
Novel Magnetic Resonance Measurements
of Fouling in Operating Spiral Wound
Reverse Osmosis Membrane Modules

Item Type Article

Authors Bristow, Nicholas W.; Vogt, Sarah J.; Bucs, Szilard;
Vrouwenvelder, Johannes S.; Johns, Michael L.; Fridjonsson,
Einar O.

Citation Bristow, N. W., Vogt, S. J., Bucs, S. S., Vrouwenvelder, J. S.,
Johns, M. L., & Fridjonsson, E. O. (2021). Novel Magnetic
Resonance Measurements of Fouling in Operating Spiral Wound
Reverse Osmosis Membrane Modules. Water Research, 117006.
doi:10.1016/j.watres.2021.117006

Eprint version Post-print

DOI 10.1016/j.watres.2021.117006

Publisher Elsevier BV

Journal Water Research

Rights NOTICE: this is the author’s version of a work that was accepted
for publication in Water Research. Changes resulting from the
publishing process, such as peer review, editing, corrections,
structural formatting, and other quality control mechanisms
may not be reflected in this document. Changes may have been
made to this work since it was submitted for publication. A
definitive version was subsequently published in Water Research,
[, , (2021-03)] DOI: 10.1016/j.watres.2021.117006 . © 2021. This
manuscript version is made available under the CC-BY-NC-ND
4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

http://dx.doi.org/10.1016/j.watres.2021.117006


Download date 23/05/2023 20:00:12

Link to Item http://hdl.handle.net/10754/667947

http://hdl.handle.net/10754/667947


1 
 

Highlights 

 First fouling measurement at industrially relevant cross flow rate using NMR  

 NMR signal correlates with alginate dosing, thus quantifying foulant accumulation 

 2eff MRI shows that the alginate accumulates at spacer nodes, confirmed by autopsy 

 Rapid velocity imaging of the subtle effect of fouling in operating SWRO modules 
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ABSTRACT: 

A novel magnetic resonance measurement (MRM) protocol for non-invasive monitoring of fouling in 

spiral wound reverse osmosis (SWRO) membrane modules is demonstrated.   Sodium alginate was 

used to progressively foul a commercial SWRO membrane at industrially relevant operating 

conditions in a circulating flow loop.  The MRM protocol showcased the following: (i) earlier, more 

sensitive detection and quantification of fouling in the membrane module compared to feed-channel 

pressure drop.  This was achieved using appropriate detection of the total nuclear magnetic 

resonance (NMR) signal. (ii)  2D cross-sectional imaging of the location of the accumulated foulant 

material; this was preferentially located adjacent to the membrane spacer sheet nodes, which was 

subsequently confirmed by a module autopsy. This image contrast, which could also readily 

differentiate the membrane, feed spacer and permeate spacer regions, was realised based on 

differences in the NMR relaxation parameter, T2,eff.  (iii)  High frequency acquisition of 2D cross-

sectional velocity images of the module revealing very localised flow channelling in response to 

gradual foulant accumulation which impacted significantly on the flow pattern within the central 

permeate tube. Collectively this NMR/MRI measurement protocol provides a powerful analysis tool 

for the evolution of fouling in such complex modules, thus ultimately enabling more informed 

module design.   

 

 

 

Keywords:  MRI, NMR, seawater desalination, hydrodynamics, membrane biofouling, non-invasive 

measurement   
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1. INTRODUCTION 

 

Fouling is a major concern for the operation of RO plants and can lead to significant 

operational cost increases, estimated at up to 25-50 % (Ridgway, 2003, Vrouwenvelder et al., 2011); 

biofouling is a particularly challenging form of fouling for the desalination industry (Ridgway and 

Flemming, 1996, Vrijenhoek et al., 2001, Shannon et al., 2008) as pre-treatment is costly and has in 

many cases been shown to have limited effect (Vrouwenvelder et al., 2006, Goosen et al., 2005, Al-

Juboori and Yusaf, 2012).  This is primarily due to the formation of biofilms which are difficult to 

remove once they are established in the membrane modules, even in cases of periodic use of 

intensive biocide and cleaning chemicals, as remaining biomass allows the biofilm to re-establish 

(Flemming et al., 1997).  An important component to this biofilm resilience is extracellular polymeric 

substances (EPS) which promote and increase adhesion to surfaces such as the membrane or feed 

spacer (Costerton et al., 1995, Guo et al., 2012).  The accumulation of the highly viscous biofilm 

growth inhibits convective and diffusive transport, increasing feed channel pressure drop, trans-

membrane pressure drop and salt passage (Matin et al., 2011).  Fouling also leads to preferential 

flow paths through the membrane modules with the emergence of back-bone flow which further 

reduces the effectiveness of biocides and cleaning chemicals (Pintelon et al., 2012, Flemming, 1997), 

increases energy use due to increased pressure drop, and can lead to premature membrane 

replacement and disposal (Guo et al., 2012).  Vrouwenvelder et al. (Vrouwenvelder et al., 2009)  

have shown that biofilm accumulation on RO membrane feed spacers increases the pressure drop 

between the inlet and discharge outlet of the module, indicating that the problem of membrane 

biofouling is not only a membrane surface problem, but is in many cases actually a membrane 

spacer problem.  

 

Direct observation techniques (Marselina et al., 2009), impedance spectroscopy (Terry et al., 2013) 

and optical coherence tomography (Dreszer et al., 2014) have all been used to characterise  such 

membrane fouling; a detailed review of non-invasive methods of fouling detection in membrane 
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module systems is provided by Rudolph et al., 2019.  Both nuclear magnetic resonance (NMR) and 

magnetic resonance imaging (MRI) have previously been used to non-invasively investigate fouling 

effects in various membrane module geometries, both whilst stationary and under flow.  These 

include flat sheets (Creber et al., 2010 Vrouwenvelder et al., 2009), hollow fibres (Pope et al., 1996, 

Buetehorn et al., 2011, Çulfaz et al., 2011, Yang et al., 2014 Arndt et al., 2016 and Schuhmann et al., 

2019) and spiral wound membrane modules (Graf von der Schulenburg et al., 2008, Fridjonsson et 

al., 2014, Bristow et al., 2020).  Cleaning effectiveness  has also been examined in fouled flat sheet 

membrane flow cells using MRI, highlighting the importance of early intervention and remediation 

as subsequent aggressive cleaning was unable to restore the membrane to its original pre-fouled 

condition (Creber et al., 2010).   MRI applied to hollow fibre membrane modules has been able to 

monitor permeate flow within the lumen (Pangrle et al., 1989), cake growth of silica on the outer 

surface of the lumen (Buetehorn et al., 2011) and observe concentration polarization and critical flux 

phenomena (Pope et al., 1995).  Recently, low cost, mobile detection of biofouling of spiral wound 

membranes has been demonstrated using earth’s field (EF) NMR (e.g. Ujihara et al., 2018).  This low 

magnetic field research opens avenues towards online measurements of biofouling in industrial 

settings, which are limited for high magnetic field instrumentation due to cost, size, complexity and 

safety concerns.   

 

In the current study we applied high field MRI to a spiral would reverse osmosis (SWRO) membrane 

module operating at an average cross-flow velocity 〈 〉 of 0.15 m/s and permeate production 

(Qpermeate/Qfeed) of 0.07, thus more directly mimicking industrial practice than in existing relevant 

literature, whilst progressively fouling the module with an increasing sodium alginate concentration.  

This work collectively applies the following NMR/MRI measurement protocols (with NMR/MRI signal 

originating from the water content of the module): 

(i) monitoring of bulk NMR signal during operation to monitor foulant accumulation, 
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(ii) MRI velocity imaging to monitor the evolution of the flow field in the membrane module 

during foulant accumulation, and  

(iii) T2,eff relaxation parameter imaging showing the location and extent of alginate fouling 

within the membrane module.  This is subsequently validated via a membrane autopsy.   

As such this work significantly extends our recent work (Bristow et al., 2020) which only considers 

the flow field using MRI velocity imaging before and after fouling and focussed exclusively on the 

feed channel region.  The use of cross-sectional T2,eff imaging to provide detailed images of the 

location of the foulant is particularly novel as is the systematic study of total NMR signal to quantify 

foulant accumulation.     

 

Sodium alginate is thus used as a model membrane foulant in this work as it is a commonly used 

fouling substitute to replicate both organic (Mi and Elimelech, 2010, Charfi et al., 2017) and 

biological fouling (Katsoufidou et al., 2007, Ye et al., 2005).  Using sodium alginate importantly also 

ultimately allows for much more reproducible and systematic studies of fouling and its effect on the 

velocity field within the SWRO membrane modules.  T2,eff  refers to the conventional  T2 NMR 

relaxation parameter which in our measurements is also impacted by imaging gradients which cause 

an additional gradient-induced NMR signal relaxation (thus T2,eff  ≤ T2).   T2,eff   images are used to non-

invasively monitor the spatial location of accumulating alginate in the opaque membrane module, as 

the presence of alginate is known to decrease the T2 relaxation time of the associated and adjacent 

water (Fabich et al., 2012).  

 

2. MATERIALS AND METHODS 

2 - .1. Flowloop and Fouling Procedure  

Figure 1(a) shows a simple process block diagram of the flow loop used for this SWRO membrane 

module fouling study.  The flow loop was operated in a total recycle configuration, with permeate 

and concentrate lines returned to the feed tank (T100 in Figure 1(a)).  The membrane module used 

for this work was a commercially available 2.5 inch (63.5 mm) diameter Dow Filmtec XLE 2521 

module whose length was 18.5 inches (470 mm).  The membrane module was installed in a 

commercial fiberglass pressure vessel (Hydrocomponents & Technologies, Inc. - PV-2500SW-2521SW 
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with specially designed magnet-compatible end-caps – Figure 1(b) and (c)).  The membrane was 

prepared prior to fouling operations by flushing with 1000 L of RO permeate (<2 µS/cm) for 

approximately 4 hours at a permeate flux rate of 25 L/m2h and 250 L/h crossflow to flush out any 

unreacted polymer and other impurities from the membrane module as recommended by the 

manufacture.   The model fouling material was a medium molecular weight sodium alginate, 

Manugel GMB alginate (FMC Biopolymer).  A salt solution containing 1 g/L NaCl and 0.7 g/L CaCl2 

was recirculated continuously in the flow loop at 500 L/h.   Permeate flow rate was 35 L/h, or a flux 

rate of 29 L/m2h.  Small doses of alginate solution (at a concentration of 1 g/L) were progressively 

introduced to the pump suction of pump P-100 (Figure 1(c)) over a period of 6 hours according to 

the sequence detailed in Table 1 (the total time was dictated by the interleaved acquisition of NMR 

and MRI data).  The initial dose of 0.025 g of alginate corresponds to a system concentration of 1 

ppm given the total tank and flow loop system volume of 25 L. After 6 hours the final accumulated 

alginate content amounted to a system concentration of 36 ppm.   During this alginate dosing 

process the module feed-side differential pressure was monitored using a differential pressure 

gauge (PIR in Figure 1(a) - Endress+Hauser PMP131-A2501Q4S 400) to improve accuracy – the feed 

solution pressure was also periodically checked (this was 20 bar and did not noticeably change over 

the duration of the experiment).   The absolute pressure of the permeate stream and the 

concentrated exit stream were not monitored.  The membrane permeate and concentrate discharge 

flowrates were monitored using rotameters (FI in Figure 1(a) - Stubbe DFM165 (range of 5-60 L/h) 

and DFM200 (rang of 150-1500 L/h) respectively).  The temperature of the permeate return was also 

monitored (TIR in Figure 1(a)).   

 

2.2. NMR/MRI Equipment and Measurements  

The MRI magnet and spectrometer system used in this study was a Bruker BioSpec 9.4T MRI with a 

Bruker Avance III digital RF system (Figure 1(d)) with a 3D imaging gradient set (max gradient 0.3 

T/m) and a 154 mm inner diameter RF coil.  All MRI measurement were performed transverse to the 

axis of the membrane module at a location 10 cm from its entrance.  The following NMR and MRI 

measurements were performed:    

 

2.2.1. Total Signal Measurement 

The total measured NMR signal is proportional to the amount of 1H nuclei in the sample (in our 

experiments this results almost exclusively from the water content of the module).  For these 

experiments, the total signal will also depend on flow rate as well as the effect of any flow field 

heterogeneity caused by fouling of the membrane.  The flow rate of the measurement was constant 

during these experiments, so the total NMR signal is thus affected only by any changing flow 

patterns.  The total NMR signal during these measurements was collected using standard spin echo 

experiments conducted frequently during the cumulative membrane fouling study, with an 

elongated echo time (  ) of 15 ms being used to ensure sensitivity to the evolving flow field. 

 

2.2.2. T2,eff Images 

T2,eff  images were obtained both before and after the whole fouling protocol (on stationary samples) 

to ascertain the location of the final alginate fouling deposit.  2D images were obtained using a single 

slice multi-echo spin-echo imaging pulse sequence (MSME.ppg; ParaVision 6, Bruker BioSpin GmbH) 

with a field-of-view (FOV) of 70 mm by 70 mm and slice thickness of 2.5 mm, with 512 by 512 image 

voxels and an in-plane resolution of 137µm.  The echo time (  ) was 15 ms, number of echoes (  ) 
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was 10 and repetition time (TR) was 1s.  Using two averages (NA = 2) images were obtained in a total 

scan time of 18 minutes.  The processing of MRI data was performed using in-house Matlab codes 

with the NMR signal in each image voxel fit with an exponential function to obtain the effective 

transverse relaxation (T2,eff) for the NMR signal decay in each voxel allowing for the generation of 

T2,eff maps.   

 

2.2.3. Velocity imaging   

2D Velocity images were frequently obtained during the fouling protocol using the Flowmap.ppg 

pulse sequence (ParaVision 6, Bruker BioSpin GmbH) with a FOV of 70 mm by 70 mm and slice 

thickness of 2.5 mm (with 128 by 128 image voxels and an in-plane resolution of 547 µm).  The echo 

time (TE) was 4 ms, repetition time (TR) was 50 ms and flow gradient ramp was 3.6 mT/m.  Using 

eight averages (NA = 8) this resulted in a total scan time of 1 min 42 sec per velocity image.  The 

resulting MRI data was processed using an in-house Matlab code to produce the 2D velocity images.   

For the six hour fouling test performed in this work a series of 179 velocity images were obtained. 
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3. RESULTS AND DISCUSSION 

 

Using a conventional 3D X-ray CT scan of the SWRO membrane module (acquired prior to fouling) as 

a basis, Figure 2 shows an overview of the NMR and MRI measurements performed in this fouling 

study at the Region Of Interest (ROI) which is located 10 cm into module, just before the last 

permeate tube inlet holes.  This location was selected as it near the entrance where fouling is likely 

to be more severe, it is sufficiently far in to the module to prevent any interference from the glued 

ends and its location near the permeate tube holes allows the influence of these on the system flow 

field to be assessed.  In the following sections [Section 3.1 and Section 3.3] the results of total NMR 

signal monitoring (sample data shown in Figure 2b) and velocity imaging (sample image shown in 

Figure 2c) during the cumulative fouling study are presented.  T2,eff maps (sample image shown in 

Figure 2a) obtained before and after the fouling study are presented in Section 3.2.  Finally the 

results of a physical membrane module autopsy are discussed in Section 3.4.   

 

3.1. Total NMR Signal  

To quantify the early detection of fouling using simple NMR measurements, the feed-side pressure 

drop (∆P) across the membrane module (Figure 3a shows the increase in ∆P relative to the value in 

the absence of fouling (which was 112 kPa)) was monitored during the systematic alginate addition 

to the membrane module flow loop under flowing conditions (Qfeed = 500L/h; 〈 〉 ≈ 15cm/s) over the 

6 hour period.  The increase in P changed from being comparable to the detection level of the 

differential pressure gauge (0.1 kPa) during the early stages of fouling to a maximum of 18 kPa.   At 

this final alginate system concentration of 36 ppm there was no detectable change in the fluid 

viscosity.   Concurrently, the total NMR signal was measured for the membrane module ROI (see 

Figure 3b), where ∆S denotes the percentage increase in NMR signal (St) at experimental time t 

compared to the NMR signal at time zero (St=0) when no alginate has been added to flow loop (i.e. ∆S 

= ( 
       

    
)     ).  The increase in NMR signal is not related to the effect of accumulating alginate 

on the NMR relaxation characteristics of the water content in the ROI (at 36 ppm this has no 

detectable effect, at higher concentrations it will actually cause the NMR signal to reduce slightly).  

Rather this increase in NMR signal is due to increasing fluid stagnation inside the membrane module, 

as alginate material accumulates in portions of the feed-channel of the membrane module.  As the 

overall volumetric flow rates (Qfeed and Qpermeate) are kept constant during the 6 hour fouling period, 

some of the feed-side cross-sectional area would experience increasing velocities as other areas 

experience stagnation due to fouling.   This contrast mechanism is due to the finite time (TE) 

between NMR signal excitation and detection such that fluid components which experience high 

velocities will not be detected when sufficiently long TE times are used (i.e. TE > L/U, where L is the 

length of excitation/detection region) due to simple flush-out effects.      

 

Figure 3c and 3d show the correlation of cumulative alginate addition to ∆S and the increase in P 

(relative to no fouling) respectively.  These show that there is a lag in the consistent detection of a 

~1 kPa ∆P increase until approximately 4 ppm of alginate has been added to the system.   

Subsequently there is a reasonable linear correlation between ∆P increase and alginate addition.  In 

the case of ∆S (Figure 3d), a reasonable linear correlation with alginate addition is established from 
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the first alginate addition.  Whilst this is consistent with previous observations that a non-invasive 

localised NMR measurement (Fridjonsson et al., 2015) is more sensitive than a ∆P feed-side 

measurement across a single SWRO membrane module to foulant accumulation, it is demonstrated 

here for the first time on an operating SWRO membrane module with permeate production.  In 

addition, a remarkably linear correlation is established between S and the amount of alginate in 

the system; which of course is only an indirect measure of the amount of alginate that has 

accumulated in the membrane module.  Whilst this is dependent on the selection of TE, it does 

indicate the ability of simple NMR measurements to provide a highly sensitive and quantitative 

detection of module fouling.  It also provides a completely non-invasive measurement allowing for 

systematic studies, as such complementing a wide range of invasive measurements of foulant 

accumulation (e.g. Sim et al., 2018).   

 

3.2. T2,eff  Images 

T2,eff  images were acquired under stationary conditions prior to and after the end of cumulative 

alginate fouling of the membrane module (i.e. after cumulative addition of 36 ppm of alginate).   The 

T2,eff  image for the unfouled membrane is shown in Figure 4(a) where signal from both the ‘free’ 

water between the pressure vessel and membrane module and in the permeate tube has been 

removed from the image. T2,eff  voxel histograms were then generated (Figure 4(b)) for this clean 

membrane module; this histograms resulted in a tri-modal T2,eff distribution indicating the presence 

of three distinct signal populations (assignment of these populations is discussed below). Fitting of 

the T2,eff distributions was done using the best fit of a function consisting of three Gaussian functions 

with the intensity, mean (μ) and standard deviations (σ) of each Gaussian function varied to obtain 

the best fit – the fit of these three Gaussian components (hereafter referred to as components A-C) 

are shown in Figure 4b.   

 

The T2,eff maps allow for the contrast between rapidly and slowly relaxing NMR signal in individual 

image voxels to be observed; this difference is primarily due to the interactions of the local water 

molecules with other membrane module materials (i.e. feed-spacer, membrane and permeate 

spacer).  It is expected that at least three regions of T2,eff  would occur for an unfouled membrane 

module, these are associated with water molecules within the feed-spacer channel, water molecules 

within the permeate spacer channel and water molecules in the membranes themselves (primarily 

the membrane support).  For the fouled module the accumulation of alginate means that water 

molecules associated with the alginate gel will also experience more rapid signal relaxation than 

water molecules located in unfouled portions of the feed-spacer region.  We now proceed to test 

out these collective assignments.   

 

Figure 5a (LHS) repeats the histogram of T2,eff times for the unfouled module which also shows the 

fraction of voxels associated with each of the three Gaussian distributions (Components A-C) fit to 

the histogram along with the tabulated mean T2,eff (μ) and standard deviation (σ) for each Gaussian 

distribution.  These show that for the unfouled module the longest relaxation peak (μ = 455 ms) 

accounts for 51.2% of the total voxels, with this peak being assigned to ‘free’ water located in the 

membrane feed-spacer region.  The second largest population at 38.2% of the total voxels is 

allocated to water close to the permeate-spacer which has a mean T2,eff  of 198 ms and the smallest 

population at  10.6% of total voxels is from water in the membrane support itself with a mean T2,eff  

of 49 ms.  Again, these allocations are validated below.   
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For the fouled module the same analysis was performed on the T2,eff image after 36 ppm of 

cumulative alginate addition to the system (see RHS of Figure 5a).  This revealed broadly consistent 

data with that prior to fouling.  Three Gaussian peaks were still evident in the histogram and the 

relative portion of all three was the same.  The only change was that the longest T2,eff   Gaussian peak 

experienced a reduction in mean T2,eff   from 455 ms to 349 ms, a 23% reduction.  This reduction in 

T2,eff   for the longest, largest Gaussian peak, we attribute to the accumulation of alginate in the feed-

spacer region; this is consistent with the expectation that alginate fouling has limited impact on 

water in the permeate spacer and membrane regions due essentially to the membrane barrier.   

 

To confirm these population assignments in the T2,eff image three colour bands are assigned, with the 

threshold for the T2,eff  band cut-off determined by the minima between the three Gaussian 

distributions in Figure 5a for the unfouled membrane module – as such these colour bands broadly 

correlated with the three Gaussian distributions and hence Components A-C.  Figure 5b shows the 

T2,eff maps using these three colour bands for the module both prior to and following fouling.  For 

clarity Figure 5c shows a zoomed image of one quadrant (marked in red) of the T2,eff  images shown in 

Figure 5b.  With respect to the unfouled membrane module it is very clear that the intermediate 

Gaussian distribution (green colour band – Component B) corresponds very well with the permeate-

spacer region. It is also evident that the yellow colour band corresponds with thicker feed-spacer 

region.  The red color band is intermittent in the image but is clearly located at the boundary 

between the permeate and feed spacer regions.  This intermittency reflects the membrane-support 

thickness, which is slight thinner than the imaging resolution of 137 microns.  Thus the assignments 

detailed above are consistent with the detailing imaging data and show that T2,eff  relaxation times 

can be used to identify the spatial region that the water molecules occupies within the membrane 

module.  

 

Turning to the fouled images in Figure 5b and c, the allocation is broadly consistent with the 

unfouled membrane with the exception that the feed-spacer region has experienced a very 

structurally heterogeneous decrease in T2,eff  times as revealed by the appearance of the green band 

in the feed-spacer region.  The only plausible explanation is that these ‘green band’ regions 

correspond to the accumulation of sodium alginate foulant.  It is also very interesting to observe that 

the approximate periodicity of these local ‘green band’ regions in the feed spacer region is 

consistent with the spacer node locations of the feed-spacer within the module.   

This confirms that this imaging technique is capable of detecting the presence, and spatial location, 

of the fouling material within the SWRO membrane module (in this case its clear attachment to the 

spacer sheet nodes).  These results demonstrate significant potential for the use of high-field MRI to 

non-invasively and non-destructively image and hence monitor the accumulation of alginate-like 

foulants within an operating SWRO membrane module.  

 

3.3. Velocity Imaging  

To determine the effect of sodium alginate fouling on flow dynamics, 179 velocity images were 

acquired every two minutes during the 6 hours of cumulative fouling.  Note that velocity was 

measured only in the axial superficial flow direction. Figure 6a shows an example velocity image 

where three regions (membrane, outer ring (water between membrane and pressure housing) and 

permeate tube) are highlighted.  For each velocity image the average velocity (Umean) for each of 
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these regions was calculated.  Figure 6 shows Umean for these three regions as a function of 

experimental time as a total of 36 ppm of alginate was gradually added to the flow loop.  It was 

observed that the permeate tube and outer ring regions had stable Umean over the whole 

experimental run, indicating negligible impact due to fouling (no flow is expected in the outer ring as 

it is sealed and negative flow is expected in the permeate channel as it is counter-current 

configuration – we acknowledge that a co-current configuration is more conventional industrial 

practice). The membrane region experiences more scatter in Umean, likely due to the impact of 

discrete dose addition of alginate to the system, and also experienced a small decrease (5%) in Umean.  

This is in contrast with the rotameter measurements, which showed no significant change in the 

average volumetric flowrate during the measurement.  This small reduction is likely due to subtle 

morphological or structural changes (not visible at the imaging resolution) in the feed-spacer 

channel due to fouling and observed increases in ∆P (causing subtle inflation of these feed spacer 

regions and consequential reduction in velocity).  It might also be a partial consequence of 

preferential relaxation of the NMR signal from faster moving water in individual voxels.  To confirm 

the reproducibility of these results, the experiment was repeated with a new membrane module and 

the same alginate dosing procedure.  This test resulted in a very similar 6% decrease in measured 

velocity for the membrane region.  

 

As has been previously observed (Ujihara et al., 2018), the structural properties of the velocity 

images may contain additional information about the effects of foulant materials.  To probe this 

further it was noted that a high velocity region was observed (see Figure 6a) close to the permeate 

tube where the permeate fluid enters the tube and where the two membrane leaves are attached to 

the permeate tube.  To further examine this high velocity region, Figure 7a shows a photograph of a 

bisected SWRO showing the structural features inside the membrane module, including the 

permeate tube holes (4 total) and the region where the two membrane leaves are glued onto the 

permeate tube (dashed red circles).  The accompanying non-invasive T2,eff maps (Figure. 7b, obtained 

before any destructive autopsy) shows the structure of this region well, with the membrane 

identifiable (red voxels) and the permeate spacer and feed-spacer channel also readily demarcated 

(green and yellow voxels respectively).  

 

Figure 7c shows a velocity image of the same membrane module where the high velocity region next 

to the permeate tube is highlighted (similar position as red dashed regions in Figure 7a and b).   

These high velocity regions originate from channelling of the flow, as these regions have thicker gaps 

and are located at the edge of the spacer sheet which collectively results in less flow resistance.  If 

the average velocity of this fast flowing region contained within the dashed red circle are plotted 

over the duration of the 6 hour experimental run (Figure 7d) it can be seen that this region 

experiences a significant increase in average velocity (Umean).  This correlates strongly with the 

addition of alginate to the system, such that any additional flow resistance in the feed spacer region 

due to fouling is causing some of the flow to get diverted to these regions of lower flow resistance, 

which can potentially negatively impact overall membrane performance due to local bypassing.   

 

To ascertain if there is any potential influence of this high velocity region upon the permeate flow, 

the velocity images for the permeate tube velocity were further analysed (Figure 8).  The average 

velocity in the permeate pipe (see Figure 6b) shows no change in average velocity over the duration 

of the measurements.  To ascertain any subtle velocity distribution changes, the change in velocity 
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(∆U) between the acquired velocity images as a function of time and the initial velocity image was 

calculated.   Figure 8b shows examples of eight of the 178 ∆U images acquired.  In these ∆U images 

in Figure 8b it is observed that there is a structural flow change which stabilises after three hours.  

The observed more heterogeneous flow patterns are a consequence of the change in flow from the 

permeate channels as a function of time.  These observations show the potential of the imaging 

protocols used in this study to reveal subtle and novel hydrodynamic effects within operating 

membrane modules during the early stages of fouling of SWRO membrane modules
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3.4. Membrane Autopsy 

At the conclusion of the MRI measurements a module autopsy was performed to determine the 

distribution of alginate throughout the feed-spacer region of the membrane module.  External 

observation of the membrane module showed that the module was in good physical condition, with 

no visual compression or deformation of the element.  Additionally there was no visually evident 

front end plugging with alginate.  There was no visual indication that the element had been exposed 

to excessive pressure drop, and the brine v-seal was in good condition, which is consistent with 

observations from velocity MRI (zero flow recorded in the outer ring region).  Upon opening the 

membrane module the accumulation of alginate gel was observed to be most prevalent at the feed 

spacer nodes (see Figure 9 for sample photos) which is consistent with, and serves as validation of, 

the observation and assignment of foulant regions in the T2,eff map analysis in Figure 5.  This 

corresponds with previous fouling observations in literature (e.g. Vrouwenvelder et al., 2009) that 

similar fouling pre-dominantly occurs at the stagnant regions adjacent to the spacer nodes.  The 

distribution of fouling appeared to be relatively consistent with a slight bias towards the feed-end 

for the outer spirals and a slight increase in accumulation in the centre for the inner spirals.  The 

autopsy was broadly consistent with the observation of the NMR and MRI measurements which, 

using simple image analysis, indicated that approximately 25% of the feed side volume was occupied 

by alginate at the end of addition of 36ppm of alginate into the membrane module.   

 

4. CONCLUSIONS 

This work has shown that MRI measurements are sensitive to relatively small amounts of alginate 

entering an operating spiral wound membrane module, and can readily detect the spatial location of 

the fouling occurring on the feed side of the SWRO membrane modules.  By applying 2D T2,eff maps 

different membrane module regions (i.e. feed-channel, permeate-channel and membrane) could be 

identified.  It was also non-invasively shown that fouling predominantly occurs at the spacer nodes, 

which is consistent with previous observations of biofouling and was validated using autopsy results.  

Furthermore monitoring the total NMR signal from the membrane module at a location 10 cm into 

the membrane module could readily detect the effect of 1 ppm alginate in the flow loop in terms of 

its elevation in the total amount of stagnant fluid in the module; this was shown to be more 

sensitive to fouling development than monitoring of the module feed-side pressure drop.  

Furthermore, velocity imaging of the membrane module during operation shows subtle velocity 

distribution changes occurring, which are not captured by total volumetric flow measurements.  

These include enhancement of high velocity channelling in the feed spacer region, in the vicinity of 

the permeate tube, and a discernible change in the velocity field within the permeate tube itself.  

Collectively, these results demonstrate the potential of NMR and MRI techniques to non-invasively 

inform and elucidate the effects of fouling on the operation of desalination membrane modules.  

The techniques shown are readily transferable to full-body MRI scanners which would be able to 

accommodate industrial 8 inch diameter membrane modules.  Also of relevance is the ability of 

mobile single-sided NMR equipment to monitor the total NMR signal and thus foulant accumulation.     
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Figure 1. (a) Simple process flow diagram of the flow loop used in this study - Note: PIR is 

the differential pressure gauge, both indicating and recording); (b) Custom made nylon end-

caps retainers to seal the feed-side of the membrane module and their assembly into the 

pressure vessel; (c) Rotary vane pump used and (d) Bruker BioSpec 9.4T MRI into which the 

pressure vessel/membrane module was placed - insert photo shows a view directly down the 

magnet and the 4 inch diameter space into which the membrane module is readily inserted, 

note that it is possible to feed supply piping to the module from the far end of the magnet. 
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Figure 2.  A 3D X-ray CT scan of the SWRO membrane module with axial cross-section revealed. 

The region of interest (ROI) of this study is indicated (red-dash) in which all NMR/MRI 

measurements were performed.  The counter-current direction of feed and permeate flow (cross flow 

of 0.15 m/s and a permeate flux of 29 L/m
2
.h) are indicated.  (a) Sample T2, eff  cross-sectional image 

obtained at the ROI for  the clean module before fouling [see Section 3.2] (b) During fouling (0 to 

36ppm cumulative alginate concentration) change in total NMR signal (∆S) in the ROI was 

periodically monitored [see Section 3.1].  (c) a xross-sectional velocity image of the clean membrane 

module, velocity images such as this were obtained every 2 minutes during fouling[see Sections 3.3].      

  

(a) T2,eff map at ROI 
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Figure 3.  (a) The increase in pressure drop (∆P) across the feed-side of the membrane module relative to that 

measured for no fouling (●) and the cumulative alginate dosing (∆) over 6 hours. (b) shows the percentage (%) NMR 

signal increase  (S) relative to the initial NMR signal (○) and the cumulative alginate dosing (●) over 6 h.  The 

increase in ∆P and NMR signal is due to the alginate fouling the membrane module.  The correlation of ∆P increase 

vs. cumulative alginate dose and ∆S vs. cumulative alginate dose is shown in (c) and (d) respectively. ∆P 

measurement show a lag in sensitivity compared with the NMR signal measurement. 

(d) 
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Figure 4.  (a) Cross-sectional T2,eff  image acquired with in-plane resolution of 137 µm × 137 µm and 
2.5 mm slice thickness.  This image shows only the membrane region of the SWRO membrane 
module.  Each voxel shows the T2,eff value obtained using a mono-exponential fit to the acquired 
NMR data. (b) Shows the resultant histogram of the voxel T2,eff times from (a) labelled as ‘Expt. 
Data’. The Gaussian fit of each of the peaks (red, green and yellow – corresponding to 
Components A-C)) and the resulting overall combined fit (black line) are also shown. 
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Figure 5. T2,eff population histogram, three populations are evident in this analysis – labelled as Components A-

C. The respective T2,eff  mean () and standard deviation (σ) are shown in tables.  (b) Shows the T2,eff images (and 
highlighted quadrant) with colour bands delineated by the ‘cross-over’ of the three Gaussian fit distributions of 
the clean membrane.  Key macroscopic regions of the module are evident, including the feed spacer (yellow 
band), permeate spacer (green band) and membrane region (red band) in the unfouled clean membrane.  The 
appearance of ‘green band’ regions in the feed spacer locations for the fouled membrane is only consistent 
with the formation of  sodium alginate in these regions – note their periodicity which corresponds to the nodes 
of the feed spacer.    
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Figure 6 (a) Velocity image for a un-fouled membrane module obtained whilst flowing (cross flow of 

0.15 m/s and a permeate flux of 29 L/m
2
.h) with three regions identified outer-ring, membrane and 

permeate pipe); (b) Shows the mean velocities (Umean) for each of the regions obtained from every 

velocity image (acquired every 2 min) during 6 hrs of operation.   
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(a) (b) (c) (d) 

Figure 7 (a) Photograph of the membrane module, which has been cut open. Blue guide arrows 

indicate relative location and direction of permeate flow into the permeate pipe. (b) The corresponding 

T2,eff image of approximately the same region. The red-dash areas are used to highlight regions of 

interest.  (c) A velocity image of the same module with the fast flowing regions highlighted (red dash). 

(d) The average velocity of the fastest flowing components in these highlighted regions, indicating a 

gradual but overall substantial increase in the mean velocity of these regions over the course of the 6 

hour experiment 
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Figure 8  (a) Shows an example velocity image of the permeate pipe flow for a clean membrane module; 

(b) Shows the change in velocity (∆U) in each voxel in this permeate pipe, which is obtained by 

subtracting the velocity image at the respective time frm the velocity image at time equals 0 (i.e. the first 

velocity images for the clean membrane module).   It can be seen that there is a structural change in the 

flow distribution inside the permeate pipe over the course of the gradual fouling process.  This is likely 

due to a change in the flow resistance into each of the channels feeding the permeate pipe due to fouling 

development. 
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Figure. 9 Photographs take during the membrane module autopsy showing (a) feed spacers 
showing alginate accumulation predominantly at spacer nodes and (b) alginate on the surface of 
the membrane.  These confirm that a significant amount of alginate had been trapped inside the 
membrane module causing the observed changes in ∆P and NMR signal as well as MRI responses 
seen during velocity and T2,eff  imaging.  
 

 

 

 

 

 

 

 

Table 1. Alginate dosing performed during measurements, consisting of a total of 12 alginate 

doses added to the system over a 6 hour period (6 × 0.025g, 3 x 0.050g, 2 × 0.100g and 1 × 

0.400g in that order), resulting in a 0.9g final cumulative alginate concentration in the system 

(converted to ppm based on a flow loop system volume of 25 L)  

Alginate 

Dose (g) 

Alginate 

Dose 

# of  

doses 

Cumulative 

System 

(a) 

(b) 
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