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Abstract: We propose a portable sensor, obtained by embedding luminol into the tetraethylorthosili-
cate/trietoxymethylsilane (TEOS/MTEOS) composite, for the quantitative determination of organic
amino nitrogen and ammonium in water with the goal of achieving low levels of concentration. The
method is based on the reaction between amino nitrogen compounds and hypochlorite to produce
chloramino derivatives. Then, the remaining hypochlorite reacts with luminol sensor by producing a
luminescence signal, which was measured by using a portable luminometer, being inversely propor-
tional to nitrogen concentration. The liberation of the luminol from sensor is higher than 90% and
the sensor is stable for at least a week at room temperature. This portable method was successfully
validated and applied to the analysis of several real waters: fountain, river transition, lagoon, and
seawater with recovery values between 92% and 112%, which indicated that the matrix effect was
absent. The achieved limit of detection was around 10 µg·L−1, expressed as N. This sensor allows in
situ monitoring owing to its simplicity, rapidity, and portability.

Keywords: portable sensor; water analysis; luminol; chemiluminescence; composite; portable
luminometer

1. Introduction

In situ monitoring technologies appeared as an advance for complementing the classi-
cal methods in the laboratory. The concept of in situ analysis employed here was described
in [1]. In the analytical context, in situ analysis can be defined as a function of the place
where the analytical process is carried out, which means at the same place where the
phenomenon occurs.

During the last years, the number of publications about sensors and in situ analysis
are growing. For example, by matching in the data base web of science (WOS) the fol-
lowing search terms “in situ” and “sensor” and “water” for 2010 and 2020, the number
of published papers and the number of citations were: 244 and 4768, and 681 and 25,314,
respectively (July 2021). The types of the most in situ sensors reported in the literature
are electrochemical and optical devices. Optical techniques are considered one of the best
techniques for sensor development due to their figures of merit [2]. Table 1 shows the last
covered topics of optical sensors in recent review articles. Several analytes, materials, and
optical techniques were described. Only one paper partially treated chemiluminescence.
On the other hand, these reviews showed the need of new knowledge for improving their
responses, uses, and utilities.

Table 1. Selected review articles showing the last topics about optical sensors.

Analytes/Publication Year/Covered Topic Reference

Micro-and nanoplastics in water/2021/Potential in situ integrated optical devices. [3]

Environmental pollutants/2021/Updated guide on fluorescent metallic nanosystems used
as optical sensors. [4]
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Table 1. Cont.

Analytes/Publication Year/Covered Topic Reference

Nitrate, nitrite, phosphate, and ammonium in aquatic
environment/2020/Recommendations and future directions for improving sensing
accuracy and robustness.

[5]

Environmental analysis/2020/A brief insight into low-cost and disposable
colorimetric sensors. [6]

Several/2020/A roadmap to deploy plasmonic sensors is provided. [7]

Pesticides/2020/Point-of care biosensors such as colorimetric, fluorescence,
chemiluminescence, photoluminescence, surface-enhanced Raman scattering,
and electrochemical.

[8]

Several/2020/Representative applications of CuNCs in detection and in vivo/in vitro
imaging and in situ generation for sensing and bioimaging. [9]

Dissolved organic matter/2020/Advances in in situ fluorescence measurements in
various water environments. [10]

Several/2017/Different fluorescent reporters applied and their unique properties as well
as signal amplification strategies helping to enhance detection performance. [11]

Several/2016/Recent advances in the analytical applications of Cu NCs based on their
optical, electrochemical, and catalytical properties. [12]

Pesticides/2016/SiNPs on account of their chemically inert nature and amenability to
surface modifications as tools for fabricating devices for ‘on-site’ applications. [13]

Other important topics are related to enabling on-chip micro-/nanosensors such as
optofluidic devices and micro-/nanofab techniques [14,15].

Based on previous studies, ammonium and nitrogen groups from organic compounds
react with hypochlorite reagent in alkaline media to generate chloramines [16–18]. We
propose here TEOS and MTEOS reagents to develop a new portable sol–gel sensor in
a polystyrene tube, which contains immobilized luminol. Luminol was stable in the
TEOS/MTEOS composite, and the sensor allowed the releasing of luminol to the solution
and subsequent analysis of ammonium and dissolved organic nitrogen. The method is
based on the oxidation reaction of luminol carried out by hypochlorite. First, the ammo-
nium and nitrogen groups from organic compounds react with hypochlorite reagent in
alkaline media to generate chloramines. Secondly, the remaining hypochlorite reacts with
luminol by producing a chemiluminescence (CL) signal at maximum of 425 nm, inversely
proportional to ammonium and organic amino nitrogen concentrations (see Figure 1).
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Microscopic images were taken with a Nikon microscope ECLIPSE E200LED MV Se-
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The micrographs of scanning electronic microscope (SEM) were obtained with a HI-
TACHI-S4800 (Hitachi, Tokyo, Japan) operating at 20 kV. For measuring samples, Au/Pd 
coating was required. 
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The sensors were fabricated by mixing in a glass vial 50 µL of nanopure water, 100 
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homogeneous dispersion, the mix was vortexed for 1 min, and afterwards 200 µL of the 
mixture were deposited on the bottom of the polystyrene tube. Tubes were heated at 40 
°C for 4 h and then they were covered with a polystyrene tube cap and stored at room 
temperature (Figure 2). The same procedure was used to prepare PEG and glycerol mod-
ified sensors. Table 2 shows the composition of the different studied compositions ex-
pressed per unit. 

Figure 1. Reactions involved in the chemiluminescence assay. Luminol* is the excited electronic state
of the oxidized form and sheds its “extra” energy by emitting a photon of light.

The method was successfully applied to a variety of real water samples by including
fountain, river, transitional, lagoon, and sea water. The total CL signal is registered with
a portable luminometer. The results revealed that the developed sensor displays good
selectivity and sensitivity. The sensor provided security, rapidity, portability, and cost-
effectiveness in reference to other methods.
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2. Materials and Methods
2.1. Materials

All reagents were of analytical grade. Ultrapure water obtained using Nanopure II
system (Barnstead, NH, USA) was used for preparation and dilution of all solutions. Lumi-
nol, zein, and NaOH were obtained from Sigma-Aldrich (Saint Louis, MO, USA). Sodium
hydrogen carbonate (NaHCO3) and sodium carbonate (Na2CO3) were purchased from
Merck (Darmstadt, Germany) and sodium hypochlorite (10%) from Panreac (Barcelona,
Spain). Sylgard 184 silicon elastomer and Sylgard 184 silicon elastomer curing agent
were purchased from Dow Corning, Midland, MI, USA. The sensors were gelified into
polystyrene immunoassay plates by Corning Incorporated, Corning, NY, USA.

Tetramethyl orthosilicate (TEOS), trimethoxymethylsilane (MTEOS), glycol and poly-
(ethylene glycol) (PEG), ammonia chloride, methylamine, dimethylamine, putrescine,
spermine, chromium (III) chloride, Cobalt(II) chloride, Cu(II) chloride, Fe(III) chloride, and
Cd(II) chloride were purchased from Sigma-Aldrich (Saint Louis, MO, USA).

Polystyrene tubes were obtained from Labbox (Barcelona, Spain).
Stock solution of 35 mM luminol solution was prepared by dissolving an appropriate

amount of luminol in buffer 0.3 M HCO3
−/CO3

2− pH = 10.8. The mixture was stirred for
15 min in Vortex. The solution was prepared fresh daily.

2.2. Apparatus

The luminescence measurements were recorded by a portable tube luminometer from
Berthold Technologies (Bad Wildbad, Germany) and a spectrofluorometer Jasco FP 750
(Tokyo, Japan). The emission was measured inside the transparent polystyrene tubes,
which contained the developed sensor, in the portable luminometer. For preparing the
solutions, a Vortex mixer from Labnet International (Edison, NJ, USA) was used.

Microscopic images were taken with a Nikon microscope ECLIPSE E200LED MV
Series (Nikon Corporation, Tokyo, Japan) under bright-field illumination using 10× and
50× objectives.

The micrographs of scanning electronic microscope (SEM) were obtained with a
HITACHI-S4800 (Hitachi, Tokyo, Japan) operating at 20 kV. For measuring samples, Au/Pd
coating was required.

2.3. Sensor Fabrication

The sensors were fabricated by mixing in a glass vial 50 µL of nanopure water, 100 µL
of TEOS, 100 µL of MTEOS, and 2 mL of luminol 0.04 mM (pH = 10.7). To obtain a
homogeneous dispersion, the mix was vortexed for 1 min, and afterwards 200 µL of
the mixture were deposited on the bottom of the polystyrene tube. Tubes were heated
at 40 ◦C for 4 h and then they were covered with a polystyrene tube cap and stored at
room temperature (Figure 2). The same procedure was used to prepare PEG and glycerol
modified sensors. Table 2 shows the composition of the different studied compositions
expressed per unit.

Separations 2021, 8, x FOR PEER REVIEW 4 of 10 
 

 

 
Figure 2. Procedure of TEOS/MTEOS/luminol sensor fabrication. 

Table 2. Different mixtures tested in order to develop a luminol sensor. For all mixtures, 4.4 µL of 
nanopure water was used. 

Reagent Sensor A Sensor B Sensor C 
TEOS (µL) 8.9 8.9 8.9 

MTEOS (µL) 8.9 8.9 8.9 
Luminol 0.4 M (pH = 10.7) (µL) 177.8 177.8 177.8 

PEG (mg) - 5.8 - 
Glycerol (mg) - - 1.8 

2.4. Determination of Ammonium and Organic Amino Nitrogen by Using a Portable 
Luminometer 
(1) In Solution 

First, 20 µL of 0.4 mM luminol were added inside the tube. Then, 400 µL of a disso-
lution composed by 50 µL of 0.248 µM sodium hypochlorite and 350 µL of nitrogen stand-
ard solution or sample was thrown in to start the reaction. The CL signal was captured at 
10 s. The same protocol was used for measuring the CL signal by the lab equipment. 
(2) By using the sensor 

A total of 350 µL of the nitrogen standard or sample was mixed with 50 µL of 0.248 
µM sodium hypochlorite during 1 min. Then, the mixture was placed in the tube contain-
ing the luminol sensor (this was considered time zero for measuring CL). The CL signal 
was captured at 10 s. All assays were carried out at room temperature by triplicate. 

Water samples from fountain, seawater, transition, lagoon, and river were taken from 
different points of the Valencian Community (Spain). For recovery studies, samples were 
spiked with nitrogen concentrations of 0.07 and 0.105 mg L−1. Each sample was analyzed 
in triplicate. 

3. Results and Discussion 
3.1. Optimization of Luminol Immobilization 

To establish the optimal conditions for organic amino nitrogen and ammonium de-
termination, the effect of luminol and sodium hypochlorite concentration on CL intensity 
of the formed compound was previously studied in solution using the portable luminom-
eter. First, the luminol concentration was kept constant (0.4 mM) and the sodium hypo-
chlorite concentrations were varied between 0.025 mM and 0.4 mM. The light intensity, a 
transient signal, was recorded at 10 s, which was the minimum time needed for measuring 
precisely in the portable instrument and achieving low detection limits. As shown in Fig-
ure 3, it was found that the CL signal increased as the sodium hypochlorite concentration 
increased too. It was interesting to reach the maximum signal of the luminometer without 
saturation in order to obtain the maximum working range for the analyte, due to the fact 
that the presence of the analyte decreases the CL signal. Moreover, it was important that 

Figure 2. Procedure of TEOS/MTEOS/luminol sensor fabrication.



Separations 2021, 8, 149 4 of 9

Table 2. Different mixtures tested in order to develop a luminol sensor. For all mixtures, 4.4 µL of
nanopure water was used.

Reagent Sensor A Sensor B Sensor C

TEOS (µL) 8.9 8.9 8.9
MTEOS (µL) 8.9 8.9 8.9

Luminol 0.4 M (pH = 10.7) (µL) 177.8 177.8 177.8
PEG (mg) - 5.8 -

Glycerol (mg) - - 1.8

2.4. Determination of Ammonium and Organic Amino Nitrogen by Using a Portable Luminometer

(1) In Solution

First, 20 µL of 0.4 mM luminol were added inside the tube. Then, 400 µL of a dissolu-
tion composed by 50 µL of 0.248 µM sodium hypochlorite and 350 µL of nitrogen standard
solution or sample was thrown in to start the reaction. The CL signal was captured at 10 s.
The same protocol was used for measuring the CL signal by the lab equipment.

(2) By using the sensor

A total of 350 µL of the nitrogen standard or sample was mixed with 50 µL of 0.248 µM
sodium hypochlorite during 1 min. Then, the mixture was placed in the tube containing
the luminol sensor (this was considered time zero for measuring CL). The CL signal was
captured at 10 s. All assays were carried out at room temperature by triplicate.

Water samples from fountain, seawater, transition, lagoon, and river were taken from
different points of the Valencian Community (Spain). For recovery studies, samples were
spiked with nitrogen concentrations of 0.07 and 0.105 mg L−1. Each sample was analyzed
in triplicate.

3. Results and Discussion
3.1. Optimization of Luminol Immobilization

To establish the optimal conditions for organic amino nitrogen and ammonium deter-
mination, the effect of luminol and sodium hypochlorite concentration on CL intensity of
the formed compound was previously studied in solution using the portable luminometer.
First, the luminol concentration was kept constant (0.4 mM) and the sodium hypochlorite
concentrations were varied between 0.025 mM and 0.4 mM. The light intensity, a transient
signal, was recorded at 10 s, which was the minimum time needed for measuring precisely
in the portable instrument and achieving low detection limits. As shown in Figure 3, it was
found that the CL signal increased as the sodium hypochlorite concentration increased
too. It was interesting to reach the maximum signal of the luminometer without saturation
in order to obtain the maximum working range for the analyte, due to the fact that the
presence of the analyte decreases the CL signal. Moreover, it was important that the CL
signal is not highly dependent on luminol concentration, thus 0.248 mM was selected.
Second, the sodium hypochlorite concentration was kept constant (0.248 mM) and the
luminol concentrations were varied between 0.05 mM and 0.5 mM (Figure 3). The light
intensity was recorded at 10 s also. The results showed that the CL signal increased as
sodium hypochlorite concentration increased. The selected concentration was 0.4 mM, the
first value in the plateau.

To check the best material to immobilize and after to release luminol to the solution, dif-
ferent supports were tested. Based on our experience [1,19–22], several solid supports for lu-
minol entrapment were studied: PDMS, zein, and TEOS/MTEOS. Solid supports of PDMS
(Figure 4A,B) or PDMS-TEOS (Figure 4C–E) containing luminol were synthetized. PDMS-
based sensors were added to solutions containing buffer 0.2 M HCO3

−/CO3
2− PH = 11.2

to study luminol liberation, then 50 µL of hypochlorite were added to start the CL reaction.
Non-reaction was observed, thus the liberation of luminol was not produced. This behavior
can be attributed to the hydrophobicity of the PDMS support. No differences in behavior
were observed between PDMS and PDMS/TEOS and different sensor sizes. Furthermore,
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the covalent binding of luminol on PDMS was tested inside a polystyrene tube; however,
the immobilization cannot be carried out through the amino group or the immobilization
of luminol though the NH2 group impeded its oxidation by sodium hypochlorite reagent.
Zein was tested as a releasing support (Figure 4F) also; however, it is a protein and its
nitrogen groups reacted with the sodium hypochlorite, thus all hypochlorite is consumed
and the luminol oxidation was not carried out.
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size; (C–E) PDMS and TEOS with different size; (F) zein.

Finally, a sol–gel support based on TEOS/MTEOS containing luminol, which provided
a hydrosoluble support, was assayed (see Figure 5A). The influence of different compounds
in the device composition (see Section 2.3) was studied in order to select the best sol–gel
with suitable sensibility, solidification properties, stability, and satisfactory accessibility of
the analyte to the reagent. The addition of two plasticizers, PEG and glycerol, in the sol–gel
was tested in order to assay their possible benefits in the determination of analytes.

Two parameters were studied in order to select the best components in the sol–gel
sensor (Figure 5B): first, the loss of activity from the sensor vs. the time to heat in the
oven, and then, the sensitivity achieved to determinate nitrogen (7.5 µM and 15 µM of
nitrogen were tested). As it is shown in Figure 5B, the time to heat in the oven at 40 ◦C was
optimized in order to achieve an optimal functional solid without affecting to the luminol
stability. At 4 h, all sensors were solidified; however, an increase of 2 h produces a loss of
activity in the sensor, which contained PEG. Figure 5C shows the % inhibition achieved
by the different sensors; the addition of glycerol makes the sensor less sensible, which
can be due to the glycerol change the viscosity of the sensor, which can be related to the
luminescence signal obtained.
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(7.5 µM and 15 µM).

To sum up, it was observed that the addition of PEG did not provide significate
advantages, the linear range can be considered similar than that achieved without adding
PEG, and there was a big difference of activity if the sensor was heated during 6 h for
gelification (see Figure 5B). The addition of glycerol makes the sensor less sensible. Ac-
cording to the results, the option without PEG or Glycerol was selected for further experi-
ments. Microscopy images were obtained of the sol–gel sensor with and without luminol
(Figure 6). Morphology of the composite containing luminol was more ramified than that
corresponding to the composite without luminol (se also SEM images).
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Once the sensor was developed, the efficacy of luminol releasing was evaluated by
comparing the reaction in solution and with the sensor. The y-intercept from the reaction
in solution was considered the maximum CL signal to achieve (100%). The stability of the
sensor over time was evaluated by using 0.248 µM of sodium hypochlorite. The CL signal
was measured after 7 days by storage the sensor at room temperature and in the fridge.
The results show a good remaining activity in the sensor at room temperature (90 ± 3%);
however, in the fridge the sensor is stable for only 3 days, which can be due to the sol–gel
changing its physical properties.



Separations 2021, 8, 149 7 of 9

3.2. Analytical Parameters, Stability and Interferences

The applicability of the sol–gel sensor to determine organic amino nitrogen and
ammonium was evaluated by analyzing various nitrogen-containing compounds. All
concentrations were expressed as nitrogen. The responses of the developed sensor to
nitrogen solutions were recorded over 60 s. According to the results, 10 s were selected
as a compromise between the analytical signal and the total analysis time. The slopes
of the calibration graphs (µM−1 of N) obtained for methylamine as target of primary
amines and dimethylamine as target of secondary amines in comparison with that obtained
for ammonion were 94% and 91%, respectively. It has to be noted that tertiary amines
(trimethylamine) do not respond to nitrogen concentration. Putrescine and spermine were
selected as model compounds of polyamines. The slope values obtained were 108% and
82% in comparison with ammonium, respectively. From these results, total nitrogen content
of these compounds can be quantified with this procedure, which is in accordance with [17]
due to the slope values obtained for ammonium and organic amino groups, which were
statistically similar expressed as µM−1 of N: (−5.5 ± 0.5)104; n = 5.

Analytical parameters for the determination of dissolved organic nitrogen and ammo-
nium by using a portable luminometer and with a conventional luminometer are given in
Table 3. Although the results obtained with the conventional equipment were measured in
solution, the sensitivity achieved by using the portable luminometer with the sensor was
higher. This result is due to the portable luminometer capture the luminescence signal at
all wavelengths. Linear range and LOD are adequate to determine nitrogen in water sam-
ples [17]. RSD values verify that the precision of the method can be considered satisfactory,
3.4 and 5% were obtained for intra- and interday by measuring 0.14 ppm nitrogen stock
solution (values provided from sensors obtained from different synthesis). RSD values
for the conventional luminometer were obtained by measuring 0.75 ppm nitrogen stock
solution. An aim of this paper is to develop a quick procedure that allows evaluating the
nitrogen amount in water samples. The species determined have been the organic nitrogen
and ammonia.

Table 3. Several figures of merit of portable bynomial sensor luminometer and conventional procedure: in solution and lab
equipment. a by using the sensor b in solution.

Kind Calibration Precision, % RSD (n = 3)

Equipment Linear Range (ppm) Slope (ppm−1) R2 Intraday Interday LOD (ppm)

Portable a 0.036–0.35 (−4.2 ± 0.2)106 0.991 3.4 5 0.012
Conventional b 0.24–4 −2370 ± 70 0.994 0.81 - 0.07

The influence of salt concentration was studied for sea samples, which have a high
salinity (35 mg L−1) through spiked sea water with ammonium (0.07 and 0.105 ppm).
The recovery was satisfactory (98 and 106%, respectively; see next section also). The
selectivity toward compounds with sulfur atoms, and according to Meseguer et al. [17],
sodium sulfide (S2-) and mercaptoethanol (R-SH), decreased the chemiluminescence signal.
However, there is not interference in the concentration of biogenic sulfur found in natural
waters (around 0.25 ppb) [17]. Moreover, the interference of some metallic ions (Cr(III),
Co(II), Cu(II), Fe(III) and Cd(II)) was studied and non-signal was observed at the maximum
concentration levels established by the European Legislation (Directive 2015/1787), related
to the quality of water intended for human consumption.

3.3. Analysis of Samples

Different water samples were analyzed using the proposed CL sensor. Samples
were fortified and the standard additions method was used to validate the accuracy of
the method.

Table 4 shows the found nitrogen concentration in water samples calculated from
the calibration curve of N by external calibration and the recovery percentage of the
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added nitrogen (0.07 ppm and 0.105 ppm). Matrix effects were evaluated by spiking the
water samples with nitrogen. The recovery values were between 94 and 112%, thus no
matrix effect was present by using the developed sensor under the optimized experimental
conditions. The nitrogen contents can be obtained directly from interpolation in the
standard calibration curve. Values of total amino nitrogen found in samples were between
0.073 and 0.268 ppm N.

Table 4. Nitrogen found and recoveries in different water samples. a Processed in situ.

Sample Added (ppm N) Found (ppm N) (%) Recovery

Fountain (S1) a 0 0.08 ± 0.01
0.07 0.140 ± 0.004 97

0.105 0.26 ± 0.03 107
River (S2) 0 0.268 ± 0.009

0.07 0.344 ± 0.020 109
Transition (S3) 0 0.073 ± 0.009

0.07 0.144 ± 0.011 101
0.105 0.19 ± 0.02 107

Lagoon (S4) 0 0.228 ± 0.011
0.07 0.306 ± 0.007 112

0.105 0.327 ± 0.019 94
Sea (S5) 0 0.16 ± 0.03

0.07 0.228 ± 0.006 98
0.105 0.271 ± 0.018 106

4. Conclusions

The objective of this work was to develop a portable CL sensor for in situ control of
organic amino nitrogen and ammonium where luminol was embedded in a TEOS/MTEOS
sol–gel support. The sensor provides a successful release of luminol to the medium. The
luminescent signal was measured employing a portable luminometer, which allows to
determine nitrogen in place with high sensitivity. The sensor provides suitable linearity,
precision, and stability at room temperature.

Furthermore, this developed procedure allows a rapid and simple in situ analysis of
nitrogen in samples without trained personnel or complicated sample pre-treatment. The
sensor was applied to the measurement of organic amino nitrogen and ammonium in water
from different sources (fountain, river, transitional, lagoon, and sea). The proposed sensor
offers the advantage of simplicity, rapidity, portability and low-cost analysis, as well as high
sensitivity. This portable solution improved the detection limit achieved and sustainability of a
previous paper published by us [17] based on flow injection analysis and chemiluminescence
detection. Moreover, it conserves the option to be an approximation to Kjeldahl method and
it does not require sample treatment, being the measurement time of 10 s.
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