
1 Introduction
Rapid detection and location of ammonia gas leaks poses

a serious problem at all facilities utilising almost pure ammo-
nia gas, such as large-scale refrigerating systems (breweries,
dairies, abattoirs, logistic centres, ice-rinks, etc.), chemical
plants producing ammonia by the Haber-Bosh reaction, and
fertilizer plants. Every year, several accidents caused by am-
monia are reported, resulting in severe damage to health and
general distress. The concentration limit of human ammonia
perception is about 50 ppm, but even lower concentrations
are harmful for the human respiratory system. The long-term
allowed concentration is defined as 20 ppm. Higher concen-
trations (500–1000 ppm) lead to a serious attack on the respi-
ratory system. The lethal concentration limit is estimated as
5000–10000 ppm [1]. Such a level can be readily reached in
the event of a highly concentrated ammonia gas leak.

The standard architecture of an ammonia detection sys-
tem used at present is based on a network of individual
conductometric sensing heads equipped with a metal-oxide
film [1]. Clearly, both the cost and the electric power con-
sumption of such a sensing network rise rapidly with the
number of sensors installed. Low gas selectivity and insuf-
ficient long-term stability of the sensing elements are also
serious problems [1].

Numerous sensing schemes and optical systems have been
tested to overcome these drawbacks (e.g. [1, 3–8]). One ap-
proach employs a suitably sensitized optical fibre. The two
most extensively tested principles of this type are based on
absorption- and fluorescence-based intrinsic sensing fibres.
Selected reagent is embedded in the fibre cladding; ammonia
gas then induces spectral variations of the fibre optical ab-
sorbance or fluorescence through its chemical reaction with
the reagent. Short sections of such a fibre can be employed
in fabricating the individual sensing heads, whereas various
modifications of the optical reflectometry method (optical
time domain reflectometry, OTDR, optical frequency domain
reflectometry, OFDR, optical low coherence reflectometry,
OLCR, optical time-of-flight chemical detection, OTOF-CD)

provide a basis for constructing distributed sensing systems
[9–11].

The crucial part of any intrinsic fibre optic sensor design is
the selection of a reaction mechanism transforming an ana-
lyte exposure event into variations of the optical properties of
the fibre. For instance, a pH-sensitive dye can be embedded
into the fibre cladding. When exposed to alkaline ammonia
gas, the optical absorption band of the dye is shifted; the
change in cladding absorption modifies the light spectrum
(guided in the fibre core as individual waveguide modes)
through evanescent electromagnetic field components.
Unfortunately, such utilization of an acid base reaction suf-
fers from its strong dependence on the humidity level (the
presence of hydronium ions is necessary for the creation of
NH4

� ions) and the obvious low sensing selectivity. The latter
drawback can be partly compensated by using a proper gas
selective membrane [1].

The ammonia detection approach employed here uses
the ligand exchange reaction proposed in [12]. It is in prin-
ciple capable reducing the humidity dependence and
enhancing the selectivity in comparison with the acid base
reaction (see the Experimental section for more details). In
the research stage described here, the following objectives
were adopted: (i) to choose reagent(s) suitable for further
studies on optical fibres by evaluating the optical absorption
spectra of two suitable organic dyes and their metallic com-
plexes in solution, (ii) to prepare sensing fibre samples by
diffusion of the reagent into a plastic clad silica (PCS) fibre
cladding using the frequently applied procedure elaborated
by our research group in frame of the CEC Copernicus
programme [13, 9, 14], (iii) to test the concentration and
temporal response to ammonia gas exposure by VIS-NIR
absorption spectroscopy measurements on short fibre sec-
tions, and (iv) to pre-evaluate the qualitative features of
an OTDR signal by measurements on a longer fibre, only
partially sensitized with the selected reagent. Preparation, op-
timization, and quantitative characterization of a real distrib-
uted fibre optic ammonia sensor will be carried out in the next
step, and the results will be published in a forthcoming paper.

©  Czech Technical University Publishing House http://ctn.cvut.cz/ap/ 41

Czech Technical University in Prague Acta Polytechnica Vol. 46  No. 2/2006

Fiber Optic Detection of Ammonia Gas
L. Kalvoda, J. Aubrecht, R. Klepáček

Bathochromic shifts accompanying the formation of several bivalent metallic complexes containing 5-(4’-dimethylaminophenylimino)
quinolin-8-one (L1), and 7-chlore-5(4’-diethylamino-2-methylphenylimino) quinolin-8-one (L2) ligands in ethanol solutions were
evaluated by VIS-NIR spectroscopy. The [L1-Cu-L1] sulphide complex was selected as a reagent for further tests on optical fibres. Samples
of multimode siloxane-clad fused-silica fibre were sensitized by diffusing an ethanol/chloroform solution of the dye into the cladding polymer,
and tested by VIS-NIR optical spectroscopy (12 cm long fibre sections), and optical time domain reflectometry (OTDR; 20 ns laser pulses,
wavelength 850 nm, 120 m long fibre sensitized within the interval 104–110 m). A well-resolved absorption band of the reagent could be
identified in the absorption spectra of the fibres. After exposure to dry ammonia/nitrogen gas with increasing ammonia concentration
(0–4000 ppm), the short fibre samples showed subsequent decay of NIR optical absorption; saturation was observed for higher ammonia
levels. The concentration resolution r � 50 ppm and forward response time �90 � 30 sec were obtained within the interval 0–1000 ppm. The
OTDR courses showed an enhancement of the back-scattered light intensity coming from the sensitized region after diffusion of the initial
reagent, and decay after exposure to concentrated ammonia/nitrogen gas (10000 ppm).

Keywords: chemical sensors, ammonia sensors, optical fibres.

CORE Metadata, citation and similar papers at core.ac.uk

https://core.ac.uk/display/268469497?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


2 Experimental

2.1 Chemicals
Ethanol, chloroform, and acetone (p.a. grade) were ob-

tained from Lach-Ner, CR; deionised water (0.1 �S cm�1) was
employed. 5-(4’-dimethylaminophenylimino) quinolin-8-one
(L1, Mw � 277.38), and 7-chlore-5(4- diethylamino-2-methyl-
phenylimino) quinolin-8-one (L2, Mw � 353.85) was syn-
thesized as described in [13]. FeBr2, CoBr2, NiCl2, CuCl2,
CuSO4, ZnSO4, Cd(NO3)2, Hg(NO3)2, Pb(NO3)2, and NaOH
were obtained from Sigma-Aldrich and Lach-Ner. Solutions
of metallic complexes were prepared by admixing 50 ml of
L1 or L2 solution (0.01M) in ethanol and 2.5 ml of the me-
tallic salt solution in an ethanol/water mixture (0.1M) and
stirring for 30 min at RT. The amount of water was kept at a
minimal level. The complex dye formation was then checked
by VIS-NIR absorption spectroscopy. Fresh solutions of the
complex dyes were used in subsequent preparation of the
sensing fibres. The following complexes were prepared and
tested: [L-Fe-L] Br2, [L-Co-L] Br2, [L-Ni-L] Cl2, [L-Cu-L] Cl2,
[L-Zn-L] SO4, [L-Cd-L] (NO3)2, [L-Hg-L] (NO3)2, [L-Pb-L]
(NO3)2, (L stands for L1 or L2). Nitrogen gas (99.996 % wt.)
was obtained from Messer Technogas, CR. A dry ammonia/ni-
trogen mixture (10000 ppm NH3) was prepared by evaporat-
ing a known amount of ammonia gas from ammonia liquor,
drying it in a column filled with NaOH, and mixing it with ni-
trogen gas.

2.2 Preparation of tested fibres
A custom-made PCS fibre (nc � 1.458, 200/260 �m

core/cladding diameter, Dow Corning Optigard siloxane
cladding, produced at IRE ASCR, Prague, CR) was utilized
throughout the experiments. The fibre sections were washed
in acetone for at least 12 h prior to further sensitization. The
reagent was soaked into the fibre cladding from its etha-
nol/chloroform solution (1:1 wt.), washed in ethanol, and left
to dry for 12 h in room conditions. Two types of fibres were
prepared: short sections (12 cm) intended for VIS-NIR ab-
sorption spectroscopy measurements and a long fibre (120 m,
sensitized within the interval 104–110 m) tested by OTDR.
The whole preparation and subsequent characterization of
the fibres was performed at room temperature (RT).

2.3 Ligand exchange reaction
The ammonia sensing fibres prepared in this work employ

the ligand exchange reaction

[ ]L Me L A nNH� � � �� �2 2
3 �

� [( ) ]NH Me A Ln3
2 2 2� � �� � (1)

where L is an organic chromatic ligand, Me is a bivalent posi-
tive metal ion forming a complex ion with L (see also Table 1),
A is a suitable counter-anion, and n is the integer num-
ber, which depends on the type of Me co-ordination. The
superscripts indicate the degree of ionization of the particular
fragment.

2.4 Experimental characterization
The VIS-NIR absorption spectra of the solutions and

short fibre sections were measured using a setup containing a
white light source (halogen lamp, 25 W), a cuvette holder

with focusing optics (solution spectroscopy measurements) or
a sealed testing chamber attached to a gas mixing system
(spectroscopy measurements of fibre sections), an optical
pigtail collecting light from the sample under test and trans-
ferring it into an Ocean Optics S1000 array spectrometer
(200–1200 nm wavelength range, 1 nm resolution, single
channel operation) controlled by a PC. In the case of fibre
testing, the light beam was focused into the tested fibre
through a microscopic objective and collected by an integra-
tion sphere (1 mm in diameter) at the end of the pigtail. The
light source, the testing chamber, and the collecting pigtail
were all placed on a common optical rail.

The OTDR setup consisted of a Photodyne 5500 XFA
OTDR unit (laser diode wavelength � � 850 nm, pulse
width 20 ns, average pulse power 30 �W, repeating frequency
3.1 kHz), HP 54615B digital oscilloscope (maximum
sampling speed 1 GSa/s, signal bandwidth 500 MHz), a
sealed testing chamber (4 dm3) attached to the cylinder with
10000 ppm ammonia/nitrogen gas, and a PC controller. The
OTDR unit launched laser pulses into the tested fibre, regis-
tered a back-scattered light intensity using an internal PIN Si
diode, and logarithmically amplified the detected signal. The
temporal signal course was then recorded by the digital oscil-
loscope and transferred to the PC. The final pulse width lim-
ited the spatial resolution along the fibre length to ~4 m
(cf Eq. 3). The OTDR curves showing a full temporal course
were recorded with the oscilloscope set to collect data within
the time range � t � 2000 ns. The curve details were examined
with � t � 200 ns. A numeric data averaging procedure (128
single-shot spectra were accumulated) was employed to re-
duce the signal-to-noise ratio of the resulting OTDR curves.

Variable concentrations of ammonia gas in nitrogen were
prepared by volumetrically dosing the concentrated ammo-
nia/nitrogen mixture (10000 ppm) into the gas circuit (in-
cluding the measuring chamber) filled with nitrogen. A
membrane circulation pump included in the circuit provided
fast homogenization of the prepared gas mixture.

2.5 Basic theory
The VIS-NIR absorption spectra were obtained by a stan-

dard absorption spectroscopy method [15].
The OTDR technique relies on interrogation of an

attached optical fibre by short monochromatic laser pulses,
and a subsequent temporal analysis of the light intensity
P(x) returning to the OTDR unit from the fibre distance x,
x � � t c/nc (c – light velocity in a vacuum, nc – refractive index
of the fibre core, � t – time interval between the pulse onset
and the measuring time point). Two types of processes have to
be considered as the dominant signal sources in the case of an
intrinsic absorption-based sensing fibre: Rayleigh scattering
along the fibre length, and Fresnel reflection from the fibre
splices and the free end [16].

The recorded OTDR curves (log(P(x) versus x) provided
information about the immediate optical properties of the
tested fibre along its length. The total Fresnel reflection inten-
sity PF(x) is proportional to the forward pulse power P�(x) at
position x, multiplied by the square of the corresponding
reflection coefficients Ri averaged over all reflected light
modes M guided within the multimode fibre of the core diam-
eter D and numeric aperture NA [15, 17]
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where C is a constant characterizing the coupling efficiency of
the optics, IL is the laser intensity injected into the fibre, SB
and SR are respectively a back-scattering factor and the Ray-
leigh scattering coefficient at position x. The latter relates on
a microscopic level to the local polarizability �(x) of the fibre
as [15]

S x
x

R( )
( )

�
�

�

2

4 . (4)

The total fibre attenuation a(x) caused by scattering and
absorption effects is obtained as [9]

a x a l l
x

( ) ( )� �� d
0

, (5)

where �a l( ) is a local attenuation coefficient and the integra-
tion runs over the fibre length 0–x.

For example, in the case of a uniform fibre (SR(x), SB(x),
NA(x), and a(x) independent of x), it follows from (3) that
the Rayleigh contribution to the OTDR logarithmic output,
log(PR(x)), should be a linear function of x. Contingent varia-
tions of �a x( ) and/or SR(x), SB(x) and NA(x) along the fibre
length lead respectively to the corresponding slope changes
and/or local extremes appearing on the resulting OTDR
curve.

3 Results and discussion
As expected, dyes L1 and L2 showed strong absorption

bands in the spectral range 500 nm–800 nm with maxima at
626 nm and 690 nm, respectively (Fig. 1). Creation of metallic
complexes of the dyes resulted in bathochromic shifts (��) of
the absorption bands due to widening of the corresponding
electronic resonant systems. The complex ions containing
ligand L1 showed remarkably larger shifts than those con-
taining ligand L2; the greatest ��-value was observed for
complex dye [L1-Cu-L1] SO4 (Table 1, Fig. 2). The impact of
the counter-anion (SO4

2� and (Cl�)2 were tested) on the ��

value was small.
The [L1-Cu-L1] SO4 complex dye (hereafter referred to

as reagent R) was selected for the subsequent sensing tests
performed on the sensitized fibre samples. Studies employ-
ing other interesting complexes, especially those containing
Co2�, are now in progress and will be published in a separate
paper.
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Fig. 1: Absorption spectrum of dye L1 (1) and L2 (2) in ethanol.
The solution concentration was 24 �M and 19 �M for L1
and L2, respectively. The peak positions are indicated.

Central ion (Me2�) Counter-ion �� (nm), L1 �� (nm), L2

Fe2� (Br�)2 96 76

Co2� (Br�)2 105 82

Ni2� (Cl�)2 108 70

Cu2� (Cl�)2 125 70

Cu2� SO4
2� 129 70

Zn2� SO4
2� 81 69

Hg2� (NO3
�)2 106 80

Pb2� (NO3
�)2 98 68

Table 1: Bathochromic shifts �� resulting from creation of com-
plex ions [L-Me-L]2�. The values refer to the absorption
maximum of the corresponding ligand L (L � L1 or L2)
in ethanol.

Fig. 2: Absorption spectra of ethanol solutions. Curve 1 – dye L1;
2 – complex reagent R � [L1-Cu-L1] SO4; 3 – spectrum of
R after addition of ammonia liquor. The bathochromic
shift �� accompanying the creation of complexes R is
indicated.



As expected (cf Eq. 1), the VIS-NIR absorption spectra
showed that ion [L1-Cu-L1]2� decomposes in contact with
ammonia liquor and the ligand absorption spectrum is
restored (Fig. 2). A similar reaction was also observed on short
fibre sections sensitized with reagent R and exposed to
10000 ppm ammonia gas (Fig. 3). The forward reaction time
�90 (the time necessary to reach 90 % of the total light inten-
sity drop) was ~30 sec, much faster than the fibre recovery
time; full spectral relaxation was obtained after ~5 minutes of
nitrogen blow.

Ammonia, as a stronger electron donor than the organic
ligand, substitutes the latter in the metallic complex, giving
rise to a new [(NH3)nMe]2� complex ion (cf Eq. 1). The
decomposition of the original chromatic complex leads to
the observed colour changes. The equilibrium constant of re-
action (1) depends not only on the ammonia concentration,
but also on the actual degree of dissociation of the individual
ionic species. The degree of dissociation varies with the type
of ions (metallic ions as well as anions) and with the permit-
tivity of the solvating medium. If a polymer matrix acts as the
solvent, the possible diffusion of water into the polymer bulk
can also modify the actual degree of dissociation, thus con-
tributing to a remarkable dependence of the sensor signal
on the ambient humidity. Such behaviour was indeed experi-
mentally observed [12, 14]. The presence of hydroxyl and
hydronium ions in the polymer matrix can also lead to an al-
ternative chemical process – the creation of an ammonium
salt competing with the reaction (1), thus disturbing the sen-
sor function. Careful optimization of the cladding polymer
and counter-anion type is therefore necessary to reduce unde-
sired effects. We are currently researching in this direction,
and our work will be presented in a forthcoming paper. For
this study, only dry gas was used throughout the experiments;
thereby reaction scheme (1) could be adopted.

Spectroscopic measurements also confirmed the crucial
importance of the initial fibre wash for the long-term spectral
stability of the sensitized fibres. The rapid decay of the optical
absorption of the reagent R observed for an unwashed sample
(Fig. 4) resulted very likely from a chemical decomposition of

the reagent fractions due to a reaction with remains of a
UV-initiator/catalyser in the siloxane cladding. The optical
properties of fibres properly treated with acetone remained
stable for several months of storage in laboratory conditions;
the stability and reversibility in field conditions are currently
being tested.

The optical absorption of a short sensing fibre sample in-
tegrated within the spectral interval (840–860) nm decayed
with increasing ammonia gas concentration (Fig. 5); the cor-
responding concentration sensitivity descends with growing
analyte concentration and approaches a saturated level at am-
monia concentration ~4000 ppm. The saturated state likely
corresponds to a complete reagent decomposition (cf reaction
(1) involving all reagent molecules embedded in the clad-
ding). Thus, increasing the reagent concentration in the fibre
cladding could potentially increase the ammonia sensitivity
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threshold, but it would also enhance the total fibre attenua-
tion (undesirable for longer fibres), and likely decrease the
resolution at low concentrations. This is because the diffusing
analyte molecules will mostly react with the reagent molecules
located in the outer shell of the cladding, which interacts only
weakly with the evanescent field of the fibre core [17]. The
cladding thickness and reagent concentration profile there-
fore also have to be carefully optimized.

The low concentration resolution r within the interval
0–1000 ppm can be roughly estimated from the course in
Fig. 5. Assessing the standard deviation (STD) value as
� � 0002. and taking in account the signal change c. 0.092

we get for r � �1000
2

0092
50

�

.
ppm. As already mentioned,

the practical reagent concentration which can be achieved
in a sensing fibre cladding is generally limited. Therefore,
the detection resolution can be further improved mainly by
reducing the noise level. In our case, we estimate that the pri-
mary noise source was the poor light coupling between the
tested fibre and the measuring system; the measuring system
may be significantly improved if fixing fibre splices are used.
Further improvement can also be achieved by applying nu-
meric data accumulation and averaging procedures.

The full OTDR curves recorded with the 120 m long fi-
bre as fabricated, sensitized by reagent R within the range
(104–110) m, and exposed to 10000 ppm ammonia gas
within the same range were dominated by two Fresnel reflec-
tions (Fig. 6a). The pulse dispersion along the fibre length is
clearly demonstrated by the broadening of the distant (sec-
ond) reflection. The reflection at x ~ 0 comes from the front
end of an internal fibre within the Photodyne unit; the second
main maximum corresponds to the reflection from the free
end of the tested fibre. The tiny side-maximum of the first
reflection (at x ~ 8 m in Fig. 6a) is caused by the splice
connecting the tested fibre to the measuring unit. The fibre
sensitization resulted (i) in a slight increase in the intensity
back-scattered from the sensitized region (Fig. 6b), followed
(ii) by a steeper signal decay from the more distant fibre part
combined with a well-resolved reduction in the second Fresnel
reflection intensity (Fig. 6, curve 2) compared to the un-
sensitized state (Fig. 6, curve 1). The first effect may likely be
ascribed to the increase in polarizability within the sensitized
range enhancing the Rayleigh term SR(x) and reducing NA(x)
(cf Eq. (3, 4)). The local drop of the numeric aperture elicits
leakage of some part of the guided modes into the cladding,
where their scattering and absorption level is much higher
than in the fibre core. The second effect results from the
enhanced fibre attenuation within the sensitized region (cf
Eq. 2, 3, 5).

The character of the OTDR signal variation observed af-
ter exposure to concentrated ammonia gas (Fig. 6, curve 3)
was opposite to the reaction following the sensitization proce-
dure. The second Fresnel reflection grew, the back-scattered
signal coming from the sensitized/exposed region decreased,
and the slope of the signal that originated just after the ex-
posed region rose. The behaviour is again in accord with the
basic OTDR model represented by Eq. 2–5 and with reaction
mechanism Eq. 1. Decomposition of the reagent complexes
and the creation of much smaller ions [(NH3)4Cu]2� led to
a local reduction of parameters �(x) and �a (x), causing the
observed signal changes. The two intersections of curves 2

and 3 (Fig. 6b) conform very well with the boundaries of the
exposed region.

4 Conclusions
The results show the principal feasibility of fabricating an

ammonia sensing fibre using the selected reagent and fibre
sensitization procedure employed here. The sensing parame-
ters obtained with a short fibre sample (r � 50 ppm, �90 � 30 s)
are comparable with the figures required for detecting an
extensive ammonia gas leakage. We anticipate that compara-
ble sensing parameters would also be achieved with long
sensing fibres; the concentration resolution can likely be fur-
ther improved by using a better optical coupling of the tested
fibre to the measuring unit, and numeric signal accumulation
and averaging procedures.

The OTDR measurements were performed with the aim
to demonstrate the principal feasibility of distributed ammo-
nia gas detection using the proposed fibre design. Two fea-
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tures of the observed OTDR signal are important for the
subsequent design of the prototype:
(1) Variation of the Fresnel reflection coming from the free fi-

bre end can be instrumental in detecting any ammonia
leak along the fibre length.

(2) The absorbing reagent embedded in the fibre cladding
not only enhances the local fibre attenuation (the main
factor restricting the maximum length of absorption-
-based sensing fibres), but also contributes to growth of
the local back-scattered light intensity, thus slightly im-
proving the signal-to-noise ratio of the resulting signal.

Our forthcoming research will focus on tests of alternative
reagents (such as L1-complex with cobalt) followed by the fab-
rication of an optimized distributed fibre optic sensor. The
static and dynamic characteristics and the long-term stability
in field conditions of the sensor will be analysed with refer-
ence to the influence of ambient temperature and variations
in relative humidity.
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