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Abstract

Mass transfer in biofilms is determined by diffusion. Different mostly invasive approaches have been used to measure 

diffusion coefficients in biofilms, however, data on heterogeneous biomass under realistic conditions is still missing. To 

non-invasively elucidate fluid–structure interactions in complex multispecies biofilms pulsed field gradient-nuclear 

magnetic resonance (PFG-NMR) was applied to measure the water diffusion in five different types of biomass aggregates: 

one type of sludge flocs, two types of biofilm, and two types of granules. Data analysis is an important issue when 

measuring heterogeneous systems and is shown to significantly influence the interpretation and understanding of water 

diffusion. With respect to numerical reproducibility and physico-chemical interpretation, different data processing methods 

were explored: (bi)-exponential data analysis and the Γ distribution model. Furthermore, the diffusion coefficient 
distribution in relation to relaxation was studied by D-T2 maps obtained by 2D inverse Laplace transform (2D ILT).  

The results  show  that the effective diffusion coefficients for all biofilm samples ranged from 0.36 to 0.96 relative to that 

of water. NMR diffusion was linked to biofilm structure (e.g., biomass density, organic and inorganic matter) as observed 

by magnetic resonance imaging and to traditional biofilm parameters: diffusion was most restricted in granules with 

compact structures, and fast diffusion was found in heterotrophic biofilms with fluffy structures. The effective diffusion 

coefficients in the biomass were found to be broadly distributed because of internal biomass heterogeneities, such as gas 

bubbles, precipitates, and locally changing biofilm densities. Thus, estimations based on biofilm bulk properties in 

multispecies systems can be overestimated and mean diffusion coefficients might not be sufficiently informative to 

describe mass transport in biofilms and the near bulk.
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INTRODUCTION

Biofilms or more generally biomass aggregates are pervasive in natural aquatic systems (Costerton, 
Lewandowski, Caldwell, Korber, & Lappinscott, 1995; Sutherland, 2001) as well as in technical systems 
(Metcalf & Eddy, 2003). Their substrate conversion depends on bulk and internal structures influencing the mass 
transfer into the matrix. Generally, this mass transfer in biomass aggregates is driven by



diffusion and plays a key role for metabolic activity (Flemming &

Wingender, 2010; Stewart, 2003; Wäsche, Horn, & Hempel, 2002).

The investigation and understanding of mass transfer and substrate

consumption is essential for the development of strategies to improve

design and operation of biofilm-based technical applications as well as

for modeling. In-depth knowledge is required—especially for multi-

species biofilms under technical and realistic conditions.

To experimentally explore fluid–structure interactions, several

analytical methods have been applied. Imaging techniques (Neu et al.,

2010) and micro-sensors (Billings, Birjiniuk, Samad, Doyle, & Ribbeck,

2015; Guimera et al., 2016) have been used the most. Furthermore,

mathematical modeling leads to mechanistic understanding of mass

transfer phenomena in complex biofilm systems (Horn & Lackner,

2014). Biofilm modeling in combination with imaging indicates that

rough biofilms show higher mass transfer of substrates compared to

smooth biofilms under stagnation conditions. The larger interfacial

surface of a rough biofilm provides better contact to substrates (Li,

Wagner, Lackner, & Horn, 2016). The diffusion coefficient D of

substrates into the biofilm is assumed constant over the biofilm depth

(IWA, 2006). In transport models, D is usually set to 20–30% less than

Dwater (IWA, 2006). Diffusion of water and nutrients strongly varies

between different biofilm systems, geometries, and growth conditions.

Actual mass fluxes inside biofilms are unknown, and a generalization of

mass transport is not possible. Therefore, data on heterogeneous

systems are needed to address measures for mass transport in real

systems. Pulsed-field gradient nuclear magnetic resonance (PFG-

NMR) allows the measurement of translational diffusion completely

non-invasively and non-destructively (Callaghan, 1991, 2011), also in

micro-porous systems and in restricted geometry.

In biofilm research, alginate is often used as model system due to

the chemical composition which is comparable to the biofilms’

extracellular polymeric substances (EPS). Gel heterogeneities were

detected in transverse relaxation T2 maps (Fabich et al., 2012).

Filtration processes have been imaged in hollow fiber membranes

using alginate as model system (Arndt, Roth, Nirschl, Schütz, &

Guthausen, 2016). Basic knowledge gained from investigations of

artificial biofilms can be transferred to real biofilm systems. Monocul-

ture and multispecies biofilms were investigated by NMR flow and

diffusion in porous media and flow cells to study water dynamics and

biofilm growth at different time and length scales (Herrling,

Guthausen, Wagner, Lackner, & Horn, 2015; Manz, Volke, Goll, &

Horn, 2005; Seymour, Gage, Codd, & Gerlach, 2004, 2007; Vogt,

Sanderlin, Seymour, & Codd, 2013). Furthermore, combined diffusion

andMagnetic Resonance Imaging (MRI) linked mass transfer to biofilm

structure (Manz et al., 2005; Neu et al., 2010). Diffusion strongly

depends on biofilm systems, growth conditions, and biofilm geome-

tries. For example, in methanogenic granular sludge internal hetero-

geneities significantly influenced the mass transfer (Lens et al., 2003).

Strong correlations between the diffusion of substrates and biofilm

parameters have been reported (Bishop, Zhang, & Fu, 1995; Debeer,

Stoodley, Roe, & Lewandowski, 1994; Stewart, 2003). For example,

Renslow et al. (2010) correlated the effective diffusion coefficientwith

biofilm depth by means of PFG-NMR and imaging in Shewanella

oneidensis biofilms. The same was found for phototrophic Phormidium

biofilms (Ramanan, Holmes, Sloan, & Phoenix, 2013). Other studies

also confirm that D is biofilm-specific and depth-dependent with a

linear decrease ofDwith biofilm depth (McLean, Ona, &Majors, 2008;

Phoenix & Holmes, 2008).

Mass transport and diffusion in biofilms are difficult to analyze and

to model because of the high complexity of these biomass aggregates.

Apart from the influence of specific compounds, PFG-NMR measure-

ments and data interpretation deserve scrutiny. Different data

processing approaches are summarized in Röding et al. (2012) and

Röding, Williamson, and Nydén (2015). The most commonly used data

processing approach for PFG-NMR data is the (bi)-exponential fit.

Diffusion coefficients are obtained by fitting a single exponential

function to the measured signal attenuation, leading to effective or

apparent diffusion coefficients. An alternative and recently introduced

approach is the Γ distribution model which offers mean diffusion

coefficients and their distribution width. Different data processing

schemes are compared for biomass aggregates in this study to show

their limitations and relevance. For mathematical description, we refer

to Röding et al. (2012, 2015). Water diffusion coefficients in

multispecies biofilms with diverse geometries and data processing

schemes are compared in this paper. To identify fluid–structure

interactions, five different types of biofilms or biomass aggregates

were investigated: sludge flocs, fluffy and compact biofilms grown on

carriers, and aerobic and (an)aerobic granules. The goals of the study

were to (i) characterize the biomass by means of physico-chemical

parameters and imaging; (ii) compare Dwater in different structures to

identify correlations between biomass properties and water diffusion;

and (iii) compare PFG-NMR data processing schemes, including (bi)-

exponential fit, Γ distribution, and 2D inverse Laplace transform.

2 | MATERIALS AND METHODS

2.1 | Sample preparation of biomass aggregates

Activated sludge flocs, carrier based biofilms, and granules were

chosen to cover a broad range of physical morphologies which are

technically relevant, for example, for wastewater treatment. The

properties and functionalities are summarized in Table 1. Sludge flocs

(sludge) were collected from a full-scale wastewater treatment plant in

Weinheim (Germany). The sludge is a mixed culture of auto- and

heterotrophic biomass used for carbon (C), nitrogen (N), and

phosphorus (P) removal from wastewater. The sludge was rinsed

and sieved to a size fraction <200 μm prior to characterization. Two

different carrier based biofilms were investigated. Fluffy biofilms

(biofilm_1) grown on K1 carrier materials (plastic carrier, diameter:

10mm, AnoxKaldnes, Sweden) were cultivated in a laboratory-scale

moving bed biofilm reactor fed with acetate (Herrling et al., 2016).

Biofilm_1 comprised heterotrophic biomass and was mainly used for

removal of easily degradable carbon compounds. Compact biofilms

(biofilm_2) on K3 (plastic carrier, diameter: 25mm, AnoxKaldnes,

Sweden) were obtained from a full-scale wastewater treatment plant

(AnoxKaldnes’ Biofarm) in Malmö, Sweden. Biofilm_2 comprised



multiple species, that is, heterotrophs, nitrifiers, denitrifiers, and

anammox bacteria (Gilbert et al., 2014) and was mainly used for N

removal. Two different types of granules, that is, granulated biofilms,

were also selected for the investigation. Aerobic granules (granules_1)

were cultivated in a laboratory-scale sequencing batch reactor (SBR)

with acetate as the main substrate. Granules_1 were used for N, P, and

easily degradable C removal. Large sized granules with an approximate

diameter of 10mm were manually selected. Additionally, (an)aerobic

granules (granule_2) were collected from a side-stream SBR of a

full-scale wastewater treatment plant in Heidelberg (Germany).

Granules_2 mainly contributed to the removal of N and some slowly

degradable C compounds. Granules_2 were rinsed and sieved to a size

fraction of 700–900 μm. All biofilms were rinsed prior to the

experiment to remove particulate matter and stored in tap water at

4°C. Biofilms were imaged by light microscope SMT4 (Mikroskop

Technik Rathenow) in combination with a DSLR camera (Canon EOS

600D) and characterized by their total suspended solid concentration

(TSS) and volatile suspended solid concentration (VSS) according to

DIN-EN-12880 (2001). The biomass density was determined by

pycnometer measurement (n = 4, 10ml, Blaubrand) according to DIN

ISO 35079 and the solids density was calculated according to

Loosdrecht, Nielsen, Lopez-Vazquez, and Brdjanovic (2016). Element

analysis was conducted by atomic emission spectroscopy (ICP-OES,

Varian VistaPro, Agilent Technologies, l detection limit: 10 μg/L) after

acid digestion. ICP-OES data for biofilm_1 are not available due to low

biofilm mass.

2.2 | MRI and PFG-NMR

2.2.1 | MRI

MRI experiments were performed on a 200MHz MRI instrument

(Bruker Avance 200 SWB, Bruker BioSpin GmbH, Rheinstetten,

Germany) with a magnetic flux B0 of 4.7 T, 150mm vertical bore and

equipped with a Bruker gradient system micro 2.5 and a 1H-NMR

bird-cage (25mm inner diameter). All measurements were performed

temperature controlled at 25°C using the Bruker software ParaVision.

The often used multi-slice multi-echo imaging sequence (MSME)

(Callaghan, 1991; Kimmich, 1997) was applied to acquire predomi-

nantly proton density-weighted images due to the minimum echo time

used in the experiments. The biofilms were imaged using the same

acquisition parameters as in a previous study (Ranzinger et al., 2016)

with TR = 10 s, τE= 50ms, number of averages = 4, pixel matrix

128 × 128, slice thickness 0.8 mm. To maintain the original structure,

sludge and granules_2 were filled into glass vials with 1ml of tap water

from Karlsruhe to avoid osmotic stress. The Karlsruhe tap water

(average values of 2015, Stadtwerke Karlsruhe) had a pH of 7.2,

total organic carbon concentration of 0.84mg/L and an electrical

conductivity of 653 μS/cm (c (Ca2+) = 110mg/L, c (Na+) = 11.1mg/L,

c (K+) = 1.7 mg/L, c (Cl−) = 22.8mg/L, c (HCO−) = 232mg/L).

Wet biofilm_1, biofilm_2, and granules_1 were placed into plastic

wrap (without bulk water) and directly inserted into the bird-cage. The

measured signal intensity is encoded on a gray-scale and physically

corresponds to the proton density, slightly weighted by the transverse

relaxation T2. The slightly T2-weighted proton density images allow the

discrimination of the main components within the biofilm system,

being either 1H containing liquid (signal) or solid or gas (no signal

intensity in MSME images). Additionally, materials without 1H, that is,

minerals, do not show up in the 1H images.

2.3 | Diffusion measurements

Translational motion was measured by PFG-NMR, that is, the pulsed

application of magnetic field gradients which encode and decode the

position across an ensemble of molecules at different times. The time

between the encoding and decoding pulses is the diffusion timeΔ. The

PFG-NMR acquisition parameters are summarized in Table 2. Biomass

samples were measured using the PFG stimulated echo (PFG-STE)

(Callaghan, 2011) on the above described NMR spectrometer

equipped with the Bruker software Topspin and a Diff30 probe,

TABLE 1 Characterization of the biofilms

Parameter Sludge Biofilm_1 Biofilm_2 Granules_1 Granules_2

Micro-organisms Auto-/heterotrophic Heterotrophic Autotrophic Auto-/heterotrophic Mainly autotrophic

Removal C/N/P C N C/N/P N/C

TSS in the reactor 6 g/L TSS 86mg TSS/carrier 270mg TSS/carrier 40mg TSS/granule 3 g/L TSS

VSS [%] 80 90 69 78 80

Biofilm thickness [μm] <200* <200 <1,000 10,000* 700–900*

Biofilm density [g/L] 1,033 ± 15 – 1,047 ± 4 1,029 ± 2 1,046 ± 14

Ca [g/kg TSS] 37 – 490 97 286

P [g/kg TSS] 53 – 132 49 72

Fe [g/kg TSS] 37 – 590 0.6 327

S [g/kg TSS] 10 – 6 6.8 84

Si [g/kg TSS] 2 – 65 0.2 37

Data marked with asterisk (*) refer to diameter of the granules. “C” refers to carbon removal, “N” to nitrogen removal, and “P” to phosphorous removal. The
density of water at 20°C is 998 g/L.



which allowed z-gradients g of up to 12 T/m. Acquisition parameters

were chosen according to Table 2, measurement I. The logarithmic,

normalized signal attenuation ln(S/S0) was measured as a function of q,

where q = γδg, γ being the gyromagnetic ratio, δ the gradient pulse

duration, and g the gradient amplitude. Complementarymeasurements

were performed on a 250MHz MRI tomograph (Bruker Avance 250

SWB, Bruker BioSpin GmbH, Rheinstetten, Germany) also equipped

with a Diff30 Probe (maximum gradient 17 T/m) employing acquisition

parameters of measurements II and III, (Table 2). Images taken at the

beginning and end of the experiments showed stable biofilm structure.

All diffusion measurements were performed as single measurements

at 25°C.

2.4 | Data processing

2.4.1 | (Bi)-exponential model

Dwater was obtained by fitting a single exponential function to the

measured signal attenuation as it is expected for a homogeneous liquid

of small molecules (Callaghan, 1991). In the biofilm matrix, the motion

of water is partially restricted. The samples are highly heterogeneous;

therefore, a D-distribution is expected. However, as little is known

about the details and mechanisms, the question about an

appropriate model is essential for a confident data interpretation. As

a first approach, the commonly used (bi)-exponential function
S
S0
¼ A1 exp �D1q2 Δ� δ

3

� �� �þ A2 exp �D2q2 Δ� δ
3

� �� �
(Eq. 1) with the

gradient duration δ. D1 and D2 in biofilms were obtained, meaning that

there is a fast (D1) and a slow (D2) diffusion fraction described by the

relative amplitudes Ai. D1 makes up more than 80% of the signal

amplitude and is the dominant part. A small portion with signal

amplitudes of 4–20% can be associated with D2 (in the range of 10−10

to 10−11 m2/s), which is significantly lower than D1. Due to the

dominant relative signal amplitude, the discussion focuses onD1 in the

following. The relative effective diffusion coefficient is defined by

fD_exp =D1/ Dwater (Eq. 2), which is used to compare the diffusion

properties of the samples.

Data were processed using self-written scripts in Matlab®

(version R2012a, Matlab Works, Inc.; Natick, MA) which take special

care of the small amplitude of the second diffusion contribution. This

(bi)-exponential rather than a mono-exponential approach is essential

for accurately describing the majority of the data to avoid miss- or

over-interpretation due to numerical errors during data processing.

Only data points with signal above the noise level were used in the fits.

2.4.2 | Gamma distribution model

For heterogeneous systems, the Stejskal–Tanner approach for self-

diffusionofhomogeneous liquidscomposedof smallmoleculesdoesnot

apply necessarily.D-distributions are physically moremeaningful than a

discrete number of D in these highly complex and heterogeneous

systems. Apart from the conventionally used (bi)-exponential function

for modeling the signal attenuation, a recently developed approach by

Rödinget al. (2012, 2015)wasused to reveal thedistributionofdiffusion

coefficients. The Γ distribution function is a generalization of distribu-

tion functions known in mathematical statistics. One of the advantages

is that the equation for the experimentally observed magnetization as a

function of q2 becomes rather simple and accurate, for details, we refer

to Röding et al. (2012). Data were processed using self-written scripts

(Matlab®) to obtain Dmean and the distribution width σ. The relative

effective diffusion coefficient within the Γ distribution is defined by

fD_g =Dmean/Dmean, water (Eq. 3). The ratio between Dmean/D1 listed in

Table 4 indicates the difference between the data analysis approaches

and underlines the importance of using a physical and numerically

appropriate model.

2.4.3 | 2D inverse Laplace transform

Another approach to model data deviating from a strictly mono-

exponential behavior is a purely numerical approach, the inverse

Laplace transform (ILT). Diffusion measurements can additionally

be combined with relaxation measurements, and the data can be

Laplace transformed in two dimensions. In the present case, D − T2

mapswere obtained by performing a 2D inverse Laplace transform (2D

ILT) (Callaghan, Godefroy, & Ryland, 2003; Lee, Labadie, Springer, &

Harbison, 1993; Vogt et al., 2013) to correlate diffusion and relaxation

measurements for biofilm_1.

TABLE 2 Acquisition parameters for PFG-NMR diffusion measurements

Acquisition parameter
Measurement I
PFG-STE

Measurement II
PFG-STE

Measurement III
D_T2_STE

Gradient pulse duration 3ms 1ms 1.136ms

Diffusion time 40, 100, 200, 400, 500, 800ms 50, 100, 200ms 100ms

First rf pulse delay 4.26ms 21.21ms 21.21ms

Recycle delay 8 s 900ms 12 s

Diffusion gradient amplitude 0.016–0.5 T/m linear in 32 steps −0.32 to +0.32 T/m linear in 64 steps 0.015–0.2 T/m linear in 64 steps

Number of scans 4 16 32

Number of dummy scans 1 0 4

Gradient direction z z z

Measurement I was applied to all biofilm samples. Measurements II and III were used to characterize biofilm_1.



3 | RESULTS AND DISCUSSION

3.1 | Biofilm and biomass characterization:
Comparison of common quantities and images

Biomass is commonly characterized by, that is, thickness, density,

elemental composition, TSS, and VSS, which do not consider spatial

and structural inhomogeneities. On the other hand, mass transport and

diffusion properties strongly depend on these spatial inhomogeneities

but are not unique in the sense of a one-to-one correspondence of

structure and diffusion coefficient. In a first approach, the microscopic

findings and the macroscopic chemical parameters were collected and

compared to link these physical parameters to water diffusion.

As evident in stereomicroscopic and MRI images (Table 3), sludge

consisted of a complex, but loose network of flocs with a small-scale

heterogeneity. The measured biomass density of 1,033 g/L is

within the expected biomass densities for active sludge flocs with

1,020–1,060 g/L (Dammel & Schroeder, 1991) and is higher than pure

water density (998 g/L at 20°C). Themineral contentwas relatively low

with 37 g Ca per kg TSS. It is expected that the water diffusion is

hindered in the sludge flocs, and is therefore, slower than free water.

Compared to the heterogeneous structure of the sludge flocs,

biofilm_1 comprised a fluffy and homogenous structure (Table 3). The

fluffiness of the biofilm is indicative for the low biofilm density (not

distinguishable from freewater) and high VSS of 90%. The pycnometer

measurements for biofilm_1 were not reproducible due to low density

and low biomass concentration. Furthermore, spatial variation in

biomass density, which influences water dynamics in the biomass,

cannot be captured by a simple pycnometer measurement. Another

approach is to get insight into the biomass structure and density by

MRI. MRI image contrast delivers qualitative information: biofilm_1

was visible in the slightly T2-weighted images due to the reduced T2 in

the biofilm compared to bulk water. This effect is based mainly on the

exchange of protons between EPS biopolymers (mainly OH-groups)

and water molecules (Sanderlin, Vogt, Grunewald, Bergin, & Codd,

2013) as well as by the different molecular mobility of molecules in

biofilmmatrix andwater. In proton-densityweighted images, biofilm_1

was hardly distinguishable from bulk water because of similar proton

concentration (Ranzinger et al., 2016). Based on this knowledge, the

density was estimated to be ∼1,010 g/L.

Biofilm_2 was cultivated for ∼12 months in a WWTP, TSS, and

mineral accumulationwere significantly higher than in all other biofilms,

therefore, diffusion is expected to be highly restricted. The iron content

was especially high due to iron-accumulating bacteria (anammox)

(Gilbert et al., 2014). The internal structure was heterogeneous: outer

biofilm layers were less dense than layers close to the carrier material

reflected in the gray values of corresponding MRI voxels. Solids

(precipitates, possibly CaCO3) and gas bubbles (air, CO2, N2 gas due to

microbial activity) appear black with the usual phase susceptibility

artifacts. The local heterogeneities in biofilm structure can be related to

advanced biofilm age, density, and growth conditions. Those hetero-

geneities suggest that there are regions in the biofilm which for which

water diffusion is restricted to a larger extent than in other regions.

Under certain cultivation conditions, biofilm formation is also

possiblewithout carriermaterial, commonly known as granules. Due to

high shear stress applied during cultivation, the surface of granules_1

and granules_2 were compact and smooth. However, in the large

granules_1 strong internal heterogeneities became apparent in the

MRI images, such as structural layers of microorganisms and

precipitates which might lower diffusion in the biomass. The

biomass density was within the conventional range for aerobic

granules (1,005–1,070 g/L), which depends among others on the

cultivation conditions and volume fraction of solid (de Kreuk et al.,

2005; Etterer & Wilderer, 2001; Winkler, Kleerebezem, Strous,

Chandran, & van Loosdrecht, 2013). Granules with a high solids

content of precipitates can have biomass densities up to 1,200 g/L

(Juang, Adav, Lee, & Tay, 2010). Granules_2 originated from a WWTP

accumulated significantly more minerals (e.g., Ca, P, Fe, P) than

granules_1, which were cultivated in a lab scale reactor. Furthermore,

biomass density of granules_2 was in the same range as biofilm_2. As

density is known to be one of the most important parameters for

diffusion in biomass (Renslow et al., 2010), the correlation between

usuallymeasured parameters and diffusion coefficientswere explored.

3.2 | Diffusion of water in the presence of biomass

To relate biofilm geometry and composition to water diffusion, PFG-

NMR diffusion experiments were carried out on different biomasses.

As mentioned, the biofilm's heterogeneity poses some challenges for

modeling diffusion in these systems. The logarithmic signal attenuation

was measured as a function of q2, results of biofilm_2 and granules_2

are shown in Figure 1 together to provide examples of the data and the

numerical fits. Diffusion data from the biofilms were interpreted with

both the (bi)-exponential fit (indicated as [bi.]-exp.-func.) and the

gamma distribution model (indicated by Γ distr.). The levels for good

description of the data are depicted in form of 2% and 4% of the

maximum amplitude, respectively, corresponding to the goodness of Γ

distr. fit to the data. A significant difference in the signal attenuation

between the samples is evident (inset in Figure 1), which can be

explained by the different biomass properties (see Table 1) influencing

the water dynamics significantly. The compact morphology and low

VSS lead to a reduced water diffusion in granules_2 compared to

biofilm_2. The (bi.)-exp.-func. leading to D1 and D2 does not describe

the measured data sufficiently well, especially the first data points

(inset in Figure 1). The reason is found in the discrete approachwhich is

physically not really appropriate for a multicomponent system. A

discrepancy results between D1 (from the [bi.]-exp fit) compared to

Dmean (from the Γ distr. fit). The Γ distr. represents the measured data

above the noise level significantly better than the (bi.)-exp.-func.,

resulting in lower residuals leading to a better data quality and higher

accuracy. The results forD1 andDmean differ by 15% (biofilm_2) and 5%

(granules_2) which supports the above argument. The findings are in

agreement with previously published results for other heterogeneous

samples such as motor oils, where a better description of measured

diffusion data was achieved by Γ distr. (Foerster, Nirschl, & Guthausen,

2017). The importance of an appropriate data analysis is obvious as the



diffusion coefficients influence simulation for substrate conversion in

biological systems.

3.3 | Influence of biomass structure on water
dynamics

D1 andDmeanwere obtained by (bi.)-exp.-func. and Γ distr., respectively

(Table 4).Dwater = 2.09m2/s · 10−9 was slightly lower than the reported

values (Renslow et al., 2010; Vogt et al., 2013) due to different water

purity and temperature. When comparing the two data processing

approaches, Dmean and D1 for water were similar within approximately

2%. Dmean/D1 is close to 1 for free water as expected.

D1 and Dmean measured in the presence of biofilms deviated by

20–30% (D1/Dmean between 0.95 and 1.26). This indicates a good

overall agreement for both data processing approaches despite the

better fitting of the measured data by Γ distribution. Dmean is typically

slightly larger thanD1 (Table 4) as in the (bi)-exponential fit onlyD1with

Arel > 84% was considered. The minor part of the signal is associated

with D2, which is in the range of 10−10 to 10−11 m2/s. D2 might be

assigned to intracellular water (Vogt, Flemming, & Veeman, 2000).

TABLE 3 Summary of stereomicroscopic images and MRI (slightly T2-weighted image) of the investigated biofilms

Biomass Stereomicroscopic image MRI

Sludge

Biofilm_1

Biofilm_2

Granules_1

Granules_2

The resolution for MRI images was approximately 100 x 100 μm2.



Previous studies have also demonstrated that water diffusion

coefficients in biofilms are lower than in pure water due to restricted

diffusion in the biomass matrix, cells, and EPS, resulting in a wide range

of diffusion coefficients between 10−9 and 10−13 m2/s (Vogt et al.,

2000). fD_exp and fD_g vary strongly with the type of biofilm. The lowest

fD_g was found for granules_2 (0.36) and highest fD_g for the biofilm_1

(0.96). Diffusion was most restricted in granules_2 likely due to the

compact structure and high content of inorganic matter (Table 1). In

comparison, the diffusion coefficients in heterotrophic biofilm_1 were

closest to Dwater because of the fluffy structure and high VSS of 90%.

Results are within the typical range of reported relative diffusion

coefficients for biofilm from 0.2 to 0.8 (Horn, Reiff, & Morgenroth,

2003; Stewart, 1998; Wood, Quintard, & Whitaker, 2002) except

biofilm_1.

In Figure 2, D1 and Dmean are directly compared for the different

biofilm samples. The “error” bars forDmean represent thewidth of the Γ

distr. σ, listed in Table 4: σ for purewaterwas very small and not visible,

whereas σ for all biofilms was large. Sludge and biofilm_2 show the

highest σ possibly due to their highly heterogeneous internal structure

(Table 4). The diffusion coefficients D1 and Dmean vary for all biomass,

with biofilm_1 showing fastest and granules_2 showing lowest

diffusion coefficients. The water diffusion in sludge and biofilm_2

are similar, although the biomass structure parameters differ

significantly. As visible in Table 3, these biomasses comprise

completely different morphologies being either an open network or

a compact biofilm. Furthermore, biomass structural parameters (e.g.,

VSS, biofilm thickness, and density) differ strongly and suggest that the

diffusion in biofim_2 ismore hindered than in the sludge.However, this

is not the case. This leads to the conclusion that the assumptions

regarding mass transfer in biofilms based on bulk physical properties

are not directly related to the classical parameters or optical

appearance. No clear correlations are found between certain integral

biofilm properties and diffusion coefficients: the biofilm thickness and

geometry seemed to have a minor influence on D in the present case.

For example, biofilm_2 and granules_2 had similar densities, but D

differed by approximately 50% when using both data processing

methods. Liquid channels in biofilm_2 correspond to an enhanced

FIGURE 1 The logarithmic signal attenuations of biofilm_2 (top)
and granules_2 (bottom) are depicted exemplarily as a function of
q2. The mono- and bi-exponential decay functions and the gamma
distribution model were fitted to the data. The levels for good
description of the data are depicted in form of 2% and 4% of the
maximum amplitude, respectively, corresponding to the goodness of
fit of the gamma model to the data. Deviations of the mono-
exponential model are evident

TABLE 4 Summary of diffusion coefficients (at Δ 200ms) in biofilms gained by two different data analysis approaches

Model/
sample

(bi).-exp.-func.,
D1 [m2/s] · 10−9

(bi).-exp.-func.,
fD_exp [−]

Relative amplitude of
D1 contribution, Arel [−]

Γ distr., Dmean

[m2/s] · 10−9
Γ distr.,
fD_g [−]

Γ distr. width,
σ [m2/s] · 10−10

Ratio,
Dmean/D1 [−]

Water 2.09* 1 – 2.04 1 3.19 · 10−3 0.98

Sludge 1.45 0.69 0.93 1.62 0.79 8.55 1.11

Biofilm_1 1.76 0.84 0.97 1.96 0.96 5.17 1.12

Biofilm_2 1.47 0.70 0.95 1.69 0.83 7.18 1.15

Granules_1 1.27 0.61 0.94 1.60 0.78 4.96 1.26

Granules_2 0.76 0.36 0.84 0.73 0.36 4.71 0.95

Diffusion coefficients D1 and Dmean obtained by (bi)-exponential fit (indicated by [bi.]-exp.-func.) and gamma distribution (indicated by Γ distr.), respectively.

Data indicated by asterisk (*) were fitted using mono-exponential function. fD is the relative effective diffusion coefficient for both data processing
approaches (see Eqs. 2 and 3).



water diffusion within the biomass resulting in similar apparent

diffusion values as highly porous sludge.

The broad range of relative diffusion coefficients highlights the

fact that biofilm structure determines the mass transfer and ultimately

the performance of productive biofilms, such as the mentioned

wastewater biofilms or fungal bio pellets (Hille, Neu, Hempel, & Horn,

2009). Whether the measured water diffusion can be transferred to

relevant substrates for biofilms remains unclear. The substrates’

molecular weight, interaction with the surroundings as well as

diffusivity and penetration into the biofilm differ fromwater molecules

and could be explored by heteronuclear NMR diffusion measurements

and theoretical models can help to answer this question. Using a simple

calculation, we estimated the difference between COD (chemical

oxygen demand) turnover for the highest (biofilm_1) and

lowest (granula_2) diffusion coefficient. The oxygen flux can

roughly be estimated by D/Δz* (concentration DO at biofilm

surface − concentration DO at z) (Eq. 4), where z is the biofilm depth

and DO the dissolved oxygen concentration. Dmean was used a

diffusion coefficient due to the best fit of the data. Keeping all biofilm

related parameters constant (only changing D) the lower diffusion

results in 20% less turnover based on flux estimates, thus knowing the

diffusion coefficient is highly relevant for biofilm modeling. Further

investigations are planned in the future.

Besides that, the results contribute to link transport processes to

biofilm structure which was shown for nanoparticle and metal

transport in biofilms (Peulen & Wilkinson, 2011; Phoenix & Holmes,

2008). The comparison of classical integral quantities with optical and

MRI images shows that the approach of just using one measure for

biofilm characterization is insufficient. A comprehensive characteriza-

tion on different time and length scales is needed when aiming for an

understanding of biofilms and the processes of mass transport and

especially diffusion. The link between structure, diffusion, and

biological activity deserves further research.

3.4 | Influence of diffusion time on water dynamics

In homogeneous liquids of small molecules, D is independent of

diffusion timeΔ. In porousmedia,D decreases with increasingΔ due to

barriers like physical restriction and adhesion of water molecules

(Callaghan, 1991). Biofilms can also be regarded as porous media

consisting of biofilm matrix and bulk water. Our results show, that D1

decreased with Δ for all biofilms (Figure 3). D1 was selected as the

trends were most pronounced.Dmean showed a similar but less marked

effect. Water diffusion was most restricted in granules_2, indicated by

the strong decline of D1 and low diffusion coefficient asymptote of

6.5m2/s · 10−10 at 400ms, followed by granules_1. A different

composition of EPS and microbial communities as well as the length

scales of the heterogeneous internal structures are already visible in

MRI images (Table 3) and are possible explanations for our

observations. The mobility of water molecules may also be decreased

due to entrapment in EPS molecules (Belton, 1997; Vogt et al., 2000).

As already mentioned, sludge and biofilm_2 both displayed fast

diffusion, similar distribution width, and a small dependence on Δ.

Biofilm_1 did not show a strong diffusion barrier; only a slight decline

of D1 relative to Dwater was found which leads to the conclusion that

FIGURE 2 Diffusion coefficients D1 and Dmean obtained by
(bi)-exponential fit and τ distribution for water and different
biomasses measured with a diffusion time Δ = 200ms. “Error” bars
around Dmean represent not statistical errors but the width of the Γ
distribution σ (see Table 2)

FIGURE 3 Diffusion coefficients D1 of biofilms at different
diffusion times Δ. Classically, the dependence of the diffusion
coefficients on diffusion time is a hint on hindered or restricted
diffusion and is most pronounced in the granules. Data points for
500 and 800ms are only given for sludge

FIGURE 4 Distribution of the diffusion coefficients according to
Γ distribution. D =Dmean for free water is 2.04 · 10−09 m2/s. Gray
region indicates diffusion values, which are larger than free water



mainly unrestricted bulk water is observed. The calculated D also

include the diffusion in the near bulkwaterwhichmay be influenced by

the presence of the biofilm, as has been shown for emulsions (Guan

et al., 2010).

The distributions of the effective diffusion coefficients obtained

within Γ distr. are shown in Figure 4. Granule_2 exhibits the narrowest

distribution (σ of 4.71m2/s · 10−10) together with the slowest Dmean.

Faster diffusion was found for sludge and biofilm_2 with a broader

distribution (σ of 8.55 and 7.18m2/s · 10−10). Narrow distributions, but

with faster Dmean were found for biofilm_1 and granules_1. The sludge

and biofilm_2 results demonstrate that increased internal heteroge-

neity over small length scales in the biomass tends to broader

distributions. The distributions give unique indications for the

estimation of the overall diffusion properties of diverse biofilm

systems that single parameters determined by (bi.)-exp.-func. cannot

express. However, the Γ distr. model also depicts portions of 1H-NMR

signals which are diffusing significantly faster than free water

(Dwater = 2.04 · 10−09 m2/s) highlighted in gray. This portion differed

for all biofilms and was especially pronounced for biofilm_1. Possible

explanations for this phenomenon are convection due to temperature

or enhanced diffusion by concentration gradients. Larger bulk water

compartments, which were evident for biofilm_1 (Table 3), are more

prone to convective transport, resulting in larger influence on D.

Additionally, it is known that diffusion can increase in the presence of

small concentrations of nonpolar compounds, such as methanol or

acetonitrile in water mixtures (Derlacki, Easteal, Edge, Woolf, &

Roksandic, 1985). The convection could also be a result of vibrations

induced by the large field gradients as it is difficult to immobilize the

granules and biofilm carriers.

3.5 | Correlation of diffusion and transverse
relaxation

The effective D − T2 relaxation correlation was measured for biofilm_1

and compared to free water (Figure 5) using a regularization parameter

α = 1 × 108 and 64 steps during 2D-ILT. The peak in the upper edge of

the maps is an artifact of 2D-ILT due to insufficient sampling of higher

gradients. To confirm the location of the main peak in the 2D

distribution, a single line of data was extracted in each dimension to

produce a 1D spectrum of diffusion and relaxation as the 1D ILT is

numerically more stable than the 2D (Kausik & Hurlimann, 2016). As

expected, bulk water is characterized by Dwater = 2.4 × 10−9 m2/s with

a reasonably narrow distribution width and by an average T2 of 2.6 s.

Compared to free water, the presence of biofilm_1 produces a

significant shift of a portion of the signal to smaller D and lower T2.

Typically, T2 and D in biofilms are less than that of bulk water

(Ranzinger et al., 2016; Vogt et al., 2013). These results are consistent

with previous observations. Another portion of signal attributed to the

bulk water, about T2 of 3 s, shifts toward larger D. This strongly points

to convection as a possible explanation for the observation of larger

diffusion coefficients in 1D diffusion experiments as well as in the

correlation experiment. As mentioned earlier, this could well be due to

vibrations induced by the gradients and enhanced by the biofilm as it is

hard to immobilize the plastic carriers in the test tubes. It should be

noted that the effect is well known and occurs in low viscosity liquids

even at almost no temperature gradient if the solid structures in the

sample cannot be completely immobilized.

4 | CONCLUSIONS

In this study, the water diffusion coefficients and their distributions

were determined using PFG-NMR for five different biomass samples.

Diffusion data were processed using conventional (bi)-exponential

data analysis, the Γ distribution model and 2D ILT for data

interpretation. Stereomicroscopic images are compared toMRI images

and insights of D − T2 correlation maps are introduced. The experi-

mental results lead to the following conclusions: Similar diffusion

coefficients for both data processing approaches, (bi)-exponential data

analysis and Γ distribution model, were obtained with 5–26%

FIGURE 5 Effective diffusion spin-spin relaxation correlation maps for free water (left) and biofilm_1 (right) at a diffusion time of 100ms.
Data were processed using 2D-ILT and reveals the correlation between diffusion and transverse relaxation both being influenced by the
structural properties of the biomass



difference between Dmean and D1. A better representation of the data

was achieved by the Γ distribution function with respect to numerical

reproducibility and physico-chemical interpretation. No direct corre-

lation betweenDwater and typical biofilm properties (e.g., compactness,

mineral content, VSS) was observed.Dmean is not sufficient to describe

the mass transport in multispecies biomass. Additional information is

provided by MRI images and distributions of Dwater in the biomass

obtained by Γ distribution model: some areas in the biofilm seem to

have exhibitedmore restricted transport than others, associated to gas

bubbles, precipitates, and changing biofilm densities.D − T2 correlation

maps confirmed these findings and proved a shift in T2. More research

in this field is needed, especially regarding the spatial distribution of

diffusion coefficients in multispecies biomass where NMR methods

are a promising approach (e.g., diffusion-weighted imaging).
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