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1.0 INTRODUCTION

1.1 Objectives of the Present Work

In view of the number and diversity of aqueous streams handled
in the course of Ontario Hydro's thermal and nuclear generating
operations, it was considered worthwhile to assess the potential
applicability of reverse osmosis (RO) and ultrafiltration (UF),
two related pressure driven membrane separation techniques which
have been found to be both effective and economic in the
treatment of various domestic and industrial process and waste
waters/1/.

The approach adopted comprises two stages:

(i) A literature search to try and identify suitable candidate
aqueous streams amenable to RO/UF processing for
(a) station use or reuse, or (b) volume reduction prior to
disposal.

and

(ii) Selection of appropriate procedures to minimize membrane
fouling, commonly recognized to be a major practical
hindrance to effective RO/UF operation, either where sig-
nificant levels of suspended solids are already present or
where incipient precipitation of sparingly soluble sub-
stances is anticipated during concentration of the fe-jd
stream. In particular, gypsum, calcium carbonate and
hydrous ferric oxide are widely recognised to be insidious
and tenacious foulants of RO/UF membranes/1/.

1.2 Applications of RO/UF in the Power Generating Industry

In recent years, RO and UF have found increasing application in
the US electric power industry/2,3/, which in many regions tends
to be a relatively large water user compared to other indus-
tries, adversely affecting the quality of local water
resources. There are two principal areas of application of RO
in thermal generating stations. These are:

(i) Treatment of raw water supplies prior to ion exchange
demlneralization in the production of high-purity boiler
makeup water,

and

(ii) Purification of aqueous waste streams i:or recycle as cool-
ing water (eg, reclamation of cooling tower blowdown and
treatment of sewage for reuse as cooling water).

A third area of RO/UF application, which has been studied at
various stages of R&D, is the treatment of low level active
liquid radwaste, including laundry wastes/4,5/ and decontamina-
tion centre wastes/6,7/ generated at nuclear power generating
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facilities. Nuclear station laundry waste treatment for phos-
phate remr~al by RO and other means has been extensively
reviewed by Ontario Hydro Research Division in 1977/8/. Recent
developments in application of RO/UF to the nuclear power indus-
try are detailed in later sections of the present report.

2.0 REVERSE OSMOSIS AND ULTRAFILTRATION - AN OVERVIEW

RO is a low energy cost membrane separation technique which for
over two decades has been applied to treatment of various domes-
tic and industrial process and waste streams for concentration
of dissolved components with concomitant production of purified
water/1/. The heart of the RO process is the semipermeable mem-
brane, a film which permits the passage of water, but rejects
dissolved substances. When impure water is pumped, at a
pressure greater than the solution osmotic pressure, through a
chamber lined with a suitably supported semipermeable membrane,
purified water permeates the membrane and is collected for
disposal or reuse. Applied operating pressures of 2.1 - 6.9 MPa
(300 - 1000 psig) are typical. The retentate, now relatively
concentrated with respect to the feed stream, may be either
recovered or disposed of, as appropriate.

UF had been found to be highly effective in waste water treat-
ment for removal of particulate or colloidal suspended solids,
emulsified oils, or even dissolved macromolecules/1/. Because
of their relatively 'loose' membrane structure, UF systems gen-
erally operate at much lower applied pressures - typically 0.14
- 1.4 MPa (20 - 200 psig) - compared with RO and have much
higher water flux rates per unit area compared with RO, since
the rejected species exert very low or negligible osmotic pres-
sures that would have to be overcome. OF has been effectively
used as a pretreatment step for removal of fine suspended solids
prior to RO, ion exchange, or evaporation/1/, and can simply and
effectively reduce fouling in these unit operations.

The most widely used commercial RO/UF membranes are made of
specially-cast anisotropic films of cellulose acetate, usually
marketed in either tubular or spiral wound configurational pack-
ages. Cellulose acetate membranes are reasonably stable within
the operating range pH 3 - 8, beyond which they are susceptible
to acid or alkaline hydrolysis with accompanying performance
deterioration. Other widely used commercial RO membranes are
made from linear aromatic polyamides, usually in the form of
fine hollow fibres, which have good hydrolysis resistance in the
operating range pH 4 - 12, and are marketed as DuPont 'Permasep'
permeators, Hollow fibre modules have a very high membrane
surface-to-volume ratio, which compensates adequately for their
inherently low water flux per unit area.

In general, the tubular configuration lends itself relatively
well to handling suspended solids, since the flow channels can
be cleaned by either (i) physical means (eg, by fast flushing at
low pressures, shutting the system down occasionally to loosen
deposits, or by passing a spongeball through the tubes, as
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appropriate) or (ii) chemical means (eg, by flushing with a
suitable detergent solution, with ammoniated citric acid, or
with other sequestering agents). Spiral wound modules, having
flow channels with much finer clearances, once fouled cannot be
as readily cleaned by physical means, but may be cleaned
chemically. Hollow fibre modules are prone to irreversible
fouling when the processed stream contains even low levels of
suspended solids.

Commercially available UF membranes are usually made of cellu-
lose acetate, polysulphone, or polyelectrolyte complex mater-
ials. The latter two, which are fully-synthetic, confer an
extra degree of chemical resistance, as reflected by an operat-
ing range of about pH 2 - 12 .

Until very recently, RO membranes have not been commercially
available with hydrolytic resistance comparable to that of the
fully-synthetic UF membranes. Since about 1977, UOP's Fluid
Sciences Division have developed commercial, fully synthetic
thin film composite (TFC) membranes with excellent pH stability
in the range pH 2 - 12 /9,10/. Since these membranes are vul-
nerable to chemical attack by trace levels of dissolved chlorine
or certain other oxidizing agents, careful pretreatment of feed
streams may be necessary. Other advantages of TFC membranes
over conventional RO cellulose acetate membranes include:

(i) higher water flux reites and solute rejection effi-
ciencies

(ii) greater compaction resistance,

(iii) improved overall chemical and microbiological stabil-
ity,

and (iv) greater ease of chemical cleaning using strongly acidic
or alkaline cleaning solutions.

In pilot-scale RO tests with cyanide electropliting waste solu-
tions, TFC membranes have given excellent rejection efficiencies
for copper (-99% rejection at pH 10 - 13) and for zinc (9 9+%
rejection at pH >13). With acid copper plating wastes, copper
was rejected at >99% at pH 0.6 - 0.9, and with chromic acid
wastes, -99% rejection of chromium was observed at pH 1.2.
TFC membranes, which are being offered commercially by UOP in
the spiral wound configuration, are currently being developed
for possible use in single-stage desalination of sea water (NaCl
-35 g/L; osmotic pressure -2.6 MPa (370 psig) at 25°C).

3.0 ONTARIO HYDRO'S PROCESS AND WASTE STREAMS

3 .1 Thermal Generating Stations

Raw water supplies to the demineralization plants at Hydro's
stations generally contain only low levels of organics. The
water supply at Thunder Bay TGS, however, contains organic
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matter at considerably higher levels - sufficient to cause
serious resin-fouling problems at the station's ion-exchange
demineralization plant. Installation of an organic scavenger, a
strong base anion resin in the chloride form, upstream of the
demineralizer train does not appear to provide adequate
protection. Although chemical characterization of the organic
matter has not yet been carried out, it is considered probable
that the organics consist predominantly of humic and fulvic
acids (naturally present in the local river system), with lower
but significant levels of lignosulphonates (discharged from
nearby pulp and paper operations). Both of these categories of
organics have been found to be rejected by dynamic and/or
conventional RO/OF membranes/1/. Some RSD effort would have to
be made, however, as a precursor to process design and
development in selecting a suitable membrane separation system
for use at Ihunder Bay TGS.

Aqueous waste stream flows and compositions, and waste manage-
ment techniques currently implemented at Ontario Hydro's
generating stations, depend largely on individual station
characteristics, eg, age, design, layout and utilization. Ttie
principal waste streams generated in the course of Ontario
Hydro's thermal operations/11/ include: -

(i) Boiler cleaning wastes (including preoperational washes
and routine maintenance boiler washes),

(ii) Air preheater washes,

(iii) Coal pile drainage,

and (iv) Neutralizing sump wastes

Each is discussed in turn below.

(i) Boiler Cleaning Wastes

Preoperational Boiler Cleaning

Preoperational boiler washes are carried out on new boilers to
remove oil, grease and metallurgical scale usually present. Ftor
a 150 MW unit, a typical alkaline cleaning formulation/11/ might
be: NaOH (180 kg), NaaPOi* (360 kg), Na2HPO^ (27 kg), Na2SiO3
(90 kg), Na2SO3 (50 kgj and detergent (50 kg) - finally all con-
tained in about 1500 m of water, including rinses. Hie alka-
line wash is followed by a boiler acid wash, which is carried
out for both preoperational and operational maintenance
purposes.

Boiler Acid Washes

Boiler deposits that build up during service are mainly composed
of iron and copper oxides, with smaller amounts of nickel, zinc
and hardness scale deposits. Such deposits are removed by

- 5 - 81-497



treatment with warm (70°C) hydrochloric acid at 50 g/L, some-
times containing citrates, EDTA, ammonia and/or bromates (these
are proprietary formulations). After two rinses with water, the
boiler is passivated with alkaline phosphate. The total volume
of the acidic aqueous waste from a 300 MW boiler unit is of the
order of 1000 m , typically containing about 1000 mg/L of Fe
with smaller concentrations of Cu, Mi, Zn and Cr.

Different stations apply different strategies to the treatment
of boiler cleaning wastes. For example, at Lakeview TGS, the
strong spent cleaning solutions and rinses are run into the coal
pile drainage treatment lagoon system (see below) where they are
neutralized by lime dosage, with precipitation of heavy metals.
At Lambton TGS, the strong boiler cleaning wastes are mixed with
fly ash leachate collected in dykes around the on-site dry ash
landfill disposal area, and the resultant supernatant sprayed
on to station property. The dilute waste streams are mixed with
bottom ash sluice water, dosed with neutralizing chemicals, if
necessary, and discharged to the St. Clair River. At Thunder
Bay TGS, the boiler cleaning wastes are directed to a contain-
ment pond where, after dosing with lime, aeration and settling,
the supernatant is discharged to a collecting pond. Eventually,
when the station expansion is completed, these waters will be
passed through the ash treatment facility prior to final dis-
charge to Lake Superior.

Air Preheater Washes

An air preheater wash is carried out periodically to remove cor-
rosion products and fine particles of fly ash which accumulate
on the steel preheater wheel and reduce heat transfer
efficiency/12,13/.

The air preheater wash from a 300 MW unit at Lakeview TGS typi-
cally has a total volume of about 3000 m , free acidity of about
1000 mg/L as CaCO3, and contains Fe (-300 mg/L), SOi» =

(-1000 mg/L) and a host of minor components characteristic
of the leaching of fly ash.

At Lakeview and Lambton TGS, air preheater washes are infre-
quent. They are dosed with lime or caustic soda while being
discharged to the bottom ash settling basins. After settling
and filtering the supernatant, the treated waste, with Fe
<1.0 mg/L, is discharged to the station CCW outlet.

Coal Pile Drainage

Coal pile drainage produces a continuous runoff which is
strongly acidic (typically pH 3 or less), containing high con-
centrations of sulphuric acid (acidity 300 ^g/L as CaCOa), dis-
solved iron (Fe -100 mg/L), and lower levels of heavy
metals. In terms of acidity (pH) and iron alone, this ..tream
does not meet the Water Quality Objectives of the Ontario Minis-
try of the Environment (MOE) for direct discharge to Lake
Ontario/14/.
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At Lakeview TGS, a dual lagoon system has been ..n operation
since 1979 with provision for neutralization by lime addition,
with precipitation of dissolved iron and other heavy metal
cations from solution/15/. Following lime addition, the treated
effluent is allowed to settle. The supernatant is either
discharged directly to the lake or is sprayed on to the coal
pile for routine dust suppression ("zero discharge"). Typical
analyses/16/ of the effluent before and after lime treatment are
given below:

Lakeview TGS; Coal Pile Drainage

pH
Sp cond (ms/m)
Acidity (as mg/L CaCO3>
-to pH 4.6
-to pH 8.3
Alkalinity (as mg/L CaCO3)
C03 (as mg/L CaCO3)
HC03-(as mg/L CaCO3)
TDS
TSS

Si 2-
ortho-POij
NO3-
N02-

3_

Ca
Mg
Na
K
Fe
Ni
Cr
Cu
Zn
COD

•Unless otherwise indicated, all concentrations are given in
mg/L.

Neutralizing Sump Wastes

Despite fluctuations in flow volumes and composition, an esti-
mate has been made/17/ of the typical daily quantity and compos-
ition of wastes discharged from the waste treatment plant at

Before*
Treatment

2.85
510

162
287

4950
81.4
248

3330
250

<x<0.06
1.75
466
234
426
6.7
50

<0.5
<0.5
0.17
0.77
80

After
Treatment

8.6
490

__

—

7.0
22.5
5160
6.0
250

2950
4

1.5
<0.06
1.95
666
194
436
6.5
<0.5
<0.5
<0.5
<0.03
<0.02

33
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Lakeview TGS. These wastes originate as clarifier blowdown,
filter backwashes, and ion exchange regenerants, which enter the
neutralizing sump where they are mixed and neutralized. The
total neutralizing sump wastes amount to -1000 m /day, and
have an alkalinity of -1700 mg/L as CaCO3, Ca 350 rag/L,
Na 535 mg/L, Mg 4 mg/L, K 4 mg/L, SOn= 1028 mg/L, and
Cl" 102 mg/L.

When the pH of waste in. the sump is 6 - 8.5, the waste is pumped
to the bottom ash settling lagoon, and after filtration, this
effluent is discharged to Lake Ontario via the station's CCW
outfall.

3.2 Nuclear Generating Stations

Aqueous waste streams generated in the course of Ontario Hydro's
nuclear operations include:

(i) Boiler cleaning wastes (Although one boiler cleaning
has been carried out at NPD GS, Rolphton, and
occasional alkaline flushes have been carried out on
the fesdwater trains a'c Bruce and Pickering NGS, no
major boiler cleaning has been carried out to date at
Hydro's nuclear stations. These will eventually have
to be done, and appropriate measures taken to treat
the waste streams produced).

(ii) Neutralizing sump wastes

(see previous section for principal volume and composition
characteristics,)

and (iii) Active liquid radwastes, which may arise from a wide
variety of sources.

In general, radioactive species present in liquid radwastes may
be present as activation products or fission products, either in
solution or occluded on suspended solid particles consisting eg
of magnetite or insoluble corrosion products.

A recent Research Division Report/18/ summarizes the operating
characteristics of an active liquid radwaste treatment system
installed at Bruce'A' NGS. Aqueous waste streams,, such as
those listed above, are directed to a transfer tank in the main
services building, whence the mixed radwaste is pumped to the
ancillary services building, to be filtered and, if necessary,
treated by ion exchange for removal of radionuclides which may
occasionally be present in solution at levels in excess of per-
missible discharge criteria. Aqueous discharges to the station
CCW outfall are routinely monitored for gross 6 count and for
tritium content prior to release at acceptaDly low activity
levels.
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4.0 LITERATURE REVIEW

4.1 RO/UF in Thermal Generating Stations

A number of RC units have been installed in US fossil fuelled
generating stations (Tabie I) particularly in southern states
where water supplies are scarce and frequently of poor quality.
A selection of typical case histories and RO/UF operating exper-
iences are briefly discussed below, as far as available informa-
tion permits.

4.1.1 RO/UF in Demineralization of Water Supplies

(1) C.B, Jones Station (Southwestern Public Service Co),
Lubbock, Texas/2/

Located in an agricultural area with an acute shortage of avail-
able surface or ground water, the station formerly used city
water as a demineralizer supply, and treated sewage effluent as
makeup for the cooling towers. In 1971, a 57 L/min
(15 US gal/min) RO pilot plant was installed to determine feasi-
bility of using pre-treated sewage as demineralizer supply.
Since the treated sewage was known to contain organics capable
of -irre'-'.ersxbly fouling the anion resinsf the sewage effluent
was filtered through anthracite, followed by a 10 urn cartridge
filter. After dosing with sodium hexametaphosphate and sul-
phuric acid, to prevent calcium carbonate deposition by seques-
tering the calcium in solution, the treated stream was fed to
the RO unit at 2.8 - 4.1 MPa (400 - 600 psig). The RO permeate
was passed through the demineralizer train to produce high
purity water.

The RO system exceeded the expected performance in terms of
effectiveness and reliability. The membranes were replaced
after 33 months of operation (and even this was due to an omis-
sion in following the prescribed membrane cleaning procedure).
It was found that the savings in cost, labour, water and regen-
erant chemicals were an attractive feature.

(2) Plant 'A' - Southwestern US/19/

A lake near the station provides condenser cooling water and
plant service water. Between 1966 and 1974, the sodium chloride
concentration of the lake rose from <50 mg/L to >400 mg/L, due
to evaporation losses, increased power production, and drought
conditions. The original deionization train design basis was
200 mg/L CaCO3 equivalent (-30 mS/m) and 600 m (175,000 US
gal) per,regeneration. By 1974, the deionizer runs had declined
to 230 m (60 000 US gal) per regeneration on raw water of con-
ductivity >140 mS/ra. Installation of an RO unit before the dei-
onizers immediately extended the ion exchanger runs up to
4500 m (1,200,000 US gal) per regeneration, with improved
demineralized water quality. Payback on the capital cost of the
RO system, based on savings of regenerant chf-tiical '"perating
costs alone, was less than one year. Fouling of th resin beds
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was practically eliminated, as was the regular descaling of
CaSOi, from tne internal collectors of the cation resin unit.

(3) Harrison Power Plant (Potomac Edison Company/Monongahela
Power Company, Haywood, W Virginia)/3/

In 1972, a 950 L/min (250 US gal/min) RO unit was operated at
the Harrison Power Plant of the Potomac Edison Company as a
roughing demineralizer for the IX train. It was found that the
RO unit reduced chemical operating costs; however experience
showed that reducing calcium in the river water feed would
improve efficiency of operation.

(4) Willow Glen Power Station (Gulf States Utilities Co)
St. Gabriel, Louisiana/20/

At the planning stages of Unit No 5, it became apparent that
there was a need for additional boiler makeup capacity. It was
estimated that an RO unit of 750 L/min (200 US gal/min capa-
city), if added onto the existing 750 L/min (200 US gal/min)
demineralizer train, would confer a number of advantages,
including (i) lower chemical costs, (ii) lower overall operating
costs, (iii) longer runs between regenerations, (iv) greater
overall capacity, (v) reduced manpower requirements,
(vi) removal of organic matter, (vii) longer resin life, and
(viii) better quality effluent. To investigate these possibil-
ities, a small RO pilot plant was first tried out for a two-week
period. The results of the preliminary test were highly encour-
aging, and led in 1973 to installation of a 200 gal/min RO sys-
tem in series with the existing demineralizers. Full-scale
operating details are given in Table II.

Finely-dispersed hydrous oxides of iron were periodically dis-
charged from the well-water supply system during the 3-1/2 year
operating period described in Table II. Although most of this
material was removed by zeolite pre-softeners and 10 um prefil-
ters, colloidal iron oxides, together with calcium carbonate
hardness, reached the RO modules, causing membrane
scaling. Whereas the calcium carbonate precipitates could be
removed from the membranes by a sulphuric acid wash at
pH -2, the iron oxide deposits were much more tenacious;
fortunately, their occurrence was infrequent.

From the experience gained at Willow Glen, it was concluded that
RO had enabled the station to cope effectively and economically
with the additional demands for deionized water. However, capi-
tal and operating costs of the RO installation were not pub-
lished, so that there was no indication of the payback period
resulting from savings in chemicals and operating costs.
Instead, it was considered to be more important to report that,
had the station instead installed one additional train to the
existing demineralizer, the resulting capacity would have fallen
short of the station's needs.
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(5) Riverview Plant (Southwest Public Service Co)
Borger, Texas/2/

The existing hot lime-zeolite softener and evaporator boiler
makeup system was found inadequate to satisfy the new demineral-
ized water requirements when a new gas turbine unit and waste
heat recovery boiler were being added to the plant. Expansion
of the old system was found to be impractical, and an RO system
followed by an ion exchange train was installed. Since the
principal anion in the water supply was bicarbonate, sodium hex-
ametaphosphate and sulphuric acid were injected into the feed
stream (followed by a decarbonator) prior to RO treatment and
mixed bed deionization. The RO system was found to work very
well.

(6) Plant X (Southwestern Public Service Co), Earth, Texas/2/

Faced with a requirement by a local regulatory agency to reduce
its discharge of regeneration chsmicals when two of its boilerrs
were placed on a cyclic service basis, an RO system was
installed in the water treatment line ahead of the deminerali;;er
train. Since the water supply came from deep wells in a sand
formation, 10 jjm filters were installed to prevent entry of s<md
into the RO unit. The regenerations were thus extended from
once per 190 m (50,000 US gal) to once per 1900 m (550,000 ITS
gal). Introduction of the RO system was found to result in sub-
stantial reductions in labour and regenerant costs.

(7) North Lake Power Station (Dallas Light r- Power Co)/3/

In 1976, a 280 L/min (75 US gal/min) RO unit was installed at
North Lake Power Station of the Dallas Light and Power Company
to produce boiler makeup water. It was reported that the
installation ran trouble-free for at least a year of operation.

(8) Coffeen Power Station (Central Illinois
Public Service Company)/3/

In 1977, a 15 mVmin (400 US gal/min) RO system with cellulose,
triacetate hollow fibre modules was installed at Coffeen Power
Station of Central Illinois Public Service Company. The unit
successfully treated lake water and met the boiler makeup
requirements of the plant.

(9) Ravenswood Power Station (Consolidated Edison Co)/3/

Early in 1976, a Romicon UP pilot system was installed at the
Ravenswood Power Station of the Consolidated Edison Co to eval-
uate flux and silica rejection characteristics for untreated and
for deionized municipal water. The results showed UF to be a
highly promising pretreatment for boiler makeup demineralizers.
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TABLE II

Full-Scale RO Operating Data at Willow Glen, December. 1973 - May, 1977

Demineralizer Runs with New Resin

Demineralizer Runs with Old Resin

Throughput, New Resin

Throughput, old Resin

Annual NaOH Consumption

Annual l^SOi, Consumption

Before RO

36 h

15 h

820 m3 (216 000 US gal)

340 m3 (90 000 US gal)

110 000 kg (243 000 lb)

445 000 kg (980,000 lb)

With RO

13 days*

13 days*

720 m3 (1 900 000 US gal)

720 m3 (1 900 000 US gal)

11 000 kg (25 000 lb)

34 000 kg (75 000 1b)

*Resin was 18 months old at time of RO instal lat ion and was s t i l l in service after 3-1/2 years.
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(10) Homer City Station (General Public Utilities)
near Pittsburgh, Pennsylvania/19,21/

The station is located in an area affected by acid mine drain-
age, which has an adverse impact on the quality of water drawn
for plant use from a 200 ha (500 acre) reservoir. This water
frequently has pH -3, high SOi« = , zero alkalinity, and high
Fe concentrations (Fe 2 - 1 8 mg/L). With variations in rainfall
and runoff, the intake water varies from pH 3 - 10, and
TDS 200 -1100 mg/L. An RO unit rated at 750 L/rain
(200 CJS gal/min) was retrofitted in 1974 to the existing
demineralizer plant, to ensure adequate raakeap during periods of
high inlet TDS. The pretreatrnent system included clarification
and sand filtration. A steam heat exchanger was installed at
the RO feed inlet, since the reservoir temperatures reach
freezing during the winter months.

At startup, the RO product water had conductivities averaging
1.5 mS/m (range 0.4 - 7. .4 mS/m) with a feed water conductivity
of >43 mS/m, consistent with design calculations and performance
predictions/19/.

Later experience with the RO system/21/ was less favourable,
however, because of periodic membrane fouling problems caused by
high levels of colloidal hydrous oxides of iron which penetrated
through the pretreatment system. Efforts were made to overcome
these problems by carrying out pilot tests with a OF unit.
Although the UF unit was highly effective when used as a pre-
treatment measure for colloidal iron removal, it was decided
that, in view of the nearly doubled capital costs that would
result from installation of an RO/UF combination system, it
would be more cost-effective overall to introduce an extra ion
exchange demineralization train instead, and the RO installation
has now been removed from service.

4.1.2 RO/UF in Wastewater Treatment

(11) 'H' Steam Plant (Kansai Electric Power Co) Japan/22/

In 1974, an RO pilot plant (ROGA spiral wound modules) was
installed at the 'H' Steam Power Station of the Kansai Electric
Power Co, Osaka, Japan. The oil-fuelled station is legated near
the sea, which provides an abundant source of cooling water.
However, fresh water was in short supply, so that renovation and
reuse of wastewater, and even costly desalination of seawater
by multi-effect flash evaporators became important
possibilities. Four aqueous waste streams treated by the RO
pilot unit were: (i) continuous station wastes, (ii) air
preheater washes, (iii) electrostatic precipitator wash water,
and (iv) oily wastewaters. Available test results are
summarized in Table III for each waste stream.

After pretreatmer*- by coagulation, chlorination, up-flow filtra-
tion, and precoat filtration, the feed water quality was suit-
able for RO processing. Excellent rejection efficiencies were
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noted for divalent ions (>99%), monovalent ions (-95%), and
silica (85-91%). The membranes were stable after 1500 h of con-
tinues operation, during which time the system was entirely
unmanned. Water recovery for the continuous waste water was
about 80%, for the oily waste water effluent 70%, and (with use
of caustic soda for primary neutralization) about 80% for the
air preheater wash water. About 70% recovery was obtained for
the electrostatic precipitator wash water.

(12) San Juan Power Station (Public Service Co of New
Mexico/Tucson Gas & Electric Co/23,24/7

In 1976, at the San Juan Power Station, a 1.7 m /min
(450 USgal/min) spi.al wound RO System and other pretreatment
processes were introduced upstream of a vapour-compression
evaporator, to reduce fivefold the volume of aqueous waste going
to the evaporator/2 3/. The RO system (Fig 1) processed
supersaturated calcium sulphate solution. Supersaturation was
relieved in the concentrate by a clarifier prior to
recirculation to the RO unit. The RO permeate was reused as
demineralizer input and as desulphurization-system makeup
water. It was found that the cost of producing boiler makeup
was reduced and the demineralizer system capacity significantly
increased at little extra cost. Chemical characteristics of the
RO feed, permeate and concentrate are summarized in Table IV.

Early in 1981, it was learned/24/ that the RO system which had
been in operation at the San Juan Station under conditions of
calcium sulphate supersaturation as described above, using
Calgon CL77 (a CaSOi+ and CaCO3 antiscalant) , had been removed
from service because of fouling problems that developed. How-
ever, a second RO system is currently in satisfactory operation,
with lime softening pretreatment, at calcium sulphate concentra-
tions below saturation. It is possible that the Calgon CL77 may
have been underdosed into the system, or entered into competi-
tive combination with dissolved iron or other metal(s) that
might have been present, reducing its effectiveness as a calcium
antiscalant. Calgon Inc have recently developed a range of
organic polymeric antiscalants for CaSOi* and CaCO3, claimed to
have dispersant activity toward suspended metal oxides and hyd-
roxides/23/.
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TABLE III

RO Pilot Plant Results for Waste Streams at 'H' Power Station, Osaka, Japan/22/

1

1

CD

Parameter

Sp Conductance

Total Hardness

Ca Hardness

NH^

Cl~

SO,,-

S102

COD

Continuous

Feed

600-1000

200-800

100-750

-

1800-2400

500-1000

5-8

1-4

Waste

Permeate

60-100

<2

<2

<0.2

200-300

7-15

<l

<1

Mr Preheater
Haste Water

Feed

800-1200

500-1500

300-1000

-

1600-2500

900-2500

3-7

2-4

Permeate

30-50

<2

<2

<0.2

90-140

7-20

<l

<1

Electrostatic Precipitator
Wash Water

Feed

1200-1800

1000-1500

1000-1200

-

2000-2800

2600-4200

2-3

2-4

Permeate

50-80

£z

I2

<0.2

110-160

20-34

_<1

<1

Oily Waste

Feed

2000

2100

350

-

6400

950

5

2

Permeate

160

80

10

1

450

7

a

<l

t

Note: All concentrations given in mg/L, Sp Conductances given in mS/ra.



TABLE IV

Performance Data for RO System at San Juan Power Station
Waste Water Treatment Facility/23/

Parameter

PH

Total Alkalinity (as CaCO3)

Ca

Mg

Na

SOi^

Cl"

SiO2

TDS

Susp Solids

Holding
Pond Water

8.4

143

508

84

642

2598

135

26

4358

10-22

Concentrate

5.1

0

976

184

1219

5515

254

69

8549

<1

Permeate

5.3

0

13

8

32

114

25

6

222

<1

Note: All concentrations given in mg/L.

(13) Tennessee Valley Authority (USA) -
Membrane Process Studies/3/

RO/UF of Boiler Cleaning Wastes

The Tennessee Valley Authority (TVA) has carried out preliminary
investigation of application of RO to removal of heavy metals
from boiler cleaning wastes/3/. It was found that RO can be
used to remove residual heavy metals from boiler cleaning wastes
after pH adjustment and precipitation. Simple, inexpensive
pretreatments were tried, eg, pH adjustment of the alkaline
cleaning wastes with spent acid cleaning wastes to pH 6. This
effectively removed most of the dissolved iron, but not the dis-
solved copper, which was present in the form of stable copper-
ammonia complexes. After settling and clarification, the super-
natant was treated by UF to remove colloidal particulate
matter. The ultrafiltrate was adjusted to pH 5 by adding hydro-
chloric acid, and treated by RO using spiral wound modules sup-
plied by DuPont (polyamide membranes), UOP-ROGA and Osmonics
(both cellulose acetate membranes). (The DuPont spiral wound
polyamide membrane module is not commercially available, but was
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supplied by special arrangement.) The test results showed that
permeate iron levels met discharge guidelines (Fe <1 mg/1) even
at high conversions to permeate, but that the removal of copper
was less effective, especially at high conversions, and did not
meet the target concentration of <1 mg/L Cu. Ammonia was poorly
rejected by both polyamide and cellulose acetate membranes. As
a result of this preliminary investigation, it was suggested
that further R&D be undertaken to optimize conventional pre-
treatment methods, to include, eg, one oc more of the following:
pH adjustment, aeration, adsorption, chiinical precipitation,
coagulation, settling, and filtration. It was recognized that
design and optimization of a pretreatment/RO combination would
probably require extensive pilot work and analysis.

Air Preheater Wash Waters

There appears to be no published information on application of
RO/UF to treatment of air preheater wash waters. As noted
earlier in this report, at Ontario Hydro these wastes are usu-
ally disposed of by discharge via the station's bottom ash dis-
posal pond, where the alkalinity helps to induce effective pre-
cipitation of most of the heavy metals present.

RO of Coal Pile Drainage

There appears to be no published information in the literature
on treatment of coal pile drainage by membrane processing,
although there are numerous references to RO treatment of acid
mine drainage, including a major study sponsored by the United
States EPA/26,27/.

TVA have outlined/3/ a tentative RO treatment scheme for coal
pile drainage (Fig 2), in which the role of the RO unit is to
remove residual heavy metals after the major proportion has been
removed by pH adjustment, precipitation, sedimentation and fil-
tration. The use of caustic soda or soda ash as base for pH
adjustment instead of lime was advocated (i) to prevent (or at
least minimize) calcium sulphate scaling of the RO membranes,
and (ii) to attain greater water recoveries anO lower brine dis-
posal costs. To maximize removal of heavy metals by precipita-
tion, arrangements for brine recycle to the sedimentation basin
was suggested. It was recognized by TVA that although design
optimization of this system would require a considerable R&D
effort, the pretreatment procedure may remove heavy metals to
levels such that the RO itself may be unnecessary.

Neutralization Sump Wastes

There appears to be no published information on RO/UF treatment
of neutralization sump wastes. (Currently, Ontario Hydro
directs these wastes, which result mainly from clarifier blow-
down, filter backwash, and ion exchange operations, to the bot-
tom ash lagoon, followed by filtration and discharge to the CCW
outfall. This approach appears to adequately meet present
environmental guidelines).
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Flue Gas Desulphurization (FGD) Wastes

Limestone scrubbing appears at present to offer advantages in
terms of cost and efficiency, compared with alternative FGD sys-
tems. Although limestone scrubbers will ideally be designed for
zero liquid discharge, it is probable that bleedoff may occa-
sionally become necessary from the otherwise 'closed loop' to
avoid scaling resulting from build-up of excessive levels of TDS
and, occasionally, to release excess water thac may accumulate
in the system. Scrubber liquors may contain levels of heavy
metals (eg copper, nickel, lead, zinc, cadmium and mercury) that
exceed the Ontario MOE's Water Quality Objectives for receiving
waters. If RO is to be considered as an option for
decontamination of waste streams arising from FGD system
bleedoff, then pretreatment, such as neutralisation, softening,
etc, would have to be considered. Limestone scrubbers now being
designed and developed for use at Ontario Hydro's thermal
generating stations are expected to become operational about
1985.

4.1.3 Membrane Longevity

RO/UF membrane lifetimes of 2 - 5 years have been attained in
thermal generating stations, depending on any whether or not
the system is being operated within operating limits specified
by the supplier, in terms of temperature, pH, applied pressure,
etc. Proper pretreatment of the feed stream can be of paramount
importance, especially where suspended solids are already pre-
sent or may precipitate during membrane processing.

4.1.4 Pretreatment Systems

Conventional RO Pretreatment

Pretreatment systems for RO/OF equipment can vary widely
according to the degree of fouling anticipated and the type of
membrane being used. Conventional pretreatment procedures
include: neutralization, clarification, settling, filtration
through appropriate filter media, additions of sequestering
agents (eg sodium hexametaphosphate), and even (for RO)
ultrafiltration to remove very fine or colloidal particulates.
For most commercial membranes, neutralisation using, eg, caustic
soda or sulphuric acid may be necessary to prevent premature
membrane deterioration by hydrolysis at pH extremes.

Particular attention has been given to control of scaling, eg by
calcium sulphate and calcium and magnesium carbonates.
Conventional options available include use of chemical
dispersants and sequestering agents, lime soda softening, or ion
exchange softening. Each of these processes may in turn aid or
hinder the effectiveness of the other pretreatments. For
example, softening by ion exchange, by lowering ionic strength,
may prevent fouling by stabilizing fine particulate or colloidal
suspensions, especially where di- or polyvalent ions are being
removed, the latter being much more effective in destabilizing
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colloids than monovalent ions. Ion exchange can also remove
iron, though this may foul the resin. Dispersants, eg sodium
hexanietaphosphate, can also control iron and manganese fouling
by reacting stoichiometrically with them. Lime soda softening,
while removing dissolved calcium and magnesium, may remove fine
particulates, including silica, by trapping them out in the
resultant floe. pH has an important role in stabilizing or
destabilizing colloids; it can also affect RO membrane rejection
for certain weakly ionized species (eg, carbon dioxide or
ammonia), and membtane lifetime, which, eg, for cellulose
acatate, is optimal at about pH 5.5.

Seeded RO (Ho Pretreatment)

Details of a novel RO water purification process, applicable to
treatment of feedwater streams saturated with calcium sulphate,
have recently been published/41/ by Resources Conservation Co
(RCC) of Seattle, Washington USA. The process entails
circulating the feedwater, containing suspended seed crystals of
calcium sulphate, through a tubular RO module, at a slurry
velocity high enough to avoid concentration polarization. Under
such conditions, preferential precipitation of calcium sulphate
taken place on the 'seed1 crystals, and not on the flow
channel/membrane walls, so that plugging and fouling are
essentially eliminated. RCC have demonstrated RO pilot plant
water recoveries of 94%, with gypsum 'seed' levels of over
60,000 mg/L, and believe that higher conversions and 'seed'
levels are attainable. Current efforts by RCC are focussed on
optimizing system design through further laboratory testing, ft
'seeded' RO pilot plant has been installed in the Office of
Water Research and Technology (OWRT) Test Facility at Roswell,
New Mexico, and, as of October 1980, had completed a month's
operation at a water recovery of 90% without evidence of fouling
or scaling.

While 'seeded' RO has been sucessfully applied to desalination
of saturated gypsum-containing natural brackish waters with high
recoveries, application to treatment of wastewater streams,
resulting from, eg, generation of electric power, has not
apparently been investigated.

4.1.5 Membrane Cleaning

A certain degree of membrane cleaning has been found to be
necessary with most RO/OF systems, the nature of the cleaning
procedure can be varied according to the physico-chemical
characteristics of the foulant in relation to the particular
membrane in service, and it is thus important to identify the
chemical nature of the foulant to be removed. Some foulants may
be removed simply by a brief shutdown, followed by a
low-pressure, high flow rate flush, while others require some
type of chemical cleaning. Organics have, in many instances,
been successfully removed by an enzyme detergent soak. Iron
deposits, such as hydrous ferric oxide, are extremely tenacious,
and may require an acidic flush at pH -2. This procedure.
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however, if carried out too frequently, can shorten membrane
lifetime by acid hydrolysis, while accelerating deterioration of
flux/rejection characteristics.

4.1.6 Economics

4.1.6.1 Costs of RO/IX vs IX for
Boiler Feed Water Demineralization

It has been established that the combination of RO and ion
exchange (IX) can provide technical and economic advantages to
boiler makeup water treatment, depending mainly on the TDS of
the feed water supply. The chemical usage and resulting waste
load of an ion exchange system is directly rslated to the
influent TDS. By removing over 90% of the TDS in the water
before it enters an ion exchange system, the user of a combined
RO/IX system can expect a reduction of about 90% of both regen-
erant chemicals usage, and of the resultant regenerant waste.
Where RO is retrofitted to an existing ion exchange system,
moreover, the extended runs on the ion exchange unit can result
in (i) better water quality, and (ii) reduced need for standby
demineralizers during regeneration periods.

By taking into account the daily required production of deminer-
aliaed water, chemical costs, water recovery, capitalization
factors, membrane replacement costs and waste disposal costs,
the equivalence point in terms of TDS of the raw water supply
has been calculated/2 8/ for (i) a three-bed ion exchange system
and (ii) an RO system with two^bed ion exchange polisher. Based
on a production rate of 2000 m /day (500,000 OS gal/day) and 75%
recovery (which would be about the same order of ion exchange
capacity for many of Ontario Hydro's thermal and nuclear gener-
ating stations), the cross-over point has been estimated in
1981/29/ to be about 350 mg/L TDS, above which combined RO/IX is
the most economical, and below which straight ion exchange
deraineralization is less costly. This figure is in agreement
with the minimum range of TDS 250-500 mg/L reported in 1980 by
Tang et al/3/ for economic RO/IX operation. Since Lake Ontario
water has a TDS of about 230 mg/L, straight demineralization is
the preferred choice for stations using Lake Ontario as a source
of raw water for boiler makeup. The other Great Lakes have even
lower levels of TDS (eg. Lake Erie, 175 mg/L; Lake Huron,
108 mg/L)/29/. Thus it appears at present that straight ion
exchange demineralization is economically favoured for all of
Ontario Hydro's thermal (and nuclear) power generating stations.

4.1.6.2 Costs of RO/UF for Waste Water Treatment

The cost of RO/UF operation on waste streams will normally vary
because of different feed characteristics, which necessitate
various degrees of pretreatment. The steady-state flux rate of
water through the RO/DF membrane modules will, in any given
case, determine the membrane area required to process a given
waste water, and hence determines the size and cost of the
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installation. Clearly, pilot pl.ant testing is a necessary pre-
cursor to any assessment of the economics of treating a particu-
lar waste stream by RO/UF.

In general, where the goal of RO treatment is to produce high
quality water for station use, the uaximura practical water
recovery is determined by the costs of raw water, pretreatment,
and perhaps also brine disposal. If the goal is to concentrate
the brine for disposal, on the othsr hand, the water recovery is
generally limited by scale formation or the concentration and
osmotic pressure of the brine.

4.2 RO/UF In Nuclear Generating Stations

4.2.1 Categories of Active Liquid Waste Waters

Application of RO and UF to the decontamination and volume
reduction of nuclear radwastes has been demonstrated/5/ to have
considerable potential, as shown by the results of numerous
studies carried out on bench-, pilot-, and full-scale equipment
in laboratories and power stations in the USA, Canada, japan and
the Soviet Union.

Radwastes can be categorized, for convenience, into three prin-
cipal types: 'high-purity' wastes; 'low-purity' wastes; and
laundry wastes, as shown in Table V/5/ which indicates the loca-
tion and scale of various RO/CIF studies which have been carried
out to date. High purity wastes have been defined to include
wastes with low conductivity (<10 mS/ra) and low suspended solids
content (<20 mg/L), while low purity wastes include wastes with
conductivities >10 mS/m and suspended solids >20 mg/L. Laundry
wastes include liquids from personnel showers and radioactive
contaminated laundry.

4.2.2 Volume Reduction Factor and Decontamination Factor

Volume Reduction Factor

The RO/UF volume reduction factor attained at each plant is
indicated in Table V. The significance of this parameter is
that it is determined by a combination of flux rate, membrane
pump area, capacity and other design and operating conditions.

The degree of volume reduction attainable in any given case is
thus limited by the degree of membrane fouling and RO/UF
performance decrease that can be tolerated.

Decontamination Factor

The effectiveness of RO/UF {and other) operations for reducing
the activity of effluent streams is commonly expressed as the
decontamination factor <DF) for isotopic and gross 0 activity.
In any given case, the DF can vary with the type of membrane and
the characteristics of the feed being processed. The DF's for
various isotopes at the Rochester Gas and Electric Company's
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Categorization of RO/UF Systenaa Used for Radioactive WaBte Treatnent/5/

Power Plant (Name and Location)

], Tsuruga Station -
Japan Atonic Power Company

2. Sovl#t Test Cells

Russia

3. Point Beach Nuclear Plant
WUcanain USA

4. H.». Robinson #2 Plant
S. Carolina USA

5. Mound Laboratory
Ohio - USA

6. Rocky Plats Plant

Colorado - USA

7. Westlnghous* Electric Corp
Pennsylvania USA

ft. Brunswick Steam
Electric "lint
N. Carolina - USA

9. Hitachi Reneared
laboratory
Ibatakl - Japan

10. Chalk River Nuclear
Laboratories
Ontario - Canada

U . R.E. Ginna Station
Rochester Gas & Electric Co
New York - USA

12. Idaho Falls Plant*
Idaho - USA

Unit Size

UF Pilot Plant
UF Full Scale

R0 Laboratory
Test Cells

R0 Pilot Plant

RO Pilot Plant

UF Bench Scale
Pilot Plant and
Full Seals

go Pilot Plant
and Pull Scale

R0 Laboratory
Scale

R0 Full Scale

RO Pilot Plant

BO Pilot Plant

RO Full Scale

RO Pilot Plant

Membrane Type
and

Configuration

Non Cellulosic
Tubular Membranes

Cellulose Acetate
Plate 4 Prase Membranes

Polyamlde Hollow
Fibre Membranes

Cellulose Acetate
Outside - in Ceramic
Tubes

Cellulose Acetate
Tubular, Non-Celluloslc
Tubular, etc

Cellulose Acetate Spiral Hound
and Cellulose Triacetate
Hollow Fibre Hetabranea

Cellulose Acetate
Tubular Membranes

Cellulose Acetate
Spiral wound
Membranes

Celluloid Acetate
Tubular Membrane

Cellulose Acetate

Tubular Membrane

Cellulose Acetate
Tubular Membranes

Unknown

Waste Stream
Conductivity

US/.)

-

-

214

620 - 1230

1400 - 2400

-

600 - 1400

?50

-

800 - 3300

-

Maste Stream
TDS
(n.g/1.)

10 - IS

500 - 700

90

7.1

30 - ?0

1010

-

5450 - 7400

10 - 20

100 - 3000

2200 - 6100

**

Source of Waste

Equipment Drains

Industrial Radio-
active Wastes

Radioactive
Contaminated Wastes

Waste Hold-up

Tank

Fuel Reprocessing
Contaminated
Wastes

Nuclear Weapon
Contaminated
Wastes

Steam Generator

Blowdown

Floor Drains*
Denlnerallzer
Regeneranta

Laundry

Floor Drain
and Laundry

Hot Shower
and Laundry

Fuel Pool Pond

Type of Waste

High Purity

Low Purity

Low Purity

Low Purity

Low Purity

Low Purity -

Low Purity

Low Purity

Laundry

Laundry

Laundry

-

Volume
Reduction
Obtained by

RO/UF

75 - 150!

400

2 - 1 0

2

200

10

10

3 - 5

1000

150 - 200

400

Unknown

^Information was not released
tLlmlted by Bystem hold-up volume of



Ginna Station, where tubular cellulose acetate RO membranes have
been used, are given in Table VT/5/. The highest isotopic DP
observed was for Co. Although no explanation has been
advanced, it is noteworthy that the highest isotopic DF's
observed with other cellulose acetate RO membranes, in tests in
the Soviet Union and at the H.B. Robinson #2 Plant in South
Carolina, were also for Co.

4.2.3 RO/UF Treatment of Radwaste - Operating Experience

(1) Tsuruga Station (Japan Atomic Power Company)/30/

In 1977, a 250 L/rain (66 OS gal/min) batch UF system for treat-
ment of radioactive equipment drain wastes was commissioned
at the Tsuruga Nuclear Power Plant (Japan). An electroraagnetic
filter was used to pretreat the wastes for removal of magnetite
scale particles, thus protecting the UF unit from damage due to
abrasion, while removing much of the radioactivity associated
with the suspended solids. The decontamination factor was
-100, the volume reduction factor 75 - 150. and the membrane
flux averaged 4.9 m /nr-day (120 US gal/ft -day).

(2) Soviet Test Cells (USSR)/31/

Laboratory test cells have been used in the USSR/31/ to evaluate
R("> treatment of various radioactive waste streams. It is under-
stood t^at cellulose acetate membranes were tested in a plate
and frame configuration and that decontamination factors ranged
from 96-99.8%.

(3) Point Beach Nuclear Plant (Wisconsin, USA)/5/

In 1971, a p\lot scale cellulose acetate tubular module, and
later, a EuP-jnt polyamide hollow fibre RO module were tested
with various radwaste streams. Rejection efficiencies for the
hollow fibre membranes ranged from 90 - 99.9% for the species
Na, Ca, Mg, Cl~, SOi* ~, POi, ~ and silica, operating at 2.1 -
2.8 MPa (300 - 400 psig) and with water flux rates in the range
9.5 - 17 mVday (2500 - 4500 OS gal/day).

(4) H.B. Robinson *2 Plant (S. Carolina)/5/

A series of RO pilot plant tests was carried out using 'Ropak'
tubular modules, to treat low purity waste hold-up tank ('WHUT')
streams. The volume reduction factor attained was about 2,
apparently limited by fouling due to high levels of fine sus-
pended solids in the feed stream.

Mound Laboratory (Ohio, USA)/5/

A very wide selection of UF membrane modules was tested on
bench-, pilot-, and full-scale UF units, to study their effec-
tiveness in treating fuel reprocessing contaminated wastes.
Volume reduction factors of up to 200 were attained.
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TABLE VI

DF's for Various Radioactive Isotopes With Cellulose
Acetate Tubular RO Membranes System At Ginna Station/5/

Nuclide

Ce-144

Co-58

Ru-103

Cs-137

Cs-134

Nb--95

Zr-95

Mn-54

Co-60

Total i so topic

Gross g

Total i so top ic

Weak 3

Average*

Concentrate Act iv i ty
(pCi/cm3)

2.88 x 10"1*

8.55 x 10-5

5.83 x 10-5

4.09 x 10"1*

2.02 x 10"1*

5.35 x 10"5

2.36 x 10"5

8.82 x 1CT5

9.62 x lO"1*

2.15 x 10-?

1.63 x lO"3

1.93 x 10~3

Product Activity
(pCi/cm3)

<2.2 x 10"7

<3.4 x 10"8

<5.5 x 10"8

6.6 x lO"6

3.2 x 10"6

<5.3 x 10-8

<3.7 x 10~8

<3.4 x 10~8

<8.1 x 10"8

9.8 x 10"8

1.86 x 10~5

9.8 x 10"6

Membrane DF

1200

1600

1100

60

60

1000

640

2600

12,000

220

88

190

200

*The average DF i s calculated from the average of the reciprocals of the i sotopic
DF's.
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(6) Rocky Flats Nuclear Weapons Establishment
(Colorado, USA)/32/

Cellulose acetate spiral wound and cellulose triacetate hollow
fibre membrane modules were tested on low-purity wastes at Rocky
Flats in pile,;- and full-scale tests. Hence a full-scale
primary- and secondary-stage unit was designed, capable of
achieving 98% overall water recovery on waste water being
treated.

(7) Westinghouse Electric Corp, (Pennsylvania, USA)/33/

Now-obsolete tubular Westinghouse RO modules (cellulose acetate
membranes) were tested with steam generator blowdown radwastes.
Volume reduction factors of about 10 were typically attained,
with decontamination factors of about 100 or more.

The experimental results also showed that:

(i) boron rejection efficiency improved markedly with pH,

(ii) sodium and phosphate rejection efficiencies were in
the range 98-99.5% and

and (iii.) membrane lifetime at a time average feed stream radio-
activity of 10" nCi/mL should be at least 2 years.

(8) Brunswick Steam Electric Plant
(Carolina Power & Light Co)/5/

In 1971, a full-scale 200 L/tnin (53 OS gal/min) spiral wound RO
system was installed at the Brunswick Plant to treat medium and
low activity liquid radwastes from floor drainage and deminera-
lizer regenerant wastes. Since 1973, however, the system has
seen only limited operation because of inadequate lay-up proce-
dures and improper auxiliary controls.

(9) Hitachi Research Laboratory (Japan)/34/

A tubular RO test unit, made by Paterson Candy International
Ltd, was installed at the Hitachi Research Laboratory to treat
laundry waste from a nuclear power plant prior to evaporation.
The test rig had provision for sponge-ball cleaning and chemical
flushing with a 5 g/L citric acid solution. A volume reduction
factor of over 100Q8was attained by RC, with a decontamination
factor of 500 (as Co). Sponge-ball cleaning was found to be
more effective in terms of flux restoration compared with
chemical flushing, and conferred the added advantage of
un-interrupted operation.

(10) Chalk River Nuclear Laboratories, Ontario, Canada/6,7,35/

Of special interest to Ontario Hydro is Atomic Energy of Canada
Ltd's radwaste treatment programme at Chalk River Nuclear Labor-
atories (CRNL), where RO pilot plant tests have been con-
ducted/6/ since about 1975 for potentially low-cost volume
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reduction of various radwaste streams prior to evaporation, bit-
umenization and ultimate in-ground disposal.

The major contaminants at one CANDU nuclear station are listed
in Table VII/5/. Apart from tritium, most or: the nuclides have
been found to be removable by RO with about 99% efficiency.
Although tritium is not removed by RO, it has a very low energy
S-emission (0.019 MeV) and consequently has a high release limit
compared with the other nuclides.

The proposed flow sheet for an RO system to be installed at the
CRNL Waste Treatment Centre, is given in Figure 3/6/. Aqueous
waste streams from three sources are mixed in the feed tank, and
treated in the primary RO stage by batch recirculation until a
12-fold volume reduction is attained. The retentate is then
passed to the secondary RO stage feed tank, and the volume
further reduced by a factor of 12. The primary stage RO per-
meate is discharged, and the secondary stage permeate recycled
to the primary stage feed tank. AECL's RO tests have been car-
ried out using cellulose acetate 2.5 cm ID x 1.2 m length tubu-
lar membrane modules made by Electrohome Canada Ltd, of
Kitchener, Ontario. The tubular approach was adopted in prefer-
ence to spiral wound or hollow fibre systems, recognizing that
the latter two types are prone to plugging by feed suspended
solids and solids that precipitate from solution during concen-
tration by RO. At an applied pressure of 3.43 MPa, with a
dilute feed flow rate of 0.94 kg/s, the permeate flow through
each module (containing a series of seven membrane tubes, each
1.2 ra long) was about 10 g/s, ie about 1% conversion per pass.

RO has been successfully used at CRNL to concentrate local site
wastes (eg laundry, chemical and reactor wastes) and volume
reductions of up to 200 have been attained. Tubular RO mem-
branes (nominal rejection efficiencies of 95-99% for NaCl) that
became fouled were readily cleaned by mechanical means using
sponge balls, or by flushing with aqueous citric acid
(10 -30 g/L) adjusted to pH 4 with ammonium hydroxide. Tubular
membranes were therefore chosen for the secondary RO stage,
where fouling by already pre-concentrated waste is considered to
be practically certain. An alternative to the use of high
rejection efficiency tubular RO membranes in the primary stage
is to use a much smaller number of UP tubes as a prefilter, and
to pass the ultrafiltrate to a compact RO module, either of the
spiral wound or hollow fibre configuration. This approach is

- 29- 81-497



Table VII

Contaminant.s in NPD Aqueous Waste/5/

Contaminant Concentration

Activated Corrosion Products

60Co
5<*Mn

Fission Products

9 5zr
1 3<t

1 3 7
CS

Cs

Tritium

TDS

Suspended Solids

2.0

0.1

0.1

15.0

70.0

4xlO5

150

50

mg/kg

currently being investigated and may entirely replace the use of
tubular membranes in the primary RO stage. A package RO/UF sys-
tem suitable for treating CANDU reactor aqueous wastes is being
developed for testing at a station to remove activated corrosion
products and fission products from a composite low level active
liquid waste discharge. This system will make use of a tubular
UF/spiral wound RO/tubular RO modular sequence. No sponge-ball
membrane cleaning is proposed, however. Instead, chemical dis-
persant flushes will be used, minimizing exposure of the oper-
ator to radiation/35/.

(11) R.E. Ginna Power Station (Rochester Gas & Electric Co)/4,5/

In 1972 a 315 L/min (83 US gal/min) Westinghouse RO unit was
installed at the Ginna Station to treat active laundry
waste/4/. The RO unit removed over 90% of the BOD, phosphate
and radionuclides, while achieving a volume reduction factor of
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400. An EPRI-sponsored programme was launched in 1978 at the
Ginna Station to investigate the use of UF as a pretreatment for
radwaste evaporators; however, results are not as yet
available/5/.

4.2.4 Membrane Irradiation Stability Tests

Extensive studies have been carried out in the Soviet Union/31/,
and in the USA (Envirogenics Systems Company and the Mound
Laboratory, 0hio)/5/ to investigate how RO/UF membranes perform
after exposure to various levels of radiation. In the Russian
tests, cellulose acetate RO membranes were exposed at different
Y-radiation intensities up to 8 Mrad, and later used to treat
low-level liquid radwastes. From the results of these tests it
was concluded that there were no significant restrictions on the
useful service life of the cellulose acetate membranes. In the
Envirogenics tests, cellulose acotate membranes were exposed to
up to 0.1 Mrad (3.8 rad of Y-radiation for 3 years) without sig-
nificant loss of flux or rejection. Tests at Mound Laboratory
showed that when Abcor non-cellulosic UF membranes were irradi-
ated with B-radiation (0 dose 10 yCi/mL) and Y-radiation (Y-dose
10~ uCi/mL) to simulate 6, 12 and 24 months' exposure, they
showed no significant deterioration in membrane polymer struc-
ture, flux or rejection, attributable to irradiation. Alpha-
irradiation tests were also carried out on the same membrane
materials, at an a-irradiation dosage of 4.9 x 10 nCi/mL, to
simulate exposure for 6, 12 and 24 months respectively, but no
definite conclusions could be drawn about membrane stability
from these experiments.

4.2.5 Pretreatment Systems

Some degree of membrane fouling is inevitable in RO/UF proces-
sing of low level liquid radwastes, and a wide variety of
pretreatrcsnt processes (Table VIII) has been developed to
minimize the effects of foulants on membrane performance.
Effective chemical and physical pretreatment methods have
included: pH adjustment with H2SOit or NaOH, precipitation,
coagulation, various types of filtration - eg, sand filtration,
carbon filtration, standard cartridge filtration (1 - 25 um) -
and high gradient magnetic separation filtration (the latter at
the the Tsuruga Nuclear Station, Japan)/30/.

4.2.6 Membrane Cleaning

Since RO/UF processing of radwaste is subject to membrane foul-
ing, regardless of the precautions taken, effective cleaning
procedures can improve overall membrane flux and rejection char-
acteristics, and also prolong useful membrane life. Acceptable
cleaning procedures have been found to include physical methods
(eg sponge-ball cleaning of tubular membrane modules), and chem-
ical methods (eg use of various cleaning solutions containing
detergents, surfactants, wetting agents, organic and inorganic
acids, and complexing agents). Membrane life should be at least
2 - 3 years with proper cleaning procedures and maintenance
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TABLE Vllt

Pretreafent Methods for KO/VF Unite in Nuclear Application*/'JO/

Ul

I

Tauruga Station

Soviet Teat Cell*

point Beach

II.I. Stoblnsott 2

Haund Ub

Rocky Plats Plant

Brunswick Stea* Elextrlc
Power Plant

Hitachi Research
laboratory

Chalk River Nuclear
laboratories

Cinna Station

Chealcal Treatment

Coagulation to reaove Ce,
Zr, Nb and rare-earth
•laments.
Coagulants un-speciflcd

Acidification with
sulphuric acid.
No pU controller

Acldiflcat;on w.Uh
sulphuric add and
pH controller

(ton*.

Calclua control
uaing hexaitetaphoaphata,
chlorine addition,
chlorine destruction and
pU controller

pi! adjustsent (acid feed)

Acidification with
aulphutlc acid and
pH controller

pH adjuataent for
experikental purpose
only

Acidification to prevent
•eabrane fouling by
calclua phosphate

Filter Type

Ugh Gradient
Magnetic Serration
Filters

10 |IB f i l ters

25 um f i l ters

None

1 im f i l ter
sand filtration
5 Vm high pressure
bag f l l tat , water
conditioning, carbon
filtration, dlatoaaceoua
earth f i l ter

35 um CUHO filter

Operating pH Range

7.0 - 8.0

CUNO filter

5.5 - 7.0

7.3 - 8.3
7.0 - 9.0

3.5 - 6.0

4.0 - 6.0

5.0 - 6.0



schedules; in this regard it is noteworthy that, at the Oinna
Station, RO membrane lifetimes of over five years have been
attained in the treatment of nuclear laundry and shower
radwastes.

4.2.7 Safety Requirements

The capability of remote operation (including cleaning, mainte-
nance and decontamination) of RO/UF equipment, ie without
requirement of an operator's physical contact with the equip-
ment, is fundamental, with most systems present in nuclear power
stations. Design features of RO and UF systems today include
provisions for automated chemical and/or mechanical cleaning
cycles as appropriate. The use of stainless steel construction
throughout permits chemical decontamination of all process pip-
ing, vessels, and membrane pressure vessels. To date, no radi-
ation exposure experience appears to have been reported. The RO
systems at the Ginna and Brunswick nuclear stations are safely
accessible to the operator and no high radiation zones have been
identified in connection with their operation.

4.2.8 Economics

4.2.8.1 Cost-Benefit Analysis

No detailed cost/benefit analysis (such as is recommended in the
OS Nuclear Regulatory Commission's Regulatory Guide 1.110, "Cost
Benefit Analysis for Radwaste Systems for Light Water Cooled
Nuclear Power Reactors") appears to have been reported/5/ for
any particular RO/UF installation. A preliminary cost estimate
for sludge disposal has been made, however, for the electro-
magnetic filtration/UF installation at the 340 MWe Tsuruga
Station, Japan, where about 30,000 m (7.9 x 10 US gal) of
equipment drainage is treated annually. An economic comparison
of this novel combined approach with conventional precoat
filtration as a practical alternative is given in Table IX, in
which costs are expressed in US dollar equivalents. It has been
estimated/5/ that the savings in radwaste burial costs is of the
order of US $172,000/year.
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TABLE IX

Preliminary Economic Analysis a t Tsuruga Nuclear Power S t a t i o n / 5 / .
Comparison of EMF/IIF with Precoat F i l t e r . Basis: 1 Year of Operation

Volume of l iqu id waste
feed

Volume of concentrated
back-wash eff luents
from f i l ter

Sludga Volume*

Cost of Burial
at US $430/m3

Precoat Filter

30 000 m3/yr
(7,900,000 US gal/yr)

2 445 m3/yr
(6,000 US gal/yr)

124 m3/yr
(4,380 ft3/yr)

US S175,000/yr

Electromagnetic Filter
+ Ultrafiltration

30 000 m3/yr
(7,900,000 US gal/yr)

528 m3/yr
(140,000 OS gal/yr)

1.4 m3/yr
(49.4 ft3/yr)

US $2,000/yr

*'Sludge Volume' means the drum volume actually occupied in solidified form,
including solidifying material.

4.2.8.2 Capital and Operating Costs

The need for protection of personnel from radiation exposure has
necessitated incorporation of modifications to standard design
features and materials of construction of RO/UF systems. These
requirements add significantly to the capital costs of standard
RO/UF installations. In 1978, costs for a small 20 - 40 L/min
(5 - 10 US gal/min) RO system for nuclear laundry application
have been estimated at US $150,000 - US $250,000. About the
same time, a cost of about US $900,000 was quoted for
3 x 110 L/min (3 x 30 US gal/min) RO systems purchased for the
Shearon Harris Plants of the Carolina Power and Light
Company/5/.

Operating costs for RO systems in nuclear plants do not appear
to have been reported in the l i terature. It is nevertheless
expected that the operating costs of RO equipment will be sub-
stantially less than for evaporators and for ion exchange equip-
ment, taking into account the costs of resin replacement and
related disposal costs of spent resins.
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5.0 ANTISCALING MEASURES

5.1 Deposit Control Agents

Since membrane fouling can be a major limiting factor in RO/UF
processing, three types of control agents can be considered for
possible use in membrane treatment of candidate waste streams
that occur in the course of Ontario Hydro's thermal and nuclear
operations. These are the following:

5.1.1 Polyacrylates

It has been shown/36/ that a supersaturated solution containing
6800 mg/L CaSOit remained nearly deposit-free on standing about
one year after dosage with Goodrite K-700 polyacrylate (supplied
by B.F. Goodrich, Chemicals Group) at 5 mg/L. The suppliers of
K-700 claim that the polymer acts as a dispersant and/or thresh-
hold inhibitor, which can also modify the crystal lattice struc-
ture of CaSOij and CaC03 scale, so that the crystals formed are
fewer, larger in size, and deformed. Being amorphous and less
dense than unmodified crystals, they do not adhere well to sur-
faces.

5.1.2 Polyphosphates

Polyphosphates have long been used as antiscalants in water
treatment by RO and act as sequestering agents for calcium and
magnesium in solutions. However, polyphosphates can undergo
hydrolysis to orthophosphate, which in turn may react with
available calcium to form a hard insoluble scale of calcium
phosphate.

5.1.3 Polyphosphonates

Recently, there has been growing interest in application of
organic phosphonates as scale inhibitors in water treatment.
These additives have been found effective, even at very low con-
centrations, in preventing nucleation and crystallization of
many inorganic salts, including calcium sulphate and calcium
carbonate/37/. Although the mechanism of inhibition is not yet
fully understood, adsorption of polyphosphonate either on
newly-formed nuclei or on growth sites has been proposed as the
primary step. By modifying the rate of growth on individual
crystal faces, marked changes in crystal morphology may result
The Drew Chemical Company of Canada markets a range of anti-
scalants of proprietary composition containing polyphosphonates,
eg Drewfax 335/38/.

5.2 RO Pretreatment by Softening

In treating waste waters by RO for heavy metals removal, scaling
of the membranes, whether by deposition of calcium sulphate or
calcium carbonate, could be obviated by replacing the dissolved
calcium present by sodium. Two approaches to this might be the
following:
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5.2.1 The Cold Lime Soda Process

The Permutit Company has published details/39/ of the requisite
dosages of hydrated lime and soda ash needed to soften waters
containing excessive alkalinity and non-carbonate hardness.
Any residual heavy metals at concentrations above permissible
discharge limits could subsequently be removed by P.0, with
volume reduction and conversion to relatively pure water suit-
able for plant reuse in non-critical applications or for envir-
onmentally acceptable discharge.

5.2.2 Ion Exchange

Ion exchange softening of waste waters for calcium removal by
passage through a sodium zeolite resin bed might appear to offer
advantages in terms of allowing subsequent RO processing to take
place without significant membrane fouling by csicijm sulphate
or carbonate deposits. However, effective regeneration of the
spent resin requires a strong (about 50 - 100 g/L) aqueous
sodium salt regenerant solution. It would be attractive if the
straight RO concentrate could be used for regeneration of the
resin. However, since the osmotic pressure of a 50 - 100 g/L
sodium sulphate solution is higher than that of sea water (which
contains -35 g/L sodium chloride), it v.'ould be difficult to
produce such a solution by RO using conventional equipment. The
sodium content of the RO concentrate might nevertheless be
raised by addition of an inexpensive sodium salt, eg NaCl or
Na2SOi», anc1 used for resin bed regeneration. Such a process
scheme would first have to be tested and proven in pilot-scale
studies.

6.0 CONCLUSIONS AND RECOMMENDATIONS

1. During the last decade, reverse osmosis has emerged, not-
ably in the US power generating industry, as a proven,
reliable technique for full-scale demineralization of
boiler makeup supplies prior to final polishing by ion
exchange (IX). The cut-off TDS level in choosing between
RO/IX and an all-IX system is presently about 350 mg/L TDS,
above whi-h RO/IX is the economically favoured choice.
Since Ontario Hydro's thermal and nuclear generating sta-
tions make use of raw water supplies from the Great Lakes
system, the highest TDS of which is about 240 mg/L (Lake
Ontario), there appears to be no economic advantage in
applying RO to demineralization of raw water supplies with-
in Hydro's operations at this time. Nevertheless, a watch-
ing brief should be maintained to check whether the econ-
omic cross-over point changes in future as a result of rel-
ative shifts in the total costs (ie, capital and operating
costs) of RO and IX.

2. RO has recently found application in the treatment of waste
streams from thermal generating stations in Japan (pilot
scale RO treatment of continuous waste, air preheater wash
water, electrostatic precipitator wash water and oily waste
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waters), and in the USA (full-scale volume reduction of
aqueous waste streams prior to evaporation, with neutral-
ization of permeate; preliminary pilot-scale studies of
removal of heavy metals from boiler cleaning wastes). It
is recommended that laboratory and pilot-scale studies of
the applicability of RO to treatment of selected thermal
generating station waste streams be undertaken by Ontario
Hydro Chemical Research Dept, to anticipate compliance with
increasingly stringent future Ontario MOE effluent guide-
lines.

Such waste streams should include:

(i) boiler cleaning wastes,

(ii) wastewaters close to saturation with respect to
gypsum, eg fly ash leachate,

(iii) scrubber discharges from limestone process FGD scrub-
bers to be installed at Lambton TGS in 1985. (Should
the results with fly ash leachate prove encouraging,
RO may be included as an option in the Domtar ash
disposal site emergency treatment plan. Furthermore,
should the above studies give promising results, later
investigations might include waste streams such as
coal pile drainage and air preheater wash waters).

3. Membrane fouling has been generally found to be the
principal limiting factor in the RO processing of waste
waters, even with tubular membranes, which have proven to
be the most capable of handling suspended solids. Should
an excessive degree of membrane fouling be experienced in
RO treatment of any of the above waste streams, appropriate
RO pretreatment and membrane cleaning processes should be
developed via laboratory and pilot-scale investigations, to
minimize membrane fouling by, say, calcium sulphate or
carbonate or hydrous ferric oxide deposits, while maintain-
ing acceptably high RO flux rates and solute rejection
efficiencies. Where waste streams containing saturated or
supersaturated gypsum are to be treated, 'seeded' RO should
be investigated, using tubular membrane modules. Where
dissolved gypsum levels are expected to be mainly below
saturation, antiscaling agents to be studied include poly-
acrjiates, polyphosphonates, and newly-developed Calgon
polymers claimed to have significantly improved effective-
ness.,

4. Should the use of (i) 'seeded' RO and (ii) antiscaling
agents prove inadequate to avoid RO membrane fouling,
attention should be g~ven to the feasibility of pretreat-
ment of waste waters by cold lime soda or sodium zeolite
softening.
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5. Application of RO/UF to treatment of active liquid radwaste
streams from nuclear reactors has recently received consid-
erable attention in laboratory-, pilot-, and fall-scale
investigations in the USA, Canada, Japan and the USSR.
Excellent volume reduction factors ranging up to 1000 have
been reported, with rejection efficiencies for radio-
nuclides of up to 99+%. To overcome persistent RO membrane
fouling, Atomic Energy of Canada Limited have proposed the
use of a UF pretreatment system, which should improve the
overall efficiency of membrane processing of aqueous
radwaste streams from CANDU nuclear stations. It is
recommended that the applicability of RO/UF to low level
active liquid radwaste effluent be examined by Research
Division, in co-cperation with AECL and/or Ontario Hydro's
Nuclear Materials Management Dept and nuclear station
staff, eg, at Bruce NGS 'A', where physical and chemical
characterization and filtration of low level aqueous waste
streams is about to be investigated. RO/UF may be viable
alternatives or complementary processes to the new filtra-
tion/IX approach adopted at Bruce NGS 'A1 and being planned
for Darlington NGS.

6. To implement the various recommended testing programs, an
experimental set-up as illustrated in Fig 4 should be used
for batch RO/UF processing of candidate waste waters. In
addition to the 'Ropak' multi-configurational RO pilot
plant already acquired and tested by Chemical Research
Department/40/, which includes tubular and spiral wound
cellulose acetate RO/UF modules and a hollow fibre poly-
amide permeator, it is recommended that a thin film
composite (TFC) spiral wound RO module be obtained for
treatment of very strongly acidic and alkaline waste
streams in the range pH 2 - 12. (Rigorous care will be
taken to exclude presence of aggressive oxidizing agents
with TFC membrane modules.) Studies of 'seeded' RO w:\1
require acquisition of a tubular RO module with feed flow
inside the membrane tubes (in contrast with the 'Ropak'
tubular RO module in which the feed flow is outside the
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tubes). Provision will also be made for pretreatment
operations including neutralization, precipitation,
flocculation, settling, clarification, and prefiltration on
an 'as-required' basis.

Approved: Submitted:

C.H.Clark
Manager
Chemical Research Dept

AG:kw

A. Golomb ;
Engineer
Environmental & Inorganic

Research Section
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