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A B S T R AC T

Spiral-wound membrane (SWM) elements for nanofi ltration (NF) and reverse osmosis (RO) 
need pre-treatment to prevent clogging of the feed spacer channel by particles and/or biomass. 
Usually rapid sand fi ltration or ultrafi ltration is applied for this purpose. The effect of (the 
removal of) particles on biofouling processes in spiral-wound membrane (SWM) elements was 
investigated in this work by using a pilot set-up consisting of three parallel SWM elements. 
Local tap water supplemented with acetate to promote biofouling was fed to (i) a reference 
element, (ii) an element with one hour of daily dosing of copper sulfate to control biofouling 
and (iii) a third element with an additional pre-fi ltration to eliminate particles from the feed 
water of the element. The additional fi lter element behaved similarly to the reference element 
with respect to membrane transfer coeffi cient (MTC) decrease and pressure drop increase. Also 
results for membrane autopsy for biological and organic parameters were similar. The results 
demonstrated that the applied particle removal did not have a signifi cant effect on the biofoul-
ing behavior in SWRO elements.
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1. Introduction

Membrane fouling, in particular biofouling, is one of 
the main drawbacks in the application of spiral-wound 
nanofi ltration (NF) and reverse osmosis (RO) membrane 
elements potentially leading to operational problems and 
deterioration of the water quality [1]. In order to control 
membrane fouling, two basic strategies are employed in 
practice, i.e., intensifi cation of the pre-treatment before 
NF/RO and regular membrane cleaning of spiral wound 
membrane (SWM) elements. A common way to detect 
membrane fouling is the monitoring of operational 

parameters during membrane fi ltration specifi cally the 
increase in pressure drop which cannot differentiate par-
ticulate fouling and biofouling [2]. The aim of this study 
is to systematically investigate the effect of particles on 
biofouling.

2. Experimental part

A pilot study was carried out using three parallel 
2.5-inch SWM elements (DOW Filmtec; TW30-2521) 
in cross-fl ow operation at a recovery of 10% per ele-
ment, i.e., (i) a reference element, (ii) an element with 
one hour of daily copper sulfate dosing (1 g/l at pH 2) 
to inactivate biomass and (iii) a third element with an 
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extra pre-fi ltration (using 1 μm cartridge fi lters) to elimi-
nate particles entering the element (Fig. 1 and Fig. 2). 
These three elements were fed with pre-fi ltered (using 
10 μm cartridge fi lters) tap water (without disinfectant 
residual) enriched with acetate (100 μg C/l) to promote 

biomass development while the operational parameters 
were investigated. Permeate production was evaluated 
using the mass transport coeffi ent (MTC) defi ned as the 
ratio of the fl ux (J) and the transmembrane pressure 
(TMP):
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In which A is membrane area, ΔV is produced permeate 
volume, Δt is time, PF is feed pressure, PC is concentrate 
pressure and PP is permeate pressure. Pressure drop 
(PD) increase is a measure for clogging of the feed spacer 
channel due to either biofouling or particulate fouling.
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Fig. 1. Set-up using three parallel 2.5" SWM elements.

Fig. 2. Schematic depiction of the three element set-up used for the study of the infl uence of particles on biofouling.
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 The increase in pressure drop can be described as a 
fi rst order process [3] by:
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In which PDt is the current pressure drop, PD0 is the 
pressure drop at t = 0 and Rf is the fouling rate. The per-
meate quality is monitered by the permeate conductiv-
ity. The rejection (R) is defi ned as the ratio between the 
feed and permeate conductivity.
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In which σF is the electrical conductivity of the feed 
and σP is the electrical conductivity of the permeate.

More details about the composition of the tap water 
was published by Cornelissen et al. [4]. At the end of 
the experiments membrane autopsies were performed 
to analyze the biological (ATP, TDC and carbohydrates), 
organic (TOC) and inorganic (ICP-MS) [5] deposition on 
the membrane surfaces. Average turbidity values of the 
feed water for the membrane element were respectively 
0.25, 0.35 and 0.15 NTU for the reference, biocide and 
fi lter element.

3. Results

At day 0, the pressure drop values were respectively 
17.5 mbar for element 1, 24.8 mbar for element 2 and 
21.9 mbar for element 3. Calculated values of 26.5 mbar 
were obtained for a clean SWM element, indicating 
obstructions in the fl ow channel induced for example by 
the pressure vessels.

Fig. 3 show the evolution of the relative pressure 
drop (PD) between day 0 and day 21 (end of the run). 
Until day 7, the increase of pressure drop in the 3 ele-
ments was linear, the pressure drop increased from 17.5 
to 37.8 mbar for element 1, from 24.8 to 27.5 mbar for 
element 2 and from 18.5 to 30.0 for element 3. The rela-
tive PD-increase percentages were respectively 116, 10.9 
and 62%. After this, a different PD increase patterns 
were observed. The rate of PD increase in the ‘biocide’ 
element was negligible compared to the two other ele-
ments. The PD increase of the biocide element was linear 
and at the end of the run, after 21 d, the relative pressure 
drop reached 17.2 mbar, i.e., an increase of 69.4%.

The element 1 and 3 showed similar PD increases 
and were comparable. After day 7, the PD increase was 
exponential and reached levels of respectively 263 and 
332 mbar (i.e., 1505 and 1797%). Because of this high 
fouling rate, the acetate dosing was stopped during the 

weekend due to practical considerations. Stopping the 
dosing of acetate induced a decrease of the relative pres-
sure drop in the element 1 and 3 but not in the element 2.
After this stage, the relative pressure drop was respec-
tively 235, 18.2 and 255 mbar. Between day 17 and the 
end of the run, day 21, the acetate dosing was re-started 
and caused an increase of the relative pressure drop for 
element 1 and 3. At the end of the run, the relative pres-
sure drop had reached 423 mbar for element 1 and 712 
mbar for element 3. If we considered the part of the run 
between day 0 and day 14, the calculated fouling rates 
(Rf) were respectively 0.44, 0.16 and 0.54 ln PDi day−1 [3].

Fig. 3. Relative membrane transfer coeffi cient (MTC), rela-
tive pressure drop (PD) and rejection in function of time.
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Fig. 3 illustrates the evolution of the Mass Transfer 
Coeffi cient (MTC) with time. The slope was lower for 
element 3 (–1.94) than for element 1 (–1.12) which was 
lower than for element 2 (–0.41). The evolution of the 
MTC correlates with the evolution of the relative pres-
sure drop noticed before.

The rejection slightly increased during the biofoul-
ing experiment within the fi rst 4 d to remain constant 
after (Fig. 3). This behavior did not seem to be related to 
the type of treatment of the membrane element, since it 
was similar for all three SWM elements.

Visual observation (Fig. 4 and Fig. 5), revealed that 
element 1 and element 3 were more fouled than element 2.
This corresponds to the behavior of the operational 

parameters of the three elements as was described 
above. Visually, element 1 appeared to be more severely 
fouled than element 3, which is consistent with the 
results of the operational parameters of the membrane 
elements during the biofouling experiment.

Results of membrane autopsy at day 21 of the biofoul-
ing experiment indicated biomass development within 
the membrane elements. ATP, TDC and TOC analysis 
demonstrated that biomass accumulation had occurred 
(Fig. 6). ATP, TDC and TOC results showed lower values 
for element 2 than for element 1 and 3. Between element 1
and 3, ATP results and TOC and TDC results were 
respectively higher and lower. The ATP values followed 
the evolution of the pressure drop, contrary to the TDC 
and TOC results.

The membrane autopsy results at day 21 of the 
biofouling experiment revealed deposits of iron, man-
ganese, copper, calcium and silicon, indicating par-
ticulate fouling (Fig. 7). Calcium and silicon deposit 
values were below the detection limit (<10 μg/cm2). 
The average iron deposit were low and was 43 μg/cm² 
for element 1; 14 μg/cm² for element 2 and 15 μg/cm² 
for element 3. Average manganese deposit values were 

Fig. 4. Visual inspection of the three membrane elements at 
the inlet side.

Fig. 5. Membrane coupons obtained from the three elements 
(left to right) at different positions of the membrane leaf 
from top to bottom.

Fig. 6. Biological and organic deposits determined after 
membrane autopsy.
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Fig. 7. Inorganic deposits determined after membrane 
autopsy.
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 low (maximum 4.4 μg/cm² for element 1) and below 
0.5 μg/cm² for elements 2 and 3. The average copper 
deposit values were very low. The higher deposit val-
ues were found in element 1 (2.0 μg/cm²). In element 2 
and 3 the deposit values were respectively 1.0 μg/cm²
and 1.1 μg/cm². The overall trend for particulate foul-
ing was that element 1 had more particulate fouling 
compared to element 2 and 3, the deposits of iron, man-
ganese and copper in element 1 were respectively 9, 2 
and 3 times higher than the deposits element 2 and 3. 
All the inorganic deposits were very low.

4. Discussion

Higher fouling rate (Rf) values corresponded to
(i) a higher relative decrease in MTC, (ii) higher values 
of biological and organic deposits (ATP, TDC and TOC) 
and (iii) higher inorganic deposits (Cu, Fe, Mn). A low 
fouling rate (Rf) was found for the biocide treated ele-
ment, while similar higher fouling rates were found for 
the reference and fi ltered element. An exception to this 
trend a high fouling rate for the fi ltered element com-
bined with a lower deposition of Fe and Mn. This was 
attributed to the removal of Fe and Mn by the additional 
cartridge fi lters.

The general trend for the biofouling experiment 
was that the element supplied with fi ltered feed water 
was (slightly) more fouled than the reference element, 
on the basis of relative MTC decrease, relative pressure 
drop increase and biomass deposit measured as ATP. 
This was hypothesized by the addition of conserva-
tion liquids from the cartridge fi lters which acted as an 
additional nutrient to biomass growth. These cartridge 
fi lters were replaced every two days to avoid passage of 
particles of fi lters which were exhausted. Another gen-
eral trend was the lower fouling behavior of the element 
which was regularly treated with a biocide (copper 
sulfate). Copper ions act as an enzyme toxicant which 
penetrates into bacterial cells very easy. Bacterial cells 
start to suffocate rapidly in the presence of copper [6].
The effect of biocide treatment was apparent from a 
lower MTC decrease, a lower pressure drop increase 
and lower deposition of biomass (measured as ATP and 
TDC), organic matter (measured as TOC) and inorganic 
matter (Fe, Mn and Cu).

5. Conclusions 

A decrease in particles did not have a signifi cant 
effect on the biofouling behavior in SWRO elements, 
monitored by (i) pressure drop, fl ux decrease and 
rejection and by (ii) membrane autopsy. Using daily 
copper sulfate dosing at low pH, on the other hand, 

did lead to complete control of biofouling. Tempera-
ture and nutrient dose did result in an increase of bio-
fouling monitored by the same parameters.

The results of the experiments suggest that in 
practice the removal of inorganic particles (e.g., iron, 
manganese) in the feed of SWM RO elements will not 
signifi cantly reduce biofouling behavior. The experi-
ments were, however, carried out at a high concen-
tration of acetate and a relative low concentration of 
particles.
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