From: Kerry D. Maroney

To: Joel Klumpp; Marlo Berg; Vera Poe; James Weddell; Linda Brookins
Cc: Russell Schreiber; Daniel Nix

Subject: Response To 4th Set of TCEQ Questions/Comments

Date: Wednesday, July 31, 2013 4:05:15 PM

Attachments: sharp copier bmiwf com 20130731 170845.pdf

sharp copier bmiwf com 20130731 170959.pdf
sharp copier bmiwf com 20130731 171034.pdf

Joel: Please see the Attached PDF regarding the City of Wichita Falls response to the 4™ set of TCEQ
guestions/comments. In addition, we have placed in Fed-Ex for Thursday morning deliver three (3)
hard copies to TCEQ Austin and one (1) hardcopy to TCEQ Region 8.

Call with questions or comments.

Kerry D. Maroney, P.E.
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BiGGs & MATHEWS, INC.

4y Consulting Engineers

July 31,2013

Joel Klumpp, Team Leader

Technical Review & Oversight Team MC-159
Texas Commission on Environmental Quality
P.O. Box 13087

Austin, TX 78711-3087

RE: City of Wichita Falls
PWS ID No. 2430001
Temporary Direct Potable Reuse Project
Response to 4th set of TCEQ Questions (7/17/13)

Dear Mr. Klumpp:

On July 17, 2013 the Texas Commission on Environmental Quality (TCEQ) provided us by
E-Mail (Attached) a 4th set of questions for the City to answer along with requests for
submission of additional information and documentation, as TCEQ continues to review the
Temporary Direct Potable Reuse Project (DPRP) proposed for the City of Wichita Falls.

As requested, please find attached our response to each of the questions along with all requested
additional information and documentation for your review and comments.

COMMENTS BASED ON FEBRUARY 2013 TECEQ CONCEPT LETTER

Below are questions about information originally found in the February 2013 TCEQ letter responding to
the City’s concept letter. The italics sections are quotes from the letter and the plain text sections are
comments based on the TCEQ s review of the submitted PER.

1. The City's planned sanitary procedures and disinfection methods must provide for:

o Returning all four Cvpress SWTP's treatment trains to raw surface water source (current)
operation status and physically disconnecting the Cypress 2008 RO Membrane Plant's train from
the RR WWTP s piping;

American Water Works Standard (AWWA) C653-03, Sections 1.1 and 4.2 state disinfection is
required for all elements of the treatment plant that are in contact with disinfected water under
normal plant operations. If the disinfection process is initiated upstream of the filters, all
treatment umts and piping downstream of the first pomnt of application of a disinfectant shall be
disinfected before being placed in service. Section 1.1 of the AWW A standard states that proof
that disinfection has been accomplished is provided by the results of bacteriological sampling and
testing that shows the absence of coliform organisms. Section 5.1 states that after the disinfection
procedure is completed and before the treatment unit or facility is placed in service. two or more
samples shall be taken from the unit or facility not less than 30 minutes apart and shall be tested
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for the presence of coliform in accordance with the latest edition of Standard Methods for the
Examination of Water and Wastewater.,

a. Therefore, the following bullets in the PER s Section 14.0 must be revised to include
performing a bacteriological test to verify the effectiveness of the cleaning and disinfection
procedures:

i. The first bullet on Page 26 for the MF'RO Clanfier;
ii. The fifth bullet on Page 27 for the 2010 Clarifier; and

iii. The sixth bullet on Page 27 for the 2010 Recarbonation Basin.

Response: The City of Wichita Falls still believes that it is within the spirit and logic of the
(653-03, in not bacteriologically testing the MF/RO Clarifier, 2010 Clarifier and 2010
Recarbonation Basin. The basis of this decision rooted in the fact that these structures are
used in capacities where they are in contact with partially treated water and therefore
would be extremely difficult to obtain a negative coliform result. The City further believes
that it has demonstrated its due diligence by washing the facilities, and applying a 200 ppm
spray of Chlorine to the surfaces, before it is filled with partially treated water and
disinfectant. The City is open to further discussion on the matter and since this is related
to the return of the Cypress WTP to normal services with lake water, it should not hold up
the approval of the DPR, as the return of the SWTP does not impact the functionality of
the DPR.

The City performed a bacteriological test on the MF/RO Clarifier to see if it could comply
with the TCEQ’s request that it pass a bacteriological test before it was returned to service.
The clarifier was treating raw water, with chlorine dioxide down the pipeline and
chloramines through the clarifier. The City found that it could not pass a bacteriological
test. This proves the City's concern that a passing bacteriological test would be difficult to
obtain in the clarifiers due to their contact with raw water that just entered the treatment
processes and thereby has not had enough time to inactivate the coliform bacteria.

b. The “Conventional Treatment Plant Facilities™ subsection on Page 27 must be amended to
include flushing. disinfection and bacteriological sampling of the Splitter Box and associated
piping up to the 2010 Clarifier.

Response: The City of Wichita Falls will alter its “Disinfection Plan™ to include the flushing
and disinfection of the 2010 SWTP Splitter Box. However, the City of Wichita Falls still
believes that it is within the spirit and logic of the C653-03, in not bacteriologically testing
the 2010 SWTP Splitter Box, as this structure is used in a capacity where it is in contact
with non-treated (with the exception of Chlorine Dioxide for part of the year) raw water
and therefore would be extremely difficult to obtain a negative coliform result. The City
further believes that it has demonstrated its due diligence by washing the facility, and
applying a 200 ppm spray of Chlorine to the surfaces, before it is filled with un-treated raw
water. The City is open to further discussion on the matter and since this is related to the
return of the Cypress WTP to normal services with lake water, it should not hold up the
approval of the DPR, as the return of the SWTP does not impact the functionality of the
DPR.
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The City performed a bacteriological test on the 2010 SWTP Splitter Box to see if it could
comply with the TCEQ’s request that it pass a bacteriological test before it was returned to
service. The Splitter Box was treating raw water, with chlorine dioxide down the pipeline
from the Secondary Reservoir. The City found that it could not pass a bacteriological test.
This proves the City’s concern that a passing bacteriological test would be difficult to
obtain in the Splitter Box due its contact with raw water that has just entered the treatment
processes and thereby has not had enough time to inactivate the coliform bacteria.

¢. The fourth bullet on Page 27 for the lagoon system (used for temporary storage of the 2008
RO Membrane Plant effluent while the Cypress facility was functioning as a DPR WTP)
must be amended to include:

i. Complete dewatering, removal of all accumulated sludge, and disposal of the
sludge in accordance with all federal and state requirements will be required.
Please note that the City may need to have the sludge analyzed for additional
chemicals before disposal.

Response: The PER will be amended to reflect this change.

2. Interferences in the analvtical method for determining total chlorine residual in treated wastewater

can result in the inclusion of constineents that do not provide quanrifiable disinfection. In these cases, the
measured total chiorine residual could incorrectly indicate a higher inactivation of viruses and Giardia
than actually occurred. One method of determining the actual inactivarion provided by chloramines is ro
measure the monochloramine residual and use it to calculate the inactivation for a disinfection zone. The
TCEQ routinely requires plants that use chloramines to measure monochloramine, which is the desired
disinfectant species.

The Proposed Verification Protocol in Appendix K must be revised to include monitoring the
monochloramine residual at the end of each chloramine disinfection zone. This includes the
disinfection zones after blending the partial treated RR WWTP effluent with the surface water. It
is noted that the reported minimum. maximum and average total chlorine and monochloramine
levels in the table on Page 4 of the PER. Appendix H support the nead to use monochloramine
results to verify inactivation.

Please note that the TCEQ) cannot accept the use of total chlorine residuals CT calculations
when treating the RR WWTP effluent. Failure to monitor the monochloramine residual at the
end of each chloramine disinfection zone and use of the value for calculating the inactivation of
Giardia and virus will result in the Full-Scale Venfication Testing Report being unacceptable for
supporting the City’s request to operate a Direct Potable Reuse (DPR) facility. When an
exceptions to operate the proposed DPR facility and send the water to distribution for human
consumption is granted, the City will still be required to monitor the monochloramine residuals at
the end of all proposed six disinfection zones and use the values for reporting the achieved
inactivation of Gigrdia and virus in all six of the disinfection zones.

Response: The City has already altered the Full Scale Verification protocol and re-

submitted it to the TCEQ within the “Supplemental Response to 1™ Set of TCEQ
questions™, dated July 25, 2013.
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3. Effecrive April 1, 2012, the maximum Cryptosporidium removal credit a public water system treating
surface walter can receive is the lesser of the acceptable Challenge Test log removal credit (LRC,)
granted by the TCEQ after review of the Challenge Test Report or the removal that can be demonsirared
during a direct integrity test (LRCpr) using a TCEQ-approved test pressure. TCEQ staff are currently
reviewing the Challenge Test Report for the US Filter fnow owned by Siemens) CMF-57, Module Part
No. 119023, §10V MF membrane modules. This Challenge Test Report for the City 's MF membranes
way posted on the National Sanitation Foundation's website on December 4, 2012, The TCEQ will notifv
the Ciry when we have completed the review of the Challenge Test Report and approved an LRC -, value
for the City 's MF membranes.

Please note that the TCEQ) still has not received all the necessary data to complete our review of
the challenge study. This must be completed prior to the requested exceptions being granted and
the TCEQ approving the City"s proposed Full-Scale Verification Test Protocol.

Response: The City of Wichita Falls is waiting on an answer from TCEQ on this particular
question.

4 In TCEQ's April 30, 2012 letter, the TCEQ approved direct integriry test (DIT) values for the S10V

MF membranes at 3.0-log removal. Because the source of the water has changed, kev parameters like

temperature, flow, volumetric concentration factor, and the log removal required may change. Please he

prepared to resubmit the DIT values with the requests for temporary exceptions for the proposed

temporary Cypress DPR WTP. Please note that these DIT values are under review and may be revised.
TCEQ staff is reviewing the previouslv-used volumetric concentration factor (VCF) of 1. If this
value is increased. the City will need to modify its DIT test procedure for demonstrating the
granted log removal for Cryptosporidium and Giardia.

Response: The City of Wichita Falls is waiting on an answer from TCEQ on this particular
guestion.

3. The maximum time frames to receive results from grab sample analvrical resulis.
The time frames were not found in the PER. Please provide this information.

Response: The City of Wichita Falls has compiled the following list of maximum time
frames it anticipates to receive analytical results from grab samples.

Time from
collection to
Analysis results
pH 11 minutes
Temperature 11 minutes
Turbidity 11 minutes
Total Chlorine Residual 15 minutes
Monochloramine Residual 15 minutes
Free Chlorine Residual 15 minutes
Free Ammonia 15 minutes

Total Alkalinity 15 minutes
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Total Alkalinity (Secondary

Reservaoir) 30 minutes
Total Hardness 15 minutes
Silt Density Index 25 minutes
Chlorine Dioxide Residual (D3) 45 minutes
Chlorine Dioxide Residual (D1 and

D2) 60 minutes
Nitrate 60 minutes
Nitrate (Secondary Reservoir) 75 minutes
Nitrite 60 minutes
Chlorite 60 minutes
Total Organic Carbon 60 minutes
TOC (Secondary Reservoir) 75 minutes
Dissolved Organic Carbon 60 minutes
DOC (Secondary Reservoir) 75 minutes
PCR (Cryptosporidium/Giardia)

WTP 4.5 hours
PCR (Cryptosporidium/Giardia)

WWTP 5.5 hours
Total Suspended Solids 24 hours
TSS (Secondary Reservoir) 24 hours
Total Dissolved Solids 24 hours
TDS (Secondary Reservoir) 24 hours

E. coli 24 hours

6. The trigeers that will be used for shutting down transfer of RR WWTP effluent to the Cypress DPR
WIP and Cvpress DPR WTP shutdown or alarms and what each of the triggers indicate

The following items need to be added to the shutdown and alarms. The levels may need to be

determined during the full scale venfication testing

a. Turbidity

Response: Turbidity triggers already exists for shutdown at the Cypress Water Treatment
Plant. The City does not believe that it is applicable to develop and implement a turbidity
trigger for the Wastewater Effluent.

b. TSS

Response: The TSS from the WWTP fluctuates normally. Since the MF/RO Clarifier is
designed to reduce the TSS coming from the WWTP, the City does not see a need to
establish a shutdown trigger for this particular constituent.

If the TCEQ is referring to a TSS trigger requirement. the City will need more information

from the TCEQ on this parameter since it believes that it is taken care of with Turbidity
measurements throughout the WTP.
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¢. Nitrate; and

Response: Nitrate triggers already exists for shutdown at the Cypress Water Treatment
Plant. The City does not believe that it is applicable to develop and implement a nitrate
trigeer for the Wastewater Effluent, since it is 90% removed by the Reverse Osmosis
process, the RO process already has a trigger for Nitrate and the water is blended with lake
water that is historically low in Nitrate.

d. Cryptosporidium, Giardia and virus concentrations. (see Item No. 8 k for further detail)

Response: The City concurs with the TCEQ on its Cryptosporidium, Giardia and Virus
concentration within the WWTP Effluent and will alter the list of shutdown triggers to
reflect those level established by the TCEQ).

7. The Concept Paper indicated that the City has established a Water Quality Task Force that
is composed of City staff from the Public Works, Public Utilities, and Health Departments.
A list of triggers to activate the Water Quality Task Foree and conduet an investigation
was included. The City will be required to notify the TCEQ Water Supply Division and
Abilene Regional Office by email and telephone if an established trigger is reached. TCE(Q
contacts for these types of notifications are Mr. Joel Klumpp at
Joel Klumpp@tceg.texas.gov or (512) 239-4453 and Mr. Cliff Moore by email at
Cliff Moore@tceq.texas.gov or (325) 698-6115. For notifications outside of normal
business hours, call the 24-hour hotline number at (800) 777-3186. Based on the potential
acute health risk, the TCEQ will require that the temporary Cypress DPR WTP be
immediately shutdown (in addition to conducting an investigation) for:

o Occurrence of a confirmed waterborne disease outbreak;

o Failure to meet the TCEQ's minimum required disinfection levels for inactivation of
pathogens;

o Any E. coli positive sample in the temporary Cypress DPR WTP plant, entry point, or
distribution system; and

o Exceeding the maximum TCEQ-approved turbidity level for any treatment process.

The City will need to include specific customer notification procedures for response to the
acute health risk triggers listed above outlined in the February 2013 letter and the additional
items listed below.

o Nitrate levels exceeding 10 mg/L at the entry point to distribution;

o Any time a DIT is failed and the unit is returned to service before a subsequent DIT is
passed;

o An increase in WWTP effluent vs. raw water ratio above the 50/50 blend;

o [niiihﬂjt}' to maintain a minimum disinfectant residual at any bacteriological sample site;
an

o Exceeding the MCL for any drinking water standard listed in 30 TAC Chapter 290,
Subchapter F.

The “systemic loss of total chlorine residual at bacteriological sampling points within the distribution
system” is not considered 1o be sufficiently protective of public health. Therefore, the third bullet on
Page 23 of the PER under “Water purification triggers for a WQTF meeting™ must be replaced with:
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The inability to maintain a minimum total chlorine residual of 0.5 mg/L at any bacteriological
sample point in the distribution system.

Response: The City of Wichita Falls agrees with and will implement the first four bullets of
question 7, as they relate to the triggering of the Water Quality Task Force and the
shutdown of the Emergency DPR. The City would like to clarify that it will only trigger the
WOQTF if the turbidity of an entire treatment process, e.g. all 2010 SWTP Gravity Filters,
and not a single unit within a treatment process, e.z. the 2010 Filter A.

The City further agrees to comply with all 30TAC, 290 rules as they relate to how
customers are to be notified. However, the City is opposed to publically notifying when a
DIT is failed and the unit is returned to service before a subsequent DIT is passed, for
several reasons. First, as part of it’s normal operating procedure, the City does not allow
any MF unit to be returned to service unless a subsequent DIT is passed. Second, this
process is significantly upstream of numerous other treatment process barriers that would
be available to counter any such lapse in protocol. The City respectfully requests the
TCEQ reconsider this requirement.

The City agrees with the change in syntax for the Bacteriological Sample location Total
Chlorine Residual and will make that change to the PER.

8. [In addition, the City has proposed monitoring triggers for the proposed temporary DPR WTP to
initiate shutdown of the DPR WITP. The City shall be required to notify the TCEQ Water Supply Division
and Abilene Regional Office by telephone if an established trigger is reached. TCEQ contacts for these
tvpes af notifications are Mr. Joel Klumpp at Joel Klumpp(d tceg.texas.gov or (312) 239-4453 and Mr.
Cliff Moore by email ar Cliff. Moore(@ceg.texas.gov or (325) 698-6115. For notifications outside of
normal business howrs, call the 24-howr hotline number at (800) 777-3186. Additional DPR WTP
monitoring triggers that the City should include, but are not limited to, the following:

o A MF membrane unit that fails a DIT must be removed from service until it passes a

DIT;

o Anindividual MF membrane unit’s filtrate turbidity level exceeds 0.100 nephelometric
turbidity units (NTUs) for two consecutive five-minute readings; and

o An individual granular media filter’s turbidity level exceeds 0.150 NTUs for two
consecutive fifteen-minute readings.

The City must provide copies of an Operations & Maintenance Manual and Monitoring Plan for
the DPR. WTP that includes all alarm and shutdown triggers. Please address each of the
following in the PER submittal’s Section 8.0 on Pages 15 and 16 regarding the City’s proposed
shutdown triggers for the DPR. WTP:

Response: The City would like to clarify the first 3 clear bullets within question 8. None of
these would warrant the shutdown of the entire DPR, but rather the malfunctioning unit
for investigation/resolution.

DIT: As standard procedure, all MF filters that fail a 0.65 DIT is removed from

service and the problem is fixed by maintenance staff, before it is returned to service by
passing a DIT.

2012-257





Individual MF Filtrate Turbidity: The City has had previous discussions with the
TCEQ, in which it thought it was agreed to by both parties that the requirement of 0.100
NTU on the MF Filtrate was too low (0.150 NTU was applicable) and the requirement for it
to be in 2 subsequent 5 minute readings was too much (15 minute readings were
applicable). Therefore, the City is proposing to utilize a 0.150 NTU in 2 consecutive 15
minute periods.

1) The MF treatment process is significantly upstream of numerous other
treatment process barriers that would be available to counter any such
performance. This would be more applicable if the MF treatment process
was the last barrier in the DPR Plant, but it is actually one of the first.

2) Any individual MF unit that would be performing at a reduced level (e.o.
0.15 NTU for 2 subsequent 15 minute periods), would be taken off-line
and investigated, while another MF unit was placed in service.

Therefore, there is no need to shutdown the entire DPR.

Individual granular Filter Turbidity: Any individual granular filter that would be
performing at a reduced level (e.g. 0.15 NTU for 2 subsequent 15 minute periods), would be
taken off-line and investigated, while another granular filer was placed in service.
Therefore, there is no need to shutdown the entire DPR.

a. Amend the list to include a paragraph that the violation of any secondary drinking water
standard will require the immediate notification of the TCEQ Water Supply Division.

Response: The PER will be amended to reflect this change.

b. Amend the list to include a paragraph for the maximum residual disinfectant levels (MRDL)
for total chlorine and chlorine dioxide levels specified in 30 TAC §290.110(b)3) and (5).
respectively.
Response: The City does not understand this particular requirement. This is for a
maximum disinfectant leaving the plant. The regulatory value is an average for the month.
This should not constitute a shutdown.

c. Amend the list to include a paragraph for the following shutdown triggers for virus
concenirations:

1. A virus concentration greater than 22.2 most probable number per liter (MPN/L) in

the RR WWTP effluent; or
Response: The PER will be amended to reflect this change.

ii. A virus concentration greater than 2.22 x 107 MPN/L in the entrv point to
distribution.

Response: This level of concentration cannot be determined with existing laboratory
methods. The City requests the TCEQ develop different language for this requirement,
such as, “if X, Y and Z are being met then it is anticipated that the DPR is achieving a level of
2.22X 10-7 MPN/L viruses at the entry point to distribution™.
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d. *Chlorine”™ paragraph:

1. Amend the bulleted list to include the failure of the chlorine dioxide disinfection
equipment for the raw Secondary Reservoir surface water disinfection as a trigger for
automatic shutdown;

Response: The PER will be amended to reflect this change.

ii. Inthe first bullet, change “low/no chlonne residuals™ to ~low/no monochloramine
residual;”™

Response: The PER will be amended to reflect this change.

iii. In the second bullet, change the reference to “chlonne™ residual in the distnbution to
“total chlorine;” and

Response: The PER will be amended to reflect this change.

iv. [In the third bullet, change the reference to “chlorine™ residual 1o “monochloramine™
residual entering the distribution system drops below 3.0 mg/L.

Response: Since the regulations for disinfectant residuals entering the Distribution system
revolve around Total Chlorine, the City requests that the TCE(Q change the reference from
“Monochloramine™ to “Total Chlorine™.

e “Turbidity™ paragraph:

i. Please define the term “tap turbidity™ used in the first and second bullets, how this
term relates to the federal and state defined “human consumption.” and specify where
the samples will be taken.

Response: “tap turbidity™ is the turbidity taken just prior to the treated water entering the
distribution system and prior to the first customer.

ii. If the City intends to receive extra log removal credit for operating the Conventional
2010 SWTP gravity media filters at an individual filter effluent of <0.15 NTU and/or
combined filter effluent of <0.15 NTU, then the PER’s Section 8, Page 15,
“Turbidity™ paragraph, third bullet on IFE turbidity must be revised to state:

“BeenfSuperdsers:]i 2l any gravity media filter’s individual filter effluent

turbidity readings are over 0.315 NTU for two consecutive 13-minute intervals, the

filter must be taken offline and the cause of filter breakthrough determined and

corrective actions taken before the filter can be placed back in service.”
Response: The PER will be amended to reflect these changes.

£ “Microfiltration™ paragraph:

i. Add a bullet specifyving that a MF unit that has failed a TCEQ approved DIT can not
be returned to service until it passes a TCEQ approved DIT;

Response: The PER will be amended to reflect this change.
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ii. Revise the first bullet to read that if a MF unit’s [FE turbidity level exceeds 0.100
NTU for two consecutive 5-minute readings, the MF umit must be taken offline and
pass a DIT before being returned to service; and

Response: The City requests that the Individual MF requirement of 0.100 NTU for two
consecutive S-minute periods be re-evaluated and adjusted to 0.150 NTU for two
consecutive 15 minute periods. See discussion, above, for Question 8, “Individual MF
Filtrate Turbidity™.

iii. Revise the second bullet to read if the CFE turbidity level for all of the MF units
exceeds 0.100 NTU for two consecutive 5-minute readings, the DPR WTP must be
taken offline.

Response: The City requests that the CFE requirement be changed from 0.100 NTLU for
two consecutive 5-minute periods to 0.150 NTU for 2 consecutive 15 minute periods.
Requiring 5-minute readings is in direct conflict with the TCEQ"s recommended minimum
sampling frequency for the Full Scale Verification Protocol, which only requires 15 minute
sampling for Microfiltration CFE.

o “Reverse Osmosis™ paragraph:

i. Both bullets should clearly identify that the criteria applies to the RO units” feed
waler; and

Response: The PER will be amended to reflect this change.

il. Please provide a description and schematic of how the reference bypass can be
accomplished. Include the cross-connection control protection to be utilized

Response: The PER will be amended to reflect this change.

h “Nitrate™ paragraph:

1. The TCEQ agrees that based on the acute health threat of nitrate, the TCEQ cannot
allow water above the MCL to enter the distnbution system. The nitrate level should
also be monitored further upstream in the treatment process to alert the Citv to high
levels and allow the plant to be shut down earlier. This will prevent large volumes of
water with an unacceptable nitrate level from accumulating within the treatment
basins and 10.0-MG GST.

Response: The PER will be amended to reflect this change.
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ii. The first bullet needs to be revised to read:

“Nitrate of 10 ppm in the conventional plant POE will require a shutdown of reuse
the DPR WTP.” (This includes the both the MF/RO 2008 SWTP and Conventional
2010 SWTP.)

TCEQ also strongly recommends adding a high nitrate alarm to the RR WWTP
effluent. The level can be set based on the nitrate removal found during the full-
scale verification testing.

Response: The PER will be amended to reflect this change.

1. Since the DPR WTP cannot be operated without the RO membrane units in
operation. the second bullet must be revised to read:

“Nitrate of 10 ppm in RO permeate will required shutdown of RG-=ain the DPR

Response: The PER will be amended to reflect this change.

However, the City request the latitude to determine a higher level of shutdown trigger for
Nitrate than 10 ppm in the RO permeate, based on the fact that the RO permeate will be
blended with 50% surface water that is low in Nitrate thereby blending it down to an
acceptable level. The City is currently experiencing Nitrate in the Raw Surface Water at a
concentration of (.30 ppm (as Nitrogen). Using this value as a baseline, the RO Permeate
could theoretically possess Nitrate concentrations of 19.7 ppm (as Nitrogen) before it
exceeded the 10 ppm Nitrate (as Nitrogzen) MCL at the Point of Entry to the Distribution
System.

Additionally, the City would like to clarify in all future correspondence that the Nitrate
concentrations will be reported and regulated *as Nitrogen™.

i “Coliform™ paragraph:

i.  Add a bullet specifying the DPR WTP must be shutdown if there is a detected E. coli
concentration (> 0.0 organisms/L) at the entry point to distribution.

Response: The PER will be amended to reflect this change.
j- “THM/HAA™ disinfection byproduct paragraph needs to be expanded and amended to
include an automatic shutdown tngger for the chlonte MCL specified in 30 TAC

§290.114(a).

Response: The PER will be amended to reflect this change.
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k. “Cryptosporidium /Giardia™ paragraph:

i. The DPR WTP (Cypress 2008 MF/RO and Conventional 2010 SWTPs) must be shut
down if onsite or offsite monitoring report the following concentrations in the RR
WWTP effluent:

A. A Giardia concentration greater than 70.0 cvsts'L: or

Response: The PER will be amended to reflect this change.

B. A Cryptosporidium greater than 9.48 oocysts/L.

Response: The PER will be amended to reflect this change.

ii. The DPE WTP (Cypress 2008 MF/RO and Conventional 2010 SWTPs) must be shut
down if onsite or offsite monitoring report the following concentrations in the water
entering the distribution:

A. A Giardia concentration greater than 7.000 x 10” cysts'L; or
B. A Cryprosporidium greater than 2.999 x 10 oocysts/L.

Response: The City is in receipt of the TCEQ’s follow-up rewrite of this question. It has
cleared up the majority of the City’s concerns. However, the City does request that the
TCEQ consider the following alterations to the rewrite.

ii. The Giardia and Cryptosporidium levels in water from the DPR WTP at
the point of entry (POE) entrypeint (ER) to the distribution for human
consumption must remain below detection limits of atzere cysts/L and
oocysts/L respectively as indicated by analyses performed by either off-site
er-on-site methods. Since the on-site method of PCR is only capable of
detecting DNA and not actual cysts/oocsyts, if this method detects DNA, then
an off-site collection will be made immediately (within minutes) and the
results expedited from the off-site laboratory. If the off-site results confirm
the presence of viable Giardia or Cryptosporidium, then the DPR is to be
shutdown.

A minimum of 15 liters (L) of water from the DPR facility should be collected
to be analyzed using Method 1623. The volume of water and levels for the on-
site method will be determined after analysis of the data provided during the
full scale verification test.

During the verification testing and during the full scale operation, if Giardia or
Cryptosporidium are detected in the EP off-site sample results, the TCEQ will
require the DPR WTP to be shut down, inspected and, if necessary, repaired.
The City must resample and received a non-detect on at least one the repeat
samples.

Please note that the TCEQ’s minimum required 7.0-log combined inactivation

and removal for Giardia and 5.5-log removal for Cryptosporidium are only
protective of public health if the DPR WTP's water at the EP does not contain:
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1. A Giardia concentration greater than 7.000 x 10° cysts/L; or
2. A Cryptosporidium concentration greater than 2.999 x 10 oocysts/L.

Since it is not practical to measure concentrations down to these levels, the TCEQ

acknowledges that they have been met if the following parameters have been achieved

and not exceeded:

a. Demonstrated CT Credits with disinfectants.

b. Demonstrated MF & Gravity Filter performance of turbidities not exceeding 0.150
NTLU.

c¢. Blend ratios did not exceed 50:50.

d. Concentrations of organisms in the WWTP Effluent did not exceed the limits set by
TCEQ.

e. Demonstration by off-site analysis less than detection limit of cysts/oocysts in the
water entering the Distribution system.

vvvvvvv

L. “Identified Waterborme Pathogen Outbreak™ paragraph: Must be amended to include the
above noted TCEQ contacts.

Response: The PER will be amended to reflect this change.

9. Per discussion at the project meeting on January 18, 2013, the Citv plans to:
o Explore direct integrity testing of the Hvdranautics RO membranes at the DPR WTP in order 1o
receive pathagen removal credir; and

o Contact Hvdranautics to inguire if third-partv challenge testing of their RO membranes has been
conducted in accordance with the 40 CFR £141.719/b)i2) and the EPA s Membrane Filtration
Guidance Manual.

Provide Hydranautics® answers to the above questions. Include any documentation received.
Response: See Attachment (Hyvdranautics E-Mail Communications)

The City has been in contact with Hydranautics and requested information on any
Challenge Testing that has been performed on the ESPA2 & ESPA4 RO membranes. The
City has attached the replies it has received from Hvdranautics for TCEQ review.
Additionally, the City has explored the Daily Integrity Test issue with Jim Lozier, P.E.
(CH2MHill) and his suggestions, as well as others in the RO field was to utilize Sulfate as
the DIT surrogate. The City has performed initial testing of the first and second stages of
the RO skids and found that they are capable of 1.5 log removal of Sulfate, consistently.
Finally, the City is in discussions with NSF on the cost and time required to perform a
Challenge Test for the RO membranes. As this data becomes available, the City will share
with the TCEQ.





As vou can see, it is the intent of the City to continue to pursue all avenues available with
the RO Manufacturers, the Academic Community and the Regulatory Bodies to get some
form of removal credit approved for Reverse Osmosis membranes. Any assistance that the
TCEQ can offer in this endeavor would be most appreciated.

10. City staff also indicated during the January 18, 2013 meeting that the City has been using a “real-
time " analvtical method for monitoring Crvptosporidium eocysts levels in the RR WWTP. Please provide
the following:

Detailed information on the analyvtical method and guality assurance/guality control methods
being used being used

Test equipment required.;

Staff training required: and

Laboratory accreditation (such as through the EPA, National Environmental Laboratory
Accreditation Conference, etc.) available for the analytical method.

o

Q00

The TCEQ commends the Citv for taking this approach to the DPR project, and requests that
information regarding these initiatives be included in the Citv’s next submirtal 1o the TCEQ.

As requested above, include this information with your revised PER Submittal. Please also
include any information about the confirmed accuracy of the method chosen. Note that the onsite
monitoring for E.coli, Giardia and Cryptosporidium specified in Table A of the TCEQ's
Minimum Monitoring and Reporting of Water Qualities and Flow Rates emailed to the City was
based on the City conducting onsite monitoring. In addition, the City must be able to venify that
the concentrations of pathogens in the RR WWTP effluent and water being treated has not
exceeded a concentration that has been approved for the DPR. WTP to remove and inactivate
before being discharged to the distribution for human consumption.

If the City cannot present an acceptable method for “real time™ onsite monitoring, then the TCEQ
may require that the DPR WTP provide a removal and inactivation protocol that achieves
removal and inactivation based on reported national and international worst case concentrations
in WWTP effluents; or the storage of treated water until offsite laboratory results are received
before the water treated by the proposed DPR WTF can be released into distribution for human
CONSUMPLion.

Response: The method of “real-time™, “on-site™ monitoring that the City has referenced for
Giardia and Cryptosporidium analysis is not an approved method by EPA. Therefore,
none of the data that the TCEQ has requested exists. The City continues to evaluate the
rtPCR method for its application in the DPR project. with varving results. As the City
refines this lab analysis for use with the DPR, it will keep the TCEQ appraised of its
progress and any sethacks.

Additionally, the City has only considered using this method as a “process control” and not
a regulatory reporting method, or a shutdown trigger method; due to the method being
new, untried, unapproved and susceptible to interferences/errors. The City does request
that the TCEQ continue to work with the City in developing how this technology is
ultimately and affectively utilized in the DPR project.
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As you have additional questions please provide those in a timely manner for our response.

Sincerely.

BIGGS & MATHEWS, INC.

KerryM. Maroney, P.E.
President

Cc: Russell Schreiber, P.E.
Public Works Director
City of Wichita Falls, Texas

Daniel Nix

Public Uthities Operations Manager
City of Wichita Falls, Texas
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Comments Based on the February 2013 TCEQ Concept Letter

Below are questions about information originally found in the February 2013 TCEQ letter
responding to the City’s concept letter. The italics sections are quotes from the letter and the
plain text sections are comments based on the TCEQ'’s review of the submitted PER.

1. The City’s planned sanitary procedures and disinfection methods must provide for:

o Returning all four Cypress SWTP’s treatment trains to raw surface water source
(current) operation status and physically disconnecting the Cypress 2008 RO
Membrane Plant’s train from the RR WWTP's piping;

application of a dlsmfectant shall be disinfected before being placécim service. Seétx
1.1 of the AWWA standard states that proof that disinfection has’*’bé ‘accom%bh @gﬂ
s th fice of

provided by the results of bacteriological sampling and testing that
coliform organisms. Section 5.1 states that after the disipfédfi nprocedgré is completed
and before the treatment unit or facility is placed in SEL‘YICE twa%r mote samples shall
be taken from the unlt or facility not less than 30 Inlmﬁ‘egE apart %gd shall be tested for

,,,,,

on of Standard Methods for

a. Therefore, the following bullets in the PER._ Sectlon 14,0 must be revised to include
performing a bacteriological test to verify tﬁe eff éness of the cleaning and
disinfection procedures:

&5
i. The first bullet on Py, 326 fgrathe MF/RO Clarifier;
ii. The fifth bullet o jge §7 for the 2010 Clarifier; and
iii. The sixth bullet@p‘ age g7 for the 2010 Recarbonation Basin.

b. The “Conventional Treatment PlantFacﬂltles subsection on Page 27 must be
amended to mclude;!ﬂ ishing, dlsmfectmn and bacteriological sampling of the Splitter
Box and associated ] p1p1 to the 5 2010 Clarifier.

¢. The fourth bullet op:Page 2, rfor the lagoon system (used for temporary storage of the
2008 RO, I\?Eembraﬁe Plzmt6 effluent while the Cypress facility was functioning as a
DPR W]

) %nusﬁ?be amended to include:

Cmiplete dewatering, removal of all accumulated sludge, and disposal of
the sludge in accordance with all federal and state requirements will be
requn:ed Please note that the City may need to have the sludge analyzed for
addltlonal chemicals before disposal.

€] the analytical method for determining total chlorine residual in treated
wastewater Can result in the inclusion of constituents that do not provide quantifiable
disinfection. In these cases, the measured total chlorine residual could incorrectly indicate
a higher inactivation of viruses and Giardia than actually occurred. One method of
determining the actual inactivation provided by chloramines is to measure the
monochloramine residual and use it to calculate the inactivation for a disinfection zone.
The TCEQ routinely requires plants that use chloramines to measure monochloramine,
which is the desired disinfectant species.

The Proposed Verification Protocol in Appendix K must be revised to include monitoring
the monochloramine residual at the end of each chloramine disinfection zone, This
includes the disinfection zones after blending the partial treated RR WWTP effluent with

Page 1





3-

4.

Comments Based on the February 2013 TCEQ Concept Letter

the surface water. It is noted that the reported minimum, maximum and average total
chlorine and monochloramine levels in the table on Page 4 of the PER Appendix I
support the need to use monochloramine results to verify inactivation.

Please note that the TCEQ cannot accept the use of total chlorine residuals
CT calculations when treating the RR WWTP effluent. Failure to monitor the
monochloramine residual at the end of each chloramine disinfection zone and use of the
value for calculating the inactivation of Giardia and virus will result in the Full-Scale
Verification Testing Report being unacceptable for supporting the City’s request to
operate a Direct Potable Reuse (DPR) facility. When an exceptions to operate the
proposed DPR facility and send the water to distribution for human consumption is
granted, the City will still be required to monitor the monochloramine gési
end of all proposed six disinfection zones and use the values for reportlpg the,
inactivation of Giardia and virus in all six of the disinfection zone k.

Effective April 1, 2012, the maximum Cryptosporldlum removal cﬁedl :

system treating surface water can receive is the lesser of the geeeptable @h“al}enge'Test log
removal credit (LRCeest) granted by the TCEQ after revlewﬁ of the hallengé Test Report or
the removal that can be demonstrated during a direct mt@grzty tes :ZLRC?;)IT) using a TCEQ-
approved test pressure. TCEQ staff are currently reviewing.the Challenge Test Report for
the US Filter (now owned by Siemens) CMF-S7, Mo ul P glg‘l@&ozg, Si10V MF
membrane modules. This Challenge Test Reportifor tfie&Clry S MF membranes was posted
on the National Santtation Foundation’s webmt& De“‘ ember 4, 2012. The TCEQ will
notify the City when we have completed the revle%; of i “hallenge Test Report and
approved an LRCe.s: value for the City’s MF mer;nbra _

Please note that the TCEQ still hag @‘@t re erved all ile necessary data to complete our
review of the challenge study. This l‘llSt be completed prior to the requested exceptions
being granted and the TCEQﬂQi)rowng the City’s proposed Full-Scale Verification Test

Protocol.

2

M
“fh

In TCEQ's April 30, 2012 Iétter; the TCEQ ap roved direct integrity test (DIT) values for
the S10V MF membranes at 3.0 :;r:emoval Because the source of the water has changed,
key parameters like tempefawr;ajﬂgw, volumetric concentration factor, and the log

N’i‘nay ¢hange. Please be prepared to resubmit the DIT values with the
requests for ter 4% rﬁ“excepnons Jor the proposed temporary Cypress DPR WTP. Please
note that thgse DIT tgalues are under review and may be revised,

TCEQ ’caﬁ is rewéwmg the prewously—used volumetrlc concentration factor (VCF) of 1.

The time frames were not found in the PER. Please provide this information.

The triggers that will be used for shutting down transfer of RR WWTP effluent to the
Cypress DPR WTP and Cypress DPR WTP shutdown or alarms and what each of the
triggers indicate.

The following items need to be added to the shutdown and alarms. The levels may need
to be determined during the full scale verification testing

a. Turbidity
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Comments Based on the February 2013 TCEQ Concept Letter

b. TSS
Nitrate; and

d. Cryptosporidium, Giardia and virus concentrations. (see Item No. 8.k for
further detail)

7. The Concept Paper indicated that the City has established a Water Quality Task Force that
is composed of City staff from the Public Works, Public Utilities, and Health Departments.
A list of triggers to activate the Water Quality Task Force and conduct an tnvestigation
was included. The City will be required to notify the TCEQ Water Supply Division and
Abilene Regional Office by email and telephone if an established trigger is ré
contacts for these types of notifications are Mr. Joel Klumpp at ;g :
Joel Kimpp@tceg.texas.gov or (512) 239-4453 and Mr. Cliff Moore by equ at.
Cliff Moore@tceq.texas.gov or (325) 698-6115. For notifications outm}de of normal
business hours, call the 24-hour hotline number at (800) 777- 3186@ q}gc\i’ on the 2 Do ntial
acute health risk, the TCEQ will require that the temporary Cypress DPRRWTE behus”

immediately shutdown (in addition to conducting an mvestzgat;on) for:

o Occurrence of a conﬁrmed waterborne disease ourbreak

pathogens e

o Any E. eoli positive sample in the temporary%cypregs DER WTP plant, entry point, or
distribution system and v

acute health risk triggers listed abe fr outgned in the February 2013 letter and the additional
items listed below. @gg @
G

e

o Nitrate levels exceeding 16:mg/L at the“bntry point to distribution;

The ,ﬁystemlc{g)ss of total chlorine residual at bacteriological sampling points within the
di iy

istribution syﬁtem is not considered to be sufficiently protective of public health.
TherefoteHé third bullet on Page 23 of the PER under “Water purification triggers for a
WQTF meeting” must be replaced with:

The inability to maintain a minimum total chlorine residual of 0.5 mg/L at any
bacteriological sample point in the distribution system.

8. Inaddition, the City has proposed monitoring triggers for the proposed temporary DPR
WTP to initiate shutdown of the DPR WTP. The City shall be required to notify the TCEQ
Water Supply Division and Abilene Regional Office by telephone if an established trigger is
reached. TCEQ contacts for these types of notifications are Mr. Joel Klumpp at
Joel. Klumpp@tceq.texas.gov or (512) 239-4453 and Mr. Cliff Moore by email at
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Comments Based on the February 2013 TCEQ Concept Letter

Cliff. Moore@tceq.texas.gov or (325) 698-6115. For notifications outside of normal
business hours, call the 24-hour hotline number at (800) 777-3186. Additional DPR WTP
monttoring triggers that the City should inchude, but are not limited to, the following:

o A MF membrane unit that fails a DIT must be removed from service until it passes a
DIT;

o Anindividual MF membrane unit’s filirate turbidity level exceeds 0.100 nephelometric
turbidity units (NTUs) for two consecutive five-minute readings; and

o Anindividual granular media filter’s turbidity level exceeds 0.150 NTUs for two
consecutive fifteen-minute readings. %ﬁ;-

The City must provide copies of an Operations & Maintenance Manual; { d M% itg
Plan for the DPR WTP that includes all alarm and shutdown mgﬁers ﬁlease
address each of the following in the PER submittal’s Section 8.0 gn Pages 15 ‘and 167 y;%
regarding the Clty s proposed shutdown triggers for the DPR WZE o N

ing

Division.

b. Amend the list to include a paragraph for the max%h@m rem%yal disinfectant levels
(MRDL) for total chlorine and chlorine digxide-levels'spee
§290.110(b}(3) and (5), respectively. ' !

c. Amend the list to include a paragraph for th
concentrations: &

i. Avirus concentrahomgj;eat% fthan 22% most probable number per liter
(MPN/L) in the RR; P éffluent; or
ii. Avirus concentrépon greé;ater than 2.22 x 107 MPN/L in the entry point to

d15tr1but10n$ s 2

d. “Chlorine” paragragb.

i. Amend the bulIe?:%.; ist to mclude the failure of the chlorine dioxide
disinfection equipir ént for the raw Secondary Reservoir surface water
1nfectio“i§‘i as a trigger for automatic shutdown;

Ehe Tirst bullet, change “low/no chlorine re&duals to “low/no

ﬁ‘} mor ochloramlne residual;”

ily In t%‘e second bullet, change the reference to “chlorine” residual in the
d15tr1but10n to “total chlorine;” and

In the*_hlrd bullet, change the reference to “chlorine” residual to

. “mondehloramine” residual entering the distribution system drops helow
7 3.o0mg/L.

“Tt rﬁi’ty” paragraph:

i. Please define the term “tap turbidity” used in the first and second bullets,
how this term relates to the federal and state defined “human
consumption,” and specify where the samples will be taken.

ii. If the City intends to receive extra log removal credit for operating the
Conventional 2010 SWTP gravity media filters at an individual filter
effluent of <0.15 NTU and/or combined filter effluent of <0.15 NTU, then
the PER’s Section 8, Page 15, “Turbidity” paragraph, third bullet on IFE
turbidity must be revised to state:
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Comments Based on the February 2013 TCEQ Concept Letter

“Netify-Supervisorsilf ol any gravity media filter’s individual filter effluent
turbidity readlngs are over 0.315_ NTU for two consecutive e 15- -minute

f. “Microfiltration” paragraph:

i. Add a bullet specifying that a MF unit that has failed a TCEQ approved DIT
cannot be returned to service until it passes a TCEQ approved DIT;
ii. Revise the first bullet to read that if a MF unit’ s IFE turbldlty level exceeds

iii. Revise the second bullet to read if the CFE turbidity level fgﬁ all, 5
units exceeds 0.100 NTU for two consecutive 5—m1mit‘_ readmgs, the T
WTP must be taken offfine. 2

g. “Reverse Osmosis” paragraph:

&é’ » L
i. Both bullets should clearly identify that the crite §pphes to the RO units’
feed water; and K% %?6‘?‘
ii. Please provide a description and schemaff: 3 _f\how the reference bypass can

be accomplished. Include the crqss* e@f)peé}é H:eofitrol protection to be
utilized. @

R

h. “Nitrate” paragraph:

i. The TCEQ agrees that based oplthe acq, health threat of nitrate, the TCEQ
cannot allow water béve eMCL to énter the distribution system. The
nitrate level should 3s?o:be monitored further upstream in the treatment
process to alert the City to high levels and allow the plant to be shut down
earlier. Thig will %revent i@rge volumes of water with an unacceptable
nitrate levelgf,ﬁr m accumul’a’ang within the treatment basins and 10.0-MG

TCE also strongly recommends adding a high nitrate alarm to the RR
WWTP effluent. The level can be set based on the nitrate removal found
durmg;the full-scale verification testing.

Since the DPR WTP cannot be operated without the RO membrane units in
operation, the second bullet must be revised to read:

“Nitrate of 10 ppm in RO permeate will required shutdown of RG-+rain the
DPR WTPR.”

1. “Coliform” paragraph:

i. Add a bullet specifying the DPR WTP must be shutdown if there is a
detected E. coli concentration (> 0.0 organisms/L) at the entry point to
distribution.
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Comments Based on the February 2013 TCEQ Concept Letter

j. “THM/HAA” disinfection byproduct paragraph needs to be expanded and amended
to include an automatic shutdown trigger for the chlorite MCL specified in 30 TAC
8290.114{a).

k. “Cryptosporidium/Giardia” paragraph:

i. The DPR WTP (Cypress 2008 MF/RO and Conventional 2010 SWTPs)
must be shut down if onsite or offsite monitoring report the following
concentrations in the RR WWTP effluent:

1. A Giardia concentration greater than 70.0 cysts/L; or
2. A Cryptosporidium greater than 9.48 oocysts/L.

ii. The DPR WTP (Cypress 2008 MF/RO and Conventional 2 10 WTPs)
must be shut down if onsite or offsite monitoring report tl;e gfollo;m
concentrations in the water entering the distribution; ‘

1. A Giardia concentration greater than 7.000 x; {ggg:ysts/ L or
2. A Cryptosporidium greater than 2.999 x 10 Sﬁoocijf its/ L.

o Explore direct integrity testing of the Hydran.
order to receive pathogen removal credit; arid geé

o Contact Hydranautics to inquire lf third- paf"ﬁj) challe enge “testing of their RO
membranes has been conducted in accordance with fh e 40 CFR §141.719(b)}(2) and the
EPA’s Membrane Filtration Guida ‘,‘ce Mamégl m@w

10. Czty staff also indicated during th%\.fanuargy 18, 2013 meeting that the City has been using a
“real-time’ analyhcal meth@djor momtonhg Cryptosporidium oocysts levels in the RR

o Detuiled information on the angl
methods bemg,«\used bgf;ﬁfg used”

o Test equlpme)ntareqmred

o Staff traug,lng requ1red and

o Laborafofy accréchtanon (such as through the EPA, National Environmental

Laggratory Accredltahon Conference, etc.) available for the analytical method.
S L’~ % zi

tical method and qualify assurance/quality control

Jrgmends“‘?;ghe City for taking this approach to the DPR project, and requests
thafuznformanoﬁ regardmg these initiatives be included in the City’s next submittal to the
TCE

Ay

As requﬁed above, include this information with your revised PER Submittal. Please
also include any 1nformat10n about the confirmed accuracy of the method chosen. Note
that the onsite monitoring for E.coli, Giardia and Cryptosporidium specified in Table A
of the TCEQ’s Minimum Monitoring and Reporting of Water Qualities and Flow Rates
emailed to the City was based on the City conducting onsite monitoring. In addition, the
City must be able to verify that the concentrations of pathogens in the RR WWTP
effluent and water being treated has not exceeded a concentration that has been
approved for the DPR WTP to remove and inactivate before being discharged to the
distribution for human consumption.

Page 6





Page 7
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If the City cannot present an acceptable method for “real time” onsite monitoring, then
the TCEQ may require that the DPR WTP provide a removal and inactivation protocol
that achieves removal and inactivation based on reported national and international
worst case concentrations in WWTP effluents; or the storage of treated water until offsite
laboratory results are received before the water treated by the proposed DPR WTP can
be released into distribution for human consumption.







Kerry D. Maroney

From: Daniel Nix [daniel.nix@wichitafailstx.gov]

Sent: Tuesday, July 30, 2013 3:22 PM

To: Kerry D. Maroney

Subject: Fwd: FW: Challenge Testing for ESPA 2 and ESPA 4
Attachments: Virus Rej By RO Desal Article pdf

Kerry,

Attached below is the extent of our communications with Hydranuatics regarding Challenge Test data for
the RO elements. The e-mail thread and the attached article is our answer to Question #9 (from the 4th set of
TCEQ questions).

---------- Forwarded message --~-------

From: Mark Southard <imnark.southard@wichitafalistx.gov>
Date: Mon, Jan 28, 2013 at 1:28 PM

Subject: Fwd: FW: Challenge Testing for ESPA 2 and ESPA 4
To: Daniel Nix <daniel.nix@wichitafallstx.gov>

Daniel,

Here is the information forwarded by Hydranautics. Unfortunately, it does not have any data for ESPA 2
membranes, as only the ESPA 4's were used from Hydranautics in this particular test.

---------- Forwarded message ----------

From: Gil Turner <gfurner(@hydranautics.com>

Date: Fri, Jan 25, 2013 at 9:45 AM

Subject: FW: Challenge Testing for ESPA 2 and ESPA 4

To: mark.southard(@wichitafallstx. gov

Cec: Craig Bartels <cbartels@hydranautics.com>, Rich Franks <rfranks@hydranautics.com>, Wayne Bates
<whates@hydranautics.com>, Kirk Lai <KLai@@hydranautics.com>

Mark,

Please see the email below from Craig Bartels, our VP of Technology, regarding your request for information about
challenge testing of RO membrane elements and log removal credit. The attached technical paper (although not recent)
offers the results of testing three manufacturer’s products. The Dow Filmteec BW30Q is a high rejection brackish water
membrane element whereas the ESPA2 is an energy efficient brackish water element, although they have similar salt
rejections. Both, upon challenge testing, offer approximately 5 log removal of the MS2 virus and larger bacteria.

Let me know if we can offer any further assistance. As Craig said, there is no good way to check log removal for spiral
wound RO elements. It is rarely ever required, since salt rejection is the parameter most often required. Most people
understand that high salt rejecting RO membrane elements can removal ions with molecular weights <100, they will
removal viruses and bacteria with much higher molecular weights.





Best regards,

Gil Turner

Account Executive - Gulf Region
Hydranautics - A Nitto Denko Company
3701 8.W. Ceoquina Cove Way, Suite 104
Palm City, FL 34990

E-mail: gturner@hydranautics.com

Ph: (813) 482-3133 (direct)

Ph: (800) CPA-PURE {Oceanside office)

www.membranes.com

A~ NITTO DENKO
Y DRANAUTICS

"B www. membrrnes,com
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From: Craig Bartels

Sent: Monday, January 21, 2013 4:44 PM

To: Gil Turner; Wayne Bates; Rich Franks

Subject: RE: Challenge Testing for ESPA 2 and ESPA 4

Gil

Some work was done early in 2000. See attached paper. You will see our Memb B {(ESPAZ) had about 5 log removal of
MS2 Virus. All RO membranes tested had 5+ log removal of bacteria, which is much larger than the virus.

However, a big issue for obtaining log removal credit is the issue of verification of integrity. Currently, there is no good
way to check spiral elements. Generally, | recommend monitoring SO4, which is highly rejected. This will only validate
~3 log removal. Most UF/MF systems will validate system for 4 — 4.5 log removal using pressure decay.





Best Regards,

Craig Bartels
Vice President - Technology, Hydranautics

From: Gil Turner

Sent: Monday, January 21, 2013 9:45 AM

To: Craig Bartels; Wayne Bates; Rich Franks

Subject: FW: Challenge Testing for ESPA 2 and ESPA 4

All,

To your knowledge, have we done any challenge testing on our ESPA membrane? By challenge, | assume they mean
something like pseudomonas.

As you can see below, one of our customers (City of Wichita Falls, TX) is planning to modify their RO system for reuse in
the event of extreme drought.

Thanks,

Gil Turner

Account Executive - Gulf Region
Hydranautics - A Niito Denko Company
3701 S.W. Coquina Cove Way, Suite 104
Palm City, FL 34990

E-mail: gturner@hydranautics.com

Ph: {813} 482-3133 (direct)

Ph: {(800) CPA-PURE (Cceanside office)

www.membranes.com
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From: Mark Southard [mailto:mark.southard@wichitafallstx.qov]
Sent: Monday, January 21, 2013 12:28 PM

To: Gil Turner

Subject: Challenge Testing for ESPA 2 and ESPA 4

Gil,

Has Hydranautics performed any challenge testing on the ESPA 2 and ESPA 4 RO membranes?

We are in discussions with the TCEQ on possibly using our MF/RO for part of a reusc program in case of a
drought emergency. They currently do not give any CT credit for pathogens for RO units. They would

consider giving those CT credits for pathogens based on challenge tests performed on the RO membranes
though.

If you have any information, T would appreciate it.

Thanks,

Mark Southard

City of Wichita Falls

Water Source/Purification Superintendent
040-691-1153

940-691-4121 Fax





Mark Southard

City of Wichita Falls

Water Source/Purification Superintendent
940-691-1153

940-691-4121 Fax

N ekl il

Daniel K. Nix
Public Utilities Operations Manager
City of Wichita Falls

Physical Address: 4801 Big Ed Neal Drive, Wichita Falls, Texas 76310
Mailing Address: P.O. Box 1431, Wichita Falls, Texas 76307
940-691-1153  FAX: 940-691-4121

Daniel Nix@wichitafallsty. gov

i

ElueSJues. folaen Gpporhirities
Those who have the privilege to know have the duty to act. ~Albert Einstein
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DESALINATION

Monitoring the integrity of reverse osmosis membranes

Samer Adham?®*, Paul Gagliardob, Daniel Smith®,
David Ross?, Karl Gramith?, Rhodes Trussella

#Monigomery Watson, 250 North Madison Ave., Posadena, CA 91101, USA
BMetropolitan Wastewater Deparmment, 600 B Street, Suite 500, San Diego, CA 92101, USA
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Abstract

Several methods for manitoring the reverse osmosis (RO) membrane integrity were evaluated at a- pilot-scale,
These meihods were classified as direct or indirect monitoring methods, The vacuum test was found to be a very
promising direct monitoring method as it correlated well with virus rejection by the RO membranes. From the
indirect real-time monitoring methods, On-line TOC monitoring was found Lo be more sensitive than on-line
particle counting and conductivity monitoring. The use of more than one technique may be necessary to assure

reliable operation of the membrane system.

Keywords:
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1. Background and objectives

Control of microorganisms in drinking
water treatment and water reuse has always
been, and continues to be, a major concern to
public health and water treatment
professionals. Strict water quality regulations
are being imposed on drinking water
treatment and water repurification for indirect
potable reuse which requires provision of
multiple barriers for microbial removal. In
light of these regulations, membrane
processes are receiving considerable attention
as barriers to microorganisms,
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Reverse osmosis (RO), which is currently
being evaluated in various water reuse
projects, has the potential for removal of all
classes of pathogens. However, emphasizing
the use of RO for microbial removal is a
relatively new concept in the water industry
which has traditionally used these membranes
for the removal of salts and organic material.
Limited data are available in the literature on
the efficacy of RO for microbial removal and
on methods to evaluate the RO system
integrity. Flence, a study was undertaken to
evaluate varions methods of assessing the
integrity of RO sysiems for microbial
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Table i

Selected manufacturers specifications for the RO membranes employed

Phase 1I Phase i

RO-A RO-B RO-C RO-D RO-E
Manufacturer Filmtec/Dow Hydranautics Fluid Systems  Fluid Systems. Fluid Systems
Commercial designat. BW30HP-4040 4040-UHA-ESPA TFCL/M4820HR ROGA/MNIE221HR TFCL/MBEIZHR
Dimension 4MedQ" 4"x40" 440" 3"=d40" 8"xd ("

(102x1030 mm)y (102x1030 mm) (102x1030 mm) (205x1030 mm) (205x1030 mm)
Membrane process RO RO RO RO RO

Membrane material
film composite)

Operating pH range 2.0-11.0 3,6-10.0
Max, feed turbidity 1.0 ntu 1.0 ntu

Max. feed SDI (15 min) 5.0 4.0

Max. oper. temp. 113°F (45°C) H3°F (d5°C)
Free chlorine resistance <0.1 ppm <11 ppm

Max, oper, pressure 600 psi (40 bar)

Polyamide {thin- Polyamide {thin-
film composite)

600 psi (40 bar)

Polyamide (thin- Cellulose acetate Polyamide (thin-
film composite) film composite)

4.0-11.0 4,.0-6.0 4.0~-11.0
1.0 ntu 1.0 ntu 1.0 ntu

4.0 4.0 4.0

113°F (45°C) 104°F (40°C)  113°F (453°C}
0.0 ppm 1 ppm 0.0 ppm

600 pai (40 bar) 600 psi (40 bar) 600 psi (40 bar)

removal. This study was part of an ovérall
pilot testing program being conducted by the
City of San Diego in California to evaluate
the safety and reliability of an advanced water
treatment (AWT) train, including RO, in
repurifying reclaimed water for indirect
potable reuse.

2. Materials and methods

RO pilot units: Pilot testing was undertaken
in two phases. In Phase I, two parallel RO
pressure vessels were run simultancously
using two different types of RO membranes.
One pressure vessel housed six 8"x40"
elements using cellulose acetate (CA)
membranes (ROGA/MB221HR, Fluid
Systems, San Diego, CA). The other pressure
vessel housed six 8"x40" elements using thin-
film composite polyamide membranes
(TECL/MVBB22HR, Fluid Systems, San Diego,
CA). Microfiltration (MF) (US Filter/Memcor,
Timonium, MD) was employed as
pretreatment to RO during that phase of
testing.

In phase II, four RO membrane pilot units
were employed. Each pilot wnit had two
independent sets of pressure vessels operated
with a single pass mode. This allowed

parallel evaluation of two different types of
RO membranes per pilot unit. Each set of
pressure vessels housed a total of six spiral
wound RO elements with nominal dimensions
of 4"x40", three RO elements per single
pressure vessel. Two of the RO pilot units
had MF as pretreatment and two had
ultrafiltration (UF} (Aquasource, Richmond,
VA) as pretreatment process. Table 1|
provides the specifications of the RO
membranes employed during Phase I & IL
The pretreatment membranes effloents
were dosed with antiscalent, Hypersprese
AF200 (Arpo Scientific, San Marcos, CA), at
a rate of 6 mg/l in order to minimize
chemical precipitation on the RO membranes.
In Phase 1, the MF effluent was also dosed
with sulfuric acid for pH adjustment to
approximately 5.7 in order to minimize the
rate of hydrolysis of the CA RO membranes.
After chemical addition, the water was passed
through 5 micron cartridge filiers as a safety
measure to prevent any upseis in the
pretreatment systems from reaching the RO
membranes. The effluent of the cartridge
filters was then pressurized and introduced to
the single stage RO membranes vessels. Each
vessel was equipped with inlet and outlet
pressure control valves for independent
control of the transmembrane pressure.
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Fig. 1. Vacuum-hoid test apparatus.

Monitoring techniques: There is little
information in the literature on monitoring
techniques for RO systems. In this study,
existing and potential methods to monitor
membrane integrity and treatment reliability
of the RO systems were identified and
evaluated. These methods can be classified as
direct or indirect monitoring methods. The
direct methods are the methods that are
directly applied to the membrane elernent
itself to evaluate its integrity. The indirect
methods, however, are those that do not
evalnate the membrane itself, but rather use a
surrogate parameter in the permeate for
assessing the membrane system condition.
Below is a description of the monitoring
methods evaluated:

2.1. Direct monitering method

Vacuum testing: The vacunm test was
conducted on each RO membrane element
prior to installation during Phase II of the
study. The test was conducted to check the
permeability of the wet membrane to air,
High permeability could be an indication that
imperfections are present resulting in direct
communication between the feed/concentrate
and the permeate side. The test is useful as a
screening procedure and is not intended as a
means of absolute verification of
imperfections. Such imperfections may also
be observed due to a damaged membrane
and/or due to glue-line failure. Fig. 1 is a
schematic description of the vacuum test
apparatus. The following procedure was used
for the vacuum testing: The membrane
elements were initially soaked in a clean water
bath for several hours and then drained
before testing. One end of the permeate tube

was then sealed with an appropriate leak-tight
cap and the other end was connected to a
vacuum gauge and a valved vacuum source.
EBach element was then evacuated to
approximately 0.2 bar (3 psi) absolute
pressure. After which the isoclation valve was
closed and the reading on the vacuum gauge
was observed. The rate at which the vacuum
decays was then monitored for a period of
one minute. After that, the vacuum was
slowly released to allow the element to reach

atmospheric pressure. The test was repeated

several times until a reproducible value for
pressure decay was obtained.

2.2. Indirect monitoring method

On-line particle counting: Two on-line
particle counters (Met One, Model 215W({1—
400 ptm)}, Grants Pass, OR) were installed to
monitor the real-time performanece of the RO
membranes during Phase I of the study.
These on-line particle counters are laser-
based light blocking sensors which have the
capability to enumerate particles in the size
range of 1400 pm. Particle enumeration
computer software (Met One, water quality
software (WQS), Grants Pass, OR) was
interfaced with the on-line sensor for data
acquisition. This software allows grouping of
the particle data into 4 particle size ramges.
The size ranges selected are 1-2 pm, 2-3 pm,
3-5 um and 5-10 um. Data from these on-
line particle sensors were continuously
recorded. The sampling frequency was set at
5 minutes.

On-line conductivity monitoring: On-line
conductivity meters (Great Lake Inst, Inc,
Model 671C, Milwaukee, WI) were connected
to the influent and permeate lines of all RO
systems to monitor the performance of these
units during Phase I & II of the study. Data
from these conductivity meters were recorded
frequently.

Conductivity probing: Conductivity
probing was done on all RO vessels during
Phase I and II of the study in order to assess
the integrity of all RO elements,
interconnectors and endcaps. This was done
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Hirnbiee of Etesnenis

Fig. 2. Vacoum-held test pressure frequency distribution.

Table 2
Summary of vacunm results

Pressure decay, bar/min
Membr. Count Av, SD Med. Range

RO-A 18 0.07 0.03 0.06 0.03-0.13
RO-B 18 0.22 0.05 022 0.1-D.28
RO-C 18 0.3 0.02 034 0.32-0.39

by inserting a probe throngh the permeate
channel of the pressure vessel and collecting
sarnples at different locations. These samples
were analyzed for conductivity in order to
determine the concentration profile through
the pressure vessel. A spike in the
concentration profile would indicate a
possible leak in the system.

Microbial seedings: Microbial challenge
tests were conducted on the RO membranes
during Phase I and II of the study. This was
done to determine the log removals achieved
by RO membranes and evaluate system
integrity. MS2 bacterial virus was employed
as the model virus for the microbial challenge
studies. It was chosen because it is similar in
size (0.025 pm), shape (icosahedron) and
nucleic acid (RNA) to many important
enteric virnses, In addition, this virus is not a
pathogen which minimizes the risk of
infection to system operators and can be
safely discharged into the waste stream after
chlorination. Nonviable Giardia lamblia and
Cryptosporidium parvum were employed as
the model parasites for the microbial

challenge studies. Details of the experimenta]
approach and analytical techniques employed
for the microbial seeding experiments are
provided elsewhere [1].

On-line total organic carbon (TOC)
monitoring: Two on-line TOC (Sievers
Instruments, Inc. Model 800, Boulder, CO)
analyzers were installed to monitor the real
time performance of the RO membranes
during Phase II of the study. The sampling
frequency was set at 6 minutes. These on-
line TOC analyzers utilize a combination of
UV-persulfate oxidation of organics in water
to form CO; and a permeation/conductivity
detection method. The instruments have a
dynamic analysis range from 1 up to 50,000

ugl.

3. Results and discussion
3.4. Direct monitoring methods

Vacuum testing: The vacuum test was
conducted on each RO membrane element
prior to installation into the RO systems
during Phase II of the study. Higher vacuum
loss values may indicate that imperfections
are present in the membrane element. Fig. 2
shows the distribution of the vacuum test
results for the membranes employed in Phase
II and Table 2 provides the statistical
summary of the data. RO-A resulted in the
lowest vacuum leak per element (avg. 0.07
bar/min) while RO-C membranes resulted in
the highest vacuum leak per element (avg.
0.35 bar/min). RO-B membranes were in
between. These data correlated well with the
TOC monitering and microbial seeding
results as will be discussed later.

3.2. Indirect monitoring methods

On-line particle counting: On-line particle
counting has been shown to be the most
sensitive indirect integrity monitoring method
of low pressure membranes [2]. Hence, on-
line particle counting was employed during
Phase I of this study to monitor the treatment
reliability of the RO membranes. However,
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Fig. 3. Conductivity profile for the RO membranes with
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Fig. 4. Conductivity profile of the RO membranes
employed during Phase 1.

since the microfiliration permeate (i.e. RO
feedwater) had very low concentration of
particles (<10 particle/ml)}, the removal of
particles (1-2 pim) through the RO was
lirmited to only 1-2 logs (90-99%) due to the
detection limits of the sensors (0.1
particle/ml). With this relatively Iow removal
of particles, it was difficuit to detect minor
compromising conditions in the RO system.
Hence, it was concluded that particle counting
{>1 pm) is not a sensitive enough method to
monitor the integrity of RO system, especially
if the RO pretreatment method employed was
MF or UF.

On-fine conductivity monitoring: On-line
conductivity monitoring is one of the most
commonly nsed techniques to monitor the
RO systems. Hence, on-line conductivity

Fig, 5. Conductivity probe results under compromised
and uncompromised conditions,
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Fig. 6. Typical TOC profile for the RO membranes with
MF pretreatment.

monitoring was employed in this study to
monitor the integrity and treatment reliability
of the RO membranes. Fig. 3 shows a time
profile of the conductivity in the influent and
permeate of RO-A membranes after UF
during Phase II of the study. Similar results
were obtained from all other RO membranes
after UF or MF during Phase II of the smdy.
Overall, approximately 2 log (99%)
conductivity removal was achieved by all of
the membranes employed which provided
additional semsitivity compared to particle
counting.

No spike in the permeate conductivity of
any RO membrane was observed throughout
the testing period which demonstrates that no
major leak from any of the RO systems was
encountered.
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Table 3
Microbial rejection of RO-E under compromised and
uncompromised conditions

Log removal

Status Giardia  C. parvain  MS2

lamblia virus
Comprom. RO vessel 5.0 4.5 3.4
Uncomprom. RO vessel 5.7 »5.7 3.4

Fig. 4 shows a time profile of the
conductivity in the influent and permeate of
the RO membranes throughout Phase I of the
study. It should be noted that the CA
membranes (RO-D) are much less effective in
tejecting salts as compared to the thin film
composite membranes (RO-E) as shown in
Fig. 6. Towards the end of the testing period,
the O-ring of one interconnector between the
permeate channels of the RO-D elements was
artificially compromised, This was done to
simulate one potentially compromising
condition for the RO system, When the O-
ving was sliced with a sharp edge to create a
"V" shaped groove, no change was observed
in the RO-D membrane permeate
conductivity. When the O-ring was cut and
reinstalled on the interconnector, however, the
permeate conductivity was slightly higher.
Thus, conductivity measurement of the vessel
effluent was sensitive enough to identify a
relatively major compromising condition,

Conductivity probing: Conductivity
probing was done on all RO vessels employed
during phase I and II of the study in order to
asses the integrity of all RO elements,
interconnectors, and endcaps. This method
should provide added sensitivity as compared
to on-line conductivity momitoring of the
overall vessel due to less concentration
dilution impact, Fig. 5 provide selected
conductivity probe results for RO-E
membrane as well as a schematic of the RO
vessel used in Phase I which shows the
positions to which the probe was inserted in
order to make conductivity measurements.
The probe results showed a sudden increase
in conductivity (100%) between paositions 2

and 3, indicating problems with membrane
eclement No.l. Subsequently, elements No.1
was replaced with new one which resulted in
the elimination of the spike in the
conductivity profile indicating hon
compromised vessel. This procedure is very
helpful as an overall check on the RO vessel
to ensure that no compromised O-rings, glue
lines, or membrane elements are present.
Microbial monitoring: Microbial challenge
tests were conducted on the RO membranes
during Phase I and II of the study. This was
done to determine the log removals achieved
by RO membranes and evaluate system
integrity, In Phase I, parasite and virus
challenge experiments were conducted on the
RO system under compromised and
uncempromised conditions as was show in
Fig. 5. Table 3 summarizes the parasite and
virus seeding resultis for RO-E. Under
compromised conditions, few Giardia and
Cryptosporidium cysts (0.5 to 11 cysts/100 1)
were detected in the permeate of the RO-E
membrane even though more than 4 logs
rejection was achieved. When the
compromised element was replaced, the RO
membranes rejected both Giardia cysts and
Cryptosporidinm oocysts to below the
detection limits of the assay (1 cyst/oocyst/
100 1), achieving more than 5.7 logs removal.
No change was, however, observed for the
rejection of virus under the two conditions
(compromised and uncompromised) as
shown in Table 3. One interpretation of this
is that there may be fundamentally different
mechanism at work where the leakage of
viruses and the leakage of cysts and oocysts
are concerned. When the system was
compromised the removal of viruses was 3 to
4 logs and the removal of cysts/cocysts was 4
to 5 logs. This is expected since the
cystsfoocysts are much larger than virus, and
thus greater removal is reasonable. After the
conductivity probing was completed and the
repairs made, the removal of cysts and
oocysts was brought to >5.7, but the removal
of viruses remained at 3 to 4 logs. The same
simple logic no longer applies. Hence, the
leaks of these two contaminants may be
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Table 4 .
Summary of M32 virus removal by RO membranes in Phase I
Membrane  Count Influent G. mean  Permeate G. mean Log removal

{pfu/ml) (pfufml) Mean Median Range
RO-A 9 3.4E+3 <1.0E+Q »53.5 >3.6 >3.3->5.9
RO-B 9 3.1E+3 <3.9E+0 >4.9 4.9 4.2->3.6
RO-C 9 3.4E+5 I.1E+2 3.2 3.2 3.1-3.8

Detection limit = 1 pfi/ml.

coming from two different sources; the cysts
and cocysts from a defect greater than 5 or
10 um in diameter but flowing ata low rate
and the viruses from a larger number of
defects less than 1 pWm in diameter, but
flowing at a high rate,

In Phase II, all RO membranes rejected
both Giardia cysts and Cryptosporidium
oocysts to below the detection limits of the
assay (1 cyst/oocyst/100 1), achieving more
than 5.7 logs removal. Conductivity probing
conducted during this period showed that the
RO vessels were not compromised. The log
removal of virus by the RO membranes,
however, varied from 3.1 to >5.9 logs
depending on the manufacturer as shown in
Table 4. The data show RO-A membrane was
able to reject the seeded virus to below the
detection limit of the assay (<1 pfu/mi) in all
experiments, achieving greater than 5.5 logs
rejection (mean). RO-B was the second in
terms of efficiency for virns rejection
achieving greater than 4.9 logs rejection
(mean) while RO-C rejected only 3.2 (mean),
with the virus being recovered in the
permeate. Interestingly, the rank of virus
removal by the RO membranes employed
agrees well with the vacuum test results. That
is RO-A consistently had the highest virus
rejection (i.e. less leaks) while RO-C
consistently had the lowest virus rejection (i.e.
more leaks). RO-B was in between.

On-line TOC monitoring: On-line TOC
monitoring was another method employed in
this study to monitor the integrity and
treatment reliability of the RO membranes.
Fig. 6 shows a typical time profile over 24

hours for the TOC in the influent and
permeate of the RO membranes which are
connected to MF treatment train, The TOC
concentration in the MF permeate was
approximately 6.5 mg/l which in turn was
reduced to below 25 pgfl after the RO
membranes, achieving more than 2 logs
removal.

Once again, the rank of TOC removal by
the RO membranes employed agrees well
with the vacuum test results. That is RO-A
consistently had the lowest permeate TOC
concentration (i.e. less leaks) while RG-C
consistently had the highest permeate TOC
concentration {(i.e. more leaks). RO-B
permeate TOC concentration was in between.
‘The correlation between the vacuum test,
virus rejection, and TOC rejection is currently
being farther investigated to potentially be
able to predict virus removal using simple
inexpensive tests.

4. Conclusions

Several methods for monitoring the
integrity of RO membrane systems were
evaluated in this study. The use of more than
one method may be necessary to ensure
reliable operation of the RO system.

The methods evaluated in this study
includes: vacuum testing, on-line particle
counting, on-line conductivity monitoring,
conductivity probing, micrabial seeding, and
on-line TOC monitoring.

Below is a summary of the results
obtained:
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— The vacuum test results appear to correlate

well with the virus and TOC rejection by
the RO membranes. The test can be useful
as a screening procedure for the integrity
of the RO membrane elements, Further
work is required to confirm if vacuum test
results can be used to estimate virus
rejection by the RO membranes.

On-line particle counting was not sensitive
enough to detect minor compromising

condition, This is possibly due to the

relatively Iow particle concentration in the
RO influent after microfiltration.

On-line conductivity monitoring of the RO
pressure vessel was sensitive enough to
identify a major compromising condition
(cut O-ring) artificially done at the end of
the testing period.

Conductivity probe testing is a useful
quality control tool for periodic
monitoring of the RO system integrity as it
provides extra sensitivity as compared to
on-line conductivity monitoring. Probing
was able to detect a compromised
membrane element that needed to be
replaced. Provisions in the design of full-

5. Adham er al. / Desalination 119 (1998) 143-150

scale facility that make this test convenien;
should be considered.

- On-line TOC mougitoring was anothey
promising method used to monitor the
integrity of the RO systems. It was shown
to be more sensitive (2.5 to 3.0 logs
removal) as compared to online conduct-
ivity monitoring (2 logs removal) or online
particle connting (1 to 2 logs removal),

— The log removal of virus by the RO
membranes varied from 3.1 to >5.9 logs
depending on the manufacturer.
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