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Abstract. In Norway we have been
doing research on membranes for
water treatment since the mid
1970ies. Until recently the research
and development has primarily been
directed towards the removal of
humic substances (NOM) in drinking
water. Since 1990 around 100 mem-
brane plants (most of them small)
have been installed based on nanofil-
tration membranes in crossflow spi-
ral-wound modules. During the recent
years, several other membrane- and
module configurations have been
investigated, such as coagulation/-
membrane filtration in spiral-wound
nanofiltration membranes, hollow
fibre ultrafiltration membranes and
sintered metal microfiltration mem-
branes as well as ozonation/mem-
brane biofiltration in a rotating disc
ultrafiltration membrane system. We
have also started work on the use of
membranes for advanced wastewater
treatment. This paper gives a short
review of the development of the
technology for the use of membranes
in water treatment in Norway
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Introduction
The use of membrane for water treat-
ment in Norway has been closely
linked to the removal of humic sub-
stances, often also referred to as nat-
ural organic matter (NOM). Norway
has a lot of water. We can avoid using
polluted water courses as sources for
drinking water. We cannot, however,
avoid the fact that a large portion of
the Norwegian fresh water contains a
fairly high amount of NOM that gives
the water a yellow-brownish colour.
A research and development pro-
gramme was launched in the begin-
ning of the late 1970’ies in which
various processes for the removal of
humic substances were analysed, such
as coagulation/direct filtration, ion
exchange, activated carbon adsorption
and membrane filtration. This was
really the early days for membrane fil-
tration for water treatment and mem-
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brane filtration was primarily identi-
fied as reverse osmosis for desalina-
tion. It is typical that when we wrote
our first international publication
based on the work started in 1997 by
my first PhD-student Supporn
Koottatep (now professor in Chiang-
mai, Thailand), we gave it the title:
Removal of humic substances from
water by reverse osmosis (@degaard
and Koottatep, 1982). Obviously we
did not run reverse osmosis mem-
branes, because our idea was to
achieve far lower trans-membrane
pressures by utilizing far more open
membranes (which we today probably
would call nano- or ultrafiltration
membranes) in order to separate
directly the large humic molecules.
Our collegae, Thor Thorsen at SIN-
TEF had good contact with membrane
manufacturers and made them provide
us with membranes in the nano- and
ultrafiltration range.

This early work lead to comprehen-
sive research project on fouling con-
trol during the 1980’ies (@degaard
and Thorsen, 1989), that ended up in a
full scale demonstration plant in
Trondheim in 1990. From that
moment on membrane filtration for
humic substance removal gained
momentum so that we today have
around 100 plants for NOM-removal
in Norway. Below we shall briefly
discuss how these plants are designed
(“the Norwegian way”).

In the mid 90’ies we also started to
address the use of membranes for par-
ticle removal — both for drinking
water treatment (i.e. after coagulation)
and for wastewater treatment (particu-

VANN-4-2002

larly for separation of excess biofilm
from the moving bed biofilm reactor).
We have also addressed the use of
membranes for gas injection/degas-
sing in water. These were more recent
works very much inspired by our con-
tact with Japanese research groups
and companies.

Removal of NOM by mem-

brane filtration

There are several reasons for the need
to remove humic substances in water
that is to be used for drinking water
supply; aesthetic and organoleptic
reasons (colour, taste and odour),
health related reasons (for instance the
formation of carcinogenic and muta-
genic chlorinated by-products) and
practical/economical reasons (Ddega-
ard (ed), 1999).

The presence of humic substances
represents a big challenge in the
Norwegian water supply. About 1/3 of
all the drinking water sources have
too high NOM-content, that have to
be reduced in order to comply with
the drinking water quality standards.
The typical Norwegian humic re-
moval plant, treat lake water low in
turbidity (< 1 NTU), alkalinity (< 0.5
mequiv/l) and hardness (< 5 mg Ca/l)
and high in colour (30-80 mg Pt/1) and
TOC (3-6 mg C/). The Norwegian
water quality standards require colour
< 20 mg Pt/l, TOC < 5 mg TOC/1 and
haloform formation as low as possible
(TTHM < 50 pg/).

There are principally two ways
by which one may use membrane
filtration for removal of humic sub-
stances
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* By direct separation of the humic
molecules

*By coagulation first and then
separation of the coagulated NOM

In the late 70'ies our research group
decided to investigate the feasibility
of direct membrane filtration as the
only treatment for typical Norwegian
humic water. Early testing took place
in the period from 1978 to1984
(@Ddegaard and Koottatep, 1982), fol-
lowed by practical development espe-
cially on choice of membrane type
and membrane fouling (@degaard and
Thorsen, 1989) since fouling was
obviously the main challenge in this
direct filtration strategy. This research
lead, however, to a Norwegian way
of doing it — “the Norwegian way” -
that will be explained below. Since
1990 an increasing number of plants
have been installed more or less

according to the same design philoso-
phy and currently there are close to
100 plants in operation. This repre-
sents about 40 % of the total number
of plants specifically designed for
NOM-removal in the country. Most of
them are quite small, with 59 % of the
plants producing < 500 m*d and 40%
of the plants in 500-5000 m*/d range.
The largest one is designed for 16000
m*/d.

Removal of NOM “the

Norwegian way”

The typical flow diagram of a mem-
brane filtration plant in Norway is
shown in Figure 1. The raw water
passes first through a pre-treatment
unit, normally a micro-sieve with a
sieve opening of 50 pm. If the turbid-
ity is high (1-10 NTU), a rapid sand
filter is recommended instead of the
sieve.
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Fig. 1 Typical design of a membrane filtration plant for humic substance removal
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After pre-treatment, the pressure is
raised up to the operating pressure of
the membrane unit by a circulation
pump. Cross-flow filtration takes
place in the membrane unit resulting
in a clean water stream (the permeate)
that has passed through the membrane
and a dirty water stream (the concen-
trate) that passes a reduction valve
bringing the concentrate back to
atmospheric pressure. Some of the
concentrate is recycled to the inlet in
order to increase the recovery.

Since the reduction of calcium and
bicarbonate concentration through the
membrane filter is about 15-30 %, a
calcium carbonate filter is normally
added in order to replace removed
ions and increase calcium, alkalinity
and pH for corrosion control purposes.
The membrane-filtered water is nor-
mally chlorinated or UV-irradiated for
disinfection. In several cases the water
source is situated so high above the
supply system (for instance 50-100 m)
that the static pressure can be used,
resulting in considerably reduced
energy cost.

Pre-treatment

Even though the turbidity of
Norwegian lake water is quite low, it
turns out that the pre-treatment is very
important. Typically automatic back-
flushing micro-sieves are being used
with a pore size of 50 uym. It has been
experienced that the sieves in several
plants have been under-designed with
respect to hydraulic capacity (peak-
loads). In some instances gel-coated
crustaceans have caused clogging of
the sieves, in particular mesh sieves.
For some cases installation of an addi-
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tional slotted sieve has been found
necessary.

Choice of membranes and

membrane modules

All the Norwegian plants are based on
spiral wound membrane modules and
the majority on cellulose acetate (CA)
membranes with a few exceptions
based on polyamide. They have a pore
size in the range of 1.5 to 5 nm (1 to
20 kD). Cellulose acetate membranes
have been preferred because they are
highly hydrophilic, the price is rela-
tively low and so is the tendency to
fouling. The fouling layer on such
membranes loosens relatively easily
upon membrane cleaning as well.
Correct selection of chemical cleaning
solutions is critical, however, as CA-
membranes are not compatible with
strong cleaning agents and high
temperatures (pH: 2-9, Cl,: 20 mg/l,
temperature: < 35 °C).

The typical operating pressure is
3-5 bar. At a pressure drop along the
membrane of 0.2-0.8 bar per m, there
are limits to how long a row of
membranes may be before the pres-
sure loss along the membrane has to
be compensated for. Typically, a
membrane row of up to 6 m is used
before pressure increase is imple-
mented. The operating pressure is
strongly dependent upon the temper-
ature. A pressure increase of 2.2 %
per °C is required for CA membrane
units. Norwegian water sources may
have temperature variations from 0-2
oC in winter to 14-18 °C in summer,
and the plants must therefore be
designed for winter conditions
(Ddegaard et al , 2000).
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Treatment efficiency and
recovery

Coloured surface water contains
NOM with a broad range of mole-
cular sizes (0.1 — 100 nm) and mole-
cular weights. Membranes have a
certain cut-off related to the mole-
cular size of the solutes, and the
treatment efficiency is therefore pri-
marily depending on the pore size of
the membrane. The most suitable
membrane pore size in a given situ-
ation is the one that removes the
desired amount of target compounds.
In Figure 2 the rejection for four
common drinking water parameters
relevant to coloured Norwegian sur-

face water is shown (Thorsen and
Bergan, 1990).

Figure 2 demonstrates that more
than 80 % of the colour in typical
Norwegian humic water was rejected
at nominal pore sizes less than 5 nm.
Colour is rejected to a larger extent
than TOC as colour is associated with
the higher MW-fraction of TOC. Mn
is an ion in true solution and demands
tight membranes in order to be
removed, whereas Fe is normally
found in a colloid hydroxide state and
is therefore better rejected. In our soft
waters it is favourably that only about
20-30 % of Ca is rejected at the typi-
cal 1.5-5 nm pore size.

Fig. 2 Rejection of different com-

mon parameters in surface water
(Thorsen and Bergan, 1990)
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The treatment efficiency of such a
plant will always be lower than the
rejection and will be dependent on
recovery which is the ratio between
the total amount of permeate (pro-
duced water) to that of the raw water
supplied. The treatment efficiency
will decrease with increasing recovery
for a given rejection. This is demon-
strated in Figure 3 giving data points
from a full-scale operation. The curve
lines are based on model calculations
(Thorsen, 1998). Recoveries above
80-85 % will reduce efficiency signi-
ficantly and therefore most of the
Norwegian plants are operated at typi-
cal recoveries of 70-80 % and
removal efficiencies of 75-80 % for
colour and 60-70 % for TOC.

The higher the raw water colour, the
lower pore diameter is chosen in order
to be able to achieve the required
colour in the treated water. However,
tighter membranes increase the rejec-
tion of di- and trivalent ions (like Fe, Al
and Ca) which influence the colloidal
stability of the humics and causes
coagulation. Increased concentration
of both humic substances and such ions
at the membrane surface may promote
membrane fouling and reduced perme-
ability (Thorsen, 1999). There is a bal-
ance, therefore, between efficiency and
cost as the tighter membranes obvious-
ly require higher operating pressures
and give lower production capacity.
Taking all factors into consideration, a
membrane pore size of 1.5 - 5 nm has
been found to be in the optimal range.

Membrane flux
In theory, membrane flux (I/m?2 h) is
proportional to the operating pressure.
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This is influenced by fouling, how-
ever, and if one is operating at a flux
over a certain level (the critical flux),
the negative effect of the fouling layer
will be dominant over the expected
flux increase at higher operating pres-
sure, with reduced flux at increasing
pressure as the ultimate result. This is
not discovered at the start of opera-
tion, only after 500-1000 hrs. It is,
therefore, very important that one
does not design for a flux too high,
even though pilot tests may have indi-
cated that high fluxes might give
acceptable results.

In the early days, the plants were
designed for membrane fluxes around
20 V/m*h. Now it has been realised that
the maximum long term operating
flux for typical Norwegian conditions
should not be set higher than 12-18
I/m*h, depending on raw water charac-
teristics, recovery aimed for, cleaning
frequency, type of cleaning solution
etc. In most of the small plants a frac-
tion of the concentrate is recirculated
to the inlet in order to increase the
cross-flow velocity along the mem-
brane and reduce the formation of the
fouling layer. In order to be able to
operate at typical rejections between
80 and 85 %, the flow rate in cross-
flow operation should be in the range
of 5-10 m*h in a standard 8" spiral
module. In the larger plants, the mod-
ules are often divided into several sec-
tions in series, with a booster pump
between each section. This compli-
cates the plant but results in better
treatment efficiency and less fouling
layer formation. The flux has little
influence on treatment efficiency, but
the water characteristics have a pro-
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nounced effect. Generally it appears
that waters with a high colour/TOC-
ratio give a high rejection of TOC.

Membrane fouling and

cleaning

In theory, membrane flux (I/m h) is
proportional to the operating pressure.
This is influenced by fouling however
Membrane fouling with flux decline
represents the greatest challenge in
membrane filtration of humic sub-
stances. Adequate cleaning of the
membranes has turned out to be cru-
cial both for capacity and lifetime.
The plants are designed, however, for
a membrane lifetime of 5 years but
there are experiences with plants with
as old membranes as 10 years.

In most of the plants two types of
cleaning are normally carried out; (1)
a frequent (daily) cleaning and (2) a
main cleaning that is carried out a
couple of times a year. In the daily
cleaning, that normally lasts for about
one hour and takes place during night,
a chemical cleaning solution contain-
ing a mixture of cleaning agents and
chlorine is pumped into the membrane
module and circulated for 30-60 min-
utes after which it is discharged. The
membrane module is then rinsed for
10-20 minutes with raw water, and
permeate is lead to waste. During this
procedure the plant it out of produc-
tion but is put back into operation
after rinsing is finished. A typical
cleaning solution used for daily wash
is a weak alkaline solution (30-60
weight-% organic salts, 0-1 % ten-
sides and 40-70 % water) that is dilu-
ted and mixed with a chlorine solution
before use. The amount of chlorine
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added is equivalent to a concentration
of 20 mg/l on average in the circulat-
ing water. The purpose of the chlorine
is to avoid bacterial colonies estab-
lishing themselves inside the plant.

The main cleaning is typically car-
ried out by the contractor 1-2 times
per year at the plant, as part of a ser-
vice agreement. It lasts for 8-24 hrs
depending on local circumstances.
The cleaning solution is introduced to
the plant and circulated on the feed
side of the membrane. Half way in the
cleaning procedure, the solution is
washed out and a new portion intro-
duced. After some time raw water is
fed to the plant, and the cleaning solu-
tion is washed out partly through the
concentrate and partly to the permeate
- both to waste. After sufficient rins-
ing by letting the permeate go to
waste, the plant is again put into
operation at gradually increasing pres-
sure. A typical cleaning solution used
for the yearly wash is a weak alkaline
solution containing 30-60 % EDTA,
30-60 % phosphate, 10-30 % sodium
sulphate, < 1 % enzymes, 5-10 %
anionic tensides and 1-5 % non-ionic
tensides used in a 1 % solution (all
weight-%). The actual composition of
the cleaning solutions is proprietary
information.

Disposal of wastes from
membrane filtration plants

for NOM removal

From a membrane filtration plant for
humic substance removal, one will
have to dispose of the concentrate
as well as the various cleaning solu-
tions and rinsing water. Generally,
Norwegian water pollution control
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authorities consider that the concen-
trate and cleaning water do not repre-
sent any pollution hazard when they
are discharged to the water source
down-stream the water intake.

This was also established as a fact
through an investigation (@degaard et
al, 2000) where it was demonstrated
that haloform formation was very low
and had no impact in filtered water
and little impact on the concentrate.

Survey of operating
experiences

During the spring of 1999 a survey
among 27 plant owners of NOM
removal plants in Norway was con-
ducted. Some of the results are sum-

marized in Table 1. Generally the sur-
vey demonstrated that the plant own-
ers of the membrane filtration plants
were quite satisfied with their plants
and much more satisfied than the
owners of other types of NOM-
removal plants (coagulation/direct fil-
tration, ion exchange etc)(@degaard et
al, 2000). The treatment results were
generally very satisfying and in accor-
dance with plant design and specifica-
tions. It is a fact, though, that more
than 40 % of the plants had experi-
enced total operational breakdown
one or several times, an indication of
the fact that plants that are totally
automised are susceptible to break-
down because of power failure etc.

TABLE 1 A summary of operational experiences from 27 membrane plants for NOM removal

Average colour removal efficiency 21)' : 86+15 %"
Final colour <3 mg Pt/l 57%
Final colour 5-10 mg P/l 33%
Final colour 10-20 mg Pt/1 10%
Percentage of plant owners disagreeing with the statement (27)' :

Total operational break-down has never occurred 41%
b- No problems in maintaining capacity over time 2%
¢ No problems with pre-treatment 15%
d. Process is insensitive to raw water quality changes 15%
e.  Start-up of process was smooth and rapid 8%
. Process simple to run - requires little surveillance 4%
g Plant gives good and stable treated water quality 4%
h.  Operation cost is acceptable 4%

()' Number of plants giving information on this question * Raw water colour : 35-50 mg Pt/l

Removal of NOM by
coagulation/membrane

filtration

Over the last few years our department
has also taken up NOM-removal by
coagulation/ultra membrane filtration.
The experiments are carried on highly
coloured raw water (50 mg Pt/l) by
coagulation and outside-in hollow-
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fibre membrane filtration. Chitosan, a
cationic biopolymer produced from
crustacean shells, and polyaluminium
chloride (PACI) have been used as
coagulants. The rate of permeability
decline was determined for different
backwash frequencies and different
fluxes at a 95% water recovery of the
membrane (Machenbach et al., 2002).
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Figure 6 The experimental set-up of the coagulation/ultrafiltration project

The experimental results so far show
that coagulation with PACI gave a
good and consistent permeate quality
with removals of 95.6%, 84.9%, and
66.1% for true colour, UV absorbers,
and dissolved organic carbon (DOC),
respectively. Longer filtration inter-
vals with less frequent backwashing
as well as lower specific aluminium
dosages increased the rate of per-
meability decline. The particle size
distribution in the retentate tank was
not affected by the frequency of back-
washing.

Chitosan was less effective in coa-
gulating humic substances and the
removal efficiencies were notably
lower. Preliminary results suggest that
the permeability declines somewhat
faster for chitosan compared to PACI-
coagulated water.

At this time it is difficult to say
whether coagulation/ultra membrane
filtration will be able to compete eco-
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nomically with traditional nanofiltra-
tion of NOM (“the Norwegian way”),
but it certainly is an interesting option.

In another project we have worked
with sintered metal microfiltration
membranes from Hitachi metals. In
the pilot plant we have utilised the
membranes in a cassette system, see
Figure 7. The idea behind this project
was to investigate the feasibility and
potential of using inorganic metal
microfiltration membranes in a sub-
merged membrane configuration with
coagulation pretreatment for drinking
water production. Variations in opera-
ting modes and conditions were test-
ed, from dead-end operation to semi
sequencing batch operation using air
scouring and backwashing cycles for
membrane cleaning and fouling con-
trol. Fluxes around 180 LMH at trans-
membrane pressures below 0,3 bar
where achieved over production
cycles in excess of 50 hours.

VANN-4-2002



Treatment efficiencies in general
showed >95% color removal, ~85%
UV removal, 65-75% TOC removal,
>0.5 NTU turbidity and non-

detectable suspended solids in the per-

meate. The initial results show that
MF metal membranes combined
coagulation pretreatment are a poten-
tial alternative to treating drinking
water.

Figure 7 The Hitachi Metal membrane used in a cassette system

Removal of NOM by
ozonation/membrane
biofiltration

Another quite interesting alternative
for NOM-removal is ozonation/biofil-
tration (@degaard, 1996, Melin and
(Ddegaard, 2000, 2002). In this
method the non-biodegradable NOM
is ozonated first in order to remove
colour. This produces easily
biodegradable organic matter (e.g.
carboxylic acids, aldehydes and keto

off-gas

2 i
:

Contact columns

acids) that is subsequently biodegrad-
ed in a biofilter.

When working in Hokkaido univer-
sity 3 years ago, I became inspired by
the work carried out by Kimura
(Kimura, 2000) on the use of the rota-
ting biofilm membrane reactor that he
used for ammonium removal. I
though that this system also could be
used for ozonation/biofiltration
according to the principle shown in
Figure 7.

Ozonated water

- Concentrate

/

¢ Permeate

Rotating disk
membrane

Figure 7. The principle of the ozonation/biofiltration/membrane system

VANN-4-2002

313



The figure demonstrates two alterna-
tive routes for the ozonated water the
rotating membrane disc reactor; a)
via a biofilter or b) directly. It is the
latter one that is most interesting. In
this scheme we let biofilm establish
itself on the membrane surface and
we filter the water through the mem-
brane. By control of the biofilm for-
mation on the membrane surface by
the procedure proposed by Kimura
(by sponges placed in the reactor
chamber), we believe that the TMP
build-up will be relatively slow. The
project is by far not finished and we
we hope to produce interesting
results in cooperation with Hitachi
plant, Ltd.

Summary and conclusions
It is demonstrated in this paper that
The Water Treatment Research Group
at NTNU/SINTEF has had a long
research history in the use of mem-
brane filtration for water treatment.

We have been strongly inspired by
Japanese colleagues and are actively
involved in many innovative projects
in this area of research.
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