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A novel and cost effective optical pH sensor was prepared using covalent immobilization of orange (II) indicator
on the agarose membrane as solid support. The fabricated optical sensor was fixed into a sample holder of a
spectrophotometer instrument for pH monitoring. Variables affecting sensor performance including pH of dye
bonding to agarose membrane and dye concentration were optimized. The sensor responds to the pH changes
in the range of 3.0–10.0 with a response time of 2.0 min and appropriate reproducibility (RSD ≤ 0.9%). No
significant variation was observed on sensor response after increasing the ionic strength in the range of 0.0–
0.5 M of sodium chloride. Determination of pH using the proposed optical sensor is quick, simple, inexpensive,
selective and sensitive in the pH range of 3.0–10.0.
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1. Introduction

Measurement of pH is one of themost important and common tests
which is carried out inmany laboratories. Chemical and biological prop-
erties of many substances are dependent on pH of their mediums. For
example, pH influences the solubility of metals and toxicity of some
substances such as ammonia, hydrogen sulfide and hydrogen cyanide
in aqueous solutions [1]. Also, pH can be affecting the rate of chemical
reactions. Therefore, pH monitoring is important in laboratory and in-
dustrial processes.

pH determination is carried out using several methods including in-
dicator reagents, pH test paper strips, and electrochemical and photo-
chemical sensors. Although the pH test paper strips are available and
easy to use, they were not used in high accuracy cases. On the other
hand, the range of response for indicator reagents is limited. Develop-
ment of electrochemical and optical pH sensors has grown rapidly in
the recent decade which indicates the importance of these devices in
various disciplines [2–8].

Signal of optical sensors are based on the changes in absorption or
luminescence of active reagents which are fixed in thin membranes.
Due to their cost-effective and simple operation, pH optical sensors
eydari),
were evaluated during the recent decade [9–13]. These optical sensors
have several advantages such as low-cost, high sensitivity, suitable se-
lectivity, possibility of real samples analysis and remote sensing [14].
Often, pH optical sensors are prepared by immobilizing the acid or
base indicators on a solid support. Usually, an indicator binding to
solid support occurs via adsorption or covalent interactions [9,15,16].
Polymers which are used as solid support, e.g. cellulose [17], tri-
acetylcellulose [18,19] and agarose [20,21], are capable of forming cova-
lent bonds with indicators.

Orange (II) or acid orange 7 (Fig. 1) with –N_N– azo structure as a
chromophore is an inexpensive azo dye that is used as a pH indicator in
a relatively basic medium. Orange (II) is an anionic monoazo dye which
is classified as an acidic dye. It is resistant to various environmental con-
ditions such as light degradation, oxidation with O2 and common acids
or bases. Because of these properties, it is used in many industries
including organic light-emitting diodes (OLEDs), inks, soaps, wood pre-
servatives, textiles, hair dyes, leathermaterials, shoe polishes, cosmetics
and wood stains [22].

In this study, orange (II) is used for the preparation of a new optical
pH sensor with a suitable working range. The response change range of
orange (II) indicator with pHwas enhanced using covalent immobiliza-
tion of this pH indicator on the agarose membrane. For the first time,
immobilized orange (II) on agarose membrane was applied as a pH op-
tical sensor. The behavior of this optical sensor was monitored at differ-
ent pHs. Factors affecting the performance of the sensor, such as pH of
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Fig. 1. Chemical structure of orange (II).

Fig. 2. Absorbance of the optical sensor as a function of the immobilization pH at 490 nm.
The dye concentrations, 10−2 mol L−1. Error bars are expressed as standard deviation.
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dye bonding to agarose membrane, dye concentration, ionic strength,
reversibility, response time and storage time, have been investigated
and optimized.

2. Material and methods

2.1. Chemicals and reagents

Orange (II) or sodium 4-[(2E)-2-(2-oxonaphthalen-1-ylidene) hy-
drazinyl] benzene sulfonate, agarose with the quality of medium
electroendosmosis, epichlorohydrin and other chemicals were pur-
chased from Merck Chemicals Company (Darmstadt, Germany).
Double-distilled water was used for preparation of aqueous solutions.
Test solutions were buffered in 0.02 mol L−1 solutions of sodium
dihydrogen phosphate and pH adjusted with dropwise addition of
1 mol L−1 hydrochloric acid or sodium hydroxide solutions.

2.2. Instrumentation

Absorption measurements were carried out using a Shimadzu
double-beam spectrophotometer (Model 1650 PC, Japan). A Jenway
pH meter (model 3020, UK) with a combined glass electrode was used
after calibration against standard Merck buffers for pH measurements.
A homemade polyacrylamide holder was used for holding agarose
membranes inside the cell of the spectrophotometer instrument [18].

2.3. Preparation and activation of the sensor membranes

Transparent agarose membranes were prepared according to previ-
ous report [20] with some modifications. Briefly, 0.8 g of agarose pow-
der was mixed with 20 mL double-distilled water. The mixture was
stirred at 90 °C until its volume decreased to 15 mL. Then the viscous
mixture was heated at 70 °C in a water bath for 10 min. After complete
removal of bubbles, the transparent-viscose solution was dispersed be-
tween two 20 cm × 20 cm clean glass plates and subjected to pressure.
Borders of one of the glass plates were already lined with a 0.25 mm
thickness tape to adjust the thickness of the membrane. After cooling,
the solidified membrane was cut into appropriate pieces and stored in
50% ethanol solution at 4 °C. Membrane activation was performed by
epichlorohydrin which is an epoxide [23]. For bonding of orange (II)
on the surface of activated agarose membranes, the membranes
were immersed in orange (II) solution (with concentration of
1 × 10−2 mol L−1 and pH 11 adjusted by phosphate buffer) for 24 h.
The obtained orange color membranes were washed with double-
distilled water and soaked in water overnight. Finally, membranes
were washed with a large volume of double-distilled water to remove
any non-bonded dye.
2.4. Measurement procedure

A piece (1 cm × 3 cm) of the prepared agarose optical membrane
was fixed on a polyacrylamide holder and placed vertically inside the
quartz cell containing buffer solutions with different pHs. The absor-
bance data were collected against a blank cell containing a non-
activated agarose membrane in buffer solution with the appropriate
pH. To study the influences of different parameters on the response of
the optical membrane, absorbance measurements were carried out at
490 nm as a maximumwavelength.

3. Results and discussion

3.1. Optimization of orange (II) bonding to agarose membrane

The effect of pH on the immobilization of orange (II) on the agarose
membranes was tested using dye solutions with various pHs in the
range of 5–13. The results were illustrated in Fig. 2. As can be seen
from Fig. 2, the amount of bonded dye to agarose membrane was in-
creased with an increase of pH of up to 11. This behavior can be ex-
plained by the protonation of the sulfonyl group of orange (II) in
acidic mediumswhich avoids more bonding. The results are compatible
with the proposed mechanism for bonding orange (II) to an activated
membrane (Scheme 1). Therefore, pH 11 was selected as the optimum
pH for further experiments.

Concentration of bonded dye to the agarose membrane has signifi-
cant effect on the performance of the optical sensor. For this reason,
the prepared agarose membranes were treated with solutions contain-
ing different dye concentrations in the range of 10−5 to 10−2 mol L−1.
As shown in Fig. 3, the amount of immobilized dye on themembrane in-
creases with an increase of orange (II) concentration. Hence, concentra-
tion of 10−2mol L−1with amaximumabsorbance of about 0.94 AUwas
chosen as the optimum dye concentration.

3.2. Optical characteristics of the sensor membrane

Fig. 4 shows the absorbance spectra of immobilized orange (II) on
the activated agarose film and aqueous solution of orange (II) at differ-
ent pH values from 3.0 to 10.0. Interestingly, it is found that the absor-
bance of the immobilized dye decreases with increasing pH of a
solution within a broad pH range, in contrast to the optical behavior of
the free dye in the solution. As it can be seen from Fig. 4, the sensor
membrane shows a maximum at 490 nm in the visible region. There-
fore, 490 nm was selected as an appropriate wavelength for pH moni-
toring. It is clear from Fig. 4 that with the increase of solution, pH
absorbance of optical sensor and orange (II) solution were decreased.
Fig. 4a shows that the resolution of the sensor in the acidic pH region
is higher than the basic region. In higher pHs (N10), absorption spectra



Scheme 1. The proposed mechanism of activation and dye bonding to agarose membrane.
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of the optical sensor completely overlapped and destroyed sensor reso-
lution. Similarly, absorption spectra of orange (II) solution in higher pHs
completely overlapped and are not distinguishable. However, the absor-
bance changes of the immobilized orange (II) against pH variations in
the range of 3.0–10.0 were greater than the soluble form of orange
(II). This behavior increases the sensitivity of the optical pH sensor. On
the other hand, pKa of orange (II) is 11.4 and its solution can be used
as pH indicator in basic medium while the immobilized orange (II)
can be used in a broad pH range from 3.0 to 10.0 [24].

3.3. Effect of ionic strength

Effect of salt concentration on the sensor response was examined at
three pH levels (4.0, 7.0 and 10.0) byusing various sodium chloride con-
centrations in the range of 0.0–0.5 mol L−1. The results in Table 1
indicate that the sensor response is approximately constant with in-
creasing the ionic strength in the range of 0.0–0.5 mol L−1 of sodium
chloride. Therefore, the proposed optical sensor can be used for pH
monitoring of samples containing salt in the range of 0.0–0.5 mol L−1.

3.4. Response time

The response timeof the optical sensorwas determined using record
of absorption data at pH 4 against time in the range of 0–5 min at
490nm. The response time of thepH sensorwas calculated from this ab-
sorption profile. As shown in Fig. 5, the absorbance of the optical sensor
reaches to a steady state after about 2min. The absorbance signal of op-
tical sensor levels off after equilibrium and no signal drift is observed
under the experimental conditions. Therefore, 2 min was selected as
the optimum response time for the prepared sensor.



Fig. 3. Absorbance of the immobilized agarose membrane as a function of orange (II)
concentration at 490 nm. Error bars are expressed as standard deviation.

Table 1
The results of ionic strength on sensor response at various pHs.

pH NaCl concentration (mol L−1) RSD (%)

0.0 0.1 0.2 0.4 0.5

4.0 0.884 0.886 0.881 0.879 0.878 0.38
7.0 0.422 0.423 0.420 0.419 0.423 0.43
10.0 0.271 0.270 0.269 0.273 0.269 0.62
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3.5. Calibration curve

The calibration curve of the prepared optical sensor was constructed
using buffer solutions with different pHs in the range of 3.0–10.0. Fig. 6
shows a typical calibration curve which was derived from absorbance
measurements of the optical sensor in the pH range of 3.0–10.0 at
490 nm. The obtained data was fitted using an empirical second order
polynomial graphwith a R2 valueof 0.9985 and equation:Absorbance=
0.0188pH2 − 0.3679pH + 2.0792. Repeatability of the sensor
membrane at individual pHs was demonstrated using repeated
Fig. 4.Absorption spectra of immobilized orange (II) on agarosemembrane (a) and orange
(II) aqueous solution (b) at different pHs (3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5, 7, 7.5, 8, 8.5, 9, 9.5 and
10). Concentration of orange (II) in aqueous solution was 10−3 mol L−1.
measurements. Relative standard deviation (RSD) values were less
than 0.3%. Error bars in Fig. 6 are expressed as percentage of relative
standard deviation.
3.6. Reproducibility, repeatability, reversibility and stability of
sensor membrane

Sensor membrane reproducibility at several pHs was examined
using three prepared membranes. RSD values for three membranes at
various pHs were less than 0.9% (Table 2). To demonstrate the repeat-
ability and reversibility of the sensor membrane, buffered solutions
with different pHs (3.0, 5.0 and 8.0) as test solutionswere subsequently
delivered to spectrophotometer cell containing sensormembrane. Fig. 7
indicates the obtained results for a period of 105 min. RSD values of
results are less than 0.3%. The results showed that the response of the
sensor is repeatable and reversible. In order to investigate the life time
of the sensor membranes, they were maintained in water/ethanol
(50:50, v/v) solution for 4 months at 3–5 °C. No significant variation in
sensor response was observed during this period. However, since the
pH indicator is immobilized covalently to the agarose membrane,
there was no color leakage during use [20].
4. Conclusions

A suitable optical pH sensor using orange (II) based on agarose
membrane for pH determination in the range of 3.0–10.0 has been de-
veloped. Orange (II) indicator was immobilized on the agarose support
by covalent bond. The advantages of the proposed pH sensor are as fol-
lows: wide range, suitable response time, repeatable response, revers-
ible response, low-cost and easy to prepare. Stability results showed
that the sensor is stable after 4 months of storage in water/ethanol
(50:50, v/v) solution at 3–5 °C. Investigation of several aspects of pre-
pared optical sensor including reproducibility, repeatability, reversibili-
ty, response time and stability demonstrated the potential of the
proposed optical sensor for applications as an optical pH sensor.
Fig. 5. Response time graph of the sensor as a function of time at 490 nm. Test conditions:
sample pH, 4; immobilized orange (II) concentration, 1 × 10−2 mol L−1; immobilization
pH, 11.



Fig. 6. Calibration curve of the optical sensor at 490 nm. Error bars are expressed as
percentage of relative standard deviation.

Table 2
The results of reproducibility test for three membranes.

pH Membrane 1 Membrane 2 Membrane 3 RSD (%)

3 1.152 1.145 1.157 0.52
6 0.554 0.546 0.550 0.73
8 0.340 0.344 0.338 0.90

Fig. 7. Reversibility results of the optical sensor by changing the solution pH.
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