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ABSTRACT

Biocides may be used to control biofouling in spiral-wound reverse osmosis (RO) and nanofiltration
(NF) systems. The objective of this study was to investigate the effect of biocide 2,2-dibromo-3-ni-
trilopropionamide (DBNPA) dosage on biofouling control. Preventive biofouling control was stud-
ied applying a continuous dosage of substrate (0.5 mg/L) and DBNPA (1 mg/L). Curative biofouling
control was studied on pre-grown biofilms, once again applying a continuous dosage of substrate
(0.5 mg acetate C/L) and DBNPA (1 and 20 mg/L). Biofouling studies were performed in membrane
fouling simulators (MFSs) supplied with biodegradable substrate and DBNPA. The pressure drop was
monitored in time and at the end of the study, the accumulated biomass in MFS was quantified by
adenosine triphosphate (ATP) and total organic carbon (TOC) analysis. Continuous dosage of DBNPA
(1 mg/L) prevented pressure drop increase and biofilm accumulation in the MFSs during a run time
of 7 d, showing that biofouling can be managed by preventive DBNPA dosage. For biofouled sys-
tems, continuous dosage of DBNPA (1 and 20 mg/L) inactivated the accumulated biomass but did not
restore the original pressure drop and did not remove the accumulated inactive cells and extracellular
polymeric substances (EPS), indicating DBNPA dosage is not suitable for curative biofouling control.

Keywords: Biofouling control; Biocide DBNPA; Membranes; Water treatment; Seawater desalination;
Wastewater reuse

1. Introduction

The use of membrane filtration processes for the pro-
duction of fresh and clean water has strongly increased over
the last decades. Nanofiltration (NF) and reverse osmosis
(RO) are processes removing salts, micropollutants, viruses
and microorganisms, enabling the production of high qual-
ity water. The membrane lifetime and operational costs are
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affected by fouling. The consequence of fouling is e.g. an
increased feed pressure to maintain water production, the
need to perform chemical cleanings of the membranes and
eventually membrane replacement.

Four types of fouling can occur: scaling (inorganic foul-
ing), colloid fouling, organic fouling and biofouling. Bio-
fouling is most frequently encountered and most difficult to
control. Biofouling is defined as the amount of accumulated
biofilm (biomass) causing unacceptable membrane perfor-
mance loss [1]. Biofouling is caused by the formation of a
biofilm on the membrane and spacer surfaces on the feed
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side of the membrane. When bacteria adhere, they start to
multiply and excrete an organic polymeric matrix of micro-
bial origin called extracellular polymeric substances (EPS)
which is a slimy hydrated gel [2-5]. EPS protect bacterial
cells from harsh conditions such as hydraulic shear and
chemical cleaning [6-8]. A biofilm evolves to adapt to the
environment and is resistant to different kinds of stress
making biofilm control challenging.

Several strategies have been proposed to cope with
biofouling. Pre-treatment processes such as coagulation
or ultraviolet irradiation [9] may help reducing or delay-
ing biofilm accumulation. Performance of membranes and
spacers modified by polydopamine, polydopamine-g-PEG
or copper coatings [10] has also been studied for biofoul-
ing control, but these coatings did not prevent long-term
biofilm formation. Free chlorine is known to damage the
currently used polyamide RO membranes, decreasing
membrane rejection properties. Membrane resistance is
found to be much better using monochloramine as com-
pared to chlorine [11,12]: 300,000 ppm-h for chloramine
and up to 1000 ppm-h for free chlorine. Monochlora-
mine is formed by adding ammonia to chlorine, which
may cause the presence of small amounts of residual free
chlorine. In addition, iron and manganese catalyses mem-
brane oxidation by monochloramine [11,13]. Moreover,
monochloramine use can cause the formation of N-nitro-
sodimethylamine (NDMA), a potential carcinogen, with
limited rejection by RO (10-50%) [14].

Chemical dosage to the feed water may enable bio-
fouling control. Recently, an alternative for monochlo-
ramine 2,2-dibromo-3-nitrilopropionamide (DBNPA)
has been applied in limited number of water treatment
plants. DBNPA is also used in the pulp, paper, oil, and
gas industry [15].

DBNPA is a non-oxidative agent, rapidly degrading in
alkaline aqueous solutions [16]. The organic water content
as well as light enhance the hydrolysis and debromination
of DBNPA into cyanoacetamide followed by degradation
into cyanoacetic acid and malonic acid, that are non-toxic
compounds [17]. This degradation pathway makes the use
of DBNPA relatively environmentally friendly. DBNPA is
compatible with polyamide based membranes and shows
high rejection rates for RO membranes [18]. The antimicro-
bial effect is due to the fast reaction between DBNPA and
sulfur-containing organic molecules in microorganisms
such as glutathione or cysteine [19-21]. The properties of
microbial cell-surface components are irreversibly altered,
interrupting transport of compounds across the membrane
of the bacterial cell and inhibiting key biological processes
of the bacteria [19,20,22].

To assess the anti-biofouling effect, on-line and off-line
applications of the biocide have been studied on industrial
scale RO installations with a 20 ppm DBNPA concentration
in the feed water. Industrial case studies described by [18]
indicate a preventive effect of the biocide, but many details
were not given. Only very limited information on the suit-
ability of DBNPA to control membrane biofouling under
well-defined conditions is available.

The objective of this study was to determine, under
well-controlled conditions, the effect of biocide DBNPA dos-
age on biofouling control in membrane systems. Preventive
and curative biofouling control strategies were investigated

in a series of experiments with membrane fouling simula-
tors operated in parallel, fed with feed water supplemented
with DBNPA (1 or 20 mg/L) and a biodegradable substrate
sodium acetate. A higher substrate concentration in feed
water has shown to result in a faster and larger pressure
drop increase and a higher accumulated amount of biomass
[23-26]. In the studies acetate was dosed as substrate to
enhance the biofouling rate. The pressure drop was mon-
itored and autopsies were performed to quantify the accu-
mulated material.

2. Material and methods
2.1. Experimental set-up

In all experiments, membrane fouling simulators
(MFSs) with membrane and spacer sheets dimension of
20 cm by 4 cm and 787 pm channel height were applied
[27]. Coupons of feed spacer and membrane can be placed
in the MFS resulting in the same spatial dimensions as in
spiral wound membrane elements. Six identical MFSs were
operated in parallel simultaneously. The development of
fouling was monitored by measuring the pressure drop
increase over the feed spacer channel of the MFS and by
analysis of sheets of membrane and spacer taken from the
monitor for adenosine triphosphate (ATP) and total organic
carbon (TOC). In addition, visual observations were made
using the MFS sight window prior to membrane and spacer
sampling. During operation, the MFS window was covered
with a light-tight lid to prevent growth of phototrophic
organisms.

The installation consisted of two cartridge filters in
series (10 um pore-size), flow controller and dosing points
(for substrate and DBNPA dosage), six MFSs and a back
pressure valve (Fig. 1). The MFSs were operated at a pres-
sure of 1.70 bar to avoid degassing. The feed water flow was
16 L/h equal to a linear flow velocity of 0.16 m/s, repre-
sentative for practice [28]. The MFSs were operated in sin-
gle-pass cross-flow, without permeate production.

The feed spacer used was a 31 mil (787 pm) thick pro-
pylene diamond-shaped feed spacer, with spacer strands
in a 90° position and a porosity of ~0.88, most commonly
applied in spiral wound NF and RO modules for water
treatment in The Netherlands. The feed spacers used in the
experimental studies had the same spatial orientation, dia-
mond (i.e., 45 degrees rotated against the main flow direc-
tion) as in spiral wound membrane modules. Membranes
and spacer sheets were taken from virgin spiral-wound
membrane elements (Trisep TS80, USA).

2.2. Operating conditions
2.2.1. Feed water

Drinking water was produced from surface water (at
treatment plant Kralingen from Water Supply Company
Evides, The Netherlands) by coagulation and sedimen-
tation followed by ozonation, dual media filtration, and
granular activated carbon filtration. Chlorine dioxide (0.1
mg/L) was added at the end of the treatment and the water
was collected in a reservoir before distribution. The chlo-
rine dioxide concentration in the reservoir effluent water
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Fig. 1. Schematic diagram of an automated system for membrane fouling simulator (MFS) operation. The incoming water passes a
10 pm pore-sized cartridge filter and the feed pressure is regulated using pressure dampeners and reducers. Six flow-cells installed in
parallel are operated individually by a feed flow controller, a substrate and a chemical dosage pump and a back pressure valve. The

pressure drop over the membrane simulator is measured with a

was below the detection limit. Thereafter the water was
distributed in a well-maintained drinking water distribu-
tion network operated without residual disinfectant. For all
MEFS experiments this tap water was used as the feed water
source. Microscopic investigation showed a total bacterial
cell number of 2 x 10° cells/mLin the feed water. These bac-
terial cell numbers were determined with epifluorescence
microscopy using acridine orange as fluorochrome, apply-
ing a slightly adapted method to eliminate fading (Hobbie
et al. 1977) (ASTM 1993). All fluorescing bacterial cells were
counted. The number of colony forming units (CFU) on R A
media (Reasoner’s 2 agar, (Reasoner and Geldreich 1985))
was 2 x 10* CFU/mL after 10 days incubation at 25°C.

2.2.2. Substrate dosage

In order to achieve a faster accumulation of biomass,
substrate was dosed to the MFS feed water. The substrate
solution dosed to enhance biofilm growth was composed
of sodium acetate, sodium nitrate and sodium dihydro-
gen orthophosphate in a mass ratio C:N:P of 100:20:10,
employed at different concentrations [30,31]. All chemicals
were purchased in analytical grade from Boom B.V. (Mep-
pel, The Netherlands) and were dissolved in deionized
water. The pH value of the substrate solution was set at 11
by adding sodium hydroxide, in order to restrict bacterial
growth in the substrate container of 10 L (supplementary
material, Fig. S1). From this substrate container, a concen-
trated substrate solution was dosed into the feed water
prior to the MFS at a flow rate of 0.05 L/h. A constant dos-
ing was maintained using a mass flow meter (mini Cori-
Flow, Bronkhorst High-Tech B.V., Ruurlo, Netherlands).

differential pressure transmitter.

The dosage of the substrate solution was checked period-
ically by measuring the weight of the substrate container.
The dosing flow rate of the substrate solution (0.05 L/h) to
the monitor feed water was low compared to the feed water
flow rate (16.0 L/h, the reference feed flow). Therefore, the
high pH-value of the substrate solution had no effect on the
pH of the feed water of 7.8.

2.2.3. DBNPA dosage

DBNPA was stored at room temperature in a container
protected from light. Polyethylene glycol (PEG2000, Merck,
Darmstadt, USA) and demi water were used to prepare a
40% w/w polyethylene glycol solution. The DBNPA was
diluted in the 40% w/w polyethylene glycol solution in
200 mL flasks. The flasks were covered with light tight foil
to avoid DBNPA degradation by light. A constant dosage
of DBNPA to the MFS feed water was maintained using a
diaphragm metering pump (StepDos O8S, KNF Neuberger,
USA). The flow rate of the solution (7.5 mL/h) to the mon-
itor feed water was low compared to the feed water flow
rate (16.0 L/h, the reference feed flow). The DBNPA dosage
solution was freshly prepared every day to eliminate possi-
ble DBNPA degradation. DBNPA concentrations of 1 and 20
mg/Lin the MFS feed water were applied.

2.3. Experimental analysis
2.3.1. Pressure drop evaluation

Pressure drop measurements were performed with a
pressure difference transmitter (Endress & Hauser, type
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Deltabar S: PMD70-AAA7FKYAAA, Switzerland). The cali-
brated measuring range was 0-0.5 bar [32].

2.3.2. Biomass concentration

All studies were carried out in parallel MFS opera-
tion. Membrane and spacer coupons from the MFSs were
autopsied directly at the end of operation. Immediately
after visual inspection, the membrane and spacer sheets
were analysed for biomass accumulation using ATP and
TOC. The same sampling methods and analyses were per-
formed for all studies. Details of the methods have been
described elsewhere [27]. ATP is applied to determine the
concentration of active biomass and TOC concentration is
applied to determine the total organic carbon amount of the
biomass. The selection for the biomass parameters ATP and
TOC was based on earlier studies by [27,33] and has been
applied in various studies [30,34]. In some earlier studies,
after cleaning, a strong membrane performance decline
caused by the accumulated material with a low ATP value
and a high TOC value indicated that biomass was inacti-
vated but not removed. Additionally performed total direct
cell count analyses [35] and scanning electron microscopy
(SEM-EDX) confirmed that biomass was still present and
further analysis of membrane operation data showed that
cleaning inactivated the biomass but did not remove it from
the membrane (corresponding with the low ATP and high
TOC values). Therefore, the combination of ATP and TOC
analysis was applied for biomass quantification and charac-
terization. ATP was used to characterize active biomass and
TOC was applied for combined quantification of biomass
and EPS.

To characterize the accumulated fouling, sections of
membrane and feed spacers were taken from the MFSs. The
sections (16 cm?) were placed in a capped tube in 20 mL
sterile water. To determine the amount of biomass, the tubes
with the membrane sections were placed in an ultrasonic
cleaning bath (Bransonic, model 5510E-DTH, output 135 W,
42 kHz). Low energy sonic treatment (2 min) followed by
mixing on a vortex (few seconds) was repeated two times.
When the liquid was visually not homogeneous or when
all biomass was not removed from the materials, additional
time-intervalled treatments were applied with a sonifier
probe (Branson Sonifier 250, duty cycle 30%, output con-
trol 2) for 3 to 5 min (sample kept on ice) until the liquid
was homogenous. Next, water collected from the tubes was
used to determine the biomass parameter ATP. The same
treatment with sheets of membrane and spacer was applied
with ultrapure water for TOC analysis.

3. Results

The development of feed channel pressure drop (FCP)
during the run time and biomass concentration (ATP, TOC)
in membrane fouling simulators (MFSs) at the end of the
run were investigated to assess the potential of DBNPA use
for preventive and curative biofouling control (Table 1).
The MFS feed water was continuously supplemented with
DBNPA and biodegradable substrate (Table 2). Autopsies
were performed on membrane sheets and spacers taken
from the MFSs to quantify the accumulated biofilm amount.

Table 1
Structure of studies performed to evaluate the effect of DBNPA
dosage on biofouling control

DBNPA  Evaluation Section Figure
dosage  based on
(mg/L)
Preventive 1 PV A. 31 Fig. 3,52
biofouling
control
Curative 3.2
biofouling
control
- Regular 1 PV,AT 321 Fig. 4, S3
dosage
—High 20 PV,AT 322 Fig. 5, 54
dosage

P: pressure drop change; V: visual observations of the membrane
and feed spacer sheets in the MFS; A: adenosine triphosphate (ATP)
measurements; T: Total Organic Carbon (TOC) measurements of the
accumulated material on the membrane and feed spacer.

3.1. Preventive biofouling control using 1 ppm DBNPA

To assess the suitability of DBNPA dosage for preven-
tive biofouling control, six MESs were operated in parallel
for 7 d. Three MFSs were fed with water containing sodium
acetate as biodegradable substrate (0.5 mg/L) and DBNPA
(I mg/L). As controls, one MFS was operated without dos-
age, one MFS was dosed with substrate only, and one MFS
with DBNPA only. The feed channel pressure drop was
monitored in time and after the 7-d study the accumulated
biomass was quantified.

The pressure drop increased strongly with time for
the MFS supplemented with substrate only, while a very
restricted pressure drop increase (<10%) was found for the
MESs (i) without any dosage, (ii) with DBNPA dosage, and
(iii) with substrate and DBNPA dosage (Fig. 2 A, B). After
7 d of operation, the MFSs were opened for analysis of the
accumulated material. The MFS fed with water with only
substrate addition showed a high ATP concentration (2.0 x
10* pg ATP/cm?), while very low ATP concentrations (<200
pg ATP/cm?) were found for the MFSs (i) without dos-
age, (ii) with DBNPA dosage, and (iii) with substrate and
DBNPA dosage (Fig. 2C). Visual inspection of the membrane
and spacer sheets in the MFSs after 7-d operation showed
the presence of biofilm in the MFS fed with substrate only
(Fig. S2, supplementary material), in agreement with the
increased pressure drop and biomass (ATP) measurements.

Comparison of the MFSs without dosage (-) and the
MFS with DBNPA dosage only (D) showed no influence of
the dosage of DBNPA on pressure drop increase and bio-
film accumulation (Fig. 2), so DBNPA dosage was not con-
tributing to the biofilm development. The three MFSs fed
with water containing substrate and DBNPA (SD in tripli-
cate) did not show an increase in pressure drop and biofilm
accumulation, showing that continuous DBNPA dosage (1
mg/L) did prevent biofilm accumulation even in the pres-
ence of a high substrate concentration in the feed water (Fig.
2). Therefore, continuous DBNPA dosage with a dose of 1
mg/Lis a strategy to prevent or restrict biofouling.
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Table 2
Experimental conditions of studies to determine effect of biocide DBNPA dosage on biofouling control
Study Monitor DBNPA  Substrate  Start Duration  Autopsy Comment
code dosage  dosage (ug dosage dosage on day (d)
(mg/L) C/L)# DBNPA (d) DBNPA
(d)
Prevention of biofouling
S No 500 n.a. 0 7 Positive control: biofouling expected
- No No na. Negative control: no dosages
D 1 No 0 Control: Does DBNPA itself contribute
to fouling?
SD 1 500 0 7 7 Impact DBNPA (triplicate experiment)
SD 1 500 Impact DBNPA (triplicate experiment)
SD 1 500 Impact DBNPA (triplicate experiment)
Curative biofouling control
Study 1
S No 500 n.a. n.a. 6.5 Positive control: biofouling expected
S1 No 500 n.a. n.a. 4 Biofilm amount at start DBNPA dosage
SD1 1 500 4 1 Effect after 1 d of DBNPA dosage
SD2 1 500 4 2 Effect after 2 d of DBNPA dosage
SD3 1 500 4 3 Effect after 3 d of DBNPA dosage
SD5 1 500 4 5.5 9.5 Effect after 5.5 d of DBNPA dosage
Curative biofouling control
Study 2
S No 200 n.a. n.a. 7 Positive control: biofouling expected
S1 No 200 n.a. n.a. Biofilm amount at start DBNPA dosage
SD5 20 200 5 5 10 Impact DBNPA (triplicate experiment)
SD5 20 200 5 5 10 Impact DBNPA (triplicate experiment)
SD5 20 200 5 5 10 Impact DBNPA (triplicate experiment)
D10 20 No 5 5 10 Negative control: no biofouling

expected

#: substrate dosage always started on day 0, when applied. n.a.: not applicable. No: dosage not applied.

3.2. Curative biofouling control

To address the suitability of DBNPA dosage to cure a
membrane system suffering from biofouling, experiments
were carried out with pre-grown biofilms in MFSs causing
a pressure drop increase (> 60%). After starting continuous
dosage of DBNPA, further development in time of the pres-
sure drop and biomass amount (ATP, TOC) were monitored
(Figs. 3 and 4). Curative biofouling control was studied
applying a continuous dosage of 1 mg/L DBNPA (3.2.1)
and 20 mg/L DBNPA (3.2.2).

3.2.1. Curative biofouling control using 1 ppm DBNPA

Six MFSs were operated in parallel. Five MFSs were
operated with substrate dosage only (0.5 mg/L) for four
days to develop a biofilm causing a pressure drop increase.
One MFS (S1) was operated for four days only (until the
start of DBNPA dosage) to quantify the accumulated bio-

mass prior to the start of DBNPA dosage. Subsequently, four
MFSs were operated with an additional dosage of DBNPA
(1 mg/L). To evaluate the effect of DBNPA dosage on the
pre-grown biomass, MFSs were opened for accumulated
biomass analysis after various run times with DBNPA dos-
age (1,2, 3 and 5.5 d: SD1, SD2, SD3 and SD5). As control,
one MFS was operated with substrate dosage only (S) until
the end of the run.

The pressure drop increased strongly in all MFSs during
the first four days with only substrate dosage (Fig. 3A).
Starting day four, continuous additional dosage of 1 mg/L
DBNPA (i) inactivated the accumulated biomass (Fig. 3C),
but (ii) did not restore the original pressure drop (Fig. 3A,
B), and (iii) did not remove the accumulated inactivated
cells and EPS (Fig. 3D). Comparison of the control with
substrate dosage only (S) to experiments with additional
DBNPA dosage (SD1, SD2, SD3 and SD5) showed that
DBNPA dosage prevented (i) a further increase of pressure
drop (Fig. 3B) and (ii) a further increase of bacterial cells



A. Siddiqui et al. / Desalination and Water Treatment 68 (2017) 12-22 17

e_
4A o: S
800 oS /
g . @D o
& AON: SD
-g 600
Z i
o
© 400 ©
o
5 ] /
% (@)
(0] -
5 200 /
P
0~ T T T T T T T
0 2 4 6
time (days)
1000 7 —
_ iB no with DBNPA
S DBNPA
[0]
e i
©
0] _
3]
£
o 1004
= ]
ko] ]
o ]
sS i
(7)) -
0N
5] i
s
<10 ! <10 <10 <10
10 T T T T = T
S - D SD SD SD
2x10* CT
c 104-:
i) ]
8~ ]
86 ]
o2
o< 10°
B ]
© 2 .
S ]
Ke)
2 ]
, — | <100 <100 <100 <100
10 T T T T T T

S - D SO SD SD

Fig. 2. DBNPA dosage (1 mg/L) to prevent biofouling. Pressure
drop in time (A), pressure drop increase (B) and accumulated
biomass concentration ATP (C) in MFSs. Feed water of all MFSs
(except — and D) was supplemented with biodegradable sub-
strate (500 ng C/L) from day 0. DBNPA was continuously dosed
to the feed water (1 mg DBNPA/L) of all MFSs except — and S.
S, D and - are controls. Continuous dosage of DBNPA to feed
water (1 mg/L) is effective for preventive biofouling control.

and EPS (Fig. 3D). With increasing time of DBNPA dosage
(from 1.0 to 5.5 d) no biomass removal was found, but con-
tinuous dosage of 1 mg/L DBNPA successfully prevented
further build-up of biofouling in a fouled membrane sim-
ulator (Fig. 3C). Continuous DBNPA dosage (1 mg/L)
was not suitable for curative biofouling control, since the

existing biofilm was not removed and the original pressure
drop not restored.

3.2.2. Curative biofouling control using 20 ppm DBNPA

Applying 1 mg/L DBNPA did not reinstate the initial
pressure drop, so was not applicable for curative biofoul-
ing control. Therefore, experiments were carried out with a
much higher continuous dosage of 20 mg/L DBNPA (Table
2). Three MFSs were dosed with substrate and DBNPA (SD5
in triplicate). As controls, two MFSs were operated with
substrate dosage only (S and S1) and one MFS with DBNPA
dosage only (D10). DBNPA dosage only (D10) caused no
pressure drop increase and no biofilm accumulation (Fig.
4), confirming that DBNPA dosage was not contributing to
biofilm development and pressure drop increase, not even
for a very high DBNPA dosage.

The results of dosing 20 mg/L DBNPA are consistent
with the results of the 1 mg/L DBNPA dosage study (3.2.1).
The pressure drop increased strongly in all MFSs during the
first 5 d with only substrate dosage (Fig. 4A). Continuous
additional dosage of 20 mg/L DBNPA starting day five for
a period of five days (i) inactivated the accumulated bio-
mass (Fig. 4C), but (ii) did not restore the original pressure
drop (Fig. 4A, B) and (iii) did not remove the accumulated
biomass and EPS (Fig. 4D). Comparison of the control with
substrate dosage only (S for 5 d and S1 for 7 d respectively)
with additional DBNPA dosage (SD5 in triplicate, for 10
d), showed that the DBNPA dosage prevented (i) a further
increase of pressure drop (Fig. 4B) and (ii) a further increase
of biomass and EPS accumulation (Fig. 4D). Just like a con-
tinuous dosage of 1 mg/L DBNPA, continuous dosage of
20 mg/L DBNPA was successful in inactivating the accu-
mulated active biomass and preventing (further) biofilm
growth (Fig 4C), but was not suitable for curative biofoul-
ing control.

4. Discussion

The objective of the study was to determine, under
well-controlled conditions, the applicability of the biocide
DBNPA for preventive and curative biofouling control in
membrane systems. The preventive study showed that low
DBNPA dosage (1 mg/L) avoided a pressure drop increase
and biofilm accumulation in the MFS (Fig. 2). The curative
study with a pre-grown biofilm showed that further EPS
accumulation and pressure drop increase were avoided by
DBNPA dosage of 1 and 20 mg/L, but the initial pressure
drop was not restored. ATP measurements show that the
active biomass was inactivated, while TOC and pressure
drop data showed that removal of the existing biofilm did
not occur (Figs. 3 and 4). The outcomes of this study show
that continuous DBNPA dosage of 1 mg/L can prevent bio-
fouling, but the biocide does not have a curative effect for
DBNPA concentrations up to 20 mg/L.

4.1. Evaluation of DBNPA dosage for biofouling control

Boorsma et al. and Majamaa et. al independently,
applied DBNPA in the feed water of integrated membrane
systems to evaluate the impact on pressure drop increase
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and chemical cleaning frequency [36,37]. A continuous high
DBNPA dosage of 20 mg/L on fouled membranes caused
a significant decrease in cleaning frequency due to the
stabilization of the pressure drop. This is consistent with
the findings in our study (Figs. 2-5 and Fig. S5 in supple-
mentary material). The rejection of DBNPA by membranes
has already been studied on industrial scale modules [18].
A few papers mention the use of on-line shock dosages of
the biocide [36] but limited information is provided on the
efficiency of this application. As continuous dosage of 20
mg/L of DBNPA did not remove the pre-grown biofilm in
the MFS, no curative effect on the existing biofilm may be
expected by applying shock dosages with the same DBNPA
concentration. Continuous DBNPA dosage to a biofouled
membrane system stopped the biofilm accumulation and
stopped a further increase of pressure drop (Fig. 4). In other
words, continuous DBNPA dosage stabilised but did not
improve the performance of a biofouled membrane system.
This stabilisation provides plant operators time to identify
and address the cause of biofouling such as e.g. algal bloom
[38,39], dosing an impure batch of acid [40], or anti-scalant
[27,41,42], while avoiding heavier biofouling.

4.2. Outlook

Continuous dosage of DBNPA at concentrations lower
than 1 mg/L could be tested for assessment of preventive
anti-biofouling action. Dosage of 1 mg/L has shown to be
effective, but for full scale application the lowest efficient
DBNPA dosage should be found for optimising the econ-
omy of dosing. Long-term effects of the DBNPA dosage
should be assessed in full scale membrane systems. Shock
dosage may be suitable for preventive biofouling control.
Shock dosage of DBNPA (varying e.g. DBNPA concentra-
tion, dosage time and dosage frequency) could be tested in
the MFS to evaluate the preventive anti-biofouling action.
Reduction of chemical use and cost savings may be achieved
compared to continuous DBNPA dosage [18].

To evaluate the potential of DBNPA dosage for pre-
ventive biofouling control, MFS with permeate production
operating at high pressure are being developed. Although
the absence of permeate production has no influence on
the biofilm growth on the RO and NF membranes and feed
spacers [29,31], the effect of chemical dosage on the per-
meate quality is relevant to study. Results of such studies
provide useful information on the expected permeate char-
acteristics produced under practical conditions i.e. condi-
tions used in a seawater desalination or water recovery at a
wastewater treatment plant.

For a biofouled membrane system, DBNPA dosage
inactivated but did not remove the biomass and did
not eliminate the pressure drop increase (Figs. 3 and 4).
A membrane system containing inactivated biomass
and EPS still had the same feed channel pressure drop.
Dreszer et al. reported that the hydraulic biofilm resis-
tance was predominantly caused by EPS [43]. The impact
of biofilm EPS on membrane performance is influenced
by membrane operational parameters such as permeate
flux [44—-47]. Treatment achieving effective EPS removal
would provide biofouling control, underlining the impor-
tance to study strategies for EPS removal from spiral
wound membrane systems.

5. Conclusions

The lab-scale study on the influence of biocide 2,2-dibro-
mo-3-nitrilopropionamide (DBNPA) dosage for preventive
and curative biofouling control in spiral wound reverse
osmosis membrane systems using membrane fouling simu-
lators led to the following conclusions:

¢ Prevention of biofilm accumulation and related pres-
sure drop increase was achieved with continuous 1
mg/L DBNPA dosage, even when the feed water con-
tained a high biodegradable substrate concentration
(high biofouling potential).

e Curative biofouling control was not achieved by con-
tinuous 1 and 20 mg/L DBNPA dosage. Dosage of
DBNPA to a biofouled membrane system (i) inacti-
vated the accumulated biomass but (ii) did not restore
the original pressure drop, and (iii) did not remove
the accumulated bacterial cells and extracellular
polymeric substances (EPS).

¢ Continuous DBNPA dosage to a biofouled membrane
system prevented a further biofilm accumulation and
pressure drop increase. In other words, in a biofouled
membrane system the fouling was stabilized by con-
tinuous DBNPA dosage.
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Supplementary material

Application of DBNPA dosage for biofouling control in spiral wound membrane
systems

A. Siddiqui, I. Pinel, E.I. Prest, Sz.S. Bucs, M.C.M. van Loosdrecht, ].C. Kruithof,
J.S. Vrouwenvelder

Determining the extent of bacterial growth in the substrate storage bottle with time

Added to a 20 L bottle was 2.7637 g CH,COONa-3H,0, 0.5922 g NaNO,, 0.2483 g NaH,PO,-2H,O, and water to a volume
of 20 L and by dosage of 1 M NaOH the pH was set to 11. The added biodegradable carbon concentration in the vessel was
24 mg C/L. 1 pg C/L supports growth of bacteria up to 107 bacterial cells per mL.

Bottles were made in triplicate and stored at room temperature (20°C) for 38 d. Periodically over the 38-d period, sam-
ples were taken from the liquid in the bottles and analysed total bacterial cell number and active biomass (ATP) concen-
tration.

Throughout the 38-d incubation period, (i) the ATP concentrations were below the detection limit of the method (< 1 ng
ATP/L, Fig. S1) and the total bacterial cell counts were in the order of the detection limit (1 cell/uL) of the flow cytometric
method, about 1 to 10 bacterial cells per nL. No increase in ATP concentration or total bacterial cell number with time was
found for the three bottles, indicating that bacterial growth in the substrate bottle solution was very limited or not occurring
during storage up to 38 d.
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Fig. S1. Total bacterial cell count in substrate storage bottle. To-
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during 38-d incubation at room temperature. observation of the accumulated material on the membrane and
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and TOC analysis. S substrate only, — negative control, D DBN-
PA only and SD.
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Fig. S3. DBNPA dosage (1 mg/L) to cure a biofouled membrane
system. Visual observation of the accumulated material on the
membrane and feed spacer in the MFS-units, directly prior to
sampling for ATP and TOC analysis. S positive control, S1, SD1,

SD2, SD3 and SD5.
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Fig. S5. Graphical abstract: Impact of continuous DBNPA dosage
on biofouling control. Prevention of biofouling by continuous 1
mg/L DBNPA dosage to feed water with high substrate concen-
tration. No curative biofouling control by continuous 1 and 20
mg/L DBNPA dosage.

Fig. S4. DBNPA dosage (20 mg/L) to cure a biofouled membrane
system. Visual observation of the accumulated material on the
membrane and feed spacer in the MFS-units, directly prior to
sampling for ATP and TOC analysis. S positive control, D10 neg-
ative control, S1, and SD5s.



