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KEYWORDS Abstract Thermally stable surfactant modified silica nano-matrix is synthesized by the sol-gel
Silica nano-matrix; method at low temperature. The surfactant such as cetyltrimethylammonium bromide (CTAB)
Bromophenol blue dye; assisted silica matrix is encapsulated with bromophenol blue (BPB) for sensing activities. Prepared
Mesoporous structure; nano-matrix consists of numerous morphological structures such as a pseudo-spherical, hierarchal
Optical properties; and islands. The morphology of mesoporous high surface area matrices is strongly affected by
Evanescent field optical fiber CTAB, BPB dye and the aging conditions that determine the transformation from disordered silica
Sensors; nano-matrix morphologies to ordered encapsulated structures. Furthermore, smooth surface matri-
Sensitivity ces with low surface roughness 1.2 nm, low refractive index 1.36, large pores and small dimensions

of heteroatoms contribute to the stable sensing activities. The response of coated fiber optic is deter-

mined at dynamic pH range 1-12. The prepared sensor has reversibility/repeatability, stability and

fast response time of approximately 0.25 s in basic media. The accuracy of sensing device measure-

ments in household ammonia solution and the borax solution suggested that prepared device has

clear potential for daily life usage.

© 2018 King Saud University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(M.S.bin.A. Aziz). Recently, silica-based materials have received a great attention
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with ultra-porous networks and the high surface area in a wide
range of research fields such as energy conversion and storage,
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organic functionalities with inorganic oxides. A characteristics
due to superior properties of silica i.e., high colloidal stability,
chemically inertness, thermal stability, water-solubility, non-
toxicity, biocompatibility, transparent to light, magnetism
(allowing the combined components to keep their original
optical and/or magnetic properties) that makes it an ideal sup-
port for encapsulation of organic and inorganic nanomaterials
[4-6]. In some cases, the interaction between the metal and
organic species consists of non-bonded interactions due to
electrostatic bonding, hydrogen bonding, and van der Waals
forces. This type of non-covalent organically modified silicates
contains chemical moieties to increase compatibility [7]. How-
ever, sol-gel based composites’ formation relies on the cova-
lent bonds chemistry between the two systems to increase
phase coupling [8]. So far, the wet chemical route i.e., sol-gel
is the most frequently employed method for silica-based com-
posite preparation at mild conditions due to its convenient
control over shape, size, and structures [9].

The structures of the composites have a decisive significance
for their properties and applications. Regular morphology
with controllable size of silica nanoparticles cannot be
obtained easily. During aging period, large particles crack
due to volatile components’ evaporation and smaller particles
are unstable that tend to aggregate. As demonstrated in many
studies, smooth crack-free morphological control is a critical
factor, especially for sensing applications. Uniform/ordered
and spherical morphology attracts sustained research interests
because it minimizes the viscous effects and provides short
pathways for transport and controlled diffusion of reagents
and analytes [1]. In pH sensors, stability and leachability from
porous supports (matrix), which host the dye, is also a critical
issue. Therefore, large-sized mesopores, smooth mass trans-
port can be grasped for large reagent molecules. Coti et al.
[10] reported that due to the organic appendages on the sur-
faces of the nanoparticles and onto the walls of the pores,
mesoporous silica is considered as a highly suitable host mate-
rial for the incorporation of guest molecules (dye). For this
study, BPB dye molecules are encapsulated in silica matrix.
TEOS is used as silica source which is hydrophilic and the
resultant matrix is negatively charged. Basically, the nature
of the matrix affects virtually all characteristics and applica-
tions of the dye, such as it causes spectral shifts of both
absorption and emission; it affects the intersystem crossing,
and consequently sensing lifetime [11].

Lately, many cladding-removed optical fiber (CROF) based
approaches have been developed for detecting humidity
[12-14], ethanol [15], methanol [16], ammonia [17], and other
gases [18,19]. Nevertheless, as it was previously commented,
optical fiber sensors are gaining the interest of the scientific
community by their already well-known advantages such as
remote sensing, small dimensions, low weight, immune to elec-
tromagnetic interferences, real-time monitoring, biocompati-
bility, and multiplexing capabilities [20]. The use of
nanoparticles in coatings, its fabrication, parameters, and
compositions are still under study in order to improve sensitiv-
ity, stability, and other desirable sensing values. Generally, for
optical fiber sensing, cladding-removed optical fiber (CROF) is
one of the simplest structures, operated on the modulation of
the light intensity propagating in the fiber. The advantage of
intensity based plastic clad silica (PCS) pH sensor lies in their
simplicity and compatibility with multi-mode fiber technology
providing greater sensitivity than direct spectroscopic devices

Table 1 pH range and response time of BPB encapsulated
silica matrix.

pH sensitivity range Response time Ref.
24 = [22]
475 - 23]
3-6 Several minutes [24]
2-12 15-150 s [25]
35 1-2 min [26]
3-8 20-40's [27]
57 10s 28]
4-75 5s [29]

[21]. A short distance of the fiber cladding is removed and then
replaced by the nanostructured coating (sensitive region),
which interacts with the surrounding media. Additionally,
the combination of fiber optic with the dye encapsulated
matrix can enhance certain performance parameters of the
existing devices, e.g., dynamic range, sensitivity, robustness,
and lifetime. These improvements are due to the mesoporosity,
high surface area and lower roughness of host matrix. Thus, a
higher surface area in sensitive regions allows even lower limits
of detection in pH sensing. Furthermore, the encapsulation of
dyes into mesoporous network is a considerable challenge due
to its leaching problems, dynamic range and response time;
numerous efforts have been directed toward the development
of non-leaching and fast responsive pH sensors at dynamic
pH range, which is summarized in Table 1.

Hereby, we are reporting the possibility of introducing BPB
dye into the smooth crack-free mesoporous silica network that
modified the morphology, physiochemical and optical proper-
ties of the nano-matrices for broad dynamic pH range and fast
responsive fiber optic pH sensing applications. Experimental
analysis suggested that silica-based nanocomposites with smal-
ler size and various structures can be obtained by surfactant
CTAB addition (structure modifying agent) and by the appro-
priate aging period, it is possible to achieve complete entrap-
ment thereby eliminating leaching and fast response of
prepared sensor can be observed.

2. Experimental

2.1. Chemicals and reagents

Tetraethylorthosilicate (TEOS) [98%  Aldrich], ethanol
(EtOH) [Grade GC, 94%, QRec], nitric acid (HNO3) [65%
Merck], cetyltrimethylammonium bromide (CTAB) [Fisher
Chemicals], bromophenol blue (BPB) [Merck], and standard
pH buffer solutions were purchased from Sigma—Aldrich. All
these products were used exactly as received without further
purifications.

2.2. Synthesis of the silica nano-matrix and BPB encapsulated
silica matrix sols

Silica sol was synthesized by mixing optimized values of 10 ml
TEOS (tetracthylorthosilicate) into 40 ml ethanol and mixture
of 20 ml H,O and 2 ml of 0.1 M HNOj;. The molar ratios were
TEOS: EtOH: H,O: HNO3 ~ 1.38: 5.5: 2.7: 0.27. According to
literature [30], in open system, ethanol is more volatile than
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water, which decreases the re-esterification reaction probability
and leads to enhance the hydrolysis rate. Whereas, the high
ratio of water reduces the aggregation between the silanol
groups Si (OH) and favors long gelation time. Moreover, 1
ml of 0.5M concentration of Cetyl Trimethyl Ammonium
Bromide (CTAB) solution was mixed into the above solution.
The solution was stirred for 1 h at 70 °C. On the other hand,
BPB encapsulated silica matrix was synthesized by mixing of
2 ml of 0.05 M concentration of BPB dye into silica sol. This
mixture was stirred and heated at 80 °C for 1 h. In order to
ensure proper combination of the constituents and removal
of volatile components from synthesized sol, it left for several
days for appropriate aging cycles at room temperature. The
overall scheme reaction for nanoporous network with sche-
matic illustration is shown in Fig. 1.

2.3. Sensor device preparation

For fiber optic sensing device, processing steps were as follows:
firstly, ~5 cm unclad portion of the PCS optical fiber (25 cm
long, 1012 um core diameter with NA = 0.37 £ 0.02 and
1.457 core refractive index) was cleaned for 5 min by concen-
trated nitric acid. Secondly, after thoroughly rinsing with de-
ionized water, the sol was dripped off (drop casting) on unclad
portion of the fiber (a drop of the solution is hold at the exit of
a needle, and then, the drop is moved along the 5 cm unclad
segment of fiber). The same conditions were adopted for glass
substrates. After drop casting, the substrates i.e., glass slides
and fiber were aged at room temperature for several days.
The BPB encapsulated silica nano-matrix were self-assembled
on the surface of the sensing fiber because of the electrostatic

Stirring
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| TEOS + Ethanol |

4
| H>;O0 + HNOs3

CTAB
Stirring at 70°C| for 1 hr

SiO: sol

I Bromophenol blue ]
Stirring at 80° Cl for 1 hr

Bromophenol blue
encapsulated silica matrix

Fig. 1

force produced. Subsequently, the modified optical fiber was
treated with buffer solution pH 1-12.

3. Characterization

Field-emission scanning electron microscopy (FESEM, Carl
Zeiss) was employed to observe the morphology of the pre-
pared samples. Whereas, energy dispersive X-ray (EDX) was
used to analyze the elemental constituents of silica nano-
matrix and BPB encapsulated silica matrix. The roughness
was analyzed by atomic force microscopic (AFM) equipment
SPI 3800N. FTIR spectrophotometer Perkin Elmer Series
L160000A (in the range of 4000450 cm™") was used to assess
the structural information and interaction between the reactive
species and silica molecules. Silica nano-matrix and BPB
encapsulated silica matrix specific surface area was measured
by Brunauer—Emmett-Teller (BET) method using micromerit-
ics 3 Flex version 3.01. Average pore size distribution of pre-
pared samples was calculated by Barrett—Joyner—Halanda
(BJH) model. UV-visible transmission spectra of silica nano-
matrix and BPB encapsulated silica matrix thin films were
measured by Shimadzu UV-3101PC spectrophotometer. The
employed spectra were in the range of 400-700 nm with an
accuracy of £ 3 nm. Weight loss and behavior of the prepared
silica nano-matrix and BPB encapsulated silica matrix at high
temperatures were investigated by Thermo gravimetric analy-
sis. The analysis was carried out with a heating rate of 10
°C/min from room temperature to 300 °C with Mettler Toledo
Srar thermal analysis system (Versions 9.10 and 9.20). The
progressive response of sensor for dynamic pH range 1-12
was inspected by an experimental setup system. The setup sys-

Growth and
Self-assembly

\ Mesoporous BPB encapsulated
silica nanoparticles

Overall scheme reaction of silica nano-matrix and BPB encapsulated silica matrix, schematic representation of proposed

mechanism for synthesized BPB encapsulated silica porous matrix network.
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tem consists of the white LED as light source, a scientific-grade
UV-Vis spectrometer (USB2000, Ocean Optics Inc., Dunedin,
FL, USA) and a data processing computer. The transmitted
light was then collected by spectrometer in terms of light inten-
sity toward the wavelength with associated data processing
software (Spectra Suite, Ocean Optics Inc., Dunedin, FL,
USA).

4. Results and discussions

4.1. Structural analysis

FE-SEM analysis was employed in order to assess the influ-
ence of CTAB on silica matrix and behavior of encapsulated
BPB dye species into silica matrix morphology. Fig. 2-I(a)
shows overall heterogeneous morphologies of silica particles
at lower magnification 20 pm. However, magnified micro-

graphs [Fig. 2-I(b—d)] show the coalescence of nano-colloids
of CTAB modified silica particles clearly, which is probably
due to the uncontrolled agglomeration of nanoparticles. Gen-
erally, silica particles have tendency to easily agglomerate
because of their large surface-to-volume ratios and high sur-
face tension. Formation of silica was increased by following
the continuous reduction of silica ions. In order to diminish
its considerably high surface energy, it starts to coalesce in
an oriented fashion instead of further growing individually
[Fig. 2-I(c)]. Inset (i) is a schematic representation of CTAB
modified silica particles. Ataee-Esfahani et al. [2] reported that
interaction between the silica particles and surfactant species
through hydrogen bonding allows the molecules to organize
into an ordered array at the liquid-solid interface, thus gener-
ating mesoporous structures. Fig. 2-I(d) is corresponding to
the magnified area of (c) which clearly shows porous nature
of silica matrix. During aging, exchange reactions take place
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Fig. 2-1

(a) FE-SEM micrographs of CTAB assisted silica nano-matrix, (b, ¢) is the magnified area of (a), whereas, (d) is corresponding

to the magnified area of (c). While, inset (i) corresponding to the schematic representation of CTAB assisted silica nano-matrix, (e) is EDX
spectrum of (a), and (ii) is wt. % values of CTAB assisted silica nano-matrix elements.
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(hydrolysis of ethoxy groups and polycondensation of the
resulting species), thus leading to the formation of small crys-
tallites with a high surface-to-volume ratio [Fig. 2-1(d)].
Furthermore, dispersal state of the CTAB-modified silica
matrix after encapsulation was observed in Fig. 2-1I(a); may
be dye species stabilized sufficiently to ensure a degree of order
in the CTAB assisted silica porous network. Fig. 2-1I(b) is the
magnified image of Fig. 2-1I(a); the nanoparticles are nucle-
ated/grown [31], suggesting that the surfactant CTAB can be
used to obtain non-aggregated, nano-porous channel struc-
tures of BPB encapsulated silica matrix. Inset (i) is representing
a schematic illustration of BPB encapsulated CTAB modified
silica matrix. Generally, the physical status/properties and
behavior of encapsulated BPB dye molecules in a silica
nano-matrix is affected by three major factors—aggregation,
restricted motion and limited diffusion. After encapsulation,
less aggregation was observed between dye molecules and silica

nano-structure (contains —Si—O—Si— bonds) [Fig. 2-11(c)]. As
documented in literature [32], the molecules motion can be hin-
dered in rigid polymer matrices or in viscous media. In silica
nano-matrix, —O—Si—O— chains act like a barrier to reduce
their motion between the dye molecules, thus reducing the pos-
sibility of aggregation. High concentration of dye molecules in
the silica matrix results in the formation of high degree of
aggregates. In addition, particles are uniformly arranged after
encapsulation and result in a flower-shaped compact frame-
work. However, some alveolate pores were also observed
[Fig. 2-1I(d)]. These pores are caused by the removal of the
organic compounds (solvent and CTAB species) from the silica
particles. Distribution of pores/porosity channels was devel-
oped as a result of differential stresses developed from non-
uniform drying/shrinkage/evaporation of organic solvents or
from CTAB. Such differential stresses arising from inhomoge-
neous densification and are associated with brittle transition in

200nm
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(a) FE-SEM micrographs of BPB encapsulated CTAB modified silica particles, (b) is the magnified area of (a), whereas (c, d) is

zoomed area of (a). (e) corresponding to the EDX spectrum of (a), inset (i) is a schematic representation of BPB encapsulated CTAB

modified silica matrix and (ii) is wt. % values of elements.
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consolidated bodies, and can yield the crack propagation if not
relieved properly. Moreover, some other structural defects and
pores associated with density variations can play a detrimental
role by growing during heat treatment and thus limiting end-
point densities.

Fig. 2 [I(e) and II(e)] shows the EDX spectra of silica nano-
matrix and BPB encapsulated silica matrix, respectively. Pt sig-
nals belong to the top coating, which was applied for FE-SEM
analysis. Both samples exhibited silicon, oxygen, carbon, nitro-
gen and bromine signals, the values in wt. % are tabulated in
insets of Fig. 2-1 and Il(e). Presence of these elements suggests
that the nanoparticles are only made up of Si and O. Carbon,
nitrogen and bromine is associated with CTAB. Moreover,
oxygen and carbon also correspond to BPB species. After
encapsulation, slight variations of elements were observed
which reveals that the CTAB and BPB species has good inter-
action with silica network.

Atomic force microscopy (AFM) analysis was carried out
to study the morphological characteristics/texture, average sur-
face roughness (Ra) and root mean square surface (RMS)
roughness of silica nano-matrix and BPB encapsulated silica
matrix. The scanned area is 1x1 pm? Fig. 3(a, b) illustrates
the 3-D topography of silica nano-matrix and BPB encapsu-
lated silica matrix, respectively, signifying the locally homoge-
neous surfaces, spherical shape and nano-scale size
distribution of resultant nanoparticles.

The 2-D view and its respective line profile of silica nano-
matrix [Fig. 3(c)] and BPB encapsulated silica matrix [Fig. 3
(d)] shows the representative overall length of marked parti-
cles. 3-D image of CTAB assisted silica nano-matrix [Fig. 3
(a)] suggests the porous aggregated structure morphology
and measured Ra is ~1.73 nm with RMS roughness ~2.2
nm. However, after encapsulation Ra is decreased down to
1.2 nm and RMS down to ~1.44, and monodispersity of par-

[nm])

ticles highlights the good interaction of dye species with silica
nano-matrix [Fig. 3(b)]. Once BPB dye is encapsulated into the
mesoporous silica network, the flat and rigid dye species can
no longer escape and remain well trapped within the silica net-
work. Subsequently, the interaction of BPB dye species and
CTAB micelle may generate n-stacking, and such phenomenon
could emphasize the stability of dye toward encapsulation and
enhance the rigidity of the structure. Moreover, the n-stacking
ordering of the dye species favors their insertion into the silica
network and therefore enhances the encapsulation process [33].

FT-IR spectra of silica nano-matrix and BPB encapsulated
silica matrix are shown in Fig. 4(a, b), whereas, inset (I) corre-
sponding to the BPB dye spectrum. The characteristic vibra-
tions of Si—O were observed at 467 cm™ !, 798 cm~! and 966
em™! in both samples, silica has transverse-optic (TO) stretch-
ing bonds of SiOy tetrahedron [34]. The band at ~1093 cm ™' is
associated with the transverse optical vibration mode corre-
sponding to the asymmetric stretching of the inter-
tetrahedral oxygen atoms in the Si—O—Si linkage. However,
after encapsulation, siloxane-stretching vibration became
wider and shifted to 1099 cm™', this peak broadening and
shifting may be associated with the strong electrostatic interac-
tion between the positive surface group of silica and the nega-
tive functional groups (—OH~, —COO™~, —SO53) of BPB dye,
as documented in the literature [35]. On the other hand, the
sharp signal at 1381 cm™! is associated with the asymmetric/
symmetric stretching of nitrogen-oxy/C—N from CTAB.
Bending vibrations and stretching vibrational modes around
~1641 cm™" and ~3398 cm™! are associated with surface —
OH groups. According to the literature [35], the broadening
and shifting of ~3398 cm™! band after encapsulation than
BPB dye and silica matrix indicates the formation of hydrogen
bonding between surface OH groups of silica and the func-
tional —OH groups of BPB dye molecules. Furthermore, peaks
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Fig. 3 AFM 3-D micrographs of (a) silica nano-matrix (b) BPB encapsulated silica matrix, (c) 2-D image and line profile of silica nano-
matrix (d) 2-D image and line profile of BPB encapsulated silica matrix.



Surfactant-assisted mesostructured silica matrix fiber optic sensing tracers

433

Transmittance (%)

11sa BIATS 3as0

1000 2000 3000
Wavenumber (cm-1)

4000

Transmittance (%)

1381

500 1000 1500 2000 2500 3000 3500 4000
Wavenumber (cm_l)

Fig. 4 FTIR spectra of (a) silica nano-matrix (b) BPB encap-

sulated silica matrix. Inset (I) corresponding to the BPB dye
spectrum.

at 2428 em ™!, 2857 cm ™!, and 2927 cm ™! are associated with
typical stretching vibrations of the C—H, which resulted in
CH;— CH,— from surfactant CTAB [36].

BET multipoint surface analysis shows that silica nano-
matrix has a high surface area 477 m?/g, which reduced to
447 m?/g after encapsulation, probably BPB species filled the
pores within silica nano-matrix and increased the BJH pore
diameter. Ritter et al [37] reported that BJH pore diameter
increased after encapsulation due to the probability for func-
tional species binding to pore entrance sites increases. BET
surface area, pore volume and pore diameter variations of sil-
ica nano-matrix before or after encapsulation are summarized
in Table 2. Thus, high surface areas, large pore volumes and
large pore diameter allow for hosting large objects and anchor-
ing molecular functions, i.e., fast mass diffusion and transfer
process that is desirable for separation, catalysis, drug delivery,
supercapacitors, adsorption studies and sensing applications
[35].

Fig. 5 shows N, adsorption and desorption isotherms of sil-
ica and BPB encapsulated silica patterns. The normalized pore
diameter distributions are shown in the insets of Fig. 5(a, b).
The sorption isotherm of silica is similar in shape to type IV
according to [TUPAC classification terms referring to the meso-
porous character of the materials as documented in the litera-
ture [38]. The isotherms are characterized by the sharp step of
capillary condensation. The resultant nano-patterns show H,
type hysteresis loops corresponding to materials with intercon-
nected non-uniform pore size system according to IUPAC
classification. The hysteresis cycle of BPB encapsulated silica
matrix [Fig. 5(b)] is narrower than silica nano-matrix [Fig. 5

(a)], implying the wide pore openings than silica nano-matrix
[Fig. 5-inset (II)], i.e., the pore size distribution is not wide in
silica matrix [Fig. 5-inset (I)]. Moreover, BPB encapsulated sil-
ica matrix sorption isotherm is almost same as silica nano-
matrix. This fact implies that the pore systems were preserved
in the intact regions and collapsed fully, i.e., the contribution
of the transition zones to the porosity [39].

4.2. Thermal analysis

Fig. 6(a, b) shows the thermogravimetric analysis (TGA) plots
of the CTAB modified-silica nano-matrix and BPB encapsu-
lated silica matrix in the temperature range of 30 °C—1000
°C. Generally, the weight loss below 100 °C is ascribed to
the release of adsorbed water, and the weight loss above 250
°C is attributed to the decomposition of an organic moiety
in the sample [40]. In case of silica nano-matrix, mass weight
loss occurred in three steps. The first mass weight at
~20.83% within a temperature range of 30 °C-200 °C, corre-
sponds to the adsorbed water molecules.

In the second step, a temperature range of 220 °C—410 °C,
the weight loss is reduced and observed around 11.22%, which
can be attributed to the surfactant CTAB moieties’ decompo-
sition. In the third step, thermal decomposition of escaped
organic moieties within the silica matrix walls was observed
about 4.67% within a temperature range of 420 °C-1000 °C
or more likely to condensation of silanols. The first order
mathematical derivative operation DTA was applied to silica
sample, to pin-out the weight loss corresponding to the tem-
perature. The prominent peak ~320 in silica matrix is observed
due to the surfactant species’ decomposition. Furthermore,
BPB encapsulated silica matrix shows a high weight loss
~46.18% within the temperature range of 30 °C—130 °C, due
to the removal of physically absorbed water molecules. As doc-
umented in literature [41], H,O molecules are highly polar
which possibly leads to the multilayer adsorption. Therefore,
a high weight loss is observed within the temperature range
of 30 °C-130 °C. The adsorption of water molecules on the
siloxane groups Si atoms is due to the Van de Waals force,
which is significant in very small pores due to the micropore
confinement and the large silica surface. However, no further
weight loss was observed until 1000 °C, which is attributed
to the strong bonding between dye species and silica matrix
particles. Thermal stability findings suggest that CTAB-
modified silica particles after encapsulation process improve
the thermal stability. In DTA thermograph, the endothermic
peaks within the range of 30 °C-150 °C correspond to the
evaporation of solvents and water molecules. However, after
encapsulation, there is no peak observed within the range of
120 °C-1000 °C, suggesting the little dye was incorporated
with silica, and instead a phase separated CTAB/dye phase
formed.

Table 2 Surface area, pore volume and BJH pore diameter distribution of silica and BPB encapsulated silica matrix.

Samples Surface area (m?/g)

Pore Volume (cm®/g) BJH Pore diameter (A)

CTAB modified silica nano-matrix 477
BPB encapsulated silica nano-matrix 447

0.93
0.95

75.62
84.60
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4.3. Optical analysis

Fig. 7-I(a, b) shows the transmittance spectra of silica nano-
matrix and BPB encapsulated silica matrix at room tempera-
ture within the range of 320 nm—700 nm. In Fig. 7-1(a), 82%
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(a) silica nano-matrix (b) BPB encapsulated silica nano-matrix.

Refractive Index

transmission is observed in silica nano-matrix at 550 nm. How-
ever, after encapsulation, two prominent absorption bands
were observed at ~435nm and ~608 nm [Fig. 7-1 (b)], may
be due to the cluster formation. The observed transmission is
~83% at 550 nm in BPB encapsulated sample. As documented
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in literature several parameters such as material’s composition,
the degree of polymerization, water absorption, sol stability,
particle size and the refractive index of the components affect
the transmission [42]. Moreover, the transmittance of compos-
ite changes according to its ability to transmit light to its com-
ponents and particle sizes [43].

Refractive index was calculated by the Fresnel formula
(reflection data was taken by UV-Vis spectroscopy) within
the range of 400 nm—700 nm. The refractive index profiles for
silica nano-matrix and BPB encapsulated silica matrix are
illustrated in Fig. 7-1I(a, b). Low value of refractive index
1.36 at 550 nm was observed for silica nano-matrix and 1.35
at 550 nm for BPB encapsulated silica matrix. A high degree
of porosity is responsible for low refractive index or probably
voids between the particles are responsible for the reduction in
refractive index of the coating, as observed in our previous
studies [44].

4.4. Sensing analysis

The output intensity configuration employed relies on evanes-
cent wave (EW) interactions between the optical fiber guided
radiation and BPB encapsulated silica nano-matrix deposited
sensing cladding [Fig. 8(a)]. Furthermore, the calculated
refractive index of the sensitive layer is 1.36 which determines
the evanescent field; lower than the refractive index of the fiber
1.45. In EW based fiber optic sensor, the optical signals are
guided through fiber by total internal reflection. As a result,
the amount of light guided is modulated by refractive indices
of the various media i.e. cladding and core. Basically in an
evanescent field, when the light is guided in an optical fiber,
a fraction of the radiation extends a short distance from the
guiding region into the medium of the lower refractive index
that surrounds it [45]. Fig. 8(a) shows that when pH increases
the intensity also increases until pH 9, whereas when pH fur-
ther increases up to pH 12, it decreased. The possible reason
is when absorption of the analyte (coating) by the evanescent
field around the sensing fiber becomes higher the output inten-
sity gradually decreases. The evanescent field reacts mightily
with the coating because when the wavelength increases the
penetration depth becomes large. Therefore, when evanescent

field interacts with the BPB dye encapsulated silica film on
the fiber optic core, absorption change of the deposited films
occurred due to a change in pH of the external environment
and dye response is registered as a change in the spectral trans-
mission (output intensity) of the fiber [Fig. 8(a)]. The finger-
prints of coated layer and Thighest peak position
corresponding to pH 9 at 454 nm as shown in Fig. 8(a)-inset.
Since, the BPB dye is not fluorescent the encapsulation phe-
nomenon could be checked by transmission measurements.
Moreover, Cao et al. [46] reported that the optical absorbance
of the solution caused the change in optical transmission prop-
erties resulting in the light absorption phenomenon on fiber
optical structure when the radiation losses increase.

Fig. 8(b) shows the response of the device for different pH
solutions within 1-12 at 454 nm. Linear relationship is
observed by varying the pH values 1-9, however, at high pH
values 10—12 the intensity response is decreased. The value of
sensitivity is calculated as 18.37 counts/pH with repeatability
of 78% [Fig. 8(b)], suggesting that the sensor has a good level
of compatibility between silica pores and BPB dye species up
to pH 9.

Fig. 9(a) shows the average/mean time response of sensing
device within pH ranges 1-12 after three measurements. It can
be clearly seen from Fig. 9(a) that prepared sensing device is
more responsive toward basic pHs ~ 0.25 s than acidic pHs
~ 0.85 s. This fast responsive coated fiber sensor is a significant
improvement over previous reported work [Table 1], where
stated response times were in the order of several minutes to
5 [22-29].

Additionally, in the buffer solution, the BPB indicator dye
is well known for changing color from yellow (acid) to blue
(alkaline). The color variations in coated fiber in different
pH solutions are shown in Fig. 9(b). The change in color also
leads to an attenuation of the guided light at a particular wave-
length of 454 nm. The attenuation of the guided light is caused
by absorption of its evanescent part in the sensitive layer. The
findings resulted in that the indicator species was still reactive
after encapsulation, and changed the pH toward H" and OH™
reactions.

For repeatability/reproducibility analysis, the prepared sen-
sor fiber was treated three times with two pH solutions 9 and
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12 [Fig. 10], and it was observed that the response was almost
the same in different periods of time (after every 30 min) to the
same pH values 9 and 12. A repeatable response in all cases of
measurements, suggesting the accuracy/stability of the device.
The inset in the Fig. 10 is the zoomed view of marked area on
the spectra.

The reliability of the prepared sensing device was validated
in practical applications like the basicity of household ammo-
nia and borax solution. The pH was estimated by prepared
sensor and cross-checked with digital pH meter (HANNA),
as shown in Fig. 11(a, b). Firstly, the pH of household ammo-
nia ~11.9 and borax solution ~9.2 was measured by digital pH
meter and then spectrum of household ammonia and borax
solution recorded with the prepared device [Fig. 11 (a, b)].
The spectrum of household ammonia and borax solution
was almost the same for pH 12 and pH 9, respectively with a
negligible error. It suggests that prepared device is potentially
suitable for practical applications.
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Optical spectra of (a) household ammonia and (b) borax solution.
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5. Conclusion

BPB dye was successfully encapsulated into CTAB modified
silica nano-matrix via sol-gel method at low temperature.
Sol-gel based silica matrix was obtained with the combination
of hydrolysis and condensation reactions of the metal alkox-
ides which strictly interconnected with indicator species and
in this way host—guest network was obtained at room temper-
ature. BPB encapsulated silica matrix was investigated for sur-
face morphology and it was observed that CTAB modified
silica particles” dispersal state and thermal stability improved
after encapsulation probably due to good interaction of BPB
dye species with silica nano-matrix particles. Silica particles
were well-dispersed and arranged orderly after encapsulation
process. In particular, the surface roughness value decreased
when the BPB dye was encapsulated into the silica nano-
matrix. Considering the well-ordered stable surface, low
roughness, high surface area, higher thermal stability, and
low refractive index value it can be widely used for sensing.
Because higher surface area and lower refractive index in sen-
sitive regions allows lower limits of detection in pH sensing.
Sensing analysis suggested that prepared device was fast
responsive 0.25s in basic pH, reversible, and stable for
repeated measurements in different pH solutions 1-12 without
any significant leaching traces. So, it is concluded that the
combination of fiber optic with the encapsulation of BPB in
CTAB modified silica matrix can be successfully used to
enhance the dynamic pH range and has potential for practical
applications.
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