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RÉSUMÉ

Les membranes polyamides composites en couche mince utilisées pour filtrer les divers déchets
aqueux des Laboratoires de Chalk River (LCR) par osmose inverse sur modules spirales ont une durée
utile d'environ 3 000 heures. On obtient cette durée de vie en service par un nettoyage périodique des
membranes, effectué après traitement d'une quantité de déchets comprise entre 70 et 200 m3 de
déchets. Après 3 000 heures de service, les membranes d'osmose inverse sur modules spirales se
détériorent rapidement, et il faut alors procéder à des arrêts plus fréquents pour les soumettre à des
cycles de nettoyage chimique. Le taux de rejet global des membranes d'osmose inverse sur modules
spirales à un pH d'environ 6, et avec une rétention volumique de 85%, est passé d'environ 99,5% avec
3 000 heures de service, à 95%, après 4 000 heures. Les pertes de charge ont augmenté rapidement
par suite de l'accélération du colmatage de la membrane détériorée après 3 000 heures de service sur
le terrain.

Actuellement, le système de microfiltration tangentielle est utilisé à un pH de 7, et il élimine 45% des
contaminants p/y, et 70% de l'activité a. Les concentrations de fer sont réduites de 50 mg/L à moins
de 1 mg/L, ce qui réduit le colmatage dû aux précipités d'hydroxyde ferrique sur les membranes
composites en couche mince. Environ 60% de l'activité p/y qui se trouve dans le flux de perméat se
présente sous la forme de 137Cs.

L'efficacité combinée des méthodes de filtration (microfiltration et osmose inverse) utilisées pour
éliminer les contaminants critiques s'établit comme suit :
• a : 99,9%
• p/y : 99,6%
• PO4

3- : 99,1%.
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ABSTRACT

The useful lifetime of thin-film composite (TFC) polyamide membranes used for the processing of variable
aqueous waste at Chalk River Labs (CRL) by spiral wound reverse osmosis (SWRO) is about 3000 hours. This
service lifetime is achievable through regular cleaning cycles which range between 70 to 200 m3 of waste
treated. After 3000 hours of service the SWRO membranes deteriorate rapidly, and more frequent shutdowns
are required for chemical cleaning cycles. The overall rejection efficiency of the SWRO membranes at an
operating pH of about 6, and a volumetric recovery of 85%, decreased from about 99.5% with 3000 hours of
service, to 95% after 4000 hours. Rapid increases in pressure drop due to increased deposition of foulants in
deteriorated membrane areas were noted after 3000 hours of field service.

Presently the crossflow microfiltration system is operated at pH 7 and removes 45% of the gross p/y
contaminants and 70% of the a radioactivity. Iron concentrations are reduced to below 1 mg/L from 50 mg/L,
which minimizes fouling due to ferric hydroxide precipitates on the TFC membranes. About 60% of p/y in
the permeate stream is present as 1J7Cs radioactivity.

The combined removal efficiencies for critical contaminants employing both microfiltration and reverse osmosis
operations are as follows:

• a : 99.9%;
• p/f : 99.6%;
• PO4

3-: 99.1%.
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INTRODUCTION

In the mid 1970's, AECL Research, at the Chalk River Laboratories (CRL) site, built a Waste Treatment
Centre (WTC) for treating low-level solid and aqueous liquid wastes. The objective was to
demonstrate processes for converting Canadian Deuterium Uranium (CANDU) wastes to a form
suitable for disposal. The liquid waste streams are effectively volume reduced by a combination of
continuous crossflow microfiltration (MF), spiral wound reverse osmosis (SWRO), and tubular reverse
osmosis (TRO) membrane technologies. Backwash and chemical cleaning wastes from the membrane
plant are further volume reduced by evaporation. The concentrate from the membrane plant is
ultimately immobilized in bitumen using a thin-film evaporator in a shielded cell. The ability of the
MF/SWRO technology to remove impurities non-selectively makes it suitable for the treatment of
radioactive effluents from operating nuclear plants, with proper membrane selection, feed
characterization, system configuration, and system chemistry control.

Currently, there are two streams routinely treated at CRL. One originates from the Decontamination
Centre (DC waste) and the other collects waste from the Chemical Drain (CD waste) system. A total
of about 2200 m3 of blended liquid (low to intermediate-level) waste are currently treated by the
membrane plant annually. The current overall volumetric recovery of the two stage (concentrate-
staged) reverse osmosis train employing SWRO and TRO is 96.6%. On a 35 m3 batch of waste treated
there would be 0.7 m3 of backwash concentrate and 1.17 m3 of TRO concentrate sent to the evaporator
for further volume reduction in a small evaporator, and subsequent immobilization with emulsified
bitumen in a thin-film evaporator (see Fig. 1; [1]). The bituminized product from the facility occupies
0.175 m3. Hence, the overall volume reduction of the fresh feed through the integrated plant
(employing both membranes and evaporation) is about 200.

MICROFILTRATION SYSTEM

In crossflow filtration (also called tangential flow or inertial filtration), pressure drives only part of the
feed through the medium; the remaining feed flows tangentially along the surface of the medium,
continuously sweeping particles from the medium's surface back into the feed. Generally, crossflow
filters are operated as surface filters and have pores that are smaller than the particles to be removed.

Crossflow microfiltration (MF) is the most recent advancement in membrane system technology. The
removal efficiency of a MF membrane is significantly higher (10-100 times) than a conventional
filtration process. MF systems operate as a barrier filtration device to remove particles, suspended
solids, and microorganisms from a feed. By using a microfiltration membrane as the separation
medium, particles in the 0.1 to 10 um range can be removed. The MF system employed at CRL is a
model 40M1 manufactured by Memtec America Corporation and has been in operation since 1988
June. The original membranes were replaced after four years of service in 1992.

The crossflow MF system at CRL contains 40 filtration modules, approximately 6 cm in diameter by 50
cm long. Each filter module contains polypropylene hollow fibre membranes arranged in a shell-and-
tube geometry. The total membrane surface area available for filtration in each module is about 1 m2.
The nominal filter pore size is 0.2 um. The system is configured as two individual systems of 20 m2

operating from a common surge tank. Each bank of 20 modules is further divided into two stages of
10 modules operating in series.

Feed flows tangentially across, over, and around the hollow fibre membranes at a sufficient crossflow
velocity to keep the solids in suspension, thus minimizing deposition and fouling. A small fraction of
the total feed flow (about 10%) passes through the membrane into the centre of the tube or lumen, and



exits as filtrate. The unfiltered portion of the feed is recycled to the system surge tank. The inlet feed
pressure to the first stage is typically 300 kPa. The differential pressure across each stage is normally
40 to 50 kPa at a crossflow rate of 245 to 285 L/min. At a filtrate production rate of 25 L/min/bank,
the transmembrane pressure (TMP) drop, which is the average feed pressure minus the filtrate
pressure, is in the range of 20 to 100 kPa.

To maintain the designed filtrate rate, and remove accumulated suspended solids in a concentrated
form, the Memtec unit utilizes a patented gas backwash. Air at high pressure (700 kPa) is
periodically introduced into the filtrate side of the system, and instantaneously expanded through the
hollow fiber into the feed, thereby releasing accumulated solids from the membrane surface.
Feedwater is then used to flush remaining solids from the system. The duration of the backwash
sequence is approximately 90 seconds. Initiation of backwash is accomplished automatically by a
panel-mounted timer, or manually by a push button. Chemical cleaning of the system is performed
on a periodic basis, usually with an alkaline detergent. Chemical cleaning is required when the
transmembrane pressure (TMP) exceeds 100 kPa at normal filtrate production rates of 15 to 25 L/min
or if the crossflow pressure drop across the feed channel exceeds 80 kPa.

SPIRAL WOUND REVERSE OSMOSIS SYSTEM

Reverse osmosis (RO) is a technology that is well established for the production of potable water from
brackish water or seawater. It has been successfully used to produce high-purity water for the
electronics, pharmaceutical, and power industries. Because of its versatility to remove ionic
impurities, particulates and colloids, organics, microorganisms and pyrogenic material from water, RO
has attained a prominent role in water purification [2].

In reverse osmosis treatment, feedwater containing dissolved and suspended solids is pumped into the
system at a desired feed pressure greater than the osmotic pressure of the solution. The feed stream is
pumped into a pressure vessel containing one or more membrane elements connected in series. The
feedwater then flows into the channels between the membrane sheets. These feed channels are
composed of a plastic netting which breaks up the flow into small turbulent areas above the
membrane surface.

Immediately above the membrane surface a concentration boundary layer forms whose thickness
depends on feedwater ionic strength, particulate level, and flow in these small turbulent areas. The
water and ions are transported by a solubility-diffusion process to the permeate water carrier. The
purified water or permeate is recovered at atmospheric pressure. The remaining water, dissolved
solids and particulates form the reject stream. The pressurized concentrate or retentate is dropped to
atmospheric pressure through a back pressure regulating valve, immediately downstream of the
system.

The performance of an RO membrane is usually described in terms of permeate flow, or "flux",
contaminant rejection efficiency, and volumetric recovery. Permeate flux refers to the amount of flow
across the membrane per unit area, at a particular operating pressure and dissolved solids
concentration. The flow of water across the membrane is proportional to the effective pressure
(applied pressure minus the osmotic pressure of the solution). Increasing the applied pressure will
increase the permeate flow without increasing the solute flow.

Rejection is the relative change in contaminant concentration from the feed stream to the permeate
stream. RO membranes are not absolute barriers, and some small percentage of the solute (typically
about 0.5%) does pass through the membrane. The amount of solute transport is a function of the
membrane type and is proportional to the differential concentration across the membrane.



SWRO membrane types can be broadly classified as cellulosic or noncellulosic. Cellulose acetate
membranes are still widely used because of their resistance to fouling, and their low cost. They are,
however, easily damaged by bacterial attack and have relatively low rejection efficiencies.
Noncellulosic membranes, such as the Filmtec SW30HR membranes used at CRL, have a wider pH
range and exhibit high solute rejection efficiencies. The SWRO configuration achieves a large specific
surface area per unit volume, which is typically 1000 m2/m3. This can be compared to 165 m2/m3 for
plate modules and 335 m2/m3 for tubular modules.

The ratio of permeate to feed in a RO system is referred to as recovery. To achieve high volumetric
recoveries (up to 85% currently employed at CRL), it is necessary to stage the concentrate stream or
recycle the concentrate for jeprocessing. This is normally accomplished in a tapered system design.
For instance, a two-stage system may have four pressure vessels in the first stage, feeding two vessels
in the second stage. The tapered configuration compensates for feed.flow loss by permeation,
therefore maintaining optimum cross-flows in both stages.

The CRL system is a three-stage 5:3:1 tapered system with 10 cm diameter by 6 m long pressure
vessels. Each pressure vessel contains 6 Filmtec SW30HR membrane elements. The system is fed with
a Goulds 3333 multi-stage centrifugal booster pump. Typical feed crossflows are maintained in the
range of 35 to 50 L/min, with an inlet pressure of about 2700 kPa.

PRETREATMENT BY MF SYSTEM

There are many non-radioactive contaminants in the combined CD/DC waste stream. The most
deleterious of these contaminants (from a downstream scaling perspective on the SWRO system) is
iron. Although the MF system is not normally expected to provide significant rejection of chemical
contaminants, iron removal to about 3 mg/L in the filtrate is required upstream of the SWRO to
prevent excessive iron oxide fouling [3]. Thus the MF system must be capable of removing iron if it is
to be a suitable pretreatment option for the SWRO system.

The turbidity of the feed stream to the plant can be reduced from 200 NTU to less than 0.5 NTU, and
the silt density index (SDI) can be reduced to less than 3 with the MF system alone [4]. A turbidity
removal efficiency of between 98% and 99.9% has been noted consistently for the MF system since the
start of operations in 1988. It has been found, however, that filtrate from the microfiltration
pretreatment process can be somewhat unstable for the types of wastes processed at CRL. Rapid
increases of turbidity and silt density index (SDI) occur after the filtrate has been pH adjusted down to
6. It is thought that the increase of turbidity of the filtrate may be associated with instability of
colloids at the operating pH of 6, and to the presence of polyvalent cations in solution.

EFFECT OF FEED pH ON MF REMOVAL EFFICIENCY

Pretreatment, such as pH adjustment, is used to maximize soluble contaminant precipitation. One of
the objectives of this study was to determine the impact of feed pH on the removal efficiency of
various contaminants by MF. The feed pH was altered by the addition of sodium hydroxide or nitric
acid in the conditioning feed tank.

Figure la shows the effect of feed pH on the removal efficiency, e, of the gross a component of the
combined CD/DC waste stream. It is evident that e increases substantially by raising the feed pH
value from 6 to 8. The removal of gross a is virtually complete when the feed pH value remains
above 8.



Figure lb shows the removal efficiency of gross p/y for the same range of feed pH values. Although
there is some scatter of the data, it is evident that e increases between pH 6 to 9, and remains
invariant at about 90% thereafter. Normally it is undesirable to elevate the pH to 9 upstream of the
MF system from a pH value of about 4, due to the prohibitive cost associated with adding large
quantities of chemicals. Moreover, it would be necessary to reduce the pH back to 6 upstream of the
SWRO system to prevent scaling by hardness ions such as calcium and magnesium. Hence, the MF
system at CRL is usually operated at a pH of about 7, which results in a P/y removal efficiency of
about 40% (Figure lb), and an a removal efficiency of about 70% (Figure la).

The removal of p/y emitters elevated the contact radiation field on the MF cartridges. The contact
radiation field with the MF cartridges increased from 10"4 to 10'1 Gy/h (10 to 104 mR/h) as the gross

/ concentration in the feed stream varied between 10 to 10s Bq/mL (2.7 E-4 to 2.7 E0 uCi/mL).

Of the longer-lived p/y emitters, the radionuclide that is most efficiently removed is 144Ce. Figure lc
shows the removal of 144Ce by the MF system in the evaluated pH range of 6 to 11. It is apparent that
8 increases with a pH ranging between 6 to 8. Thereafter, it is relatively constant, and virtually all of
it is removed in the MF pretreatment step. A large component of the radiation field on the MF
cartridge filters is due to the presence of 144Ce.

Iron oxide fouling was found to be present in the SWRO system at CRL. It is caused by the oxidation
of ferrous to ferric ions and the subsequent precipitation of ferric hydroxides in the module [5]. With
the presence of sequesterants and chelating agents in the DC (EDTA, sodium hexametaphosphate),
iron can exist in a complexed form, thereby causing it to stay in solution and not be removed by MF.
Therefore, iron removal can be quite variable, and is dependent upon the concentrations of these
compounds in the feed solution. Figure Id shows the removal efficiency of iron in the MF system,
which increases from about 20% at a pH of 6, to 99% at a pH of 8. At the normal operating pH of 7,
about 50% of the iron is removed, although iron concentrations to a level of less than 0.1 mg/L have
been achieved. Generally, iron concentrations are lowered to less than 3 mg/L, which minimized
ferric fouling downstream in the SWRO system.

Table 1 shows the removal efficiencies of both the MF and SWRO systems for various critical
contaminants that are present in the CRL waste streams. The radionuclide most effectively removed
by microfiltration is 144Ce with an average removal of 70.7%. Soluble contaminants such as 137Cs are
not removed by the MF system. The overall removal efficiency for both the MF and SWRO systems
ranges from 96.8% for 137Cs to 99.6% for gross p/y, and 99.9% for gross a. The overall removal
efficiency of the most critical nonhazardous contaminant, PO/", is 99.1%.

PERFORMANCE OF THIN FILM COMPOSITE MEMBRANES FOR LIQUID WASTE PROCESSING

The permeation flux was normalised to an applied pressure of 2.76 MPa and a feed temperature of
25°C using a method given by Bukay [6]. The observed permeation flux (OBF) was normalised for
temperature using a temperature correction factor (TCF) obtained from the membrane manufacturer,
and an effective pressure using equation (1).

NPF = _ i _ f 2.76 (MPa)
TCP fS£O PRESSURE - PERMEATE BACK PRESSURE - OSMOTIC PRESSURE] 0BF

Figure 2 shows the overall normalised permeation flux for the plant-scale system. The data were
obtained for the original thin film composite polyamide membranes installed in June 1991. These



membranes were replaced in February 1994 after about 4000 hours of service. After the initial flux
decline, which took place over the first 50 hours of operation, there was a subsequent gradual flux
decline which took place over the next 3900 hours.

The flux decline with time observed in Figure 2 is the result of concentration polarization and/or
surface fouling. Surface fouling occurs when there is deposition of submicron particles on the surface,
as well as crystallization and precipitation of smaller solutes. It is manifested when rejected solids are
not transported from the surface of the membrane back to the bulk stream. In general, there are five
types of fouling: namely membrane scaling, fouling by metal oxides, device plugging, colloidal
fouling, and biological fouling [5], The different types of fouling frequently occur at the same time
and can influence each other. Unfortunately, the interactions between types of fouling are poorly
understood.

The chemical scale on the fouled CRL reverse osmosis membranes is comprised primarily of
aluminum, silica, calcium, phosphorous, and to a lesser extent iron and sulphur. Calcium
hydroxylapatite and octacalcium phosphate scale have been identified as a major fouling species on
the SWRO membranes. Clay and aluminum silicate-based scale is thought to account for the initial
large flux decline associated with concentration polarization, and represents the scale which is the
most difficult to remove by standard chemical cleaning procedures. Precipitates approaching 10 um in
diameter have been observed on the surface of the membrane, and these precipitates are hard to
dissolve in even the most concentrated acids. This is further supported by the observation that
alkaline cleaning chemicals at pH 12 are the most effective for permeate flux restoration where silica
solubilizes to silicic acid [7]. The precipitates in the 54 membrane elements of all three SWRO stages
are similar in chemical composition.

While operating, TFC membranes take on an anion charge on the surface. This causes cationic
foulants, such as aluminum and ferric hydroxides, along with cation coagulant polymers, to be
attracted to it. Further, because of the high flux rates on composite TFC membranes, fouling occurs
faster and is more noticeable than with other membranes [8].

The scatter of the data shown in Figure 2 is not due to errors in measurement; rather, it is the result of
permeation flux declines during a given run, and the subsequent recovery after a chemical cleaning
with the appropriate solvent. A least squares curve fit was plotted through the data points in Figure
2. It shows that the combined total flux (for all 54 elements) decreased from about 55 L/min at start
up, to 25 L/min after about 4000 hours of service. The effectiveness of the cleaning solutions
decreased noticeably after about 3800 hours of operation. The frequency of cleaning increased from
300 m3 to every 80 m3 of liquid waste treated as the membranes aged.

The most effective cleaning solution for the CRL scales was Memclean, an alkaline- based detergent
containing EDTA. The most effective antiscalant chemical in the SWRO system was Pretreat Plus
which is manufactured by King Lee Technologies (San Diego, CA). The average throughput between
chemical cleanings was maximized with the use of this antiscalant. Secondary wastes from cleaning
accounted for about 5% of the annual waste feed volume to the plant. Acid-based cleaning solutions
were generally not effective for removal of the scale-forming compounds. Silica scale was not
effectively removed from the membranes with any of the cleaning chemicals that were investigated
here, and it seems that the silica scale formed a tightly adherent layer immediately on top of the
membrane surface.

During the final 200 hours of operation the performance deteriorated very rapidly. The permeation
flux increased only marginally even after an aggressive chemical cleaning, and it became apparent that
a change of membranes was required to keep up with the production of the waste. The system was
shut down and new membranes were installed in all stages.



Chemical scaling on reverse osmosis membranes can be controlled and minimized by selecting optimal
crossflow velocities through the SWRO system and by the use of a 5 um cartridge filter upstream of
the high pressure feed pumps. Pilot-scale studies at CRL have shown that a 50% increase in crossflow
velocity can reduce the decline of permeation flux by a factor of 2 for the combined waste streams
currently being treated. A 5 um cartridge filter has been effective for the removal of scales such as
silica and phosphorous even before volume reduction with reverse osmosis. This is due to the fact
that unstable precipitates are formed after pH adjustment of the MF filtrate with acids. Antiscalant
additives and pH adjustment appear to be secondary parameters in comparison to the dramatic impact
of crossflow velocity.

Figure 3 shows the pressure drop across the three stages of the SWRO system over the lifetime of the
original membranes, and the first 100 hours on the new membranes. During the initial 3000 hours of
operation the average pressure drop across the system increased from about 500 kPa to 1250 kPa.
This increase was attributed to clay and silt deposits in the brine channels of the system. In support
of this hypothesis/ Kronmiller [7] notes that the presence of silt and particulate (known to be present
in CRL waste) are trapped in the membrane and not easily removed. He observed that as these
foulants build they erode the membrane surface and break the spiral wound package.

During the final 1000 hours of operation there were large fluctuations in the average pressure drop,
the amplitude of which sometimes exceeded 2200 kPa. However, there was still sufficient applied
pressure to overcome the osmotic pressure of the waste water at 85% recovery. Aggressive chemical
cleanings were performed to restore the flux (Figure 2), and increase the net effective driving pressure
to the system by lowering the system pressure drop (Figure 3).

The significant increase in system pressure drop between 3000 hours and 3200 hours again is
attributable to colloidal silt and scale buildup on the membranes and in the brine channels. During
this period of time the concentration of silica-based colloids in the Decontamination Centre waste
stream was significantly higher than usual. Permeate rates were acceptable during this period so the
pressure drop was tolerated. Aggressive alkaline cleans using Memclean at 3120 hours and again at
3170 hours brought the pressure drop back to more normal values of about 1200 kPa.

Another performance indicator that can be used to assess the SWRO, is the overall removal efficiency
of conductive ions. Figure 4 shows the conductivity removal in the plant-scale SWRO system over its
service life. During this time the feed conductivity ranged from 100 to about 1000 mS/m, while the
permeate conductivity was between 0.6 and 20 mS/m. In general, the permeate conductivity was
below 10 mS/m except when there were upsets due to the over-addition of nitric acid.

Figure 4 shows that during the initial 3000 hours of operation the conductivity removal was steady at
about 99.5%. In those cases where the removal efficiency was lower than 99%, the presence of
excessive nitrate and sodium ions in the permeate following a chemical cleaning was the cause. These
monovalent ions have low rejection efficiencies and the plant would have been temporarily overloaded
with these monovalent ions immediately after a cleaning cycle. This would result in a reduced overall
rejection efficiency. After these cleaning chemicals had been flushed from the system (at 1200 hours
for example), the rejection efficiency would be restored to about 99.5% overall.

Conductivity removal decreased sharply after about 3000 hours of operation. During the last 1000
hours the average conductivity removal decreased from 99.5% to about 95% (Figure 4). A rejection
efficiency of 95% is very poor for TFC polyamide membranes.

The many aggressive chemical cleanings that were required to restore the permeation flux (Figure 2)
may have had a detrimental effect on the membrane integrity, resulting in the considerable loss of
membrane rejection performance. Physical abrasion of the polyamide rejecting layer over time may



have also been a contributing factor. After 4000 hours of service the membranes were replaced
because of the frequency of cleaning and the low overall removal efficiency being achieved.

CONCLUSIONS

Feed pretreatment upstream of reverse osmosis by microfiltration is critical for the removal of iron and
suspended solids foulants. By conditioning the feed to a pH in the alkaline regime the precipitation of
metals is optimized. About 70% of the alpha radioactivity is removed and about 50% of the gross
beta/gamma radioactivity is rejected in the MF backwash when the system is operated at a pH value
of 7.

The permeation flux of the SWRO system was maintained for about 3000 hours of service with regular
cleaning cycles after every 100 - 200 cubic metres of liquid waste are treated. After about 3000 hours
of service the membranes degraded, which resulted in a decrease of the overall rejection efficiency
from 99.5% to 95%. Cleaning solutions account for about 5% of the waste feed processed annually
through the plant. The chemical scale found on the fouled reverse osmosis membranes is comprised
primarily of aluminum, silica, calcium, phosphorous, and to a lesser extent iron and sulphur. Calcium
hydroxylapatite or octacalcium phosphate scale have been identified as the major fouling species on
the membrane. Colloidal silica foluling contributes primarily to the initial large flux decline observed
during the first 100 hours of operation.

The combined removal efficiencies for critical contaminants after treatment of the waste with both
microfiltration and reverse osmosis are as follows:

• a: 99.9%;
• p/y. 99.6%; and
• PO^: 99.1%.
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Table 1: Removal Efficiency of MF, SWRO, and MF/SWRO Train

CONTAMINANT

GROSS a

GROSS p
6 0Co
144Ce
137Cs

PO/-

MF Removal (%)

70.7

48.3

38.9

61.2

3.2

14.1

SWRO Removal (%)

99.6

99.2

99.4

99.1

96.7

99.0

MF/SWRO Total
Removal (%)

99.9

99.6

99.6

99.6

96.8

99.1
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Fig. 3: System Pressure Drop for SWRO System
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