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Abstract 

 

We demonstrate the use of Earth’s field (EF) Nuclear Magnetic Resonance (NMR) to 

provide early non-destructive detection of active biofouling of a commercial spiral wound 

reverse osmosis (RO) membrane module.  The RO membrane module was actively biofouled 

to different extents, by the addition of biodegradable nutrients to the feed stream, as revealed 

by a subtle feed-channel pressure drop increase.  Easily accessible EF NMR parameters (signal 

relaxation parameters T1, T2 and the total NMR signal modified to be sensitive to stagnant fluid 

only) were measured and analysed in terms of their ability to detect the onset of biofouling.  

The EF NMR showed that fouling near the membrane module entrance significantly distorted 

the flow field through the whole membrane module.  The total NMR signal is shown to be 

suitable for non-destructive early biofouling detection of spiral wound membrane modules, it 

was readily deployed at high (operational) flow rates, was particularly sensitive to flow field 

changes due to biofouling and could be deployed at any position along the membrane module 

axis.  In addition to providing early fouling detection, the mobile EF NMR apparatus could 

also be used to (i) evaluate the production process of spiral wound membrane modules, and (ii) 

provide an in-situ determination of module cleaning process efficiency.   
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1. Introduction 

 

Highly populated areas and arid zones around the world suffer from vulnerability to 

freshwater availability.  It has been projected (in 2013) by the Food and Agricultural 

Organization of the United Nations [1] that by 2025 there will be 1.8 billion people living in 

countries or regions with absolute water scarcity, and two-thirds of the world population could 

be under water stress conditions.  Traditional water sources in the future will need to be 

supplemented in order to meet the projected increase in water consumption.  Reverse osmosis 

(RO) membrane technology has developed over the past 40 years to account for 80% of the 

total desalination plants installed worldwide [2] with strong growth expected into the future to 

meet further demand [3].  Although many advances have been made, membrane fouling 

continues to be a major concern for the desalination industry (e.g. [4-8]) as it decreases 

membrane performance, requires frequent chemical cleaning and shortens the membrane 

lifespan.  It poses a major economic burden on plant operation, estimated at 25-50% of total 

plant operating costs [9, 10].  

 

Of the four main types of fouling [11]: Inorganic, organic, particulate and 

microbiological, only microbiological (or biofouling) can arguably be significantly reduced by 

pre-treatment alone [12, 13].  Biofouling occurs extensively, even with significant pre-

treatment [14].  This is attributed to the formation of biofilms on membrane and feed spacer 

sheet surfaces within the spiral wound membrane modules, which once established are capable 

of re-emergence even after intensive chemical treatment [15].  Biofilms are an accumulation 

of micro-organisms and extracellular material which forms a matrix which is irreversibly 

bonded onto the membrane and/or feed spacer surface, with the main mechanism for cohesion 

and adhesion of the biofilm matrix due to the extracellular polymeric substances (EPS), which 

makes up 50-80% of the organic matter [15, 16].  Biofilms go through three stages of growth: 

the induction phase, growth phase and plateau phase; it is crucial to detect and stop biofilm 

growth during the adhesion-dominated induction phase to effectively prevent biofouling [17].  

During the growth phase the biofilm increases predominantly by bacterial cell multiplication 

with this phase being typically associated with biofouling (or the threshold of interference) 

where up to 25% reduction in permeate flux has been observed due to hydraulic resistance from 

the EPS matrix and concentration polarisation across the membrane surface [16].  The type of 

flow regime within the RO membrane affects the stability, adhesive strength, density and 
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structure of the biofilm [18], with ‘fluffy’ biofilm growth occurring at low Reynolds numbers 

(Re) while high Re induces the formation of thin, compact, harder to remove biofilms [10].  

The biofilm growth inhibits convective transport [19], increasing flow resistance which causes 

a back-bone (or telescoping) flow regime to emerge [20-22].    

        

As membrane biofouling causes reduced separation efficiency, permeate contamination, 

membrane deterioration and increased energy costs it is a common reason for early disposal of 

RO membrane modules [17].  Vrouwenvelder et al. [10, 23] estimate that a warning detection 

system sufficiently sensitive to detect early stages of biofouling (i.e. before the biofilm 

becomes established within the membrane) could reduce energy costs by up to 5%, and 

decrease the annual membrane replacement and cleaning costs by up to 10%.   Vrouwenvelder  

et al. [24, 25] showed that biofilm accumulation in RO membrane elements increased the feed 

side pressure drop between the inlet and the salty discharge outlet of the module (hereafter 

referred to as the feed-channel pressure drop).  According to Flemming  et al. [20] commonly 

used measurement techniques such as monitoring permeate flux decrease, colony count and 

membrane autopsy are not sensitive to detect early stages of biofouling or do not provide in-

situ non-invasive quantitative information about the level of fouling through membrane module 

or pressure vessel containing membrane modules. Direct observation technique [26] and 

impedance spectroscopy [27] have recently been used to characterise 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 MFS closely follow the biofouling effects inside 

the RO membrane modules.  

 

 Here we consider the use of a low cost, portable non-invasive spectroscopic technique, 

namely nuclear magnetic resonance (NMR), to sensitively and non-destructively detect the 

early stages of biofouling in spiral wound membrane modules.  Specifically we consider the 

use of Earth’s field NMR (EF NMR) which offers a comparatively cheap, mobile and non-

invasive measurement.  We explore the sensitivity of various readily accessible EF NMR 

parameters (signal relaxation values T1 and T2 as well as suitably modified total NMR signal) 

to the extent of biofouling.  We also consider the ability for such measurements to be performed 

under operational conditions (i.e. with flow through the module) as well as the sensitivity of 

the measurements to the relative location of the EF NMR apparatus along the spiral wound RO 

membrane module length.   
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2. Background 

     

2.1 Relevant Nuclear Magnetic Resonance (NMR) Theory 

Nuclear magnetic resonance (NMR) is a well-known phenomenon in which the 

magnetic moment of NMR active nuclei (e.g. 1H) can be analysed using electromagnetic (radio 

frequency (r.f.)) pulses and applied magnetic fields.  Information on the basic principles of 

NMR can be found elsewhere [28] while useful sources for understanding NMR under flow 

conditions can be found in Callaghan’s texts on magnetic resonance microscopy [29] and 

transport measurements [30].  In this section we will briefly describe some basic features of 

NMR, relevant to our measurements.  

 

When a substance containing NMR active nuclei (exclusively 1H in the work conducted 

here) is placed in a static magnetic field (B0) the bulk magnetization (M) of the substance varies 

with time [31] as follows: 

 1/
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  .      (1) 

where MZ is the magnitude of the magnetization along the direction (Z) of the net magnetic 

field vector, MZ,0 is the magnetization at time zero and t is time. The magnetization (M) is 

proportional to the 1H density in the sample and the static magnetic field strength as follows: 

M0  B0
7/4 [32].  The spin-lattice relaxation time (T1) characterises the time it takes the system 

to reach thermal equilibrium, i.e. for the net magnetization vector (MZ) to reach MZ,0 after the 

sample is placed within magnetic field B0. The NMR signal is also characterised by the spin-

spin relaxation time (T2) which characterises the loss of signal phase coherence, i.e. the time it 

takes the NMR signal in the transverse plane (X-Y) to decay towards zero, following radio 

frequency (r.f.) excitation and can be described by, 

2/
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where Mx,y is the magnitude of the magnetization along the  transverse plane (X-Y) relative to 

the longitudinal direction (Z) of the net magnetic field vector, Mx,y,0 is the magnetization at time 

zero. T1 and T2 are material properties and can be used to distinguish different phases, e.g. 

biofilm matrix and bulk fluid in our case.  It has been observed by multiple researchers (e.g. 

[33-36]) that the T1 and T2 relaxation times for NMR signal from water in a biofilm matrix are 

up to an order of magnitude lower than that of the bulk water phase. 
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Measured values of T1 and T2 are also however (erroneously in the intended application 

here) influenced by flow, predominately flow into and out of the measurement volume (defined 

as the regions where r.f. excitation occurs) during the acquisition sequence.  This can be 

approximated as follows [37]:    

 

1

𝑇1𝑓 𝑜𝑟 2𝑓


1

𝑇1𝑠 𝑜𝑟 2𝑠
+

𝑈

𝑙𝑑
      (3)   

where T(1f or 2f) is the relevant relaxation time of flowing water, T(1s or 2s) is the relaxation time 

of stationary water, U is the fluid velocity and ld is the length of the excited region 

(approximately the length of the r.f. coil employed for NMR signal excitation).  The effect 

summarised by eq. (3) is obviously complicated when the sample being measured contains a 

distribution of flow rates or velocities. 

  

2.2 NMR and Biofilms 

The use of NMR to detect biofilms has a long history. Lewandowski et al. [38] showed 

that the T1 relaxation time of flowing water in a bioreactor will decrease with the presence of 

biofilm.  Hoskins et al. [39] measured the T1 and T2 relaxation times of water in a packed bed 

reactor and observed T1 and T2 relaxation times decreasing in the presence of biofilms.  

Seymour et al. [40] measured the effect of biofilm growth in a porous medium and observed 

anomalous transport dynamics using NMR displacement propagator experiments.  Graf von 

der Schulenburg et al. [41] used NMR imaging and velocity imaging techniques to demonstrate 

that it is a suitable technique for detecting stagnant zones in a reverse osmosis membrane 

module caused by biofouling.  Creber et al. [22] used NMR to study biofouling in a MFS and 

observed a decrease in T2 relaxation time with increased biofilm growth.  Vogt  et al. [36] used 

NMR correlation techniques to observe the effects of changing T2 time and changing flow field.  

These previous NMR studies of biofouling have demonstrated some of the detection 

capabilities of NMR; however these NMR tests have typically been made using relatively small 

samples and large magnetic fields (generated using superconducting magnets) on the order of 

a few Tesla [42].  

 

In terms of the application of comparatively low magnetic field NMR measurements 

(employing permanent magnets) to the study of  membranes, biofilms and biofouling, 

Sanderlin  et al. [43] recently used a low-field (1H resonance frequency of 280 kHz) NMR 

well-logging instrument in a laboratory setting to show a reduction in T2 caused by biofouling.  
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Yang et al. [44] demonstrated the usefulness of a comparatively low-field bench top NMR (1H 

resonance frequency of 12.9 MHz) apparatus in the investigation of hollow fibre membrane 

modules as employed in membrane distillation processes in desalination.  Here we consider the 

use of the Earth’s magnetic field, which dispenses with the need for a strong homogeneous 

magnet for signal detection; this is significantly cheaper and enables a portable comparatively 

easy to handle system.    

 

3. Materials and Methodology 

 

NMR Methods Employed 

Measurements were performed using a Terranova-MRI (Magnetic Resonance Imaging) 

Earth’s field NMR instrument purchased from Magritek, New Zealand.  A photo of this 

instrument is shown in Fig. 1(a).  This instrument enhances the NMR signal using a coarse 

electromagnet (Bpolarising: 18.8mT) as a pre-polariser, and then detects at the local earth’s 

magnetic field (52T with Bpolarising turned off) which corresponds to a 1H (Larmor) resonance 

frequency of 2240 Hz which is detected by a solenoid r.f. coil of an effective internal diameter 

(i.d.) of 76 mm.  Using the pre-polarisation coil, it is possible to substantially increase the signal 

to noise ratio (SNR) [45] of the detected NMR signal.  This instrument has previously been 

employed to determine the mean droplet size of various water in oil emulsions [46] as well as 

included into a novel flow meter [47].  The RO membrane module employed is readily 

incorporated into the EF NMR apparatus as shown in Fig.  1(b).   

The following NMR measurements were performed: 

 To measure the total NMR signal (S), a spin echo pulse sequence was employed, the 

timing diagram of which is shown in Fig. 2(a).  The tau waiting time was increased such that 

the signal detected was only from the stationary fluid, which is discussed in more detail below.  

Bpolarising was applied for 4s.      

 To measure the T2 relaxation time, a Carr-Purcell-Meiboom-Gill (CPMG) pulse 

sequence was employed - see Fig. 2(b) for the relevant timing diagram.  The data is fitted with 

eq. (2).  Bpolarising was applied for 4s and a tau value of 100 ms was used.   

 To measure the T1 relaxation time, the pulse sequence or timing diagram schematically 

shown in Fig. 2(c) was used. Here the NMR signal (S) is detected as a function of the time 
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duration (t) following a 4s application of Bpolarising at which point signal excitation and detection 

occurs.  T1 can then be determined via application of eq. (4): 

𝑆 = 𝑆0exp (−
𝑡

𝑇1
)    (4) 

 

Specific EF NMR parameters used for each type of experiment is listed below:  

1) Spin Echo – Polarising current: 6A; polarising duration: 4s; B1 gain: 2.5; 90 pulse 

duration: 1.1; 180 pulse duration: 2.3; echo time: 1000ms; receiver gain: 2; number 

data points: 16384; 180-acq. delay (ms): 25; acquisition time: 0.5s; repetition time: 

10s; number of scans: 4; display range: 50Hz; phase cycling: CYCLOPS. 

2) Carr-Purcell-Meiboom-Gill (CPMG) - Polarising current: 6A; polarising duration: 

4s; B1 gain: 2.5; 90 pulse duration: 1.1; 180 pulse duration: 2.3; receiver gain: 2; 

number of echoes: 16; echo time: 200ms; number data points: 16384; dwell time: 

200us; number of scans: 16; repetition time: 10s; number of scans: 4; integration 

width: 20; display range: 100Hz. 

3) T1-Be - Polarising current: 6A; polarising duration: 4s; B1 gain: 2.5; receiver gain: 2;  

90 pulse duration: 1.1; pre-90 minimum delay: 0ms; pre-90 delay step size: 200ms; 

number of steps: 16; 90-acquisition delay: 25ms; number of data points: 16384; 

acquisition time: 1s; repetition time: 15s; number of scans: 4; integration width: 50Hz; 

display range: 50Hz. 

 

All NMR relaxation measurements were performed at superficial velocities (U) of 0, 0.64 and 

1.28cm/s, each experiment was run three times; spin echo experiments were conducted at U of 

0, 0.64, 1.28, 1.92 and 2.56cm/s, with each experiment conducted four times.   Measurements 

were performed with the EF NMR r.f. coil and electromagnet (length = 17cm) assembly 

positioned at the following locations along the RO membrane module axis (total length = 

53cm): (i) near the entrance (6 to 23cm), in the middle (18 to 35cm, as shown in Fig. 1(b)) and 

near the end (30 to 47cm) respectively.  The central permeate channel of the RO membrane 

module was filled with water during all measurements. 

 

3.2 RO Membrane Module and Test Conditions  

 Tests were conducted on a commercial 61mm diameter spiral wound RO membrane 

module (purchased from Dow FILMTECTM Model XLE-2521, FilmTec Corporation, USA). 
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This was snuggly accommodated in a 75 mm outer diameter PVC pipe housing with the module 

inlet and outlet connected to the fouling circuit using the end caps indicated in the full fouling 

circuit shown in Fig. 3.  During fouling, the feed flow rate was 120 L/day (U = 0.07cm/sec), 

which was dosed with 1L/day of nutrient solution (i.e. 16g sodium acetate, 3.2g sodium nitrate 

and 1.6g sodium phosphate in 1L of DI water) to enhance biofouling.  Sodium phosphate was 

dosed to avoid phosphate limitation [48].  Nutrients were added to the fouling circuit using a 

peristaltic pump (Masterflex L/S, Cole-Parmer Instrument Company, Australia).  Mains water 

monitored with a manual pressure gauge (5 barg) was used during the experiments and an 

activated carbon filter (M Series Carbon Filter AQP-RFM1, Aquaport, Australia) was used to 

remove contaminants (particularly chlorine) which cause membrane degradation [49].  The 

feed-channel pressure drop between the module inlet and (usually concentrated solution) outlet 

was monitored using a high precision differential pressure gauge (Cerabar PMC131, Endress 

Hauser, Germany) [50].  This fouling procedure was consistent with what we have employed 

in previous RO membrane module biofouling studies and has been generally applied in 

research on membrane biofouling [22, 25, 41, 51-54].    

 

Fouling was performed over a collective period of 72 days.  The suite of NMR 

measurements discussed above were performed on the initial membrane prior to fouling, and 

subsequently at three time points during fouling, hereafter referred to as the three stages of 

biofouling.  The extent of fouling at each successive stage was chosen to be more severe than 

the previous as indicated by the feed-channel pressure drop.  Figure 4 shows this pressure drop 

evolution with time over the 72 day period and the location of the three fouling stages where 

the NMR measurement suite was performed.  An induction phase is evident in all stages.  

Following stages 1 and 2, and on completion of the NMR measurements, the membrane was 

flushed at a high value of U in excess of 10 cms-1 until the feed-channel pressure drop was 

restored to its original value, as is evident in Fig. 4.  However the reduction in induction time 

between successive stages suggests that some residual biofouling remained.          

 

Supplementary X-ray CT images of the final fouled module were also acquired using a 

Siemens medical CT scanner (SOMATOM Definition AS), and high field magnetic 

resonance images were acquired of the same module using a Bruker BioSpec 9.4 T scanner.  

 

4. Results and Discussion  
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4.1 Visualisation of Final Fouled Module 

 A three-dimensional (3D) X-ray image of the final fouled RO membrane module after 

Stage 3 is shown in Fig. 5.  Cross-sectional images are also presented, as acquired using both 

3D X-ray imaging (which will reflect the distribution of density) and high magnetic field 3D 

MRI.  The membrane module was filled with water during these experiments.  The external 

PVC casing of the module is evident in the X-ray images as are the inlet and outlet fittings.  

Also evident in Fig. 5 is the presence of glue sealing the ends of the membrane sheets; the EF 

NMR measurement zones were fortuitously selected so as to avoid these regions.  Fig. 6 shows 

photos of the membrane module following an autopsy – clear visual evidence is presented of 

the accumulation of biofouling material near the entrance of the module, which was not present 

in the middle or exit regions of the module.  The presence of this fouling material is not 

immediately evident in either the X-ray or high field MRI images in Fig. 5.  It can however be 

detected based on imaging the distribution of T2 values when performing the 3D high field MRI 

acquisition.  Fig. 7 shows the measured T2 distribution maps/images for the entrance and 

middle regions, along with the corresponding T2 probability distributions.  Clearly a reduced 

value of T2 is measured in the entry region where biofouling was visually evident, consistent 

with literature.  The high field MRI is able to detect biofouling using T2 relaxation times. It is 

worth highlighting that the quality and resolution of images and data in Fig. 5 and 6 using high 

field MRI are not readily accessible using EF NMR; nevertheless very useful non-invasive data 

is able to be detected using EF NMR regards biofouling, as will be subsequently demonstrated.        

 

4.2. EF NMR Relaxation Measurements 

 Fig. 8 shows the evolution in  the T1 and T2 measurements for the three measurement 

positions along the RO membrane module length (as outlined in Fig. 5 above) for the clean 

module and as a function of fouling stage.  The error bars are the standard deviations produced 

by multiple repeats of the measurements.  These measurements were performed without flow 

through the module.  T1, and to a lesser extent T2, decreased as fouling progressed distinctly in 

the inlet region of the module, which is consistent with the observed biofouling in this region 

discussed above.  The effect is much less pronounced for the middle region and outlet regions.  

Furthermore once the effect of flow (U ≠ 0) is introduced (as summarised in Fig. 9) it becomes 

apparent that a simple T1 and T2 relaxation time reduction as biofouling progresses is obscured 

by the effect of flow on the relevant relaxation parameter; at the highest flow rate (U = 1.28 

cm/s) studied, there was no obvious correlation.  In addition the effect of flow and the 
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contribution of inflow-outflow effects during the measurement results in deviations from the 

exponential assumption of the T1 and T2 relaxation time fits.  This effect may be de-convolved 

and quantified but requires detailed knowledge of the flow field (U).  A simple robust 

correlation between the EF NMR relaxation parameters that could be routinely used as an early 

warning indicator of the onset of biofouling in the RO membrane modules is clearly precluded 

by the complex effects of flow.  Even in the absence of flow, the ability of EF NMR relaxation 

measurements to detect biofouling requires deployment of the measurement in the vicinity of 

the fouling along the RO membrane module axis (in this case near the module entry).  While 

useful information is available from the T1 and T2 relaxation time measurements, due to the 

complicated relationship between fluid flow distribution and relaxation times and their effects 

on the measured EF NMR signal, these measurements were found to be less suitable at 

detecting biofouling under flowing conditions.  However, the portable EF NMR derived T1 and 

T2 relaxation times are suitable to non-destructively detect the location of biofouling in spiral 

wound membrane elements in the absence of fluid flow.      

 

4.3 Spin-Echo Measurements of Total NMR signal  

Fig. 10 shows the measured EF NMR signal as a function of velocity, fouling stage and 

position along the module length, as acquired using the simple spin-echo pulse sequence shown 

in Fig. 2(a).  The signal intensities are normalised relative to that detected in the absence of any 

flow or fouling.  It has been shown in the literature that biofouling within complex flow 

structures (e.g. porous media and membranes) results in dramatic transition of the flow-field, 

characterised by the development of stagnant regions and skeletal rapid flow structure [22, 36, 

41, 55-58].  As tau and U are increased, signal intensity from this skeletal flowing fluid is 

reduced and eventually eliminated; this essentially occurs when all fluid that has been pre-

polarised has been flushed out of the module when signal acquisition occurs.  This can be 

approximated as occurring when: 

2.𝑡𝑎𝑢.𝑈

𝜎
 > L,      (5) 

where σ is the porosity of the membrane/spacer assembly and L is the length of the polarised 

region.  The tau time in Fig. 2(a) was increased (to a value of 500 ms) such that for the highest 

flow rate systematically studied here (U = 2.56 cm/s), signal was essentially received only from 

stagnant fluid inside the module; this can be checked by repeating the measurements at a higher 

flow rate and checking that the signal intensity detected is unaffected (this of course assumes 
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the fraction of fluid that is stationary remains constant as velocity increases).  Constraints on 

selecting tau and U in practice will naturally be the prevailing operational velocity and a 

reduction in SNR as tau is increased due to T2 relaxation effects.  It is expected that this 

methodology will be more sensitive at higher velocities such as at typical operational range up 

to 0.2m/s, as the tau values consequently required are shorter.  

 

 With reference to Fig. 10, for the un-fouled membrane, the effect of flow is clearly 

evident as S/S(no flow) reduces systematically with flow for all three positions.  The largest flow 

rate employed (U = 2.56 cm/s) corresponds to a plateau in signal and represents the stagnant 

fluid in the module.  This plateau value of S/S(no flow) is 11%; based on geometric considerations, 

the contribution from the permeate channel (which was flooded during all EF NMR 

measurements and which was stationary) is 10 %.  This indicates that for no fouling the vast 

majority of the detected signal originated from the permeate channel and that the flow field 

through the module is homogeneous.  Data for U = 2.56 cm/s thus acts as a semi-quantitative 

indicator of stagnant water fraction in the module.   

 

As fouling progresses, what is immediately obvious is that the reduction in S/S(no flow) 

with increasing flow rate is gradually eliminated.  This reflects the change in internal 

hydrodynamics within the membrane module.  For fouling stages 2 and 3 (Fig. 4), the value of 

S/S(no flow) is essentially independent of flow rate; this reflects the portion of the module that is 

essentially stagnant.  The mean EF NMR signal (S/S(no flow)) for the inlet, middle and outlet 

sections of the RO membrane module is respectively 0.54, 0.53 and 0.52.  This means that 

approximately half the fluid volume of the total module is stagnant, while the other half is 

available for fluid transport.  If we focus on the measurement of S/S(no flow) for U = 2.56 cms-1, 

which we know in the unfouled state reflects predominately on stagnant fluid, we see a 

significant increase as fouling progresses.  Of equal interest is that this increase is only partially 

reduced between the inlet (where fouling is visually evident upon autopsy) and the middle and 

outlet regions.  Fouling near the entrance of the spiral wound membrane module significantly 

disturbed the flow field, as measured with the EF NMR, through the whole spiral membrane 

module.  These results indicate that the total NMR signal from the EF NMR, as reported in Fig. 

10, allows for the early non-destructive detection of biofouling in spiral wound membrane 
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elements during cross flow operation in a pressure vessel, and that this measurement can be 

performed at any position along the module axis.  

 

4.4 Practical Implications and Further Studies 

 

4.4.1. Potential field of EF NMR use 

The mobile EF NMR can be used to non-destructively (i) detect early fouling, as demonstrated 

here, and (ii) hence also evaluate the efficiency of cleaning directly during the cleaning process.  

Most likely the EF NMR can also be useful to evaluate the production process of membrane 

modules via its sensitivity to the internal flow field.  The total NMR signal (as measured using 

a simple spin echo pulse sequence) is suitable for detecting biofouling during cross flow 

operation, and the sensitivity is improved at linear flow velocities applied in practice.  In the 

absence of fluid flow, the EF NMR T2 relaxation time is suitable to non-destructively detect 

the location of biofouling along the axis of the spiral wound membrane elements.  Use of the 

EF NMR during cleaning will reduce cleaning chemical consumption and down time since the 

cleaning can be halted when fouling is removed.  The cleaning process can also be prolonged 

or modified in the case of the fouling not being removed.  

 

4.4.2. Measurement of membrane element fouling in pressure vessels during operation 

Pressure vessels contain in practice up to 8 spiral wound membrane elements in series. These 

pressure vessels are made of non-metal material (glass fibre).  Therefore, it is anticipated that 

the mobile EF NMR can be used to non-destructively detect fouling in membrane modules 

while placed in pressure vessels during operation.  In this study, linear cross flow velocities of 

fluid in membrane modules up to 2.56 cm/s were used to detect fouling.  The detection of 

accumulated fouling will be better at higher cross flow velocities, indicating that fouling 

detection at practice operational conditions (e.g. 0.2 m/s) will provide even more sensitive and 

enable early fouling detection.  These pressure vessels contain metal connections at their 

beginning and end for the feed, concentrate and permeate water flows and connection to the 

frame.  These would not be directly in the measurement field of view, however they would 

prevent ready placement of the EF NMR system on the pressure vessel during operations.  An 

additional complication is that the modules in industry practice are typically 4 or 8 inches in 

diameter.     
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4.4.3. Further research 

Consequently, the development of an EF NMR system for larger diameter membrane elements 

is currently being considered, as is reconfiguration of the polarising coil such that it is able to 

be clamped on to the pressure vessel during operation [59], in the form of a Cuff. We note that 

there is no obvious physical limitation preventing scale-up of the apparatus to these larger 

dimensions. In addition possibilities for non-destructive discrimination between fouling types: 

particulate, biofouling and inorganic are being explored. This features a composition of the 

current demonstrated simple signal measurement that correlates with the extent of fluid 

stagnation, with measurements of NMR signal relaxation and diffusion/transport. Other 

significant challenges in terms of the practical application of EF NMR to these modules 

include: (i) the module axis needs to be perpendicular to the Earth’s magnetic field for optimal 

SNR and would deliver no signal if parallel and (ii) in practice flow will occur in the central 

permeate channel.  (i) could be eliminated by detection in the presence of a weak magnet.  

Regarding (ii), this needs to be researched further as to the effect of flow in the central permeate 

channel on the NMR signal detected; if at a sufficiently rapid velocity, it would have no effect 

and actually increase the sensitivity of the instrument relative to the data shown in Fig. 10. We 

will also in future look to benchmark our approach more widely against other potential non-

destructive (and preferably truly non-invasive) options for early fouling detection.        

 

5 Conclusions  

This work has shown the use of a relatively simple and robust Earth’s field (EF) NMR 

based measurement technique for the early non-destructive detection of fouling within a spiral 

wound reverse osmosis and nanofiltration membrane modules.  This is based on measuring the 

total EF NMR signal under flow conditions, with increasing NMR signal detected due to fluid 

stagnation, which correlates with biofouling within the reverse osmosis membrane module.  

The proposed non-destructive and direct measurement technique can be performed under 

operational conditions and at any location along the membrane module or, in practice the 

pressure vessel.  The proposed technique is suitable for early fouling detection as the time to 

evaluate the presence/absence of biofouling is fast (i.e. on the order of seconds).  There are no 

predicted issues with applying this technique at higher operational pressures, and whilst the 
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above study has focussed on biofouling, it could equally be applied to other fouling sources 

which change the flow field inside the membrane module.  
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Figure Captions 

Fig. 1. (a) Photograph of the Earth Field (EF) Nuclear Magnetic Resonance (NMR) instrument 

components (Laptop computer, Terranova MRI spectrometer & EF NMR probe); (b) Image of the EF 

NMR probe showing its dimensions; shown inserted into the probe is the spiral wound RO membrane 

module housing (pressure vessel).  

 

Fig. 2. Timing diagrams for (a) spin echo, (b) T2 measurements - Carr-Purcell-Meiboom-Gill (CPMG) 

(looped 180 pulses n times) and (c) T1 measurements, where t is a variable wait time.    

 

Fig. 3. (a) RO membrane module, pressure vessel and end caps, (b) schematic of the experimental flow 

loop setup.   

 

Fig. 4. Feed channel pressure drop during fouling stages; EF NMR experiments are conducted at the 

end of each fouling stage (indicated by arrows).  

 

Fig. 5. CT scan of the reverse osmosis (RO) membrane module, with the location of the entrance, 

middle and exit regions shown. Insert pictures shows examples of high field MRI and x-ray images 

obtained. Also indicate are the RO membrane end caps and “glued” regions. CT scan parameters: 

120kV/500mAs, 0.5mm resolution. MRI parameters: slice thickness 1mm, 1024 x 1024 pixels, field of 

view 60mm x 60mm, in-plane resolution 59m x 59m. The probability distributions have been 

normalised such that each equals unity (i.e.  P(T2) = 1), this is for ease of comparison. 

 

Fig. 6. Photographs of membrane and feed spacer at the membrane module inlet and outlet sides 

after RO membrane module dissection.  A significant amount of biomass was found at the RO 

membrane module inlet, compared with limited amount of biomass at the outlet. 

 

Fig. 7. T2 maps obtained at (a) entrance and (b) middle region of the fouled RO membrane module, 

with the mean T2 value shown; (c) shows the T2 distributions obtained from these T2 maps; measured 

using the high field MRI instrument.  MRI parameters:  Echo time (TE) = 23.8ms, 10 echo images 

acquired, slice thickness = 1mm, 1024 x 1024 pixels, field of view 60mm x 60mm, in-plane resolution 

59m x 59m.      
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Fig. 8. T1 and T2 relaxation time of the fluid at the membrane module inlet, middle and outlet regions, 

at different stages of biofouling (no fouling, stage 1, stage 2 and stage 3) during no flow conditions; 

measured using EF NMR instrument.  

Fig. 9. T1 and T2 relaxation times at three different flow rates (U = 0, 0.64 and 1.28cm/s), at different 

stages of biofouling (no fouling, stage 1, stage 2 and stage 3); measured using EF NMR instrument.     

 

Fig. 10. Normalised total NMR signal measured with the EF NMR at different stages of biofouling (no 

fouling, stage 1, stage 2 and stage 3) for increasing mean flow rates (0.64cm/s, 1.28cm/s, 1.92cm/s 

and 2.56cm/s) non-destructively determined at the spiral wound RO membrane module inlet, middle 

and outlet regions.  
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Figure 1 
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Figure 3 
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Figure 4  
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10  
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