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Section 1 

Introduction 

1.1 Project Background 
Eastern Municipal Water District (EMWD), through their integrated resources planning process, 

has identified potable reuse as a key component in their strategy to increase local water 

resources and improve overall water supply reliability. Potable reuse also supports EMWD’s goal 

of maximizing water use efficiency by minimizing recycled water discharges. 

EMWD’s potable reuse project is called the Purified Water Replenishment (PWR) project. The 

PWR project will replenish groundwater with a blend of tertiary treated and advanced treated 

recycled water. Due to challenges associated with the disposal of brine, part of the PWR project’s 

objectives is to minimize brine using a high recovery treatment process. 

EMWD’s PWR Brine Concentration Pilot Project studied a high recovery treatment train involving 

membrane filtration (MF) pretreatment along with DuPont-Desalitech’s proprietary closed-

circuit reverse osmosis (CCRO) process to produce advanced treated water at the San Jacinto 

Valley Regional Water Reclamation Facility (SJVRWRF).  The CCRO process has demonstrated an 

ability to achieve higher system recoveries when compared with conventional RO while at the 

same time providing the same level of treatment as a conventional RO system.  For inland 

desalination locations, even small increases in water recovery provide meaningful reductions in 

the amount of brine generated, resulting in a reduced environmental impact and project lifecycle 

savings. 

1.2 Source & Permeate Water Quality 
The SJVRWRF receives raw wastewater from the surrounding community and uses this as the 

source water for its water recycling portfolio.  The tertiary effluent from this facility is pre-treated 

through activated sludge and cloth filters prior to disinfection.   

Filtered tertiary effluent, sourced from the end of the facility’s Chlorine Contact Basin, was used 

as the feed water to the pilot unit.  This water was chosen as the supply for this evaluation 

because it is representative of the source water for the full-scale AWPF. Water quality data (feed 

to the MF pretreatment, feed to the CCRO, and CCRO brine/permeate) are provided in the table 

below.  Average and maximum values are based on 8 samples collected between October 28th, 

2020 and March 3rd, 2021. 
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Table 1-1 Water Quality Summary (Oct-28-2021 through March-3-2021) 

 

1.3 Pilot Location and Configuration 
The pilot facility was located next to the Chlorine Contact Basin and the fenced property 

boundary, with the MF and CCRO equipment trailers installed end-to-end.  For a general layout of 

the MF equipment trailer, refer to Appendix A.  For a general layout of the CCRO equipment 

trailer, refer to Appendix B. 

The MF Filtrate Tank, Waste Tank, and CIP Tank were located adjacent to the MF equipment 

trailer on a separate pad, while the process tanks for the CCRO pilot (Flushing and CIP Tanks) 

were located within the equipment trailer.  Chemicals for the MF process (described further 

below) were stored inside the equipment trailer, however, the CCRO chemical storage tanks 

(antiscalant and sulfuric acid) were stored outside, adjacent to the CCRO equipment trailer. 

Feed water for the pilot facility was sourced from two submersible pumps installed within the 

Chlorine Contact Basin (near its discharge end).  MF filtrate was directed to a Filtrate Tank, which 

served as a source of water for backwashing the MF and to act as a balance tank upstream of the 
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CCRO process.  Filtrate was pumped from the MF Filtrate Tank to the CCRO system by a booster 

pump located prior to the CCRO high pressure pump.  Both CCRO permeate and brine were 

returned back to the Chlorine Contact Basin. 

 
Figure 1-1  
Pilot Plant and Adjacent Chlorine Contact Basins at the SJVRWRF 
 

1.4 MF System Overview 
The MF system provided suspended solids and turbidity removal ahead of the CCRO system via 

pressurized polyvinylidene difluoride (PVDF) MF modules, manufactured by Toray, using the 

thermal induced phase separation (TIPS) manufacturing process.  Feed water chemical 

adjustment included both liquid ammonium sulfate and sodium hypochlorite to achieve a target 

chloramine concentration of 1.5 to 2.5 mg/L in the MF filtrate feeding the CCRO. 

Two MF trains were used to treat the flow under various operating conditions.   

Details of the selected membranes are provided in the table below.  For P&IDs of the MF system, 

refer to Appendix C. 

Table 1-2 MF Membrane Specification 

Parameter Value 

Number of MF Trains Installed 2 

Number of MF Membranes 
per Train 

4 

Membrane Vendor Toray 

Membrane Model HFU-2020AN 

Membrane Classification Ultrafiltration (UF) 

Nominal Pore Size 0.01 µm 

Material PVDF 

Membrane Area per Module 775 ft2/module 

(72 m2/module) 

Flow Direction Outside-In 

MF EQUIPMENT 
TRAILER 

CCRO EQUIPMENT 
TRAILER 

CHLORINE 
CONTACT BASINS 

MF FILTRATE 
TANK 

CCRO CHEMICAL 
STORAGE 
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Parameter Value 

Module Diameter 8.5 inch 

(216 mm) 

Module Length 85.0 inch 

(2,160 mm) 

 

 
Figure 1-2 
HMI Screen for MF Train 1 
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Key operating parameters for the MF System are provided in the table below. 

Table 1-3 MF Equipment Design and Operational Parameters 

Parameter Value 

Maximum Instantaneous Flux 26 gfd 

Membrane Train Filtered Water Flow Rate 56 gpm 

Total System Filtered Water Flow Rate 112 gpm 

Design Water Temperature ~13 to 22 oC 

Backwash Interval 45 min 

Backwash Configuration Air (30 sec) 

Water (30 sec) 

Minimum CIP Membrane Cleaning 
Interval under Design Conditions 

21 days 

Minimum CEB Membrane Cleaning 
Interval under Design Conditions 

24 hours 

Minimum Design Water Recovery 90% 

Maximum Design Transmembrane 
Pressure during Filtration 

22 psi 

Chemicals (Feed Water Adjustment) Liquid Ammonium Sulfate 

Sodium Hypochlorite 

Sodium Bisulfite 

Chemicals (CEB/ CIP & Neutralization) Sodium Hydroxide 

Citric Acid 

Sodium Hypochlorite 

Sodium Bisulfite 

Autostrainer Filtration Degree 200 micron 

 

1.5 CCRO System Overview 
1.5.1 CCRO vs Conventional RO 

Unlike conventional RO, which generates a continuous concentrate stream, CCRO is operated in a 

cyclic batch mode and thus generates a periodic stream of concentrate or brine.  During the 

recirculation cycle, 100 percent of the RO brine is re-circulated from the tail element to the feed 

of the lead RO membrane element.  At the same time that brine is being recycled, the RO high 

pressure pump continuously provides feed water to the system at a flow rate equal to the target 

permeate production rate, thereby producing a continuous stream of permeate.  During 

recirculation, salt concentrations in the feed water continuously concentrate up until a specified 

volumetric recovery value is achieved, at which point a valve on the brine line is opened to allow 

the brine to be flushed out along with raw feed water.  Compared with conventional high 

recovery RO, the repetitive disruption of scale formation with lower salinity feed water which 

occurs during the CCRO batch process has been found in some applications to: 

 allow for higher system recoveries;  

 reduce membrane fouling; and 
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 inhibit membrane scaling. 

1.5.2 CCRO Process Description 

The CCRO system is operated in an alternating manner between the following two modes: 

 PFD (plug flow desalination) 

 CCD (closed circuit desalination) 

1.5.2.1 CCD Cycle 

During the CCD cycle, MF filtrate (feed water) is mixed with a recirculated stream of concentrate 

rejected by the membranes.  The concentrate flow rate, in conjunction with the permeate flow 

setpoint, defines the unit's module recovery (MR).  A MR of approximately 25 to 30 percent was 

used during the pilot trials. The role of the circulation pump creates the cross flow required for 

the CCRO process.   

During CCD, ions rejected by the membrane are accumulated inside the closed system volume 

(circulation loop).  As a result, the osmotic pressure of the water increases over the course of the 

cycle, requiring a simultaneous increase in feed pressure to drive water flow pass the membranes 

and maintain a constant permeate flow.  The feed pump is equipped with a VFD to fulfill this task.  

Since the feed flow is kept constant during the CCD cycle, the accumulation rate of all ions is 

constant and the increase in pressure between start/end of the CCD cycle is linear.  

The recovery in CCRO cannot be calculated as a simple ratio of permeate to feed flow rates 

because it is not a steady state process as a traditional RO process.  Instead, total Volumetric 

Recovery (VR) is calculated over a complete CCD+PFD cycle and is equal to the permeate volume 

produced divided by total feed consumed.  The counters used in the PLC for this calculation are 

set to zero at the start of each PFD cycle.  

1.5.2.2 PFD Cycle 

The transition from CCD to PFD is performed by opening the brine valve and is triggered by the 

total volumetric recovery and/or module inlet pressure set points.  During this brief cycle, 

concentrate is purged from the system with new feed water and the membranes are operated in a 

conventional RO configuration (i.e. plug flow). 

1.5.3 Permeate Water Quality 

The permeate produced is derived from the feed water that is concentrating inside the circulation 

loop.  Thus, during the CCD cycle, permeate conductivity will increase.  Average permeate quality 

is the average quality of all permeate produced during the entire PFD and CCD cycles.  At the 

beginning of the PFD step, the permeate conductivity is normally highest as a result of the 

relatively low operating flux and concentrated nature of the water matrix in contact with the 

membranes at the end of the CCD cycle.  In most cases, however, the contribution of the PFD step 

to overall permeate quality is negligible due to the small volume of permeate produced relative to 

the permeate volume produced during the entire CCD step. 
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1.5.4 CCRO System Overview 

Major system components for the CCRO unit are listed in the table below along with key design 

criteria.  For a P&ID of the CCRO system, refer to Appendix D. 

Table 1-4 CCRO Major Equipment and Design Criteria 

Parameter Value 

RO Skid Quantity One 

Overall Recovery Up to 97% 

Design Permeate Flow Rate 70 gpm 

Design Flux 10 gfd 

No. Stages 1 

No. Pressure Vessels (membrane array) Five – 8M (450 psi) 

Total No. Membranes Installed Twenty-five 

Membrane Vendor DuPont 

Membrane Element Model FilmTec Fortilife CR100, 8” x 40”, 34 mil spacers 

Cartridge Filter Rating 1-micron 

Chemical Dosing (Feed Water Adjustment) Sulfuric Acid (CCRO influent) 

Antiscalant (CCRO influent) 
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Figure 1-3 
HMI Overview Screen for CCRO  
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Section 2 

Pilot Data 

2.1 CCRO 
2.1.1 Summary of Operations 

The official start date for the trending of CCRO data was established on October 23, 2020 (i.e. Day 

0).  Prior to this date, the pilot was operated intermittently with old membranes, as 

commissioning and startup efforts for the overall pilot project were being finalized.  The CCRO 

pilot’s initial setpoints were established as follows: 

 Recovery = 90% 

 Target Permeate Flow (during CCD) = 70 gpm (10 gfd) 

 Target pH = 6.1 (to prevent calcium phosphate scale formation) 

 Antiscalant dose = 3.3 mg/L (using Avista Vitec 4000) 

During the first several weeks of the pilot trials, the operating setpoints were left unchanged to 

confirm the behavior and performance of the system at a conservative recovery rate and the 

overall reliability of the full treatment train (including MF pretreatment).  Refer to Figure 3-1 

through 3-6 for normalized data collected over the course of the pilot trial. 

At the start of December, the recovery rate was increased from 90 to 92 percent and allowed to 

stabilize.  After approximately two weeks of stable operation, the setpoint was increased to 93 

percent on December 16.  Overnight, feed pressures climbed on the pilot and it was shut down on 

the morning of December 17.  Subsequently, a series of permeate flushes and soaks were 

performed to determine how much of the membrane scaling could be removed with permeate 

alone.  Over the course of a few days, the pilot’s recovery rate was slowly increased back up to 92 

percent and operating data indicated the membranes were performing similar to what had been 

observed prior to the setpoint change on December 16.  The project team, in consultation with 

Dupont, decided to adjust the CCRO pilot’s operating parameters to increase crossflow during the 

PFD and CCD cycles, and made a slight reduction in the feed pH (from 6.1 to 5.9).  The pilot 

operated stably from December 21 through January 14, 2021 with these setpoints.   

Prior to initiating a second attempt to operate the pilot at a recovery setpoint of 93 percent, a CIP 

was performed on the membranes on January 6 (Day 75) using a proprietary high pH cleaner 

manufactured by Avista (RoClean P112).  Due to an issue with the pilot’s cloud-based 

communication link, operating data was lost between Day 73 and 82, which prevented an analysis 

of the post-CIP performance and pushed back the start data for increasing the recovery.  On 

January 14 (Day 83), after the communication link had been restored, the recovery was increased 

from 92 to 93 percent and the pH setpoint was reduced from 5.9 to 5.6.  No adjustment was made 

to the antiscalant dose, which remained 3.3 mg/L. 
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Between January 14 and February 10 (Day 83 and 110 respectively), the pilot’s recovery setpoint 

was gradually increased from 93 to 95%.  During this period, changes to the pH setpoint were 

made concurrently to account for increased calcium phosphate scale formation at the higher 

recoveries.  After operating for just under 10 days at 95% recovery, reductions in the normalized 

permeate flow data suggested percentage losses were increasing unsustainably and the decision 

was made to carry out a CIP on the membranes for a second time. 

A high pH CIP was performed on the membranes on February 11 (Day 111).  To evaluate the 

performance of alternative antiscalants, the Avista product that had been used to date was 

changed out for a product by AWC prior to restarting the pilot.   Once the pilot was placed back 

online, the recovery setpoint was gradually increased on the pilot from 90 to 95 percent over 

approximately one week, while the pH setpoint was reduced from 5.5 to 5.0.  One day after 

increasing the recovery setpoint to 95 percent on Day 118, reductions in normalized permeate 

flows indicated that the operating conditions were not sustainable and the pilot was again taken 

offline to soak in RO permeate.   

Following the soak, a 2-step CIP was performed which involved both high and low pH 

components.  The intent of including a low pH CIP after the high pH CIP was to ensure any scale 

formation which may have been developed on the membranes during the high pH CIP was 

effectively removed before placing the pilot back into service. 

Considering that the previous two consecutive runs at 95% recovery had resulted in significant 

reductions in the normalized permeate flow over a short operating timeframe, it was decided to 

trial a recovery setpoint of 94%.  Prior to restarting the pilot, and in consultation with AWC, it 

was decided to increase the antiscalant dose rate from 6 to 12 mg/L to account for worst-case 

phosphate levels, one of the potential sources for the observed performance loss.  

Between February 24 (Day 124) and April 11 (Day 170), the pilot operated at 94% recovery with 

an antiscalant dose rate of 12 mg/L and a pH setpoint of 5.0.  Approximately 10 days into the run 

at 94% recovery, an antiscalant supply issue resulted in the pilot having to be placed offline while 

waiting for delivery of additional product.  As a result, between the March 6 (Day 135) and the 

March 15 (Day 143), the pilot was placed offline and regular permeate flushes of the membranes 

were performed by the operations staff.  Accounting for this time offline, the pilot operated at 

94% recovery for approximately 38 days between CIPs. 

A 2-step CIP was performed on the membranes over April 12 and 13 (Day 172 and 173 

respectively) based on a normalized permeate flow decrease of approximately 15% from the 

baseline.  A slight reduction in the normalized salt passage could also be detected, suggesting the 

foulant was more organic than inorganic.  Prior to initiating the CIP, a tail element was pulled for 

autopsy and a new membrane was installed as a replacement.   

The pilot’s final run was initiated on April 13, with the same setpoints as those used on the 

previous run.  The intent of operating with identical conditions was to confirm the repeatability of 

operating at 94 percent recovery.  The final run concluded on May 7 (Day 196) prior to a series of 

programmed power outages planned, which were planned to take place over a 2-week period on 

the full-scale facility.  At this time, the pilot had operated for approximately 24 days and 

normalized permeate flow losses were approximately 10% off of the estimated baseline.  No 
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meaningful reduction in the normalized salt passage or differential pressure were detected over 

this period. 

 

Table 2-1 Summary of Operating Parameter Changes and CIP Events 

Date 
Days of 

Operation 
Recovery 

(%) 
pH 

Antiscalant 

(mg/L) 
Notes 

23-Oct-20 0 90 6.1 3.3 Avista Vitec 4000 antiscalant 

2-Dec-20 40 92 6.1 3.3  

16-Dec-20 55 93 6.1 3.3  

17-Dec-20 56 90 6.1 3.3  

21-Dec-20 59 92 5.9 3.3 Concentrate Flow SPs increased 
during PFD & CCD cycles 

6-Jan-21 75 High pH CIP (2% Avista RoClean P-112) 

14-Jan-21 83 93 5.6 3.3  

26-Jan-21 95 94 5.4 3.3  

28-Jan-21 97 94 5.1 3.3  

2-Feb-21 102 95 5.1 3.3  

5-Feb-21 105 95 4.9 3.3  

11-Feb-21 111 High pH CIP (1% Avista RoClean P-112) 

11-Feb-21 111 90 5.5 4.5 Antiscalant changed to AWC A-112 

14-Feb-21 114 92 5.5 4.5  

16-Feb-21 116 94 5.0 6.0  

17-Feb-21 117 95 5.0 6.0  

23-Feb-21 123 High pH CIP (1% Avista RoClean P-112) 

Low pH CIP (2% Avista RoClean L403) 

24-Feb-21 124 94 5.0 12.0  

12-Apr-21 171 High pH CIP (1.8% AWC C-227LF) 

Low pH CIP (1.7% AWC C-209) 

13-Apr-21 172 94 5.0 12.0  
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2.1.2 Performance Data 

The performance data were calculated using the following equations: 

 Normalized Permeate Flow per ASTM D4516 – 19a (����. ��): 

����. �� = �� (��.) × ������ (���.) − ∆����. 2� − ����� (���.) − ��� (���.) + ����� (���.) 
!����� (��.) − ∆���. 2� − ����� (��.) − ��� (��.) + ����� (��.)" × #$%���.#$%��.  

 Temperature Correction Factor (TCF): 

#$% = &'� (2640 × , 1
298 − 1

(273 + #)23  4ℎ6�6 # ≥ 25℃ 

#$% = &'� (3020 × , 1
298 − 1

(273 + #)23  4ℎ6�6 # ≤ 25℃ 

 Average Feed Conductivity ($�;<���� (�=>)): 

$�;<���� (�=>) = $�;<���� × ln �$�;<ABC��C�D�$�;<����  
1 − $�;<����$�;<ABC��C�D�

 

 Feed-Concentrate Osmotic Pressure & Permeate Osmotic Pressure (���  & �����): 

$�� × (# + 320)
49,100  GH� (I�� $�� < 20,000 �K/M) 

4ℎ6�6: $�� = $�;O6;P�HPQ�; %66< − $�;O6;P�HP6 

 Concentration Feed-Concentrate ($��): 

$�� = $� × ln ! 11 − RS"
RS      (�K/M) 

 Module Recovery (MR): 

RS = �6��6HP6 %T�4
(%66< %T�4 + $�;O6;P�HP6 %T�4) 

 Feed Concentration ($�): 

$� = 0.67 × UV$�;<���� × RS] + V$�;<ABC��C�D� × (1 − RS)]X    (�K/M) 

 Net Driving Pressure (NDP): 

�Y� = ����� − ∆�
2 − ��� − ����� + �����    (GH�) 
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 Normalized Average Salt Passage: 

#$%���.#$%��. × Z1 − [$�;<���� (�=>.) − $�;<����$�;<����(�=>.) \]      (%) 

 

Key performance data (Normalized Permeate Flow, Differential Pressure (∆P), Normalized Salt 

Passage, and Net Driving Pressure (NDP)) for the CCRO are presented in Figure 3-1 through 

Figure 3-6, which have been summarized in Table 3-2 below.  Each set of trends have been 

presented for two different date ranges: 

 The full data set (Day 0 to 196), and 

 The final two operating runs at 94% (Day 124 to Day 196). 

The intent behind providing the data across a restricted timeframe is to improve the legibility of 

the data.  Given the nature of the CCRO process, operating with a variable recovery rate generates 

operating data with a greater distribution compared with traditional RO.  To reduce the visual 

“noisiness” of the plotted data, zooming in on a particular time frame, in this case the two final 

runs at 94%, it is possible to observe trends in the data with more clarity.  For all figures, the 

operating data presented was also limited to operational recoveries between 75% and the 

maximum value in order to present only the data generated at the highest recovery values. 

Table 2-2 Summary of CCRO Figures 

Figure No. Trend Data Recovery Range 

3-1  Normalized Permeate Flow 

 Differential Pressure (∆P) 

~75 to 94% 

(since Feb. 23 CIP, Day 123) 

3-2  Normalized Permeate Flow 

 Differential Pressure (∆P) 

~75 to 95% 

 

3-3  Lead Element (Feed) Pressure 

 Net Driving Pressure (NDP) 

 Temperature 

~75 to 94% 

(since Feb. 23 CIP, Day 123) 

3-4  Lead Element (Feed) Pressure 

 Net Driving Pressure (NDP) 

 Temperature 

~75 to 95% 

 

3-5  Normalized Salt Passage 

 Recovery 

~75 to 94% 

(since Feb. 23 CIP, Day 123) 

3-6  Normalized Salt Passage 

 Recovery 

~75 to 95% 
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Figure 2-1 
Normalized Permeate Flow & ∆P (~75 to 95% Recovery) 
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Figure 2-2 
Normalized Permeate Flow & ∆P (~75 to 94% Recovery) Feb. 23 to May 7 
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Figure 2-3 
Feed Pressure vs NDP vs Temperature (~75 to 95% Recovery)  
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Figure 2-4  
Feed Pressure vs NDP vs Temperature (~75 to 95% Recovery) Feb. 23 to May 7 
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Figure 2-5 
Normalized Avg Salt Passage vs Recovery (~75 to 95% Recovery) 
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Figure 2-6 
Normalized Avg Salt Passage vs Recovery (~75 to 94% Recovery) Feb. 23 to May 7 

 

2.1.3 Membrane Autopsy 

A tail element was removed prior to the CIP performed on Day 171 and sent off for a membrane 

autopsy.  AWC carried out the autopsy at their Florida laboratory and were on hand to assist with 

preparing the membrane for shipment. 

A copy of the autopsy report is included in Appendix E. Key findings from the autopsy report 

were: 

 Membrane was in very good visual condition upon arrival.  A light foulant deposition was 

observed on the membrane leaves. However, the foulant density was ~0.19 µg/cm2 when 

dehydrated, which was considered extremely low; 

 Initial wet testing found that the membrane flux to be ~2.68% below manufacturer’s 

nominal specification; and 

 Flat sheet testing with coupons collected along the flow path of the membrane performed:  
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• Initial cell testing, performed on coupons that had been soaked in deionized water for 

24 hours prior to testing, found permeability to be approximately 20% greater than the 

manufacturer’s nominal specification, though salt rejection was within specification.   

• The membrane coupons were cleaned first with 2% AWC C-227, a high pH chemical 

cleaner for organic based matter. The cleaning was performed at pH 11.9 and 35°C for 6 

hours. Permeability increased significantly, with a slight decrease in salt rejection.   

• A follow up cleaning was performed with 2% AWC C-234, a low pH chemical cleaner. 

The cleaning was performed at pH ~1.7 and 27°C for 2 hours. A marginal decrease in 

permeability was observed, with a slight increase in salt rejection.   

• Overall, membrane permeability increased by approximately 45% over the nominal 

specification. The salt rejection, when normalized for flux, was within specification. 

AWC concluded that even though the membrane, upon arrival, only exhibited a slight loss of 

permeability compared with the manufacturer’s nominal specification, the results of the cleaning 

study suggested that an organic foulant had been removed from the membrane surface, given the 

significant increase in permeability above the nominal specification. 

Although such high permeability relative to the nominal specification could have been indicative 

of underlying membrane deterioration due to minor halogenation (oxidant damage), the Fujiwara 

test was negative and salt rejection was within specification.  The results suggest that the 

membrane was substantially more permeable than would have been expected based on the 

manufacturer’s data sheet. 

2.2 MF Pretreatment 
As it was not the primary focus of the pilot investigation, the MF pilot’s operating setpoints 

remained the same throughout the duration of the trials.  The setpoints were set up to provide 

conservative operating conditions in order to guarantee relatively trouble-free performance, and 

reduced cleaning demand, in order for the pilot study to focus primarily on optimizing the CCRO 

process.  To ensure sufficient filtrate for the CCRO, but avoid overflow of the MF Filtrate Tank, the 

MF pilot flow rate was automatically ramped up/down to maintain a constant operating level in 

the tank. 

Setpoints included: 

 Maximum Filtrate Flow = 57 gpm (~26 gfd) 

 Minimum Filtrate Flow = 20 gpm (~9 gfd) 

 Time Between Backwashes = 45 min 

With the above setpoints, the MF system operated with a recovery around 98% throughout the 

trial. 
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Mini-CIPs (i.e. maintenance cleans) were initiated manually and generally occurred bi-weekly.  

Only caustic/ hypochlorite cleans were necessary.  The cleaning events are summarized in the 

table below: 

Table 2-3 Mini-CIP Cleaning Events 

Date Type of Mini-CIP 

4-Nov-2020 Caustic/ Sodium Hypochlorite 

16-Nov-2020 Caustic/ Sodium Hypochlorite 

30-Nov-2020 Caustic/ Sodium Hypochlorite 

7-Dec-2020 Caustic/ Sodium Hypochlorite 

14-Dec-2020 Caustic/ Sodium Hypochlorite 

04-Jan-2021 Caustic/ Sodium Hypochlorite 

18-Jan-2021 Caustic/ Sodium Hypochlorite 

01-Feb-2021 Caustic/ Sodium Hypochlorite 

16-Feb-2021 Caustic/ Sodium Hypochlorite 

01-Mar-2021 Caustic/ Sodium Hypochlorite 

15-Mar-2021 Caustic/ Sodium Hypochlorite 

29-Mar-2021 Caustic/ Sodium Hypochlorite 

21-Apr-2021 Caustic/ Sodium Hypochlorite 

27-Apr-2021 Caustic/ Sodium Hypochlorite 

 

Based on the transmembrane pressure (TMP) and permeability data, membrane performance 

was relatively stable and only minor fouling was observed throughout the trial.  Although gradual 

declines in permeability (and concurrent rise in TMP) were observed on occasion, especially 

when the mini-CIP frequency extended beyond a two-week period, the mini-CIPs were generally 

effective in restoring the membrane’s baseline performance and a full-strength CIP was never 

performed.  In some cases, membrane performance was not fully restored after the mini-CIP 

event, but was restored after the subsequent cleaning two weeks later.  Because of the 

intermittent use of the MF pilot’s sodium hypochlorite dosing system, air locks in the dosing line 

did occur and were not always fully purged during the cleaning cycle resulting in Train 1 

receiving less available chlorine compared with Train 2.  This issue could be remedied by priming 

the line manually before the initiation of the first clean. 

Figure 3-7 and Figure 3-8 below present the cumulative trends of performance data for UF Trains 

1 and 2 that have been collected off the HMI over the testing cycle.  The caustic/hypo mini-CIP 

events performed on the membranes are noted with red lines overlaid on these figures. As noted 

earlier, the large variation in flux data (red) is a result of the feed pump control algorithm, which 

was configured to ensure a constant level in the Filtrate Tank while avoiding overflow conditions. 
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The performance data were calculated using the following equations: 

 Transmembrane Pressure (TMP): 

#R� = ����� − ��_`�D� + ℎ      (abQ) 

4ℎ6�6: ℎ = &T6cHPQ�; YQII6�6;O6 �I ��6bbd�6 #�H;b<dO6�b 

 Flux (J): 

e = %T�4 (Ka�) × 1440
R6�G�H;6 f�6H      (KI<) 

4ℎ6�6:  R6�G�H;6 f�6H = 4 × 775 IPg 

 Viscosity (h): 

h = 1.75 − 0.049# + 0.0006#g    (O�) 

 Temperature Corrected Flux at 20℃ (egi): 

egi = h × e     (KI<) 

 Permeability at 20℃: 

�6��6HGQTPjgi =  egi#R�    (KI<
abQ  @ 20℃) 

 

 



 SECTION 2 •  PILOT DATA 

2-15 

 
Figure 2-7 
UF Train 1 Cumulative Performance (Oct-23-2020 to May-1-2021) 
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Figure 2-8 
UF Train 2 Cumulative Performance (Oct-23-2020 to May-1-2021) 
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Figure 2-9 
Representative 24-hr Run Cycle (Train 2) 
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Section 3 

Cost Comparison 

To compare the cost effectiveness of utilizing CCRO in favor of a conventional 3-stage RO design 

for the full-scale facility, this section compares budgetary level capital construction (equipment 

costs only) and operations and maintenance (O&M) costs for the two systems, including 

evaporation ponds.  Although the CCRO may provide a slight overall improvement in overall 

recovery (94% vs approximately 93%), for the purposes of simplification, this report assumes 

that all other project components (buildings, ancillary systems, pretreatment, etc.) are identical 

and are not covered in this comparison. 

3.1 Assumptions 
The assumptions include: 

 Process equipment sized to provide 2 mgd of treated water (~1,370 gpm), approximately 

2000 acre-ft/year. 

 Conventional 3-Stage RO design based on the following: 

• 2 x 2.0 mgd trains (1 Duty/ 1 Standby) 

• Average Flux = 12 gfd 

• Recovery (2-stage) = 85% 

• Recovery (3rd stage) = 52%  

• Overall Recovery = 92.8% 

• Flow Factor = 0.85 

 CCRO design based on the following: 

• 3 x 1.0 mgd trains (2 Duty/ 1 Standby) 

• Average Flux = 10 gfd 

• Recovery = 94% 

• Flow Factor = 0.85 

 Feed water quality based on average values measured during the pilot study. 

 Design present worth period assumed to be 30 years with a discount rate of 3.5 percent. 

 An escalation rate of 5% was applied to annual O&M costs.  
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3.2 Annual Operation and Maintenance (O&M) Costs 
Annual O&M costs are divided among the following:  

 Power – Power costs associated with RO systems only.  Power estimates were generated by 

vendor software used to model the specific RO design and calculate antiscalant dose rates. 

 Chemicals – Includes chemical usage for 93% sulfuric acid and antiscalant, the two 

chemicals associated with RO treatment.  As the CCRO utilizes a higher antiscalant dose rate 

compared with a conventional 3-stage design, the selected antiscalant product for this 

system is based on a formulation that is twice as concentrated as the formulation selected 

for the 3-stage RO design.  Acid and antiscalant dosing rates were calculated using AWC’s 

proprietary Proton software.  Antiscalant dose rates for the CCRO were adjusted up based 

on the piloting investigation, which employed AWC’s A-112 product at a dose of 12 mg/L.  

 Replacement – Includes replacement costs for RO membranes.  This estimate assumes a 5-

year membrane useful life. 

 Maintenance – Includes assumed routine maintenance and materials costs. The assumption 

is that annual maintenance including ultimate replacement costs are on the order of 2% of 

the equipment capital costs.  

 Labor costs are assumed to be similar between the two systems and are thus not included 

for comparison.  

A 10% contingency is added to the O&M costs. 

Table 3-1 O&M Cost Comparison – CCRO vs Conventional 3-Stage RO 

Treatment 
Option Category 

Cost  

($) 

Conventional 3-
Stage RO 

Power $131,000 

Chemical Costs $123,000 

Replacement Costs $34,000 

Maintenance Costs $48,000 

                           Subtotal Annual O&M Costs $336,000 

Contingency (10%) $33,600 

Annual O&M Costs $369,600 

CCRO Power $154,000 

Chemical Costs $198,000 

Replacement Costs $60,000 

Maintenance Costs $54,000 

                           Subtotal Annual O&M Costs $409,000 

Contingency (10%) $40,900 

Annual O&M Costs $449,900 
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3.3 Capital Cost Summary 
The table below summarizes the capital costs for the two different RO systems.  Because of the 

customizable nature of conventional RO design, it is assumed that a single duty train capable of 

producing 2.0 mgd will provide the lowest net present value (NPV).  Unlike conventional RO, 

Desalitech’s pre-fabricated CCRO skids are available in discrete sizes.  A high level assessment by 

the vendor suggested that three 1.0 mgd trains would be the most economical for this project. 

Table 3-2 Capital Cost Summary – CCRO vs Conventional 3-Stage RO  

Treatment 
Option Category 

No. Units Cost 

($/unit) 

 Total Cost 

($) 

Conventional 3-
Stage RO 

2 x 2.0 mgd RO skids (3-stage) 2 $1,200,000 $2,400,000 

CCRO 3 x 1.0 mgd CCRO skids 3 900,000 $2,700,000 

 

3.4 Evaporation Pond Considerations 
In the May 2018 Preliminary Design Report for the PWR prepared by CDM Smith, a capital cost 

for the evaporation ponds associated with the full-scale 2,000 AFY AWPF was estimated at 

$9,200,000.  To bring this value into 2021 dollars, an escalation rate of 5.0 percent was applied to 

come up with a revised value of $10,580,000. 

A 2 mgd CCRO process operating at 94% would produce approximately 89 gpm of brine 

compared with a conventional 3-stage RO operating at 92.8%, which would produce 

approximately 108 gpm.  This represents a reduction in the flow to the Evaporation Ponds of 

approximately 18%. 

Assuming the pond size between the two treatment options would decrease proportionally with 

brine flow, the total cost for evaporation ponds with the CCRO option is reduced to approximately 

$8,718,700.  

For this cost exercise, although smaller ponds could impact the number of evaporators required, 

as the final number has not been optimized, no decrease in O&M costs have been assumed. 
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3.5 Overall Cost Comparison 
A 30-yr NPV is presented below for each system along with cost/acre-foot based on a 30-yr 

production period. 

Table 3-3 Overall Cost Comparison – CCRO vs Conventional 3-Stage RO 

Treatment Option Category Value 

Conventional 3-Stage 
RO 

Annual O&M Costs $369,600 

Capital Costs – 3-Stage RO $2,400,000 

Capital Costs – Evaporation Ponds $10,580,000 

30-yr NPV $26,508,000 

Total Yield (30 years) 60,000 AF 

NPV/AF $442/AF 

CCRO O&M Costs $449,900 

Capital Costs – CCRO $2,700,000 

Capital Costs – Evaporation Ponds $8,718,700 

30-yr NPV $28,033,000 

Total Yield (30 years) 60,000 AF 

NPV/AF $467/AF 

 

The results indicate that conventional RO still provides an improvement in 30-year life cycle cost 

when compared to CCRO ($442/AF vs. $467/AF).  

However, one potential option for improving the cost effectiveness of the CCRO process could 

involve automatic adjustment of the target pH setpoint during the closed circuit cycle, rather than 

maintaining a constant pH target as was done during the pilot study. Based on initial modeling 

work using AWC’s Proton antiscalant projection software, along with average water quality data 

gathered during the pilot study, no pH adjustment is required until the recovery exceeds 

approximately 65% (i.e. after which at least one scale warning is generated by the antiscalant 

vendor’s software without some degree of pH reduction).   

When such pH optimization is considered, it may be possible to reduce acid consumption on the 

order of 30 to 50% (depending on feed water characteristics), representing a chemical cost 

savings between $30,000 and $60,000 per year.  When the cost of smaller ponds is factored in, 

the 30-year life cycle cost of the CCRO with pH optimization is reduced down to a range of $446 to 

$424/AF, essentially the same or better than the cost of the conventional three-stage system 

described in the Preliminary Design Report (PDR) for the full-scale facility. Considering that the 

CCRO provides operational flexibility not available with conventional RO, such as the ability to 

adjust recoveries in real-time based on changes in feed water quality, there appears to be 

sufficient justification in considering CCRO a cost-effective alternative to the conventional 3-stage 

approach. 
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Section 4 

Conclusions 

The following key observations and summaries are made with respect to the overall treatment 

train at the conclusion of this pilot study which was conducted from October 23, 2020 through 

May 7, 2021: 

 The MF system design parameters, namely the maximum instantaneous flux (approx. 26 

gfd) and backwash interval (45 minutes), provided for reliable operation and extended run 

time, generally two weeks, between mini-CIP events.  As a result of the general 

effectiveness of the mini-CIPs, a full CIP was not performed during the trial.  Based on these 

results, the ability to achieve further optimization of the MF process is expected. 

 Stability of the CCRO process was similar to conventional RO when operated up to the 

recovery values typically utilized for conventional RO in reuse applications treating this 

quality of feed water (92 to 93%).  The pilot operated for approximately 55 days at 92% 

with little to no change in the normalized data. 

 RO performance loss was primarily expressed as a reduction in the normalized permeate 

flow, though changes in normalized salt passage were observed, particularly during the 

first extended run at 94% recovery. 

 The CCRO process became slightly less robust as the recovery increased beyond 92%, 

however, it was possible to achieve run times around 30 days between CIP events at 94% 

recovery, a common benchmark for establishing sustainability relative to the selected 

design criteria.   

 CIP events on the CCRO pilot were initiated when normalized permeate flow losses 

exceeded 15% relative to the estimated baseline.  In some cases, membranes were cleaned 

simply in response to a large decrease relative to the baseline, in order to ensure the 

validity of the performance data for the subsequent run.  This approach was deliberately 

conservative and intended to ensure no irreversible fouling of the membranes occurred 

during the time available to operate the pilot.  It is important to note that in many reuse 

applications, normalized permeate flow losses may be allowed to reach 20 to 25% without 

impacting the ability to restore clean membrane conditions.   

 pH suppression/control is critical for controlling calcium phosphate scaling of the RO 

membranes.    

 The RO membrane autopsy indicated little to no evidence of scale on the surface of the tail 

element, indicating the effectiveness of the antiscalant and pH setpoints that were used 

during the run.  Given this observation, it is assumed that some degree of optimization for 

both these chemicals is possible. 
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 The autopsy performed on a tail RO membrane pulled at the end of the first extended run at 

94% recovery indicated that the primary cause of permeability loss was related to an 

organic foulant.  Taken together, both soaking in deionized water, and a generic high pH 

clean, were able to increase membrane permeability by approximately 45% over the 

nominal membrane specification.    

 Cost modelling indicates that the 30-yr NPV for a conventional 3-stage RO design operating 

at approximately 92.8% overall recovery and producing 2,000 AFY is approximately 

$442/AF.  This figure includes the cost of the evaporation ponds detailed in the PDR, which 

was updated to 2021 dollars.  The 30-yr NPV for a CCRO system operating at 94% overall 

recovery and producing 2,000 AFY is approximately $467/AF, which includes the adjusted 

cost for smaller ponds.   

 Initial modelling work performed using AWC’s antiscalant projection software indicates 

significant chemical savings, on the order of $30,000 to 60,000/yr, could be realized if 

automatic pH adjustment were incorporated into the CCRO operating cycle.  When this cost 

savings is factored into the life cycle cost, the 30-yr NPV is reduced from $467 to between 

$424 and $446/AF, which is the same value or better than what is calculated for the 

conventional 3-stage RO design. 
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Section 5 

Next Steps 

Based on results of this pilot, we would recommend the following be pursued as part of the 

upcoming detail design activities: 

 Review piloting results and identify most cost-effective approach for incorporating CCRO 

into the overall treatment process; 

 Expand the cost review to include upstream processes in order to improve the accuracy of 

the life cycle cost estimates and the overall comparison between RO design approaches; 

and 

 Consider restarting the CCRO pilot in order to test pH optimization and confirm estimated 

savings determined by the desktop study. 
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Appendix A 

MF Pilot Plant Layout  
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PARTS LIST

QTY/ LengthDESCRIPTIONPART NUMBERITEM

1See drawing 

"IS-FLA-EMWD-R05-01"

1.5in Flange Adapter1

2See drawing 

"IS-FLA-EMWD-R05-01"

2in Flange Adapter2

4See drawing 

"IS-FLA-EMWD-R05-01"

3in Flange Adapter3

1See drawing 

"IS-FLA-EMWD-R05-01"

3in SS316 Flange Adapter4

1See drawing 

"IS-FLA-EMWD-R05-01"

4in Flange Adapter5

1See drawing 

"IS-FLA-EMWD-R05-01"

6in Flange Adapter6

1120V Load panelAE 1338.500 (1)7

1Transformer enclosureAE 1360.500 (1)8

1See drawing 

"SC-EMWD-R05-01"

Assembly - Container9

2 Band for CIP tank10

1See drawing 

"PI-FD-EMWD-R05-05"

Brine Feed Inlet Int.11

1See drawing 

"IS-BR-EMWD-R05-03"

Brine inlet to Feed tank12

1See drawing 

"IS-BR-EMWD-R05-02"

Brine to CIP Tank Line213

1See drawing 

"IS-BR-EMWD-R05-04"

Brine to Drain Int.14

1See drawing 

"WT-CIP-EMDW-R05-01"

CIP Tank 550 GAL15

1See drawing 

"IS-CIP-EMWD-R05-01"

CIP Tank to Feed Line16

1See drawing 

"DP-EMWD-R05-01"

Dosing pumps box17

1See drawing 

"IS-DR-EMWD-R05-02"

Drain line Int18

1See drawing 

"IS-DR-EMWD-R05-03"

Drain of CIP tank19

1See drawing 

"WT-FEED-EMDW-010-01"

Feed tank20

1See drawing 

"IS-FD-EMWD-R05-02"

From Feed tank to RO21

1Power Supply connection 

box

NSYPLM4322

1See drawing 

"IS-OF-EMWD-R05-01"

OF of CIP tank23

1See drawing 

"SC-PR-EMWD-R05-02"

Permeate to CIP Tank Line24

1See drawing 

"IS-PR-EMWD-R05-03"

Permeate to Feed tank Line25

1See drawing 

"GA-EMWD-R05-02"

RO R526

1See drawing 

"IS-FD-EMWD-R05-04"

Raw inlet to Feed tank27

1See drawing 

"STR-EMWD-R05-02"

Skid for Feed tank28

3DWG No. GD-STR-51 

"Type 1"

Pipe Support Parallel Welded 

Clamp 4''

29

3DWG No. GD-STR-51 

"Type 1"

Pipe Support Parallel Welded 

Clamp 6''

30

1

1

2

2

3

3

4

4
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Introduction 

On 04/26/2021, a membrane was received for autopsy. This report describes the membrane 

autopsy procedures performed for SPI Engineering- EMWD CCRO Pilot.  

The observed findings are presented herein. 

Membrane Information 

Element 

Position 
Manufacturer Model Number Serial Number 

Element 

Diameter 

Tail Position Filmtec Fortilife CR100i T7784622 8” 

 

Table 1: Membrane Information. 

 

 

Figure 1: Membrane Information. 

 

 

Figure 2: Serial number. 
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Shipping and Handling Condition 

The element arrived at AWC’s facility packaged in a cardboard box and closed with tape. The 

element was packaged in a cardboard box. The element was placed inside plastic bags and closed 

with tape.  

 

 

Figure 3:The element arrived at AWC’s facility packaged in a cardboard box and closed 

with tape.  

 

 

 

Figure 4: The element was placed inside membrane bags and closed with tape.  

 

 

Figure 5: The element was placed inside plastic bags and closed with tape.  
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Element Weight 

The module was weighed as received in wet condition.  

 

Results 

 

Manufacturer Model 

Membrane 

 (as received)  

wet weight (lbs) 

Typical Clean 

Membrane wet 

weight (lbs) 

Filmtec Fortilife CR100i 29.8 lbs 32-35 lbs 

 

Table 2: Weight Test Results. 
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External Inspection 

The external condition of the element was inspected and recorded. 

 

Fiberglass Shell and Anti-telescoping Devices (ATDs) 

The element appeared to be in good condition.  

 

 

Figure 6: Fiberglass shell. 

 

 

Figure 7: Brine seal.  

 

 

Figure 8: Outer diameter of the feed ATD, after removing the brine seal. 
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Figure 9: Feed ATD. 

 

 

Figure 10: Feed ATD. 
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Figure 11: Concentrate ATD. 

 

 

Figure 12: Concentrate ATD.  
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Full Element Performance Test 

A wet test was performed prior to opening the membrane. 

 

Test Conditions: 

Test Protocol  

(Specific to membrane  

manufacturer's spec sheet) 

Membrane Make 

and Model: 

Filmtec  

Fortilife CR100i 

Membrane Serial 

 Number: 
T7784622 

Membrane Position: Tail (CCRO) 

Feed Solution and  

Concentration (ppm): 
2000 ppm, NaCl 

Feed solution pH: 8 

Feed solution  

Temperature (°C): 
25°C 

Feed Pressure (PSI): 225 psi 

Feed Flow (gpm): 

(Target) 
53.24 

Spec QC range 

(max/min): 

+15% 

-15% 

 

Results 

 

Initial performance testing showed membrane flux to be ~2.68% below manufacturer’s nominal 

specification. Membrane salt rejection (normalized for flux) was ~0.14% above the 

manufacturer’s nominal specification. The differential pressure across the element was within the 

expected range.  
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Full Element Performance Test  

S#T7784622 
 

Feed Temperature (°C): 30.0 

Feed Solution pH: 7.51 

VFD Setting (Hz): 50.0 

 
    GPM GPD 

Feed NaCl: 2028 PPM Feed Flow 53.6 77186 

Concentrate NaCl: 2433 PPM Concentrate Flow 44.6 64224 

Permeate NaCl: 4 PPM Permeate Flow 9.0 12962 

Feed Conductivity:  3920 μs/cm Differential Pressure (PSI) 1.9  

Concentrate Conductivity: 4689 μs/cm Applied Pressure (PSI) 225  

Permeate Conductivity: 8.63 μs/cm Average Pressure (PSI) 224  

SDI of Test Solution Before Testing: 1.02  Membrane Surface Area (ft2) 400  

SDI of Test Solution After Testing: 3.95     

 
Recovery based on Flow Rates (%) 16.79% 

Flux (GFD) 32.4 

Specific Flux (GFD/PSI) 0.14 

Temperature Correction Factor 1.1574 

Temperature Corrected Flow (GPM) 7.78 

 Temperature Corrected Salt Rejection (%) 99.84% 

 

 
Manufacturer 

Specification 

(nominal) 

Manufacturer 

Specification 

(minimum)  

AWC Wet 

Test Result 

(Normalized 

to 25°C)  

%Difference 

from Nominal 

Specification 

%Difference 

from Minimum 

Specification 

Permeate Flow (GPD) 11500 9775 11199.5 -2.61% +14.57% 

Recovery (%) 15.0% 12.8% 14.6% -2.61% +14.57% 

Flux (GFD) 28.75 24.44 28.00 -2.61% +14.57% 

Specific Flux 0.146 0.124 0.142 -2.68% +14.49% 

Salt Rejection (%) (NaCl) 99.70% 99.40% 99.84% +0.14% +0.44% 

Salt rejection 

normalized for flux 
- - 99.84% +0.14% +0.44% 

∆P – Spec Test Condition    

Avg. Flow 
4.3* 4.3* - - - 

∆P – Measured Avg. Flow 4.2* - 2.0 -52.56% - 

 
* Estimated based on Reynolds number (function of feed spacer height, temperature, cross-flow velocity) 
and friction coefficient of 6.23Re0.3.  
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Vacuum Test 

A vacuum test is performed in order to determine the presence of leaks in the membrane. Leaks 

may occur through damage of the membrane surface by abrasion, delamination or water 

hammer. While the membrane is completely drained, the element is evacuated to 1.5 - 4.5 psi 

absolute pressure. An isolation valve is then closed and the element monitored for pressure 

decay.  A rapid pressure gain greater than 1.5 psi per minute would be indicative of a significant 

breach in integrity. 

 

Results 

 

The membrane passed the vacuum integrity test. 

 

 

Start 

Pressure 

(PSI) 

Pressure 

after 1 min 

(PSI) 

Pressure 

after 2 min 

(PSI) 

Pressure Gain 

(PSI) 
Pass/Fail 

Trial #1 -3.21 -2.14 -2.99 +0.22 Pass 

Trial #2 -3.27 -3.15 -3.05 +0.22 Pass 

Table 3: Vacuum test results. 
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ATD and Fiberglass Shell Removal 

No telescoping was observed at the concentrate end of the element.  

 

 

Figure 13: The feed end of the element. 

 

 

Figure 14: The feed end of the element. 
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Figure 15: The concentrate end of the element. 

 

 

Figure 16: No telescoping was observed on the concentrate end of the element. 
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Inspection of Membrane Leaves and Foulant Collection 

Light foulant deposition was observed on the membrane leaves.   

 

 

Figure 17: Membrane unraveled. 

 

 

Figure 18: Light foulant deposition was observed on the membrane leaves. 
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Figure 19: Foulant collected after addition of water. 

 

 

Figure 20: Collection from one leaf was slightly turbid. 
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Inspection of Membrane Feed Spacers 

The feed spacers appeared clean and intact to the naked eye.  

 

 

Figure 21: The feed spacers appeared clean and intact to the naked eye. 
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Inspection of Membrane Glue Lines 

No osmotic bubbling was observed along the glue line.  

 

 

Figure 22: No osmotic bubbling was observed along the glue line. 
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Inspection of Permeate Side of Membrane leaves 

The permeate side of the membrane appeared clean and intact to the naked eye. 

 

 

Figure 23: The permeate side of the membrane. 

 

 

Figure 24: The permeate side of the membrane appeared clean and intact to the naked eye. 
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Inspection of Permeate Spacers  

The permeate spacers appeared clean and intact to the naked eye.  

 

 

Figure 25: The permeate spacers appeared clean and intact to the naked eye. 
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Foulant Surface Density 

The foulant surface density is used to quantify the extent of fouling and/or scaling on the membrane 

surface by calculating the ratio of foulant mass to the surface area from which it was collected. 

The calculation is performed on the foulant upon collection, and again after dehydration at 105°C. 

Since all elements are performance tested prior to autopsy, water introduced during the testing will 

interfere with the foulant density values.  This test is limited to material that can be scraped from 

the surface using a spatula; in cases where the foulant is tightly adhered to the membrane surface; 

deionized water is sprayed on the surface to facilitate collection.  For these reasons, only the 

dehydrated foulant surface density value is consistently reliable. 

 

Results 

 

The foulant density was ~0.19 µg/cm2 when dehydrated; this was considered extremely low. 

 

 Wet Dehydrated 
DI Water Spray 

required (Y/N) 

Foulant Surface 

Density 
-- 0.19 µg/cm2 Y 

 

Loss on Ignition Test of Foulant 

A Loss on Ignition (LOI) test is performed to determine the organic/inorganic content of the 

foulant. The collected foulant samples are first heated at 105 °C overnight to remove moisture 

and volatile compounds. The dehydrated samples are then fired at 450 °C for 8 hours to combust 

any organic materials. The percentages of moisture, organics and inorganics are then calculated 

based on the loss of mass. This test is limited to material that can be scraped from the surface 

using a spatula, and the results should be considered within that context. 

 

Results 

 

The foulant that could be collected with a spatula was insufficient to perform this test.  
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Chemical Solubility Testing of Foulant  

Samples collected from the membrane surface are tested for solubility in concentrated acid. 

 

Effervescence in the presence of acid usually indicates the presence of carbonate salts such as 

calcium carbonate.  

 

Results 

 

The dehydrated foulant was not visibly soluble in the ~37% HCl solution.  

No effervescence was observed upon the addition of acid to the dehydrated foulant.  
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Foulant 

 

Figure 26: The dehydrated foulant was not visibly soluble in the ~37% HCl solution.  

 

 

Figure 27: No effervescence was observed upon the addition of acid to the dehydrated 

foulant.  
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Cell Test & Cleaning Study  

Cell testing is performed in order to determine the performance of the membrane.  Samples of 

the membrane are collected from the element and soaked in deionized water for 24 hours to help 

remove fouling. They are then tested using the performance test conditions set by the 

manufacturer. Salt rejection and flux measurements are compared with the manufacturer’s 

specifications and the initial full element performance tests.  Cell tests were performed before 

and after cleaning. 

 

 

Test Conditions: 

Feed Pressure 225 psi 

Feed Concentration 2000 ppm  

Concentrate Flow 0.8 gpm 

Feed Temperature  25°C 

 

Results 

 

Initial cell testing found permeability to be greater than the manufacturer’s specification, though 

salt rejection was within specification.  

The membrane coupons were cleaned first with 2% AWC C-227, a high pH chemical cleaner for 

organic based matter. The cleaning was performed at pH 11.9 and 35°C for 6 hours. Permeability 

increased significantly, with a slight decrease in salt rejection.  

A follow up cleaning was performed with 2% AWC C-234, a low pH chemical cleaner. The 

cleaning was performed at pH ~1.7 and 27°C for 2 hours. A marginal decrease in permeability 

was observed, with a slight increase in salt rejection.  

Overall, the membrane cleaning procedure caused further increase in membrane permeability 

above the nominal specification. The salt rejection when normalized for flux was within 

specification. 
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Summary 

 

 
Manufacturer's 

Specifications  

(nominal) 

Manufacturer's 

Specifications  

(minimum) 

AWC full 

element wet test 

results 

% Salt Rejection 99.70% 99.40% 99.84% 

Specific Flux (gfd/psi) 0.146 0.124 0.142 

 

  

Initial 

Flat Sheet 

Performance 

High pH: 

2% AWC C-

227 at pH 

11.9 35ºC 

For 6 hours 

Low pH: 2% 

AWC C-234 

at pH 1.7 

27ºC  

For 2 hours 

%Difference 

Final  

Vs. Spec 

(nominal) 

%Difference 

Final  

Vs. Spec 

(minimum) 

%Change 

from 

initial 

Final Salt 

Rejection 

Normalized 

for Flux 

%Difference 

Flux 

Normalized 

Rejection 

Vs. Spec 

Salt Rejection (%) 99.75% 99.69% 99.70% +0.00% +0.31% -0.05% 99.56% -0.14% 

Membrane  

Specific Flux (gfd/psi) 
0.176 0.221 0.213 +45.81% -71.54% +21.52% N/A N/A 
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Figure 28: Cell test using 2000 ppm NaCl solution at 225 PSI. 

 

 

Figure 29: Coupons collected from the membrane. 
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Dye Test  

In this test, a dye solution is applied under pressure to the feed side of the membrane sheet, after 

cell testing and cleaning of the membrane coupons.  This allows for exposure of any damage 

beneath the foulant, and can be correlated to the cell test salt rejection and flux results.  The 

membrane coupons are tested in the same cells in which cleaning had been performed, 

eliminating the risk of surface damage due to mishandling. If the membrane is damaged 

mechanically or chemically, the dye color will penetrate to the permeate side of the membrane.  

 

Results 

 

Minimal dye penetration to the permeate side of the membrane was observed.  
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Figure 30:Pressurized dye testing – feed side.  

 

 
 

Figure 31: Minimal dye penetration to the permeate side of the membrane was observed. 

*Note that permeate side images were flipped horizontally for easier visual comparison.  
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Fujiwara Test  

This test is performed to determine whether the membrane surface or foulants have been exposed 

to a halogen, such as Chlorine or Bromine. It is standard procedure to perform a Fujiwara test on 

a membrane that exhibits behavior associated with oxidation damage.  However, this test is only 

qualitative, and has low sensitivity. The results are therefore always reviewed within the context 

of membrane performance and the results of other tests. 

 

Results  

 

The membrane coupons tested negative for halogen exposure.  

 

 

Figure 32: The membrane coupons tested negative for halogen exposure.  
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Electron Microscopy and X-Ray Spectroscopy Analysis 

Scanning Electron Microscopy (SEM) and Energy Dispersive 

Spectroscopy (EDS) with Superimposed Elemental Imaging (SEI®) 

Scanning Electron Microscopy (SEM) analysis is used to determine the topography and 

morphology of a sample.  The SEM shows very detailed 3-dimensional images at much higher 

magnification than an optical microscope. 

 

Energy Dispersive X-ray Spectroscopy (EDS) analysis is generally performed together with 

electron microscopy to identify and quantify the elemental composition of a sample surface.  The 

sample material is bombarded with electrons from an SEM which produce X-rays.  The 

produced X-rays are then measured by an X-ray dispersive spectrometer. Every chemical 

element has its own characteristic wavelength by which it can be identified.  EDS spectra, 

together with composition (Weight percent and Atomic percent) are attached in the section.   

  

Results 

 

No inorganic deposits were found on the membrane surface. 

 

 

Figure 33: Samples collected from the membrane. 
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Fouled membrane surface 

 

Figure 34: Electron micrograph of the membrane surface at 50X magnification. 
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Figure 35: Prismatic Elemental Delineation (PED®) of membrane surface at 50X magnification. Deposits found: No inorganic 

deposits were found. 
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Figure 36: Superimposed Elemental Imaging (SEI®): No inorganic deposits were found. 

 

500 µm
Ch 1    MAG: 50x    HV: 15 kV    WD: 9.8 mm

Ch 1 C S



34 
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Figure 37: Electron micrograph of the membrane surface at 1000X magnification (Spectrum 1). 
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Figure 38: EDS and composition bar graph analysis of the membrane deposit from 

Spectrum 1. 

 

 

Table 4: Composition table from the EDS spectrum of localized deposit from Spectrum 1. 
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Figure 39: Prismatic Elemental Delineation (PED®) of membrane surface at 1000X magnification. Deposits found: No 

inorganic deposits were found other than sodium chloride residue from membrane performance testing. 
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Figure 40: Superimposed Elemental Imaging (SEI®): No inorganic deposits were found. 
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FTIR analysis 

Fourier Transform Infrared spectrometer (FTIR) is a powerful tool for identifying types of 

chemical bonds (functional groups). The wavelength of light absorbed is characteristic to the 

chemical bond. The tested material can be identified by comparing its spectrum to the spectra of 

documented compounds in the database.  

 

The following samples were analyzed with FTIR:  

• The fouled membrane surface (see Figure 41). 

• The cleaned membrane surface (see Figure 42). 

 

Results: Fouled membrane surface 

The spectrum of the fouled membrane surface had a strong correlation to the virgin membrane 

surface (99% correlation).  

 

 

Figure 41: FTIR spectrum of the fouled membrane surface. 
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Results: Cleaned membrane 

 

The cleaned membrane coupon (from the benchtop cleaning study) was directly scanned by 

FTIR. The cleaned surface was found to strongly correlate (99% correlation) to the fouled 

membrane suggesting that any fouling was less than 0.5 µm in thickness and therefore could not 

be detected by FTIR.  

A virgin BW30XFR is comparable to a CR100 according to Dupont. The cleaned surface was 

found to strongly correlate to a virgin membrane.  

 

 

Figure 42: FTIR spectrum of the cleaned membrane surface. 
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Figure 43: FTIR spectrum of the cleaned membrane surface had a ~99% correlation to the 

fouled membrane surface.  

 

 

Figure 44: FTIR spectrum of the cleaned membrane surface had a ~94% correlation to a 

virgin membrane.  
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Biological Activity Reaction Test (BART)  

Slime forming bacteria and heterotrophic aerobic bacteria (HAB) tests were performed. When 

the BART tests are performed using biofilm rather than water samples, the population counts 

should only be used comparatively to determine the most dominant types of bacteria.  

It is important to note that the membrane is exposed to aerated water during performance testing 

(typically a standard test in AWC autopsy), and this may have an impact on HAB results. 

Results  

 

The dominant types of bacteria detected were heterotrophic aerobic bacteria. 

 

Test 
Test duration 

(days) 

Day of 

failure 

Population  

Cfu/mL 

Slime forming bacteria 8 Did not fail -- 

Heterotrophic aerobic bacteria 4 4 7,000 

 

Table 5: BARTS test results 
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Figure 45: SLYM – start (left), negative for slime forming bacteria (right). 

 

 

Figure 46: HAB – start (left), positive for heterotrophic aerobic bacteria (right) on day 4. 
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Results Summary  

Initial performance testing showed membrane flux to be ~2.68% below manufacturer’s nominal 

specification. Membrane salt rejection (normalized for flux) was ~0.14% above the 

manufacturer’s nominal specification. The differential pressure across the element was withing 

the expected range.  

Light foulant deposition was observed on the membrane leaves. The foulant density was ~0.19 

µg/cm2 when dehydrated; this was considered extremely low.  

 

Flat sheet testing was performed using coupons collected along the flow path of the membrane: 

Initial cell testing found permeability to be greater than the manufacturer’s specification, 

though salt rejection was within specification.  

The membrane coupons were cleaned first with 2% AWC C-227, a high pH chemical 

cleaner for organic based matter. The cleaning was performed at pH 11.9 and 35°C for 6 

hours. Permeability increased significantly, with a slight decrease in salt rejection.  

A follow up cleaning was performed with 2% AWC C-234, a low pH chemical cleaner. 

The cleaning was performed at pH ~1.7 and 27°C for 2 hours. A marginal decrease in 

permeability was observed, with a slight increase in salt rejection.  

Overall, the membrane cleaning procedure caused further increase in membrane 

permeability above the nominal specification. The salt rejection when normalized for flux 

was within specification. 

Dye testing found minimal dye penetration to the permeate side of the membrane coupon. 

The Fujiwara test was negative for halogen exposure. 

SEM/EDS/SEI/PED analysis found no inorganic deposits on the membrane surface. 

FTIR analysis of the fouled membrane surface had a 99% correlation to a virgin membrane; 

suggesting that any fouling was less than 0.5 µm in thickness and therefore could not be detected 

by FTIR. 

BART testing found the dominant types of bacteria detected to be heterotrophic aerobic bacteria. 

Discussion and Conclusions 

The element upon arrival was in excellent condition.  

SEM/EDS/SEI/PED analysis found no inorganic deposits on the membrane surface. 

Performance testing of the element found the permeability and salt rejection to both be within the 

manufacturer’s minimal specification.  Soaking the coupons in deionized water for 24 hours 

resulted in a permeability that was ~20% above the nominal specification.  Cleaning with AWC 

C-227 followed by AWC C-234 further increased the permeability to ~45% above the nominal 

specification.  The results of this cleaning study suggest that an organic foulant had been 
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removed from the membrane surface, but they are also indicative of underlying membrane 

deterioration.  The high permeability was suggestive of minor halogenation, however, the 

Fujiwara test was negative.  

A sample provided from the outer shell of the membrane element was analyzed (Appendix C) 

and determined to consist of a silicate-based material with some calcium sulfate inclusions.  No 

such deposits were identified on the membrane surface.  It’s not unusual to find scale formations 

in the stagnant solution around the membrane elements when operating with highly concentrated 

solutions in systems operating at high recovery. 



46 

 

Appendix A: Fortilife CR100i 
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Appendix B: COC and Questionnaire: 
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Appendix C: White Material from Pressure Vessels 

A small bag of white material was received with the membrane element for autopsy. The sample 

was collected from the pressure vessel when the element was removed from the system. 

 

 

Figure 47: White material from pressure vessels sample arrived with the membrane. 
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Electron Microscopy and X-Ray Spectroscopy Analysis 

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy 

(EDS) with Superimposed Elemental Imaging (SEI®) 

Scanning Electron Microscopy (SEM) analysis is used to determine the topography and 

morphology of a sample.  The SEM shows very detailed 3-dimensional images at much higher 

magnification than an optical microscope. 

 

Energy Dispersive X-ray Spectroscopy (EDS) analysis is generally performed together with 

electron microscopy to identify and quantify the elemental composition of a sample surface.  The 

sample material is bombarded with electrons from an SEM which produce X-rays.  The 

produced X-rays are then measured by an X-ray dispersive spectrometer. Every chemical 

element has its own characteristic wavelength by which it can be identified.  EDS spectra, 

together with composition (Weight percent and Atomic percent) are attached in the section.   

  

Results: White Material from Pressure Vessels 

 

The deposit consisted mainly of a silicate-based material with some calcium sulfate inclusions 
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White Material From Pressure Vessel 

 

Figure 48: Electron micrograph of the deposit at 50X magnification. 
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Figure 49: Prismatic Elemental Delineation (PED®) of the deposit at 50X magnification. Deposits found: Silicate-based material with some 

calcium sulfate inclusions. 
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Figure 50: Superimposed Elemental Imaging (SEI®): Silicate-based material with some calcium sulfate inclusions.
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Figure 51: Electron micrograph of the deposit at 10000X magnification (Spectrum 2 & Spectrum 3). 
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Figure 52: EDS and composition bar graph analysis of the deposit from Spectrum 2. 

 

 

Table 6: Composition table from the EDS spectrum of localized deposit from Spectrum 2. 
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Figure 53: EDS and composition bar graph analysis of the deposit from Spectrum 3. 

 

 

Table 7: Composition table from the EDS spectrum of localized deposit from Spectrum 3. 
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Figure 54: Prismatic Elemental Delineation (PED®) of the deposit at 10000X magnification. Deposits found: Silicate-based 

material with some calcium sulfate inclusions. 
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Figure 55: Superimposed Elemental Imaging (SEI®): Silicate-based material with some calcium sulfate inclusions. 
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FTIR analysis  

Fourier Transform Infrared spectrometer (FTIR) is a powerful tool for identifying types of 

chemical bonds (functional groups). The wavelength of light absorbed is characteristic to the 

chemical bond. The tested material can be identified by comparing its spectrum to the spectra of 

documented compounds in the database.  

 

The following samples were analyzed with FTIR:  

• The scale sample (see Figure 56).  

 

Results: White Material from the Pressure Vessel. 

 

The spectrum of the sample had peaks associated with silica. A library search found that the 

material correlated well with silica gel. 

 

 

 

Figure 56:FTIR spectrum of the scale sample.  
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Figure 57:FTIR spectrum of the scale sample had a ~88% correlation to silica.  
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Release of Liability  

The Membrane Autopsy Service (The Service) was performed in accordance with the standards 

of care, skill, and diligence normally provided by a professional in the performance of similar 

services. American Water Chemicals, Inc. makes no warranty of any kind with the respect to The 

Service and will not be liable for any damages resulting from the use or misuse of The Service. 

In no event shall American Water Chemicals, Inc. have any liability for The Service, including, 

but not limited to, special, indirect, incidental, consequential, or other direct damages whether 

such liability arises in contract, negligence, strict liability, or otherwise, and the Client hereby 

agrees to release and indemnify American Water Chemicals, Inc. against same. 

 



APPENDIX E • MEMBRANE AUTOPSY REPORT 

E-2 

 

This page intentionally left blank. 

 

 

 

 


