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Summary 

i Reasons 

The mean dissolved oxygen difference (MDOD) test is an established method in the UK to 
assess the ability of non-metallic materials in contact with drinking water, such as those used 
in pipes and fittings, to enhance the growth of micro-organisms (BS 6920:2000, Part 2.4). 
Various modifications proposed to improve the sensitivity of the test have proposed but the 
benefit of these remained to be demonstrated in a systematic manner. Additionally, as other 
countries have developed alternative methods there has been much interest in harmonising 
materials tests within member states of the European Union.  

ii Objectives 

The purpose of this study is to investigate and determine whether the current UK method for 
testing the enhancement of microbial growth from non-metallic materials in contact with 
potable water (MDOD test) can be better optimised to increase sensitivity and reproducibility. 
Specifically, to investigate alternative instrumentation for the measurement of dissolved 
oxygen in the MDOD test, and to investigate the effects of four independent modifications to 
the current MDOD method. A subsequent phase of the work programme would be to conduct 
a trial of any proposed improvements where the outcome of the first phase demonstrated 
clear improvements.  

iii Benefits 

To provide objective data on potential improvements to the current UK MDOD method to 
better inform Working Group 3 of CEN TC164 regarding the harmonization of material tests 
within the member states of the European Union. 

iv Conclusions 

Whilst, the sensitivity of measuring dissolved oxygen was not improved with a 
photoluminescent probe, they provide an alternative technology, although not all types 
provided the desired response required for use with the MDOD test. 

 The sensitivity of BS 6920:2000, Part 2.4 could be improved by reducing the capacity of the 
headspace and increasing the interval between the water changes to once a week from twice 
a week. 
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Whilst there was an apparent effect of surface area to volume this could not be confirmed 
statistically. Equally, extending the duration of the test did not influence the outcome of the 
test. 

The modifications to the MDOD method resulted in a modest increase (12.6%) in the 
sensitivity of the test compared with the current method in BS6920 Part 2.4 and reduced the 
effort required on the part of the laboratories conducting the test. The implication of adopting 
these modifications may require an amendment to the current threshold for acceptance of 
materials under the Standard; without such an amendment this might result in materials which 
have previously received approval failing subsequent re-testing under a modified procedure.  

v Recommendations 

A more extensive evaluation of the modified test, incorporating a wider range of materials, 
would be required to validate the performance of the modified test and establish a revised 
pass limit for accepting a material. 

Whilst adopting the proposed revisions to the MDOD test would be an obvious 
recommendation because of the improved sensitivity and ease of processing materials, it 
needs to be balanced against the additional work to validate the test and the impact of altering 
the acceptance criteria on material suitability. 

It is advised that clarification is given to laboratories to ensure that all observe the same time 
intervals which are in accordance with the requirements BS6920 Part 2.4. 
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1. Background 

The use of inappropriate materials in contact with drinking water can encourage the growth of 
microorganisms and have an undesirable impact on water quality.  Consequently, the UK has 
an established method to test the ability of non-metallic materials in contact with drinking 
water, such as those used in pipes and fittings, to enhance the growth of micro-organisms. 
Known as the mean dissolved oxygen difference (MDOD) test, it determines the depletion of 
dissolved oxygen over time from water in contact with a material as a measure of 
microbiological activity, and thus suitability of a material. The test method is robust and can be 
undertaken without specialist laboratory facilities.  

Over the years, some modifications have been investigated to improve the sensitivity of the 
test. These studies proposed certain minor alterations but their benefits have not been 
demonstrated in a systematic manner, and consequently their recommendations have not 
been implemented. In the meantime, other countries have alternative methods and there has 
been much interest in standardised material tests within member states of the European 
Union. This activity is being coordinated by Working Group 3 of CEN TC164, and a draft 
method (prEN16421) is currently out for public comment. 

The purpose of this study is to investigate and determine whether the current UK method for 
testing the enhancement of microbial growth from non-metallic materials in contact with 
potable water (MDOD test) can be better optimised to increase sensitivity and reproducibility. 
This work was commissioned by DWI and undertaken by a consortium of UK test laboratories 
coordinated by WRc plc. 
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2. Introduction 

Non-metallic materials in contact with drinking water may contain substances (either as 
ingredients, contaminants or process by-products) that are capable of being utilised by 
microorganisms. This can give rise to a noticeable deterioration in the quality of the water that 
may manifest itself as a change in either the organoleptic, physical or microbiological 
characteristics of the water. Microbial growth may occur in the water itself or at the interface 
between the water and the material (biofilm growth). The phenomenon is distinct from that of 
microbial attachment which can occur on the surface of any material type, regardless of the 
presence of materials to support growth. If utilizable substances leach out of the material into 
the water, then the growth will be self-limiting and decline in proportion to the rate of leaching. 
In practical situations, growths on such materials have been found to persist for periods from 
18 months to 3 years. Where the utilizable substance is bound within or to the material, then 
growths have been found to persist for longer periods. 

In the UK, non-metallic products intended for use in contact with drinking water must comply 
with the requirements specified in BS6920, to ensure that only suitable materials are used in 
the construction of water distribution systems and fittings. Testing is required under the Water 
Regulations Advisory Scheme for products used after the time of supply. This test is also a 
requirement in Regulation 31 (4)(a) and conformance to Regulation 31 (4)(b) of the Water 
Supply (Water Quality) Regulations 2000. This standard is split into several parts, each 
addressing a different parameter such as taste, appearance, toxicity and microbial effects. The 
influence due to microbial growth is dealt with in Section 2.4 - Growth of aquatic micro-
organisms test. The ability of a material to support the growth of micro-organisms, added as a 
mixed population from a natural source, is determined by the depletion of dissolved oxygen 
(DO) during a specified period of incubation under defined conditions. The extent of growth is 
determined indirectly by the difference in DO consumption produced by a material and that of 
a control. Reference materials, of known performance are included to validate the performance 
of each series of tests. 

The approach and programme of work specified by DWI involved separating the study into 
two phases. The first phase was sub-divided into five discrete tasks that examined an 
alternative approach to measuring dissolved oxygen (Section 4) and investigated the effects 
of four modifications to the MDOD method (Section 5). The objectives and the participants 
carrying out each of the tasks in phase one is given in Table 1. The requirement for the 
second phase of the study would be to conduct a trial of any proposed improvements. 
However, this would only be undertaken where the outcome of the first phase demonstrated 
clear improvements.  
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Table 1 Objectives for Phase 1 and allocation of tasks to each participant 

Phase 1 Objectives Contractor 

Task 1 - Dissolved 
oxygen 
measurement 

1. To compare the performance of 
photoluminescence based probes and a 
standard probe for measuring dissolved oxygen 
concentrations 

WRc plc 

WRc-NSF Ltd 

Task 2 - Test 
vessel headspace 

2. To establish a minimum practicable headspace 
for conducting the test 

WQC Materials 
Testing 
(TWUL) 

Task 3 - Periodicity 
of water changes 

3. To determine the effect of reducing the 
periodicity of water change on the reliability of 
the test 

Intertek 

Task 4 - Duration 
of the test 

4. To examine the influence of extending the 
duration of the test on the ability to discriminate 
between materials 

WRc-NSF Ltd 

Task 5 - Effect of 
the test sample 
S/V ratio 

5. To evaluate the influence of the surface to 
volume ratio on the performance of the test, and 
to assess the relationship between oxygen 
consumption and unit surface area of a material 

LGC 
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3. Measurement of Dissolved Oxygen Using 
Photoluminescence Based Probes 

3.1 Introduction 

The amount of microbial growth stimulated by a material is determined indirectly by 
measuring the consumption of dissolved oxygen (DO) over a specified period of time. 
Currently, laboratories typically measure this parameter with a voltametric (polargraphic) 
probe. Recently, photoluminescent probes have been developed as an alternative technique 
for measuring DO, and have been used successfully in a diverse range of applications, 
including oceanography, freshwater and wastewater treatment. 

For this particular task, WRc undertook a desk based review of the different photoluminescent 
probes currently available, and examined their performance characteristics following a similar 
approach to that required for MCERTS, the Environment Agency’s Monitoring Certification 
Scheme for emissions to air, land and water for oxygen probes.  

3.1.1 Instruments included in the assessment  

A review of currently available instruments is given in Appendix A, and was used to select 
suitable probes for practical evaluation. The specifications for each instrument are similar. 
Three optical DO probes were chosen to provide a representative selection, see Table 2.  

Table 2 Types of photoluminescent probes included in the practical evaluation 

Instrument Type 

Aanderaa Oxygen Optode XXX Probe connected to computer 

YSI ProODO Probe with meter that can be connected to computer 

ATi Q45D-ODO Probe with meter 

 
The probes are quite different in diameter with the YSI being smallest (ø = 2.5 cm), followed 
by the Aanderaa (ø = 4 cm) and ATi (ø = 6 cm), see Photograph 1.  

Each of the probes has unique features: 

• The YSI probe protects the optically active membrane by a removable stainless steel 
sleeve.  
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• The Aanderaa instrument has an indentation where the membrane is attached to 
reduce potential damage to the membrane. The Aanderaa probe requires a computer 
with a RS232 port for communication and an USB port for power. 

• The ATi probe has the option of automatic air-scouring to keep the instrument clean 
during deployment. The air-scouring device is protruding from the probe and reduces 
the risk of the membrane hitting objects.  

Photograph 1 Photoluminescent probes  
(From left to right the YSI, Aanderaa and ATi probes) 

 

 

3.2 Storage and calibration of test instruments 

The YSI probe had been stored in water-saturated air prior to the test and was ready to use. 
The Aanderaa and the ATi instruments had been stored dry and were conditioned in water for 
24 h before the instruments were calibrated to reduce any potential drift. 

The probes were calibrated in accordance with the manufacturers’ recommendations at the 
beginning of the tests. The Aanderaa instrument was calibrated in air-saturated water (100% 

WRc Ref: DWI 8543/15531-0 
July 2012 

© DWI 2012 8 



DWI 
 

O2 saturation) and in a 10 g/l sodium sulphite solution (0% O2 saturation). The YSI and the 
ATi instruments were calibrated in water-saturated air and in the sodium sulphite solution. 

3.3 Test procedures 

The assessment of the probes was based on the MCERTS test method for oxygen probes 
and the modified test method used is outlined below. 

Four tests solutions were used to test the performance of each probe (Table 3).  

Table 3 Test solutions 

Solution O2 saturation / % 

10 g/l sodium sulphite 0.0 

Water purged with 7% O2 in nitrogen 33.41 

Water purged with air (20.95% O2) 100.00 

Water purged with 35% O2 in nitrogen 167.06 

 

Where the test solution was purged with oxygen, these were purged for a minimum of 
60 minutes before measuring commenced to ensure no drift were caused by insufficient 
purging.  

The ambient temperature varied between 18°C and 20°C but all instruments have automatic 
temperature correction. 

Each sensor was exposed to the four reference solutions in ascending order of O2 saturation, 
allowing sufficient time for each reading to stabilise. The series of test points was then 
repeated in descending order of O2 saturation, again allowing sufficient time for each reading 
to stabilise.  

The sequence of ascending and descending points were repeated twice more to give six 
discrete readings at each test point for each instrument.  

3.4 Test results 

The mean error, linearity and repeatability for each of the three probes were calculated 
from the measurements summarised in Appendix B and shown in Figures 1 to 3. 

The mean error and linearity are based on the dissolved O2 saturation at which the largest 
errors were calculated. For the Aanderaa instrument, the mean error and linearity were similar 
for all solutions (<1.6%). For the YSI and the ATi instruments, one solution had considerably 

WRc Ref: DWI 8543/15531-0 
July 2012 

© DWI 2012 9 



DWI 
 

higher values for mean error and linearity (see Table 4). The remaining solutions for these two 
instruments had values < 1.6%. 

The maximum permitted values in the MCERTS scheme are 5% of reading for mean error 
and 2.5% of reading for repeatability and linearity. 

The response time for each of the three probes was estimated by exposing the sensor to the 
solution with 33.41% O2 saturation until a stable reading was registered. The sensor was then 
taken out of the solution, shaken to remove excess water and immediately put into the 
solution with 167.06% O2 saturation. The change in reading was either recorded manually or 
by logging to a computer file, as appropriate to the instrument, until the measurement was 
stable. A decrease step change was applied by reverting to the lower value solution. The 
instrument output was recorded until the measurement was stable. The procedure was 
repeated twice more and the results are presented in Figures 4 to 6. The average times for 
the instruments to read 90% and 95% of the step change are summarised in Section 3.6 of 
this report.  

Figure 1 Aanderaa test data for mean error, linearity and repeatability 
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Figure 2 YSI test data for mean error, linearity and repeatability 

 

 

Figure 3 ATi test data for mean error, linearity and repeatability 
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Figure 4 Aanderaa response time 

 

 

Figure 5 YSI response time 
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Figure 6 ATi response time 

 

3.5 Assessment 

The performance of each instrument is summarised in Table 4.  

Table 4 Performance summary 

 Aanderaa YSI ATi 

Mean error / % of reading 0.73 5.51 6.80 

Repeatability / % of reading 2.93 2.77 3.76 

Linearity / % of reading 0.73 5.55 6.88 

Response time / s 

Increasing step (90% / 95%) 
127 / 178 20 / 35 270 / 325 

Response time / s 

Decreasing step (90% / 95%) 
148 / 212 22 / 35 303 / 360 

 
There is a large difference between the instruments in the response time. The YSI instrument 
quickly responded to changes in the oxygen level and had reached the final value within 3-4 
minutes. The ATi instrument was the slowest to respond and the least consistent in its 
response time where 15 minutes or more were sometimes required before a final stable 
reading was achieved. This was partly due to a built-in dampening of the instrument 
response, which can clearly be seen for the first few seconds in Figure 6. The dampening 
cannot be turned off completely. This instrument is intended to be used for long-term 
deployment where the variations in oxygen concentrations can be expected to be slow and 
ruggedness is more important than a quick response. 
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The rather bulky ATi probe (ø = 6 cm) is also less suited for laboratory work as it will be too 
large to fit into certain vessels and displaces a relatively large volume of water.  

The test data in Figures 1 to 3 suggests that the differences between the instruments are 
small, and apart from one test point (water purged with 7% oxygen), this is also the case. 
However, the MCERTS guidance specifies that the results for the sample at which the largest 
errors were calculated should be presented. From Table 4 it can be seen that the Aanderaa 
instrument comes out on top with respect to mean error and linearity whereas the smaller 
diameter YSI instrument has a better repeatability and response time.  
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4. Improving the Sensitivity of the BS 6920 
Test 

4.1 Introduction 

Earlier investigations have demonstrated that various minor modifications were capable of 
improving the sensitivity of the method (Bellen et al., 1993 and Jago 1995). A limited number 
of material types were used and their potential to support microbial growth was adjusted by 
varying the amount of a readily utilisable source of organic carbon in the polymer. When 
examined independently, a reduction of the head space and an increase in the surface to 
volume (S/V) ratio of the test material were found to have the greatest impact on sensitivity, 
with less effect being observed for increasing the period between water changes. Further 
work indicated that the effect of more than one improvement would be additive, and the 
greatest improvement in sensitivity was achieved with the combination of lowest head space 
and highest S/V ratio. 

This study was undertaken to investigate whether the reported effects due to head space (see 
4.2) and surface to volume ratio (see 4.4) remained valid for a much wider range of materials. 
Also, it provided the opportunity to examine if (1) increasing the duration of the test and (see 
4.5) and (2) increasing the interval between the period of the water change (see 4.3) exerted 
an influence on increasing the sensitivity of the measurement.  

Each of these investigations followed the procedure specified in the BS 6920: Section 2.4 
test, except where the particular modification had been introduced. The effect of each 
modification was examined for three materials. Materials were selected that would be 
expected to either pass the current test criteria, be on the border of acceptability, or provide a 
reasonable amount of microbial growth, but without causing too rapid depletion in dissolved 
oxygen (DO). Each material was tested in triplicate. In addition, the influence of the duration 
of the test was examined (see 4.5) as an additional modification to the method. This test was 
conducted by using nine different materials but without replication. 

Details of the different materials tested under the above regimes are shown in Appendix B. 

Control and reference tests were included in the each series of tests. Each series of tests (as 
reported in sections 4.2 to 4.5) was carried out by separately by one of the four test 
laboratories using their normal test water and inoculum. 

Once each series of tests had been completed, the MDOD value for the test material is 
calculated. The difference in dissolved oxygen (DOD) between the test material and the test 
water control flask was calculated for each of the DO measurements made at the first of the 
weekly water changes that is   conducted in the last 3 weeks of the test. These three readings 
are then averaged to produce the MDOD. 
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A test sample that produces an MDOD value less than 2.4 mg L-1 is considered not to support 
appreciable microbial growth with the following qualification. When a single sample produces 
an MDOD value in the range 1.7 mg L-1 to 2.9 mg L-1, then two further samples of the product 
should be examined. If the mean of the three determinations produces an MDOD value which 
is less than 2.4 mg L-1, then the material is considered acceptable. 

Analysis of variance was used to test the significance of the difference between treatments 
and was carried out in Microsoft Excel. 

4.2 Reducing the capacity of the headspace 

4.2.1 Introduction 

Whilst increasing the headspace from the current level of 21 %to 35% was shown to improve 
the reproducibility of the test, this appeared to be at the expense of decreasing the sensitivity 
of the method (Bellen et al., 1993). A later investigation by Jago (1995) demonstrated that a 
lower headspace improved the sensitivity of the test and that reproducibility was unaffected at 
a headspace of 15%. Incubation without any headspace was found to be most sensitive, but 
required sealing the lid of the test vessel whilst it was submerged in the test water to avoid air 
becoming trapped in the headspace. The study by Jago (1995) had included only two 
materials, and it was reported that the effect was not consistent between these materials. 

4.2.2 Method 

The test was carried out in accordance with BS 6920: Section 2.4 with the exception of the 
following items: 

1. The test vessel used in the current BS 6920 MDOD test is a 1 litre (nominal capacity) 
soda glass preserving jar (Le Parfait) with silicone rubber lid seals. Test material with a 
surface area of 15 000 mm2 is placed in the test vessel and the jar is filled to the 1 litre 
volume mark with test water. When the test vessel is sealed with its lid there is an 
effective head space of 15%. The Le Parfait jars that are used as the test vessel have a 
hollow lid. Therefore even when the jar is filled to its brim, when the lid is placed in 
position and the jar is sealed, a volume of air is trapped. To achieve a 0% head space for 
the purposes of this trial, it was necessary to totally immerse both the flask and the lid in 
the test water, and to seal the jar whilst still immersed. 

2. The coupon size of each material was adjusted so that the S/V ratio in each jar is 
maintained at a constant 15000 mm2.   

3. The different headspace capacities used for the investigation were: 

a) 21%, which represents the capacity obtained by filling to a graduation line at 1000 mL 
marked on the test vessel, 
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b) 13%, as the midpoint between the upper and lower practical limits of the headspace 
capacity, and 

c) 5% comprising the minimum practical headspace can be obtained by filling the test 
vessel to the top of the jar (1200 mL) but not filling the lid (60 mL).  

4.2.3 Results 

The relationship between the calculated MDOD value and the capacity of the headspace for 
each of the three materials is shown in Figure 7. A reduction in the headspace capacity 
increased the MDOD measured for all three materials. This effect was most pronounced for 
the material that consumed the most dissolved oxygen (i.e. Material 1). Correspondingly, the 
difference in headspace capacity produced little or no impact on the MDOD value for Material 
3.   

Figure 7 Relationship between headspace and MDOD 

 

The effect of headspace on MDOD was confirmed by statistical analysis (Table 5). The 
variation between the different headspaces was statistically significant, and variation within 
each treatment was low, even for the material three which has a high MDOD value. Analysis 
of variation (two-way) produced an F-ratio of 2600 for the treatment effect. 
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Table 5 Summary statistics for the effect of headspace on MDOD value: mean, 
(standard deviation), (variance) 

Headspace 
capacity (%) 

Material 1 Material 2 Material 3 

21 -0.52 ( 0.02) (0.00) 0.27 (0.23) ( 0.05)  4.73 (0.26) ( 0.07)  

13 -0.48 ( 0.13) (0.02) 0.87 ( 0.06) (0.00) 5.59 ( 0.37) (0.14) 

5 -0.11 ( 0.11) (0.01) 1.28 ( 0.15) (0.02) 6.86 ( 0.09) (0.01) 

 

4.3 Periodicity of the water change 

4.3.1 Introduction 

The frequency at which the water is changed is crucial to maintaining the proper conditions for 
microbial activity. Anecdotal evidence suggests that extending the time interval to two weeks 
can consume the available dissolved oxygen and create anaerobic conditions in the period 
between readings, although this would depend on the material. However, previous work has 
shown that extending the interval of the water change from 3 or 4 days to 7 days improved 
sensitivity, although greater variability was observed in the MDOD response (Jago 1995).  

4.3.2 Method 

In the current standard MDOD test the test water is changed twice a week over the seven 
week test period. In this study, a comparison was made between a longer interval of 7 days 
and the standard periodicity of twice a week at alternating intervals 3 and 4 days. All other 
aspects the test was carried out in accordance with BS 6920: Section 2.4.  

4.3.3 Results 

The relationship between the periods of the change of water and the calculated MDOD value 
is shown in Figure 8. For all three materials, the MDOD value increased when the water was 
changed weekly compared to twice weekly.  

This effect appeared to be most pronounced for Material 2 compared to Materials 1 and 3, 
although it showed the most variation between replicates. Material 1 had previously been 
found to exhibit a borderline response of 1.65 mg L-1, but now produced a MDOD value of 
0.6 mg L-1 at the twice weekly water change compared to a MDOD of 3.4 mg L-1 for the 
weekly water change.  
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Figure 8  Relationship between periodicity of water change and MDOD value 

 

 
The results of the test are given in Table 6. The significance of the difference was tested by a 
two way analysis of variance. The F-ratio (400) was highly significant, confirming that the 
interval between the water changes strongly influenced in the outcome of the test.  

Table 6 Summary statistics for the effect of interval between water changes on 
MDOD value: mean, (standard deviation), (variance) 

Periodicity Material 1 Material 2 Material 3 

Standard (twice weekly) -0.5 ( 0.00) (0.00) 0.6 ( 0.40) (0.16) 5.5 ( 0.25) (0.06) 

Weekly 0.2 ( 0.06) (0.00) 3.4 ( 1.42) (2.01) 6.4 ( 0.04) (0.21) 

 

4.4 Increasing the surface area to volume ratio 

4.4.1 Introduction 

An investigation by Jago (1995) found that increasing the surface area to volume ratio (S/V) 
from 0.25 to both 0.3 mm2 L-1 and 0.6 mm2 L-1 improved the sensitivity of the method. 
However, more recent work indicated that the S/V ratio did not appear to show a linear 
relationship with consumption of dissolved oxygen (Corfitzen, 2004).  

4.4.2 Method 

Three additional surface area to volume ratios (S/V) were compared with the ratio of 0.15 
specified in BS 6902: Section 2.4 (Table 7).   
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Table 7 Additional surface area to volume ratios  

Ratio mm2 L-1  

0.25 22500 

0.45 45000 

0.75 75000 

  
All other aspects the test was carried out in accordance with BS 6920 Section 2.4.  

4.4.3 Results 

The MDOD values for the three materials examined at four surface area to volume ratios 
(S/V) are shown in Figure 9. Material 1 and 2 showed an increase in MDOD value as S/V 
increases, and overall there is little variation in the values for the three replicates at all S/V 
ratios. Material 3 also shows an increase in MDOD value as S/V increases. However, the 
replicates for this material produced a large variation between their MDOD values, which was 
particularly pronounced at two of the four S/V ratios (0.25 and 0.75). Material 3 was a rubber 
(EPDM) and some compounds of this type exhibit a heterogeneous composition which might 
result in a variable response.  

Figure 9 Relationship between surface area to volume ratio and MDOD value 

 

The results are given in Table 8. Whilst there appeared to be an improvement in sensitivity 
with increasing the S/V ratio, this was not confirmed by two way analysis of variance, which 
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with increasing S/V ratio was apparent, but because of the wide within treatment variation this 
could not be confirmed by statistical analysis. 

Table 8 Summary statistics for the effect of surface area to volume ratio on the 
MDOD value: mean, (standard deviation), (variance) 

S/V ratio Material 1 (mg L-1) Material 2 (mg L-1) Material 3 (mg L-1) 

0.15 0.26 ( 0.14) (0.02) 6.19 ( 0.20) (0.04) 1.87 ( 0.42) (0.17) 

0.25 0.34 ( 0.45) (0.20) 7.05 ( 0.13) (0.02) 3.19 ( 1.61) (2.60) 

0.45 0.60 ( 0.10) (0.01) 7.31 ( 0.11) (0.01) 2.46 ( 0.34) (0.12) 

0.75 0.73 ( 0.15) (0.02) 7.29 ( 0.14) (0.02) 4.73 ( 1.12) (1.25) 

 
The relationship between surface-area to volume ratio and MDOD was not found to be 
proportional for all materials. This is likely to have been compounded by the inherent variation 
in the performance of one of the materials in this test. Therefore, it could not be concluded, on 
the basis of these results, that modification of the S/V would improve the sensitivity of this 
test. 

4.5 Extending the duration of the test 

4.5.1 Introduction 

The consumption of dissolved oxygen depends on the amount of microbial biomass, which, in 
turn, will be influenced by the period of time allowed for growth. Normally, the MDOD test is 
conducted over a period of seven weeks, but this can be extended when materials exhibit a 
borderline response. 

4.5.2 Methods 

In this study, the duration of the test was extended from seven to twelve weeks. Nine 
materials were examined but without any replication. Measurements of dissolved oxygen 
were performed weekly, and the MDOD value determined on the basis of the corresponding 
set of three results for each time period.  

All other aspects the test was carried out in accordance with BS 6620 Section 2.4. 

4.5.3 Results 

The MDOD values for all 8 materials when the duration of the test was extended from 7 to 12 
weeks are shown in Figure 10. There is no clear trend for any of the materials. This was 
confirmed by statistical analysis of the MDOD values for each period from week 7 to week 12.  
Furthermore, applying statistical analysis to test for an increasing trend towards greater DO 
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measurements over the duration from of the test from week 5 to week 12, also failed to 
demonstrate a significant effect.  

Figure 10 Relationship between duration of the test and MDOD value for nine 
materials without replication. 
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5. Inter-laboratory Trials of Standard and 
Modified Methods 

5.1 Introduction 

Following the work undertaken by the 4 independent test laboratories to evaluate 
modifications to specific individual aspects of BS 6920 Part 2.4 an inter-laboratory trial was 
carried out to compare the results of tests combining the modifications which had a significant 
effect on overall sensitivity. The inter-laboratory trial would serve to check previous 
conclusions regarding the reduction of the test vessel headspace (ullage) and an increase in 
the interval between the scheduled water changes. 

During the initial discussions with the 4 participating test laboratories it became apparent that 
the some differences currently exist in interpretation of the BS 6920 in respect of the 
scheduling of dissolved oxygen readings and water changes, with the result that the duration 
of the test varied between 49 and 52 days (assuming that it was not necessary to continue the 
test to Week 9). To avoid the possibility that the laboratories would use different scheduled 
intervals for dissolved oxygen readings and water changes during inter-laboratory trials all the 
laboratories were requested to adopt the same schedule (whereby the Week-5 readings are 
taken on the 49th day of the test) regardless of their usual practise. 

The inter-laboratory trial was carried out by the same 4 laboratories responsible for the 
specific tests, but using a range of different test materials expected to exhibit MDOD values 
between approximately 0.2 and 5 mg L-1. The tests were carried out in duplicate using test 
samples which had all been obtained from a single batch of materials to reduce between-test 
variability.  

Each laboratory performed the tests on the 4 types of test material using the standard method 
(BS 6920 Part 2.4:2000) to serve as a reference procedure against which the modifications 
would be assessed. 

On the same occasion the laboratories carried out the testing of the 4 types of test material in 
conjunction with the required control blanks and positive and negative reference test vessels 
to permit a meaningful comparison, but with the following modifications:: 

• Reduced headspace of 13% and consequential adjustment of the sample quantity to 
maintain a 0.15 S/V ratio. 

• Water changes at 7 day intervals (+/- 1 day) following the D.O. measurement. 
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• Duration of 7 weeks with option to extend for a further 2 weeks (i.e. not beyond 
9 weeks) should the 7 week MDOD value lie in the range >1.69 to <2.0 mg L-1.  

The reduced headspace of 13% represents the median headspace between the current value 
of 21% and the lowest practicable headspace of 5% when conducting the test within the 
standard jar test vessels. This required that the test jar was filled to the 1000 mL graduation 
mark and an additional 100 mL of water added. In order to maintain the S/V ratio of 
15 000 mm2/L the test sample size of each material was proportionally increased 
(e.g. 16 500 mm2 in 1100 mL).  

5.2 Test Materials 

Since the modifications to the test conditions were anticipated to increase the sensitivity of the 
test it was necessary to carry out the work using four different test materials carefully selected 
to exhibit a range of mean dissolved oxygen demands commensurate with likely increased 
sensitivity (i.e. to avoid the possibility that the dissolved oxygen in the modified test is 
completely consumed by microbial activity before the end of the test at 7 weeks) whilst still 
exhibiting a sufficient oxygen demand to allow a meaningful direct comparison between the 
standard and modified test procedures. 

Based on the results of the test carried out on individual aspects it was decided to select 
materials which would avoid the need for preparation on site to ensure consistency and the 
source materials with target MDOD values in the range shown in Table 9. 

Table 9 Sample types for inter-laboratory trials 

Test sample Target MDOD value (mg L-1) Possible test material type 

1 0.5 to 1 PP mesh 

2 1.5 to 2 Rubber O-rings 

3 2.5 to 3 PVC tubing 

4 4 to 4.5 EPDM rubber strips 

 

5.2.1 Dispatch of Test Materials 

Each laboratory participating in the inter-laboratory trials received identical samples selected 
at random from the same batch of test materials. Each consignment of a given test material 
type was packaged separately to prevent cross-contamination between the test materials but 
was sub-divided into amounts to provide the correct S/V ratio for both the standard and the 
modified test procedures.  

The packages were sent to each laboratory by courier and the participants notified of dispatch 
by e-mail to allow the necessary arrangements to be made at each laboratory regarding 
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receipt and storage of the test materials. The participants were informed only of the generic 
type of material but not the source or the identity of the test materials. 

5.2.2 Test Results 

Two worksheets were provided to record the relevant test conditions and dissolved oxygen 
readings throughout the course of the tests.   

5.2.3 Reporting 

Details of the tests and the results was reported in accordance with BS:6920.  

5.3 Results 

The results of the MDOD tests carried out simultaneously on the 4 samples of test materials 
using both the standard and modified test procedures are shown in Table 10. The MDOD 
results for the negative reference material (glass) ranged from -0.45 to +0.2 mg L-1 for the 
standard test compared with -0.33 to +0.06 mg L-1 for the modified test and therefore within 
the acceptable range of 0.0 ± 0.6 mg L-1. The MDOD results for the positive reference 
(paraffin wax) ranged from 5.13 to 7.43 mg L-1 for the standard test compared with 5.67 to 
7.29 mg L-1 for the modified test, and so are also within the acceptable range of 7.5 +/- 2.5 mg 
L-1. For both the blank and control, the variation between results from the modified test was 
lower than for the standard test. 

The range of MDOD values for the 4 test materials across all 4 laboratories encompassed the 
range 0 to 7.5 mg L-1. Although the batches of materials were carefully selected to express 
broadly different oxygen consumption values across the MDOD test range, there was 
considerable overlap with the values obtained from the EDPM rubber and plasticized PVC. 
test materials; the latter expressing somewhat higher MDOD values than had been 
anticipated prior to testing. This gave rise to a reduction in the number of values in the middle 
of the overall data set (around 3 mg L-1 in the standard test). The resultant MDOD values for 
the PP mesh and O-ring materials were both slightly lower than had been anticipated but not 
sufficiently low to confound the comparison of data from the 2 test methods across a wide 
range of values. Figure 11 shows the relationship between the results for the 4 test materials 
carried out under the standard and modified test methods (r2 = 0.969). 
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Table 10 Summary of MDOD values for Inter-laboratory trials on 4 test materials with standard and modified test methods  

Test material   Laboratory 1 Laboratory 2 Laboratory 3 Laboratory 4 

  replicate  standard modified standard modified standard modified standard modified 

PP mesh 1 0.12 0.12 0.22 0.01 -0.24 -0.66 0.00 0.46 

2 0.13 0.10 0.13 -0.49 -0.12 -0.24 0.62 0.64 

 mean 0.13 0.11 0.18 -0.24 -0.18 -0.45 0.31 0.55 

O-rings  1 1.09 1.60 2.17 3.23 0.80 1.66 1.29 1.13 

2 1.33 1.16 2.02 3.16 0.92 1.58 0.40 1.67 

 mean 1.21 1.38 2.10 3.20 0.86 1.62 0.85 1.40 

PVC tubing 1 7.55 7.53 4.25 6.34 7.17 7.38 2.95 5.00 

2 7.13 7.43 6.23 5.98 6.04 7.38 4.23 5.18 

 mean 7.34 7.48 5.24 6.16 6.61 7.38 3.59 5.09 

EPDM strips  1 5.87 6.84 4.74 5.08 5.06 5.90 5.52 6.40 

2 5.75 7.13 4.53 5.48 5.33 5.93 5.04 6.30 

 mean 5.81 6.99 4.64 5.28 5.20 5.92 5.28 6.35 

Positive reference  1 6.43 7.28 5.13 5.67 7.43 6.88 5.84 7.27 

2 6.33 7.29 nd nd nd nd nd nd 

 mean 6.38 7.29 5.13 5.67 7.43 6.88 5.84 7.27 

Negative reference 1 -0.02 0.06 0.20 -0.33 -0.45 0.01 0.02 0.01 
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Figure 11 Plot showing correlation between standard and modified test results 
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6. Discussion 

6.1 Use of photoluminescent-based probes 

A large difference in response time was observed between the 3 instruments under 
evaluation. Whilst the most responsive instrument was observed to attain a final dissolved 
oxygen reading within 3-4 minutes; broadly consistent with existing galvanic and 
polarographic sensor technologies which may be used in the BS 6920 test, the remaining 
instruments were slower to respond with the worst-case instrument attaining a stable reading 
only after 15 minutes. The reason behind the long response time appears to lie with the in-
built dampening factor given the intended use of these instruments for long-term monitoring in 
field-based deployments where speed of response is of lower importance than, say, signal 
stability. Similarly, the large physical size of the probes relative to the test vessels used in the 
BS 6920 test results from the intended use of the instrument and the need for a robust design 
rather than use on the laboratory bench.  

Although there appear to be no drawbacks in the use of the probes based on the use of 
photoluminescence techniques per se some consideration will need to be given to the design 
specification when selecting instruments suitable for use to measure dissolved oxygen within 
the BS 6920 test vessels.  

6.2 Improving the sensitivity of the BS 6920 test 

The findings from this study confirmed the effect of some but not all of the previous 
modifications on the sensitivity of determining MDOD.  

1. Reducing the capacity of the headspace clearly improved the sensitivity of MDOD 
determination. This is shown in Section 4.2 of this report and the variations were found 
to be statistically significant. This effect had been observed in previous studies, 
although it had been suggested that the reproducibility of the test decreased as 
headspace capacity increased (Bellen et al.).  

2. Increasing the period between water changes from twice to once a week produced a 
higher MDOD measurement (see section 4.3). This is not surprising since it would be 
expected that the amount of dissolved oxygen consumed would be related to contact 
time of the micro-organisms with the test material and test water. The extent of the 
improvements in sensitivity was pronounced for the material which produced a 
response that was in the middle of the range of MDOD values.   

Whilst there was an apparent effect of surface area to volume ratio (S/V), this could not be 
confirmed statistically when all materials were examined together because of the large 
amount of within test variation between replicates observed for one of the test materials. This 
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occurred in the middle region of the MDOD range, where any effect would be expected to be 
most difference to the outcome of the test. A two-way analysis of variance, which examined 
the effect, taking only mean values, suggests an effect due to increasing the surface to 
volume ratio. Therefore, an effect of surface area to volume ratio cannot be ruled out 
conclusively. 

The improvements to the MDOD test appeared to be most pronounced in the mid-range of 
MDOD values which included the acceptance criteria of 2.4 mg L-1, rather than at the extreme 
values. This increased sensitivity would enable better discrimination between materials in this 
critical region. In this phase of the study, the effect of each of these modifications was 
examined separately. Previous work has indicated that more than one improvement would 
have an additive effect on increasing the sensitivity of the test.  

However, as the MDOD of any material tested under the higher sensitivity conditions would 
be higher than that obtained with the current standard conditions, it would be necessary to 
make an upward adjustment of the acceptance criteria currently applied in this procedure.  

6.3 Inter-laboratory trials 

The results of the inter-laboratory trials of the modified method confirm the increase in 
sensitivity observed with the individual modifications trialled in the first part of the study. 
Overall, the MDOD values from the modified test method exceed those values for the 
standard method. Assuming a linear relationship between the coordinates this equates to an 
approximately 12.6% increase in sensitivity.  

Given the relatively modest increase in sensitivity observed in the modified test method 
resulting from the combination of reduction of test vessel headspace (from 21% to 13%) and 
reducing the frequency of periodic water changes, consideration must be given to the relative 
merits of revising BS 6920 based only these data. 

Although the increase in sensitivity may be regarded as insufficient benefit to warrant 
changing a well understood and established method the reduction in effort afforded by the 7-
day water change interval (as part of the modified method) would probably be well received 
by the testing laboratories as this aspect would reduce the effort required throughout the test. 
However, as it is not possible the inter-laboratory trials to discriminate the contribution to 
increased sensitivity from reduced headspace and reduced frequency of water changes, it 
would not be possible to adopt the latter factor in isolation without further validation. If a 
change to 7-day water changes were made to the method and this gave rise to a significant 
increase in sensitivity, the criterion for acceptance of the materials being tested would need to 
be revised. This might itself result in materials which had previously passed as acceptable 
(especially ‘borderline’ materials) no longer passing the test. This is likely to meet with 
objections from manufacturers’ who have already characterized and obtained approvals for 
existing products. 
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7. Conclusions 

7.1      Use of photoluminescent-based probes  

• Photoluminescent probes provide an alternative to the traditional technique for 
determination of dissolved oxygen, although not all appear suitable for use in BS 6920, 
e.g. probes attached to sondes which makes the instrument very bulky.  

• The Aanderaa and the YSI probes were, based on size, ease of handling, accuracy and 
response time, more appropriate than the ATI probe. However, whilst the Aanderaa 
probe gave a more consistent measurement, it required a longer response time than 
the YSI probe.  

7.2 Improving the sensitivity of the BS 6920 test 

• The sensitivity of the MDOD test could be improved by reducing the capacity of the 
headspace and increasing the interval between the water changes to once a week.  

• Whilst there was an apparent effect of surface area to volume in the MDOD test this 
could not be shown to be proportional for all materials.  

• Extending the duration of the test did not influence the outcome of the test. 

7.3 Inter-laboratory trials 

• The results of the inter-laboratory trials on 4 test material types under standard and 
modified methods confirm the increase in sensitivity observed with the individual 
modifications trialled in the first part of the study. However, the overall increase in 
sensitivity as a result of the modifications is a relatively modest 12.6%. 

• Assuming a linear relationship between the coordinates this equates to an 
approximately 12.6% increase in sensitivity.  

• Based on these data the acceptance criteria for materials of 2.4 mg L-1 currently applied 
under BS 6920:2000 would need to be revised to 2.7 mg L-1 to reflect the increased 
sensitivity. 

• A change in reported sensitivity of the BS 6920 test may result in materials which have 
previously received approval failing subsequent re-testing under a modified procedure. 
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• The reduced frequency of water changes within the test is expected to be of benefit to 
the test laboratories but further validation would be required to determine the extent to 
which this factor alone influenced overall test sensitivity.  

• These results relate only to a very limited number of test material types. A much 
broader range of material types need to be investigated to ensure that any particular 
materials are not disadvantaged.  

WRc Ref: DWI 8543/15531-0 
July 2012 

© DWI 2012 32 



DWI 
 

8. Recommendations 

• A more extensive evaluation of the modified test, incorporating a wider range of 
materials, would be required to validate the performance of the modified test and 
establish a revised pass limit for accepting a material. 

• Whilst adopting the proposed revisions to the MDOD test would be an obvious 
recommendation because of the improved sensitivity and ease of processing materials, 
it needs to be balanced against the additional work to validate the test and the impact 
of altering the acceptance criteria on material suitability. 

• It is advised that clarification is given to laboratories to ensure that all observe the same 
time intervals which are in accordance with the requirements BS6920 Part 2.4. 
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Appendix A Currently Available Photoluminescent Probes 
 

Manufacturer Model Range 
(mg L-1) 

Accuracy Response 
time 

Power Configuration Price 

In-Situ Inc. RDO Optical 
Dissolved 

Oxygen Sensor 

0-20 0-8 mg L-1 ±0.1 

8-20 mg L-1 ±0.2 

T90=30 s 

T95=37 s 

8-36 VDC Probe £1000 for probe 
with cable 

Eureka Manta2 Optical 
dissolved oxygen 

sensor 

0-25 0-8 mg L-1 ±0.1 

8-25 mg L-1 ±0.2 

  Probe attached to 
sonde 

£2583 for probe 
and sonde  

YSI ROX 0-50 0-20 mg L-1 ±0.1 mg L-

1 or 1% of reading, 
whichever is greater. 
20-50 mg L-1 ±15%   
of reading 

 Batteries or 
12 V DC 
external 

Probe attached to 
sonde 

 

YSI ProODO 0-50 As above T90=25 s 

T95=45 s 

Batteries Probe with meter £480 for probe, 
£500 for meter 

YSI 600OMS V2 0-50 As above  Batteries Probe that needs a 
meter 

 

HF Scientific AdvantEDGE 
Optical DO RDO 

0-20 0-8 mg L-1 ±0.1 

8-20 mg L-1 ±0.2 

T90=30 s 

T95=37 s 

10-30 VDC 
or 100-240 

VAC 

Probe can be 
connected to 

SCADA, PLC or 
display interface 
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Manufacturer Model Range 
(mg L-1) 

Accuracy Response 
time 

Power Configuration Price 

ATi Q45D-ODO 
Optical Dissolved 
Oxygen Monitor 

0-40 0-2 mg L-1 ±0.05 

2-10 mg L-1 ±0.2 
>10 mg L-1 ±0.4 

T90=150 s Mains or 
battery 

Probe with meter £1400-1500 
depending on 
configuration 

Zebra-Tech Ltd D-Opto 0-25 1% of reading or 0.02 
mg L-1, whichever is 

greater 

T90<60 s Sensor 8-15 
V DC, 

Logger 9V 
battery 

Probe with logger  

ECD Triton DO8 0-20 Max error <2% of 
measured range 

T90=60 s  Probe with logger  

Finesse Solution TruDO       

Hamilton VISIFERM DO 
ARC 

0.004-25  T98<30 s Powered by 
meter 

Probe with meter £1550-1750 for 
probe only 

Neotek Ponsel ODEON Classic 0-20 ±0.4%    £1000 for probe 
with meter 

Point Four 
Systems Inc 

Lumi 4 0.004-25  T99.5 = 30 s Powered by 
meter 

Probe with meter or 
logger. 

 

Thermo 
Scientific Orion 

3-Star RDO 0-20 0-8 mg L-1 ±0.1 

8-20 mg L-1 ±0.2 

 4 AA 
batteries in 

meter 

Probe with meter £430 for probe, 
£541 for meter 

or £883 

AADI (Aanderaa 
Data 
Instruments) 

Oxygen Optode 0-16 
(0-500 
μM) 

<±0.25 mg L-1 or 
<±5% 

 6-14 V Probe connected to 
logger, sonde or 

computer 
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Manufacturer Model Range 
(mg L-1) 

Accuracy Response 
time 

Power Configuration Price 

Emerson RDO Optical 
dissolved oxygen 

system 

0.-20 0-8 mg L-1 ±0.1 

8-20 mg L-1 ±0.2 

T90=30 s 

T95=37 s 

100-240 
VAC 

Probe with “analyser” £3653 with 
analyser 

Partech OxyTechw2 0-20 ±0.1 T90<60 s 12 V from 
monitor 

Probe with monitor £1740 with 
monitor 

Process 
Instruments 

RDO 0-20 0-8 mg L-1 ±0.1 

8-20 mg L-1 ±0.2 

T90=30 s 

T95=37 s 

12/24 VDC 
or 100-240 

VAC 

In-Situ probe with 
“analyser” 

£2250 with 
analyser 

Hach-Lange LDO probe with 
SC 100 analyser 

0.1-20 <1 mg L-1 ±0.1 

>1 mg L-1 ±0.2 

T90<40 s 

T95<60 s 

 Probe with analyser £2200 with 
analyser 

Insite IG Model 3100 0-25 1% of reading or 0.02 
mg L-1, whichever is 

greater 

T95<60 s Battery in 
monitor 

Probe with monitor  
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Appendix B Test Materials 
Test material Phase 1 Phase 2 

 Headspace Periodicity Duration S/V ratio Inter-laboratory 
Trials 

Black PE-Xc pipe   X   

Grey epoxy powder coated 
panel 

  X   

Black EPDM rubber sheet - 80 
shore hardness 

  X   

Green/grey gasket material   X   

Black EPDM rubber sheet - 57 
shore hardness 

  X   

Bitumen paint coated panel   X   

Black EPDM rubber sheet - 50 
shore hardness 

  X   

Red fibre washer   X   

Polyamide (cut plaque) X     

NBR rubber (cut sheet) X     

Styrene Ethylene Butylene 
Styrene 

X     

GRP  X    

EPDM rubber sheet - 60 shore 
hardness 

 X    

EPDM rubber sheet - 55 shore 
hardness 

 X    

PP mesh     X 

Rubber O-rings     X 

Plastized PVC tubing     X 

EPDM rubber strips     X 

Blue PVC pipe (WRAS 
approved) 

   X  

Soft PVC tubing    X  

EPDM rubber rings    X  
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