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A B S T R AC T

Exposure to water containing micro-organisms causes biofouling on reverse osmosis (RO) 
membranes as they adhere, multiply and produce extracellular polymeric substances (ESP) 
which form biofi lm on the surface of the membrane. As micro-organisms are present in virtu-
ally every water system, biofouling is one the most commonly encountered fouling types in 
large and small scale RO installations treating surface, waste- or seawater. Biofouling control 
is signifi cantly improved when multiple methods are combined in an integrated approach and 
prevention methods employed in the RO stage itself are applied. In this study the impact of new 
membrane chemistry, feed spacer thickness and the use of non-oxidative biocide upon to the 
rate of biofouling in RO systems was investigated using a pilot-scale experiment involving small 
membrane elements subject to a high-fouling feed and autopsy-based analysis of membrane 
foulant loading and composition. The results were as follows: (1) The benefi t of using the newest 
development in the family of fouling resistant (FR) membranes, DOW FILMTEC™ BW30XFR, 
was validated with side-by-side operation where lower rate of fl ux loss was observed when 
compared to the current industry standard membrane, BW30. (2) Thicker feed spacers provided 
reduced pressure drop and reduced rate of pressure drop increase during episodes of fouling. 
Overall organic foulant loading and bacterial counts were found to be reduced on membrane 
used in combination with thicker spacers. (3) The clear benefi t of DBNPA dosing was observed 
with both shock and continuous dosing regimes. The benefi t was most visible in the evolution 
of Δp as the treated elements operated at signifi cantly lower Δp. Autopsy based results verifi ed 
signifi cantly lower organic fouling loading on the biocide treated element. These results point 
to the value of the studied factors – membrane chemistry, feed spacer confi guration, and biocide 
dosing – for use with high-fouling feeds. The suggested route is to combine the components 
for use as an integrated strategy to solve biofouling. Combining a FR membrane with a thick 
feed spacer is preferred whenever a high potential for biofouling is seen. The use of targeted 
biocides in the pretreatment section will further result in improved fouling prevention and 
ensure long-term trouble free operation, maximizing the membrane lifetime and minimizing 
the operational expenses of the treatment system.
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 1. Introduction

Exposure to water containing micro-organisms 
causes biofouling on reverse osmosis (RO) membranes. 
They adhere, multiply and produce extracellular poly-
meric substances (ESP) which form biofi lm on the 
surface of the membrane [1]. As micro-organisms are 
present in virtually every water system, biofouling is 
one the most commonly encountered fouling types in 
large and small scale RO installations treating surface, 
waste- or seawater. If left uncontrolled, it can be a signif-
icant and persistent operational challenge with substan-
tial economic consequences [1–3]. Biofouling research 
has been highly focused on various methods to control 
biofouling, but none of the previously proposed meth-
ods, when applied individually, have been able to solve 
the problem under every circumstances [4]. This work 
demonstrates that control is signifi cantly improved 
when multiple methods are combined in an integrated 
approach [4].

The most common method to prevent fouling is to 
reduce or eliminate the contact of the foulant with the 
membrane by improving the pre-treatment section. 
Bacteria can be physically removed for example by low 
pressure membrane fi ltration (MF/UF) or inactivated by 
disinfection chemicals or UV treatment upstream of the 
RO membranes [3–5]. The drawback of these elimination
strategies is that none can provide absolute elimina-
tion and the tendency of micro-organisms to reproduce 
results in situation where even a small amount of active 
bacteria surviving the pre-treatment can result in signifi -
cant problems in RO section [6]. Additionally, a limiting 
factor for chemical disinfection is the incompatibility of 
the polyamide thin-fi lm composite membrane with chlo-
rine and other oxidizing chemicals commonly used for 
water disinfection [7]. A deactivation step with a reduc-
ing agent such as sodium metabisulfi te is required before 
the feed water is put into contact with the RO membrane. 
Beyond the additional cost and complexity, the chlorina-
tion–dechlorination process has been reported to aggra-
vate biofouling problems at some RO plants [3,7].

In view of these consideration, the need for bio-
fouling prevention methods employed in the RO stage 
itself arises and this paper presents examples of three 
such techniques: (1) new fouling resistant FR membrane 
chemistry, (2) optimization of the feed spacer confi gura-
tion for high-fouling or challenging feed water condi-
tions by varying the spacer thickness and (3) the use of 
non-oxidative biocide (DBNPA), fully compatible with 
all materials of construction of the RO element. A range 
of pilot-scale experiments were carried out involving 
small membrane elements subject to a high fouling feed, 
followed by autopsy-based analysis of membrane fou-
lant loading and composition. Results demonstrated 
the impact these techniques, alone and combined, upon 

permeate fl ux, feed-side pressure drop and response to 
fouling in RO systems.

1.1. Fouling resistant RO membrane chemistry

The surface chemistry of an active membrane can 
be modifi ed such that it becomes FR, that is, more resis-
tant to the adsorption and accumulation of the foulant. 
This is one of the recognized options to tackle fouling. 
As a leading RO membrane manufacturer, Dow Water 
& Process Solutions has long advanced this approach. 
The fi rst generation of FR FILMTECTM membranes date 
back for more than a decade. Currently there are two 
FR chemistries available. The FILMTEC™ FR mem-
brane has a smooth, hydrophilic and strongly negative 
surface charge to make it less prone to the attachment 
and colonization of bacteria. It has an established track 
record against biofouling in surface and wastewa-
ter applications [8–11]. The most recent innovation is 
an extra FR membrane, BW30XFR, which in addition 
to biofouling control offers increased fouling resis-
tance against particulate and organic fouling [12]. 
The improved biofouling resistance of the BW30XFR 
membrane compared to standard BW30 and extra low 
energy (XLE) membrane has been demonstrated using 
accelerated laboratory fouling tests. The results showed 
fl ux decline due to fouling with comparative magni-
tudes as follows: BW30XFR < BW30 < XLE. When run 
at constant feed pressure, the BW30XFR membrane 
lost less than 5% of its initial fl ux while the BW30 lost 
about 10% and XLE lost more than 20% of its initial 
fl ux [12]. In the same experiment, the BW30XFR also 
demonstrated an improvement in overall cleanability. 
The resistance to fouling and cleanability (degree of 
fl ux recovery upon cleaning) are not identical. Fouling 
resistance relates to the decrease of fl ux during opera-
tion and the rate at which this fl ux decrease occurs. 
Cleanability relates to the ability of the membrane to 
withstand cleaning protocols and the ability to recover 
the fl ux to its original level. Several cleanings will take 
place over the lifetime of the membrane element and 
harsh fouling will need aggressive chemical cleaning 
for removal. Biofouling is best removed with alkaline 
cleaners, with or without detergents. The unique fea-
ture of FILMTECTM elements is their ability to with-
stand repeated high pH cleanings, even up to pH 13, 
which is a key factor in cleaning biofouling. It has been 
previously reported that cleaning biofouling below pH 
12 is not effi cient [13].

1.2. Feed spacer confi guration

Moving beyond membrane selection, RO element 
construction can be varied to reduce fouling and the effect 
of fouling upon system performance. The feed spacer 
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has a critical role in biofouling development [14] and the 
spacer confi guration can be optimized for high fouling 
potential or challenging feed conditions. One confi gu-
rable parameter is the feed spacer thickness. It is often 
assumed that a thicker feed spacer will mitigate fouling 
and provide a reduction in pressure drop across the ele-
ment [15]. The thicker spacer allows more void volume 
between the membrane leaves, providing more room for 
foulants and thereby increasing the time between clean-
ings in some systems, particularly systems where the 
cleaning criterion is based on a maximum allowed pres-
sure drop. These would be plants with biofouling or high 
colloidal fouling. Unfortunately, high-quality compara-
tive data on the effect of varying feed spacer thickness 
upon membrane element performance obtained under 
side-by-side operation in high-fouling feed water has 
been largely missing from the discussion [15].

1.3. Non-oxidizing biocide (DBNPA)

The use of a high effi ciency, non-oxidizing, rapid kill 
biocide such as DBNPA (2,2-dibromo-3-nitrilopropio-
namide) is a more effi cient biofouling control method 
than dosed-then-neutralized oxidizing disinfectants 
because the biocide can remain active throughout the 
RO membrane stage. DBNPA has been used for many 
years to prevent and remove biofouling in industrial RO 
systems [16,17]. It can be dosed either on continuous 
or in shock dosing mode and the dosing rate (concen-
tration and frequency) can be optimized to account for 
varying plant conditions, such as seasonal changes. The 
largest benefi t can be achieved when it is dosed further 
upstream of the RO section, such that biofouling control 
is achieved throughout the whole pre-treatment process 
(MF/UF, cartridge fi lters, etc.,).

Most of the references related to the use of DBNPA 
at large scale installations describe successful operation 
over a period of years, but comparative data against a 
reference membrane demonstrating the effect has not 
been widely presented [18].

2. Materials and methods

In the present study three sets of experiments were 
carried out, each presenting one of the proposed steps 
for biofouling control: (1) new FR membrane chem-
istry, (2) optimization of the feed spacer confi guration 
and (3) the use of non-oxidative biocide. In terms of 
experimental set up; pilot hard ware, data acquisition 
and control scheme the experiments were identical and 
are explained in Sections 2.1.1–2.1.3. Experiment spe-
cifi c details are explained individually in subsequent 
Sections 2.2–2.4.

2.1. Experimental setup

2.1.1. Pilot plant hardware, pretreatment and feed water 
properties

A small scale pilot apparatus, having up to eight 
single element RO pressure vessels in parallel positions 
was used in all experiments, allowing good quality 
side-by-side comparison (Fig. 1). The pilot unit received 
municipal effl uent after secondary biological treatment 
and clarifi cation. The process is shown schematically in 
Fig. 2. Minimal pre-treatment was used upstream of the 
RO membranes. This allowed the onset of the fouling 
to be fast and its effects easily observed. Details of the 
feed water composition and the size of used pre-fi lters 
during each experiment can be found from the Table 1.

Fig. 1. RO pilot plant with eight parallel vessels housing elements with outer dimensions of 2.5-in. in diameter and 14-in. in length.
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2.1.2. Data acquisition

Operational data was continuously logged for the 
following parameters: feed and permeate fl ow, feed 
pressure, pressure drop, feed and permeate conductiv-
ity, temperature, feed and permeate pH. The permeate 
fl ow and conductivity were normalized using the Film-
Tec FTNorm program. The pressure drop was normal-
ized according to Eq. (1), where Qavg = average feed-side 
fl ow rate (equal to the arithmetic average of the feed 
and brine fl ow rates) and μ = dynamic viscosity. Values 
marked ref correspond to the reference operating con-
dition. The reference operating conditions to which the 
data were normalized included the same fl ux and recov-
ery for all vessels:
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2.1.3. Control scheme

The impact of fouling was observed in the fl ux 
decline and the increase of feed-side differential pres-
sure. To the extent possible, the recovery and fl ux were 

kept constant and equal for all elements. This provided 
a basis for direct comparison of the rate of fouling of 
the various membranes, element confi gurations and 
whether biocide treated or not.

2.1.4. Fouling analyses

Autopsy-based analysis of membrane foulant load-
ing and composition were done after the experiments 
had fi nished, utilizing common techniques; physical 
and visual inspection, weighing and loss on ignition 
(LOI). Physical inspection is a non-destructive test to 
determine the physical integrity of the element and 
visual identifi cation of potential foulants in compari-
son to the virgin product. Weighing a fouled element 
is a fast if somewhat approximate way to determine 
amount of accumulated foulant. LOI is a gravimetric 
method in which the foulant sample is dried at 110°C 
and then heated to 550°C. This procedure will determine 
the moisture content of the sample and will destroy 
the organic material present, indicating by gravimet-
ric analysis whether the foulant is mainly inorganic or 
organic and whether the organic fouling is mainly due 
to biofouling.

2.2. Fouling resistant RO membrane chemistry

The effect of the membrane surface chemistry 
upon fouling was evaluated by comparing the indus-
try standard BW30 membrane to extra FR BW30XFR 
membrane. In RO applications outside the laboratory, 
fouling is often a combination of many types of foul-
ing and hence the fouling resistance of a membrane 
is best demonstrated with waters from real applica-
tions. Both RO elements had an active membrane area 

Fig. 2. Process scheme of the pilot plant.

Table 1
Feed water analysis

Parameter Unit Experiment

Fouling resistant 
membrane
average
(min–max)

Feed spacer 
optimization
average
(min–max)

DBNPA

Shock dosing
average
(min–max)

Continuous dosing
average
(min–max)

Temperature °C 25.6 (25.6–29.2) 24.8 (21.7–27.9) 17.7 (14.1–22.1) 25.6 (25.6–29.2)

pH – 7.2 (7.1–7.3) 7.32 (7.05–7.57) 7.3 (7.1–7.6) 7.2 (7.1–7.3)

Feed conductivity μS cm−1 2,153
(1,823–2,300)

2,038
(1,522–2,553)

2,442
(1,469–3,453)

2,153
(1,823–2,300)

Suspended solids mg l−1 12.2 11 7.3 (1–34) 12.2 (2–23)

Chemical oxygen demand mg l−1 32.8 11 31.4 (16–67) 32.8 (19–45)

Biological oxygen demand mg l−1 11 9 10.3 (5–31) 11 (5–19)

Pretreatment (bag/cartridge) μm 50/5 NA/5 50/5 50/5
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of 5.8 ft2 (0.54 m2) and a 34 mil feed spacer and both 
elements were continuously treated with a biocide 
(DBNPA), allowing a clear comparison between mem-
brane chemistries.

2.3. Feed spacer confi guration

The effect of feed spacer thickness upon fouling 
was evaluated by comparing two different membrane 
types and for each membrane two different spacer 
thicknesses were tested. Comparisons were made 
between the spacers associated with like membrane 
to allow fair comparison. Within each like-membrane
pair, the elements were run at similar fl ux and recov-
ery. Details of the membranes and spacers are pre-
sented in the Table 2. The spacers were commercially 
available bi-planar extruded netting made from poly-
propylene. They were oriented such that the feed fl ow 
direction bisected the angle formed by the crossing 
sets of parallel strands. Caustic and acid cleanings 
were performed during the experiments according 
to the manufacturers’ guidelines [7]. The experiment 
was conducted during summer time with warm water 
temperatures (Table 1), which provided optimal con-
ditions for bio-growth.

Once the experiment was fi nished, the BW30 mem-
branes were subjected to physical and visual inspection, 
weighing and LOI evaluations. In this experiment, the 
nature of biofouling was further analyzed with micro-
bial analyses of the membrane surface using the two 
FR membranes. The membranes were autopsied and 

four coupons of 36 mm in diameter were removed and 
transferred into sterile 50 ml fl asks. To each sample, 
20 ml of a phosphate buffered saline pH 7.0–7.3 (PBS) 
containing 0.1% surface active agent (Tween 80) was 
added, along with glass beads to facilitate the removal 
of sessile microbes from the membrane surfaces during 
a 2 min vortexing step. Tryptic Soy Agar with Casein-
Peptone-Soy meal-Peptone agar (TSA/CASO) was 
used, a standard growth media for aerobic bacteria. 
The plates were incubated for 2 d in 30°C. A standard 
viable count technique was used to determine the level 
of contamination.

2.4. Non-oxidizing biocide (DBNPA)

The effect of DBNPA was compared by operating 
membranes with and without biocide treatment side-
by-side in the same pilot plant. Different membrane 
types, having the same element construction, were used. 
The membranes were FILMTEC LE, BW30, BW30FR and 
BW30XFR, each with 34 mil spacer and active membrane 
area of 5.8 ft2 (0.54 m2). Periodic caustic cleaning-in-place 
(CIP) was carried out at pH 12.6 and 25°C during the 
experiments.

The experimentation used both shock and continu-
ous dosing methods with different biocide concen-
trations and dosing frequencies. The dosing plan is 
presented in the Table 3. AQUCAR™ RO-20 with 20% 
active DBNPA was used. During the continuous dos-
ing experiment the 20% DBNPA solution was further 
diluted to 5% with polyethylene glycol (PEG).

Table 2
Details of 2.5-in. diameter elements

Name Membrane 
type

Active area 
(ft2 m−2)

Spacer thickness 
(in. mm−1)

Spacer strand count 
(strands per 10 cm)

Angle between 
strands (degree)

BW 22 mil BW30 7.0/0.65 0.022/0.56 35 90

BW 34 mil BW30 5.8/0.54 0.034/0.86 35 90

FR 34 mil BW30FR 5.8/0.54 0.034/0.86 35 90

FR 46 mil BW30FR 4.4/0.41 0.046/1.17 28 90

Table 3
Trial dosing methods

Dosing mode Concentration (active) ppm Frequency Dosing time (min)

Online-shock 20 Five times per week 60

Online-shock 20 Three times per week 60

Online-shock 20 One time per week 60

Online-continuous 5 Continuous NA

Online-continuous 2 Continuous NA
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 The shock dosing trial was carried out during win-
ter time with colder temperatures and the continuous 
dosing was carried out during summer with higher tem-
peratures. Fluctuations were observed in the feed water 
quality during the experiments (Table 1). Elements from 
the shock dosing experiment were weighed and sub-
jected to LOI analysis after the experiment and visual 
inspection was performed for the elements after the con-
tinuous dosing experiment.

3. Results

3.1. Fouling resistant RO membrane chemistry

Comparative operational data for permeate fl ux and 
salt passage obtained during 40 d of operation are pre-
sented in Fig. 3. The BW30 membrane showed a higher 
degree of fouling throughout the whole experiment 
when compared to BW30XFR membrane. At the end of 
the experiment, the BW30 had lost 22% and BW30XFR 
only 14% of the initial fl ux. Several additional pilot scale 
trials and full scale plant operation have since been con-
ducted with the new BW30XFR membrane with differ-
ent feedwaters and the results have demonstrated its 
capability to withstand high fouling conditions [19,20]. 
In the long run, the benefi ts of selecting FR membrane 
can be clearly seen in both decreased energy consump-
tion and reduced cleaning frequency. Coupled with 
higher fouling resistance, the BW30XFR demonstrated 
lower salt passage, which is expected due the difference 
in the element specifi cations [21].

3.2. Feed spacer confi guration

Comparative operational data for permeate fl ux and 
differential pressure obtained during 65 d of operation 
are presented in Figs. 4 and 5 for BW30 and FR mem-
branes respectively. Both pairs showed that a lower ini-
tial pressure drop was achieved with the thicker feed 

spacer and the effect was magnifi ed when the membrane 
became fouled. After approximately 50 d of operation, a 
very rapid pressure drop increase was observed with all 
membranes, which was concluded to be caused by rapid 
biofouling development.

For the BW30 membrane, the difference in pressure 
drop (Δp) between the two spacer thicknesses (22 and 
34 mil) was clear from the beginning, but grew signifi -
cantly as the 22 mil element started to foul faster. The 
22 mil element kept a stable pressure drop for 1 wk,
after which it increased rapidly. The pressure drop 
with 34 mil spacer was more stable during the experi-
ment. In terms of membrane fl ux, both membranes 
started at the same level and fl ux decrease was 
observed throughout the experiment. Caustic and acid 
cleanings restored the fl ux partly and decreased the 
pressure drop. The positive effect of the cleaning was 
much stronger with the thicker spacer element.

Signifi cant difference in Δp evolution can be observed 
with the different spacer thicknesses associated with FR 
membranes. Both spacers showed stable performance 
for the fi rst 10 d, after which the 34 mil pressure drop 
increased markedly. The 46 mil spacer showed some 
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increase due the fouling, but the performance was bet-
ter restored upon chemical cleaning, coming closest to 
original values. During the highest fouling period, the 
Δp of the thinner spacer was as much as 10 times higher 
whereas that of the thicker spacer was only two times 
higher compared to initial values. No large difference 
between the different membranes was observed in terms 
of fl ux throughout the experiment; even the effi ciency of 
cleaning was very similar.

3.2.1. Autopsy based analysis of membrane foulant 
loading and composition

The conclusions from operational data were veri-
fi ed with surface analysis from the fouled membranes. 
After the trial was fi nished the BW30 membranes were 
submitted for physical inspection, weighing and loss of 
ignition analysis. The FR membranes were submitted 
for microbiological analysis on the membrane surface.

The element construction of both BW30 elements 
was good, no visual damage such as telescoping of the 
element scroll was observed. The 22 mil membrane 
weighed 635 g and the 34 mil weighed 499 g. Com-
pared to the weight of a new element (485 g), the weight 
increase is 31% and 3% for 22 and 34 mil elements, 
respectively, indicating that some degree of fouling had 
occurred with both membranes, although the fouling 
accumulation was signifi cantly higher in the element 
with the thinner feed spacer.

Results of the LOI analysis are presented in the 
Table 4. The results show that almost all of the mem-
brane foulant consisted of organic matter. The moisture 
content of both membrane samples was high, which 
indicated that most of the fouling present was biofoul-
ing. The amount of foulant was fi ve to six times greater 
for the 22 mil sample than it was for the 34 mil sample.

The microbial analysis of FR membranes supported 
the fi nding of the LOI analysis. The primary contami-
nation observed on the surface of the BWFR membrane 
was bacteria. The bacteria count on the surface of the 
thick 46 mil spacer was signifi cantly lower than on the 
surface of the 34 mil spacer as can be seen in the Fig. 6. 

This fi nding supported the results of the differential 
pressure evolution which indicated signifi cantly lower 
level of fouling.

3.3. Non-oxidizing biocide (DBNPA)

The effect of DBNPA online shock dosing was very 
similar with all tested membranes and followed the 
trending presented for the FR membrane (Fig. 7). The 
normalized permeate fl ux of the reference element was 
identical to the performance of the DBNPA treated mem-
brane at the beginning of the experiment and the effect 
of increased fouling on the reference element can be seen 
after 3 wk of operation. At the end of the experiment, 
the DBNPA treated element had lost 23% of the initial 
permeate fl ux while the corresponding loss for the refer-
ence element was 38%. The performance decline of both 
elements can be justifi ed by the fact that natural waste 
water is a combination of multiple fouling types and bio-
cide is only expected to prevent biofouling. In terms of 
salt rejection, the impact of fouling was not clear as both 
DBNPA treated and reference membranes were showing 
similar evolution throughout the experiment (Fig. 8).

Table 4
Results of the LOI analysis

Element type Unit BW 22 mil BW 34 mil

Dry substance % 21.01 4.77

Foulant distribution g m−2 9.61 1.67

Inorganics % 1.53 0.00

Inorganics distribution g m−2 0.15 0.00

Organics % 98.47 100

Organics distribution g m−2 9.46 1.67
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Fig. 6. Bacteria count found on the membrane surface.
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Fig. 7. Normalized permeate fl ux and Δp of BW30FR 
membrane.
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The performance difference between the biocide 
treated and reference elements was also well highlighted 
in the evolution of pressure drop over time (Fig. 7). As 
with permeate fl ux, the difference was obvious after 3 
wk of operation. The Δp of the reference element contin-
ued to increase signifi cantly, from 3% to 43%, inside the 
following 4 wk, while the treated membrane was more 
stable. A sudden differential pressure peak was observed 
for all membranes and the elements were immediately 
cleaned. The peak was caused by a sudden and rapid 
increase of feed water turbidity. A large amount of small 
particles (<5 μm) passed through the cartridge fi lters 
and blocked the feed spacers and caused an emergency 
shutdown which lasted over night. The performance of 
the BW30FR membranes was not fully restored, but the 
cleaning response was better with treated element. After 
73 d of operation, the observed Δp increase was 32% 
(treated) and 192% (reference) when compared to initial 
values for the BW30FR.

During the fi rst 3 wk of the continuous DBNPA dos-
ing experiment, 5 ppm of active DBNPA was dosed and 
for the last 3 wk the concentration was lowered to 2 ppm. 
The fouling was strongest at the beginning of the experi-
ment and the difference between the treated and non 
treated elements can be seen immediately, during the 
fi rst day of operation. The phenomena differ from what 
was observed with shock dosing where the development 
of the fouling took longer. This can be partly related to 
the season. Continuous dosing was carried out during 
summer months and the increased ambient temperature 
was more favourable for rapid biogrowth. The seasonal 
phenomenon is often observed in larger RO plants.

The effect of DBNPA continuous dosing was very 
similar for all tested membranes and followed the trend 
presented for BW30XFR membrane (Fig. 9). The benefi t 
of DBNPA was clearly visible both in the normalized fl ux 
and normalized Δp. For the fi rst 25 d of operation, the fl ux 
evolution of dosed and reference membrane was the same; 
both membranes lost about 6% of their initial fl ux. For 
the remaining 15 d, the reference membrane continued to 

decrease, ending with a fl ux loss of 21%. During the same 
time, the biocide treated membrane lost only 14% of its ini-
tial fl ux. In terms of salt rejection, the impact of fouling was 
not conclusive, but the DBNPA treated element did dem-
onstrate moderately better salt rejection (Fig. 10).

The evolution of Δp was even more convincing. Sig-
nifi cant differential pressure increases were observed 
after just 1 d of operation, measuring 39% and 105% for 
the dosed and reference membranes, respectively. After 
the fi rst CIP the Δp of the treated membrane was restored 
to its original level whereas the reference membrane was 
still operating at around 88% higher Δp than initially. The 
third cleaning was most effi cient in restoring the perfor-
mance, but the difference between the elements remained 
clear; at the end of the experimentation, the observed 
Δp increase was 110% for the reference element while 
the treated element showed practically no Δp increase. 
Reducing the dosing concentration from 5 to 2 ppm did 
not show any a signifi cant performance decline, which 
confi rms the effectiveness of DBNPA at low use levels.

3.3.1. Autopsy based analysis of membrane foulant 
loading and composition

Elements from the shock dosing experiment were 
weighed after the experiment. The weight of both FR 

98.0%

98.5%

99.0%

99.5%

100.0%

4-Feb 14-Feb 24-Feb 6-Mar 16-Mar 26-Mar 5-Apr 15-Apr 25-Apr

N
or

m
al

iz
ed

 S
al

t R
ej

ec
tio

n 
(%

)

FR/REF DBNPA DOSAGE FR/DBNPA CIP

Fig. 8. Normalized salt rejection of BW30FR membrane.

98.0%

98.5%

99.0%

99.5%

100.0%

6-Jun 11-Jun 16-Jun 21-Jun 26-Jun 1-Jul 6-Jul 11-Jul 16-Jul 21-Jul

N
or

m
al

iz
ed

 S
al

t R
ej

ec
tio

n 
(%

)

DBNPA Dosing changed
from 5 ppm to 2 ppm

XFR/DBNPA
XFR/REF
CIP

Fig. 10. Normalized salt rejection of XFR membrane.

0

2

4

6

8

10

12

14

16

18

20

22

6-Jun 11-Jun 16-Jun 21-Jun 26-Jun 1-Jul 6-Jul 11-Jul 16-Jul 21-Jul

N
or

m
al

iz
ed

 p
er

m
ea

te
 fl

ux
 (

lm
h)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

N
or

m
al

iz
ed

 P
re

ss
ur

e 
D

ro
p 

(b
ar

)

DBNPA Dosing changed from 5 ppm to 2 ppm

XFR/DBNPA Flux

XFR/REF Flux CIP

XFR/DBNPA dp

XFR/REF dp

Fig. 9. Normalized permeate fl ux and Δp of XFR membrane.



K. Majamaa et al. / Desalination and Water Treatment 42 (2012) 107–116 115

validated with side-by-side operation where lower 
rate of fl ux loss was observed when compared to the 
current industry standard membrane, BW30.

• Thicker feed spacers provided reduced pressure drop 
and reduced pressure drop increase during episodes 
of fouling. Overall organic foulant loading and bacte-
rial counts were found to be reduced on membrane 
used in combination with thicker spacers.

• The clear benefi t of DBNPA dosing was observed with 
both shock and continuous dosing regimes. The bene-
fi t was most visible in the evolution of Δp as the treated 
elements were operating at signifi cantly lower Δp. 
Autopsy results verifi ed signifi cantly lower organic 
fouling loading on the biocide treated element.

• The shock dosing showed that frequent shocks were 
needed to keep the biofouling under control. Continu-
ous biocide dosing resulted in more stable operation 
and no performance decline was seen when dosing 
was reduced from 5 to 2 ppm. This result shows how 
chemical use can be minimized without compromis-
ing effi cacy.

These results point to the value of FR membranes, 
thicker feed spacers, and regular biocide dosing, espe-
cially for high-fouling feeds with signifi cant potential to 
impact feed-side pressure drop. If a cleaning criterion 
based on maximum allowed pressure drop had been 
applied, rather than simultaneous cleaning of all ele-
ments, the data suggest that both the membrane treated 
with DBNPA and membrane elements with thicker feed 
spacers would have been cleaned less often.

A suggested path forward is to use an integrated 
approach for fouling control and not to rely on stand-
alone fouling control strategies. A FR membrane 
combined with a thick feed spacer is recommended 
whenever a high potential for biofouling is seen. The 
introduction of targeted biocides upstream of the RO 
will result in improved fouling prevention and help to 
ensure long-term trouble free operation.
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