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Abstract 
 

 From its beginning in 1906 with the installation of the first drinking water treatment 

plant, the now rapidly growing industrial ozone industry has been impeded by the lack of an 

adequate method to measure dissolved ozone in “dirty” (e.g., untreated stream, lake, well or 

waste) water.  It is necessary to measure dissolved ozone during the course of treatment in order 

to assure that an adequate dose has been delivered to make the water potable.  However, natural 

waters contain both particulate matter and UV-absorbing inorganic and organic compounds, 

making direct measurement of ozone by UV absorbance impossible.  The most common method 

of measuring dissolved ozone during the treatment process is the electrochemical method of 

amperometry where the electrodes are separated from the water sample by an ozone-permeable 

membrane.  However, redox species may interfere with the amperometric method, the time 

response is slow due to diffusion through the membrane, and frequent maintenance is required 

due to accumulation on the filter of contaminants.  Previously, other instruments have been 

developed that use a sparging method in which air is equilibrated with the water sample.  Ozone 

is then measured in the equilibrated air and Henry’s Law is used to relate the gas-phase 

concentration back to the concentration in the original solution.  The idea is that particulate 

matter and dissolved species remain in the water and thus don’t interfere with the measurement.  

This method never became popular because 1) the instrument is very large and bulky and 2) the 

results tend to be irreproducible due to the dependence of the Henry’s Law constant on 

temperature, pH and ionic strength.  In order to improve on this method, we miniaturized the 

sample volume to ~2 mL and developed a method to sparge nearly all of the ozone out of 

solution within ~5 seconds.  A correction is made for the few percent of ozone remaining in 

solution by fitting the exponential decay curve and integrating to infinite time. The result is a 

relatively small instrument that does not rely on Henry’s Law, and most importantly, the 

measurement is free of interferences arising from UV-absorbing compounds and particulate 

matter.  Of course, the instrument can be used for high purity water as well.  Since the instrument 

is based on an absolute measurement of ozone in the gas phase, it only requires annual 

calibration.  Consuming only ~2 mL per ten second sample (~12 mL/min), the amount of process 

water used by this instrument is minimal, thereby reducing waste.  Here we describe this new 

approach to dissolved ozone measurements and provide an example of its use in monitoring 

ozone during treatment of tertiary wastewater. 
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INTRODUCTION 

 Due to its high oxidation potential, bactericidal properties, ease of on-site generation 

from air or oxygen, and ease of destruction to form ordinary oxygen, ozone has become widely 

used in a large number of applications such as water treatment, food processing, odor removal, 

aquaculture and soil and ground water remediation.  In most applications ozone, produced in an 

electrical discharge in oxygen, is dissolved in water, usually under high pressure.  As examples, 

the water treated can be municipal drinking water, bottled water, water to be used in beverages, 

wastewater, water used in aquaculture and contaminated ground water.  Ozonated water also is 

widely used as a bactericidal rinse for meats and vegetables and as a cleaning agent for 

semiconductor chips and other electronic parts.  In these and many other applications, it is 

important to know the concentration of dissolved ozone throughout the process.  The ozone 

concentration integrated over time represents a dose to the water being treated, the change in 

ozone concentration over time is often indicative of the original concentrations of contaminants 

in the water, and the residual concentration is important for knowing when the treatment process 

is complete and the water can be safely used.  Thus, there are many applications requiring the 

measurement of dissolved ozone in water.  In many cases the water being treated with ozone is 

not of high purity and may contain dissolved organic, inorganic and biological compounds and 

particulate matter.  The presence of such materials makes measurement of dissolved ozone 

challenging in all but high purity water.  In some applications, such as the semiconductor 

industry, ozone may be dissolved into water containing strong acids and other oxidants such as 

hydrogen peroxide. 

 

 Ozone in impure or “dirty” water has been measured by both batch and automated 

methods.  Methods for measuring dissolved ozone were reviewed recently by Majewski (2012).  

A colorimetric method based on bleaching of the indigo dye has long been used in a batch mode 

(e.g., Bader and Hoigne, 1981) and is the basis of Standard Method 4500-O3 (Standard Methods 

Committee, 1997).  Although considered accurate, this method is cumbersome, requiring hand 

mixing of individual water samples with a reagent solution followed by measurement of the 

decrease in absorbance at ~600 nm using a colorimeter.  The method is often used as a 

calibration method for automated instruments.  

 

 Absorption of UV light has long been used as an automated method for measurements of 

gas-phase ozone (e.g., Bognar and Birks, 1996; Wilson and Birks, 2006) and of ozone dissolved 

in pure solvents with high precision and accuracy.  The ozone molecule has an absorption 

maximum at 254 nm, coincident with the principal emission wavelength of a low-pressure 

mercury lamp.  There are commercial instruments available for the direct measurement of ozone 

in high purity water and other solvents, but those instruments cannot be used for measuring 

ozone in drinking water and other “dirty” water because of the presence of UV-absorbing 

compounds and/or particles that both absorb and scatter UV radiation.  In addition, the 

concentrations of those interfering species often change upon exposure to ozone due to chemical 

reactions, further complicating direct UV absorbance measurements of dissolved ozone.  
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 At present, dissolved ozone is most commonly measured using sensors separated from 

the sample water by an inert membrane. The membrane allows ozone to diffuse to the sensor 

while minimizing the diffusion of interfering compounds and especially particulate matter.  Two 

types of sensors are typically used in membrane-based ozone monitors, amperometric and 

polarographic sensors.  In amperometric sensors, ozone participates in an electrochemical 

reaction, and the resulting electrical current is measured.  These sensors have the disadvantage of 

producing a response to other oxidizers in the sample as well.  Polarographic sensors, which vary 

the potential applied to an electrode, are more selective for ozone, because different species are 

detected as the applied potential is scanned.  Although widely used, the membranes of such 

sensors are easily fouled and require routine maintenance.    

 

 Gas phase sensors and detectors also are used that employ a gas stripping or sparging 

process instead of a membrane.  A stream of inert gas or ozone-free air is bubbled through the 

sample, or a liquid sample is sprayed into a stream of air or inert gas, and a fraction of the 

dissolved ozone is transferred to the gas-phase in a way that establishes an approximate 

equilibrium between dissolved and gas-phase ozone.  The ozone concentration is then measured 

in the gas phase using a UV photometer or other device such as a heated metal oxide 

semiconductor (HMOS) ozone sensor.  In theory, the gas-phase concentration is related back to 

the dissolved ozone concentration using Henry’s Law, which states that the dissolved 

concentration of ozone (c) is proportional to the partial pressure (p) of ozone in the air over the 

surface of the water (p),  

 c = p/H  (1) 

 

where H is the Henry’s constant.  In order to convert ozone concentration in the gas phase to 

partial pressure the values of temperature and pressure of the gas also are required.  Ozone has a 

low solubility in water and thus a relatively large Henry’s Law constant.   However, Henry's Law 

only applies if equilibrium is established between the gas and liquid phases.  Since the gas 

stripping process does not always achieve a perfect equilibrium, the assumption of a Henry’s 

Law relationship can cause a significant error in the ozone measurement.  The commercially 

available instruments based on this approach use continuous flows of both water and sparging 

gas, and the instruments are calibrated using the indigo blue or other method to correct for 

deviations from the Henry’s Law equilibrium.  However, the Henry’s Law constant is strongly 

affected by the ionic strength, temperature and pH of the water, which adds additional 

uncertainty to the ozone measurement, especially in impure water.   

 

 Sparging (bubbling or stripping) of ozone from solution followed by measurement of 

ozone in the gas phase has the advantage of measuring the dissolved ozone in the absence of 

UV-absorbing interferences that remain in the water.  However, instruments designed around this 

principle in the past have incorporated very large and cumbersome sparging chambers and rely 

on a fixed value of the Henry’s Law constant that partitions ozone between the liquid and gas 

phases.  An important way in which the instrument described here differs from previously known 

methods for measuring dissolved ozone based on sparging is that it does not rely on 

establishment of an equilibrium between ozone in the gas and liquid phases and thus does not 

depend on the value of the Henry’s Law constant, which varies with ionic strength, temperature 

and pH. 
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Figure 1.  Schematic diagram showing the two steps involved in 

making a dissolved ozone measurement.  Each step requires 5 

seconds. 

Experimental Methods 

Instrument Design 

 A schematic diagram of the dissolved ozone monitor (2B Technologies Model UV-106-

W Aqueous Ozone Monitor™) with MicroSparge™ technology, illustrating the steps involved in 

sampling water and making measurements, is provided as Figure 1.  Four 2-way solenoid valves 

and one 1-way valve direct the flow of air and water through the apparatus.  The process of 

measuring dissolved ozone 

consists of two steps.  In the 

first step (left panel of Fig. 1), 

the sample loop is overfilled 

with a flow of pressurized 

water from the water source to 

be analyzed, and 

simultaneously an internal air 

pump forces air through the 

impinger (sparging chamber) to 

empty ozone-depleted water 

from the previous sample.  The 

volume of the sample loop is 

~2 mL.  The only requirement 

of the water source is that the 

pressure be adequate to 

produce a flow rate that will overfill the sample loop within the time allocated for this step, 

which is 5 seconds.  An inlet pressure of 1 psi was found to be adequate to overfill the sample 

loop.  An upper limit of 50 psi is imposed by the pressure rating of the solenoid valves used.  In 

the second step, all valve states are changed so that air from the air pump both forces the water 

sample into the impinger and sparges the sample, with the ozone-enriched air passing through 

the optical bench where ozone is measured.  The air flow rate used for transporting and sparging 

the sample is typically 2 L/min.  During the second step, the solenoid valves are switched such 

that air forces the ~2-mL water sample into the impinger and sparges ozone from the water and 

through the optical bench of the ozone monitor. 

 

 The impinger is a vertical tube having an internal diameter of 0.5 in (1.27 cm) and length 

of 4 in (25.4 cm) and is filled with 0.25 in (0.635 cm) diameter PTFE beads.  The impinger was 

designed to be easily removed using a quick disconnect connector for cleaning or replacement as 

necessary since particulate matter and non-volatile compounds and salts are slowly deposited 

within the sparging chamber.   

 

 Figure 2 is a schematic diagram of the ozone monitor showing additional components.  

Valves 1-4 are 3-way valves.  Valve 5 is a 2-way valve.  Sample water (or other solvent) enters 

at valve 1, fills the sample loop and exits valve 4 where it may return to the vessel being sampled 

or disposed of.  The air pump forces air through a tee connected to a bleed valve which can be 

adjusted to control the air flow rate through the flow path, next passes through a pulse dampener, 

then through an ozone scrubber to remove any ozone in the air, through a particle filter and into 

the common port of valve 3.  From valve 3, the air may vented by passing through valve 4 and 
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Figure 3.  Simulated ozone vs time profile for sparging 

ozone from water. 

 

Figure 2.  Detailed schematic diagram of the 

MicroSparge™ ozone measurement instrument. 

then through an ozone scrubber and air 

flow meter.   Alternatively, air entering 

valve 3 is directed to pass through valve 1 

and valve 2 to force the water contained in 

the sample loop into the impinger and 

sparge the water sample.  Air departing 

the impinger passes through a water trap 

to capture large droplets of water, next 

through a Nafion® tube to equilibrate the 

humidity level with ambient humidity and 

through the optical bench where the gas-

phase ozone concentration is measured.  

Air passing through the optical bench 

passes through valve 4 followed by an 

ozone scrubber to remove ozone and then 

through an air flow meter to measure the 

air flow rate, the value of which is critical 

to the ozone measurement.  Following the ozone scrubber, air is vented back to the atmosphere.   

 

 The impinger is emptied by using valve 4 to divert air through the optical bench in the 

reverse direction, during which time a baseline light intensity Io is measured, next through the 

Nafion® tube, water trap and into the impinger, forcing water to drain through valve 5.  At the 

same time the impinger is being emptied, the sample loop is over filled with a new sample of 

water by forcing water through valve 1, through the sample loop and out valve 2.  The complete 

process is repeated once every 10 seconds. 

 

Correction for Incomplete Sparging 
 
 Figure 3 shows a simulated 

ozone concentration vs time profile for 

sparging of a water sample.  For 

convenience the ozone units are 

displayed as a gas-phase mixing ratio in 

parts-per-billion by volume.  The 

simulation is based on the equation for 

rise-fall kinetics: 

 

 𝐶 =  
𝐴

𝑘2−𝑘1
 (𝑒−𝑘2𝑡 − 𝑒−𝑘1𝑡) (2) 

 

Here, C is the concentration of ozone 

expressed as a mixing ratio in parts-per-

billion, and the constants are chosen for 

illustrative purposes to be A = 1,000 

ppb, k1 = 1 s
-1

 and k2 = 0.04 s
-1

.  This 

equation provides a curve that 
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approximates the observed ozone vs time profile.  The simulation shows that after five seconds 

of sparging some ozone still remains in solution.  For this reason it is desirable to correct for the 

ozone in the “tail” of the ozone vs time profile. 

 

 In the gas sparging method described here, ozone dissolved in a small volume of ~2 mL 

is sparged from solution over a period of ~5 s using ozone-scrubbed ambient air, and the ozone 

concentration vs time profile is measured in the gas phase. During the sparging period a large 

fraction of the ozone is removed from solution.  Integration under the ozone-time profile 

provides the total number of molecules of ozone (and thus the weight of ozone) in the ~2 mL 

sample.  A small correction is made for the ozone that remains in solution based on the measured 

rate of exponential decay in the tail of the ozone-time profile as described in more detail below.   

 

 The optical bench for the UV absorbance measurement is identical to that of the 2B 

Technologies Model 106-M Ozone Monitor™, designed specifically for off gas measurements.  

Ozone is measured based on the attenuation of UV light passing through a 6-cm absorption cell 

fitted with quartz windows.  A low-pressure mercury lamp is located on one side of the 

absorption cell, and a photodiode is located on the opposite side of the absorption cell.  The 

photodiode has a built-in interference filter centered on 254 nm, the principal wavelength of light 

emitted by the mercury lamp.  Light intensity is continuously measured at a rate of 20 Hz, i.e., 

once every 0.05 seconds.  During the Fill Sample Loop and Empty Sparging Chamber cycle (left 

panel of Fig. 1), ozone-free air (left panel of Fig. 1) passes through the absorption cell, and the 

light intensity in the absence of ozone (Io) is obtained.  The light intensity begins to fall as ozone 

sparged from the solution during the Sparging Cycle (right panel of Fig. 2) begins to pass 

through the detection cell.  

 

 More than 100 measurements of the light intensity (I)  are made over the period of ~5 

seconds required to remove ~75-85% of the ozone from solution, and the concentration of ozone 

molecules is calculated for each measurement to create an ozone concentration vs. time profile 

using the Beer-Lambert Law, 

 









I

I

l
cmmolecC o

O ln
1

10)/( 93

3 
 (3) 

 

where l is the path length (6 cm) and σ is the absorption cross section for ozone at 254 nm (1.15 

x 10
-17

 cm
2
 molecule

-1
 or 308 atm

-1
 cm

-1
).  We can obtain the total number of ozone molecules in 

the original ~2 mL sample of water by integrating under the ozone profile curve and multiply by 

the volumetric flow rate, F(cm
3
/s), 

 

 𝑁𝑂3
=   𝐹 ∫ 𝐶𝑂3

∞

0
𝑑𝑡 (4) 

 

but we can only measure ozone out to some finite time t, which was chosen to be 5 seconds in 

the current instrument.  Thus, we separate the integral into two parts, 

 

 𝑁𝑂3
=   𝐹 ∫ 𝐶𝑂3

𝑡

0
𝑑𝑡 + 𝐹 ∫ 𝐶𝑂3

∞

𝑡
𝑑𝑡 (5) 

 or 

 𝑁𝑂3
(𝑡𝑜𝑡𝑎𝑙) =   𝑁𝑂3

(𝑝𝑟𝑜𝑓𝑖𝑙𝑒) +  𝑁𝑂3
(𝑡𝑎𝑖𝑙) (6) 



7 
 

 

Figure 4.  Comparison of calibration data 

obtained using the MicroSparge™ 

technique with direct UV absorbance in 

water after applying calibration factors. 

 

 

The first term is the integral under the measured profile out to a time t of 5 s.  In theory it 

takes an infinite time to sparge all of the ozone from solution; thus the second term is calculated 

based on exponential removal of ozone from solution.  The exponential decay constant, k2, is 

calculated from a fit to the last one second of measured data, and the second term, or “tail” of the 

ozone profile is calculated as, 

  

 𝑁𝑂3
(𝑡𝑎𝑖𝑙)  =  𝐹(𝐶𝑂3

)𝑡  ∫ 𝑒−𝑘𝑡𝑑𝑡
∞

𝑡
 =   

𝐹

𝑘2
(𝐶𝑂3

)𝑡  (7) 

 

where (CO3)t is the concentration of ozone at time t (end of measurement period) and k is the 

exponential decay constant (units of s
-1

) for removal of ozone from solution.  The total number 

of molecules of ozone in the sparged sample is given by the sum of ozone molecules measured 

under the ozone profile and ozone molecules calculated to be in the tail of the decay curve.  Once 

we know the total number of molecules in the sample loop volume V, we can calculate the 

dissolved ozone concentration, 

 

 𝐶𝑂3,𝑎𝑞𝑢𝑒𝑜𝑢𝑠(𝑝𝑝𝑚) =  
𝑁𝑂3(𝑡𝑜𝑡𝑎𝑙)

𝑁𝐴

48

𝑉 𝜌𝐻2𝑂
 𝑥 106 (8) 

 

where NA is Avagadro’s number (6.022 x 10
23

 molec/mol), 48 is the molecular weight of ozone 

in g/mol, V is the volume of the sample loop in mL (~2 mL), and ρH2O is the density of water (1 

g/mL).   

 

 In principle, this measurement of ozone is absolute and requires no external calibration.  

However, non-linearity of the photodiode response and electronics and other factors can result in 

a small measurement error of up to a few percent.  Therefore, each instrument is calibrated 

against a reference dissolved ozone monitor in high purity water that itself has been calibrated 

using a reference method such as the indigo method, providing calibration factors expressed as 

an offset and slope (gain or sensitivity). 

 

Results 
 

Calibration  

 Dissolved ozone in water was produced in an 

apparatus manufactured by Ozone Solutions, Inc. 

(Hull, Iowa) by continuous injection of ozone 

produced by corona discharge of oxygen into a 

circulating stream of water.  Water was continuously 

sampled from the pressurized apparatus though a 

BMT Model 964-AQ-R1 dissolved ozone sensor 

(BMT Messtechnik GmbH, Berlin, Germany), 

which is based on direct UV absorbance in water, 

and by the MicroSparge™ instrument described 

here.  Dissolved ozone concentration was varied in 

steps in the range ~0.0-8.2 ppm by varying the 
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Figure 5.  Comparison of MicroSparge™ and indigo blue 

ozone measurements in treated wastewater. 

discharge energy.  The results are shown in Figure 4, which is a comparison of the measured 

ozone concentrations vs time for water passing 

through the BMT instrument (“Direct UV 

Absorbance in Water”) and the 2B Tech 

instrument (“MicroSparge”).  Dissolved ozone 

concentrations for the Model UV-106-W 

Aqueous Ozone Monitor were calculated in 

the firmware in real time based on the 

measured sample loop volume, air flow rate 

and ozone concentration profiles obtained 

during the 5-s sparging cycles as discussed 

earlier.  The followed calibration equation was 

applied to the raw data to produce the final 

result: 

  

     𝐶𝑐𝑜𝑟𝑟 =  0.963[𝐶𝑚𝑒𝑎𝑠 − 0.056]  (9) 

 

The measured ozone concentrations in ppm are 

compared over a time period of 50 minutes.  

Excellent agreement between the two 

instrumental methods was found.  The 

sparging measurements show more noise but 

faster response time than the direct UV 

measurements due to less signal averaging. 

 
 

Ozone Measurements in Ozone-
Treated Waste Water 
 

 The MicroSparge™ instrument was 

evaluated by continuously monitoring 

dissolved ozone concentration in a potable 

research demonstration project, specifically a 

project in which water of wastewater origin is 

treated to a point where it can ultimately be 

reused as drinking water.  The project was 

performed at the City of San Diego's 

Advanced Water Purification Facility 

(AWPF), a 1 MGD demonstration plant at the 

North City Water Reclamation Plant.  The 

AWPF treats tertiary wastewater with ozone, 

biologically activated carbon filters, 

microfiltration/ultrafiltration, reverse osmosis, 

and UV with advanced oxidation in that order.  

The MicroSparge™ instrument   was used to 
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measure ozone residual within a pipeline ozone contactor between the ozone injection and 

biologically activated carbon filters. Online ozone residual measurements are necessary for 

calculating disinfection credits for regulatory and public health reasons.  The design flow of the 

ozone system was 1.6 MGD.  During the demonstration project, the applied ozone dose was 10.8 

mg/L, the average UVT was 68.7% in ozone influent and 83.8% in ozone effluent, the average 

turbidity was 0.23 NTU, and the average TOC level was 7.22 mg/L. 

Measurements were made during three multi-day periods for a total of 20 days, as shown 

in the three graphs of Figure 5.    Grab samples were occasionally obtained and analyzed by the 

indigo method using a Hach colorimeter.  Overall good agreement was found between the 

MicroSparge™ measurements and the indigo measurements.  There were no instrument failures 

and no need for maintenance during this test period.  The continuous ozone measurements show 

the high degree of variability of ozone during the treatment process despite application of a 

nearly constant ozone dose rate.  The sharp positive excursions in ozone were found to be due to 

the chlorine in the feed water, thereby reducing the ozone demand and allowing higher ozone 

concentrations.  The high variability in dissolved ozone concentration as function of time, 

despite constant applied ozone dose, demonstrates the possibility of reducing cost in ozone 

treatment by using a feedback from the dissolved ozone monitor to control the ozone generator.  

Note that occasionally the treatment process was shut down to allow back flushing of the 

activated carbon filters.  As seen in Fig. 5, during those times, the ozone measurements 

decreased to zero, as expected, and with a very fast response time. 

Discussion and Conclusions 

 Particulate matter and UV-absorbing compounds prevent the measurement of dissolved 

ozone by direct absorbance.  A new MicroSparge™ method has been developed that removes 

interferences by sparging a very small (~2 ml) sample of water to transfer ozone into the gas 

phase and through a conventional UV absorbance ozone monitor.  The mass of ozone dissolved 

in this known mass of water is determined by integrating under the measured ozone vs time 

profile.  The technique differs from previous sparging methods by removing the requirement that 

equilibrium be established between the gas and liquid phases.  Instead, nearly all of the ozone is 

sparged from solution and the amount remaining is estimated based on a real-time measurement 

of the temporal profile of ozone concentration.  The method has a fast response time (20 s, the 

average of 2 independent 10-s measurements) and good precision of  0.05 ppm.  The precision 

can be further improved by data averaging over a period of 1 minute or longer, depending on the 

required response time. Like direct UV absorbance in high purity water, the MicroSparge™ 

method is an absolute method requiring only small calibration correction factors.  For this 

reason, it is expected that relatively infrequent calibration will be required.  Preliminary results in 

wastewater being treated for potable reuse show good agreement with grab samples measured 

using the indigo blue reference method.  Similar results have been found at other water treatment 

facilities, including plants where membranes of amperometric detectors need to be changed 

daily.  This new method for measurement of dissolved ozone concentration currently is being 

applied to a wide range of waters to determine the limitations of the technique with respect of 

loadings of organic compounds and particulate matter. 
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