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Ultrafiltration with ceramic hollow fiber membranes was investigated by compressed sensing rapid acquisition relaxa-

tion enhancement (CS-RARE) magnetic resonance imaging (MRI) to characterize filtration mechanisms. Sodium alginate

was used as a model substance for extracellular polymeric substances. Dependent on the concentration of divalent ions

like Ca21 in an aqueous alginate solution, the characteristics of the filtration change from concentration polarization to

a gel layer. The fouling inside the membrane lumen could be measured by MRI with a CS-RARE pulse sequence. Con-

trast agents have been used to get an appropriate contrast between deposit and feed. The lumen was analyzed quantita-

tively by exploring the membrane’s radial symmetry, and the resulting intensity could be modeled. Thus, different

fouling mechanisms could be distinguished. CS-RARE-MRI was proven to be an appropriate in situ tool to quantitatively

characterize the deposit formation during in-out filtration processes. The results were underlined by flux interruption

experiments and length dependent studies, which make it possible to differentiate between gel layer or cake filtration

and concentration polarization filtration processes. VC 2018 American Institute of Chemical Engineers AIChE J, 00:

000–000, 2018

Keywords: fouling, alginate, NMR imaging, ceramic hollow fiber membranes, compressed sensing

Introduction

Ceramic hollow fiber membranes (CHFM) are used for ultra-

filtration because of their resistance against high temperatures

and chemicals. They have a wide range of applications and are

used for example in food, pharmaceutical, and water industries.

The CHFMs in this publication are operated in in-out filtration

mode, which leads to higher shear rates on the inside of the

CHFM compared to out-in filtrations.1 CHFMs can be used in

two operation modes: dead-end and cross-flow filtration. The

operation mode depends on the nature of feed and application.

Dead-end filtration is applied at low feed concentrations

whereas cross-flow filtrations are usually used for higher con-

centrations to realize higher shear forces on the deposits due to

the parallel flow.2 This article focuses on dead-end filtrations.

Sodium alginate is often used as a model substance for

extracellular polymeric substances, which makes experiments

comparable and reproducible. The filtration mechanism

depends on the feed composition. Literature distinguishes

between cake filtration, concentration polarization, and gel

layer filtration.3 In the filtration of aqueous solutions of

sodium alginate, concentration polarization was observed. The

properties of the sodium alginate feed can be changed by add-

ing divalent ions to the feed, for example, in form of CaCl2.

Sodium alginate will then form a gel. This characteristic of

sodium alginate allows to in situ study these two different fil-

tration mechanisms by MRI noninvasively.

MRI is known in medical applications, but also explored in

technical and scientific processes and filtration.4–17 In this arti-

cle, MRI is used for the in situ, time resolved observation of

the filtration progress in CHFM lumen. Especially the time

evolution and the nature of the deposit is of major interest.

The MRI measurement time depends on the pulse sequence,

the resolution and the desired signal-to-noise ratio of the

images. Due to the time evolution of the filtration process,

comparatively short measurement times are essential. Com-

pressed sensing (CS) allows to reduce the measurement time

drastically. Nearly the same image quality can be achieved by
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CS reconstruction,18 which permits the observation of the fil-

tration’s progress with an adequate time resolution.

The approach in the present article is to elucidate the filtra-

tion mechanisms in CHFMs dependent on the composition of

the feed solution by CS-RARE MRI. Two extremes were stud-

ied to develop a quantitative description of deposit formation

for concentration polarization and gel layer formation with an

adequate spatial and time resolution.

Experimental

Feed solutions with contrast agents

An aqueous sodium alginate solution (Alginic acid sodium

salt from brown algae “medium viscosity” from Sigma

Aldrich) was used as a model substance for extracellular poly-

meric substances. The concentration of sodium alginate was

200 mg/L. Sodium alginate is known to form gel structures in

the presence of divalent ions like Ca21. In former experi-

ments, loose polarization layers or gel layers could be

observed.19–21 Ca21—ions were added in form of CaCl2
(Sigma Aldrich) with a concentration of cCa215 2mmol/L.

Due to the poor contrast between alginate and water a contrast

agent (Magnetite Alginate 100 MagAlg100, also named

MION)22 was added to the feed solution in concentrations of

1 mM and below. These MIONs show predominately a T2 con-

trast, the regions with significant concentration of the MIONs

will therefore appear with lower intensities in relaxation

weighted MRI. Long-term MRI experiments proved that

MIONs in the used concentration have no influence on the fil-

tration mechanism. Also the permeate flux did not change by

adding MIONs to the feed solution. Additional experiments

revealed the following behavior of MIONs which is essential

in the interpretation of the MRI data: When the MIONs are

dissolved in water, they tend to sediment. When MIONs were

dissolved in an alginate solution, they diffuse together with

the alginate without sedimentation. Dissolved in an alginate

gel, the MIONs don’t migrate out of the gel into the surround-

ing water. Thus, these MIONs can be used to increase the

MRI contrast by paramagnetic relaxation enhancement.

Hollow fiber membrane

For the ultrafiltration in wastewater treatment, in-out filtra-

tion hollow fiber membranes were used as provided by MAN-

N1HUMMEL GmbH, Ludwigsburg, Germany. The fibers

with an inner lumen diameter of about 1.9 mm and an outer

fiber diameter of 3.2 mm20,23 are made of porous Al2O3

ceramics. The hollow fiber membranes have a radially asym-

metric structure showing different layers along the radius. The

outer and highly porous layer is responsible for the mechanical

stability and the form of the hollow fiber whereas the inner

layer is responsible for the filtration characteristics. This inner

active layer has an average pore diameter of 40 nm and thick-

ness in the order of 20 mm. CHFMs have the ability to with-

stand high temperatures and are tolerant against aggressive

chemical cleaning. A water permeability between 170 L/(m2 h

bar) and 315 L/(m2 h bar) could be measured on the used

ceramic hollow fiber membranes.

In situ filtration experiments

Filtration experiments were performed in a single fiber fil-

tration setup (Figure 1). The filtration module was investigated

using a Bruker Avance HDIII SWB 200 MHz spectrometer

equipped for MRI.19–21 The probe was a 20 mm birdcage of

the MICWB40 series. This allows for an in situ observation of

the membrane lumen during the filtration. Due to the module

length of 420 mm, the module was observed in a first experi-

ment only in a segment of 25 mm near the permeate outlet.

Shifting the module during the filtration in a second experi-

ment allows a limited but meaningful observation of the

deposits along its length axis (z in the following) of the hollow

fiber membrane. The feed solution was pumped into the mod-

ule by a pressure vessel applying a transmembrane pressure of

1 bar leading to typical permeate volume flow rates of 1–

5 mL/min which corresponds to laminar flow. By closing the

valve of the retentate outlet, a dead-end filtration can be per-

formed. The permeate volume was measured volumetrically

over time.

MRI methods

A fast spin echo method is needed for in situ filtration in

CHFMs because of the inherent T2 contrast which is generated

by the contrast agent but also because of large susceptibility

differences between liquids and ceramics.19 A RARE pulse

sequence was used to measure the deposit formation in the

membrane lumen while exploring the possibilities of CS. A

series of 1808 pulses after a 908 excitation pulse generates a

series of echoes with different phase encodings but also with

different transverse relaxation weighting. Multiples lines of

k-space are measured during a given repetition time TR. The

number of echoes which is collected by one TR is named

RARE factor RF.24 RF has a significant influence on the

images, conversely RARE is known to be sensitive to move-

ments, that is, in our case to velocities in the feed lumen and

in the permeate. Specifically, the inflow effect should be men-

tioned. Low RF and large TR diminish this effect, which makes

it hard to reduce the measurement time with commonly used

NMR pulse sequence parameters. However, the time resolu-

tion of the MRI experiments has to be much smaller than the

filtration progress. For example, at the beginning of the filtra-

tion, the feed velocities change very fast on the subminute

time scale as the volume flow rate does. Short measurement

times are therefore mandatory to detect the formation of the

deposit layer spatially and time resolved. To reduce the mea-

surement time without reinforcing the inflow effect or reduc-

ing the spatial resolution or signal to noise ratio, a CS-RARE

sampling pattern was used with 50% of the full phase encod-

ing steps (Figures 2a, b).

A Box-M€uller method was applied to obtain the sampling

scheme with a standard deviation r5 0.33.25 Fifty percent of

the points were mainly sampled in the k-space center along the

phase encoding direction. The read-direction (x-direction) was

sampled completely. The image reconstruction was performed

with a l1 penalized nonlinear conjugate gradient reconstruction

solving the following optimization problem

Figure 1. Single fiber filtration module which is

mounted in the tomograph. Multiple perme-

ate outlets are available, but only one is

used in the experiments.
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argminS jjFS2Kjj21k1jjSjj11k2TV Sð Þ
� 	

(1)

F is the Fourier operator applied to the image S, K describes

the measured data in k-space, k1,2 are the regularization

parameters, and TV is the Total Variation. The reconstruction

was performed with a modified MATLAB script available in

Ref. 26. Due to the CS sampling pattern the measurement time

was reduced to 3 min 12 s with pulse sequence parameters

summarized in Table 1.

Quantification of the deposit layers

To characterize the fouling layer, the cylindrical geometry

of the hollow fiber membrane was explored. Concentric rings

were inscribed into the lumen from the membrane wall toward

the center of the lumen (Figure 3).

The pixel intensities in this ring, which adapts the inner

shape of the membrane, are averaged, and the mean intensity

is obtained as a function of the radius in the lumen. Conven-

tionally the radius is defined starting in the center of the

lumen. Thus, despite of the procedure starting at the mem-

brane’s inner wall, the radial MRI intensity distribution is cal-

culated with I(0) being the intensity in the center of the lumen.

By visual inspection of the MRI images it was confirmed that

the deposit was accumulating uniformly and symmetrically

during the filtration processes, that is, no angular dependence

of the deposit was observed. The average over all angles was

thus found to be a good assumption. In a next step the radial

intensity distribution was quantified as a function of time. The

intensity gradient from the membrane center to the mem-

brane’s inner surface can thus be detected and modelled in

terms of filtration theory. During the filtration, the module can

additionally be shifted to different z-positions to measure the

axial dependence of deposition.

Modelling of the MRI intensity distribution

Concentration profiles in the membrane lumen were

described in literature.3,27 A model was derived under station-

ary conditions by considering the convective and diffusive

mass transport. Under the additional assumption that the dis-

solved molecules, here alginate and the contrast agent, do not

pass the membrane, their concentration cS as a function of a

spatial coordinate can be modelled by an exponentially

increasing function

CS

Cs;feed

5exp
JV r

D

� �

(2)

The quotient of the spatially varying concentration cS and the

feed concentration cs; feed is an exponential function of the flux

JV5
dV
A dt

, that is, the differential permeate volume V per time

Table 1. MRI Parameters of the CS-RARE Pulse Sequence

MRI Parameter Value

TR 3 s
sE;ieffective 5.8 ms
Field of view
slice thickness

8 3 8 mm
2 mm

no. pixels 256 3 256
in plane resolution 31.25 mm
RARE- factor 2
CS undersampling 50%
measurement time 3 min 12s

Figure 3. Scheme for determination of the radial inten-

sity distribution: starting from the membrane

wall an arbitrarily shaped ring is identified by

the intensity jump between wall and feed in

the beginning of filtration. The consecutive

rings are placed concentrically and self-

similar with decreasing radius toward the

center of the lumen.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 2. (a) RARE sequence and (b) CS-RARE sam-

pling scheme: Only 50% of the phase encod-

ing steps were measured (y-direction) to

reduce the measurement time. All 256 points

were measured in read direction (x-direc-

tion). The phase encoding steps were

obtained by applying a Box-M€uller sampling

pattern.

[Color figure can be viewed at wileyonlinelibrary.com]
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interval and filtration area A, the diffusion coefficient D, and

the radial coordinate r. The equation results from consider-

ations of mass balance and Fick’s law of diffusion.

In the case of in situ MRI experiments, the alginate macro-

molecules together with the contrast agent accumulate at the

membrane surface, which leads to lower MRI intensities, that

is, negative image contrast, due to the dominant relaxivity r2
of the MIONs. As a function of filtration time, the region

increases where lower intensities are observed. Assuming that

the model in Eq. 2 is reasonable also in the case of the non-

equilibrium conditions in MRI, that is, nonvanishing permeate

flux, an empirical approach is chosen to describe the radial

growth of the deposit: An exponential increase of concentra-

tion toward the membrane surface is assumed. Reformulating

Eq. 2 in terms of MRI relevant quantities in an ongoing filtra-

tion, the radially averaged MRI intensity I rð Þ can be written as

I r; tð Þ

I 0ð Þ
512B exp

r

h tð Þ

� �

(3)

h tð Þ is the time dependent size of the deposit and I 0ð Þ the

NMR intensity of the feed solution, B is a numerical factor for

improving the fit quality. The value of B is between 0 and 1

and describes the amount of deposit. Care was taken to avoid

inflow artefacts to guarantee an appropriate reference intensity

I 0ð Þ in the lumen. The enrichment of alginate, that is, MIONs,

toward the membrane wall leads to an intensity reduction, also

leading to the modification of the mathematical expression of

Eq. 3 when compared with Eq. 2. The center of the coordinate

system is located in the center of the hollow fiber with r5 0.

Thus, the radial symmetry of the CHFM can be exploited by

averaging over the angle in the axial images while retaining

the radial spatial resolution to derive the deposit height h(t).

Please note that h (Eq. 3) is defined in this context as the

length at which the intensity decreased by a factor of 1/e with

respect to the feed value. h does not represent the total height

of the deposit although being related to this quantity. The geo-

metric characteristics of the fouling layer is given by h within

this description.

With progressing filtration time, the deposit will grow. The

analysis of h(t) as a function of filtration time t results in

detailed information on an in-out ultrafiltration process regard-

ing deposit formation. The simplest approach is an exponen-

tial, which is modeled in the present case by the commonly

known exponential growth function (4) describing the data

well within the experimental error

h tð Þ5h0 12exp 2
t

tc

� �� �

(4)

As a result, the time constant tc, describes the build-up of the

deposit. tc, depends on the filtration process.

Model for gel relaxation and equilibration of

concentration gradients

A common definition to distinguish gel, that is, fouling

layers, from concentration polarization is the characteristics

when releasing the filtration pressure and subsequently starting

a second filtration. While a gel can relax and swell, a concen-

tration gradient as proposed in the case of pure concentration

polarization will equilibrate according to Fick’s law when

stopping the filtration process. Macroscopically, the different

filtration processes can be differentiated accordingly by

recording the flux after relaxation and equilibration of the

deposit in a second filtration. In the case of concentration

polarization, JV will return to approximately the value of the

native fiber, whereas a continuation with the small values at

the end of the first filtration will be observed in the case of

cake or dense gel layers.28

The gel compressibility and swelling can be observed by

MRI. It was empirically modeled similar to Eq. 3 but applying

a Gaussian function revealing the Gaussian width hG as a func-

tion of swelling, that is, equilibration. Again, the time depen-

dence of hG can be described by an exponentially growing

function according to Eq. 4. This approach reveals the charac-

teristic gel relaxation time on a sudden pressure release.

In the case of pure concentration polarization, the time scale

is rather short given by Fick’s law of diffusive concentration

equilibration. It was found that the time needed for pressure

release and the subsequent MRI experiment is already too

large in the present case to allow for a quantitative modeling

of the concentration equilibration. Already after one image

acquisition (3 min 12 s) after pressure release, the concentra-

tion polarization has almost completely disappeared. The

question to be answered in this case therefore concerns the

degree of reversibility which was addressed by repeating the

filtration.

Results and Discussion

Quantification of deposition and impact of the filtration

mechanisms as measured by MRI

CS RARE MRI images allow to detect the membrane lumen

in situ during the in-out filtration. With progressing filtration

time, an increasing deposit layer is observed on the mem-

brane’s inner surface. It appears with low intensities caused by

the dominantly negative T2-contrast induced by MagAlg100

as was shown earlier.19,20 The CS sampling pattern allows

faster measurements with same spatial resolution but lower

inflow artifacts as the repetition time TR can be chosen ade-

quately high to avoid inflow effects without losing the required

time resolution for observing the progress of the filtration pro-

cess. The quantification of the deposit height and the time

scale was performed from the time series of MRI experiments

as described above.

Filtration of Sodium Alginate with Ca21: Gel Formation

and Compressibility. A filtration using a transmembrane

pressure of 1 bar was performed with the described sodium

alginate solution while axial CS RARE MRI images were

acquired (Figure 4a). A small inflow artefact is visible in the

permeate channel, which however does not contribute to the

quantification in the feed channel. This is due to the vanishing

MION concentration in the permeate leading to longer longitu-

dinal relaxation when compared with the feed solution. The

inflow effect could be avoided by longer repetition times,

which, however, would lead to inadequately time resolution.

The normalized intensities were calculated as a function of the

radial distance from the membrane wall (Figure 4b). Equation

3 was fitted to the data and reveal a typical time evolution of

the deposit layer characterized by the parameter h(t). The

growth of the deposit layer in terms of h(t) was modeled by

Eq. 4 (Figure 4c) revealing the growth time constant tc or its

reciprocal value, the growth rate rc5 1/(482 min)5 0.125/h.

After interrupting the filtration, the fouling layer remains

sticking to the membrane surface. The fouling layer even

increases its size, which is a sign of a swelling gel: When the

pressure is released the compressible gel will swell, which

leads to a dilation of the fouling layer. This underlines the
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statement of a gel-layer model. The time constant tc for swell-

ing of the gel layer amounted to 16 min according to Eq. 4.

After the interruption, a second filtration was performed with

same filtration parameters under in situ observation by MRI.

In this second filtration period, the fouling layer continues to

build up on the ‘old’ fouling layer of the first filtration interval

which still sticks on the membrane surface. The flux is found

to continuously decrease further without any step as observed

in earlier experiments.

Filtration of Sodium Alginate Without Ca21: Concentra-

tion Polarization and Equilibration. A loose layer can be

observed in the filtration of sodium alginate without Ca21 as

described previously.19,20 The MRI data were quantitatively

analyzed to characterize the filtration process in more detail

by applying the mentioned angular average (Figure 5a). The

data points slightly oscillate due to MRI data acquisition arte-

facts. However, the fit of Eq. 3 to the data is numerically suffi-

ciently stable to compensate for this imperfection. As a result,

h(t) obviously depends on the filtration time (Figure 5b) and is

much larger than in the case of alginate filtration without

Ca21. When fitting Eq. 4 to the data, the time scale tc is deter-

mined, describing the deposition process during filtration. For

the filtration without Ca21, tc amounts to 14.5–16 min com-

pared to tc5 484 min for the filtration with Ca21. These find-

ings confirm that the filtration mechanisms differ and depend

on the concentration of the divalent ions. h(t) quantitatively

describes the concentration polarization, that is, a concentra-

tion gradient from the feed channel in the middle of the lumen

toward the membrane’s inner surface in the present case of fil-

tration without Ca21. The smaller values for tc are a hint for a

tendency to build-up a polarization concentration. Higher val-

ues of tc will indicate a more gel layer like filtration.

After 90 min, the filtration was stopped, and the pressure

was set to zero to observe the relaxation of the deposit in anal-

ogy to the experimental design for the filtration with Ca21.

Due to pressure release, the signal intensities in the membrane

lumen for the filtration without Ca21 equilibrate. This is

another indication for concentration polarization. A different

behavior was observed compared to the filtration with Ca21.

An important question concerns the degree of reversibility

of filtration. Apart from the technical and practical issues

related to this question, the answer also influences the model-

ing of the filtration process itself. In the case of a pure concen-

tration polarization the reversibility should be measurable

either by repeated filtration cycles in MRI or by time-resolved

measurements of the classic integral values of flux to be dis-

cussed in the next section. After the first filtration and the

equilibration of the MRI intensities in the feed channel, a sec-

ond and third filtration were performed subsequently with

MRI measurements at the same position of the fiber. Between

Figure 4. (a) Axial images at start and end of an ultrafiltration of aqueous sodium alginate solution with Ca21. (b)

Radial intensity profiles along the filtration process from which the height h of the deposit layer was cal-

culated. (c) Time evolution of h and modeling by an exponential growth function.

[Color figure can be viewed at wileyonlinelibrary.com]
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the first and second filtration the fouling layer diffuses back

toward the center of the lumen leading to a larger initial algi-

nate concentration in the second filtration. Whereas the liquid

in the lumen was exchanged via cross flow setup between the

second and the third filtration. When modeling and fitting in

analogy to the previously described experiments, h was deter-

mined as a function of filtration time for all three filtration

processes (Figure 5b). The overall behavior is the same, while

the time scales slightly differ, but are in the same order of

magnitude. The final value h t ! 1ð Þ slightly increases with

the number of filtration processes as expected. The small ratio
h1 t!1ð Þ

�

h3 t!1ð Þ
of about 14% indicates, however, that the

reversibility is good, but not perfect. To a large extent the fil-

tration of sodium alginate without Ca21 can be regarded as a

Figure 5. (a) Axial images at start and end of an ultrafiltration of aqueous sodium alginate solution without Ca21.

(b) Radial intensity profiles along the filtration process from which the height h of the deposit layer was

calculated. (c) Time evolution of h and modeling by a much faster exponential growth function.

[Color figure can be viewed at wileyonlinelibrary.com]

Figure 6. (a) Permeate volume VPermeate as a function of filtration time t for sodium alginate filtration with Ca21.

The expected square root dependence of VPermeate (t) was observed. (b) In the filtration of sodium algi-

nate filtration without Ca21 VPermeate(t) can be described empirically by VPermeate (t)/ t0.7-0.9.
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reversible concentration polarization, whereas the filtration of

sodium alginate with Ca21 showed the characteristics of a

dense gel layer formation.28 This detailed characterization was

possible by the CS RARE MRI, revealing the characteristics

of the filtration processes in great detail.

Flux after interruption of ultrafiltration

To underline the MRI data analysis, the permeate flux was

integrally observed during the experiments. The ultrafiltration

processes with and without Ca21 were interrupted, and the

pressure was reduced to 0 bar. After observation of the relaxa-

tion of the deposit, both filtrations were started again with the

same filtration parameters. During these experiments, the per-

meate volume was volumetrically measured as a function of

filtration times (Figure 6).

The flux is different in both experiments. For the filtration

without Ca21, an almost complete flux recovery is observed.

The minimal deviations in the beginning of the three filtration

processes show up in the measured volumes and might be

attributed to pore blockage or small alginate agglomerates

sticking to the membrane surface. The permeate volume for

the filtration with Ca21 behaves differently: In the second fil-

tration after the interruption, the flux increases monotonically

and uniformly in continuation of the end of the first filtration.

These volumetric and integral results are in good agreement

with the MRI measurements, where a compact and irreversible

layer could be measured for the filtration with Ca21 (Figure

4a) and a loose, fluffy layer with a larger extent could be

observed for the filtration without Ca21 (Figure 5a).

Deposit formation along the fiber axis

As the pressure varies along a ceramic hollow fiber mem-

brane, the deposit is expected to be a function of length, too.

The coordinate is denoted as z according to the NMR nomen-

clature and is 0 at the inlet of the feed into the fiber (Figure

1). The point at z5 35 cm is located near the permeate outlet.

In additional experiments, ultrafiltrations of sodium alginate

with and without Ca21 were investigated as a function of z

and of filtration time t. The MRI data were recorded and

processed applying the abovementioned procedures. As the

filtration mechanisms depend on the Ca21 concentration, the

z-dependence is expected to differ for these two experiments

(Figures 7a, b).

In the case of gel layer formation (Figure 7a), the height of

the deposit is again much smaller compared to concentration

polarization (Figure 7b), but the increase as a function of z is

still pronounced and measurable. With increasing filtration

time, the gel layer thickness increases slightly.

The z-dependence of the concentration gradient is much

more pronounced in the filtration without Ca21: The deposit

increases drastically with increasing t and z, which was also

reported by Panglisch in simulations of particle filtration in

dead-end mode.29 Please note the scale of h. The findings are

in agreement with the expectation from classic filtration

experiments and is now quantified noninvasively and time

resolved during filtration experiments. Concluding, the experi-

ments show the capability of fast MRI to detect deposits in

CHFMs and to provide the basis for quantification of typical

time and length scales involved in filtration processes. Based

on the spatially and time resolved MRI results the mechanisms

can be described in detail which could lead to further develop-

ment of dedicated numerical and analytical models in filtration

theory.

Conclusions

In situ filtration MRI experiments were quantitatively ana-

lyzed to describe the mechanisms of deposit formation during

ultrafiltration of sodium alginate in CHFMs. The CS-RARE

pulse sequence allowed short measurement times while using

relatively large repetition times to avoid inflow artefacts espe-

cially in the feed channel in the images. The membrane lumen

was mapped in the images by angular averages of the intensity

as a function of the radius. The radial intensity profiles were

modeled to obtain the characteristic length scales of the

deposit h. h(t) could further be modeled with an exponential

growth function with the characteristic time constant tc. This

parameter depends strongly on the Ca21 concentration indicat-

ing the fouling mechanisms of the two ultrafiltration pro-

cesses. Low values for tc are attributed to concentration

polarization and large values of tc indicate a dense and com-

pact, irreversible gel-layer formation. This interpretation was

underlined by flux interruption experiments, which gave

Figure 7. h as a function of filtration time t and z, that is, along the long axis of the cylindrical fiber.

(a) Ultrafiltration of aqueous sodium alginate solution with Ca21: the deposit layer is more or less equally distributed and grows
with time. (b) The concentration polarization layer build-up is a strong function of z and t in the case of filtration without Ca21.
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insight into the reversibility of the deposit structures. As the

deposit formation depends on pressure a height dependence is

expected in both cases of filtration and is observed in MRI.

Using the same modelling of the data, the deposit height was

measured as a function of filtration time and fiber height z.

The results are in agreement with the expectations from the

postulated filtration mechanisms.

Notation

Symbols

A = active filtration area of the membrane, m2

B = numerical factor, -
cs = concentration of alginate/contrast agent, kg/m3

D = diffusion coefficient, m2/s
h = geometric characteristics of fouling layer, mm
JV = permeate flux, L/(m2h)
r = radial position, mm
r2 = transverse relaxivity, (s mM)21

T2 = transverse relaxation time, s
TR = repetition time, s
t = filtration time, min
tc = time constant, min
V = filtrate volume, mL

Greek letters

r = standard deviation, -
k1 = regularization parameter, -
k2 = regularization parameter, -

sE, effective = effective echo time, ms
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A B S T R A C T

Polymeric multichannel hollow fiber membranes were developed to reduce fiber breakage and to increase the

volume-to-membrane-surface ratio and consequently the efficiency of filtration processes. These membranes are

commonly used in ultrafiltration and are operated in in-out dead-end mode. However, some of the filtration

details are unknown. The filtration efficiency and flow in the multichannel membranes depend on filtration time

and are expected to vary along spatial coordinates. In the current work, in-situ magnetic resonance imaging was

used to answer these questions. Velocities were quantified in the feed channels to obtain a detailed under-

standing of the filtration process. Flow and deposits were measured in each of the seven channels during fil-

tration of sodium alginate, which is a model substance for extracellular polymeric substances occurring in water

treatment. Volume flow and flow profiles were calculated from phase contrast flow images. The flow in z-

direction in the center channel was higher than in the surrounding channels. Flow profiles variate depending on

the concentration of Ca2+, which changes the filtration mechanism of aqueous solutions of sodium alginate from

concentration polarization to gel layer filtration.

1. Introduction

Polymeric multichannel hollow fiber membranes are used in a wide

range of water filtration applications, including waste water, drinking

and sea water, surface water, pool water and others [1]. During the

filtration process, deposits develop, which cause an increase in filtra-

tion resistance. These fouling processes can be controlled by means of

backwashes and chemically enhanced backwashes, however modest

flux levels have to be chosen in order to guarantee a good long term

performance [2]. Multichannel membranes were designed to prevent

fiber breakages and to increase the efficiency resulting from the higher

volume-to-membrane-surface ratio due to the larger capillary size

compared to other hollow fiber membranes [3,4]. An unanswered

question concerns the flow properties and deposit formation during

filtration. For example, how does flow velocity distribution vary over

the channels of multichannel fiber membranes during filtration pro-

cesses? To address this, spatially and time resolved measurements in-

side of the opaque fibers are required.

MRI is an in-situ and non-invasive analytical tool which is capable to

characterize filtration processes [5–16]. Contrary to optical methods, it

is possible with MRI to observe in-out filtration spatiotemporally re-

solved. The data can be quantitatively analyzed for example in hollow

fiber membranes [17–20]. Furthermore velocity images can be mea-

sured, thus flow can be analyzed spatially resolved as a function of

filtration time. Not only can velocity be measured along the long axis of

the cylindrical membranes, but also in the transverse plane essential for

filtration. Sodium alginate was used as a model substance for extra-

cellular polymer substances (EPS) which play a major role during bio-

fouling [21,22]. Filtration mechanisms are affected by the concentra-

tion of divalent ions like Ca2+. It is well known that sodium alginate

forms gels when divalent ions are present in the aqueous solution [23],

whereas pure sodium alginate in deionized water can be regarded as a

macromolecular solution at concentrations +cCa2 → 0.

In this work, MRI was used to investigate a polymeric multichannel

membrane with the aim of a microscopic understanding of the filtration

process in such geometries. Both, relaxation-weighted intensity images

and velocity images were acquired to analyze deposits and flow during

filtration in each of the channels. In terms of deposit formation,

https://doi.org/10.1016/j.memsci.2018.10.072
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concentration polarization and gel layer formation can be observed also

in the multichannel membranes. Differences in volume flow and flow

profiles in each channel were characterized during filtration. Thereby it

was possible to monitor filtration efficiency in the different channels.

2. Experimental

2.1. Model solutions for ultrafiltration: sodium alginate

Sodium alginate (“medium viscosity”, Sigma Aldrich) was used. The

aqueous sodium alginate solution was obtained by stirring the alginate

powder in water for 2 h at room temperature. The solution had a con-

centration of calginate =200mg/L. The characteristics of the aqueous

sodium alginate solution can be controlled by the concentration of di-

valent cations like Ca2+: Alginate molecules form gels at +cCa2 > 0,

while the macromolecules hardly interact in the absence of divalent

ions. A common description is the egg-box model, for example Ref.

[24]. For this study CaCl2 was added for the filtration of sodium algi-

nate with Ca2+ with a concentration of +cCa2 =2mmol/L after the so-

dium alginate was completely dissolved.

The image contrast in MRI depends on the longitudinal relaxation

T1 and the transverse relaxation T2. These NMR parameters are specific

of the sample. The repetition time TR is used for designing T1-weighting

images, the echo time τE is the parameter which determines T2-

weighting. Since the native MRI contrast between deposit and feed

solution is not sufficient, the contrast agent magnetite alginate with a

mean particle size of around 90 nm (MagAlg90) was used for the in-

tensity images during the filtration [20]. It is a dominantly T2-contrast

agent, therefore it reduced intensities in the images, dependent on the

concentration. MagAlg90 was added to the feed with a concentration of

cMagAlg90 =1mmol/L.

Contrast agents cannot only be used to get higher contrast between

materials, they are often applied to reduce the scan time. For fast

measurements of the structure of the polymeric membrane the pre-

dominantly T1-contrast agent Gadopentetic acid (Gd-DTPA) was used

which is one of the most commonly applied T1-contrast agents in

clinical MRI [25]. By adding Gd-DTPA the spin-lattice relaxation time

decreases, allowing faster scan times due to shorter the repetition time

TR. The concentration for the experiments with Gd-DTPA was cGd-DTPA
=1mmol/L.

2.2. Hollow fiber membrane

In the present study an “inge Multibore® Membrane 0.9” was in-

vestigated, which has 7 channels and an average pore size of 20 nm

(Fig. 1) [1]. The supporting material of the membrane is poly-

ethersulfone (PES). The membranes are typically used in in-out filtra-

tions in dead-end mode [26]. The structure of the polymeric membrane

was mapped by µ-computer tomography (µCT, Fig. 1a). Density dif-

ferences determine the image contrast in µCT apart from differences in

the nuclear order number. In Fig. 1a, the seven channels for in-out

filtration can clearly be distinguished from the supporting material. The

supporting material itself is structured, with dense areas representing

the active membrane layer of filtration near the channels. Less dense

areas are responsible for the form stability of the membrane. They are

designed so that the filtration resistance is kept low and flow through

the membrane from the channel to the permeate is not significantly

hindered. Six areas of especially low density, i.e. large porosity, are

found between the filtration channels.

The multichannel membrane is mounted into an acrylic glass

module (Fig. 1b). Due to the polymeric membrane's flexibility, it is

nearly impossible to center the membrane over the entire module

without spacers (schematically shown in (Fig. 1b). Therefore the

membrane appears at different positions in the axial slices of the MRI

images. The location of the membrane in the module might influence

the velocity field, which must be considered in the interpretation of the

velocity images.

2.3. In-situ filtration experiments

Experiments were performed at Montana State University (MSU)

with a Bruker Avance III 250MHz tomograph and at Karlsruhe Institute

of Technology (KIT) with a Bruker Avance III 200MHz tomograph.

Both use an actively shielded micro2.5 gradient and corresponding

Symbols

calginate concentration of alginate [mgl/L]

+cCa2 concentration of Ca2+ [mmol/L]

cMagAlg90 concentration of magnetite alginate contrast agent

[mmol/L]

M1 first moment [T s2/m]

RF RARE factor [–]

rf radio frequency [MHz]

T1 spin lattice relaxation time [s]

T2 transverse relaxation time [s]

TR repetition time [s]

t filtration time [min]

V ̇ volume flow [ml/min]

VĊapillary volume flow in a channel [ml/min]

Vṫotal sum of all channel volume flows [ml/min]

venc encoded velocity [cm/s]

vx velocity in x-direction [cm/s]

vy velocity in y-direction [cm/s]

vz velocity in z-direction [cm/s]

Greek letters

γ gyromagnetic ratio [rad/(s T)]

∆x in-plane resolution in x-direction [µm]

∆y in-plane resolution in y-direction [µm]

τE echo time [ms]

τE,eff effective echo time [ms]

Φ phase angle in a voxel [rad]

Fig. 1. (a) Structural image of a polymeric multichannel membrane by µCT

with a spatial resolution of 3.94 µm. The polymer density varies in the sup-

porting material, with large pores visible in the areas between the channels. (b)

Scheme of the filtration module and the field of view of MRI (dashed area). The

flexible membrane is not perfectly located in the module's center over the entire

module length. Axial images were measured 30 cm above the module entry,

shortly before the permeate outlet.
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radio frequency (rf) probes. The module was placed into the rf probe

inside the magnet during filtration. A pressure vessel was connected to

a 4mm ID tube with a length of 1.50m to ensure a fully developed flow

at the module's inlet and constant pressure during filtration. A sche-

matic drawing of the filtration setup can be found in previous work

[17]. Axial flow-encoded images allowed to characterize flow in the

diverse channels as a function of filtration time. The images were

processed within self-written MATLAB scripts to calculate the volume

flow and the flow profiles in the seven channels at the position near the

permeate outlet shown in (Fig. 1b).

2.4. MRI methods

2.4.1. Structural characterization by RARE-MRI

The rapid acquisition with relaxation enhancement (RARE) pulse

sequence was used to measure the structural images of the polymeric

multichannel membrane also during filtration. The method allows the

characterization of the development of the fouling layer during filtra-

tion processes. This fast spin-echo method acquires multiple echoes

within one repetition time TR. The number of echoes measured during

TR is denoted the RARE factor (RF). Between the π refocusing pulses the

phase gradient Gphase of duration δp is set to different values, which

allows the sampling of k-space RF-times faster than a classic spin echo

imaging sequence. RARE is not as susceptible to susceptibility artefacts

as a gradient echo method. Structural images can be acquired with

relatively high spatial resolution without suffering too much from

susceptibility differences between air, water, and PES. The contrast in a

MR image can be changed by the echo time, exploring the transverse

relaxation contrast as well as by the repetition time. Depending on the

sorting of the echoes in k-space, the effective echo time varies in-

trinsically in the RARE pulse sequence. The effective echo time, τ ,E,ieff is

defined as the time between the initial excitation and the collection of

the zero phase echo [27]. We used two different encoding orders in our

experiments:

Linear encoding: the first echo was set to the minimum of the phase

encoded direction in k-space and linearly decreased towards the max-

imum. In this case τE,ieff can be calculated by:

=τ
RFτ

2
E,ieff

E

(1)

This encoding order is not as sensitive to phase artefacts, but has

higher τE,ieff than the centric encoding order.

Centric Encoding: the first echo is set to the center of k-space. The

following echoes are set towards the extremes of k-space. This results in

τE,ieff = τE and thereby smaller effective echo times, but this ordering is

more sensitive to phase artefacts.

2.4.2. Velocity measurements by flow encoding imaging

Velocities were measured spatially and time-resolved in-situ and

non-invasively by MRI during filtration. A gradient echo-based velocity-

encoding pulse sequence (flow-map) was used (Fig. 2). In addition to

the spatial encoding of a slice by phase and read gradients, an addi-

tional gradient pair with amplitude Gflow was applied, which encodes

the velocity. The spatial direction of all gradients can be chosen in the

experiments (Fig. 3).

We used a gradient echo pulse sequence with an excitation pulse of

90°. Two images were acquired with different flow encoding gradients.

The velocity was calculated via the phase difference∆Φ of both images

in each voxel (Eq. (1)).

∆ = − = ∆γ M vΦ Φ Φ(1) (2)
1 (2)

∆M1 denotes the difference of the first temporal gradient moment. Eq.

(1) can be resolved with respect to velocity v x y( , ), where ∆π γ M/ 1 is

abbreviated as critical velocity venc or the field of flow (FOF).

Fig. 2. RARE pulse sequence for fast spin echo imaging. During one repetition time TR RF echoes are measured at diverse points in k-space [28]. The spatial

resolution is due to the time dependent (δ) gradients G in the three dimensions.

Fig. 3. Pulse sequence for measuring velocities spatially resolved (flow-map).

In a slice defined by Gslice including flow compensation, the magnetization is

spatially encoded but flow compensated by Gphase and Gread. Gflow encodes the

component of velocity specified by the spatial direction of Gflow.
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The FOF has to be specified before the measurements in analogy to

the field of view in structural imaging. If the value of FOF is too small,

velocity aliasing occurs. On the other hand, if the FOF is too large it will

lead to an inadequate flow resolution. During filtration the velocities in

z-direction dramatically decrease which requires the FOF to be adjusted

from time to time during the filtration progress. Since the filtration

process is relatively fast, short measurement times are necessary for an

adequate time resolution. Short repetition times were used for the fil-

tration velocity images, which leads to T1 saturation in the image.

Detailed descriptions of MRI are provided in several textbooks [29–31].

3. Results and discussion

3.1. Structural MR images of polymeric multichannel membranes

To image the structure of the multichannel hollow fiber membrane,

it was mounted into a module and was surrounded by water. A wash

bottle allowed the adjustment of water in the permeate. At that point,

water was in the permeate but not in the channels of the membrane. A

RARE image revealed the structure of the membrane exploring the re-

laxation contrast between polymer, air and water (Fig. 4a). The regions

with low intensities indicate air. The regions with high intensities are

attributed to a combination of water and the membrane polymer due to

the chosen relaxation weighting. Air is observed not only in the chan-

nels but also the regions of low polymer density in the supporting

material of the membrane. These inner pores were also detected in the

µCT image (Fig. 1a) Additionally, MRI allows for in-situ detection of

changes in the pores during filtration: In a second experiment the

module was connected to the filtration set-up and MR images were

acquired while water with Gd-DTPA as feed was flowing through the

membrane (Fig. 4b and c). The flow channels are now filled with feed,

and the amount of air in the pores decreased due to water penetration

into the membrane's pores. After leaving the module one day in the

tomograph and repeating the experiment, the pores filled completely

with water, leaving no air in the membrane (Fig. 4c). Thus the mem-

brane's pores were not only filled with water via convective water

transport, they were also saturated via diffusion when the membrane

stayed one day in the feed solution.

3.2. Structural MR images during filtration of sodium alginate

Structural images were measured during filtration of the aqueous

solution of sodium alginate to characterize the deposit in the seven

channels of the membrane. The filtration was performed without Ca2+

and with Ca2+ at a constant pressure of 1 bar. The RARE pulse sequence

allows relatively fast measurements (2 min 8 s) with an in-plane re-

solution of 29.30 µm. A sufficient contrast between feed solution and

fouling layer was achieved by the contrast agent MagAlg90. The de-

velopment of deposits was monitored during filtration (Fig. 5). The feed

solution appears in the relaxation weighted images with high intensities

and the membrane with lower intensities. Deposits become larger

during filtration indicated by low intensities near the membrane's inner

surfaces.

A concentration polarization layer developed during the filtration

without Ca2+ (Fig. 5a, b and c) as was observed in ceramic hollow fiber

membranes [18]. For a sufficient temporal resolution of the intensity

images during filtration, the repetition time was kept as short as pos-

sible. For this reason, inflow artifacts occur in the images. The signal

intensities are therefore lower at the module's inner wall, i.e. in the

permeate volume which is not quantified in the following. At the be-

ginning of the filtration the lumen showed high intensities. With fil-

tration time, the inner membrane surfaces get fouled by the feed con-

taining the contrast agent MagAlg90 which leads to lower intensities

due to negative paramagnetic relaxation enhancement. At the end of

the filtration the deposit covers almost the complete channel area. A

difference between the channels can be observed: The outer channels

seem to foul faster than the channel in the center. This could be ex-

plained by the fact that the outer channels experience a lower mass

transfer resistance compared to the center channel due to the smaller

path length towards the permeate. The filtration rate of the outer

channels may therefore be slightly larger than that of the center

channel which would result in a faster growing concentration polar-

ization layer. This phenomenon is likely to have occurred due to the

high feed pressure of 1 bar, which leads to high initial flux.

During the filtration of alginate solutions, both with and without

Ca2+, the imaging position did not change. A change of the position

was only observed after backwashing, due to the flexibility of the

polymeric membrane and the increased pressure applied. A different

fouling mechanism was observed for the filtration with Ca2+. Sodium

alginate forms a gel on the channel wall, which changes filtration

processes from concentration polarization to gel layer formation

(Fig. 5d-f). At the beginning of the filtration, the channel lumina appear

with high intensities. During the filtration, a thin layer builds up at the

channels inner surface. These thin gel layers appear with lower in-

tensities again due to contrast agent MagAlg90 in the feed solution. No

significant differences between channels at different spatial locations

were observed in the filtration with Ca2+.

Fig. 4. (a) MRI axial image of a native multichannel membrane in a water containing module. Corresponding to the chosen relaxation weighting, polymer and water

deliver roughly the same intensity. (b) During filtration with Gd-DTPA the channels were filled with water (red), air is still detected in the larger pores of the

supporting material of the membrane (blue). (c) Leaving the membrane one day in the feed solution, also the large pores were filled with water, and no detectable air

was left in the membrane. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).
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3.3. Water flow in hollow fiber membrane

An important question in filtration using multichannel membranes

concerns the flow distribution. It is unknown in detail how the water

flows inside the membrane and how it is distributed into the channels.

MRI was used to measure the water flow inside a multichannel mem-

brane in all three directions (x, y and z). To ensure a constant flow over

scan time, we used deionized water as feed in these experiments to get

an almost constant permeate flux over time. A constant pressure of

0.7 bar was applied.

The highest velocities during “filtration” with deionized water were

measured in z-direction as expected (Fig. 6a). The velocity in z-direc-

tion vz can only be seen in the permeate volume and partly in the seven

feed channels. At too large velocities, signal losses occur due to the

outflow of excited 1H-nuclei. The velocities in the channels can there-

fore only be partially resolved (outflow artifact). Water flow in the

membrane pores in the z-direction is not visible. When the field of flow

(FOF) is set to large values (i.e. 17 cm/s) to measure the velocities in

feed channels and permeate volume, the water flow in the supporting

material cannot be observed in the images, because the flow resolution

is too low to distinguish between zero and very small velocities.

The transverse velocities are approximately a factor of 50 lower

compared to the velocities in z-direction. Therefore, FOFx,y was set to

the values vy,enc =0.26 cm/s and vx,enc =0.29 cm/s which leads to a

better resolution for low velocities. Flow in x and y directions was

detected in the pores. The flow direction in the pores tends towards the

Fig. 5. T1 and T2 relaxation weighted MR images during filtration of an aqueous solution of sodium alginate (calginate =200mg/L) without Ca2+ (a) after 2min 25 s,

(b) after 29min 26 s, (c) after 43min 35 s filtration time. With Ca2+ +c( Ca2 =2mmol/L) (d) after 4min 44 s, (e) after 24min 45 s, and (f) after 51min 39 s filtration

time.

Fig. 6. Velocities in a multichannel hollow fiber module (compare Fig. 1a). (a) vz along the long axis of the membrane (z-direction in Fig. 1b). (b) vy transverse in y-

direction. (c) vx transverse in x-direction. As the total flow across the membrane is radially symmetric, the components vx and vy show negative and positive values.

Note the different scales of the false color bars for vz and vx,y. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article).
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permeate channel (Fig. 6b and c). Due to the fast flowing 1H-nuclei in

the channels (outflow artifact), the signal intensities are too low to

determine the velocities in the channels. The same phenomenon was

observed in the phase contrast image in the x-direction (Fig. 6c) con-

sistent with the y-direction. The advective transport in the membrane is

evident due to the strong outward transverse direction flows from the

center channel localized between the outer channels (Table 1).

3.4. Velocity fields during filtration of aqueous sodium alginate solutions

Sodium alginate (calginate =200mg/L) filtrations were performed

with a constant pressure of 0.7 bar. The evolution of velocities was

measured during filtration in the channels of multichannel hollow fiber

membranes, which gives new insights into ultrafiltration processes. The

velocities in z-direction vz were measured during filtrations without and

with Ca2+ (Fig. 7). Phase contrast images were taken with the pulse

sequence shown in Fig. 2. All images were measured with the same

parameters (Table 2) except for venc, because of the change in velocity

during filtration ( ∈v [1, 20]cm/senc ). As expected, the velocity compo-

nent in the z-direction was the largest and showed the biggest change

during filtration. The volume flow in the channels VĊhannel could be

calculated from the phase contrast images by summing up the velocities

in each channel and multiplying them by the pixel resolution in x- and

y- direction ∆ ∆( * )x y . Here, the assumption was made that velocities in

x- and y-direction are very small (Fig. 6b and c) and can be neglected in

the volumetric flow calculation.

∑≈ = ∆ ∆V V v̇ ̇ *( * ).Channel z,Channel z,i x y (4)

Hence the change in volumetric flow with fouling under constant

pressure was measured.

In the filtration without Ca2+, vz decreases in the channels during

filtration time due to fouling (Fig. 7a, b and c) in accordance with the

observation of deposit formation. After 34min the channels seem to be

completely filled by the alginate concentration polarization layer, and

flow in the z-direction has nearly ceased. The velocities in the permeate

channel also decrease, but not as strongly as in the channels. This

Table 1

Measurement parameters for the RARE images (Fig. 4(a, b and c), Fig. 5).

MRI parameter Fig. 4a (deionized water)

and Fig. 5

Fig. 4b and c (with

GdDTPA)

TR (T1 weighting) 2 s 0.5 s

τE 10ms 4.8 ms

τE,ieff (T2 weighting) 20ms 4.8 ms

Encoding order linear centric

In plane resolution∆ ∆x y, 29.30 µm 35.16 µm

RARE factor RF 4 2

Number of averages 1 4

Slice thickness 2 mm 2mm

Scan time 2min 08 s 4min 16 s

Fig. 7. Velocity images during a filtration of alginate (calginate =200mg/L) without Ca2+ (with increasing filtration time from left to right): (a) “Filtration” with

deionized water. (b) After 11min of filtration and (c) after 34min of filtration without Ca2+ +c( Ca2 =2mmol/L) (d) “Filtration” of deionized water before starting the

filtration with Ca2+: (e) After 11min of filtration and (f) after 34min of filtration with Ca2+. Please note the different scales of the false color bars which encode vz.

Table 2

Pulse sequence parameters used in the flow map sequence, i.e. measurement of

velocities.

MRI parameter Fig. 6 Fig. 7

TR 2 s 0.2 s

τE 6.2ms 4.6ms

In plane resolution ∆ ∆x y, 31.25 µm 31.25 µm

Slice thickness 2mm 2mm

Number of averages 2 4

Scan time 34min 08 s 6min 49 s
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suggests that the alginate is flushed to the end of the module and

concentrates first at the end and subsequently towards the inlet of the

module. This phenomenon means that the ratio between the velocities

in the membrane and the velocities in the permeate change during

filtration time. With increasing filtration time, the main filtration will

be increasingly restricted towards the inlet of the module. These ob-

servations are consistent with previous findings where the deposit

formation during filtration of an aqueous solution of sodium alginate

without Ca2+ was a function of z, and the thickest fouling layer is ob-

served at the end of the module [18].

Fouling was different in the filtration with Ca2+ due to the forma-

tion of a gel (Fig. 7d, e and f). The velocities in z-direction were also

decreasing, but compared to the filtration without Ca2+ the channels do

not seem to be completely blocked in agreement with the geometry of

the deposit in the structural images. A finite velocity vz> 0 was mea-

sured in all channels after a filtration time of 34min. This indicates that

the gel layer is not easily flushed to the end of module by shear forces of

the feed flow in the channels. The gel layer adheres to the membrane's

surface, generating a more uniform fouling layer along z. This

observation is in good agreement with previous work, where the de-

posit layer in the filtration of alginate with Ca2+ depends not as strongly

on z as in the filtration of alginate without Ca2+ [18].

An important question concerns the flow distribution in the chan-

nels of a multichannel membrane: How is the distribution and how does

it change with filtration time? MRI is capable to measure the velocity

field spatially resolved, thus the volume flow in each channel can be

calculated. Thus the spatial heterogeneity of the transport processes

during filtration can be quantified. The volume flow of each channel is

a function of filtration time (Fig. 8b and e) comparable to previous

findings [17]. A difference at the beginning of the filtration depending

on the Ca2+ concentration was observed: The volume flow of the fil-

tration without Ca2+ was larger than in the filtration with Ca2+. This can

be explained by the fact that in this experiment the membrane was used

first for the filtration without Ca2+, was afterwards cleaned by flushing

the deposits out of the membrane lumen with deionized water. Some

small amounts of the deposit could be left on the membrane's surface, so

that the volume flow at the beginning of the second filtration was

lower. To quantify the flow in the individual channels during filtration,

Fig. 8. Quantification of volume flow (see Eq. (4)) in channels: Velocity images at 11min with the assignment of the channels for the experiment (a) without Ca2+

and (d) with Ca2+. (b) Absolute volume flow as a function of filtration time t in the filtration without Ca2+ and (e) with Ca2+. (c) V V̇ / ̇I total of each channel for the

filtration without Ca2+ and (f) with Ca2+. (g) Comparison of the volume flow volumetrically measured with the volume flow measured by MRI. The consistency of the

data proves the overall agreement of the macroscopic filtration and the microscopic MRI views. The lines are guides to the eye.
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the volume flow was normalized to the total volume flow: V V̇ / ̇
i total.

Without Ca2+ the highest ratio is in the center channel 7 over the whole

filtration. Noticeably, some fluctuations were observed during filtration

in all channels. This hints at small flow irregularities during filtration. A

potential source of these fluctuations are alginate molecules or clusters

which cannot withstand the shear forces of the feed solution and are

flushed towards the end of the membrane, while others stick better on

the membrane surface. With Ca2+ the ratio for all channels 1–7 are

approximately constant over the filtration time. Again, the center

channel 7 shows the highest ratio. The proportionalities of the channel

ratios during the filtration stay almost constant when compared to the

filtration without Ca2+, where the ratios change. This can be explained

by the fact that alginate with Ca2+forms a gel layer, i.e. a more uniform

fouling layer with higher adhesion to the membrane. This leads to a

more constant proportionality.

The channels filtrate almost evenly except of the center channel 7 in

both filtrations. Notably channel 7 of the membrane exhibits the

highest velocities and the highest volume flow in z-direction. This is

probably due to the flow conditions at the inlet of the membrane: The

module is connected to a tube with an inner diameter of 4mm and a

length of 1.50m. Flow in this tube is described by a Hagen-Poiseuille

flow profile. The membrane has an outer diameter of 4mm, and the

channels have a diameter of 0.9 mm. The highest velocity in the center

of the 4mm tube is probably due to the Poiseuille profile may result in a

higher entrance velocity in the channel in the center of the membrane.

This interpretation has to be confirmed by further experiments.

3.4.1. Flow profiles in membrane channels from phase contrast images

Flow profiles, i.e. velocity distributions, were analyzed. In previous

work a ring method was implemented to analyze the deposit layers in a

membrane lumen from MR intensity images [18]. This method was

transferred to calculate flow profiles in each channel from velocity

images: An ellipse is created at the edge of the channel in a velocity

image. The mean velocity of voxel elements in this ellipse is calculated,

and afterwards the next ellipse is created one pixel inwards, towards the

center of the channel. Naturally, the number of averaged pixels de-

creases toward the center leading to an increase of statistical errors.

Consequently, spikes in Fig. 9 appear predominantly in the center of the

feed channels. This allows calculation of the radial velocity profiles

from the surface towards the feed center in each of the seven channels.

Due to the mirroring described in Fig. 9 these fluctuations are over-

emphasized.

Velocity profiles were calculated for the filtration without and with

Ca2+ in channel 1, 7 and 4 (Fig. 8a and d) to see the difference between

the center channel and the external channels (Fig. 9). The flow profiles

are different for both filtrations. With Ca2+ a Poiseuille profile is ob-

served during the complete filtration. A compact gel layer builds up,

which causes an increase of filtration resistance and consequently lower

velocities. For the filtration without Ca2+, flow profiles are biased to

higher velocity towards the center of the channel and deviate more and

more from the Poiseuille profile along the filtration process. This phe-

nomenon is caused by the build-up of a concentration polarization

layer. The viscosity increases near the inner surface of the channels due

to the accumulation of alginate molecules. Instead of building up a

compact gel layer (with Ca2+), a concentration polarization layer builds

up, which changes the flow profile.

4. Conclusions

Intensity images from µCT and MRI measurements can show the

structure of inner pores of polymer hollow fiber membranes. Air trap-

ping inside the membrane and their change due to diffusive and con-

vective transport over time can be observed and quantified by MRI.

Sodium alginate was used as model substance causing fouling

during filtration. CaCl2 allows the realization of different filtration

mechanisms. Concentration polarization and a gel layer fouling was

observed also in the multichannel membranes. The contrast agent

MagAlg90 improves the image contrast between feed solution and

fouling layer, which allows characterization of the deposit in multi-

channel polymeric membranes. Results show that the center channel is

not as strongly fouled as the outer channels in the filtration without

Ca2+. The channels for the filtration with Ca2+ were filtrated more

uniformly due to the different fouling mechanism.

Velocity fields were measured by phase contrast MRI. The ratio of

the single channel volume flow and the total volume flow was used to

quantify the filtration performance in each of the seven channels. The

outer channels perform evenly except for the channel in the center.

Here, the velocities and volume flows are slightly higher. This effect can

be observed in both types of filtration. The small difference between the

center channel and the surrounding channels remains over the com-

plete filtration time. The ratios between the surrounding channels only

slightly change during. Without Ca2+ the ratio fluctuates more than for

the filtration with Ca2+, which is attributed to the different filtration

mechanisms.

Flow profiles could be extracted by a mean ring method of radial

mean velocities. The flow profile during the filtration without Ca2+

Fig. 9. MRI velocity profiles for the filtration (a) without Ca2+ and (b) with Ca2+. x′ denotes a spatial coordinate which connects the three channels but differs from

the x-axis in the images. The profiles have partially a gray background, these points were mirrored from the left profile, because the ring analysis gives just a radial

dependence. For both filtrations the velocities decrease during the filtration time.
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changes to a more acute flow profile towards the center of the channel

lumen attributed to viscosity changes. For the filtration with Ca2+, the

flow is describable by a Poiseuille flow profile over the complete fil-

tration. The identification of the different mechanisms in each channel

could help in optimization of these multichannel membranes and of the

conditions in which they are operated. Further investigations of the

backwash behavior along the hollow fiber membrane (z-direction) will

be carried out in order to better understand the ultrafiltration process in

these polymeric multichannel membranes.
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A B S T R A C T

Biofilm formation during ultrafiltration membrane operation was investigated by Compressed Sensing Magnetic
Resonance Imaging (MRI), with tryptic soy broth included in the feed stream to stimulate microbial growth.
Biofilm development was visualized as growing layer characterized by reduced T1 relaxation time, and its
progression as monitored by MRI was compared with classical integral filtration parameters such as permeate
flux J, transmembrane pressure Δp and permeability Lp to document fouling behavior. Over three days of growth
a change in the filtration process could be observed in both measurements, with Lp decreasing dramatically over
time as the surface-associated biofilm increased in thickness. Following cessation of filtration and the associated
drop in Δp, the biofilm detached from the lumen wall and dispersed throughout the feed channel. Compressed
Sensing MRI velocity and intensity measurements facilitate fast imaging during filtration processes, providing
new possibilities for the investigation of biofouling in filtration membranes.

1. Introduction

Over the last decades, filtration membranes have become increas-
ingly widespread for a variety of processes including wastewater
treatment [1], desalination [2], protein purification [3], and food
processing [4], among many others. Membrane-based separations enjoy
numerous advantages over alternative techniques including selectivity,
continuous operation, simple setup, ease of scale-up, and modest space
requirements [5]. The signature obstacle which limits the application of
membrane separation is fouling, a rapid deterioration in permeate flux
J due to solute buildup at the membrane surface, which is associated
with considerable economic costs [6]. Of the many fouling mechanisms,
biofouling, or fouling as a result of biological processes, has been called
the ‘Achilles heel’ of membrane filtration [7].

There are two primary reasons why biofouling is more difficult to
prevent or treat than other fouling sources. First, most fouling com-
pounds can be reduced to benign concentrations by appropriate pre-
treatment, whereas even a single contaminating microbial cell can
cause widespread membrane damage through repeated multiplication.
Second, unlike abiotic substances, microbial cells can proactively re-
spond to chemical or mechanical challenge and thus endure membrane-

cleaning operations. This capability is especially pronounced as bac-
terial cells form a biofilm on the membrane surface, secreting a sticky
matrix of polysaccharides and other metabolic products called extra-
cellular polymeric substances (EPS) which anchor the cells, provide
protection from mechanical deformation and shear stress, and facilitate
the emergence of tolerance to antimicrobials [8–10]. To overcome this
durability, corrosive chemical cleaners are often required, which can
damage the membranes themselves [11,12]. Although the origins,
mechanisms, and consequences of biofouling in membranes have been
investigated, many unanswered questions remain [13]. Numerous stu-
dies have attempted to address how biofilm structure impacts mem-
brane behavior, such as Derlon et al.'s 2012 study investigating the
thickness of biofilm in dead-end operation mode using Optical Co-
herence Tomography (OCT) [14].

Hollow fiber membranes (HFMs) are a specific class of separation
membranes used for a range of water purification applications. Due to
their small strand diameter, high packing densities and interfacial areas
can be achieved, while the strand flexibility allows for certain filter
configurations that are not possible with other types of membranes
[15]. More recently, multichannel HFMs have been introduced which
prevent fiber breakages and further increase efficiency due to the larger
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overall membrane area [16,17]. As multichannel HFMs were developed
relatively recently, little research has been conducted regarding the
development of biofilm growth in these systems. In the present study,
we investigate the spatial distribution of biofilm growth in a multi-
channel HFM using magnetic resonance imaging (MRI) as a function of
operating transmembrane pressure Δp as well as its relationship to
macroscopic membrane measurements such as permeate flux J and
permeability Lp. MRI has previously been shown to be well suited to
investigate these questions due to its noninvasiveness and ability to
probe opaque membrane filtration systems [18–33], and the length
dependence of the fouling layer in HFMs has been described [32].

2. Methods

Tryptic soy broth (TSB), a common microbiological culture
medium, was used as the membrane feed at a concentration of 3 g/L in
deionized (DI) water. TSB in the feed accelerates the growing of bac-
teria and is used as a model substance in biofouling experiments.
Initially a clear, yellow-tinted solution, over the course of 3 days the
feed reservoir attained a murky appearance with visible white clouds
indicating bacterial proliferation (Fig. 1). The use of a general culture
medium to stimulate growth of in situ environmental microbes, rather
than sterilization and inoculation with a specific bacterium, has been
established in the literature [25]. The signature advantage of this ap-
proach is that results are better representative of natural biofouling
behavior than an artificially-introduced bacterial monoculture. This
experimental design likely results in the development of flocs upstream
of the membrane, in addition to on the membrane surface, which may
impact biofilm formation.

A Multibore Membrane from inge GmbH with a pore size of
100 nm was used in the filtration experiments. It is a multichannel HFM
comprising seven channels with an inner diameter of 0.9 mm and is
made from polyethersulfone (Ultrason ). The membrane was mounted
into an MRI-compatible module with a length of 375mm as shown in
Ref. [34]. The MRI measurements were performed at a longitudinal
distance of 290mm from the inlet, shortly before the permeate outlet
located at 320mm. Filtration was conducted at a constant flowrate of
6mL/min in dead-end mode, which is the usual operation mode of this
inge membrane [35]. Upstream tubing had a length of 2m and an inner
diameter of 4mm, ensuring fully-developed flow.

The module with the HFM was mounted into a Bruker Avance HDIII
SWB 200MHz instrument to allow noninvasive collection of in-situ
images during filtration. Simultaneously, classical filtration parameters
such as transmembrane pressure drop Δp and the total permeate mass m
were measured. Membrane flux J was calculated from the weighted m

and the filtration surface area A by:

= =J
A

dm

dt d l

dm

dt

1 1

7 i (1)

where di is the inner diameter of the seven membrane channels and l is
the length of the module (375mm). Membrane permeability Lp is a
useful parameter to estimate the condition of the membrane and is
defined as:

=L
J

p
p

(2)

Because the experiment involves contamination of the filtration
system by bacteria, a peristaltic pump (Ismatec) was used allowing for
ease of cleaning. The peristaltic pump has the disadvantage that at
higher operating pressures, strong pulsation occurs which causes mo-
tion artifacts in the MRI. MR images were measured with gradient echo
imaging combined with compressed sensing (CS). The reconstruction of
the measured raw data was performed with an l1 non-linear conjugated
gradient method as described in Ref. [36]. In order to demonstratethe
quality of the CS measurements, a phantom of a membrane in a Gd-
DTPA solution of 1mM was created. This allows measurements with a
short TR due to the reduced T1 caused by the paramagnetic relaxation
enhancement. The CS sampling pattern generation was performed using
the Monte-Carlo incoherent sampling design approach by Lustig et al.
[37]. In the probability density function, a pdf scaling parameter pmust
be set for the CS sampling pattern to generate a random pattern with a
specific distribution. ky,norm= ky/ky,max are the k-space phase steps in
y-direction normalized to the maximum phase step ky,max.

=pdf
k

1

(1 )y norm
p

, (3)

The generated pdf is then scaled to the number of desired data
points to ensure that the sampling generation algorithm is feasible. All
the random numbers, which are smaller than the pdf are set to 1 and the
rest to 0. The phase steps with 1 are measurements and the values with
0 are omitted for measurement time reduction Fig. 2.

The image quality was quantified with the mean squared error
(MSE) and the structural similarity index (SSIM) [38,39]. For two
identical images, theMSE is 0 and the SSIM is 1. The larger theMSE and
the smaller the SSIM, the lower the image quality. A fully sampled
measurement was compared with a CS measurement. First, the pdf
scaling parameter p was varied for different undersampling ratios and
the image quality parameters MSE and SSIM were calculated. Both for
MSE and SSIM, small values of p show the best results for the image. For
an undersampling of 37.50% p was set to 2.5, which is also in good
agreement with the work of Holland et al. [40]. With a lower under-
sampling ratio, the image quality decreases, so that a compromise be-
tween measurement time and image quality must be found. The image
quality for the filtration experiments with an undersampling ratio of
37.50% was sufficient and the measurement time small enough, which
is why this sampling mask was used. For the reconstruction algorithm
with the total variation, two regularization parameter λ1 and λ2 have to
be chosen, which control the weight of the sparsifying transformations
(i.e. λ1 → Fourier transformation and λ2 → total variation). In this case,
both values were changed equally and the image quality parameters
were observed as a function of iteration steps. Both for MSE and SSIM a
good result with few iteration steps could be achieved by
λ1,2=1×10−3 within a reconstruction time of 19 s. After 200 itera-
tion steps anMSE of 2.5× 10−4 and an SSIM of 0.89 was achieved. Due
to the similar geometry of the membrane phantom and the geometry of
the experiment, the same sampling mask was used for the filtration
investigations.

Velocity images were measured by phase contrast imaging as pre-
sented in Ref. [34]. Two intensity images were obtained, with an ad-
ditional flow gradient used in the second image. The velocity in each
pixel was calculated from the phase difference of the two images. For

Fig. 1. a) Clear TSB feed solution at the beginning of the experiment. b) The
feed solution evolved a white, clouded appearance due to microbial growth
over the course of three days.
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the collection of CS velocity images, the two intensity images were first
reconstructed. Following CS reconstruction, the phase differences Δϕ

and thus the velocity image was calculated using:

=v
venc

(4)

where venc is the encoding velocity also called field of flow (FOF), which
depends on the additional flow gradient and has to be set before the
measurement. Velocities were measured in z-direction, as the largest
changes during filtration can be observed here [33]. MRI pulse se-
quence parameters are presented in Table 1.

3. Results and discussion

The axial structural velocity images were acquired at 290mm, near
the permeate outlet (located at 320mm down the length of the mem-
brane). Initial experiments were performed with DI water to determine
a suitable protocol for acquiring images accurately and rapidly. Spin-
echo and gradient echo images were compared to determine the dif-
ferences due to lack of spin coherence refocusing in the gradient ima-
ging approach (Fig. 3). No serious artifacts were observed and therefore
FLASH imaging was used for the study, allowing for more rapid data
acquisition. A series of images employing a full sampling of k-space was
compared to a series of images employing CS that permits the acqui-
sition of only 37.5% of k-space without a significant loss of information.

As shown in Fig. 3, CS introduced no artifacts when compared to full
sampling. Given the ample signal-to-noise ratio of the samples, all
structural images were obtained applying CS FLASH. More information
on the CS algorithm can be found in Ref. [37].

The membrane itself is regarded as a porous medium exhibiting
reduced signal relative to the water within the lumina and external to
the membrane (Fig. 3a) and b)). The reduced signal is attributed to the
solid polymeric structure possessing a smaller T2 value, leading to

Fig. 2. a) Scaled probability density functions with different values for p and random numbers between 0 and 1. b) The sampling mask for p=2.5 with an
undersampling ratio of 37.50% was generated from the pdf. All random numbers which are smaller than the pdf were set as measuring point. c) Fully sampled
100.00% measurement of the membrane surrounded by a Gd-DTPA solution. d) The CS image of the membrane phantom was measured with the generated sampling
mask in b) with only 37.50% of phase steps in y-direction.

Table 1
MRI parameters for measurements.

MRI parameter intensity images
(membrane
phantom)

intensity images
(filtration
experiments)

velocity images s
(filtration
experiments)

TR 0.8 s 1 s 1 s
τE 2.6ms 2.9ms 8ms
Number of Scans 16 4 4
Field of View 10×10mm 8×8mm 8×8 mm
Matrix 256×256 256×256 256×256
Slice Thickness 3mm 2mm 2mm
venc, FOF – – 3 cm/s
Measurement time

CS (37.5%)
20min28s 06min24s 12min48s

Measurement time
Full (100%)

54min36s 17min04s 34min08s

J.W. Simkins, et al.



significant signal loss by the echo time (τE=2.9ms). The external and
internal water generally appears with relatively uniform intensity ex-
cept for a reduced intensity band on the left of the image, which is
attributed to an inflow artifact. Fig. 3c) and d) present the velocity data
for the same experiment, where parabolic flow profiles (Fig. 3e)) are
observed in the central lumen. Notably, the maximum velocities are
variable among the different lumina, with the center lumen typically

exhibiting a relatively high maximum velocity and surrounding lumina
exhibiting lower velocities. This is likely due to flow conditions at the
inlet, where the 4mm diameter, 1.5 m long tube meets the UF mem-
brane. Flow in the upstream tube follows a Hagen-Poiseuille flow
profile, leading to high entrance velocities near the tube center. Dif-
ferences in velocity among the peripheral UF membrane channels are
likely due to irregularities and imperfections of the membrane

Fig. 3. Top row: Comparison of the magnitude normalized gradient-echo images. a) CS- image with an undersampling of 37.5%, b) fully sampled intensity image.
Second row: c) CS-velocity image with an undersampling of 37.5% compared to d) the fully sampled velocity image. All images were measured with a constant
volume flow of 6mL/min with deionized water. e) Velocity vz profile along the hollow fiber in the center channel (black squares: sampling with compressed sensing,
red triangles: fully sampled velocity profile). Both velocity profiles are well described by the Hagen Poiseuille law. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

J.W. Simkins, et al.



mounting. This variability among different channels has been docu-
mented in other works [41]. Filtration of DI water on the first day of
operation at a constant flow rate of 6mL/min resulted in Δp≈0.2 bar
corresponding to J≈45 L/(h·m2) and LP≈260 L/(hm2 bar) which re-
mained constant over time (Fig. 4). This behavior is expected and
served as a reference for the subsequent filtrations with TSB (days 2–4).
Filtration of 3 g/L TSB (day 2) resulted in the gradual decline of per-
formance over the course of operation of 1.5 h to about 245 L/
(m2 h bar). The reduction in filtration performance is attributed to a
subset of constituent peptides that are unable to pass the 100 nm filter.

As TSB consists of a digest of proteins from casein and soy (among
other smaller components), amino acid chain lengths exhibit a dis-
tribution, and larger peptides will aggregate causing concentration
polarization near the membrane's active surface. 200 nm filters are
routinely used to filter bacteria from TSB solutions with little evidence
for TSB buildup [42–44]. It is thus likely that only a small fraction of
peptides are retained in the 100 nm filter employed in the current work.
This is consistent with our observation that color and opacity of the
permeate was indistinguishable from the feed solution, and by the ex-
istence of only a modest effect during filtration of pure TSB on mem-
brane performance (Fig. 4).

In contrast, filtration with the feed on day 3 led to an immediate
exponential spike in Δp and a resulting very low Lp≈30 L/(hm2 bar)
over the course of the approximately 2 h filtration. Overall J remained
steady. On day 4 of operation, Δp immediately reached a plateau at
1.4 bar, the maximum operating pressure of the peristaltic pump used
for the experiment. Thereafter J dropped precipitously, finally ap-
proaching zero indicating total membrane failure. The dramatic de-
crease in membrane performance is thus attributed to microbial

buildup within the inner lumina of the ultrafiltration membrane, and
specifically along the inner walls. The exponential growth pattern of
bacteria provided ample nutrients explains the sudden shift from a well-
functioning membrane to a heavily fouled one between days 2 and 3 of
operation.

The macroscopic measurements were complemented by the corre-
sponding MRI data, comprising structural images and maps of vz taken
during filtration. Slight artifacts are visible as regions of reduced signal
below the UF membrane channels in the vz map shown in Fig. 3c) and
d). These artifacts worsen dramatically with increasing runtime within
a single day of operation (Fig. 5) and over successive days of operation.
Fig. 5 illustrates that the artifact presents as ghosting of the signal from
the membrane lumina across the phase encode (vertical) axis, inter-
fering with calculation of velocity profiles within the channels and
making the maps unsuitable for quantification. This ghosting is caused
by the pulsation of the peristaltic pump and is exacerbated as the in-
creased pressure required to maintain a constant flow rate causes the
pumped fluid to slip back at the roller, creating larger flow irregula-
rities. These pulsations could be reduced by using a pulsation damp-
ener, however such devices are not always used in technological set-
tings. The data demonstrates that MRI can be used in the presence of
small pulsations.

Fig. 6 presents T1-weighted intensity images taken within an hour of
cessation of filtration for each day of operation. After stopping flow on
days 1 and 2, signal intensities within the channels are uniform.
However, on day 3 and 4, a thin layer of significantly heightened signal
is observed along the wall of each lumen. This layer is attributed to
biofilm growth, which exhibits a reduced T1 value [45,46] due to a
combination of reduced molecular mobility and a larger concentration

Fig. 4. Filtration parameters m, J, p and Lp measured integrally during filtration of a 3 g/L solution of TSB. On the 3rd day a significant change was observed. m and J
were nearly constant due to the constant volume flow of the peristaltic pump. But Δp increased strongly which also affected Lp. On the 4th day, Δp reached the
maximum pressure capacity of the peristaltic pump of about 1.4 bar. As a consequence, J collapsed and the filtration was halted.
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of paramagnetic ions than the bulk liquid [47], making it appear bright
on T1-weighted images. The biofilm exhibited both T1 and T2 contrast;
T1-weighting was selected for biofilm detection because it allowed for
more rapid measurement times. The co-occurrence of Δp increase and
performance reduction (Fig. 4) with the visual appearance of microbial

clouding in the feed solution (Fig. 1) as well as the development and
thickening of the bright layer on the NMR images over time (Fig. 6)
strongly implicate biofilm layer formation as the fouling source.

Biofilm distribution was found to change as a function of the applied
Δp. Fig. 7 presents the distribution of signal intensities over time (from

Fig. 5. CS-velocity images during the filtration on day 3. a) At the beginning of filtration (~13min) only small pulsation artifacts are evident. b) After 99min of
filtration Δp increased and the pulsation artifacts in the images dominate, making them unfit for quantification indicated by the white areas in the membrane.

Fig. 6. T1-weighted radial images showing biofilm growth on the lumina walls. Each image was obtained immediately after cessation of filtration. On the first 2 days
(top images a) day 1 and b) day 2) no biofilm is observed. On day 3 (c) and day 4 (d) an increase of signal was observed on the active inner surfaces of the membrane.
This increase is explained by biofilm growth and is in good agreement with the integral filtration data.
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0.2 to 4.25 h) after cessation of filtration on day 3. In the absence of
filtration pressure, the biomass deposition layer associated with the
channel walls loosens and eventually fills the entire UF lumen (Fig. 7d).
The overall behavior is thus a fixed layer associated with the channel
walls near the membrane outlet which induces a reduction in mem-
brane performance, but which dissipates over time after cessation of
flow. This is similar to the phenomenon of concentration polarization,
wherein a feed solute is driven to the channel wall by the applied
pressure and accumulates there, with accumulation for dead-end fil-
tration largely taking place at the end of the membrane's longitudinal
axis due to shear forces sweeping the solutes along the longitudinal
flow axis. The findings and the analogy indicate that the biomass is
rather loosely packed and consists of independent fractions, biofilm
flocs, leading to dominantly reversible fouling in the present case.

Biofouling is a serious cause of degradation and performance loss in
ultrafiltration membranes and is difficult to remedy given the tolerance
of microbes to chemical challenge and their propensity to recolonize
following membrane treatment [48]. The mechanism of biofilm-in-
duced membrane fouling is often attributed to physical blockage of
membrane pores by EPS, the gel-like adhesive matrix secreted by bio-
film-forming bacteria which aids in attachment and anchoring to the
growth substrate [13]. EPS is characterized by both structural and
compositional complexity [49], making exact characterization difficult
[50].

In this study, the buildup of microbial biomass was characterized in
MRI by T1 weighting, thus indicating biofouling along the lumina walls
in a typical UF membrane. The accumulation of the biomass layer

caused progressive deterioration of membrane performance, and ces-
sation of flow resulted in the gradual dissipation of the wall-associated
fouling layer over the course of several hours. In the absence of the
pressure driving force, the biomass phase partially dissociates from the
filter wall and disperses throughout the inner lumina. While biofilm
formation is generally thought to indirectly cause concentration po-
larization due to obstruction of flow and accumulation of dissolved ions
used for biosynthesis [48], in this study we observe EPS acting as a
dissolved solute in and of itself.

Some research has suggested that the use of certain chemical
treatments to control biological growth in filtration membranes may
actually exacerbate the problem [13]. For instance, discontinuation of
biweekly chlorine treatments in reverse osmosis (RO) membranes at a
filtration plant resulted in a significant performance increase [51], with
upregulation of EPS production in response to chemical threat as a
proposed explanation. As the presence of antimicrobial compounds is
known to induce irreversible biofilm formation in microbial cells that
are planktonic or loosely (reversibly) associated with surfaces [52], our
identification of an EPS phase that is loosely associated with the
membrane surface may provide evidence to support this proposed
mechanism.

4. Conclusion

In the present study, a solution of TSB was used to stimulate the
growth of ambient microbes in the channels of a multibore hollow fiber
membrane, and the deposition structure the biomass as well as its

Fig. 7. Temporal development of the biofilm after cessation of filtration on day 3. Due to the transmembrane pressure reduction, the biofilm releases from the
membrane surface and disperses throughout the feed channels.
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influence on filtration membrane performance was investigated using
compressed-sensing MRI along with standard macroscale measure-
ments. Development of a surface-associated biofouling layer induced an
exponential increase in transmembrane pressure Δp and eventually a
crash in flux J indicating complete membrane failure. The biofilm phase
was directly visible due to its reduced T1, and the increasing thickness
of the layer coincided with compromised membrane performance.
Cessation of filtration and the resulting drop in Δp caused a gradual
dissociation of the biomass deposit from the channel walls and dispersal
throughout the lumen, suggesting the predominance of discrete EPS
flocs in this deposit. This phenomenon proved reversible, with re-
sumption of filtration re-establishing the loose association with the
channel walls. Thus, the biofouling behavior was markedly similar to
the phenomenon of concentration polarization, rather than a static gel
layer. Overall, compressed sensing MRI provides an invaluable tool for
investigating the spatiotemporal behavior of biomass deposition growth
in HFMs by allowing for rapid acquisition of snapshot images even at
the miniscule length scales that characterize these increasingly popular
membranes.
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