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Interactions between anaerobic biofilms and heavy metals such as iron, cobalt or nickel are largely
unknown. Magnetic resonance imaging (MRI) is a non-invasive method that allows in situ studies of
metal transport within biofilm matrixes. The present study investigates quantitatively the penetration
of iron (1.75 mM) bound to ethylenediaminetetraacetate (EDTA) into the methanogenic granules (spher-
ical biofilm). A spatial resolution of 109 � 109 � 218 lm3 and a temporal resolution of 11 min are
achieved with 3D Turbo Spin Echo (TSE) measurements. The longitudinal relaxivity, i.e. the slope the
dependence of the relaxation rate (1/T1) on the concentration of paramagnetic metal ions, was used to
measure temporal changes in iron concentration in the methanogenic granules. It took up to 300 min
for the iron–EDTA complex ([FeEDTA]2�) to penetrate into the methanogenic granules (3–4 mm in diam-
eter). The diffusion was equally fast in all directions with irregularities such as diffusion-facilitating chan-
nels and diffusion-resistant zones. Despite these irregularities, the overall process could be modeled
using Fick’s equations for diffusion in a sphere, because immobilization of [FeEDTA]2� in the granular
matrix (or the presence of a reactive barrier) was not observed. The effective diffusion coefficient (Dejf)
of [FeEDTA]2� was found to be 2.8 � 10�11 m2 s�1, i.e. approximately 4% of Dejf of [FeEDTA]2� in water.
The Fickian model did not correspond to the processes taking place in the core of the granule (3–5% of
the total volume of the granule), where up to 25% over-saturation by iron (compare to the concentration
in the bulk solution) occurred.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Most of the recent installations for anaerobic wastewater treat-
ment employ methanogenic granules to produce methane and car-
bon dioxide from the dissolved organic compounds contained in
the wastewaters [1]. Methanogenic granules are spherical biofilms,
developed spontaneously without support material [2]. The main
advantages of this type of biomass are high methanogenic activi-
ties and good settling properties enabling reactors employing gran-
ular biomass to operate at high volumetric loading rates [3]. The
microorganisms forming anaerobic granules need (besides
macro-nutrients) sufficient supply of micro-nutrients such as iron,
cobalt and nickel [4].

As the physical–chemical interactions between these micro-
nutrients (trace metals) and the spherical biofilm matrix are lar-
gely unknown and difficult to investigate [5], a suitable measuring
technique is required to describe the transport of metals within the
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anaerobic granules. Presently, modeling of metal transport in bio-
films is often based on indirect measurements in the bulk liquid
[6]. In situ metal concentrations can be measured by microelec-
trodes, but these microelectrodes are poorly developed [7]. Mag-
netic Resonance Imaging (MRI) can measure metal transport in
porous matrixes non-destructively and non-invasively based on
changes in spin–lattice (T1) or spin–spin (T2) relaxation times due
to the presence of paramagnetic metal ions [8–13]. Although MRI
measurements have often been applied to reveal structural and dif-
fusional properties of microbial biofilms [14–19], only a few stud-
ies have focused on metal–biofilm interactions [20–24]. A
pioneering study was presented by Nestle and Kimmich [25], mea-
suring metal sorption in well defined, highly homogeneous algi-
nate gels and immobilized cells. Similar studies were performed
in sandy aquifers [12] and catalyst bodies [13]. Most recently,
Phoenix and Holmes [24] presented a MRI study on copper immo-
bilization in phototrophic biofilm.

In the present study, a novel MRI method to quantify metal
transport in anaerobic granular sludge was developed. Single
methanogenic granules were exposed to an [FeEDTA]2� solution
and the consequent penetration of iron into the granule was
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followed in time using T1 weighted 3D Turbo Spin Echo (TSE)
methods [9,26,27]. Using 3D TSE, a spatial resolution of
109 � 109 � 218 lm3 and a temporal resolution of 11 min was
achieved. A method to recalculate the obtained intensity data to
real iron concentrations is also presented, from which in situ iron
concentrations and gradients can be derived.

2. Materials and methods

2.1. Source of biomass

Mesophilic methanogenic granular sludge was obtained from a
full-scale UASB reactor treating alcohol distillery wastewater at
Nedalco (Bergen op Zoom, The Netherlands).

2.2. Experimental set-up and iron solution

Diffusion measurements were done in an experimental set-up
consisting of a storage vessel containing 1 L of measuring solution
connected to a measuring tube (inner diameter of 4 mm), in which
a single methanogenic granule was immobilized with glass wool.
The measuring tube was placed in the imager (Fig. 1). The iron
solution was re-circulated by means of a peristaltic pump (Wat-
son-Marlow, Wilmington, USA) to assure steady state conditions
outside the granule. The initial images were taken after equilibra-
tion with demineralized water. Subsequently, the iron concentra-
tion was increased by injection of a concentrated stock solution
of [FeEDTA]2� into the storage vessel.

The observed relaxation rates (1/T1) and (1/T2) depend linearly
on the concentration of paramagnetic metals in the local environ-
ment [28]:

1
Ti
¼ 1

Ti

� �
D
þ Ri � cMe i ¼ 1;2 ð1Þ

where (1/Ti)D is the diamagnetic (solvent) relaxation rate (in the ab-
sence of paramagnetic ions), Ri the relaxivity constant of paramag-
netic ions and cMe is the concentration of the paramagnetic metal
species. A T1 relaxivity (R1) of 1.1 L mmol�1 s�1 was obtained from
a calibration series (concentration range 0.0–2.5 mmol L�1,
R2 = 0.98; data not shown). Subsequently, [FeEDTA]2� solutions
with a total iron concentration of 1.75 mM were applied in the
experiments.

The applied iron concentrations were high enough to obtain
measurable changes in the MRI signal and low enough to assure
that the T2 of the granules was not shortened below the value
(approximately 0.045 ms) where T2 weighting starts. Iron was
dosed chelated by EDTA to prevent iron from precipitation or sorp-
tion on the surface or inside the granular matrix. The solutions
Fig. 1. Experimental set-up used for the [FeEDTA]2� diffusion experiments.
were prepared using demineralized water, FeCl2�4H2O and
Na2H2EDTA�2H2O. The presence of small amounts of free
[H2EDTA]2� in the [FeEDTA]2� solution without an excess of iron
can substantially increase the T1 and T2 values of the granular
matrix (data not shown). Therefore, FeCl2�4H2O was dosed in 30%
excess (i.e. the molar ratio between Fe and EDTA was 1.3:1) in or-
der to avoid interactions between the granular matrix and free
EDTA. NaOH was used to adjust the pH to 7.0.

2.3. Nuclear magnetic resonance

2.3.1. 1H-relaxometry
1H-relaxometry was performed on a NMR spectrometer con-

trolled by a Maran Ultra console (Resonance Instruments Ltd.,
Witney, UK), with a 0.7 T permanent magnet (30.9 MHz proton res-
onance frequency). Both T1 and T2 were measured simultaneously
in a combined Inversion Recovery Carr–Purcell–Meiboom–Gill (IR-
CPMG) pulse sequence. The inversion time was incremented loga-
rithmically from 2.5 ms up to 10 s in 12 steps. Each CPMG decay
train consisted of 16,384 echoes of eight data points each, sepa-
rated by an echo time of 1 ms. Data were averaged over eight scans
with a repetition time of 12.5 s. After careful phase correction of
each decay train, each echo was reduced to one averaged data
point. The resulting CPMG decay curves were analyzed globally
as a sum of exponentials with coupled T2 values using SPLMOD
[29,30]. The amplitudes of the largest component were subse-
quently analyzed by a function describing inversion recovery to
obtain T1. The data analysis was done using IDL (Research Systems
Inc., Boulder, CO, USA).

2.3.2. MRI imager
All MRI measurements were done at 30 (±2) �C on a 0.7 T

(30.7 MHz for protons) imager consisting of a Bruker Avance con-
sole (Bruker BioSpin, Karlsruhe, Germany), a Bruker electromagnet
stabilized by an external 19F lock unit, a custom build solenoid RF-
probe and an actively shielded gradient system with planar
geometry (Gmax 1 T/m; Resonance Instruments Ltd., Witney, UK).
The RF-probe had an inner diameter of 5 mm and was inductively
coupled to avoid continuous retuning and matching of the RF-
probe due to the change in loading by the iron solution.

2.3.3. MRI measurements
The Turbo Spin Echo (TSE) measurement was performed as de-

scribed by Mohoric et al. [27]. The typical acquisition parameters
were: repetition time (TR) 200 ms, echo time (TE) 4.53 ms, Turbo
factor of 4 and 16 averages. The total experiment time was 11 min.

Quantitative 3D amplitude (A0) and spin–spin relaxation time
(T2) maps were obtained using a Multi-Spin Echo (MSE) measure-
ment [26]. Typical acquisition parameters were: 64 echoes with a
TE of 4.53 ms, TR 1 s and 4 averages. The total experiment time was
80 min.

3D T1 and A0 maps were obtained from Inversion Recovery 3D
TSE measurements (IR-TSE). Acquisition parameters were: TR 7 s,
TE 5.33 ms, TSE factor 8, inversion delay times 0.1, 0.2, 0.4, 1.6,
3.2 and 6.4 s and 2 averages. The total experiment time was
160 min.

The experiments consisted of a series (several tens to several
hundreds) of TSE measurements. 3D T2 and amplitude (A0) maps
of the granule were acquired prior and upon termination of each
experiment. The iron solution was always injected after taking sev-
eral TSE images of the granule in demineralized water to document
the situation at time zero. 3D T1 maps were occasionally acquired
due to their long acquisition time requirement (approx. 160 min).
Consequently, a series of 3D TSE measurements (30–400) was per-
formed followed always by a final 3D T2 map measurement.
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2.3.4. Spatial resolution
All the imaging procedures (T1, T2 and TSE measurements) were

done in a 3D mode according to Mohoric et al. [27] with a field of
view of 14 � 4.36 � 4.36 mm3 (128 � 40 � 20 voxels) correspond-
ing to a spatial resolution of 0.109 � 0.109 � 0.218 mm3.

2.3.5. TR and TE adjustment
The signal intensity obtained from the TSE measurement is a

function of both the T1 and T2 as expressed by [27]:

S ¼ A0 1� exp � TR

T1

� �� �
exp � TE

T2

� �
ð2Þ

where S is the signal intensity and A0 the intensity (amplitude) of
the signal at time zero (a measure of proton density). The ratio
S/A0 is often referred to as a normalized signal. The signal intensity
is influenced by the presence of paramagnetic metals as Eq. (1)
implies.

To decide for T1 or T2 weighting, the effect of [FeEDTA]2� on the
T1 and T2 distribution over the methanogenic granule was studied.
As shown in Fig. 2, the effect on T1 inside the granule was substan-
tial, whereas the effect on T2 was relatively small. Therefore, it was
decided to use T1 weighting and a short TE of 4.53 ms. In that case,
Eq. (1) can be simplified to:

S ¼ A0 1� exp � TR

T1

� �� �
ð3Þ

Generally, T2 only influences the signal intensity when it is close
to TE (approximately T2 < 5TE). Therefore, the impact of T2 can be
diminished using a short TE (in the order of milliseconds or less).

Subsequently, optimization of TR was performed. The maximal
difference, i.e. the maximal contrast, can be obtained for T1-
weighted images, when TR is calculated according to:

TR ¼
lnðT1;2=T1;1Þ

1=T1;1 � 1=T1;2
) S2 � S1

A0
¼max ð4Þ

T1,1 and T1,2 are the average T1 values measured, respectively, at the
start and the end of the experiment. The optimal TR value of 347 ms
for the granule depicted in Fig. 2 was calculated using Eq. (4). How-
ever, to achieve the maximal contrast for the highest concentra-
tions, a lower TR value (200 ms) was used as calculated from Eq. (5).

TR ¼ 2 � T1 )
dðS=A0Þ

dT1
¼max ð5Þ
2.4. Image analysis

Data obtained by analysis of every single voxel are presented in
this study. The data measured at single voxel level allowed to judge
Fig. 2. Distribution of T2 (A) and T1 (B) over a single methanogenic granule prior (solid
frequency function (F(Ti)) is expressed in number of voxels.
on homogeneity of the granular matrix and on the qualitative as-
pects of iron transport (homogeneity in all directions, correlation
between granular structure and diffusion pattern). These data
were, however, too noisy to be used for quantitative calculations
(data not shown). Therefore, averaged data were used for quantifi-
cation of iron diffusion.

To evaluate the 3D images obtained from the MRI measure-
ments (Fig. 3A), the granule was selected by thresholding
(Fig. 3B), the binary images were segmented and finally, the signal
intensity was measured. Thresholding was based on the signal
intensity contrast between the granule and the bulk solution in
the TSE image prior to the iron injection (Fig. 3B). The raw binary
images were treated by applying the mathematical operations
‘‘closing” and ‘‘opening” (Fig. 3C). Consequently, the binary image
of the granule was segmented into layers of 1 voxel thickness
and the average intensity profiles were obtained by averaging
the signal intensity over single layers. Because the dimensions of
the voxels were asymmetric (0.109 � 0.109 � 0.218 mm3),
the images were resized (to voxel dimensions 0.109 �
0.109 � 0.109 mm3) using bilinear interpolation prior to the auto-
matic procedure for calculation of the averaged profiles. In this
way, images consisting of 128 � 40 � 40 voxels were obtained.
3. Results

3.1. Iron transport within the granular matrix

3.1.1. Changes in signal intensity after iron injection
The signal intensity at the beginning of the experiments (prior

to iron injection) was not homogenously distributed over the gran-
ule (Fig. 4A), mainly due to heterogeneities in the T1 values
(Fig. 4B). In contrast, the T2 values and the A0 values (proton den-
sity) were distributed rather homogeneously (Fig. 4C and D,
respectively).

Fig. 5A shows the increase of signal intensity after exposure of
the granule to a 1.75 mM [FeEDTA]2� solution. The signal intensity
reached a plateau in the outer layers and in the core after, respec-
tively, 20 and 300 min following the iron injection (Fig. 5A). The
overall difference between the start and the end values were sub-
stantially different for single layers.

3.1.2. Calculation of T1 maps
The T1 maps (Fig. 6) were calculated from the intensities of the

TSE images using Eq. (4) during the entire experiment in order to
calculate the actual iron concentration. The A0 maps needed for
this calculation were obtained from the T2 measurements. The T1

maps calculated from the TSE measurements (Fig. 6B) were com-
pared with the T1 maps obtained by direct T1 measurements done
line) and after (dashed line) 15 h exposure to a 1.75 mM [FeEDTA]2� solution. The



Fig. 3. Segmentation of an initial 3D TSE image based on the signal intensity. Original 3D TSE image (A), histogram of the image (B), binary image (single slices in x–y plain)
obtained by thresholding and subsequent application of mathematical operations ‘‘closing” and ‘‘opening” (C).

Fig. 4. Single profile over the methanogenic granule at the start (+) and the end (}) of the experiment. Effect on T2 (A), T1 (B), signal intensity (C) and A0 (D). Illustration of the
cross-section in the signal intensity image (E).
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at the start of the experiment (Fig. 6A). The measured and calcu-
lated T1 maps were in a good agreement (Fig. 6C), which enabled
the further calculation of the iron concentration inside the
granule.
3.1.3. Calculation of the iron concentration in granular matrix
Fig. 5B shows the increase of iron concentration in the granule.

The iron concentration at a particular time was calculated from Eq.
(6) that can be obtained combining Eqs. (3) and (1):



Fig. 5. Effect of iron penetration into a single methanogenic granule. Single curves
depict average values for a certain depth from 0 lm (edge) to 763 lm (core). Iron
was injected at time 22 min. Signal intensity obtained from the TSE measurement
(A), iron concentration calculated using calibration in [FeEDTA]2� solution (B) and
relative iron concentration (C). The dashed line indicates the concentration of iron
in the bulk solution (B) or the final iron concentration (C).
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cðFeÞ ¼ � 1
TR � R1

� ln 1� S
A0

� �
� ð1=T1ÞD

� �
ð6Þ
Fig. 6. T1 map (single cross-section) measured directly (A) and calculated from TSE
image and Amplitude map (B) of a single methanogenic granule. Histogram of the
measured (solid line) and the calculated (dashed line) T1 maps (C).
The value of (1/T1)D was irrelevant for the MRI measurements in

methanogenic granules, because the T1 measured in the granular
matrix is affected by the biofilm matrix (presence of microorgan-
isms, extracellular polymers (EPS), precipitates, etc.) already prior
to the injection of iron. Therefore, (1/T1)D was replaced with 1/T1,1

(relaxation rate at time zero). The value of 1/T1,1 was determined
for each single voxel from TSE measurements and A0 maps using
Eq. (3). The iron concentration was calculated assuming that the
T1 values within the granule change only due to the increase in iron
concentration. The final iron concentration was approximately
equal to the concentration of the surrounding solution (1.75 mM)
in most of the regions inside the granule with higher (up to
2.25 mM) values in the core of the granule.
3.1.4. Heterogeneous iron diffusion within the granular matrix
Iron diffused within the granule at a similar rate in all directions

(Fig. 7). However, also channels facilitating the iron transport were
present (Fig. 7). Note that the iron concentration increased faster in
these channels. The increase in iron concentration was very fast in
the core of the granule in all granules studied. Moreover, resistant
zones, where the iron concentration increased slower or did not in-
crease at all were also observed in all granules investigated (Fig. 7).
The diffusion-resistant zones could be often related to the areas
with low-T1 values (Fig. 8) indicating that the diffusion-resistance
occurs especially in the dense area. In contrast, the iron concentra-
tion increased faster in the areas with higher T1 values.
3.1.5. Averaging of the iron concentration data over layers of defined
depth

Averaging of the measured data was necessary to describe a
quantitative increase of the iron concentration at a given depth
in the granule (Fig. 5). Fig. 9 shows the increase of the iron concen-
tration in the same granule as shown in Fig. 7 after averaging of the
concentration values over layers of defined depth. The general pat-
tern of the iron diffusion process is preserved (compared to the ori-
ginal values in Fig. 7), but some important details (facilitating
channels, resistant zones) were lost by the averaging. The standard
deviation of the concentration value calculated for the single layers
(calculated to express the heterogeneity of the iron concentration
values over one layer) amounted usually up to 40% of the median
value (Fig. 10).

3.1.6. Calculation of the average diffusion coefficient in the granule
In order to enable calculation of the diffusion coefficient in the

granule using the Fick’s diffusion laws, the concentration values
were normalized to reach a uniform (1.75 mM) final iron concen-
tration in all layers (Fig. 5C). This process affected only the inner
10% of the total volume of the granule. Consequently, theoretical
calculations of the diffusion coefficient were performed using Eq.
(7), which is derived from Fick’s diffusion laws in a sphere:



Fig. 7. Iron diffusion into a single methanogenic granule exposed to 1.75 mM [FeEDTA]2� solution. The color bar at the bottom shows the iron concentration in mM. The black
arrows in the figure at time 45, 57 and 214 min indicate the transport facilitating channel, transport resistant zone and the core with higher final concentration, respectively.

Fig. 8. Partial cross-section through the methanogenic granule, with T1 values (left) and iron concentration at time 57 min (right) visualized. The arrows connect the low-T1

zones with the corresponding diffusion-resistant zones. The volumetric images were magnified using linear interpolation.
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Fig. 9. Iron diffusion into a single methanogenic granule, when the concentration values were averaged over 109 lm thick layers.

Fig. 10. Increase of the average iron concentration in one layer (depth 0.327 mm).
The error bars represent the heterogeneity (calculated as standard deviation within
the layer) of the iron concentration over the layer.
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cðFeÞ � cðFeÞstart

cðFeÞend � cðFeÞstart
¼ 1þ 2r0

pr

X1
n¼1

ð�1Þn

n

� sin
pnr
r0

� �
exp �p2n2Dt

r2
0

� �
ð7Þ
where D is the diffusion coefficient, t is the time after iron injection
and r0 is the theoretical radius of the granule (the granule is consid-
ered to be spherical). Fig. 11A shows the fitting of the experimental
data with the theoretical model represented by Eq. (7). For this pur-
pose, the averaged concentration profiles (as represented in Fig. 5)
were used. Applying Eq. (7), a diffusion coefficient of
2.8 � 10�11 m2 s�1 was obtained. The value of D was determined
to minimize the sum of the squared errors for all layers.

Coefficients of determination (R2) between the experimental
and theoretical data calculated for single layers were in the range
of 0.92–0.99, with an exception for the layer representing the core
of the granule (correlation coefficient 0.76). While the fitting is al-
most perfect for the outer three layers, there is some deviation
from the theory in the inner four layers. In the latter layers, the iron
concentration increase was faster than the theory in the first
30–40 min and slower than the theory in the later period
(50–300 min).

Fitting of the experimental data that were not normalized with
the uniform final iron concentration (as shown in Fig. 5B) was also
performed using Fick’s diffusion laws (Fig. 11B). Although Fick’s
laws do not consider a non-equal distribution of the final solute
concentration over the sphere, the coefficients of determination



Fig. 11. Comparison of the theoretical values obtained applying the Fick’s laws for
diffusion in a sphere (gray wire net) with the measured iron concentration (black
lines with data points) normalized to reach the final iron concentration of 1.75 mM
(A) and without normalization (B).
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ranged from 0.93 to 0.96. The diffusion coefficient calculated in this
way was 3.5 � 10�11 m2 s�1.
4. Discussion

This study demonstrates a new MRI method for transport stud-
ies of paramagnetic metals in methanogenic (granular) biofilms.
The TSE MRI technique was used for a near real-time observation
of iron penetration into a single methanogenic granule.
4.1. Diffusion pattern in the methanogenic granule

Fig. 7 shows that the overall iron penetration was equal in all
directions. However, fine structures (facilitating channels and
resistant zones) that affect the iron transport within the granular
matrix were detected (Fig. 7). The iron concentration increased fas-
ter in the facilitating channels and slower (or not at all) in the resis-
tant zones (Fig. 8). Although the values of T1 measured in these
channels (typically 0.4–0.7 s) were higher than the T1 values of
the diffusion-resistant zones (typically 0.1–0.3 s), the T1 of free
water is still much higher (more than 4 s). This indicates that the
facilitating channels were not cracks (or vents) filled with water.
The water filled cracks were observed in the core of several meth-
anogenic granules under study (data not shown), but these were
not connected to the bulk liquid and did not contribute substan-
tially to the transport of the iron complex. Note that the cracks
in the core can develop, e.g. due to biomass decay during a starva-
tion period [14] and are thus not primarily formed to facilitate
transport processes within the biofilm matrix. The observation of
that one or two cracks per a biofilm sample that did not influence
the metal transport was also reported by Phoenix and Holmes [24]
in phototrophic biofilm suggesting that the development of these
cracks is a common feature for biofilms.

Nestle and Kimmich [25,31,32] and Nestle [8] observed the
existence of a reactive barrier when studying metal absorption in
alginate biosorbents and immobilized cells. Such an effect was
not observed in the present study. In contrast, the iron concentra-
tion increased in the core of the granule immediately after the iron
injections. This was most probably enabled by the presence of the
facilitating channels (Figs. 7 and 8).

The uniform rate of increase of the iron concentration allowed
averaging of the iron concentration at a particular time over layers
of defined distance from the surface of the granule. Fig. 9 shows
that the general pattern of increase of the iron concentration in
the granule was preserved by the averaging. However, the averag-
ing neglected the existence of the fine structures inside the granule
(channels and resistant zones). The latter was quantitatively ex-
pressed by the relatively high heterogeneity of the iron concentra-
tion values at each layer (Fig. 10).

4.2. Modeling of the iron diffusion process

The shrinking core model (SCM) [32] has been previously used
for modeling of the penetration of metals into a biofilm. Phoenix
and Holmes [24] used a similar model. Both models include sorp-
tion of metals in the biofilm inducing the formation of a reactive
barrier inside the biofilm [32]. In the present study, the sorption/
precipitation of iron was partially avoided by dosing iron bound
to EDTA, and the presence of the reactive barrier was not observed
indicating that the diffusion process can be modeled by Fickian dif-
fusion in a sphere. Unavoidably, free iron (Fe2+) present in a 30%
excess (i.e. the molar ratio between Fe and EDTA was 1.3:1) in
the [FeEDTA]2� solution could partially precipitate in the granule.

The models that have been used for metal diffusion in biofilms
such as the SCM [32] or Bartlett and Gardner model [24] consider
an equal distribution of the final metal concentration in the bio-
film. Indeed, this is also the case for Fick’s diffusion laws used in
this study. The equal distribution of the final metal concentration
was not observed in this study (Fig. 11B) (also in [24]). Therefore,
the raw iron concentration data were normalized to reach an equal
final value (1.75 mM) prior to fitting with the model (Fig. 11A). In
this way, the result (Dejf) is not influenced by the accumulation of
iron in the core of the granule, which represents less than 5% of the
total volume of the granule.

An effective diffusion coefficient (Dejf) of 2.8 � 10�11 m2 s�1 was
obtained for iron diffusion within the methanogenic granules used
in this study. This value is approximately 4% of the diffusion coef-
ficient of [FeEDTA]2� that was measured in aqueous solutions
(0.58 � 10�9 m2 s�1) [33]. The latter observation is consistent with
the results of Kitsos et al. [34], who observed a 7% Dejf of lithium
(Li+) in methanogenic biofilms compared to the Dejf of lithium in
water.

Dejf of water has been previously investigated in comparable
methanogenic granules as used in the present study and it ranged
from 70% to 80% of Dejf in free water [14], suggesting that the Dejf of
metals in biofilms is restricted more than the Dejf of water. The va-
lue of Dejf in biofilms depends on the physical–chemical properties
of both the solute and biofilm [35]. A relatively large hydrody-
namic radius of the [FeEDTA]2� complex compared to that of free
metal ions [33] (and certainly much larger than hydrodynamic ra-
dius of water) can be one of the properties substantially decreasing
the Dejf of [FeEDTA]2� in the biofilm.
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4.3. MRI for metal transport studies

A 3D TSE method optimized for measurement of the metal ion
concentrations in methanogenic granules was used in the present
study to achieve sufficient spatial and temporal resolution. The ba-
sic concepts were adopted from the pioneering work by Nestle and
Kimmich [25,31,32] and Nestle [8]. Alternative MRI methods are
available such as spin echo (SE) [10,11], fast low angle shot (FLASH)
[9,11] and gradient echo (GE) [9] imaging. Generally, the FLASH
and TSE sequences have the advantage of much lower time de-
mand over the SE and GE sequences.

The GE method is insufficient for metal transport measure-
ments due to a low signal-to-noise ratio [9]. FLASH offers a high
contrast for different metal concentrations [9,11]. However, the
method is very sensitive to distortion of the signal by the presence
of paramagnetic particles [11]. Nestle et al. [11] overcame the lat-
ter problem by using the SE method, but this was at the expense of
a lower contrast and lower temporal resolution that hampered
quantification of the metal concentration.

TSE was criticized by Moradi et al. [9], because they did not ob-
tain high enough signal at low nickel concentrations (less than
0.5 mM). However, the present study shows that using an appro-
priate TR (adjusted for the material under investigation), measuring
iron concentrations as low as 0.1 mM is well possible even at a low
magnetic field (B0 = 0.7 T). The upper limit of the iron concentra-
tion is given by the ability to use a very short TE. As documented
by the present work for measurements with iron, the TSE method
has the advantages of both FLASH and SE: a high contrast between
different metal concentrations, a low sensitivity to paramagnetic
particles and the signal can be obtained even when the T1 is rela-
tively high (around 1 s).

4.4. T1 versus T2 weighted TSE signal

Recently, Phoenix and Holmes [24] demonstrated a method to
measure copper immobilization in photosynthetic biofilms mea-
suring changes in T2 induced by copper penetration in the biofilm
(T2 weighting). The method presented by them cannot be applied
on the measurements in the present study, because it has a too
low temporal and spatial resolution. Also Graf von der Schulenburg
et al. [23] used T2 weighting to follow cobalt sorption in a Serratia
sp. biofilm layer grown on the surface of polyurethane foam in an
air-lift fermenter. However, the biofilm in that study was only de-
tected based on a large difference between the T2 value of the bio-
film (approximately 0.4 s) and the T2 value of the bulk water
(approximately 2.1 s). The cobalt concentrations (up to 10 mM)
were only measured in the liquid phase, for which the T2 weighted
2D TSE proved suitable [23]. Also note that Graf von der Schulen-
burg et al. [23] performed measurements at a magnetic field of
9 T while only 0.7 T was applied in the present study.

It was shown in the present study that the T2 values within the
granule are already low and therefore the changes in T2 due to iron
diffusion are rather small (Fig. 2). Therefore, the T1 weighting is
more suitable than T2 weighting to determine the metal concentra-
tion inside the matrix of the methanogenic granules.

4.5. Determination of iron concentration within the anaerobic granule

The final concentration of iron as measured by MRI was equal to
the concentration introduced into the bulk liquid in most of the
volume of the granules under investigation. This indicates that
the T1 relaxivity of the [FeEDTA]2� solution measured in free water
can be used as a calibration for measurements inside methanogen-
ic granules. An accumulation (up to 125% of the concentration in
the bulk liquid) was observed only in the inner three layers repre-
senting less than 5% of the overall volume of the granules.
The local accumulation of iron in the core of the granule can re-
sult from the presence of a Donnan potential, i.e. the potential
causing a distribution of ion species between two ionic solutions
separated by a semi-permeable membrane or boundary, in the
granular matrix [36]. The negative charge of the complex [FeED-
TA]2� should cause rather lower iron concentrations in the matrix,
because the charged groups present in the anaerobic granules (and
causing the Donnan potential) are usually also negatively charged
[7]. However, the free iron (Fe2+) present in 30% excess in the
[FeEDTA]2� solution could accumulate in the granule due to the
Donnan effect. Note that such over-saturation with Fe2+ would
cause local changes in iron relaxivity, because free iron (Fe2+) has
higher relaxivity than [FeEDTA]2� (data not shown). This effect
can cause an overestimation of the iron concentration found in
the core of the granule. No sufficient data could be collected for
an exact quantification of these effects. However, the importance
of the over-saturation is relatively low as it was detected only in
a small portion (less than 5%) of the total volume of the granule.

The apparent higher iron concentration in the core of the gran-
ule could also be caused by slightly higher iron relaxivity in this
area. Phoenix and Holmes [24] observed a linear relation between
the water content and copper relaxivity of several biological mate-
rials such as different agars or bacterial pellets. However, no corre-
lation between the distribution of the modified iron relaxivity
(calculated for the case when the final iron concentration was
equal in the whole granule) and A0 (expressing water density)
was found in the present study (data not shown). This indicates
that the hypothetical T1 relaxivity variation within the methano-
genic granules did not result from the variation in the water con-
tent over the granule.
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