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ABSTRACT 

 

A Klaran AKR flow-through disinfection system with UV LEDs emitting at approximately 265 
nm was employed for this study. Two different challenge microorganisms of direct relevance to 
potable water were used as challenge organisms: an opportunistic bacterial pathogen of relevance 
in water (Pseudomonas aeruginosa) and a phage (virus surrogate) that is used to challenge test 
treatment systems for virus removal (Qβ phage).  The water tested was of drinking water quality 
at a high UV transmittance (94% at 254 or 265 nm) and dechlorinated, with flow rates ranging 
from 0.5 to 2.5 L/min. For a flow rate of 2 L/min or less, reduction values of approximately 5 log 
or greater were measured for Pseudomonas aeruginosa and reduction values of approximately 1 
log or greater were measured for Qβ. The microbial log reduction values corresponded to UV254 
equivalent doses delivered of up to 32 mJ/cm2.   
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1 Introduction 
This study describes the inactivation each of two microorganisms, Pseudomonas aeruginosa and 
Qβ phage subjected to disinfection by UV LEDs emitting at a peak wavelength near 265 nm in a 
Klaran AKR flow through reactor at various flow rates. 

2 Materials and Methods 
2.1 Microorganism propagation and assay 

2.1.1 Preparation of Pseudomonas aeruginosa stocks 
Pseudomonas aeruginosa (ATCC 15442) was streak-plated onto sterile Luria-Bertani broth (LB) 
agar plates, inverted, then incubated for 20 hours at 37°C.  One isolated colony was selectively 
removed with a sterile inoculation loop.  Then 25 mL sterile LB broth was inoculated with the 
isolated colony in a flask with side baffles to enhance aeration.  The overnight culture was 
incubated 20 hours at 37°C with shaking (180 rpm).  The overnight culture was transferred to a 
50 mL centrifuge tube for centrifugation at 5000 rpm for 10 minutes.  The supernatant was 
removed and the pellet was resuspended in sterile LB broth.  Twenty percent (by volume) 
Glycerol was added to produce a final concentration of 5.5x106 CFU/mL, and stocks were stored 
at -80°C. 
 

2.1.2 Pseudomonas aeruginosa preparation for UV disinfection 
experiments 

Stationary phase cultures of Pseudomonas aeruginosa were grown from frozen stored stocks as 
described above. Bacterial cultures were pelletized by centrifugation (5000 rpm, 8 minutes). The 
supernatant was discarded and the remaining pellet was re-suspended by vortexing in phosphate 
buffered saline (PBS); this was repeated three times to “wash” the growth media from the cells.  
After the pellet was resuspended the third time, the bacterial suspension spiked into the 
dechlorinated test water to achieve a concentration of approximately 5x106 pfu/mL.  
Dechlorination of test water was verified with a Hach DPD Free Chlorine colorimetric test. 
 

2.1.3 Preparation of Qβ phage stock 
Q-beta stock was propagated at GAP Labs, originally from ATCC 23631-B1.  Q-beta is 
propagated in a shaking E. coli K-12 (ATCC 23631) culture in TSB at 35oC.  The E. coli is 
allowed to reach log-phase growth, and then 1mL of a ~1x1010 cfu/mL Q-beta stock is added and 
the flask is allowed to continue shaking/incubating overnight.  The stock is then centrifuged to 
remove cellular debris, leaving the phage in the supernatant. A concentration of approximately 1 
x 1010 cfu/mL was achieved. 

2.1.4 Qβ preparation for UV disinfection experiments 
Prepared stock was spiked into the test water to achieve a concentration of approximately 5x106 
cfu/mL.  For enumeration, GAP uses a modified US EPA 1602 method, using the media listed in 
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Standard Methods 9224 B.3, without antibiotics, and without percent recovery steps.  The host 
used for enumeration of Q-beta is E. coli (Famp)R ATCC 700891. 
 

2.2 CIS Flow through reactor set up  

 

Figure 1. Configuration of the Klaran® AKR experimental set-up. 
 
The Klaran® AKR reactor, shown in Figure 1, was set up in accordance to the package 
instructions and the experimental plan.  The device was stabilized in the upright position using a 
lab stand. Greater than ten reactor and effluent tube volumes of laboratory grade deionized (DI) 
water was pumped through the entire system to rinse the system. A sample of this DI rinse water 
was taken to account verify there was no contamination in the reactor prior to each experiment.  

2.3 Disinfection 
The microorganism suspension was contained in a tank with a submersible pump, integrated 
tubing, and a valve for additional flow control. An untreated sample of bacterial suspension was 
taken from the tank after sufficient mixing in order to quantify the starting concentration of each 
type of bacteria. For experimentation, the submersible water pump (GeoGlobal FP300) was 
turned on. Once water was flowing through the UV-LED system, a sample was taken to test for 
microbial loss due to non-UV factors. Then, the LED switch was turned to “ON”. Once the 
switch box light turned green, the flow rate was recorded and 10 times the volume of the reactor 
and effluent tube flowed through the system. Three samples were taken for each flow rate. Every 
time the flow rate was adjusted using the nozzle seen in Figure 2, the flow rate was re-recorded 
and 10 times the system volume flowed through the system. The flow rates for the two 
organisms can be found in Table 1. Each microorganism was tested independently, and one flow 
rate from each test was repeated twice.   

 
Table 1. Target Flow rates for both tested microorganisms.  

Microbes Flow Rates (L/min) 
Pseudomonas 1 1.5 2 maximum 

Q beta 0.5 1 1.5 2 
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Samples were spaced for collection at each reactor volume equivalent.  No systematic bias was 
detected in the results, indicating that the system had reached a steady-state equilibrium prior to 
sampling.  Post-exposure, all Pseudomonas samples were processed (10-fold serially diluted) 
and plated immediately. Qβ samples were shipped to GAP LAB in London, Ontario, Canada for 
analysis.  Flow rates were applied in random order and verified prior to experimentation. The log 
reduction values were computed for all flow rates for each microorganism.  

2.4 Enumeration 
Pseudomonas samples were plated in triplicate and Qβ plated in duplicate at a variety of 
dilutions. For each experiment, the PBS, dechlorinated tap water, and pre-wash purified water 
were plated to test for contamination. No contamination was found in any experiment.   

i. Pseudomonas  
Enumeration of Pseudomonas was conducted using a combination of spread plate and 
spot plate methods. For each dilution in spread plating, 1 mL of sample was applied 
to LB agar plates. For each dilution in spot plating, 10 spots of 10 uL each were 
applied to LB agar plates. After the sample absorbed into the agar, plates were 
inverted and incubated for 18 hours at 37°C. Colonies were counted and bacterial 
concentrations expressed as colony-forming units (CFU)/mL. 

 
ii. Qβ 

Enumeration of the Qβ phage was performed using a modified US EPA 1602 method, 
using the media listed in Standard Methods 9224 B.3, without antibiotics, and without 
percent recovery steps.  The host used for enumeration of Q-beta is E. coli (Famp)R 
ATCC 700891. 

Microbial reduction at each dose was expressed as log10 (N0/Nx), where N0 is the initial 
concentration in CFU/mL in the control sample without UV exposure, and Nx is the 
concentration in CFU/mL after exposure to the various experimental flow rates.   
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3 Results and Discussion 
Results are presented as log reduction curves of the UV LED reactor graphically and in tabular 
format. Graphical data represent the Log Reduction Value (LRV) or Log Inactivation (log10 
(N0/Nx)) as a function of flow rate (L/min). Figure 1 illustrates all results for both 
microorganisms and flow rates.  
 

 
 
Figure 2 Log Reduction (LRV) (log10(N0/Nx)) of microorganisms in response to UV 
irradiation from 265 nm UV LEDs in flow through reactor. ^indicates greater than value. 
 
The results for Pseudomonas and Qβ inactivation by the UV LED reactor are also summarized in 
Table 2, as log10 reduction as a function of flow rate.  For example, at a flow rate of 
approximately 1 L/min, Qβ log reduction values (LRV) were greater than 1 log.  The results for 
Pseudomonas inactivation are also summarized in Table 2, as log10 reduction as a function of 
flow rate.  At a flow rate of 1 L/min, Pseudomonas averaged >5 LRV. 
 
Table 2, below, summarizes the mean log reduction values for all trials for each microorganism 
for each flow rate.  The UV transmittance (UVT) of the water was measured at 254 nm and at 
265 nm for all tests.  The UVT in all tests was between 93-94%.  Specific UVT values for both 
254 and 265 nm are included in Table 2 below. 
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Table 2. Average Log Reduction Values (LRV) for each Microorganism at each Flow Rate 
and the UVT at 254 nm and 265 nm during the testing. 

Flow Rate 
(L/min) 

Mean LRV UVT 254/265 
Pseudomonas Qβ Pseudomonas Qβ 

0.5 4.98 2.80 94.0/94.0 94.0/93.5 
0.8  1.94  94.0/93.5 
1.0 5.20  94.0/94.0  
1.3  1.37  94.0/93.5 
1.5  1.10  94.0/93.5 
2.1 4.59  94.0/94.0  
2.4  0.44  94.0/93.5 
2.5 3.69  94.0/94.0  

 

3.1 Reduction Equivalent Doses in the Klaran system 
Based on the log reduction of the microorganisms and literature values for their UV dose-
response at 254 nm, a reduction equivalent dose at 254 nm (RED254) can be calculated for the 
system at each flow rate for the specific water quality (UV transmittance of 94% @ 254 nm) 
tested.  Inactivation rates were based on data from Malayeri et al., 2016 for 254 nm equivalent 
REDs and based on internal data collected by the Linden Lab at University of Colorado for 265 
nm LEDs (for Pseudomonas).  For Pseudomonas, the dose-response data in the literature were 
quite broad so upper and lower bounds and a mean value was determined.  For Qβ phage, data 
were obtained from GAP Labs for collimated beam dose-response at 254 nm and those were 
used to calculate the RED.  All data sets were fit using a second order polynomial, which gave 
the best fit to the data.  The dose-response data for the collimated beam testing of the Qβ phage 
run by GAP Lab was almost identical to the existing literature data reported by Malayeri et al., 
2016.   
 
Based on an analysis of the data the REDs for the system based on Pseudomonas varied a lot and 
ranged from 12 to 2 mJ/cm2 for flow rates from 0.5 to 2.5 L/min as summarized in Table 3.  Note 
that due to the limits of the assay, the actual RED of the system is likely higher for flow rates 
below 2 L/min.  A better predictor of the actual RED in the system is from the Qβ data.  The 
clear dose-response and reactor data that were all well-defined (no “greater than” points) resulted 
in REDs between 32 and 4 mJ/cm2 for flow rates from 0.5 to 2.4 L/min as summarized in Table 
3.  The RED may vary with the UVT of the water and may be higher at higher UVT values.  
These data are all specific to the water UV transmittance used at each flow. 
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Table 3. Approximate Reduction Equivalent Dose (RED) based on Inactivation of both 
Microorganisms at Select Flow Rates at UVT of  ~94% at 254 nm and 265 nm. 

 
 

4 Conclusions 
The Klaran AKR flow-through disinfection system with UV LEDs emitting at approximately 
265 nm was challenge-tested with two microorganisms of relevance to potable water 
contamination and treatment system validation: Pseudomonas and Qβ phage.  At flow rates 
ranging from 0.5 to 2.5 L/min, log reductions were measured for both microorganisms. 
Reductions of approximately 5 log or greater were measured for Pseudomonas aeruginosa and 1 
log or greater were measured for Qβ. The UV 254 equivalent dose delivered in the system was 
between 4 and 32 mJ/cm2 based on the Qβ data over the range of flow rates and UV 
transmittance levels tested.  

5 Works Cited 
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