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Abstract A small-volume fiber-optic pH sensor (FOEWS)
based on evanescent wave excitation is developed and
evaluated. The sensor is simply fabricated by inserting a
decladded optical fiber into a transparent capillary tube. A
microchannel between the optical fiber and the capillary
inner wall was formed and acted as flow cell for solution
flowing through. The pH-sensitive fluorophore of fluores-
cein can be excited by the evanescent wave field produced
on the fiber core surface to produce emission fluorescence.
pH value was then sensed by its enhancing effect on the
emission fluorescence intensity. The response range of the
sensor is from pH 2.09 to pH 8.85 and the linear range is
from pH 3.25 to 8.85. The proposed sensor has a small
detection volume of 2.5 μL and a short response time of
8 s. It has been applied to measure pH values of real water
samples and was in good agreement with the results
obtained by commercial pH meter.

Keywords Fiber-optic sensor . Evanescent wave
excitation . Small-volume . Flow injection . Fluorescence
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Introduction

The pH measurement is of great importance in various
areas of industry, medical environmental and process
monitoring [1–4]. So far, many approaches have been
developed for constructing pH sensors [5–15]. Among
these methods, the preparation of fiber optic pH sensors has
attracted much research effort. For remote and real time
monitoring in some hazardous environments [16], fiber
optic pH sensors may offer certain advantages over other
types of sensors due to their advantages such as small size,
good flexibility, multiplexing capability, low propagation
loss and resistance to electromagnetic interference [17].

In recent years, fiber-optic evanescent wave sensor
(FOEWS), which avoids laborious optical adjustment, has
been conveniently and effectively used in many practical
applications [18–20]. When light transmitted by total internal
reflection (TIR) in the optical fiber, evanescent wave (EW)
field could be produced on the fiber core surface. The EW
could penetrate into the surrounding medium and directly or
indirectly interact with analytes. In our previous work, we
have developed several FOEWS for the determinations of
gas oxygen, dissolved oxygen and nitrite [21–24].

Fluorescence detection, which has obvious advantages of
high sensitivity and selectivity [25, 26], has been widely
utilized for the construction of pH sensors. Though several
other fluorescence measurement methods, including lifetime
measurement [11, 27], ratiometric dual-wavelength measure-
ment [28–30], and photoinduced electron transfer (PET)
measurement [31] have been developed, fluorescence inten-
sity measurement [32–34] is still one of the most widely
employed analytical techniques. This is mainly because the
intensity measurement has no demand on sophisticated
instrumentations, has no lost of spectral information, and
generally does not need fluorophore receptor.
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In this paper, we design a fiber-optic evanescent wave
pH sensor with small detection volume using fluorescence
intensity detection combined with flow-injection analysis.
The sensor was simply fabricated by inserting a decladded
optical fiber into a transparent capillary tube. A microchannel
between optical fiber and the capillary inner wall was formed as
flow cell for solution flowing though. The pH-sensitive
fluorophore of fluorescein could be excited by evanescent
wave field produced on the fiber core surface when flowing
through themicrochannel. The produced fluorescence emission
was detected by the detector set on the capillary side and H+

could be sensed by its enhancing effect on the fluorescence
intensity. A broad response range from pH 2.09 to pH 8.85
was obtained. The performance of the designed pH sensor
was studied and applied to real water samples including tap
water, purified water and green tea water.

Theory

The sensor configuration designed was based on the
interaction between evanescent wave (EW) and an
analyte-sensitive reagent. The EW is the exponentially
decaying electric field that penetrates a short distance into
the low index medium when total internal reflection (TIR)
occurs at a dielectric interface. The degree of penetration is
often characterized by the penetration depth, dp, which is
the perpendicular distance from the interface to where the
electric field amplitude, E, falls to 1/e of its value at the
interface (E0) [35].

E ¼ Eo expð�z=dpÞ ð1Þ

The penetration depth, dp, of the evanescent field is
defined as

dp ¼ l=½2pðn12sin2q � n2
2Þ1=2�

¼ l=½2pðn12sin2q � sin2qcÞ1=2� ð2Þ
where l is the wavelength of the radiation, θ is the incident
angle, θc is critical angle, n1 and n2 are the refractive index
of the dense and rare media, respectively. Fluorescent
molecules present within the penetration depth of the
evanescent field can be excited by the evanescent wave,
resulting in fluorescence emission.

Experimental

Reagents and Materials

Fluorescein was obtained from Sigma, USA. Boric acid
(H3BO4), phosphoric acid (H3PO4), and acetic acid (HAC)

were purchased from Kaiyuan Chemical Reagent Company
(Tieling, China), Tianjing Kemael Chemical Reagents
Development Center (Tianjing, China), and Shenyang
Chemical Reagent Company (Shenyang, China), respec-
tively. The Britton-Robinson buffer solutions (denoted as
BR buffer solution hereafter) in the pH range of 2.0–11.5
were prepared by mixing 0.04 mol L−1 H3PO4, H3BO4, and
HAC, then adjusting the desired pH value by adding
different volume 0.2 mol L−1 of NaOH. Beyond the pH
range, the buffer solution was adjusted by addition of
concentrated HCl or NaOH solution.

Fluorescein stock solution of 2×10−3 mol L−1 was
prepared in ethanol and working solutions were prepared
freshly with Wahaha® purified water (Wahaha, Hangzhou,
China) for daily use. All other chemicals were at least of
analytical grade. Wahaha® purified water was used for the
preparation of solutions and throughout the experiments.

The plastic-clad silica (PCS) optical fiber (inner diame-
ter=300 μm, NA=0.37) was purchased from Chunhui Inc.,
Ltd. (Nanjing, China). The silica capillary tube (inner
diameter=530 μm, outer diameter=690 μm) was purchased
from Yongnian Optic Fiber Plant (Hebei, China).

Apparatus

A blue lamp LED (Shifeng Corp., Shenzhen, China) was
used as light source. A photomultiplier tube (PMT R928,
Hamamatsu, Japan) was used as detector for the fluores-
cence intensity measurement. An interference filter (BP
530 nm; FWHM 30 nm; Huibo Optical Corp. Ltd., China)
was used for fluorescence passing through.

A spectrometer (USB4000, Ocean Optics, USA) was
used for the spectral measurement of the LED light source.
A UV-Vis spectrometer (lambda 35, Perkin Elmer, USA)
was used for the UV-Vis absorption spectral measurements.
All the pH calibration measurements were carried out on a
pH meter (PHSJ-3F, Shanghai, China). A microinfusion
pump (WZS–50FZ, Zhejiang university medical instrument
Co., Ltd., China) was used to deliver the water carrier and
the sensing reagents. Injection was performed using a six-
port injection valve (Valco Instruments, USA).

Construction of the Small-volume Sensor

First, part of the polyimide coating (20 mm in length) on
the capillary was burned off to form a detection window
and part of the plastic clad (20 mm in length) was
decladded to let evanescent wave can penetrate out. Then
the sensor was constructed by inserting the optical fiber into
the capillary tube. To reduce friction and damage to the
surface of the fiber, the capillary tube was filled with water
before the insertion process. An annular microchannel was
formed as flow cell for solutions flowing through.
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The blue LED light source was coupled with one end of
optical fiber and the PMT was set along the capillary on the
side of the fiber. As a result, the PMT optical window
surface was designed to be parallel to the axis of the optical
fiber and the distance between them was fixed to 15.5 mm.
PTFE tubing (0.4 mm i.d.) was used to connect all
components in the flow system. As shown in Fig. 1, the
water carried the samples and mixed with the pH-sensitive
solution of fluorescein through a stainless steel “T”
connection. Then the mixture flowed through the micro-
channel and excited by the evanescent wave to produce
fluorescence.

Results and Discussion

Spectral Characteristics

The spectrum (A) in Fig. 2(a) is the UV-Vis absorption
spectrum of fluorescein, which is used as pH-sensitive dye
in the proposed sensor. It can be seen that fluorescein has a
Q band at 450 nm (labs=450 nm). The emission spectrum
of the blue LED chosen as light source (the spectrum (B) in
Fig. 2(a)) shows a center wavelength at 462 nm, which is
well-overlapped with the absorption spectrum of fluoresce-
in. Figure 2(b) shows fluorescence emission of fluorescein
at 520 nm (lem=520 nm) excited by LED. Therefore, it was
appropriate to choose a blue LED as the excitation light
source for the proposed fiber-optic evanescent-wave fluo-
rescence sensor.

Concentration Optimization

To obtain the maximum light collection efficiency, the
sensing length of the optical fiber was selected to be 20 mm
to match the length of the optical window of PMT. The
microchannel formed between the fiber and the capillary
tube had a whole volume <6 μL with 2.8 μL in front of the
PMT window. This small volume could effectively speed
up the solution displacement and shorten the response time
at a fixed flow rate. Meanwhile, the narrow dc (115 μm) of
the microchannel could effectively inhibit the sample

dispersion caused by solution mixing and improve the
sensor sensitivity. In order to obtain the best analytical
performance of the proposed FOEWS system, several
operation conditions were optimized. The sample used
during the optimization was BR suffer solution with pH=6.

First, sample volume was investigated by starting from
3 μL to 110 μL while flow rates of water carrier and
5×10−5 mol L−1 fluorescein solution were both kept
constant at 200 μL min−1. It was observed that, with
sample volumes greater than 20 μL, the fluorescence did
not increase substantially. Thus, 20 μL was chosen as the
optimal sample volume.

Second, fluorescein concentration was optimized by
measuring the ratio of the fluorescence signal to noise
(S/N) with fluorescein concentrations from 1×10−6 to 5×
10−4 mol L−1. The flow rates of fluorescein solution and
water carrier were both also kept constant at 200 μL min−1.
The results showed that the fluorescence emission intensity
of both fluorescein and the background increased with
higher concentration. The maximum S/N ratio was obtainedFig. 1 Schematic drawing of the small-volume FOEWS arrangement
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Fig. 2 a UV-Vis absorption spectrum of fluorescein (spectrum A) and
emission spectrum of the blue LED light source (spectrum B). b
Fluorescence emission of fluorescein illuminated by the chosen LED
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with 1×10−4 mol L−1 fluorescein, which was selected for
the subsequent experiments.

Third, the flow rate of fluorescein was investigated from
50 to 300 μL min−1 with water carrier at 200 μL min−1.
Results showed that fluorescence intensity increased with
increasing the flow rate, while the background noise also
increased. The maximum S/N was found at flow rate of
200 μL min−1.

At last, the flow rate of water carrier was also tested
from 50 to 300 μL min−1. With obtaining proper S/N and
enough response time, 200 μL min−1 was finally chosen as
the optimal rate for water carrier.

Analytical Performance

The pH response of the proposed sensor was tested with
flow-injection analysis in the range from 1.71 to 9.91 as
shown in Fig. 3. It was found that the proposed sensor
made good response to a broad range of pH from 2.09 to
8.85. When pH >8.85 or pH <2.09, no obvious change of
fluorescence intensity could be observed (P>0.05). The
linear pH range of the sensor was from 3.29 to 8.85 and the
regression equation was I=33.99 pH–94.171 with a
correlation coefficient of 0.9815, where I was the fluores-
cence intensity. The characteristic calibration curve of the
sensor is shown in Fig. 4 and the inset shows the linear
calibration curve from pH 3.28 to pH 8.85.

Effect of Ionic Strength

The sensitivity to ionic strength was a major factor to limit
the practical application of optical pH sensors for real
samples. In this work, the effect of ionic strength on the pH
sensor was also examined by replacing the water carrier
with 0.05, 0.1 and 0.5 mol L−1 NaCl solutions, respectively.

As shown in Fig. 5, with increasing ionic strength from
0.05 to 0.5 mol L−1, the apparent pKa value changed
slightly from 6.36 to 6.51. This result shows that changes in
ionic strength only affect the pKa value of 0.15 pH units,
indicating that the present sensor was resistive to ionic
strength.

Interference Study

Under the chosen conditions and using the manifold
depicted in Fig. 1, the interference of some species
commonly present in water was examined by analyzing
the BR solution with pH=6.5. The tolerable limit of
foreign species was considered with the relative error
less than 5%. The results are listed in Table 1. As could be
seen, most of ions tested did not interfere with
determination.
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Fig. 4 Calibration curve of the sensor. The inset shows the linear
calibration curve from pH 3.28 to pH 8.85
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Repeatability and Response Time

The repeatability of the sensor was studied using BR buffer
solution with pH=6.5. Figure 6 shows the typical response
obtained by injecting the selected BR buffer solutions
successively. The relative standard deviation (R.S.D.) was
1.2% (n=7).

The response time was a key factor to evaluate a sensor.
A short response time was generally required for most
applications. The parameter used to characterize response
time was the so-called t90, which was the time at which
90% of the maximum signal occured. In this work, relative
short t90 of approximate 8 s was obtained with a recovering
time approximate 55 s. These times remained the same no
matter whether one switched from low to high concentra-
tion or the reverse. The fast response of the proposed sensor
probably resulted from the small-volume microchannel

with narrow dc (115 μm), which could effectively reduce
the sample dispersion and speed up the solution displace-
ment as mentioned.

Analytical Application of the Sensor for Real Samples

To evaluate the practical application potential of the
proposed sensor, the pH of some water samples including
tap water, purified water and green tea water were
determined under the same conditions. The green tea water
samples were filtered before measurement and the other
samples were detected directly. The obtained results are
listed in Table 2 and compared with the data obtained by
using commercial pH meter. It can be seen that all the
results were in good agreement with those obtained by
glass electrode method, indicating that the proposed sensor
is acceptable for practical use.

Conclusion

A novel small-volume fiber-optic evanescent-wave pH
sensor was successfully developed based on flow-injection
analysis and fluorescence intensity determination. By using
a cheap LED as light source, the sensor was simply
fabricated by inserting a decladded optical fiber into a
transparent capillary tube and setting the detector on the
side of the capillary and using. The developed sensor
exhibited following characteristics. First, the fabricated
microchannel with narrow dc (115 μm) of the sensor could
reduce the sample dispersion caused by solution mixing,
which finally enhanced the sensor sensitivity. Second, the
small detection volume of 2.5 μL could speed up the
solution displacement, leading to a short response time.
Third, the sensor proposed here will be really useful for
biography fluids detection, or enzyme-immunometric assay
or toxicity test, since it needs small sample volume. Forth,
the consumption of sensing reagent could be reduced

Table 1 Interference of foreign ions

Interference ions Tolerance limit (×10−3 mol L-1)

NO3
− 5.0

Cl− 3.0

SO4
2− 2.5

PO4
3− 2.0

HCO3
− 2.0

CH3COO
− 1.5

CO3
2− 1.0

Ca2+ 2.0

Zn2+ 2.0

Mn2+ 1.5

Co2+ 1.0

Ni2+ 1.0

Cu2+ 0.5

Fe3+ 0.5
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Fig. 6 Sensor repeatability measured at pH 6.5

Table 2 Determination of pH values in real water samples

Sample pHa pHb (RSD (%)) Relative errorc (%)

Purified water 7.05 7.12 (1.1) 0.9

Tap water 6.61 6.53 (1.9) 1.2

Green tea water 1 6.79 6.92 (2.3) 1.9

Green tea water 2 7.12 7.04 (1.6) 1.1

Green tea water 3 6.85 6.89 (3.2) 0.6

a pH value measured by the conventional glass electrode
b pH value measured by the proposed sensor, as the average of three
determinations
c The relative error between pH value obtained by the proposed sensor and
the glass electrode
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significantly compared with normal size sensor. In addition,
the configuration of the sensor provides a platform for
monitoring other species by simply changing the light
source and sensing reagents. The pH determination in real
water samples showed good potential of practical applica-
tions of the sensor.
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