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Development of Doped Hybrid Xerogels as Optical
Fibre Sensors for Environmental pH Monitoring

B. Rosales-Reina, N. Whittaker, C. Elosta, S. Reinoso, T. Sun, K. T. V. Grattan, J. J. Garrido

Abstract—A set of optical fibre sensors (OFSs) for pH detection
have been prepared by doping hybrid xerogel (XG) matrices with
pH indicators for environmental monitoring. The hydrophobic
sol-gel  siliceous  materials  were  synthesised  from
propyltriethoxysilane (pTEOS) and tetraethoxysilane (TEOS),
and subsequently doped with phenolphthalein, bromophenol blue
and cyanidin chloride, resulting in three photonic pH devices
(OFS5pTEOSPH, OFS5pTEOSBP and OFS5pTEOSCY). Among
them, OFSS5pTEOSBP exhibited the best sensing performance,
showing a reversible optical response in the pH range from 2 to 6
with an intensity ratio variation from 0.92 to 0.52. The developed
sensors exhibit negligible dye leaching, good stability,
reproducibility, reversible response, and low hysteresis, with
response time from 5 to 190 s depending on the pH. Moreover,
their applicability was validated through pH measurements in real
soil samples.

Index Terms— Hybrid xerogel, optical fibre sensor, pH indicator,
soil pH monitoring.

[. INTRODUCTION

HE measurement of pH is important today in several

applications, such as biochemistry, chemistry, and

environmental science [1], [2], [3], and different types
of pH sensors have been developed in recent years [4], [S]. The
most used device is the specific electrode type [6] which
provides high accuracy and sensitivity. However, it is not ideal
for all applications and can show fragility, which leads to a
degradation of the performance, and requires frequent
recalibrations. In this context, OFSs offer many advantages for
measuring pH, highlighting their small sensing volume, remote
sensing [5], [7], [8], and specially, the fact that they do not need
any reference signal as the pH electrodes require [9], [10]: these
features make them suitable for many applications to physical
and chemical detection [11], [12], [13], [14]. Most optical pH
sensors rely on the use of pH colorimetric or fluorometric
indicators [15], among them organic pH-sensitive indicators
have been widely used in optical pH sensing [16] but they have
the disadvantages of the limited stability and leaching. A
strategy to reduce leakage of the indicator (which can be
inconvenient in some applications) consists of immobilizing the
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indicator in a sol-gel matrix, becoming one of the most widely
used and effective solid matrices for pH sensors [17].

The sol-gel methodology has been broadly adopted for the
preparation of sensitive coatings, providing excellent and
highly tuneable materials [18]. The process involves hydrolysis
and condensation reactions of alkoxide precursors in the
presence of water, leading to the formation of silica oligomers
within the sol and, subsequently, a gel when the solvent is
evaporated [19]. The films prepared with this method are highly
stable, optically transparent, and do not swell. In addition, this
approach is well-adapted for the deposition of thin films on
optical fibres by dip-coating. Through proper tailoring of the
material properties, the design of the pore surface chemistry and
the porosity can be optimised to minimise dye leaching,
important in this and other applications.

This work has been focused on monitoring pH changes in
soil, exploiting the positive features of a photonic sensor
developed for the purpose. The objectives of the research
included: a) characterising XGs, which were doped with the pH
indicators phenolphthalein (PH), bromophenol blue (BP) and
cyanidin chloride (CY), suitable for a pH range 2 to 7; b)
constructing OFSs using the doped hybrid XGs; and c¢)
evaluating their performance towards pH buffer solutions and
real soil samples. The pH indicators were selected based on
their detection range and solubility in ethanol, and they were
used to prepare three different XGs based on the SpTEOS
matrix [20], namely SpTEOSPH, SpTEOSBP, and S5pTEOSCY.
The inclusion of propylsilane groups into the silica matrix
lowers the hydrophilicity and porosity, provides a more flexible
matrix structure and reduces the film cracking [21] of the
resulting hybrid materials compared to pure silica XGs made
from TEOS. These characteristics minimised the leaching of the
embedded pH indicators when the sensors were exposed to the
measurement medium. The propylsilane molar content was set
to 5% because, as demonstrated in a previous work [20], this
percentage was found effective in tuning the chemical surface
properties of the materials. The three doped hybrid XGs were
characterised from the textural and structural viewpoint to
unravel their chemical and physical properties, after which they
were deposited onto the tip of an optical fibre to develop a set
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of sensors working in a reflection architecture. Furthermore, the
OFS response in this work can be seen to be self-referenced,
using the ratio between intensity peaks, leading to a direct
response for which no reference signal is required (as it is for
electrode-based sensors). The best performing sensor showed a
reversible, repetitive and reproducible behaviour in pH buffers
from 2 to 6. Moreover, the potential application for soil pH
monitoring was confirmed by real samples in the acidic pH
range.

II. EXPERIMENTAL ASPECT

A. Preparation and characterisation of the doped hybrid
xerogel

The three hybrid silica XGs doped with organic guest
molecules were synthesised using the sol-gel method [22]. The
selected guests were the following three species commonly
used as colorimetric pH indicators: disodium 4-[1-(4-
oxidophenyl)-3-oxo-2-benzofuran-1-yl]phenolate or
phenolphthalein (PH, purity > 99%, from Merck), 3,3',4,5,7-
pentahydroxyflavylium chloride or cyanidin chloride (CY,
purity > 96%, from Glenthan Life Sciences, Planegg,
Germany), and 3',3",5’,5"-tetrabromophenolsulfonephthalein
or bromophenol blue (BP, purity > 95%, from Merck). TEOS
(purity >99%) and pTEOS (purity > 97%) were purchased from
Sigma Aldrich. The (TEOS+pTEOS):EtOH:H>O molar ratio
used for the synthesis of these materials was 1.00:4.75:5.50,
where the TEOS and pTEOS precursor mixture all contained, a
fixed 0.95:0.05 molar ratio, to generate a hybrid SpTEOS
matrix. The doped XGs obtained following this procedure were
labelled as SpTEOSPH, 5pTEOSCY, and SpTEOSBP for
phenolphthalein, cyanidin chloride, and bromophenol blue
respectively.

The colorimetric indicators were introduced into the
synthetic medium as the ethanolic fraction as it follows:70 mM
ethanolic solutions of the pH indicators were added dropwise to
the TEOS and pTEOS mixture under continuous stirring,
resulting in a final concentration of 31.50 mM in the alcoholic
media. Milli-Q grade water was subsequently added dropwise,
and the final pH was then adjusted to 2.00 using a 0.10 M
HCl(aq) solution added with a Pasteur pipette. The vessels
containing the resulting sols were sealed with paraFILM™ and
placed in an oven at 60 °C (Thermo Electron LED T6, from
Thermo Scientific, Massachusetts, USA) to promote gelation.
Once the alcogels were formed, the vessels were kept closed
under ambient conditions for one week and opened afterwards
to allow the solvent evaporation, leading to obtaining the final
materials as monoliths.

B Optical set-up

To prepare the OFS from the XGs described above, optical
fibre pigtails with inner and outer diameters of 200 and 225 um,
respectively (FT200UMT, Thorlabs) were used. The active
sensing layer was coated onto the optical fibre planar cut end
using a process involving 1 immersion (immersion/extraction
speed rate of 150/10 mm min!) into the different, freshly
prepared solutions (gelation time equal to 0), enabling the
creation of three different probes (with a different indicator
each), labelled OFS5pTEOSPH (phenolphthalein),

OFSS5pTEOSBP (bromophenol blue) and OFS5pTEOSCY
(cyanidin blue). As it is reported in previous works about
sensors fabricated with this type of XGs, the coating thickness
is expected to be lower than 400nm [20].

An Oceanlnsight HDX spectrometer together with a DH-
2000-SDUV-TTLO halogen lamp from Mikropack , were used
to characterise the probes (see Fig. 1). These devices were
connected by a 200 pum bifurcated fibre for UV-vis (UV-vis
50:50 Y coupler, from OceanOptics). The integration time
selected was 500 ms, the scans average and the boxcar width
were set at 3, the spectra were saved every 5 s, and the sensors
were kept in each buffer solution for 20 min.

The response was characterised by the intensity ratio
between the two most intense peaks (/i and L) from the
reflected signal spectra. This measuring method offered the
advantage of being faster and simple because it does not need
to first compute the absorbance and then interpret the spectra.

Bifurcated fibre o

medium
Spectrometer
Halogen light

Fig. 1. Experimental set-up to register the sensor response.

C. Characterisation

The physical properties of the three different pH indicators
(PH, BP, and CY) used to dope the hybrid XG matrix 5SpTEOS
are summarised in Table Al in the Appendix. The resulting
doped XG materials (SpTEOSPH, S5pTEOSBP, and
SpTEOSCY) were characterised and compared to the TEOS
and 5pTEOS reference XGs in terms of: a) powder X-ray

diffraction (PXRD); b) Fourier Transform infrared
spectroscopy (FT-IR); c¢) thermogravimetric analysis and
differential scanning calorimetry (TGA/DSC) and d)

adsorption-desorption isotherms using N, (—196 °C), CO; (0
°C), and water vapour (25 °C). A detailed description of these
techniques, the parameters used in these characterisation
experiments, and the interpretation of the diffraction patterns,
FT-IR spectra and TGA-DSC analyses is available in the
Appendix. All this characterisation was found useful to verify
that the pH indicators were integrated into the XG matrix, and
that their structural and thermal properties were not negatively
affected.

Fig. 2 shows the N, and CO; the adsorption-desorption
isotherms, while the derived textural parameters are collected
in Table I. All the isotherms are of type I(b) based on the
IUPAC classification [23], which corresponds to mainly
microporous materials with a narrow pore size distribution
(PSD), that are favourable for the construction of the OFSs.
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Fig. 2. Adsorption-desorption isotherms registered with N,
(=196 °C) and CO; (0 °C) for the reference TEOS and SpTEOS
materials and for the xerogels doped with pH indicators, along
with pore size distributions (lines-markers: adsorption,

continuous-filled; desorption, dashed-empty).

TABLE 1
TEXTURAL PARAMETERS OF THE TEOS AND S5PTEOS
REFERENCE MATERIALS AND THE XEROGELS DOPED WITH PH
INDICATORS AS DERIVED FROM THE N, AND CO,; ADSORPTION-

DESORPTION ISOTHERMS.
TEOS 5pTEOS 5pTEOSPH 5pTEOSBP 5pTEOSCY

ager (N2) (m? g1 697 607 61 349 506

apr (CO2) (m? g™) 510 444 282 384 501
Vmiero (N2) (cm?® g) 028 025 0.03 0.14 0.21
Vmiero® (CO2) (cm*g™")  0.19  0.19 0.12 0.16 0.21
Vmesol) (N2) (cm* g™) 0.12 0.01 NEGL NEGL NEGL
VAl (N2) (em?® g!) 0.41 0.27 0.03 0.15 0.22
EJI (N2) (kJ mol™) 15.7 18.7 13.6 20.5 19.3
E1(COz) (kI mol™) 19.9 19.6 20.8 20.8 19.4

[a] Calculated from the isotherms at p/po = 0.30: [b] Micropore volume obtained from the DR model
(see the Appendix); [c] Calculated as Vineso=V1—Vmacto—Vmicro.; [d] Total pore volume obtained from the
isotherms at p/po = 0.95; [e] Characteristic energy obtained from DR model (see the Appendix).

The embedding of the pH indicator into the SpTEOS XG
matrix resulted in a decrease in the aggr, which follows the
order: SpTEOSCY > S5pTEOSBP > SpTEOSPH. Notably,
SpTEOSPH barely adsorbs N» and exhibited the narrowest pore
distribution according to the CO, adsorption-desorption
isotherm, thus being a mainly ultramicroporous material. This
suggests an active diffusion process, as the pore volumes are
extremely narrow, and the kinetic energy of the N> molecule at
—196 °C is not enough to access the materials surface
effectively [24]. The characteristic energy increased as the aper
decreased, the order being the reverse of that mentioned above
for aper. Considering all the textural parameters and the
adsorption-desorption isotherms, the materials were found to be
mostly microporous. This feature should not constitute any
drawback for their use in the construction of pH sensors, since
the aim for the XG coating is to interact reversibly with the
medium.

The final sensors developed were to be used in aqueous
media, so that a labile interaction with water was required. This
characteristic was explored through adsorption-desorption

isotherms of water vapour performed at 25 °C, which are shown

in Fig. 3.
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Fig 3. a) Water vapour adsorption-desorption isotherm at 25 °C
and b) semilog representation for the references (TEOS and
S5pTEOS) and the doped hybrid xerogels (5pTEOSPH,
SpTEOSBP, and 5SpTEOSCY).

The doped hybrid XGs all exhibited very similar behaviour,
which differs from those of the TEOS and 5pTEOS references
in their adsorption quantities at low pressure values. The
isotherms from the doped hybrid XGs could be classified as
type I(b), with nearly negligible hysteresis loops. According to
the textural parameters in Table II, the inclusion of propylsilane
groups (SpTEOS) decreased ager and the mesoporous volume
(Vmeso) In comparison with TEOS, the former parameter being
further reduced upon inclusion of the pH indicators. Among the
doped hybrid XG materials, slight differences were observed in
aget, as well as in the microporous (Vmicro) and mesoporous
(Vmeso) volumes, showing larger hysteresis loops than the
reference materials. The semilogarithmic graph in Fig. 3b
displays in detail the microporous region, highlighting the
similarities between the three doped hybrid XGs and the
differences in the mesoporous region for the reference
materials.

TABLE 11
TEXTURAL PARAMETERS OF THE REFERENCE MATERIALS
TEOS AND 5PTEOS AND THE XEROGELS DOPED WITH PH
INDICATORS AS DERIVED FROM THE ADSORPTION-DESORPTION
ISOTHERMS WITH WATER VAPOUR.
TEOS SpTEOS SpTEOSPH SpTEOSBP SpTEOSCY

qul™ (mmol g 1) 943 6.87 481 4.77 4.62
aper (m? g ) 710 517 362 359 348
Vimier® (cm® g)  0.18  0.14 0.10 0.09 0.09
Vmeo (cm® gy 0.10  0.04 0.05 0.05 0.05
Vol (cm® 1) 029  0.19 0.16 0.14 0.15
EJ1 (kJ mol™) 764 794 8.63 8.26 7.83

[2] Monolayer capacity obtained by the BET (see the Appendix); [® Micropore volume obtained from
the isotherms at p/p® = 0.30; [/ Mesopore volume obtained from the isotherms (0.8 < p/p® < 0.95); [
Total pore volume obtained from the isotherms at p/p® = 0.95;!¢] Characteristic energy obtained from DR
model (see the Appendix).

The adsorption-desorption isotherms with water vapour at 25
°C demonstrate that the studied doped hybrid XGs could be
used in aqueous solution. No condensation occurred at p/p°® = 1
and the adsorption-desorption process was reversible, as the
starting and the ending points of the adsorption and desorption
branches matched in all cases. Furthermore, the incorporation
of propyl groups enhanced the hydrophobic character of the
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materials surface and could be leading to a reversible sensor
response.

D. Optical fibre sensor characterisation for different pH
buffers

The doped hybrid XGs were used to prepare the sensors
OFS5pTEOSPH, OFS5pTEOSBP, and OFS5pTEOSCY. Their
performance was evaluated in the pH scale from 2 to 6 to
preserve the integrity of the doped hybrid XG coating. The

results are displayed in Fig. 4.
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Fig. 4. Left column: time response in terms of the intensity
ratio of sensor (red line) for different pH steps (dashed line);
right column: average value of the intensity ratio for different
pH buffers.

The OFS5pTEOSPH probe showed negligible changes

because the XG colour transitions from colourless to yellowish
at pH = 6, and then to pink at pH = 12, these pH values lying
out of the working range. In the case of OFSSpTEOSCY, the
XG colour goes from red in strongly acidic pH to purple at pH
=4, and then to blue at pH = 6, but the CY molecules were very
sensitive to the storage temperature, limiting the sensor
performance. Finally, OFSSpTEOSBP showed the highest
sensitivity, with the ratio I/, (R? = 0.8610) varying from 0.90
at pH =2 to 0.52 at pH = 6, the colour changing from orange to
blue when the pH went from 2 to 4 (see Fig. Al). Therefore,
OFS5pTEOSBP was selected for the subsequent tests.
Fig. 5 shows the spectra recorded for OFSSpTEOSBP after
being immersed for 10 minutes in different pH buffer solutions.
It can be observed how the intensities of the two monitored /;
and /, peaks vary with the pH.

6 - 1

)

]

4 -

S 4

12

al

2]

a2

2

g

pH2 pH3 pH4 pH6

0 . T T T . T
450 550 650 750

Wavelength (nm)
Fig. 5. Variations in the peaks (/; and I») intensity for
OFS5pTEOSBP.

E. Optical fibre sensor reproducibility and repeatability for
different pH buffers

To evaluate the reproducibility, a second probe was prepared,
so the two sensors were labelled as OFSSpTEOSBPI1 (original)
and 2 (replica). Applying a sequence of decreasing and
increasing pH values over two consecutive cycles using five
different pH buffer solutions (pH = 2, 3, 4, 5, and 6) allowed
also the repeatability and the hysteresis of these probes to be
evaluated. Fig. 6 displays both the real time value of the
intensity ratios and the corresponding calibrations. Each
sequence of decreasing / increasing pH values was repeated
twice to confirm repeatability: the ratio values for each pH were
averaged to obtain the calibration lines, using their standard
deviation as error bars. The response is reversible (with a low
hysteresis) and, overall, both sensors follow a similar trend. To
evaluate the hysteresis between the increasing and decreasing
branches of the pH value, the area enclosed between the
branches was calculated. The values obtained (listed in Table
AlIV), were around 0.1 in both cases, being somewhat smaller
for OFS5pTEOSBP1. The response time (Figure A5a) for both
sensors is similar: the shortest times were obtained at pH =3 (7
and 5 s for probes 1 and 2, respectively), whereas the longest
responses were observed at pH = 6 for the sensor 1 (187 s) and
at pH =5 on the decreasing branch of the pH scale for the sensor

2(148 ).
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Fig. 6. Top row: intensity ratios over time for different pH
values (2, 3, 4, 5, and 6); bottom row: the corresponding

calibrations lines for decreasing and increasing pH values.
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The value obtained for pH = 2 in these tests, deviates
significantly from the trend for both sensors; therefore, a new
reproducibility test with OFS5pTEOSBP1 was carried out in
the pH range from 3 to 6, but applying pH variation steps of 0.5,
units instead of 1.0 (Fig. 7). The result obtained showed higher
R? values (0.9661 and 0.9764 respectively).

0.9 2

1,/1, (ru)
sxapnq gd

0 100 200 300 400 500
Time (min)

OFS5pTEOSBP1: Calibration curves

0.9
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0.7 1 ¥,
3 wd
g <
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y=-1.4010"'x + 1.23 \J
R?=0.9764
0.3 T T T T
2 3 4 5 6 7
pH buffers

Fig. 7. Intensity ratio of OFS5pTEOSBP1 for a sequence of
decreasing and increasing pH values and calibration approaches
to show long-term stability.

The dynamic range obtained in the reproducibility and
repeatability experiments have similar values (in Fig. 7 the
dynamic range was from 0.80 to 0.42 while in Fig. 6 was from
0.81 to 0.32). These slight variations were observed at the
higher limits of the working range, in which the response was
less linear. For this sensor, the shortest response time (Figure
ASb) was obtained at pH = 3 (5 s), while the longest one was
observed at pH = 4.5 (150 s) on the increasing branch of the pH
scale. The hysteresis loop calculated was similar to that of the
previous test (HL = 0.10), as shown in Table AIV.

F. pH monitoring of real soil samples by OFS5SpTEOSBP 1

To verify the performance in a practical environmental test,
an evaluation was conducted using real soil samples (the
properties of which can be found in Table AV) with modified
pH. To achieve this modification, their moisture content was set
at 50% by firstly drying the samples overnight at 200 °C in an
oven, and then, adding an amount of buffer solution equal to
half of the dried sample mass. The resulting pH was verified by
a litmus paper test, before performing the evaluation. The
response of OFS5pTEOSBP1 was characterised by a sequence
of samples with increasing-decreasing pH (see Fig. 8). The
sensitivity obtained for the soil test was slightly lower than that
for the pH buffers (from 0.66 to 0.38), but the same behaviour
trend was observed: when the pH increases the intensity ratio

decreases and vice versa, this trend being reversible, repetitive
and with a low hysteresis. It is also noticeable that the different
OFS5pTEOSBPI tests were performed during different days,
confirming the stability of the probes over time.
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Fig. 8. Intensity ratios of OFS5pTEOSBP1 when immersed
in soil samples with different pH values and the corresponding
calibration approaches.

The response time values registered, (see Fig AVb) differ
slightly from those obtained with the same sensor when
exposed to the buffer solutions. This may be due to the fact that
these measurements were carried out in a different medium,
where the signal stability could have been affected. On the other
hand, the hysteresis obtained was the lowest (0.0001, Table
AIV), which indicates the reversibility of the measurements.

Table III provides a bibliographic summary of the
characteristics of different sensors used to measure buffer
solutions. According to this summary the sensor presented in
this work shows a higher measurement pH range than those
found in the literature.

TABLE III

COMPARISON OF THE OFSS5PTEOSBP PERFORMANCE TO

THOSE OF OTHER SENSORS WITH DIFFERENT SENSING MATERIALS

AND CONFIGURATIONS.

Configuration Material pH range Medium Ref
AElectrical Resistance SWNTs 59 Buffers [25]
Colorimetric TEOS, CR, ChR and BR  2-13 Buffers [26]
PEI/PAA 5.92-9.23 Buffers [12]

Optical transmission Phenol red in a silica 1-10 Buffers [13]
Dye contained in an H*  7.0-7.4 Blood [4]

PR-MSNE 1-10 Buffers [11]

Optical Interferometer SA/PEI 2-11 Buffer [5]
FBG 5-7 Buffers [27]

Optical reflection mPOFBG 5-7 Buffers [27]

SpTEOSBP 2-6 Buffers / Soil This work

CR: CRESOL RED, CHR: CHLOROPHENO RED, BR: BROMPHENOL REDSWNTS: SINGLE-WALLED
CARBON NANOTUBES, PEI: POLYETHYLENEIMINE, PAA: POLY(ACRYLIC ACID), SA: SELF-ASSEMBLED
SODIUM ALGINATE, PR-MSN: PHENOL RED DYE FUNCTIONALIZED MESOPOROUS SILICA NANO-
STRCTURES/NANO TUBES FBG: FIBER BRAGG GRATTING, MPOFBG: MICROSTRUCTURED POLYMER
OPTICAL FIBER BRAGG GRATING.
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CONCLUSION

The research carried out has shown that the hybrid silica
xerogel containing 5% propyl-substituted silica can be
successfully employed as robust host matrix for pH indicators,
enabling the construction of optical fibre sensors with enhanced
stability and repeatability. Of the three doped xerogels
prepared, the bromophenol blue (BP) based material
(5pTEOSBP) exhibited the most reliable and sensitive optical
response, characterised by a reversible response in the intensity
ratio between the monitored spectral peaks in the pH interval
from 3 to 6. The sensing mechanism, based on self-referenced
optical measurements, avoids using external reference signals,
leading to an improved reproducibility. Moreover, negligible
leaching, low hysteresis values, and response times as short as
a few seconds under acidic conditions confirmed the robustness
of the sensing layer. It is remarkable that the sensors
performance was preserved when applied to real soil samples,
confirming its suitability for environmental pH monitoring.

Nonetheless, the working range of the developed sensors
remains constrained by the hydrolytic degradation of the
xerogel coating under alkaline media, limiting reliable
operation above pH 6.

In summary, this study presents a proof of concept for the use
of doped hybrid xerogels as optically responsive coatings,
paving the way for advanced pH sensing strategies. Future
developments should focus on extending the long-term
chemical stability of the hybrid network, integrating additional
chromophore systems to broaden detection ranges, and
adapting the approach for multiplexed or distributed sensing
platforms, particularly in environmental and agriculture
monitoring applications.

APPENDIX

The appendix includes the materials characterisation
additional data and graphs, as well as the colour change of the
monolith in the pH working range.
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