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Abstract

A dye doped sol—gel for the sensing of hydrochloric acid in solution and/or gaseous phase is described. The sol—gel is obtained by acidic
hydrolysis of tetraethoxysilane (TEOS) and phenyltriethoxysilane (Ph-TriEOS) in the presence of phenol red (PR) and further spin-coating
onto glass slides. The sensitive response is based on an increase of the absorption band at 510 nm of phenol red entrapped in the sol—ge
casting when exposed to HCI solution or gas, due to protonation of the dye. The detection limit of the sol-gel response to moisturized gaseous
HCl is below 12 ppm, and its response to HCI in solution falls in the range of 0.01-6 M. The sol—gel coating has a response time of less than
40s in steady-state, and life-time of more than a year. Weak acids such as acetic acid, benzoic acid, salicylate acid, citrate acid, and carbonic
acid do not interfere the response. The responses in acid solutions are completely reversible. In the gaseous phase, response of HCI appeal
to be moisture sensitive.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction are highly dependent on the ionic strength of the solution
[19,20] In general, dye leaching was a major problem for
Optical sensors using sol-gels have attracted great at-pH sensors based on dyes entrapped in sol—gel.
tention to researchers because of their optical transparency, HCIlisastrong acidic gas. Its aqueous solutionin commer-
ruggedness, ease of fabrication, and most of all, the possibil-cial acid product is 36—37 wt.% with a high HCI gas vapor
ity to be used directly for gas sensing in micro- and remote- pressure. The strong acid property makes it highly toxic, and
sampleq1,2]. A great number of optical sensors have been corrosive. OSHA identified HCI as a workplace hazard with a
reported for detecting protd@—13], O, [14,15], NO[16,17], short-term exposure limit of 5 ppm. Thus, itis a great interest
and CQ [18] by using dye doped sol-gels. Most of the pH to develop sensors for the monitoring of HCI gas to protect
sensors reported are for the pH range of 2f2213] using our health, public safety as well as our environment. In fact
pH indicators that have highka values. High acidity sen-  a great deal of efforts have been undertaken to develop fast
sors using low fa indicators such as chromoxane cyanine R, responding sensors for the HCI gas with low detection lim-
bromocresol purple, bromocresol green, and neutral red, areits [21-27] These sensors are based on porphyrin and other
reported using sol-gel techniq{®8-20] For some of the  dyesdoped in organic films. The drawback of these sensors is
sensors, tetramethoxysilane was used as sol-gel precursotheir limited life-time due to the instability of the porphyrins
ion exchangers such as nafion or cetyltrimethylammonium in organic films. Our approach is to use sol-gel materials to
bromide was used as additives. These high acidity sensorsovercome such problem. Up to date, no gaseous HCI sensors
based on sol—gels were reported in the literature.
* Corresponding author. Tel.: +1 718 990 5225; fax: +1 718 990 1876. Phenol red is widely used as an acid-base indicator for
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change from p yellow) to 8 (pink). Many studies have approximately Jum when measured by scanning electron
h f H 6 (yellow) to 8 (pink). M dies h pproxi I h db i I
impregnated phenol red into sol-gels or polymer matrices microscopy.

for the development of optical sens¢t8—17] We have re-

ported in our earlier paper that phenol red doped sol-gels, 3 Optical measurements

made from tetraethoxysilane and phenyltriethoxysilane have

a yellow color and can be changed to pink when exposed 10 Apsorbance measurements were recorded with on a
base. The sensor responds in the pH range @28Rhasa  yy_yis single-beam photo-diode array, or on double
very long life-time, high reproducibility and fast_response. In beam (DU-2, Shimazu) spectrophotometers. For solution
this paper, we report the same sol-gel material doped with 5,4 steady state gaseous responses, the sol-gel coated
phenol red that responds to strong acids in solutions and veryy|ass slides were placed in a commercial quartz cell
selectively responds to HCl in gaseous phases. The sol-g€(1 cmx 1 cmx 4.4 cm). All quantitative measurements were
coating response to HCI can be rationalized by diffusion of 4de at 510 nm with the double beam DU-2. In most of cases,
HCl into the gel, then followed by protonation of phenol = gq1_ge| coated glass slides were firstly soaked for more than
red monoprotic acid form, the corresponding changes in ab->4 min in a pH 3 buffer to ensure a stable absorbance value

sorbance of the gel were recorded at 510 nm, and correlated,qfqre the first measurement was made. For the solution sam-

to HCl concentration. ples, calibration was performed by immersing the sol-gel
coated glass slides in a 3 ml sample solution contained in the
cuvette; absorbance was taken after 1 min. The spectropho-

2. Experimental tometer base line was taken by considering zero absorbance
of the sol—gel coated glass slides at 700 nm with the dou-
2.1. Reagents ble beam spectrophotometer. For the gas phase response, the

) ) ) coated sol—gel glass slides were placed into a flow-cell. The
Phenol red, tetraethoxysilane and phenyltriethoxysilane gjiges were used dry under room temperature and humidity

were obtained from Aldrich. Concentrated acids of HCI, (g0_7094). All measurements and pre-calibration operations
H2SQs, HNO3, HCIO4, H3POy and pure acetic acid, as  \ere carried out under room conditionsZ3°C).

well as standard buffers of pH 4, 7, and 10 were obtained  pheng| red stock solution was prepared by dissolving
from Fisher Scientifics. Sodium phosphates, sodium acetate, g o mg of phenol red in 100 mL of de-ionized water. Mea-

boric acid, sodium carbonate, citric acid, potassium bro- g ,ring solutions at various acid concentrations were prepared

mide, potassium iodide, benzoic acid and salicylate acid, andby mixing the stock solution with 2 M N&Oy and the acids
ethanol (99.9%) were obtained from Aldrich. All the other , 5 2:1:1 ratio. Absorption spectra of phenol red solutions

chemicals were commercially available products. Standard yere taken in a standard cuvette at room temperature.
solutions and buffers were prepared with distilled—deionized

water. The diluted solutions of HCI, 4304, HNO3, HCIO,4
solutions were made from serial dilutions with the concen- . .

) . 3. Results and discussion
trated products, and the 0.1 M acids were standardized by the
titration method using N&COg3 as standard. HCI gas in nitro-
gen samples were from Messer MG Industries (Morrisville,
PA).

3.1. Response principle

The phenol red solution can turn to orange red when mixed
with solutions of high concentrated strong acids. Similarly,
the above described PR-doped sol—gel coated glass slides
also change color from yellow to orange red when exposed
to concentrated strong acid solutions of HCI or gaseous HCI.
The color change in the sol-gel could be reflected in the
following equilibrium:

2.2. Preparation of sol-gel coated slides

The sols were prepared by mixing 4mL of TEOS
(1.79% 102 mol), 200p.L of Ph-triEOS (8.2% 10~*mol)
(molarratio: TEOS: Ph-TriEOS: 21.6:1), 1.60 mL of 0.1 M of
HCI (1.6 x 10~3mol), and 20.0 mg of PR (5.64 10~° mol),
5.0mL of ethgnol (99.9%, v/v) as co-solvent. The mix- HPR™ (gel)+ HCl(s)— H2PR(gel)+ Cl™ (ge) (1)
tures were stirred at room temperature for 20 min. Two-
hundred microliters of the sol was placed on a pre-cleanedwhere HPR indicates monoprotic acid form ancbPR the
microscopic slide (7.5cm 2.5cmx 1 mm) and then spin  neutral form of phenol red. HCI(s) indicates the concentration
cast at 1500rpm for 30s. The resulting sol-gel coated of HCI in the solution or gas sample. The reaction equilib-
glasses were dried and stored at room temperature. Mea+tium constant is dependent on the concentration of the acid
surements were made at least 2 weeks after the sol-gein the sample. The gel absorbanég (vould be depending
have been made to ensure stable gel composition. Smalleon the dye concentration and the position of the protonation
sol—-gel glass slides (0.9 ctm3 cm) were cut from the coated  equilibrium. By using relative absorbane¢29] to represent
glasses in order to be placed into the standard cuvette orthe fraction of total phenol red concentrati@{ in the pro-
in a flow-cell. The thickness of the sol-gel glass films was tonated form (€]), « can be related to the absorbance values
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