent probes
embedded in the dry GQD-PAN membrane. On the contrary, a substantial PL emission loss (35%)
was observed for GQD aqueous solution (0.015 mg/mL) after 2 months stored at 4° C. Although GQD
exhibit high intrinsic PL photostability, when dispersed in solution media they eventually tend to
coalesce and precipitate, hence the long-term lower luminescence. That is, encapsulating the GQD
luminescent probes into the PAN nanofibrous membrane by electrospinning not only preserves their
PL properties but also leads to enhanced long-term photostability. The improved stability of

embedded GQD probes may result from passivation of their surface functional groups due to
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formation of hydrogen bonds with the PAN host matrix, which also prevents their leakage from the

membrane (vide infra).

Next, the photostability of GQD-PAN membranes under continuous irradiation with a
fluorescent tube lamp (22W) was investigated. Fig. 5b shows time evolution of relative PL intensity
values (F/Fo) at 478 nm (Aexc = 420 nm) obtained as the average of 5 replicates from different pieces
of a dry GQD-PANI12 membrane. After 2h of continuous exposure, most of the initial emission
intensity was retained (96%), as evidenced by the photographs of the membrane taken under UV light
(365 nm) before and after the photostability test (Fig. 5b), showing an unaltered bright cyan emission.
With the aim of applying GQD-PAN membranes as turn-off PL detection platforms for free chlorine,
we explored their stability immersed in phosphate buffer solution (PBS) 0.1 M pH 7. As explained in
next section, controlling the solution pH is crucial as it will affect both GQD PL intensity and the
form of free chlorine in water. Several pieces (N=5) of GQD-PAN membranes with the two fiber
diameters were immersed in PBS 0.1 M pH 7 inside the fluorescence plate wells and their PL spectra
measured on different days over a period of 2 months. The average relative PL intensity values (F/Fo)
at 478 nm (Aexc = 420 nm) for the two membranes at different immersion times are compared in Fig.
5c. The soaked membranes were stored in the dark at room temperature between PL measurements.
In order to rule out a possible emission from GQD leaking out of the membrane, the PL of the solution
after 1 day in contact with several membrane pieces was measured, which displayed negligible
emission, corroborating the high stability of GQD inside the PAN nanofiber. As in the case of dry
GQD-PAN membranes, the evolution of PL intensity with immersion time (Fig. 5¢) highlights a
higher long-term stability of GQD luminescence when encapsulated in PAN fibers than as dispersed
probes. Improved PL stability, although over much shorter timescales, was also reported for carbon
dots immobilized in silica [25] and was also ascribed to formation of hydrogen bonds between the
luminescent probes and the silica host matrix. Here GQD encapsulated in the PAN membrane with
smaller diameter fibers (595 nm) and higher GQD content (2.8 pg/cm?), that is, GQD-PAN10 sample

exhibit more stable emission than GQD-PAN12 nanofiber membrane. Wang et al. [43] demonstrated
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the influence of nanofiber diameter in pore size for electrospun polyurethane filtering membranes,
where pore volume increased with nanofiber diameter, resulting in higher hydrophobicity of the
electrospun membrane surface. A lower GQD content in the GQD-PAN12 membrane, together with
a higher nanofiber diameter and hydrophobicity could be responsible for the small PL decay (7%)
compared to the GQD-PAN10 sample. The lower hydrophobicity and higher GQD content of GQD-
PAN10 membrane may give rise to more interactions between acrylonitrile groups and GQD

functional groups (-OH and -NH>) that explain its higher PL stability.

3.3. Analytical performance of GQD-PAN membranes and dispersed GQD

In order to explore the effect of free chlorine concentration on the PL of GQD-PAN electrospun
membranes and water dispersed GQD, we initially selected excitation and emission wavelengths
where the analyte did not absorb light. NaCIO has an intense absorption band centered at 292 nm and
negligible absorbance at wavelengths longer than 370 nm. Therefore, PL spectra were measured
exciting at 420 nm, a wavelength where the GQD PL excitation spectrum has a strong band, to avoid
any inner-filter effect from NaClO. The sensing performance of GQD-PAN electrospun membranes
was investigated in PBS at pH7 because the PL intensity of GQD is pH sensitive and the highest
emission corresponds to neutral solutions. On the other hand, pH also determines the form of free
chlorine in water (HCIO or CIO") and in neutral solutions the prevalent form is HCIO, with stronger
oxidation capability. Fig. 6a shows representative PL spectra of a piece of GQD-PAN membrane
immersed in 0.1 M PBS pH 7 recorded immediately (< 10 s) after addition of aliquots of chlorine
solution (Cci = 0 — 1.6 mM). The PL emission of the GQD-PAN membrane at characteristic GQD
emission wavelengths (450-550 nm) decreases gradually with increasing chlorine concentration,
demonstrating that encapsulated GQD behave as sensitive fluorescent probes for fast chlorine
detection. Membrane PL quenching is very pronounced and can be easily detected visually, as
illustrated by the photographs in Fig. 6a of several pieces of a GQD-PAN membrane immersed in

PBS with different free chlorine concentrations under UV light.
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In order to prove that PL quenching arises from encapsulated GQD, the effect of free chlorine
concentration in the PL spectra of GQD-free electrospun PAN membranes was investigated. As
shown in Fig. S7a (supporting information), the effect of free chlorine in the emission intensity of
PAN membranes is negligible (< 5% at the highest concentration, 2.5 mM) compared to the effect on
GQD-PAN membranes. Nevertheless, for the calibration plots the background fluorescence of PAN
at each chlorine concentration was subtracted from the spectra of GQD-PAN membranes. Moreover,
the photostability of GQD-PAN membranes under continuous irradiation at the excitation wavelength
(420 nm) in chlorine-free PBS 0.1 M pH 7 was corroborated (supporting information, Fig. S7b),
hence ruling out a possible contribution from membrane photodegradation to the observed chlorine-
induced PL quenching. PL quenching by strongly oxidizing free chlorine was first reported by Dong
et al. [16] for GQD that were surface-passivated by residual citric acid from the pyrolysis synthesis.
PL quenching was ascribed to destruction of the surface passivation layer by free chlorine. The GQD
luminescent probes used here have been prepared by a different method, known to yield highly
crystalline and clean materials without a surface passivation layer. However, PL quenching induced
by free chlorine in our non-passivated GQD turned out to be irreversible, as opposed to the reversible
PL quenching caused in these GQD by Cr (VI) ion solutions [26]. That is, while reversible GQD PL
quenching by Cr (VI) is due to photoinduced electron transfer from GQD to Cr (VI), irreversible
GQD PL quenching by chlorine reveals a severe oxidation of GQD that disrupts the integrity of the
aromatic sp® domains, suppressing totally the emissive electronic transitions. This oxidative
mechanism was supported by FTIR spectroscopy, which shows a substantial decrease in the intensity
of the aromatic C=C stretch band (1504 cm™") for GQD samples upon exposure to chlorine (supporting
information, Fig. S3A). Comparable changes in FTIR spectra were reported for GQD oxidized by
nitric/sulfuric acid mixtures [44]. Furthermore, Raman spectroscopy at 532 nm (supporting
information, Fig. S3B) also corroborates a chlorine-induced increase in the amount of defects/sp’

carbon content, as indicated by the higher Ip/Ig ratio (intensity of the bands at 1372 and 1602 cm,
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respectively) of GQD samples exposed to chlorine (Ip/Ig = 0.98) compared to that of pristine GQD

samples (In/Ig = 0.84).

As a result of the irreversible oxidation, GQD can only be regarded as one-use “turn-off”
fluorescence detection probes. GQD integration into water filtering membranes by electrospinning to
produce one-use and low-cost sensing platforms could be an effective approach for real time
monitoring of chlorine concentration along the water distribution network. As a proof-of-concept,
Fig. 6b shows the linear response of relative PL intensity changes at 478 nm, (Fo-F)/Fo, with free
chlorine concentration for the two GQD-PAN electrospun membranes having different fiber
diameters (Fo and F are the PL intensity in absence and presence of free chlorine). Relative PL
intensity changes for each concentration were determined as the average value of three replicates.
Both membranes exhibit a good linear relationship between the PL quenching ratio at 478 nm and
free chlorine concentration in the range from 10 to 600 uM. The PL quenching ratios for both
membranes were fitted to the Stern-Volmer equation (Fo-F)/Fo = Ksv x [Cl] + B, yielding the
following Stern-Volmer constants and correlation coefficient values: Ksyv = 1.89 x 10° M! (R? =
0.9934, n=10) and Ksv = 1.63 x 10° M (R? = 0.9903, n=10) for GQD-PAN12 and GQD-PANI10,
respectively. These Stern-Volmer constants are 2-3 fold higher than the values previously reported
for other GQD as dispersed probes [16], highlighting the excellent performance of GQD encapsulated
in PAN membranes for turn-off fluorescence detection of free chlorine. The theoretical detection
limits (DL) for free chlorine, calculated as DL = 3 /K (where o is the standard deviation of the blank
response and K is the slope of the calibration plot) were 2.0 and 3.7 uM for GQD-PAN12 and GQD-
PAN10 respectively. These low detection limits are comparable to those attainable by the widely used
DPD (N,N-diethyl-p-phenylenediamine) colorimetric methods [32, 45]. The reproducibility of the
detection method, evaluated as the relative standard deviation (R.S.D.) in the detection of 600 uM
free chlorine (n=5), was 2.2% and 3.3% for GQD-PAN12 and GQD-PANI10 respectively, indicating
an excellent reproducibility with both membranes that is comparable to the precision of standard DPD
colorimetric methods [45]. Overall, the very similar analytical response of the two GQD-PAN
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membranes indicates the prevalence of GQD concentration effect in the sensing response over
morphological differences between both electrospun nanofibrous membranes. Membrane
morphology would envisage higher interaction between analyte and sensing probe for membranes
with smaller nanofiber diameters (or lower pore volume along the membrane). However, GQD-
PAN10 membrane, with lower nanofiber average diameter (D=595nm) but higher GQD concentration
(2.83pg/cm?) exhibits slightly lower Ksy value and higher DL than GQD-PANI12 ([GQD]=
2.00pg/cm? and D=762nm), an analytical response determined by GQD concentration, in agreement

with trends observed for water dispersed GQD, as shown in next paragraph.

For comparative purposes, free chlorine detection was also done using GQD as fluorescence
probes dispersed in 0.1 M PBS pH 7 aqueous solutions. Fig. 6¢ shows the PL spectra and photographs
under UV light of GQD (0.03 mg/mL) dispersed in PBS pH 7 solutions with different concentrations
of free chlorine. In this case, GQD PL emission is totally quenched as there is no background
contribution from the PAN matrix. Interestingly, we found that the sensitivity of GQD solutions for
free chlorine detection was strongly dependent on GQD concentration, which in turn, determined the
PL of the starting (chlorine-free) solution (Fo). This effect is illustrated in Fig. 6d, where the
calibration plots of PL quenching ratios vs. chlorine concentration for GQD solutions of different
concentrations are shown. Three replicates were measured for each GQD solution. As can be seen,
the slope of the calibration plot (that is, sensitivity for chlorine detection) increases with decreasing
GQD concentration. As a result, the linear concentration range is shifted to lower concentration as
the amount of GQD luminescent probes is decreased. Thus, fitting PL quenching values in the linear
concentration range to the Stern-Volmer equation yields the following constants for the different GQD
concentrations: Ksy = 3.57 x 10* M™! (R? = 0.9973) for 30 pg/mL GQD, Ksy = 5.88 x 10* M (R? =
0.9956) for 15 pg/mL GQD, Ksy =1.31 x 10° M"! (R?=0.9904) for 7.5 pg/mL GQD and Ksy = 4.75
x 10° M (R? = 0.9908) for 1.5 pg/mL GQD. The higher sensitivity of less concentrated GQD
solutions leads to lower detection limits for free chlorine, according to the following trends: 80.2,

32.5, 8.8 and 4.7 uM for GQD concentrations of 30, 15, 7.5 and 1.5 png/mL, respectively. It is worth
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indicating that if PL quenching measurements are carried out with GQD solutions placed in a
fluorescence cuvette instead of fluorescence plates, the detection test sensitivity is significantly
enhanced, attaining detection limits as low as 0.1 uM, comparable to values reported for free chlorine
with other GQD solutions [16]. However, the experimental set-up based on the use of fluorescence
plates allows direct comparison of the analytical performance of dispersed GQD and GQD-PAN
membranes. It is remarkable that GQD-PAN membranes exhibit very high sensitivity (Stern-Volmer
constant) and consequently, very low detection limits of free chlorine, even smaller than the lowest
ones obtained with GQD as dispersed probes (1.5 pg/mL GQD solutions). That is, encapsulation of
GQD in the electrospun PAN membranes enhances the photostability and also the sensing
performance of the luminescent nano-probes. These improved features can be attributed to the good
dispersion of GQD in the electrospun nanofibers and the unique properties of filtering membranes
prepared by electrospinning. The extremely high surface/volume ratio of electrospun nanofibers
allows fast interaction between luminescent probes and analyte. Moreover, encapsulation of the GQD
probes in the nanofibers prevents aggregation and/or sedimentation phenomena responsible of the PL
decay for dispersed GQD. As a result, the analytical response of GQD-PAN nanofibrous membranes

outperforms GQD solutions with the best sensing behavior (at low concentrations).

Next, the selectivity of GQD-PAN membranes for chlorine detection was evaluated measuring
relative PL intensity changes of several membrane pieces in presence of potentially interfering
common ions: Na*, K*, Cd**, Zn**, Mn**, Co*", Mg?*, Ca?*, Pb*', Fe*', Ni*", Cu**, Fe**, Ag" and
Hg?*. Fig. 7a shows average values (n=3) of quenching ratios (F/Fo, where F and Fy are fluorescence
values in presence and absence of each metal ion) for a GQD-PAN10 membrane in 0.1 M PBS pH 7
solution. As can be seen, PL quenching by most tested cations is negligible compared with that
induced by chlorine, highlighting the high selectivity of GQD-PAN membranes for free chlorine
detection. Only strong oxidants such as KMnOj4 or K>CrO4 could also quench the PL of GQD-PAN

membranes but they are not usually present in natural water samples.
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The effect of solution pH value on the membrane sensing response was also investigated.
Taking into account that the pH of drinking water typically ranges from 6-8, the membrane response
to free chlorine has been evaluated at moderate pH values (Fig.7b). As can be seen, the PL intensity
of GQD-PAN membranes (n=5) is not affected by the pH value of chlorine-free buffer solutions in
the studied pH range. Only at strongly acidic solutions GQD PL intensity is substantially lowered
[36]. However, in presence of 500 uM free chlorine, the magnitude of PL intensity quenching is pH
dependent, decreasing sharply in alkaline solutions. As outlined before, this is due to the different
oxidation capability of the free chlorine forms existing at each pH value [46]. At pH <9 free chlorine
exists mainly as HCIO, which is more oxidizing than the CIO™ anion present in strong alkaline
solutions (pH > 9). However, the quenching effect of free chlorine at pH values close to neutral (6-8)
is comparable, indicating that GQD-PAN membranes are suitable sensing platforms for drinking
water samples. The applicability of the GQD-PAN membranes to detect free chlorine in a real sample
was demonstrated using a standard addition method to determine the concentration of free chlorine
in local tap water (pH = 7.1). Figure 8 shows relative PL intensity changes at 478 nm of the GQD-
PAN10 membrane (n=5) in tap water upon addition of different concentrations of free chlorine in
PBS pH 7 solution. From the intercept of the lineal fit with the concentration axis, a concentration of
0.68 £ 0.03 ppm of free chlorine in the tap water sample was estimated, in compliance with Spanish
regulation (RD 140-2003) that establishes 1 ppm as the highest free chlorine concentration level in
drinking water. For comparison, the concentration was also determined with a commercial digital
photometer for free chlorine based on the standard DPD colorimetric method (Hanna Checker Hi
701). The average concentration value for five replicates was 0.64 + 0.05 ppm, which validates the
result obtained with the GQD-PAN membrane. Moreover, the membranes exhibited higher precision
than the commercial meter for tap water samples, with R.S.D. of 4.4 % and 7.8% for each method,

respectively.

Finally, the stability of the sensing response of GQD-PAN membranes upon storage immersed

in 0.1M PBS pH 7 was evaluated. The PL quenching response of the two GQD-PAN membranes in
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PBS pH 7 with different chlorine concentrations, just-immersed and after 2 months immersed, are
compared in Fig. 9. Plotted (Fo-F)/Fo quenching ratios for both immersion times are the average
values of three replicates done with different pieces of each membrane. The PL quenching ratios at
each chlorine concentration for the fresh and 2-month soaked membranes are remarkably similar,
demonstrating the excellent time stability of wetted GQD-PAN membranes as fluorescence sensing
platforms for chlorine detection. In contrast, samples of dispersed GQD in PBS pH7 solutions after 2
months in the fluorescence plate wells had considerable amount of sediment and PL intensity loss (>
35 %). In summary, we have proven that encapsulation of GQD probes in electrospun PAN
nanofibrous membranes lead to enhanced phototostability and hence long-term stability of the sensing

response for free chlorine detection.

4. Conclusions

PAN nanofibrous membranes containing GQD were produced by one-step electrospinning solutions
of both components. The electrospun GQD-PAN membranes exhibited very homogeneous GQD
distribution across the membrane surface (300 cm?), as evidenced by fluorescence microscopy
analysis and the uniform PL intensity measured across the whole membrane. The luminescence of
both dry and immersed GQD-PAN membranes proved very stable for 2 months and under continuous
light irradiation. That is, encapsulation of the GQD in the PAN membrane increased their long-term
photostability with respect to the emission of GQD solutions. GQD PL quenching as a result of
oxidation by chlorine allowed using GQD-PAN membranes as fluorescence sensing platforms for
selective determination of free chlorine in drinking water. Membrane PL quenching by free chlorine
was fast (no need of incubation time), very pronounced and easily detected visually under UV light.
Fluorimetry detection with GQD-PAN filtration membranes allowed very low detection limits of free
chlorine (2 uM), comparable to those attainable by widely used analytical methods and lower than
values obtained with GQD solutions. Moreover, the analytical performance of GQD-PAN membranes
remained very stable after months immersed in aqueous buffer solution. The irreversible GQD PL

quenching makes the sensing platforms single-use but the electrospun filtering membranes could be
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used to monitor in real-time chlorine concentration in water distribution networks. In summary,
encapsulation of GQD in electrospun PAN filtering membranes enhanced the photostability and
sensing performance of the luminescent nano-probes while providing a solid platform more suitable

for real sensing applications.
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Captions

Figure 1. (A) TEM image and lateral size distribution of GQD. (B) AFM image and thickness

distribution of GQD.

Figure 2. Photographs of PAN electrospun nanofibrous membranes with GQD (A) and without GQD
(B). Fluorescence microscopy images under sunlight (C) and UV-vis (450 nm - 494 nm) light (D)

from GQD-PAN12 electrospun membrane.

Figure 3. SEM images at different magnifications of GQD-PANI12 (A, E) and GQD-PANI10 (B, F)
nanofibrous membranes. Nanofiber diameter distribution of GQD-PAN12 (C) and GQD-PANI10 (D)

membranes, as obtained from Image-J software images analysis.

Figure 4. PL emission spectra of water dispersed GQD (7.5 pg/mL), PAN and GQD-PAN membranes

(Aexe = 420 nm) as-measured (dashed lines) and corrected by subtracting background emission from

PAN (solid lines).

Figure 5. (A) Time evolution of PL intensity at 478 nm (Aexc = 420 nm) of a dry GQD-PANI10
membrane and a GQD aqueous solution (0.015 mg/mL). (B) Time evolution of PL intensity at 478
nm (Aexc = 420 nm) of a dry GQD-PAN12 membrane under irradiation with a fluorescent tube lamp
(22W) and photographs of the membrane under UV light. (C) Time evolution of PL intensity at 478

nm (Aexe = 420 nm) of GQD-PAN membranes with immersion time in PBS 0.1 M pH 7.

Figure 6. PL emission spectra of a GQD-PAN10 membrane (A) and a GQD solution (0.03 mg/mL)
in 0.1 M PBS pH 7 (C) upon addition of increasing (from top to bottom) chlorine concentrations
between 0 and 3 mM. Insets shows photographs under UV light of fluorescence plates containing
membranes and GQD solutions with increasing (from left to right) chlorine concentrations. (B) Plot
of (Fo-F)/Fo at 478 nm of GQD-PAN membranes in 0.1 M PBS pH 7 versus chlorine concentration

(inset: low concentration range). (D) Plot of (Fo-F)/Fo at 498 nm of GQD solutions (1.5-30 pg/mL)
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in 0.1 M PBS pH 7 versus chlorine concentration. Inset: chlorine-free GQD solutions with increasing

(from left to right) concentration under natural and UV light.

Figure 7. (A) Relative fluorescence intensities (F/Fo at 478 nm) of GQD-PAN10 membrane immersed
in 0.1 M PBS pH 7 containing different metal ions at the concentrations indicated in the figure. (B)
Fluorescence response of GQD-PAN10 membrane in the absence and presence of 500 uM free

chlorine in PBS of different pH values.

Figure 8. PL response at 478 nm of GQD-PAN10 membrane in tap water upon addition of different

concentrations of free chlorine in PBS pH 7 solution.
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Figure 9. (A) Time stability of immersed GQD-PAN membranes as sensing platforms: plot of (Fo-F)/Foat 478
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Figr-5
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Figr-6

800

600 -

400 -

PL intensity

200 +

T T T T T T T r
450 500 550 600 650

Wavelength (nm)

800 -

600 4

400 4

PL intensity

200 |

T v T ¢ T v T b4 T L]
450 500 550 600 650 700
Wavelength (nm)

32

P S

3
® GQD-PAN10
@ GQD-PAN12

R2=0.993

R2=0.990

0.0000 0.0601 0.0002
Chlorine concentration (M)

T - T
0.0010 0.0015

Chlorine concentration (M)

/‘/‘—‘ ‘%/31"39

7
/e —u—1.5 ug/mL
—eo— 7.5 ug/mL
—A—15 ug/mL
—0—30 pg/mL

0.001 0.002 0.003
Chlorine concentration (M)



-
B
oc
Q
2]
=)
=
<
=
Ll
-
o
L
S
<

Figr-7

[__JWithout Chlorine

22 With 500 uM Chlorine

o

Q¢ =

00 {A) e

80 +
60

40 ~

did

204 |©

O

Lo A A

¥
12

AN

100 uM

v
S¢Ov,
(S R

@Q@@Q oQQQQO <

S ESAR

I
[}

500 uM

33



Figr-8
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