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Executive Summary
Real-time nitrate sensing holds the potential for significant yield increases, 
cost savings, and environmental impact reduction. However, current solutions 
are impractical for large-scale use in the field. 

Furthermore, many solutions available today are too 
slow to be considered as part of a “real-time” system, 
where detection is required within seconds, enabling 
in-field alterations to fertilizer application rates. This 
paper describes a novel approach to this challenge 
and presents a pathway to a scalable, commercially 
viable solution, suitable for retrofitting to existing fertilizer 
application devices.

The method proposed in this report is believed  
possible to be implemented in the short term, using 
largely existing technologies. While the approach adds 
complexity in the form of some moving mechanical parts 
and has some associated consumables, the benefits of 
direct measurement of nitrates and self-calibration in a 
short timescale provide tangible benefits, offsetting  
this drawback.
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Overview
In July 2017 we released a paper, entitled Nitrogen sensing: 
Integrated thinking. The paper identified the need for a 
breakthrough in rapid nitrogen detection technology and 
proposed a solution that offered benefits compared with all 
current detection solutions. 

For a detection system to control a fertilizer applicator in 
real-time, the time-to-detection must be in the order of 
seconds. Such a detection system should achieve at least 
the following:

 � Detection time less than 2 seconds 
A detection time of 2 seconds is equivalent to a spatial 
resolution of 36 ft, as a tractor will travel 36 ft in 2 seconds 
when travelling at 12 mph. Detected nitrates at the front 
of a tractor can then be adjusted by an applicator at the 
back of the tractor. This resolution could be increased for 
more variable conditions by reducing applicator speed.

 � Detection range of 20 to 250 ppm with 20 ppm accuracy 
and repeatability 
This covers typical nitrate ranges across common 
use cases, and the accuracy will ensure that fertilizer 
application is efficient.

 � Minimal consumables 
Carrying large volumes of chemicals and filters is 
unwieldy, increases operating costs and may pose 
handling and disposal issues. 

 � Self-calibrating 
A measurement system should be self-calibrating, with 
little to no user intervention, in order to minimize setup 
and downtime. 

 � Robust 
A measurement system will be used in harsh 
environmental conditions and must operate reliably.

 � Nitrate vs Nitrite selectivity 
The ability to distinguish between nitrates vs nitrites (and 
other interfering ions) will support a better understanding 
of the quantity of fertilizer required.

Using a combination of optical interrogation and 
colorimetric chemical tests, it is possible to detect quickly, 
accurately, and without the need for user calibration. We 
have been testing such a system in our labs in order to 
characterize its performance and demonstrate a feasible 
path to implementation in-field. Our proof-of-concept 
detection system demonstrates detection times better than 
20 seconds, with a clear route to reducing detection time 
to approximately 2 seconds whilst using incredibly small 
consumable volumes of 4.1 fl. oz/acre, and is made from 
low-cost, off-the-shelf components. The system combines 
chemical mixing and optical detection within a microfluidic 
chip, decreasing the volume of consumables required, 
improving robustness and maximizing signal to noise  
ratio (SNR). 

A microfluidic mixing chamber can continuously combine 
small volumes of cleaned soil samples with small volumes 
of chemicals responsible for a color-change reaction. 
These chemicals react with ions (e.g. nitrates, nitrites) in the 
soil sample which causes a color change proportional to 
their concentration. Nitrates and nitrites cause different 
color changes (i.e. red versus yellow) within the sample 
which can be measured using two lasers, in a process 
called absorption spectroscopy. This gives a quantitative 
measurement of the strength of these colors and can 
be used to measure the concentration of both nitrates 
and nitrites. A separate unreacted channel may also 
be interrogated in the same manner which can be used 
to self-calibrate other effects, such as laser intensity 
fluctuations, sample turbidity, interference ions (e.g. 
sulphides, iodides), etc.

Figure 1: A ratiometric measurement self-calibrates the signal 
for nitrate measurement against an unreacted reference path. 
Using multiple laser wavelengths allows us to detect multiple ions 
simultaneously using this method.
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Cambridge Consultants has explored options for real-time 
nitrate detection [1], which are summarized in Table 1. The 
approach presented here combines the advantages of 
chemical [2]–[4] and spectroscopic [5]–[8] methods. We 
can speed up detection times by measuring continuously 
and predicting the final absorption state. We can trade-
off accuracy with range by tuning our optical path 
length, which also tunes the volume of consumables 
used. Multispectral measurement allows us to reduce 
interference and increase analytical capability and a 
ratiometric measurement allows for a robust, calibration-
free instrument.

System design
Our innovative detection solution out-performs existing 
detection strategies by combining the specificity of 
chemical reactions with the high resolving power of 
spectroscopy. Our focus has been on the detection system 
as we perceived this to have significant impact on the 
overall time-to-detection. Other modules of the system have 
been considered which comprise a complete, automated, 
real-time ‘sense, measure, fertilize’ system:

Figure 2: The key to the first part of this system is obtaining the sample and preparing it for detection, once detection has been conducted then 
the results can then be used to affect the application rate. 

Table 1: A comparison of detection approaches to sensing nitrates in soil. Positives (+), negatives (-), and neutral (0) overall points of each  
are indicated.
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Time Range Accuracy Consumables Specificity Self-cal. Mechanical 
complexity Robust Snr

Chemical − + 0 − 0 0 − − +

Spectroscopy + + + + + + + − −

Electro-chemical 0 0 + − − − 0 − −

Electrical + 0 0 + − − 0 − 0

Stand-off optical + − − + − − + 0 −

Indirect − − − + − − + + 0

Chemical- 
spectroscopy + + + 0 + + − 0 +
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Figure 3: Steps to real-time nitrogen application

Of the main elements of the system, we have tackled the 
one that we perceive to be the highest risk first: detection of 

relevant nitrate levels in an acceptable time, with a vision for 
implementation on in-field systems.
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Stage System requirements

Sample extraction Extraction Rate: extraction must support speeds of normal fertilizer application and must not 
substantially increase the drag on the vehicle

CONTINUOUS SAMPLING: soil must be extracted continuously or with minimum interruptions

EXTRACTION DEPTH: 12 – 24”

Sample preparation Chemical washing: samples need to be washed with potassium chloride (KCl) to extract nitrates 
from the soil

Filtration: extracted samples require filtration to remove particulates and soil particles

Consumables: ideally such filters can last an entire field fertilization such that at maximum they 
only require replacing at the start of each scan

Detection Time-to-detection: the time from the sample entering the detection system to the resulting 
detection must be better than 2 seconds

Consumables: minimal consumables should be required

Signal Accuracy: better than 20ppm

Signal Range: 20 – 250 ppm

Nitrate/Nitrite Sensitivity: ability to distinguish different concentrations of nitrites and nitrates

Calibration: minimal user calibration required

Signal processing The data must be automatically processed to determine the quantity of nitrates and nitrites in the 
soil, including any calibration or adjustments for other conditions (e.g. soil types).

Application rate change Flow Regulation: application rates must be adjusted on-the-fly to adjust for fertilization variations. 

Time elapsed = distance traveled

Sample
extraction

Sample
preparation

Application
rate changeDetection Processing



Technical details
For good crop yields, the concentration of nitrates in soil is 
paramount – too little and the plant will be malnourished, 
too much and the soil can become alkaline, inhibiting growth 
and damaging crops. Excess fertilization causes nitrates 
to leach into nearby bodies of water, where increased 
nitrate levels can cause algal blooms as well as direct harm 
to humans and wildlife. Nitrates can be generated from 
nitrites by nitrogen-fixing bacteria, however nitrites alone 
cannot be used by plants. Thus, a field which scores high in 
total nitrogen (i.e. nitrate + nitrite) content may be severely 
lacking the required nitrate content for high crop yields. 
Most measurements of in-situ fertilization are manual, all 
are slow and only give information on total nitrogen content 
(i.e. the sum of nitrates and nitrites, not their breakdown). For 
agritech applications, the ability to simultaneously detect 
nitrates and nitrites greatly improves the utility of such an 
instrument. An instrument which can detect both nitrate 
and nitrite content of soil rapidly enough to allow sufficient 
spatial resolution of a field when mounted to a tractor, such 
as the one presented in this report, would enable real-time 
monitoring and fertilization of fields on a granular level, 
which would allow farmers and growers to use less fertilizer, 
while improving crop yield.
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Figure 4: A schematic diagram of the optical setup. The signal 
detected by the photodiodes decays as a function of time once 
the sample is added to the buffer solution. As shown, this “macro” 
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Figure 5: A schematic diagram of a ratiometric absorption setup.  
The ratio of absorption from a reference cell and a test cell makes 
the output signal immune to input intensity fluctuations.

System overview

Our system comprises two laser modules (0.9 mW @ 532 
nm, 3.5 mW @ 850 nm) which are directed through either a 
“macro” cuvette (25 × 25 × 42 mm = 50 ml) or microfluidic chip  
(10 × 5 × 0.2 mm = 10 μl) then detected using two silicon 
photodiodes with transimpedance amplifier front-ends. A 
mixture of a cleaned soil sample with 3,5-dihydroxybenzoic 
acid (3,5-DHBA) is reacted within the cuvette/chip under low 
pH which causes a selective color change in the presence 
of Nitrates vs. Nitrites. By measuring the resulting absorption 
spectrum of the cuvette/cell at different wavelengths we 
can quantitatively determine the concentration of each of 
the types of ions within the sample. The chemical reaction 
used is described in [9]. 

Absorption Spectroscopy

The experimental setup, schematic shown in Figure 4, 
consists of collimated laser modules which pass through a 
“macro” cuvette (25 × 25 ×42 mm) where the reaction takes 
place before being detected on a photodiode. Comparing 
the absorption at two wavelengths allows for discrimination 
between nitrates and nitrites, as described in more detail 
in section 5. If this setup is based on a flow cuvette or 
microfluidic chip, as shown in Figure 4, this measurement can 
be performed in short batches, with a high frequency. Such 
an embodiment makes this system ideal for real-time in-situ 
determination of nitrates and nitrites, as in smart fertilization 
applications in the agritech industry.

Lasers generally have good output power stability when 
driven with a constant current source, however when 
subjected to large temperature and humidity variations 
(as is the case with in an in-field measurement) this should 
be accounted for to achieve the highest measurement 
accuracy. This can be done by using a ratiometric 
absorption measurement with a test and reference cell, as 
shown in Figure 5.



Testing Results: Selectively Measuring 
Concentrations of Nitrates and Nitrites 
in Test Samples

Absorption spectroscopy 

A colorimetric chemical reaction can be quantitatively 
measured by measuring the transmission of light at a 
particular wavelength through a cell with optical path 
length, l, as described by the Beer-Lambert law for low 
concentrations,

where T is the transmission through the cell, I0 is the total 
intensity passing through the cell, I(κ) is the intensity passing 
through the cell after the chemical reaction has completed, αλ 
is the absorption coefficient of the analyte at wavelength, λ, 
and κ is the concentration of the analyte (where the analyte is 
the product of the reaction responsible for the color change). 
For the reaction with nitrates (NO3

-), we experimentally 
determined that αλ(λ = 532 nm) ≈ 48 × 10-3 cm-1 ppm-1.

Figure 6 is a logarithmic plot where the signal on the vertical 
axis is proportional to the transmitted intensity of laser light 
at 532 nm through a cuvette containing a 3,5-DHBA solution 
in sulphuric acid. In the cuvette there is a magnetic stirrer. At  

t = 0, a sodium nitrate sample is added. In the time 
immediately after the addition of the sample (the red 
shaded region), there is a dip in the optical transmission 
due to the laser beam diverging upon leaving the 
cuvette, and a reduced fraction of the light reaching the 
photodiode. This divergence is caused by refraction in the 
inhomogeneously mixed sample. After approximately 7.5 s, 
the mixing is sufficient that this effect becomes insignificant. 
The transmission is now determined predominantly by the 
amount of analyte in the solution, which increases over the 
course of the reaction.

Typically, the time dependence of the concentration of 
products of a chemical reaction can be approximated by an 
equation of the form,

where κmax is the concentration approached as the 
reaction goes to completion, and τ is the rate constant for 
the reaction which is influenced by the temperature and 
mixing rate. The parameter t0 is the nominal ‘start time’ for 
the reaction. Combining this equation with the previous 
equation for the Beer-Lambert Law, we may obtain an 
expression for transmission as a function of time,
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Figure 6: A typical experimental trace of the detected photodiode signal over the course of the reaction which is fitted with the model 
discussed in the text. Stirring effects after addition of the sample have been excluded (orange shaded region) from our fit to the data (blue 
shaded region). Error bars are smaller than the data points.

06
© Cambridge Consultants 2022

Real-time nitrate sensing: enabling precision fertilizer application



07
© Cambridge Consultants 2022

Real-time nitrate sensing: enabling precision fertilizer application

This equation is a good fit for the data we have obtained 
when measuring the optical transmission as a function of 
time when carrying out the nitrate test reaction in a cuvette, 
as is shown in Figure 6.

In a nitrate testing test process where the temperature 
and the rate and manner in which the reactants are mixed 
are controlled, it should be possible to keep the value of t0 
constant, leaving κmax and τ as the fit parameters.

The benefit of capturing and fitting this data in real-time 
is that the nitrate concentration in the sample can be 
well-determined after t ≈ τ, which is much shorter than the 
time for the reaction to fully complete (τ = 8.0 s in Figure 6) 
speeding up detection time from a couple of minutes to  
< 10 s. Of course, the error associated with the fitted 
parameters decreases with the amount of data fitted: 
however, we can trade-off measurement accuracy for 
response time to optimize our system for its application. In 
our case we wish to have a measurement error ≈ 10 ppm 
(comparable to the level of nitrates found in drinking water) 
and a detection time approaching 2 s (the time taken for a 
tractor to cover 36 ft at a speed of 12 mph).
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Figure 7: Illustration of the effect of increasing path length on the dynamic range (i.e. UDL/LDL) of the instrument. UDL can be traded-off against 
LDL to match the dynamic range of the instrument to its application.

Dynamic range of the measurement and optical 
path length

The dynamic range of such an instrument (i.e. its ability to 
measure both low and high concentrations of nitrates and 
nitrites) is determined by the absorption per concentration, 
α, of the analyte and the path length used, l, compared 
with the measurement limits of the transmitted light (e.g. 
Tmin,Tmax), as shown in Figure 7. For a good SNR, the path length 
should be tuned such that T(κmax ) ≥ 3Tmin. In this way the 
upper detection limit (UDL) can be traded-off against the 
lower detection limit (LDL) to achieve a satisfactory dynamic 
range. Our initial test setup (with l = 25 mm) was limited to 
UDL ≈ 50 ppm by this mechanism, which should be reduced 
to l ≤ 5 mm to cover the typical range of nitrate levels in soil 
of 20 – 250 ppm.

Two wavelength quantification of combined 
nitrate and nitrite solutions

The presence of other ions in the soil can interfere with 
the determination of nitrate concentration, for example 



nitrite ions also react in the nitrate test reaction resulting 
in a color change. However, the absorption spectrum 
of these reaction products is different from that of the 
nitrites. A multispectral approach measures absorption 
at two or more different wavelengths to simultaneously 
determine concentrations of both nitrates and nitrites, 
improving the analytical capability of our instrument. This 
is possible as αλ is wavelength dependent. Thus we can 
choose wavelengths such that αλ are very different for each 
analyte. The wavelength dependence of αλ for nitrates (NO3) 
and nitrites (NO2) are shown in Figure 8. 

To test that we can quantify nitrate concentration in the 
presence of nitrites we chose to measure absorption at  
532 nm and 850 nm. These wavelengths were selected 
because the ratio of the absorption coefficients for 
nitrate and nitrite analytes are very different for the two 
wavelengths, and because is possible to obtain low cost, 
compact laser diode modules at these wavelengths, 
enhancing the commercial attractiveness of the method. 
The infra-red wavelength was chosen particularly because 
of the strong absorption for nitrites, but not for nitrates. From 
additional absorption measurements further into the infra-
red, we find that this absorption feature peaks at 950 nm.

Figure 8: Absorption coefficient (α) as a function of wavelength for nitrates and nitrites. The laser lines used in this experiment (532nm and 
850nm) are shown with dotted black lines.

Figure 9: Plots of absorbance as a function of wavelength for different concentration solutions of nitrates.
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To check the validity this approach, we first verified that 
absorption had a linear dependence with concentration 
for separate samples of nitrates and nitrites over the 
concentration ranges of 10 – 200 ppm for nitrates (Figure 9) 
and 10 – 100 ppm for nitrites. We used this data to accurately 
determine the four values of α for nitrates and nitrites at 
both 532 nm and 850 nm. We then prepared mixed samples 
which contained both nitrates and nitrites and attempted 
to determine the both nitrate and nitrite concentration by 
measuring absorption at both wavelengths. The results 
of these tests are given in Table 2 and confirm that the 
approach successfully estimates the concentration of 
nitrates and nitrites in different combined samples (within 
the experimental uncertainties).

The effect of contaminants on the measurement

It is possible that the nitrate test reaction may be influenced 
by the presence of other ions in the sample. To check that 
the absorption spectrum depends only on the nitrate and 
nitrite concentration, and not the concentration or species 
of cation, we carried out the test reaction on solutions of 
a number of different nitrate and nitrite salts which may 
be found in soil. In addition to NaNO3 and NaNO2, the salts 
tested were Ca(NO3)2, NH4NO3, KNO3, Ca(NO2)2 and KNO2. From 
these tests we conclude that the reaction is unaffected by 
the presence of these salts in low concentrations. Further 
tests could be carried out to verify that the test is not 
affected by other possible contaminants, or that these 
contaminants could be accounted for by using additional 
wavelengths in the measurement.

Microfluidic experiments

In order to understand the challenges of making nitrate 
measurements in a microfluidic flow cell, we performed 
some experiments using microfluidic chips, shown in Figure 
10. From these experiments we were able to identify the 
difficulties of carrying out the experiment on a microfluidic 
scale, and determine approaches to address these.

Table 2: A table of the experimental results of our tests to simultaneously determine concentrations of nitrates and nitrites in a mixed sample.
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Figure 10: A photograph of the microfluidic chip used in the 
experiment. Sulphuric acid and a red dye solution enter the mixing 
chip at the left. Upon reacting with the sulphuric acid, the dye 
changes colour. It leaves the mixing chip through the loop of tubing 
and enters the interrogation chip.

Test ID Constituents
Prepared solution mixture 

concentration [ppm]
Concentration estimated using two 

multispectral approach [ppm]

1
NO3

− 25 31 ± 5

NO2
− 25 26 ± 2

2
NO3

− 25 29 ± 14

NO2
− 100 100 ± 6

3
NO3

− 100 119 ± 9

NO2
− 25 24 ± 2

4
NO3

− 100 106 ± 16

NO2
− 100 96 ± 6



Figure 11 shows our test set-up for Nitrate and nitrite 
samples as well as the sulfuric acid and 3,5-DHBA mix were 
dispensed into a mixing chip in microlitre quantities using 
two syringe pumps. The liquids were heated before input to 
the microfluidic chip by passing the delivery tubes through 
a water bath, the sample and acid mixture were then mixed 
when flowing through a passive mixing channel. The output 
of the mixer channel was sent to an interrogation channel 
through which the absorption of 532 nm and 850 nm light 
was measured as a function of time.

Next steps

Fluid Handling System

In order to support the optical chemistry systems, a number 
of precision mechanical functions are required. While 
these are commonplace within a laboratory setting, the 
goal in-field environment requires a reassessment of the 
appropriate solution for these. While focus so far has been 
at system level design and proving the detection principle, 
some initial planning work has been conducted to confirm 
that the production system is feasible. Several challenges 
have been observed in the laboratory settings:

 � Temperature control of the fluids is more important at 
reduced volumes to ensure rapid reaction times. 

 � Microfluidic chips and robust mechanical fittings suitable 
for use with sulphuric acid are relatively specialised. 
Future work will require closer cooperation with the 
chip manufacturers or a move to custom solutions 
(Cambridge Consultants are well placed to address both 
approaches). 

 � Syringe pumps are highly effective during testing, but do 
not support continuous flow.

 � A repeatable priming approach and appropriate 
material surface properties must be considered to 
minimise the impact of bubbles on the repeatability of 
the measurement. 

Figure 11: An experimental schematic of the setup used to carry out 
and observe the nitrate test reaction in the microfluidic chip.

Delivery of the reagent and the sample through the optical 
circuit requires precision flow rate control, which for the low 
volumes used would suggest a positive displacement pump. 
Pump selection may be complicated by the reduced range 
of materials which are compatible with sulfuric acid. Syringe 
pumps have been employed successfully during testing. 
Although robust, they are expensive and are not preferable 
when continuous flow is required.

Successful employment of peristaltic pumps would require 
selecting a flexible hose which is resistant to the effects of 
concentrated sulphuric acid. An advantage of this type of 
pump is that the fluid channel is separate to the machinery, 
and therefore can be relatively easily replaced if blocked 
or broken.

To maintain a constant rate of reaction, the reactant and 
sample temperatures must be maintained. There are two 
options for this: bulk heating and heating on demand. Bulk 
heating would take place in the fluid storage tanks upon 
start-up, and then hold them at this level until used. Whilst 
this is technically simple, it will add to the boot time required 
upon system start-up or refilling. Fluid lines will need to be 
preheated and well insulated as the low flow rate means 
volumes have the potential to rapidly cool once removed 
from the central tank.

The low rate of use of consumables means that heating 
on demand of the fluids is feasible. This is a more energy 
efficient solution which would place a small flow heater 
in the fluid circuit, just before the fluids enter the reaction 
chamber. This system should give more accurate results, 
with the control being closer to the measurement point. It 
may also be advantageous to temperature control the flow 
cell itself.

Waste Handling

Although the rate of use of consumables has been reduced 
to a predicted 4.1 fl. oz/acre, a robust practical system 
must still be in place on a production system to allow for 
replenishment of fluids and collection of waste products. 
These could be combined in a single cartridge, simplifying 
operations in the field.

The cartridge design could be extended to cover the whole 
fluidic circuit, including the optical chip and peristaltic 
pump pipes. While driving up unit cost, this approach would 
make the replacement of parts damaged by the sulfuric 
acid or blocked due contamination in the flow simple and 
safe. A full cost analysis will be required to select where the 
consumable boundary should be set. The use of a cartridge 
design will be attractive to a commercial partner, as it 
ensures recurring income from a product. Future cartridges 
could also potentially be developed, looking at alternative 
soil chemistry.
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Conclusions
The goal of achieving real time nitrate detection has long 
been held as a “Holy Grail” in the precision agriculture 
community. The novel system architecture presented in 
this paper, leveraging both cutting edge optical detection 
methods and colorimetric chemistry reactions, presents 
a pathway to a real-time system where the time from 
sample retrieval, preparation, analysis, to reactive fertilizer 
application is in the order of seconds. Additionally, the 
method presented uses detection hardware which is readily 
available at moderate cost, giving further reasons to believe 
that such an approach is viable from both a performance 
and financial perspective. 

To summarize our results obtained to date:

 � Sample filtration and separation of the solids is necessary 
before entering the measurement cell. We have, with 
our colleagues at Synapse, also worked on a system 
capable of continuously extracting soil samples from the 
appropriate depth and have an overall vision for a fully 
automated, real-time “sample-measure-fertilize” system.

 � The detection levels which have been demonstrated are  
10 – 60 ppm in 30 s. With a microfluidic system as outlined 
in this paper it is expected that a measurement range of 
10 – 250 ppm in 2 s could be achieved.

 � A series of spectroscopic measurements has 
demonstrated that nitrates and nitrites may be 
separately measured using two lasers at different 
wavelengths.

 � Accuracies of the order 10 ppm have been shown in a 
“macro”-fluidic system, which should not be significantly 
affected when moving to a shorter path length 
microfluidic system, as discussed in section 5. 

 � By using a microfluidic chip, the volume of reagent used 
per sample could be reduced to approximately 100 μl.  
With 36 sq. ft spatial resolution, this corresponds to a 
consumable volume of 4.1 fl. oz/acre (≡ 121 ml/acre).

 � This approach does not require cryogenic cooling, 
sensitive interferometers or other instruments, as required 
by other lab-based spectroscopic nitrate detection 
schemes.

 � The majority of components used in our detection 
system are available off-the-shelf, at low cost, with some 
custom engineering of the microfluidic handling system 
and temperature control system critical to a robust in-
field solution.

Our experimental results prove that real-time analysis of 
nitrates in-field is possible and provides excellent accuracy 
with minimal calibration or maintenance requirements. 
With appropriate partners and investment, future work will 
see the integration of sample retrieval and preparation 
equipment, tested in field conditions. Cambridge 
Consultants welcomes enquiries from partners keen to 
support the next stage of this exciting product development.
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