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Disclaimer
The pilot testing project report is presented solely for information purposes and is not
intended to provide specific advice or recommendations in any circumstances. This pilot
testing project report includes information from different sources and such information has
not been independently confirmed for correctness or completeness. The information
provided does not imply on the part of the Government of Ontario, the Walkerton Clean
Water Centre (Centre) or its employees, any endorsement or guarantee of any of the
information. The Government of Ontario, the Centre and its employees, do not assume
and are not responsible for any liability whatsoever for any information, interpretation,
comments or opinions expressed in the pilot testing project report.

Executive Summary
Background
Taste and odour compounds, such as geosmin and methyl-isoborneol (MIB), are typically
produced by cyanobacteria or actinomycetes (bacteria) (Watson et al. 2000). Geosmin
and MIB can pose a challenge to drinking water treatment plants. Advanced oxidation
processes (AOP), such as UV-hydrogen peroxide (H2O2), can break down the compounds
(Pantin, 2009). Granular activated carbon (GAC) filtration can remove the compounds
through adsorption (Pantin, 2009).
Over the past several years, the Tay Area Water Treatment Plant has found geosmin and
MIB in their raw and treated water. The Walkerton Clean Water Centre conducted pilot
tests to assess AOP and GAC filtration, in parallel, on geosmin and MIB removal. The
objective of the pilot testing project was to investigate the effect of AOP and GAC filtration
to reduce geosmin and MIB, using the water treatment plant’s ultrafiltration effluent that
was spiked with known amounts of geosmin and MIB (100 ng/L, 75 ng/L and 50 ng/L each
of geosmin and MIB).

Objective
The objective of the pilot testing project was to investigate the effect of either AOP or GAC
filtration, on the reduction of geosmin and MIB, using the water treatment plant’s
ultrafiltration effluent that is spiked with a known amount of geosmin and MIB.

Approach
This project utilized pilot scale treatment technologies that were located at the Tay Area
Water Treatment Plant.
Pilot scale tests were completed to compare AOP and GAC treatments on the removal of
geosmin and MIB.
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Key Findings
Through the pilot scale tests, it was determined that:

•

For all treated water samples spiked with 75 ng/L and 50 ng/L geosmin and MIB,
AOP and GAC each removed the geosmin and MIB to below the odour threshold
for both 10 mg/L and 6 mg/L H2O2 doses.

•

The log removal and percent removal of geosmin and MIB were reduced at lower
UV doses; whereas the log and percent removals were not impacted by H2O2 dose,
indicating that UV dose might have a larger impact on the effectiveness of AOP.

•

The samples from AOP, contained residual H2O2 that was quenched with sodium
hypochlorite at an average ratio of 2.2:1 (Cl2:H2O2) and dosed with 2.25 mg/L of
chlorine to simulate conditions in the distribution system.

•

After one day of contact time, the trihalomethanes (THMs) and haloacetic acids
(HAAs) were below the respective running annual average maximum acceptable
concentration (MAC). The highest H2O2 dose for the AOP treatment provided the
highest THMs and HAAs, whereas the samples treated with GAC provided the
lowest THMs and HAAs concentrations.
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1. Introduction
The Tay Area Water Treatment Plant (WTP) has been experiencing seasonal taste and
odour events and has been monitoring these compounds, specifically, geosmin and
methyl-isoborneol (MIB) in the raw and treated water. Between 2017 and 2019, the
average geosmin and MIB concentrations in raw water were 7.1 ng/L and 8.2 ng/L,
respectively and the average geosmin and MIB concentrations in treated water were 9.6
ng/L and 12.7 ng/L. Geosmin and MIB can be controlled by, but not limited to, advanced
oxidation processes (high UV dose + hydrogen peroxide) or granular activated carbon
(GAC).
Advanced oxidation processes (AOP), such as UV + hydrogen peroxide process,
produces hydroxyl radicals (HO•), which is a form of strong oxidant that oxidizes a range
of organics. The UV causes photolysis of hydrogen peroxide, which generates the
hydroxyl radicals. The hydroxyl radicals are very effective at removing taste and odour
compounds and can break down organics from larger macromolecules into smaller
biodegradable components (Pantin, 2009). However, removing H2O2 residual after the
AOP process must be addressed, because it can contribute to chlorine demand and
impact the disinfection process (Zamyadi et al., 2015; Pantin, 2009). A ratio of 2:1
(Cl2:H2O2 by mass) can be used to quench H2O2, however the reaction between chlorine,
natural organic matter and H2O2 is not prevalent in the literature and should be
considered (Pantin, 2009).
GAC filtration can physically remove taste and odour compounds and organics through
adsorption; however the lifespan of GAC can be limited, depending on the water matrix
(Zamyadi et al., 2015; Pantin, 2009).
In collaboration with an environmental consulting firm, the Township of Tay approached
the Walkerton Clean Water Centre (Centre) to test the effectiveness of either AOP or
GAC filtration, on the reduction of taste and odour compounds, such as geosmin and
MIB.
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2. Materials and Method
2.1 Experimental Design
The water treatment plant’s ultrafiltration effluent was spiked with a known amount of
geosmin and MIB (100 ng/L, 75 ng/L and 50 ng/L each of geosmin and MIB) (Table 1).
The AOP system was dosed at 10 mg/L and 6 mg/L of hydrogen peroxide (H2O2) and set
to a low and high UV dose by adjusting the flow rate (Table 1). Reducing the flow rate of
the UV unit increases the UV dosage. The GAC filter was operated on its’ own at a lower
flow rate, compared to AOP, to achieve the recommended empty bed contact time
(EBCT), from the manufacturer (10 and 7 minutes of EBCT) (Table 1).
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Table 1. Summary of Test Runs
Test Run
#

Pilot
Plant

Geosmin and
MIB Spiked
Dose (ng/L)

Flow Rate
(L/min)

H2O2
Dose
(mg/L)

EBCT
(min)

Run Time
(min)

11

AOP

100

11.35

10

N/A

45

2

AOP

100

22.7

10

N/A

13

3

GAC

100

2.1

N/A

10

100

42

AOP

50

11.35

10

N/A

55

5

AOP

75

11.35

6

N/A

30

6

AOP

75

11.35

10

N/A

85

7

AOP

75

11.35

6

N/A

30

8

GAC

75

2.1

N/A

10

90

9

GAC

75

3.03

N/A

7

90

1

Note. H2O2 residual was tested throughout the 45 minute run. After 10 minutes, H2O2
residual was tested and was below 10 mg/L. After 25 minutes, H2O2 pumping rate was
increased. After 30 minutes, the residual was 10 and 9 mg/L for pre- and post-AOP,
respectively. Samples were collected after 45 minutes.
2
Note. H2O2 residual was tested throughout the 55 minute run. After 10 minutes, H2O2
residual was tested as 8 mg/L. After 20 minutes, the H2O2 residual was 9 mg/L. Samples
were collected after 55 minutes.
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2.2 Pilot Plant Experiments
The pilot plants were operated with sufficient hydraulic detention time before sample
collection to achieve steady state. The AOP pilot included a chemical feed pump and a UV
reactor (Figure 1, Figure 2). The chemical feed pump was used to introduce hydrogen
peroxide. With the exception of one AOP test run (Test Run #2), the flow rate for AOP was
set to 11.35 L/min, which was recommended by the manufacturer. Test Run #2 was set to
a higher flow rate (22.7 L/min) to represent a lower UV dose. The average UV intensity
was 7.78 W/m2 for November 6th Test Runs and 8.22 W/m2 for November 28th Test Runs.
The GAC pilot consisted of a pressure filter, which contained virgin, coal-based GAC in a
0.75 ft3 pressure vessel (Figure 1, Figure 3). The GAC filtration was tested individually and
the hydrogen peroxide and UV was not applied during the GAC Test Runs (Figure 3). Prior
to GAC Test Runs, the lines were flushed and tested for hydrogen peroxide residual to
ensure that there was no hydrogen peroxide entering the GAC column and the GAC was
backwashed.
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Figure 1. Pilot Plant Schematic
Note. The schematic shows two pilot tests: AOP and GAC treatments. The treatments were tested separately. When AOP
was operating, water passed through the GAC bypass valve. When GAC was operating, the bypass valve was closed,
hydrogen peroxide was not injected and UV light was not applied.
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Figure 2. Schematic of AOP Test Runs
Note. The GAC components were not in operation (faded out) during the AOP test runs.

Figure 3. Schematic of GAC Test Runs
Note. The AOP components were not in operation (faded out) during the GAC test runs.
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2.3 Water Quality Analysis
Samples were collected from the ultrafiltration effluent, after being spiked with geosmin
and MIB, pre-AOP, post-AOP and post-GAC and analyzed for the parameters listed in
Table 2. Samples were also sent to an accredited laboratory to measure geosmin, MIB
and volatile organic carbons (VOCs).
On each day, the ultrafiltration effluent was collected and tested. Table 3 provides the
results of the ultrafiltration effluent and the spiked samples, to identify the impact of the
spiked geosmin and MIB standards on the water quality of the ultrafilter effluent.
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Table 2. Methods of Water Quality Analysis
Parameter

Preparation

Method

Range

In-House Analysis
Turbidity

N/A

USEPA Method 180.1

0 – 1000 NTU

pH

N/A

Hach Method 8156

0 – 14

True / apparent
colour (unfiltered)

True colour – 0.45 µm
filtered

UV254 absorbance
(UV transmittance)

0.45 µm filtered

Dissolved organic
carbon (DOC)

0.45 µm filtered

Alkalinity

N/A

Hydrogen peroxide
residual

N/A

Hach Method HYP-1

1 – 10 ppm

Parameter

Preparation

Method

Detection
Limit

Hach Method 8025
Platinum-Cobalt
5 – 500 Pt-Co
Standard Method
Real Tech UV254
0 – 2 Abs/cm
Method
Standard Method
5310C
UV/persulfate oxidation 4 ppb to 50 ppm
with conductometric
detection
10 – 4000 mg/L
Hach Method 8203
as CaCO3

Analyzed at a Licensed Laboratory
Geosmin

N/A

MIB

N/A

Total
trihalomethanes
Haloacetic acids

2.0 and 3.5 mg/L
chlorine dose for 2, 6
and 8 day contact times
2.0 and 3.5 mg/L
chlorine dose for 2, 6
and 8 day contact times
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Lab Specific Method (MEMethod Detection
CA-[ENV]GC-LAK-ANLimit: 3.0 ng/L
012)
Lab Specific Method (MEMethod Detection
CA-[ENV]GC-LAK-ANLimit: 3.0 ng/L
012)

EPA 5030B/8260C

EPA 552.3

Method
Detection Limit:
0.37 µg/L
Method
Detection Limit:
5.3 µg/L

Table 3. Water Quality of Various Sample Points Prior to Pilot Plants (Average ± standard
deviation)
Parameter

Ultrafilter Effluent

Spiked (Inlet)

Turbidity (NTU)

0.10 ± 0.03

0.15 ± 0.07

pH

7.56 ± 0.75

7.56 ± 0.03

79.2 ± 3.39

75 ± 1.4

4.67 ± 2.52

5.50 ± 3.54

2.33 ± 0.29

2.25 ± 0.35

2.87 ± 0.25

3.43 ± 0.30

0.042 ± 0.008

0.039 ± 0.005

90.82 ± 1.58

91.41 ± 1.16

Alkalinity (mg/L
CaCO3)
Apparent colour
(TCU)
True colour
(TCU)
DOC (mg/L)
UV254 absorbance
(cm-1)
UV transmittance
(%)

Parameter
Geosmin (ng/L)
MIB (ng/L)

Spiked (Inlet)

Ultrafilter Effluent

100 ng/L

75 ng/L

50 ng/L

4.50 ± 3.28

89.5 ± 1.5

61.25 ± 6.80

56 ± 1.41

1.5 ± 0.0

135.5 ± 11.5

68 ± 4.55

64 ± 2.83
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2.4 Simulated Distribution System – Total Trihalomethanes and
Haloacetic Acids
A Simulated Distribution System (SDS) method (APHA, 2017) was completed to
determine the potential formation of disinfection by-products (DBPs) after each treatment
for the trials that were spiked with 75 ng/L and 50 ng/L of geosmin and MIB. Grab samples
were collected and transferred to a 250 mL chlorine-demand free, amber glass bottle.
Samples that had H2O2 residual were quenched prior to the SDS test. To achieve chlorine
demand free containers, the glassware was treated with 10 mg/L of chlorine solution for a
minimum of 3 hours, rinsed with deionized water and left to air dry.
Samples were dosed at 2.25 mg/L of chlorine and stored at room temperature. After one
day of contact time, the chlorinated samples were tested for chlorine residual and
transferred to sample bottles with sodium thiosulphate and ammonium chloride
preservatives for the THMs and HAAs tests, respectively. The bottles were sent to an
accredited laboratory to measure THMs and HAAs. Total THMs (TTHMs) results reflected
the sum of bromodichloromethane, bromoform, chloroform and dibromochloromethane
concentrations. The five HAAs analyzed included bromoacetic acid, chloroacetic acid,
dichloroacetic acid, dibromoacetic acid and trichloroacetic acid.

3. Results and Discussions
3.1 Turbidity
The average turbidity of the spiked samples (inlet) was 0.152 ± 0.060 NTU, whereas the
average turbidity of the outlet after the pilots was 0.114 ± 0.024 NTU. With the exception
of (i) high UV dose, 10 mg/L H2O2 with 75 ng/L spiked and (ii) high UV dose, 6 mg/L H2O2
with 50 ng/L spiked, all treatments had slightly less turbidity in the outlet, compared to the
inlet (Figure 4). The difference in turbidity from the AOP tests (mean = 0.0486, SD =
0.0899) and the GAC tests (mean = 0.0156, SD = 0.0135) were not significantly different
from the two-tailed t-test with alpha as 0.05 (p = 0.4185).
16

Figure 4. The Effect of AOP and GAC on Turbidity (NTU)
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3.2 Dissolved Organic Carbon and UV254
Dissolved organic carbon (DOC) is a precursor to the formation of DBPs, such as THMs
and HAAs. The average DOC of the inlet sample, spiked with geosmin and MIB, was
3.429 ± 0.296 mg/L; whereas, the average DOC of the AOP outlet sample was 3.01 ± 0.40
mg/L and the GAC outlet sample was 0.874 ± 0.166 mg/L (Figure 5). The purchased
geosmin and MIB standards were prepared in methanol, therefore the methanol
contributed some DOC to the inlet samples. Therefore, inlet samples that were spiked with
100 ng/L geosmin and MIB had slightly higher DOC than samples that were spiked with 75
ng/L and 50 ng/L geosmin and MIB (Figure 5). Using the two-tailed t-test with alpha as
0.05, the difference in DOC from the AOP tests were significantly less (mean = 0.33 mg/L,
SD = 0.12 mg/L) than the GAC tests (mean = 2.74 mg/L, SD = 0.08 mg/L) (p < 0.001).
Aromatic organics absorb UV light at a 254 nm wavelength in proportion to their
concentration. Therefore, UV absorbance (UV254) is a surrogate of natural organic matter
(Edzwald and Tobiason, 1999; EPA, 1999). The average UV254 of the inlet sample, spiked
with geosmin and MIB, was 0.039 ± 0.005 cm-1; whereas, the average UV254 of the AOP
outlet sample was 0.029 ± 0.004 cm-1 and the GAC outlet sample was 0.001 ± 0.0006 cm-1
(Figure 6). Similar to the results in DOC, there was an increase in UV254 with increasing
geosmin and MIB dosage, which is attributed to the methanol in the standards (Figure 6).
Using the two-tailed t-test with alpha as 0.05, the difference in UV254 from AOP tests were
significantly less (mean = 0.008 cm-1, SD = 0.002 cm-1) than the GAC tests (mean = 0.041
cm-1, SD = 0.002 cm-1) (p < 0.001).
Although the DOC was not drastically impacted by AOP, the characteristic of the organics
may have changed; however, DOC characteristics were not assessed in this pilot testing
project.
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Figure 5. The Effect of AOP and GAC on Dissolved Organic Carbon (DOC) (mg/L)
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Figure 6. The Effect of AOP and GAC on UV Absorbance (cm-1)
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3.3 Geosmin and MIB
At the Tay Area Water Treatment Plant between 2017 and 2019, the average geosmin
and MIB concentrations in the raw water were 7.1 ng/L and 8.2 ng/L, respectively and the
average treated geosmin and MIB concentrations in treated water were 9.6 ng/L and 12.7
ng/L. The maximum geosmin and MIB level was 25 ng/L and 41 ng/L, respectively, in the
treated water. Therefore, the spiked concentrations of geosmin and MIB (100 ng/L, 75
ng/L and 50 ng/L) were chosen to be higher values than what was measured at the water
treatment plant, as a precautionary approach.
All GAC treatments reduced geosmin and MIB to below its’ respective odour threshold,
regardless of the spiked concentration of geosmin and MIB (Figure 7, Figure 8). With the
exception of water spiked with 100 ng/L geosmin and MIB that was treated with AOP, all
geosmin and MIB levels were reduced to below the odour threshold for AOP and GAC,
regardless of H2O2 dose (Figure 7). This differs from previous studies that have
demonstrated both higher concentrations of H2O2 and higher UV fluence provide higher
removals of geosmin and MIB and other cyanobacterial metabolites, such as microcystinLR (Pantin 2009; He et al., 2012). Samples spiked with 100 ng/L of geosmin and MIB were
above the odour threshold for AOP treatment (10 mg/L of H2O2 with low and high UV
dose) (Figure 7, Figure 8).
When comparing the log removal and percent removal of geosmin and MIB, the log
removal and percent removal were reduced with lower UV doses, compared to higher UV
doses (Figure 9, Figure 10). This trend indicates that the UV dose impacts the
effectiveness of AOP. The removal was not impacted by the dose of H2O2, which indicates
that H2O2 may not have impacted the effectiveness of AOP (Figure 9, Figure 10). The log
removal of geosmin and MIB were slightly reduced when the GAC flow rate was increased
to provide a 7-minute EBCT compared to the recommended 10-minute EBCT (Figure 9,
Figure 10). However, the percentage removal remained constant, regardless of the EBCT
condition (Figure 9, Figure 10).
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Figure 7. Effect of AOP and GAC on Geosmin (ng/L).
Note. Values that were below the method detection limit were graphed as half detection limit.
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Figure 8. Effect of AOP and GAC on MIB (ng/L).
Note. Values that were below the method detection limit were graphed as half detection limit.
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Figure 9. Log Removal of Geosmin and MIB from AOP and GAC Treatments
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Figure 10. Percentage Removal (%) of Geosmin and MIB from AOP and GAC Treatments
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3.3 Simulated Distribution System – THMs and HAAs Test
3.3.1. Quenching Hydrogen Peroxide with Chlorine
AOP samples were collected and H2O2 was then quenched with chlorine. This quenching
is necessary before completing the SDS test for DBPs formation, such as THMs and
HAAs. Using the hydrogen peroxide test strips, H2O2 was measured as small increments
of chlorine was added to the sample. An average chlorine dosage of 32.95 mg/L of
chlorine was required to reduce H2O2 from 10 mg/L to 0 mg/L using the test strips and an
average of 20.25 mg/L of chlorine was required to reduce H2O2 from 6 mg/L to 0 mg/L
using the test strips (Figure 11, Figure 12). In the literature and in practice, the required
ratio to quench H2O2 with chlorine is 2:1 (Cl2:H2O2 by mass) (Pantin, 2009). The current
pilot testing results were similar to the literature, which was an average of 2.2:1 Cl2:H2O2
ratio. The reaction kinetics between chlorine, natural organic matter and H2O2 is not well
known in the literature and should be considered and well understood on-site (Pantin,
2009).
It was noted that there are interferences with chlorine and hydrogen peroxide, when using
the H2O2 test kit, test strips and chlorine DPD method. Samples from November 6th were
collected and quenched with chlorine (Figure 11, Figure 12). Samples from the effluent of
the pilots on November 28th and 29th were collected and H2O2 was quenched again with
chlorine. After the samples were quenched, a simulated distribution system test was
completed.
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Figure 11. Effect of Chlorine Dosage on Hydrogen Peroxide and Chlorine Residual

Figure 12. Hydrogen Peroxide Test Strips at Increasing Chlorine Dosages
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3.3.2. THMs and HAAs Results from the Simulated Distribution System Test
All THMs and HAAs were below the respective running annual average maximum
acceptable concentrations (MAC). However, a clear trend demonstrated that the higher
H2O2 concentrations resulted in higher THMs and HAAs (Figure 13). It is most likely due to
the higher chlorine dosage required to quench the higher concentration of H2O2. The GAC
effluent provided the lowest THMs and HAAs (Figure 13).
The AOP process produces hydroxyl radicals that are a powerful oxidant. The hydroxyl
radicals break down the organics from larger macromolecules to smaller, biodegradable
components (Pantin, 2009). Tests at Cornwall, ON also showed that UV-H2O2 increased
the THMs formation from 60 µg/L to 125 µg/L after 24 hours contact time, at 500 mJ/cm2
and 10 mg/L H2O2 and 3 mg/L of chlorine (Pantin, 2009). Also, the HAAs concentrations
increased from 35 µg/L to 60 µg/L with moderate AOP doses (500-750 mJ/cm2) and was
reduced back to 35 µg/L HAAs with higher AOP doses (Pantin, 2009).

Figure 133. Trihalomethanes (THMs) and Haloacetic Acids (HAAs) formed from
Simulated Distribution System (2.25 mg/L chlorine dosage and 1 day contact time).
MAC = maximum acceptable concentration.
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4. Limitations
The UV reactor used for this study was a smaller size with a shorter pathlength and lower
flow rates, compared to a full-scale system. The pilot-scale UV units used for AOP can be
applied as a proof of concept, but there are limitations to using the pilot-scale results to
support the design of the larger full-scale UV system.

5. Conclusions
In conclusion, all water samples that were spiked with 75 ng/L and 50 ng/L Geosmin and
MIB had the spiked compounds removed by AOP and GAC to below the odour threshold
for both 10 mg/L and 6 mg/L of H2O2 doses. The H2O2 samples were quenched with
sodium hypochlorite at an average ratio of 2.2:1 (Cl2:H2O2) and dosed with 2.25 mg/L of
chlorine to simulate the distribution system. After one day of contact time, the THMs and
HAAs were below the respective running annual average MAC. The highest H2O2 dose
provided the highest THMs and HAAs, whereas the samples treated with GAC provided
the lowest THMs and HAAs concentrations.

29

6. References
American Public Health Association, American Water Works Association, Water
Environment Federation 2017. Standard Methods for the Examination of Water and
Wastewater, 23rd edition, Washington DC.
Edzwald, J.K. and Tobiason, J.E. (1999). Enhanced Coagulation: US Requirements and a
Broader View. Water Science and Technology, 40(9), 63-70.
EPA [US Environmental Protection Agency]. (1999). Enhanced Coagulation and
Enhanced Precipitative Softening Guidance Manual. Disinfectants and Disinfection
Byproducts Rule. EPA 815-R-99-012.
He, X., Pelaez, M, Westrick, J., O’Shea, K., Hiskia, A., Triantis, T., Kaloudis, T., Stafan,
M., de la Cruz, A., Dionysiou, D. (2012). Water Research (46) 1501 – 1510.
Pantin, S. (2009). Impacts of UV-H2O2 Treatment for Taste and Odour Control on
Secondary Disinfection. M.A.Sc. Thesis. University of Toronto.
Watson, S., Brownlee, B., Satchwill T., Hargesheimer, E. (2000). Water Research (34)
2818-2828.
Zamyadi, A., Sawade, E., Ho, L., Newcombe, G., Hofmann, R. (2015). Impact of UV-H2O2
Advanced Oxidation and Aging Processes on GAC Capacity for the Removal of
Cyanobacterial Taste and Odor Compounds. Environmental Health Insights, 9(S3)
1-10.

30

31

