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Optical fiber-based evanescent ammonia sensor
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Abstract

An optical fiber-based evanescent gaseous ammonia sensor is designed and developed. The sensing dye, bromocresol purple (BCP), is
immobilized in the substitutional cladding using sol–gel process. The sensing properties of the optical fiber sensor to gaseous ammonia at
room temperature are presented. This newly developed ammonia sensor exhibits good reversibility and repeatability. The effect of different
carrier gases, argon, nitrogen, and air on sensing properties of the ammonia sensor is investigated. The sensor with air as carrier gas has the
best response time and sensitivity. In order to improve the response time of the optical fiber evanescent ammonia sensor, an elevated ambient
temperature is applied and thoroughly investigated. A fast response time of 10 s was obtained at 55.5◦C with the carrier gas of air or argon.
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hese experimental results have demonstrated that a fast response optical fiber evanescent gaseous ammonia sensor can be
pplying slightly elevated ambient temperature.
ublished by Elsevier B.V.

eywords:Ammonia; Sensors; Optical fiber; Evanescent field; Sol–gel

. Introduction

Ammonia has been widely used in the production of explo-
ives, fertilizers, and as an industrial coolant[1]. The excess
resence of ammonia in the atmosphere may create potential
azards to human being and ecosystems. Inhalation of only
small dose of ammonia vapor may cause acute poisoning

o people. Threshold limit of ammonia concentration in air is
nly 25 ppm for human beings[2]. In addition, the fast, real-

ime quantification of atmospheric ammonia concentration is
articularly important for environmental chemistry because
mmonia is the most abundant alkaline component in the at-
osphere. A substantial part of the acids generated in the
tmosphere through sulfur dioxide (SO2) and nitrogen oxide
NOx) can be neutralized by ammonia vapor (NH3). In such
case, ammonium ion (NH4+) is formed through this chemi-
al reaction and counts as a major component of atmospheric
erosol that plays major roles in precipitation and nucleation
rocess[3]. Due to an increasing environmental awareness

∗ Corresponding author. Tel.: +1 505 6659219; fax: +1 505 6655982.

and pollution control, accurate detection and near real-
monitoring of gaseous ammonia have spread interest
wide applications in environmental science and occupat
inspection.

Traditionally, the detection of gaseous ammonia
performed by potentiometric electrodes within labora
[4–10]. The advantages of the method are accurate, s
tive, and selective. However, it has significant limitati
such as consumptive of the analyte, expensive and sta
struments, and requiring the presence of an experience
erator. Another kind of ammonia sensing device, which
used for routine operations, is commercial infrared gas
alyzers. The infrared devices, although sensitive, are n
theless expensive and bulky[11]. Relative simple detecto
based on semiconductivity of SnO2 [12] and MoO3 [13] thin
films can detect gaseous ammonia, but these devices
some kind of restrictions in reproducibility, stability, se
sitivity, selectivity, and a limited active sensor lifetime.
recent years, several new approaches have been repor
preparing optical gaseous ammonia sensors[1,14–32]. These
devices utilize the reaction of ammonia vapor with eith
E-mail address:yduan@lanl.gov (Y. Duan). pH-dependent dye material or a pH-sensitive film[32,33],
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which undergoes a suitable color change or an absorption
change. In general, these sensing mechanisms are based on
monitoring the absorption or fluorescence characteristics of
indicator dyes/sensing films entrapped within a membrane
deposited onto a waveguiding substrate or an optical fiber as
substituted cladding. The targeted ammonia molecules inter-
act with the immobilized indicator, resulting in changes in
absorbance or emission spectra, which are monitored using a
proper detector module via an optical fiber or planar waveg-
uide. Evanescent wave absorption is an effective technique
for performing such analysis[1]. When a beam of light propa-
gates along an optical fiber, the electromagnetic field does not
abruptly fall to zero at the core/cladding interface. Instead,
the overlap of the incoming beam and the internally reflected
beam leads to a field that penetrates into the medium next to
the core. This electromagnetic field, which tails but does not
propagate into the second medium, is called theevanescent
field. Its intensityI(z) decays exponentially with the distance
zperpendicular to the interface as follows:

I(z) = I0 exp

(
− z

dp

)
(1)

whereI0 is the intensity of the incident radiation. The depth
of penetrationdp of the evanescent field is related to the angle
of incidenceθ at the interface, refractive indexes of coren1
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applications of sensors. First of all, almost all dyes are tem-
perature sensitive in their response characteristic and most
dyes have a critical temperature above which they tend to
cease response completely and they may get irreversibly dis-
sociated. Secondly, the dye indicators have their own chemi-
cal properties and natural lifetimes that usually decrease with
increasing temperature, and their behaviors may be largely
dependent upon the ambient optical conditions, particularly
in the presence of ultraviolet light[35]. Because evanescent
field reduces the amount of light impinging on the dye by
many orders of magnitude, optical fiber sensors based on
evanescent field can overcome this problem. In addition, if
the chemical reactions involved in the sensing process are
too slow or irreversible, the sensor cannot be used to provide
a fast, continuous, and accurate response. These drawbacks
are typical challenges and obstacles in optical fiber sensor
development. Although a series of OFCSs based on dye indi-
cators have been reported[1,11,16–18,24,26–28,36–41], to
the best of our knowledge, so far there is no enough attention
paid to overcome these limitations. For example, tempera-
ture effects on the sensing properties as well as on sensor
response time have not been studied so far. Based on our
previous experiences, temperature should be a critical pa-
rameter to either sensing films or dye indicator, as both are
organic components with limited heat tolerance. However,
on the other hand, temperature should also be critical for
c etter
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nd claddingn2, and the wavelength of the radiationλ as
ollows [14,15,34]:

p = λ

2π

√
n2

1 sin2 θ − n2
2

(2)

he evanescent field is able to interact with dye mate
ontained within the coating. This mechanism can be
loyed in rather ingenious way to develop fiber-optic eva
ent gaseous ammonia sensors. In this kind of sensor
arameter measured is the light intensity carried by the

hat is modulated by the change in the absorption spec
f the chromophore sensitive to NH3.

Optical fiber chemical sensors (OFCSs) have some
inctive characteristics. The small size and flexibility of
ensor design makes them ideal tools for in situ and in
nalysis. Because optical fiber can easily transmit Ch
ally encoded information between the spectrometer a
emote sample, optical fiber sensors are particularly sui
or monitoring various environmental hazards including
her hostile or not easily accessible events. In addition, op
bers are relatively insensitive to sources of noise, suc
adioactivity and electric fields, and signals acquired
ptical fibers are much less prone to environmental inte
nces than those transmitted through electrical wires.

hermore, optical fibers are able to channel a high de
f information, such as wavelength, polarization, and ph
he ability to analyze each of these parameters enhance

he quality and quantity of chemical information obtained
FCSs. However, conventional OFCSs based on dye in

ors do have some limitations that should be recognize
hemical reaction involved in the sensing process. To b
nderstand sensing mechanism and improve optical s
erformance, in this paper, we have designed and deve
n optical fiber-based evanescent wave sensor for ga
mmonia sensing. Sol–gel film is used to encode brom
ol purple on the surface of a bared fiber core, and evane
bsorption is measured through a spectrometer. Gas se
roperties of the optical fiber evanescent sensor and amm
esponses versus concentration and temperature are re
eanwhile, the effects of carrier gases such as argon,
en and air on signal intensity and response time are

horoughly investigated and compared.

. Experimental

.1. Optical fiber preparation

Plastic Clad Silica (PCS) multi-mode optical fiber w
ore diameter of 600�m was cut into 50 cm length and bo
nds were polished using 2000-grit and 3 um polishing
he plastic jacket of the PCS fiber was stripped from
entral portion of the fiber in 6 cm length. Since the eva
ent tail has only a small fraction of power, our ammo
ensor was designed and constructed using a bent U-
ber probe to enhance sensitivity. The diameter of the s
ircle of the U-shape structure is about 1.5 cm. The reve
ladding was removed by chemical etching through imm
ng the fiber in a 50% HF solution for 10 min.
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2.2. Sol–gel film fabrication

Sol–gel is an optically transparent glasslike material
formed by hydrolysis and polymerization of metal alkoxides
or metalorganic compounds at lower temperature. The silica
glass formed by this method is a porous matrix that contains
interconnected pores formed by a three-dimensional network
of SiO2. In the present investigation, tetraethylorthosilicate
(TEOS, Acros Organics, 99+% (gc)) was used as the pre-
cursor for the sol preparation since the refractive index of
the porous silica film produced is less than that of the fiber
core. The ammonia sensitive dye used in the present case is
bromocresol purple (BCP, Acros Organics, Indicator Grade),
as it is chemically more stable and is more resistant to oxi-
dation than other indicators[17]. A magnetic stirrer was em-
ployed to mix the sol–gel reagents. The procedure of sol–gel
film fabrication is as following:

(1) 10 ml deionized water was acidified by 37% HCl to
pH = 1.

(2) 45 ml of TEOS was mixed with 55 ml of ethanol for
20 min.

(3) 10 ml of the acidified water was added and mixing con-
tinued for 1 h.

(4) 10 ml of ethanol containing 10 mg bromocresol purple
was added, with stirring being continued for 1 h.
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Fig. 1. The upside channel is used as gas inlet and the down-
side channel as outlet. Because the analyte gas, ammonia is
lighter than any carrier gases used, this design will help the
analyte gas evenly pass through the test chamber when am-
monia gas was introduced from the up to down way. In this
system, the mass flow rate (MFR) and concentration of the
analyte gas were controlled using two FC-260 Mass Flow
Controllers that were electronically controlled via the type
58784-channel power supply/readout unit. A 5000 ppm com-
pressed ammonia gas with argon as balance gas was diluted
by carrier gas such as ultra high purity argon or nitrogen. The
test chamber was wrapped using an electrical resistance belt
heater for temperature influence testing. The inner temper-
ature of the chamber was calibrated and monitored using a
digital thermometer. A LS-1 Tungsten Halogen Light Source
and USB2000 Miniature Fiber Optic Spectrometer (Ocean
Optics Inc.) were employed to characterize the absorption
properties of the analyte gas.

3. Results and discussion

3.1. Sensing properties at room temperature

The sensing properties of optical fiber-based evanescent
gaseous ammonia sensor were investigated. A dark spectrum
w only,
a geted
a g the
s pure
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f pm.
T set at
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w h of
5
s s of
a from
F on-

for op
5) The uncladded surface of the PCS fiber was treated
30% HNO3 for 10 min to activate the OH groups at t
core surface.

6) The treated fiber was coated using dip coating proce
7) The coated fiber was dried overnight in an oven at 7◦C

and stored in ambient conditions away from direct s
light for 1 month prior to characterization. This stora
period ensures that post-fabrication structural evolu
of the silica matrix is complete[42].

.3. Sensor set up

Experimental set up for the sensing system is sh
chematically inFig. 1. A cylindrical chamber with inne
iameter of 2.5 cm and thickness of 0.2 cm was custom
as inlet and outlet were positioned opposite as show

Fig. 1. Schematic of the experimental setup
as first stored with the presence of argon carrier gas
nd then a sample spectrum was collected with the tar
mmonia gas introduced into the chamber. By subtractin
tored dark spectrum from sample spectrum, we got the
bsorption spectrum contributed solely from sample am
ia. Fig. 2 shows the absorption spectra obtained with

erent concentrations of ammonia from 145 to 3518 p
he carrier gas is argon and the mass flow rate was
000 sccm. All absorption peaks for various concentra
f ammonia were recorded together for comparison purp

t is clear fromFig. 2, the intensity of absorption increas
ith concentration and a maximum peak at wavelengt
96 nm was identified for all the concentrations tested.Fig. 3
hows the variation of absorption versus concentration
mmonia gas at a fixed wavelength 596 nm. It is noticed
ig. 3 that the sensitivity of the sensor system at lower c

tic fiber-based evanescent gaseous ammonia sensor.
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Fig. 2. Absorption spectra for different concentration ammonia.

Fig. 3. Absorption versus concentrations of ammonia gas at 596 nm.

centration of ammonia is higher than that at higher concen-
trations. The response of the optical fiber evanescent sen-
sor versus different concentrations of ammonia is plotted in
Fig. 4 in logarithmic scale. It is obvious that the response of
the sensor is logarithmic linear with the concentration of am-
monia at least to 1000 ppm. This linear shape bends toward
X-axial at concentrations higher than 1000 ppm. With a fixed
dye concentration, a lower concentration of ammonia can
completely react with the dye in the substitutional cladding.
However, when the concentration of ammonia increases, the

Fig. 4. Calibration curve and linear dynamic range in logarithmic scale.

Fig. 5. Response time, recovery time, and reversibility.

reaction between ammonia and dye would get gradually satu-
ration, which leads to the linear shape bending over 1000 ppm
concentration. This is probably the reason that the sensitiv-
ity at lower concentration of ammonia is higher than that at
higher concentrations and the signal response versus concen-
tration cannot maintain logarithmic linear relationship. The
mass flow controllers used in our experiment can dilute gas in
maximum of about 34.5 times. Since the concentration of the
compressed ammonia gas is 5000 ppm, the lowest obtainable
concentration in this experimental set up is about 145 ppm
with the limitations by mass flow controllers. For this reason,
concentrations lower than 145 ppm were not measured due to
the experimental set up limitation. However, based onFig. 4,
we can estimate the detect limit of our ammonia sensor by
extending the linear line toX-axial, where the cross point
corresponding to the concentration should be the detection
limit for the sensor. In this way, a detection limit of about
10 ppm is obtained. Therefore, the linear dynamic range of
our sensor is estimated about two orders of magnitude from
10 to 1000 ppm.

To investigate the response time, recovery time, and re-
versibility, the response of optical fiber sensor to 145 ppm
ammonia was characterized and shown inFig. 5with argon
as carrier gas at a flow rate of 1000 sccm. Based on the defi-
nition of response time that is determined by the time inter-
val between the 10% and 90% of the stationary value[43],
t bout
5 be
a , the
a ens-
i cent
fi nsors
u time.
S were
a
r min-
i ub-
s hen
t n
o e
he response time of the optical sensor to analyte is a
min. In the same way, the recovery time is identified to
bout 20 min. When the ammonia gas was introduced
mmonia molecules diffuse into the inner layer of the s

ng film where the dye complex can absorb the evanes
eld. Because of the sensing mechanism, this type of se
sually have relatively longer response and recovery
imilar results concerning response and recovery time
lso reported in the literature[16,17,25,31]. However, in this
esearch, we found that this limitation can be somehow
mized through either optimization of the thickness of s
titutional cladding or control of ambient temperature. W
he cladding thickness is close to the depth of penetratiodp
f the evanescent field expressed in Eq.(2), the sensor has th
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Fig. 6. Comparison of different carrier gases.

optimized response time and recovery time. However, when
the cladding thickness decreases further, the system sensitiv-
ity will decrease due to less absorption of evanescent field
by the colored dye complex. In addition, we found that the
ambient temperature significantly affects the response time
for this type of sensor. This issue will be further discussed in
Section3.3. As shown inFig. 5, our ammonia sensor exhibits
good reversibility and repeatability.

3.2. Effect of carrier gas

Although different gases have been used as carrier gas
for optical fiber ammonia sensor, the effect of different car-
rier gases on the sensing properties has not been taken into
account in the ammonia sensor studies. In order to better un-
derstand the effect of carrier gas, the response of the senso
to 145 ppm ammonia vapor at the wavelength of 596 nm and
room temperature (22.1◦C) was characterized using various
carrier gases, including Ar, N2, and Air. The response spec-
tra and recovery curves were compared inFig. 6. It is clear
that the response time and relative absorption change of the
sensor vary with the different carrier gases. Interestingly, the
baselines of the three different carrier gases are also differ-
ent, in an order of Ar, N2, and air from high to low. The
response times of the sensor are 5, 3.3, and 2.7 min for the

carrier gases of Ar, N2, and air, respectively. In consideration
of baseline change when using different carrier gases, we
have compared the sensor response in relatively absorption
change rather than absolute amplitude. Amazingly, the sen-
sor using air as carrier gas has the largest relative absorption
change and the sensor using Ar as carrier gas has the small-
est relative absorption change, although in the later case of
Ar, a higher baseline is identified (Fig. 6). The reason for air
to have a better response for ammonia measurement is not
clear right now. However, a possible explanation in the view
of reaction mechanism may help to understand the process.
As it is well know that some high electro-affinity elements
such as oxygen and nitrogen can form hydrogen bond with
O H and N H structure, there is possibility that using ni-
trogen or air as carrier gas may help to stabilize the targeted
ammonia molecules through forming hydrogen bond, which
should have better interaction with the dye molecules immo-
bilized on the sensing film. Since the dye molecule, BCP, has
aromatic structure with three benzene rings that have double
bonds and� electrons which is mobile, it is helpful for in-
teractions between the targeted ammonia molecule and the
dye molecules when ammonia molecule forms a hydrogen
bond with nitrogen or oxygen, since oxygen or nitrogen pos-
sesses either double or triple bonds and�–� interaction is
easier than�–σ interaction when ammonia molecule alone
(without hydrogen bond). Careful analysis ofFig. 6, we also
f ponse
t ained
b ercent
o itro-
g rmed
w et-
t cules
h nsor
r

3

tem-
p effect
o sen-

in air:T=
Fig. 7. Temperature effect on sensor response
r

ound that using air as carrier gas has better sensor res
han using nitrogen. This phenomenon can also be expl
ased on the above mechanism as air has about twenty p
f oxygen and oxygen has higher electro-affinity than n
en does, which means a stronger hydrogen bond is fo
ith oxygen than with nitrogen. In this point of view, a b

er interaction between the analyte and the BCP mole
appens and results in a higher sensitivity in the se
esponse.

.3. Effect of temperature on the sensing properties

As mentioned in the previous section, the dyes are
erature sensitive in their response characteristic. The
f temperature on the sensing property of optical fiber

(a)22.1, 35.7, and 55.5◦C; (b)T= 55.5 and 80.0◦C.
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Fig. 8. Temperature effect on sensor response in Ar: (a)T= 22.1, 35.7, and 55.5◦C; (b)T= 55.5 and 80.0◦C.

sors has been investigated with the carrier gases of Ar and
air. In the case of air as carrier gas, the response curves of the
sensor to 145 ppm ammonia at temperatures of 22.1, 35.7,
55.5, and 80.0◦C, are plotted inFig. 7(a) and (b). When
the temperature increase from 22.1 to 55.5◦C, the response
time reduces from 470 s to about 10 s quickly. After 55.5◦C,
the response time has no significant change with the tem-
perature further increase up to 80.0◦C. Very similar results
shown inFig. 8(a) and (b) were obtained with the carrier gas
of argon. The variations of response times with the ambi-
ent temperatures for the carrier gases of argon and air were
plotted in Fig. 9. Compared with the carrier gas of argon,
the sensor using air as carrier gas has faster response time
to ammonia in the temperature range from 22.1 to 55.5◦C.
In the higher temperature range from 55.5 to 80.0◦C, both
of the carrier gases have almost same response time of about
10 s to 145 ppm ammonia. The response times for the carrier
gases of argon and air, respectively, were improved 47 and
33 times from room temperature of 22.1◦C to an elevated
temperature of 55.5◦C. This result indicates that slightly in-
crease of ambient temperature for the sensor can significantly
improve the system performance, particularly the response
time.

The response time of the optical fiber evanescent ammonia
sensor depends on the gas diffusion time from the surface of
cladding to absorption layer of evanescent field and reaction
t vated
t ction

time, the reaction time dominates the reduction of response
time in such a narrow variation of temperature from 22.1 to
55.5◦C.

4. Conclusion

We have designed and developed an optical fiber-based
evanescent gaseous ammonia sensor. The dye, bromocresol
purple (BCP) was immobilized in the substitutional cladding
using sol–gel process. The sensing properties of the optical
sensor to gaseous ammonia at room temperature were char-
acterized. The response of the sensor is logarithmic linear
with the concentration of ammonia under 1000 ppm. This
newly developed ammonia sensor exhibits good reversibility
and repeatability. The effect of different carrier gases, argon,
nitrogen, and air on sensing properties of ammonia sensor
was investigated. The sensor using air as carrier gas has the
best response time and sensitivity. In order to improve the
response time of optical fiber evanescent ammonia sensor,
an elevated ambient temperature was applied and thoroughly
investigated. A very fast response time of 10 s was obtained
at 55.5◦C with the carrier gas of air or argon. The response
times for the carrier gases of argon and air was improved 47
and 33 times from room temperature 22.1 to 55.5◦C, respec-
t hat a
f ia sen-
s bient
t

R

i-
onia
99)

nia
03)

ane
8.
ime between the dye and ammonia. Even though the ele
emperature can reduce both of diffusion time and rea

Fig. 9. Response time at different temperatures.
ively. These experimental results have demonstrated t
ast response optical fiber evanescent gaseous ammon
or can be constructed by applying slightly elevated am
emperature.
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