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Abstract

There has been a rapid growth in the use of RO membranes for wastewater reclamation. The membrane process
offers high removal rates for many contaminants and pollutants, as well as operating at low energy consumption.

It is very important that these commercial wastewater treatment plants operate consistently to minimize down-time
and maximize membrane life. Much has been learned about the optimum design and operation of a WWRO
system from the many small to mid-size WWRO plants that have been installed since the late 1970’s. More
recently, there have been a number of mega-sized WWRO plants have come about due to the confidence in
designing and running the smaller plants.

Flux rate, recovery and membrane element type continue to be evaluated. Most WWRO plants today use flux
rates in the 17-20 Imh range and recoveries in the 75-85% range. Further trials and studies are under investigation
to determine if these ranges can be extended. Some work with 16 inch membranes and special treatment
conditions suggest that more aggressive flux rates may be possible. Also, interstage pressure boost designs and
new membrane elements with thicker, low fouling spacers are able to provide better flux balance in the system.
The energy consumption of these new alternatives will be considered. There is also much data now available to
characterize the potential contaminant removal efficiencies possible with advanced membrane technology. These
are able to produce product water with the required purity. Rejection of different ions and organic contaminants is
reported.
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INTRODUCTION

There is an increasing use of reverse osmosis (RO) in the reclamation of wastewater. Relative to other
technologies, the main drivers for this include the low energy consumption of RO and the high rate of
contaminant removal. Also, the reliability of these plants has greatly improved, giving developers
confidence in the supply of water from this technology. These factors have been a key to the
acceptance of this technology.

RO treatment of wastewater started back in the late 1970’s with small plants, such as the one at Orange
County Water District. The experience gained from the many years of operation of existing plants has
been an essential aspect to the growth of this technology. This is especially evident in the fact that
many mega-sized wastewater RO plants have been built in the last five years (Figure 1). Included in
these plants are the 320,000 m3/d plant in Sulaibiya, Kuwait, the 280,000 m3/d Orange County
Ground Water Replenishment (GWR) plant in the USA, and the 228,000 m3/d plant in Changi,
Singapore. These have all become key installations to support the water-short communities where they
are located.



Figure 1 Historical Development of RO for Wastewater Reclamation
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The operation of these mega-plants has focused on lower energy of operation, consistent on-line time,
and extended membrane life. The most common process used for wastewater reclamation is the use of
conventional activated sludge process, followed by UF or MF membrane filtration, RO desalination,
and UV disinfection. (Seah 2003, Daugherty 2005) More recently, there has been a move to replace
the conventional activated sludge and membrane filtration processes by a membrane bioreactor. (Tao
2008) In either case, as long as there is effective filtration of colloidal material from the in-coming
feedwater, and there is chlorine dosing to maintain a few parts per million (ppm) of chloramines, the
RO membranes can operate very stably. (Bartels 2003). Beyond this basic and successful approach,
there have been a number of new process improvements.

BACKGROUND

There are many process features that are options for consideration when designing the wastewater
plant using RO reclamation. The engineers must choose the type of membranes, membrane array
configuration, one or two-pass membrane scheme, use of interstage boost pumps, flux rates,
recoveries, scale control chemicals, cleaning strategies, and biological control methods. One of the
key features is the fouling rate of a given membrane on a given wastewater feed. There have been
reports of significant permeability loss due to fouling of the RO. Wastewater contains many
contaminants which can foul the RO membrane. Due to the variability of the wastewater, this can
greatly affect the expected energy consumption for treatment. In one case (Walker 2007), there were
reports that certain industrial chemicals we causing the membranes to lose 40% of their permeability.
Also, there have been reports of the differences in fouling due to the type of membrane. (Alexander



2003) Thus, it is important to understand these characteristics before selecting the membrane. These
issues will be reviewed in more detail later in this paper.

Another critical feature about the operation of RO wastewater plants is the removal of contaminants
from the wastewater. The quality of the filtered water is critical for the type of use anticipated. In one
regard, industrial reuse of reclaimed wastewater is most restrictive. Treatment plants like those at
West Basin can use the reclaimed water for low and high pressure boilers, process water or irrigation.
(Abi-Samra 2002) In places like Singapore, the water is primarily used by the semi-conductor industry
for wafer fabrication. In all of these applications, the reclaimed water must conform to very strict
purity requirements. One example of the water quality requirement for West Basin is given in Table 1.

Table 1 Typical Water Quality Targets for Industrial Reuse

Limit: Limit:
Instantaneous Rolling Average

~ (mglh) (mg/l)
Calcium 2 1
Magnesium 1 2
Ammonia 5 4
Silica 2 1
Dissolved Solids 50 35

Achievement of this performance is totally dependent on the type of membrane selected. High
rejection membranes can achieve these targets, but there is a trade-off with energy consumption.
Generally, the higher the rejection of the membrane, the more pressure it requires. In some cases, the
water quality is so strict, such as with high pressure boiler feedwater, the permeate of the first pass
must be treated a with a second pass RO system. Therefore, it is critical to understand the rejection
characteristics of each membrane type and assure that it can meet the required product water quality.

More recently, there has been increasing use of RO in reclamation of wastewater for indirect potable
use. For example, the recent implementation of the GWR facility in Orange County produces 280,000
m3/d of treated wastewater that is used to augment the groundwater in the region that supplies local
municipalities with drinking water. (Franks 2004) RO plays an integral role in the advanced treatment
process used at this plant. At this plant, low pressure, high rejection ESPA2 membranes are used to
make RO permeate with less than 50 mg/l TDS. But more importantly, RO membranes are extremely
valuable for ensuring that the reclaimed water is safe for potential potable reuse. Wastewaters can
contain a range of organic contaminants, including pharmaceutical compounds, personal care products,
pathogens, disinfection by-products, and pesticides. Due to their complex structure, they are often
poorly degraded by bacteria during the activated sludge process. Also, due to their water solubility,
they can stay dissolved in water and not be removed in the sludge. Thus, they can present a threat to
the safety of reclaimed water, making RO separation a key step in the safe recovery of water from
wastewater sources.



In one study (Snyder 2008), a survey of plant effluent quality from a drinking water plant and an
Advanced Wastewater Treatment plant was compared. The data shows that Atrazine, a pesticide, was
found at levels of 76-1080 ng/L for the potable water plant, while they were less than 0.25 ng/L from
the RO water reuse plant. This indicates the problem with these type of contaminants, they are not
readily removed by the convention technology used in potable water treatment plants, and it shows that
Advanced Wastewater Treatment plants can give the added level of protection through the use of RO.

OPERATION PERFORMANCE

As previously mentioned, the typical advanced wastewater treatment process consists of grit removal,
primary treatment, conventional activated sludge treatment, clarification, micro or ultra-filtration,
chemical addition, RO treatment followed by UV disinfection and product water stabilization. (Figure
2)

Figure 2 Advanced Wastewater Treatment process steps.

a. Grit Removal

d. Clarification
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g. UV Disinfection h. Recarbonation

A typical process design, such as that at the original Bedok plant, is shown in Figure 3. The RO is
designed with 4 trains operating at 75% recovery with 2 stages, 7 elements per pressure vessel and a
17.6 Imh flux. A few of the key choices in any design are the recovery and the flux rate.

Figure 3 Bedok Wastewater treatment process
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RO Flux Rate

In most RO wastewater treatment plants, the flux rate for the RO process is chosen in the range of 17 —
20 Imh. This is based on extensive research at pilot tests and commercial plants. Flux rate is
important in a RO system because it governs the crossflow rate and mass transport rate through the
membrane. The higher the mass transport rate, the more solids are drawn to the membrane surface.
Spiral wound RO systems are based on the concept that the crossflow sweeps solids from the surface
and keeps the membrane from becoming significantly fouled. There is an optimum ratio of crossflow
to permeate flow to keep the membrane surface clean, and the energy consumption at a minimum.
Also, if the crossflow becomes too low, the concentration polarization at the membrane surface
becomes high. This causes the apparent ion and contaminant concentration at the surface of the
membrane to be much higher than the incoming feed. Beta value is the measure that is used to
determine the degree of concentration polarization. A beta value of 1.2, or 20% higher concentration
at the membrane surface, is considered to be the maximum beta value that is typically allowed.



Using the system at West Basin as an example, Table 2 shows the flux, flow and beta values by
element in the train. It can be seen that the beta values are lower in the front of the first stage, and
higher toward the rear of the first stage. Even though the lead elements have the highest permeate flux,
they have a low beta value because of the high crossflow at the front of the vessel. The higher beta
values at the end of the stage can lead to slightly higher salt passage and higher pressures. The bigger
concern with beta is in the second stage. It can be seen that the beta values are around 1.06, because
the low permeate flow caused by the high system osmotic pressure. As can be seen, the LSI, or
carbonate scaling tendency, becomes much higher in the tail elements of stage 2. This makes the
likelihood of scaling more prevalent. High beta values at the end of stage 2 would increase the chance
of scale formation.

Table 2 Projected individual element performance for the West Basin RO System

Project name: C Bartels Permeate flow: 1600.00 gpm
HP Pump flow: 2077.9 gpm Raw water flow: 2077.9 gpm
Permeate throttling(All st.) 20.0 psi
Feed pressure: 123.5 psi Permeate recovery: 770 %
Feedwater Temperature: 25.0 C(77F)
Feed water pH: 6.3 Element age: 0.0 years
Chem dose, ppm (100%): 70.4 H2SO4  Flux decline % per year: 15.0
Fouling factor: 1.00
Salt passage increase, %l/yr: 10.0
Average flux rate: 11.4 ¢fd Feed type: Wastewater
Stage Perm. Flow/Vessel Flux Beta Conc.&Throt. Element Elem. Array
Flow Feed Conc Pressures Type No.
gpm gpm gpm gfd psi psi
1-1 1266.6 43.3 16.9 13.6 1.16 101.8 20.0 ESPA2 336 48x7
1-2 333.4 33.8 19.9 7.1 1.06 80.6 20.0 ESPA2 168 24x7
Stg Elem Feed Pres Perm Perm Beta Perm Conc Concentrate saturation levels
no. pres drop flow Flux sal osm CaSO4 SrSO4 BaSO4  SiO2 Lang.
psi psi gpm ofd TDS pres
1-1 1 123.5 4.9 4.5 16.2 1.10 3.9 9.0 4 0 0 15 -15
1-1 2 118.6 4.2 4.2 15.2 1.10 4.4 10.1 5 0 0 17 -1.4
1-1 3 114.4 3.5 4.0 14.3 1.12 5.0 11.4 6 0 0 20 -1.2
1-1 4 110.9 3.0 3.8 13.5 1.13 5.6 13.0 7 0 0 22 -11
1-1 5 107.9 25 35 12.7 1.14 6.4 15.0 8 0 0 26 -0.9
1-1 6 105.5 2.0 3.3 11.9 1.15 7.3 17.5 10 0 0 30 -0.7
1-1 7 103.5 1.6 3.1 11.1 1.16 8.5 20.6 13 0 0 35 -0.5
1-2 1 98.9 35 2.7 9.6 1.08 9.4 225 14 0 0 38 -0.4
1-2 2 95.3 3.1 2.4 8.7 1.08 10.3 24.4 15 0 0 42 -0.3
1-2 3 92.2 2.8 2.2 7.9 1.10 11.4 26.3 17 0 0 45 -0.2
1-2 4 89.4 25 2.0 7.0 1.07 12.6 28.4 19 0 0 48 -0.1
1-2 5 86.9 2.3 1.7 6.3 1.07 14.0 30.5 21 0 0 52 0.0
1-2 6 84.6 21 15 5.5 1.06 15.5 32.6 22 0 0 56 0.1
1-2 7 825 1.9 1.3 4.8 1.06 17.3 34.7 24 0 0 59 0.2

It can be seen that the flux rate at the tail of the system can be rather low, due to the rising osmotic
pressure. This is common in most WWRO plants. In some cases, flux can go to almost zero at the last
element. An example of this is shown in the design options shown in Table 3. One alternative is to
raise the flux in the second stage through the use of an interstage boost pump or energy recovery
turbine (Table 3), or the use of elements with thicker spacers that lower differential pressure losses
(Table 3). It can be shown that the latter case gave the lowest energy consumption (lowest pressure),
except for the high capital cost case where a turbo was included.



Table 3 Comparison of VVarious WWRO Designs for 30 C Feed Temperature, 1200 mg/l Feed TDS
and 20 Imh Flux.

System Design WWTP with WWTP with WWTP with WWTP with
ESPA2 ESPA2-LD ESPA2 MAX  ESPA2 MAX
Base Case 34 mil Spacer 440 ft2 Turbo Boost
RO Element ESPA2 ESPA2 LD ESPA2 MAX  ESPA2 MAX
Total Elem/Train 1050 1050 952 952
Array (78:48:24) x 7 (78:48:24) x 7 (70:44:22) x 7 (70:44:22) x 7
Feed Press (bar) 9.0 7.3 8.4 6.6
Differential P (bar) 4.76 2.55 5.03 2.69
Lead &Tail Flux (Imh) 329/1.7 29.3/4.6 38.6/0 28.5/8.3
Recovery (%) 85 85 85 85
Beta 1.16 1.15 1.18 1.17
Permeate TDS (mg/l) 49 45 64 46
Boost Press (bar) - - - 1.45

Figure 4 shows the operational result for a plant that utilized a flux rate of 18.6 Imh, maintained all
critical system parameters and utilized 80% recovery. As with any RO wastewater plant, there is an
initial permeability decline due to adsorption of organic contaminants, followed by a steady state
operation with minimal permeability decline.

In contrast, some plants operate at more aggressive average flux rates. In one study on a municipal
wastewater with UF pretreatment (Franks 2004), the flux rate was increased from 15.3 Imh (9 gfd) to
22 Imh (13 gfd), and there was clear evidence the fouling rates were increasing at the higher flux rate,
as evidenced by the declining normalized flow. (Figure 5) This is believed to be due to insufficient
crossflow to keep the membrane surface clean. Such increased fouling can lead to higher cleaning
costs, more plant down time and higher energy costs. Thus, it is important to balance the process
design to maintain stable operation with high flux, lower capital cost.

More recently, there has been a demonstration of new technology to control fouling at higher fluxes,
which is being used on large diameter elements. GrahamTech has promoted the use of a novel flow
distributor on the front end of an element, the use of EMF field from a coil embedded in the pressure
vessel around the RO elements, and the use of daily permeate flush to maintain a flux rate nearly
double the ordinary flux. (Ng 2007) A basic flow scheme for a pilot operated at the Bedok wastewater
plant is shown in Figure 6.



Figure 4 Stable Operation of a RO wastewater system at 18.6 Imh flux and 80% recovery.
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Figure 6 Graham Tech high flux, 16 inch element process used at Bedok WWTP.
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It can be seen that the flux rate is about twice that of the flux rate typically used in RO wastewater
plants. They also used 4 elements per pressure vessel instead of the typical 6 or 7 elements per
pressure vessel. When considering the concentration polarization, or beta value, the values are higher
(Table 4) than seen in the previous example (Table 2). It can be seen that some elements have beta
values higher than the usual value of 1.2. However, long term operation has shown that stable
operation was achieved. (Figure 7) This result indicates that in some cases it may be possible to
operate at higher flux rates. Higher flux will result in significant capital savings.

Table 4 Projected individual element performance for the Bedok 16 inch RO Pilot

Project name: Bedok Permeate flow: 60.00 m3/hr
HP Pump flow: 80.0 m3/hr Raw water flow: 80.0 m3/hr
Permeate throttling(All st.) 2.0 bar
Feed pressure: 12.2 bar Permeate recovery: 75.0 %
Feedwater Temperature: 30.0 C(86F)
Feed water pH: 7.1 Element age: 0.0 years
Chem dose, ppm (100%): 0.0 H2SO4  Flux decline % per year: 12.0
Fouling factor: 1.00
Salt passage increase, %l/yr: 10.0
Average flux rate: 23.5 gfd Feed type: Wastewater
Stage Perm. Flow/Vessel Flux Beta Conc.&Throt. Element Elem. Array
Flow Feed Conc Pressures Type No.
m3/hr m3/hr m3/hr gfd bar bar
1-1 44.7 40.0 17.7 26.2 1.25 10.8 2.0 ESPA2-16-GT 8 2x4
1-2 15.3 35.3 20.0 18.0 1.14 9.2 2.0 ESPA2-16-GT 4 1x4
Stg Elem Feed Pres  Perm Perm Beta Perm Conc Concentrate saturation levels
no. pres drop flow Flux sal osm CaSO4 SrSO4 BaSO4  SiO2 Lang.
bar bar m3/hr gfd TDS pres
1-1 1 12.2 0.5 6.2 28.9 1.16 4.3 0.8 1 0 82 4 -0.5
1-1 2 11.7 0.4 5.8 27.0 1.18 4.9 0.9 2 1 103 5 -0.3
1-1 3 11.3 0.3 5.4 25.3 121 5.7 1.2 2 1 134 6 0.0
1-1 4 11.0 0.2 5.0 23.6 1.25 6.9 1.5 3 1 181 8 0.3
1-2 1 10.6 0.4 4.5 20.9 1.13 7.7 1.7 4 1 213 9 0.5
1-2 2 10.1 0.4 4.0 18.9 1.10 8.9 1.9 4 1 252 11 0.7
1-2 3 9.8 0.3 3.6 17.0 1.10 10.3 2.2 5 2 300 13 0.8
1-2 4 9.5 0.2 3.2 15.1 1.14 12.2 2.6 6 2 359 15 1.0
Figure 7 Performance trend for 16 inch Bedok Pilot Unit
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CONTAMINANT REMOVAL

As previously mentioned, another key aspect of RO system design for wastewater reclamation is the
removal of contaminants. There are a variety of water constituents that must be controlled and
measured at a RO wastewater treatment plant. These typically include TDS, hardness, nitrates, nitrites,
phosphates, silica, TOC, organic nitrogen, synthetic chemicals, pharmaceuticals, pesticides, and boron.

For industrial plants, the biggest concern generally is associated with ionic constituents that can form
scale in low and high pressure boilers; these include hardness, silica and phosphates. Chart 1 shows
the rejection of these compounds by RO membranes. It can be seen that high rejection membranes like
ESPA2 and LFC1 have very high rejection of hardness ions. In most cases, rejection was better than
99.9%. This high rejection is due to the hardness ions having a divalent charge. Silica, with only a
monovalent charge, is more difficult to remove with RO membranes. The chart show that the rejection
can vary from 99.0 to 99.8%. In most cases, this is sufficient to meet the silica requirements listed in
Table 1. Sulfate ion, being divalent and negative, is also well removed, with rejections in the range of
99.7 t0 99.98%. The membranes also have high rejection of phosphate, which is also multivalent
anion. Rejection of this ion is around 99.7 to 99.99%.

However, the high rejection of these ions can lead to scale formation in the RO system when operated
at high recovery. Most RO wastewater processes operate at 75 to 85% recovery. For example, the
Bedok and Kranji plants have been operated at 75% recovery (Bartels 2003), the Ulu Pandan pant in
Singapore runs at 80% recovery and the Orange County GWR Plant runs at 85% recovery (Franks
2008). The recovery is limited by the concentration of the scale forming components in the feed water.

Chart 1 Summary of Rejections for Various Constituents in Wastewater by RO Membranes

Singapore - | CA, USA - | CA2, USA - | Singapore - | CA3, USA - |CA4, USA -|CA4, USA SSAAE”_ S’v'l'égs_pé’g
ESPA2+ | ESPA2 | ESPA2 LFCL ESPA2 trc1 | Espaz | Son | MEREO
Temp C 2 25 278 25 25 2 2 25 3
Flux 18.6 Imh 20 Imh 19.3 Imh 15.8 Imh 20 Imh 18 Imh 18 Imh | 20.3 Imh 21 Imh
Recowery | 80% 85% 85% 75% 80% 75% 75% 81.29%| 75%
Ca 99.98% | 99.99% | 99.98% 99.89 99.98% | 99.99% | 99.95% | 99.98% | 99.90%
Mg 99.99% | 99.99% 99.88 99.95% | 99.99% | 99.96% | 99.99%
Na 98.70% | 99.36% | 99.00% 98.46 99.16% | 98.97% | 99.26% | 99.13%
K 99.65% | 99.30% 98.98 99.26% 99.21%
NH4 98.35% | 98.47% | 97.20% 98.52 98.71% | 97.63% | 97.71%
HCOo3 98.27% | 97.35% 95.61% | 98.39% | 97.96% | 98.44%
S04 99.98% | 99.74% | 99.70% 99.93 99.93% | 99.86% | 99.82% | 99.97%
cl 99.22% | 99.59% | 99.30% 98.79 99.37% | 99.34% | 99.62% | 99.53%
F 93.22 93.96% 85.13%
NO3 97.58% | 94.15% | 95.10% 96.64 95.54% | 94.32% | 96.00% | 93.45% | 97.00%
B 26.25% 65.10
Si02 | 99.04% | 99.71% | 99.80% 98.21 99.17% | 99.25% | 99.55% | 99.78% | 98.60%
TOC 99.73% | 99.70% | 99.52% 99.64 97.93% | 98.23% | 98.28% | 99.02% | 99.70%
DS 99.23% 99.23% | 99.34% 98.90%
P 99.73 99.73% | 99.99% | 99.99% | 99.46% | 99.70%
TN 98.35%
Org N 96.67%
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For other industrial plants, such as those in Singpore which provide water to wafer fabrication plants,
TOC levels are critical and limited to 100 ppb, with a typical value of 50 ppb expected. Chart 1 shows
the TOC rejection varies from 98.2 to 99.7%. Since TOC characteristics vary greatly, this can lead to
variation in rejection. In most cases rejection of 99.7% is sufficient to reduce TOC well below the 100
ppb level.

In addition to industrial uses, there has been a growing use of RO wastewater treatment to augment
potable water supplies by indirect use. For this application, other constituents are of concern. Organic
contaminant removal is of particular concern, as well as nitrates. Although the rejection of TOC is
quite high, some small organic molecules such as pharmaceuticals and carcinogenic compounds may
not be as highly rejected. In many cases though, the rejection of RO membranes is sufficient to meet
current requirements. However, further study on pharmaceutical compounds, hormones, and
pesticides is needed. One report (Daughtery 2005) based on the GWR Phase 1 Plant at Orange
County, indicates that the membranes produced permeate with halogenated compounds < 0.5 ug/l,
PCB’s < 0.5 ug/l, NDMA < 5 ug/l, caffeine < 0.3 ug/l, and estrone < 10 ng/l. These results indicate
that the membrane is very efficient in removing such difficult to treat compounds. Another study on
these compounds was done with fresh membrane samples (Kimura 2003) and indicated that higher
molecular weight species are highly rejected, as expected. However, rejection of lower molecular
weight compounds is not highly rejected.

A new study is underway to characterize the rejection of these chemical types using membrane
samples from actual wastewater plants. The organic fouling of membranes is common and gives rise
to higher rejections. It is possible that this will sufficiently increase rejection and give satisfactory
rejection. However, it may be possible that cleaning of the membrane may result in higher passage of
such chemicals. This issue is also under investigation and will be reported.

CONCLUSIONS

Performance of operating plants has given much important information to help optimize the design and
operation of commercial plants. Typical flux values are in the range of 17 — 20 Imh because of the
extensive research which has shown that this is a sustainable flux. However, new information has
shown that higher flux rates can be achievable with additional, new technology.

It is also important that there is some balance of flux in the system. Because of the high recoveries
used in some cases, the flux rates of tail elements in the last stage can be very low. To compensate for
this, lead elements must operate at higher fluxes. This can be compensated by using booster pumps or
turbo boost pumps. More recently, new membranes have come on the market with have thicker
spacers and are more fouling resistant. The use of these membranes reduces the pressure losses,
helping to improve flux balance in the system by providing more net driving pressure in the last stage.

Finally, data was reported to show that state-of-the-art low pressure, high rejection membranes can
achieve 99.95% or more rejection of hardness ions and TOC removal of more than 99.5%. Production
of such a pure permeate is critical if the water is to be used for industrial purposes. New research is
underway to characterize membrane rejection of synthetic chemical contaminants. These include
pharmaceuticals, personal care products, carcinogens, and other pollutants. Initial data from some
plants, such as the OCWD plant, suggest that rejection of these types of contaminants may be
satisfactory for current regulation limits
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