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ARTICLE INFO ABSTRACT

Keywords:
Biofouling

Magnetic Resonance Imaging (MRI) velocimetry was applied to study non-invasively the water flow field inside a
spiral-wound desalination membrane module (diameter: 2.5 in.; length: 18.5 in.), located in a pressure vessel, at
MRI ) typical practice operational conditions as a function of alginate fouling, simulating extracellular polymeric
Imaging . substances (EPS). Cross-sectional velocity images were acquired at an in-plane spatial resolution of 0.137 mm at
;iﬁ;g’g?ﬁgﬁ oduction multiple locations along the length of the reverse osmosis module and were acquired as a function of alginate

concentration. At a total system alginate concentration of 3.25 mg/l, significant changes in the cross-sectional
velocity map were observed near the module inlet due to alginate fouling, with limited changes observed in the
middle and outlet regions of the module. When the total system alginate concentration was increased to 75 mg/1,
it caused the module brine seal to fail resulting in significant local water flow by-passing the membrane module.
This was clearly discernible in this opaque membrane system using MRI and resulting in dramatic changes in
fluid velocity distribution through the membrane module. These observations of significant flow field hetero-
geneity as fouling develops are consistent with ‘irreversible’ fouling effects noted frequently in practice by the

water treatment industry.

1. Introduction and background

Highly populated areas and arid zones around the world suffer from
vulnerability to limited clean freshwater availability; these water
sources will need to be supplemented in order to meet the projected
increase in consumption [1]. Reverse osmosis (RO) membrane tech-
nology has developed over the past 40 years to account for 80% of the
total desalination plants installed worldwide with strong growth pro-
jections [2,3]. Membrane fouling, particularly biofouling, is a major
concern for the desalination industry [4-8], as it decreases membrane
performance and shortens the membrane lifespan, posing an economic
burden on plant operations estimated at up to 25-50% of total plant
operating costs [9,10] as well as in worst cases posing a risk for the
reliability of (drinking) water supply. Such biofouling cannot be solved
by pre-treatment of the water alone [11-13], this is attributed to bio-
film formation on membrane and feed-channel spacer sheet surfaces
within the spiral wound membrane modules, which once established
are capable of rapid re-emergence even after intensive and repetitive
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chemical cleaning treatment [14].

Biofilms are an accumulation of micro-organisms and extracellular
material which forms a matrix which can be irreversibly bonded onto
the membrane and/or feed spacer surface, with the main mechanism
for cohesion and adhesion of the biofilm matrix due to extracellular
polymeric substances (EPS) which contributes up to 80% of the organic
matter [15,16]. EPS is primarily composed of polysaccharides, proteins
and other macro-molecules and functions to improve adhesion to sur-
faces, improve resistance to antimicrobial substances and chemical
biocides and sequesters ions from the feed water to feed the bacterial
colony. This biofilm growth inhibits convective transport locally
[17,18], which causes a back-bone (or telescoping) flow regime to
emerge [19-21] with substantial loss of membrane performance.
Vrouwenvelder et al. [22] showed that biofilm accumulation in RO
membrane elements increases the feed side pressure drop between the
inlet and the more concentrated discharge outlet of the module (here-
after referred to as the feed-channel pressure drop); both direct ob-
servation [23] and impedance spectroscopy [24] have been used to
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characterise such fouling. A membrane fouling simulator (MFS) can
also be operated in parallel to the actual RO membrane system [11],
previous research [10] has found that the MFS closely mimic the bio-
fouling effects inside the RO membrane modules.

In this work alginate, a long chain polysaccharide, is used to si-
mulate the physical properties of extracellular polymeric substances
(EPS). There is significant precedent in the use of alginate as an EPS
substitute in membrane biofouling studies and the conditions for algi-
nate fouling are well defined [25-27], these studies examined the effect
of different chemical and hydrodynamic parameters on permeate flux.
Van den Brink et al. [28] identified that calcium and magnesium form
‘bridging’ bonds in alginate compounds and then examined the impact
of calcium ion concentration on membrane fouling using alginate
compounds. They found that high concentrations of calcium led to
higher fouling rates, whilst high concentrations of ionic strength (so-
dium concentration) served as an inhibitor. These results collectively
support the use of alginate as a controllable model foulant to mimic the
effects of biological fouling, allowing for systematic and reproducible
studies of RO membrane fouling processes. Whilst alginate fouling does
not necessarily share the same initial growth phases as biofouling, once
biofouling is established it does lead to the accumulation of EPS rich
material at spacer-nodes and on membrane which can be mimicked by
the use of alginate [29].

The flow field within a spiral wound (SW) reverse osmosis (RO)
membrane module is engineered to give support to the membrane
leaves, as well as produce sufficient mixing and cross-flow over the
membrane surface so as to minimise concentration polarisation (CP)
and fluid hold-up on the feed side [30]. The introduction of stationary
foulants into a membrane system causes localised flow resistance, dis-
rupting the local and downstream flow field which can result in an
increase of both CP and fluid hold-up. To this end we seek to directly
visualise and quantify this flow disruption using Magnetic Resonance
Imaging Velocimetry. The subsequent analysis of the spatial velocity
distributions allows new insight into the flow field through both an un-
fouled and fouled spiral wound membrane module in a pressure vessel.

MRI has the unique ability to non-invasively measure flow fields
within opaque porous media without adding tracers and has previously
been used to characterise velocity in both commercial hollow fiber and
spiral wound membranes. Pangrle et al. [31] applied MRI velocimetry
to identify flow distributions in a hollow fiber membrane. This work has
been expanded and extended upon significantly to observe hollow fiber
membranes' fouling and operational phenomena in various configura-
tions such as hemodialyzers and membrane bioreactors [32-41]. The
first application of MRI and velocity imaging of biologically fouled
spiral wound membranes was by Graf von der Schulenburg et al. [42].
This showed spatially resolved biological material fouling of the feed
spacer and membrane and illustrated the formation of preferential flow
paths through the membrane module. Limitations of this research were
that the permeate tube was isolated during both fouling and MRI
analysis and that membrane cross flow was only 0.2 cm/s during MRI
analysis. In corresponding smaller scale membrane fouling simulator
(MFS) MRI velocity measurements, preferential ‘backbone’ flow was
observed through the feed spacer. This MRI work was expanded upon
by Vrouwenvelder et al. [22] where it was observed that biofouling has
an affinity for the feed spacer which significantly impacted overall
water flow distribution in the spiral wound membranes; this was con-
firmed via autopsied membranes. Evaluation of the impact of chemical
cleaning by Creber et al. [43] determined that the formation of pre-
ferential flow channels through the membrane modules meant that the
applied cleaning regimes were largely ineffective and consequently
once the biofouling was established, it was extremely difficult to re-
move. Low cost low field (LF) NMR has also more recently been used to
examine SWRO membrane modules [44-46]. It was found that results
from the LF-NMR were comparable to high field MRI results, demon-
strating that statistical analysis of the NMR signal could be used to
detect flow aberrations due to biological fouling on the feed spacer
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earlier than detected by sensitive differential pressure measurements
[44,46].

This study aims to measure the flow velocity field before and after
fouling at close to realistic operational flow conditions by operating at
the lower operating limits of the commercial SWRO membrane module
in a pressure vessel. Axial and radial changes in the velocity flow field
are non-invasively determined to assess the impact of the fouling on the
overall flow field across the module, resulting in new insights regards
the effect of fouling on the overall module. In the current experimental
study, the fouling of SWRO membranes is investigated at an order of
magnitude higher volumetric crossflow rates (Q = 60 L/h; cross flow
velocity = 2 cm/s) than previous biofouling in SWRO MRI research
[42] and thus at more industrially relevant flow velocities. We use so-
dium-alginate as a biofouling substitute to produce controlled and re-
producible fouling effects within a small scale (2.5 in. diameter, 18.5 in.
length) commercial SWRO membrane module. The impact of fouling on
the membrane is examined at three axial locations (inlet (1.5 in. from
start of membrane), middle (9-inch from start of membrane) and outlet
(1.5 in. from end of membrane)) to ascertain the impact of fouling on
the flow through the membrane module. The flow field is monitored
using velocity-encoded magnetic resonance imaging (MRI) [47], which
allows for non-invasive and non-destructive monitoring of the velocity
field within a commercial membrane pressure housing.

2. Methodology
2.1. Membrane flow loop setup

Fig. 1(a) shows a schematic of the membrane flow loop used for the
fouling operation. The membrane module was operated in water re-
circulation mode comprised of a feed tank containing 30 1, with
permeate and concentrate lines returned to the feed tank. The RO
membrane module was installed in a commercially available pressure
vessel (PV-2521-SW, Hydrocomponents Technology Industries, CA,
USA). The pressure vessel was fitted with custom machined nylon
components (Fig. 1(c)) to replace aluminium endcap retainers to allow
installation in the MRI system. Nylon retainers were pressure tested up
to 40 bar and proved suitable for the expected pressure ranges when
membrane crossflow would be maintained at 60 1/h at a pressure of
20 bar. The membrane module used for this work was a commercially
available DOW Filmtec XLE 2521 module. The membrane surface has
been previously defined [48] as: molecular weight cut off: 100 Da;
Contact angle: 66.3° and zeta potential: —2.5 mV (pH 6 in 0.01 M NaCl
solution). The membrane was prepared prior to fouling operations
through flushing with 500 1 of RO permeate (< 2 pS/cm) for approxi-
mately 2 h to flush any unreacted polymer and other impurities from
the membrane module as recommended by DOW [49]. All membrane
discharge lines (permeate and concentrate) were directed to drain
during this operation. Differential pressure across the membrane/
pressure vessel assembly was monitored using an Endress+ Hauser
PMP131-A2501Q4S 400 pressure gauge and the membrane permeate
and concentrate discharge flowrates were monitored using suitable
range rotameters (Stubbe DFM165 5-60 1/h and DFM350 30-300 1/h
respectively).

The fouling material was a medium molecular weight sodium algi-
nate, Manugel GMB alginate (FMC Biopolymer) and was prepared as
1 g/1 solution in deionised water. A salt solution containing 1 g/l NaCl
and 0.7 g/1 CaCl, was initially circulated in the membrane flow loop at
60 1/h and MRI velocity images were acquired. Small dosages (25 ml) of
the alginate solution were then introduced to the pump suction of pump
(Fig. 1(a)) until the total system alginate concentration equalled
3.25 mg/1. The system was then flushed at 400 1/h for 2 h to dislodge
any loose material in the system. The system was allowed to stabilise
before MRI velocity measurements were acquired at the module inlet,
middle and outlet respectively. The system alginate concentration was
then gradually increased to 75 mg/1, followed by a stabilisation period
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Fig. 1. (a) Process flow diagram schematic of the flow loop used in this study; (b) a Bruker BioSpec 9.4 T Magnetic Resonance Imaging (MRI) into which the pressure
vessel containing the membrane module was placed; (c¢) custom made nylon end-caps retainers to seal the feed-side of the reverse osmosis (RO) membrane module

and their assembly into the pressure vessel.

of 2 h at 60 1/h, before the MRI velocimetry measurements were re-
peated.

2.2. MRI equipment & imaging protocols

The MRI system used in this study was a Bruker BioSpec 9.4 T MRI
with a Bruker Avance III digital RF system with 8-channel transmit/
receive capability (Fig. 1(b)), using a 20 cm internal diameter imaging
gradient set (maximum gradient of 0.3 T/m) and a 154 mm 'H RF coil.
The MRI pulse sequence used for velocity images is a FLASH imaging
sequence with flow compensation of the imaging gradients in three
directions and with velocity phase encoding gradients in the slice di-
rection (as shown in Fig. 2). To produce each velocity image two phase-
encoded images are acquired: one image with a positive velocity en-
coding gradient and one image with an equal and opposite (negative)
velocity encoding gradient. The phase difference of each imaging voxel
is then linearly related to the velocity of the fluid, U:

AB

2rég @
where A6 is the measured phase difference in radians; y is the gyro-
magnetic ratio (for *H in this case); & is the velocity encoding gradient
duration and g is the velocity encoding gradient strength. The acqui-
sition of the positive and negative velocity images are interleaved,
hence both are being acquired over the full experimental time. The

imaging parameters for each image are 512 by 512 voxels (=262,144
voxels) over a cross-sectional 70 mm by 70 mm field of view (an in-
plane resolution of 0.137 mm which corresponds to on average 6 voxels
across feed channel) and a 2.5 mm slice thickness. The echo time (Tg)
used was 7.08 ms, 6 was 3.24 ms and g was 1.47 mT/m. The total
experimental acquisition time for a velocity image was 1 h 50 min.

2.3. MRI velocity image analysis

Fig. 3(a) shows a standard MRI image of a cross-section of the
membrane when the fluid content is stationary (no fluid flow). The
central permeate channel is immediately evident as is the water-con-
taining gap between the membrane module and the inner wall of the
pressure vessel. Given that the fluid is stationary, air has accumulated
at the top of this gap. The membrane sheets are evident in the inter-
mediate region; greater signal is detected from the spacers between the
membrane sheets and reflects the greater water content in these re-
gions. The spiral assembly is composed of two interleaved membrane
sheets (separated by spacers) which are wrapped multiple times around
the central permeate channel. In order to determine the feed side ve-
locity as a function of radial position (spiral number), the following
image analysis was performed. Spiral profiles were fit to each of two
interleaved membrane sheet, this was achieved using a logarithmic
spiral [50], given in polar coordinates for a spiral radius (r) and angular
coordinate (0):
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Fig. 2. Pulse sequence for FLASH imaging with flow compensation in all ima-
ging directions (Gs, Gp, Gr) and velocity encoding in the slice direction (Gs).
Imaging parameters: 512 x 512 pixels, 70 mm X 70 mm field of view; 2.5 mm
slice thickness; T = 7.08 ms; Velocity encoding duration (28) = 3.24 ms;
velocity encoding gradient = 1.47 mT/m; radiofrequency (r.f.) excitation pulse
a = 30°% Tg = 50 ms; total experimental time 1 h 50 min.
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where a and b are the magnitude and angular parameters of the spiral.
A logarithmic spiral was used due to slight asymmetry of the real spiral
membrane module. Eq. (2) is solved for all rotations of the membrane
sheets; a sample fit is shown for a velocity image in Fig. 3(b). This
enables the mean velocity (and its standard deviation) in each 360°
spiral to be readily determined for each of the two membrane sheets.

3. Results and discussion

The results of MRI velocity images for three locations (inlet, middle
and outlet of the membrane module) are shown in Figs. 4 and 5 for the
initial two fouling scenarios: 0 g/1 of alginate (hereafter referred to as
un-fouled) and 3.25 mg/1 of alginate solution (hereafter referred to as
lightly fouled). The un-fouled scenario (Fig. 4) corresponded to a feed
channel pressure drop of 0.20 bar at a volumetric flowrate of 60 1/h.
The lightly fouling scenario (Fig. 5) resulted in only a very modest in-
crease in feed channel pressure drop from 0.20 to 0.37 bar at 60 L/h. In
Fig. 4(d-f), counter-current flow (negative velocity) is immediately
evident in the permeate tube and correctly increases towards the feed-
side entrance. The measured mean velocity at the inlet location in the
feed spacer filled channels is 2.40 cm/s, with a variance of 0.50 cm?/s2.
Fig. 4(d-f) show cross-sectional velocity profiles across the corre-
sponding images, whilst Fig. 4(g-h) shows the probability distribution
of fluid velocity in the images for the feed channels. Despite this being a
nominally clean membrane, a limited degree of velocity heterogeneity
over the module length is evident. Limited stagnant zones are evident
both towards the entrance and exit of the membrane module; these we
speculate are partially a consequence of some compression of the
membrane in these two zones as part of the module outer retainer
sealing. Nevertheless, Gaussian shaped probably distributions of fluid
velocity are produced for both these locations (Fig. 4(g) and (i)), which
is consistent with well mixed flow. Whilst the middle of the membrane
module appears visually to be more homogeneous in terms of velocity
distribution, its probability distribution of velocity (Fig. 4(h)) presents
two distinct peaks — this was reproducible across multiple membrane
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Fig. 3. (a) Conventional 2D MRI image of the membrane module in the pressure
vessel assembly, containing water without fluid flow. The central permeate tube
and the free space between the membrane module and in the inner wall of the
pressure vessel are immediately obvious. The intermediate region of the image
consists of two interwoven membrane sheets (with associated permeate and
feed channel spacers) which are wound around the central permeate channel.
(b) Membrane sheet spiral profiles at both sides of the feed spacer masking a
velocity MRI sample image where the permeate channel and free space fluid
signal have been masked out.

and flowrates, the reason for this we speculate is slightly lower com-
pression of the membrane in this region resulting in slightly thicker feed
spacer channels in which the velocity distribution is better resolved by
the MRI images (this results in a lower mean velocity in the middle,
compared with at the inlet and outlet (see Fig. 4(g-i))) — note the
slightly thicker, on average, spirals evident in Fig. 4(b).

For the lightly fouled membrane module (Fig. 5), the mean velocity
is 2.32 cm/s with a variance of 2.34 cm?/s? at the inlet location, much
larger than the case for the unfouled membrane module (0.50 cm?/s?).
Greater variation in the spatial velocity distribution is immediately
obvious in Fig. 5(a)-(c) relative to Fig. 4(a)-(c) and is attributed to al-
ginate fouling causing a significant disruption to the flow field as re-
ported previously for biofouled membrane modules [42,43]. Alginate
was visually evident to have accumulated on the feed spacer sheets at
the entrance to the membrane module when the system was autopsied
post-imaging. The distribution is arguably greatest at the membrane
entrance (Fig. 5(a)) where the oscillations in velocity (best viewed in
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Fig. 4. Membrane exposed to no alginate fouling load (un-fouled scenario). Velocity images at (a) inlet, (b) middle and (c) outlet regions of the membrane module.
Velocity profiles extracted from the mid-section of the velocity images are shown at the (d) inlet, (e) middle and (f) outlet regions. Histograms of the velocity
distributions for the un-fouled membrane module at the (g) inlet, (h) middle and (i) outlet regions for the feed channels. Note: The area of high velocity next to the
permeate pipe (Fig. 4b), is flow channelling due to the construction of the membrane module and the local partial absence of the feed spacer sheet.

Fig. 5(d)) indicate a greater influence on one of the two interleaved feed
spacer sheets. For the middle and exit locations of the module, larger
regions of stagnation are evident and a general decrease in velocity is
observed as a function of radial position (in Fig. 5(e) and (f)). In both
cases the probability distributions of velocity become distinctly less
symmetric. Permeate production for the lightly fouled module is also
clearly reduced (30%) relative to the clean membrane module despite
the same water salt content being present in both measurements (the
measured velocity distribution inside the permeate channel resulted in
a permeate reduction from 1.25 1/m?h (clean) to 0.83 1/m>h (lightly
fouled)).

With respect to the heavy fouling scenario where the system algi-
nate concentration was increased to 75 mg/l, the feed side pressure
drop was observed to initially increase from 0.37 bar to 2 bar after
which it fluctuated between 1 and 2 bar. This resulted in severely
distorted velocity images, a sample of which is shown in Fig. 6(a) for
the entrance region of the membrane module - significant velocity
heterogeneity is evident in this location with a significant portion of the
image exceeding the dynamic range of the measurement (8 cm/s) and

very limited permeate production being produced. More interestingly is
the velocity map presented in Fig. 6(b) for the exit region of the
membrane module. Here a clear non-zero velocity is measured for the
gap between the module and the inner wall of the pressure housing
with 76% of the flow by-passing the membrane module. This is a
consequence of the brine seal on the outside of the module failing
(confirmed upon system demobilisation) resulting in significant by-
passing of the flow from the module into this region. Arguably such an
effect would be difficult to infer from the relatively small change in feed
side pressure drop.

Fig. 7 shows the mean velocity in the feed channel region as a
function of spiral position (odd and even spiral numbers refer to the two
intertwined membrane sheets respectively — numbered with spiral 1
adjacent to the permeate channel) for the clean and lightly fouled ve-
locity measurements — there are 14 spirals in total. The upper and lower
bars indicate the standard deviation of the velocity distribution for the
respective spiral. The clean membrane module has approximately
constant velocity as a function of spiral number with the standard de-
viation being relative consistent for the three axial locations monitored.
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Fig. 6. Membrane exposed to a heavy fouling load (75 mg/1 of alginate in the whole system). Velocity images are shown for (a) the entry region and (b) the exit
region. Clear by-passing of the membrane module is evident in (b). (c) Shows an example membrane autopsy photo of the alginate gel on the feed spacer.
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Fig. 7. Shows the average velocity (<U) (cm/s)) in each spiral (*1 to 14, numbered from the permeate channel)) for the un-fouled and the lightly fouled membranes
(a-c: un-fouled and d-f: lightly fouled). The upper and lower bars are the standard deviation of the velocity distribution, not the error, obtained for each spiral. (a, d):
Inlet region; (b, e): Middle region; (c, f): Outlet region. Solid line indicates the cumulative average velocity across all spirals.

In contrast, the lightly fouled membrane module presents more varia-
tion in mean velocity and significantly more variation in the velocity
standard deviation (particularly with respect to the inlet region). With
respect to the inlet position the fluid mean velocity oscillation between
spirals (and hence membrane sheets) is evident albeit more subtly than
is visually evident in Fig. 5(a). For the middle region there is strong
similarity between the un-fouled and lightly fouled membranes, whilst
in the exit section of the membrane module, a clear trend of decreasing
mean velocity with increasing spiral number is distinctly evident. This
indicates that there is a preferential flow towards the inner side of the
spiral assembly due to fouling. The observations of decreasing flow with
radial position (Fig. 7f) in the fouled system is likely due to the module
being more tightly bound in the outer regions (see Fig. 7c) which
slightly lowers velocity. The higher surface area per unit volume en-
courages preferential fouling in this region which accentuates fouling
there, therefore working as a feedback mechanism. These observations
require more systematic study of the relationships between membrane
module construction and the effect of foulants, to further elucidate any
enhanced sensitivity to fouling.

The results presented in this work provide novel insights into the
detailed fluid flow field inside an operating spiral wound reverse os-
mosis membrane module as a function of fouling extent. Such data
should prove valuable to attempts to both numerically model flow
processes inside this complex geometry membrane modules as well as

the potential effect of any system modifications to improve the per-
formance of seawater and brackish water desalination membrane sys-
tems, making these water treatment processes for drinking water and
industrial water production cheaper, more reliable, and more en-
vironmentally friendly. Myriad CFD simulations across various spacer
geometries and flow conditions exist in the literature [51-54], however
the current experimental work on the full flow field within an operating
SWM module experiencing fouling, has due to computational difficul-
ties only been partially addressed (e.g. predominantly on a spacer-by-
spacer & flat-sheet level) by CFD modelling to-date [54,55]. We
therefore intend that the current results may aid in future developments
of CFD modelling of the features exemplified in the current work.

4. Conclusions

In this study, heterogeneous flow channelling in the feed spacer
channel regions are observed using cross-sectional non-invasive MRI
velocity images, due to the addition of a small amount of alginate
(3.25 mg/1) to the water flow loop. Flow heterogeneity is greatest near
the entry to the spiral wound membrane module with alginate fouling
confirmed by destructive system autopsy. Generally fouling also results
in preferential flow towards the inner side of the spiral assembly whilst
clear differences in velocity (and by inference fouling extent) was evi-
dent between the two membrane sheets and associated feed spacers
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from which the module was assembled. This collective fouling resulted
in a subtle increase in feed channel pressure drop and a distinct re-
duction in permeate production. After further addition of alginate
(75 mg/1 system concentration of alginate) the membrane module outer
brine seal was observed to fail, causing water flow to by-pass the
membrane module. Future research will aim at operating membrane
modules at both higher velocities and higher pressures, mimicking ty-
pical process conditions for practise production of industrial and
drinking water, exploring the image contrast caused by the accumu-
lating alginate and a wider range of potential feed water foulants.
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