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Abstract: A low-cost and portable optical chemical sensor based ammonia sensing system that is 
capable of detecting dissolved ammonia up to 5 ppm is presented. In the system, an optical chemical 
sensor is designed and fabricated for sensing dissolved ammonia concentrations. The sensor uses 
eosin as the fluorescence dye which is immobilized on the glass substrate by a gas-permeable 
protection layer. A compact module is developed to hold the optical components, and a battery 
powered micro-controller system is designed to read out and process the data measured. The system 
operates without the requirement of laboratory instruments that makes it cost effective and highly 
portable. Moreover, the calculated results in the system can be transmitted to a PC wirelessly, which 
allows the remote and real-time monitoring of dissolved ammonia. 
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1. Introduction 

Dissolved ammonia is an environmental toxicant 

that is especially problematic for aquatic organisms. 

Ammonia (NH3) accumulates easily in aquatic 

systems because it is a natural byproduct of fish 

metabolism. All animals excrete some waste in the 

process of metabolizing food into the energy, 

nutrients, and proteins they use for survival and 

growth. For fish, the principal metabolic waste 

product is ammonia. Because it is continuously 

excreted and potentially lethal, successful 

aquaculture operations must therefore incorporate 

methods to detect and eliminate ammonia before it 

can accumulate and harm the aquatic life [1, 2]. As a 

result, there is a real requirement to develop a cost 

effective and low maintenance system to allow for 

continuous monitoring of dissolved ammonia 

concentrations in aquatic environments. 

Advances in optical chemical sensors including 

sensitive, highly selective, easy to miniaturize, 

electrical, and magnetic interference-free, reference 

electrode independent and operational in varied 

environments (e.g. air or liquid) have allowed them 
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to be used in a wide range of applications such as 

medical application, environmental and 

pharmaceutical analysis, and process control [3‒6]. 

In addition, the wide availability of the miniature 

photo-detectors and light sources and the broad 

usage of optical fibers make the optical chemical 

sensors very attractive for applications requiring 

portable and compact sensing solutions. In this work, 

to develop a portable ammonia sensing system, it is 

decided to design an optical chemical sensor for the 

detection of ammonia in the liquid. 

A small number of optical chemical sensors 

based ammonia sensing systems have been 

developed for the detection of dissolved ammonia 

[7‒10]. However, those systems require laboratory 

instruments to operate (e.g. laser source for incident 

light and a spectrometer or charge-coupled device 

(CCD)/color camera for sensor results readout). This 

makes them bulky and expensive, which limits the 

portability of the device. 

In this work, an optical chemical sensor based 

ammonia sensing system that operates 

independently of laboratory instruments is 

developed. It is able to detect dissolved ammonia up 

to 5 ppm and a lower detection limit of 0.1 ppm is 

achieved with longer response time. In the system, 

an optical chemical sensor is developed and used for 

sensing dissolved ammonia. Eosin is used as the 

fluorescence dye which is immobilized on a glass 

substrate by a gas-permeable protection layer. A 

compact module is designed for housing the optical 

components, and a battery powered micro-controller 

based circuit is designed to control the incident light 

signal from the light-emitting diode (LED) and read 

out the fluorescence signal from the sensor. This 

makes the system highly portable and enhances its 

usefulness for compact applications. Moreover, the 

system allows users to transmit the measurement 

data to a PC through the wireless transceivers that 

makes it possible for real-time and remote 

monitoring. 

2. System description 

Figure 1 shows the block diagram of the 

ammonia sensing system developed, which consists 

of two main parts: A. the optical components and 

sensor module, which includes the optical ammonia 

sensor, an LED, a photo-detector, optical filters, and 

the holder for the components; B. the battery 

powered micro-controller based printed circuit board 

(PCB), which is used to modulate the light signal 

from the LED, process the fluorescence signal 

collected by the detector and transmit the data to a 

PC through the wireless transceivers. 

Ammonia 

sensor 

Optical components & sensor module 

Detector 

LED 

A B

Fluorescence signal 

Power & modulation signal 

Micro-controller based PCB 

Micro-controller 

Power 

management 
RF  

transceiver 

RF transceiver 

board 

USB cable  
PC & Labview 

(data collection and display) 

 

Fig. 1 Block diagram of the ammonia detection system. A and B highlight the optical and sensor module and the micro-controller 

based PCB, respectively. 
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2.1 Development of optical ammonia sensor 

Ammonia (NH3) is an essential nutrient for plant 

and is not accessible in its molecular form. Bacteria 

can convert the dissolved ammonia to nitrite (
2

NO ) 

and nitrates (
3

NO ) which can then be used by 

plants, a process known as “fixing”. On interacting 

with water, ammonia is in equilibrium with 

ammonium ion and hydroxide ion as shown in (1): 

3 2
NH H O +

4
NH OH .      (1) 

The equilibrium lies to the right, meaning the 

vast majority of nitrogen exists in the ammonium 

ion form, rather than the ammonia form. In the 

ammonium form, it is quite harmless, and larger 

concentrations can be supported. 

However, this equilibrium position is dependent 

on the pH of the system. Changes in pH can have a 

detrimental effect on the system. Given that the 

dissociation constant KA of a system is by definition 

constant and applying Le Châtelier’s principle to the 

following equation, the effect of pH change can be 

seen. The dissociation constant of 

ammonium-ammonia system can be seen in (2) and 

(3): 
+

4
NH

3
NH H            (2) 

 
  3

+

4

NH H
=

NH
A

K


  
.             (3) 

If the pH increases, effectively there are less ions. 

The system, which can be considered originally in 

equilibrium, has been disturbed, and will rearrange 

the distribution of concentration of components of 

the reaction so as to minimize the effects of the 

disturbance, i.e. 
A

K  must be kept constant. This is 

achieved by producing more ions, which also 

produces more
3

NH . Therefore, increasing the pH 

releases more 
3

NH  into the system. 

The ammonia sensor designed in this work is 

based on the change in optical properties associated 

with a change in pH. To achieve this, a three-layer 

sensor is developed which consists of a solid inert 

support, a pH sensitive matrix, and a gas-permeable 

protection layer (see Fig. 2). Supports used are glass 

microscope slides. The pH dye chosen is eosin 

which is a fluorescent dye with the advantage of 

having a low fluorescent state in low pH conditions 

and higher fluorescence in higher pH conditions 

[pH>3.0, greater than the pKa (acid dissociation 

constant at logarithmic scale) of eosin]. It has an 

absorption maximum at 517 nm and an emission 

maximum at 538 nm [11]. 

Spin coat 

membrane 

Eosin layer Substrate Gas membrane

Spin coat eosin

 

Fig. 2 Fabrication of the ammonia sensor. 

The sensing film is comprised of eosin (1 mM), 

microcrystalline cellulose (MCC) (5% w/w), and 

methylsulfonic acid (MSA) (0.7 M) dissolved in a 

99.5:1 acetone: water mixture. MCC is hygroscopic 

and will absorb moisture allowing a localized 

aqueous-type environment to form. The eosin is also 

absorbed in this aqueous-type environment and can 

respond to changes in the pH surrounding it. MSA 

(pKa = ‒1.9) is used to ensure that the local pH is 

below the pKa (2.9) of eosin. This protonates eosin 

and keeps it in the low-fluorescent state. Upon 

spin-coating (600 rpm, 50 s), the solvent evaporates 

readily leaving a thin (70 micron) sensor film on the 

support. The sensor film is left to dry at room 

temperature for 24 hours and is then placed 

overnight in 0.7 M MSA solution to ensure 

protonation of the eosin dye.  

To prevent the sensor film from sensing the bulk 

solution pH, a gas permeable silicone layer    

(25% w/w in n-heptane) is spin coated (1200 rpm,    

50 s) on top (100 micron nominal). Dissolved 

ammonia gas can diffuse through this layer, and ions 

and other liquid species cannot cross this 

gas-permeable membrane. In this manner, the sensor 

measures the local pH on the film side of the 
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membrane and not the bulk solution pH outside the 

membrane. 

One chemical pathway can be thought of as 

follows. This ammonia reacts with the water 

surrounding the eosin and MCC to form ammonium 

ions and hydroxide ions. This raises the local pH 

resulting in a change from the low-fluorescent to the 

high-fluorescent state. 

 +

3( g) 3 (g ) 2 (l) 4 (aq ) (aq )NH diffuseNH H O  NH OH


 -+ +
bulk sensor 

  (4) 

Equation (4) shows the reaction scheme showing 

the interaction of dissolved ammonia in the bulk 

phase with the local pH and is illustrated in Fig. 3. 

 

Fig. 3 Schematic of sensor mechanism illustrating (in boxed 

region) the diffusion of dissolved NH3(g) through the 

gas-permeable membrane and changing local pH (increase in 

OH-concentration). 

Another chemical pathway could be the direct 

deprotonation of eosin by dissolved ammonia. In 

either way of both chemical pathways, the overall 

effect is the same, and eosin is deprotonated to form 

the highly-fluoresecent anion. 

 
Fig. 4 Deprotonation of eosin. In the case of ammonia 

B=NH3 and +

4
BH NH  . In the case of hydroxide ion pathway, 

simply substitute B with OH and BH+ with. 

Standard solutions of ammonium ion to produce 

to required concentration of ammonia are prepared 

as follows. 

Buffer solutions at pH7 are prepared using the 

10:6 ratio of 0.01 M sodium dihydrogen phosphate 

and 0.01 M disodium hydrogen phosphate solutions. 

Using the Hendersen-Hasselbalch equation the 

concentration of [NH3] can be calculated: 

  (pH pKa)

3 4
NH 10NH

            (5) 

or to obtain a given concentration of [NH3], the 

concentration of 
4

NH    can be determined: 

  (pKa pH)

34
NH 10NH

             (6) 

or given that the pKa is 9.24 and the pH is 7 

  2.24

34
NH 10NH     .          (7) 

Table 1 outlines the concentrations of NH4Cl 

made up in the (phosphate) pH7 buffer solutions. 

Table 1 Concentrations and masses of NH4Cl in 1 L of pH7 

phosphate buffer solution to produce 1, 2, 3, 5 and 10 ppm NH3 

solutions, using (5). 

[NH3] 

(ppm) 

[NH3] 

(mM) 

[NH4Cl] 

(mM) 

[NH4Cl] 

(mgL
1

) 

1 0.059 10.20 545.8 

2 0.117 20.41 1091.6 

3 0.176 30.61 1637.4 

5 0.294 51.02 2729.0 

10 0.587 102.04 5458.1 

2.2 Development of optics and electronics 

The optical components and sensor module 

designed is shown in Fig. 5(a). The size of the 

module is approximately 38 mm38 mm30 mm. 

 

        (a)                           (b) 

Fig. 5 Optical components and sensor module designed:   

(a) optical components and sensor holder and (b) schematic 

diagram of the optical components within module. 

The incident light and emitted fluorescence 

paths are divided into 2 channels. The LED has a 

peak emission wavelength of 490 nm, and the 

detector has a spectral range of 400 nm to 800 nm. 

An optical band-pass filter (475 ± 25 nm) is placed 

after the LED, and an optical long-pass filter   

(530 nm) is placed before the detector [Fig. 5(b)]. A 
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hole (13 mm13 mm30 mm) in the module allows 

water to flow through to fill the region where the 

ammonia sensor is fixed across the diagonal. For 

this work, a cuvette is used with the sensor placed 

within a fixed volume of water and varying amounts 

of ammonia solution added to the water. The 

position of the ammonia sensor is fixed within the 

cuvette. 

The electronics design is shown in Fig. 6. The 

main board is a micro-controller based PCB which 

consists of a micro-controller chip, power 

management circuit, A/D converter (ADC), Op-amp, 

and radio frequency (RF) transceiver. Another 

transceiver board is used to receive data sent from 

the main board and push the data to one of the serial 

COM ports on the PC through a USB cable. 

 

Main PCB 
Power management: 

5VDC (TPS76950DBVT) for LED; 

3VDC (LP2950) for micro-controller. 

Micro-controller 

MSP430F5438A 

Vref for ADC 

LM4141-1.024V 

PC with Labview 

User interface program 

XBee RF transciever  

board IEEE802.15.4 

Signal driving/Conditioning 

OPAMP MCP6002, 

Transistors 2N7000, BC517 

RF transceiver

AT86RF231 

IEEE802.15.4

Optical components 

and sensor module 

Wireless 

link 

 
Fig. 6 Electronics design of the sensing system. 

 
Fig. 7 Photograph of the ammonia sensing system developed. 
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To avoid photo bleaching, the micro-controller is 

programmed to modulate the excitation light from 

the LED. The LED is on for 400 micro-seconds in 

every 15 s. The photodiode detects the fluorescence 

signal emitted from the ammonia sensor, which is 

collected by the micro-controller through an A/D 

converter. The micro-controller then calculates the 

peak-to-peak (pk-pk) amplitude and sends the 

results through an RF transceiver on the board to a 

second RF transceiver that transmits the data to a PC 

through a USB cable. The results can be displayed 

using a custom-written Labview routine on the PC. 

3. Experimental results 

A photograph of the system developed is shown 

in Fig. 7. The system is powered by 3 AA batteries, 

and the measurement dataare transmitted wirelessly 

to a PC using RF transceivers and processed using a 

custom-written Labview routine. 

Figure 8 shows the response of the system for 

varies ammonia concentrations. During the 

measurement, the sensor is rinsed in a zero buffer (0 

ppm of ammonia, pH7) and placed inside the cuvette, 

calibrated volumes of dissolved ammonia are 

pipetted into the cuvette. In the system, as there is an 

overlap between the LED’s spectral output (490 nm) 

and the photo-detector’s detection range (400 nm ~ 

800 nm), the optical filters used do not block all the 

LED’s light which is scattered to the photo-detector. 

This “leaked” excitation light from the LED is then 

picked up by the photo-detector that forms a 

baseline which is constant. To clearly demonstrate 

the changes of the fluorescence intensity emitted 

from the sensor for varies ammonia concentrations, 

the baseline has been deducted in the plots. 

For the calibration, an average of the last 100 

data points for each dissolved ammonia 

concentration are used to generate the calibration 

curve, as shown in Fig. 9. A three-parameter 

exponential decay function (y=A1exp(x/t1)+y0) is 

fitted to the sensor response which gives an accurate 

fit of r2=0.999. 

500

1 ppm

Time (min) 

400300 200 1000

0

50

100

150

200

B
as

el
in

e 
su

b
tr

ac
te

d
 p

k
-p

k
 a

m
p

li
tu

d
e 

(m
V

) 

0 ppm

2 ppm 

3 ppm

5 ppm

Ammonia concentration 

 

Fig. 8 Response curve of the system for various 

concentrations of dissolved ammonia in a buffer solution (pH7).  

 
5

Ammonia concentration (ppm) 

4 3 2 10

0

50

100

150

200

B
as

el
in

e
 s

u
b
tr

a
ct

e
d 

p
k

-p
k 

a
m

p
li

tu
d
e 

(m
V

) 

Sensor response

Fit

Model ExpDec1 

Equation Y=A1*exp(x/t1)+y0  

Chi-Sqr 2.27145   
Adj.R-Squ 0.9994   

  Value Standard Er

y0 195.078 2.35592 

A1 193.435 2.71442 

t1 1.06945 0.05059 

k 0.93506 0.04423 

pk-pk 

tau 0.74129 0.03507 

 

 

Fig. 9 Calibration curve, generated from the average of the 

last 100 data points of different dissolved ammonia 

concentrations. Error bars represent the standard deviation. 

Figure 10 shows the response time of the sensor 

for a variety of dissolved ammonia concentrations. 

The typical response time from 0 ppm to 0.1 ppm,  

1 ppm, and 10 ppm ammonia concentrations are 200 

minutes, 80 minutes, and 20 minutes, respectively. 

This response is a convolution of diffusion process 

across the membrane and numbers of eosin 

molecules which have been deprotonated into the 

higher fluorescent state. As the numbers of 

fluorescent molecules are determined by the local 

pH of eosin, this exponential curve is expected. By 
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varying the concentration of eosin and/or the amount 

of MSA, the response curve can be changed to give 

a stronger response or a more sensitive response. 

Larger concentrations of MSA would require larger 

concentrations of ammonia to affect the requisite 

change in local pH to enable a fluorescent state to 

form. Hence the applicable sensing range can be 

fine-tuned. Response time is mainly due to diffusion 

controlled process across the gas-permeable 

membrane. To achieve faster time, a thinner and 

structurally complete membrane is required. 

 
                     (a)                                 (b)                               (c) 

Fig. 10 Response time of the sensor for varies dissolved ammonia concentrations: (a) 0.1 ppm, (b) 1 ppm, and (c) 10 ppm. 

 

4. Conclusions 

In this work, an optical chemical sensor based 

ammonia detection system is developed, which is 

capable of detecting dissolved ammonia up to 5 ppm. 

To fabricate the optical chemical sensor in the 

system, eosin is used as the fluorescence dye which 

is immobilized on the glass substrate by a 

gas-permeable protection layer. The sensing system 

uses a compact module for housing the optical 

components and a battery powered micro-controller 

based circuit for the control of the incident light 

signal from the LED and readout of the fluorescence 

signal from the sensor. This allows the system to 

operate independently of the laboratory instruments 

that makes it low-cost and highly portable, and 

enables its usefulness for compact applications. 

Moreover, the system can communicate with a PC 

through wireless transceivers that makes it possible 

for real-time and remote monitoring of dissolved 

ammonia. 
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