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Abstract 

The current situation of the surface and groundwater reservoirs used for the production of potable water are 

nowadays at risk due to the increasing occurrence of micropollutants such as pharmaceuticals, personal care 

products and pesticides. One such micropollutant is the regularly found 2,6-dichlorobenzamide (BAM), originated 

from the herbicide dichlobenil. Dichlobenil was banned in the European Union since 2008 but its sorption on soil 

still leads to accumulation of BAM in water bodies. The bacterial strain Aminobacter sp. MSH1 was isolated from 

dichlobenil contaminated soil and showed degradation and complete mineralization of BAM. This work intended 

to resolve the wash-out of MSH1 cells with the use of membrane technology, which by studying several 

membranes on cell and on micropollutant retention allowed to determine the best performing membranes. MSH1 

bacteria efficiently degraded BAM to a certain extent being however verified the formation of a degradation 

product, DCBA. Membrane retention tests showed to be efficient, however not enough to discard its combination 

with bioaugmentation.   

Keywords: Aminobacter sp. MSH1, bioaugmentation, 2,6-dichlorobenzamide, membrane technology, water technology 

1. Introduction 

Anthropogenic chemicals responsible for drinking water 

contamination are most typically polar or semi-polar organic 

compounds that are present in a concentration range of pg/L 

to µg/L and are commonly referred as micropollutants. 

Dichlobenil, is a nitrile herbicide widely used for weed 

control, mainly in non-agricultural areas and in the aquatic 

environment. When the mineralization of dichlobenil occurs, 

2,6-dichlorobenzamide (BAM) is formed [1]. The bacterial 

strain Aminobacter sp. MSH1 is known for the complete 

degradation and mineralization of dichlobenil and BAM to 

CO2 while using it as carbon, nitrogen and energy source [2]. 

The bioaugmented process furthermore showed not to be 

affected by temperature or BAM concentration, as well as 

genetics showed that the bbdA encoding gene was not lost 

and it was constitutively expressed [3]. 

Comparison studies between specific BAM degradation 

rates in suspended batch conditions and in flow chambers 

allowed to conclude on cell attachment and biofilm mode of 

growth. Bioaugmentation in sand filters in DWTPs are faced 

with three challenges: the occurrence of the micropollutant 

at very low concentrations, adaptability in oligotrophic 

conditions and short hydraulic retention times. It was 

suggested that biomass formation is mainly supported by 

AOC present in the minimal medium, showing its importance 

[7]. 

Traditional surface water treatment evolves techniques such 

as coagulation/flocculation, sand filtration, physico-chemical 

softening, activated carbon adsorption and disinfection. 

Besides the traditional system for treatment of the water, 

there is another option to accomplish the same purpose: a 

membrane-based water treatment [5]. 

Technically and commercial established membrane 

processes for water treatment, are reverse osmosis (RO), 

nanofiltration (NF), ultrafiltration (UF) and microfiltration 

(MF). Rejection is affected by key membrane properties that 

include molecular weight cutoff (MWCO), pore size, surface 

charge, hydrophobicity–hydrophilicity, and surface 

morphology [6] [7]. 

This study aims to resolve the wash-out of MSH1 cells with 

the use of membrane technology, by studying several 

membranes on cell and micropollutant retention. 

2. Experimental Methods 

Dichlobenil metabolites 

2,6-dichlorobenzamide (BAM) PESTANAL® analytical 

standard was purchased from Fluka Analytical (Germany). 

BAM has a molecular weight of 190.03 g/mol and the 

chemical formula is C7H5Cl2NO. 2,6-dichlorobenzoic acid 

(DCBA) 98% was purchased from Aldrich Chemistry 

(China). DCBA has a molecular weight of 191.01 g/mol and 

the chemical formula is C7H4Cl2O2. 

Media formulation and bacterial cultivation  

R2B is a rich medium used for rapid growth of bacteria and 

is composed of 0.5 g tryptone, 0.5 g yeast extract, 0.5 g 

casein hydrolysate, 0.55 g glucose D+ (monohydrate), 0.5 g 

(soluble) starch, 0.3 g sodium pyruvate, 0.3 g K2HPO4 and 

0.1 g MgSO4.7H2O per liter of ultrapure water (Milli-Q®). R2B 

was autoclaved at 121°C for 20 min. For the preparation of 

R2A agar plates, 13 g of Select Agar (Invitrogen) was added 

prior to autoclaving.  

Mineral salts (MS) medium is a minimal medium without a 

carbon source. To prepare one liter of MS medium, 978 mL 

ultrapure water (Milli-Q®) were autoclaved, to which 10 mL 

phosphate buffer solution were added, as well as 10 mL 

nutrient solution, 1 mL trace metal solution and 1 mL FeCl3 

solution. All solutions were added under sterile conditions. 
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The phosphate buffer consisted of 1.36 g/L KH2PO4 and 

1.78 g/L Na2HPO4.2H2O. The nutrient solution was made of 

0.05 g/L MgSO4.7H2O and 0.0132 g/L CaCl2.2H2O. The 

trace metal solution contained 2.86 mg/L H3BO3, 1.54 mg/L 

MnSO4.H2O, 0.039 mg/L CuSO4.5H2O, 0.021 mg/L ZnCl2, 

0.041 mg/L CoCl2.6H20 and 0.025 mg/L Na2MoO4.2H2O. 

The FeCl3 solution was made up of 5.14 mg/L FeCl3.6H2O 

(Error! Reference source not found.).  

The species Aminobacter sp. MSH1 used in this study was 

isolated from a dichlobenil-treated soil in a courtyard of a 

former plant nursery located above a BAM-contaminated 

aquifer near Hvidrove (Denmark) (Sjøholm, et al., 2010). In 

this study, the green fluorescent protein (GPF)-producing 

MSH1-GFP variant was used [8]. MSH1-GFP was 

cryopreserved in -80ºC until its use. MSH1-GFP was plated 

on R2A plates amended with 200 mg/L BAM which were 

incubated at 25°C for 4 days. Afterwards, colonies were 

transferred to 25 mL R2B supplemented with 200 mg/L BAM 

and incubated 25°C in Erlenmeyer flasks (100 mL) on a 

horizontal shaker (100 rpm). Depending on the experiment, 

when requiring a high incidence of BAM-mineralizing MSH1 

cells, MSH1 colonies were also transferred to 200 mL MS 

medium supplemented with 200 mg/L BAM and incubated 

for 7-10 days at 25°C in Erlenmeyer flasks (1L) on a 

horizontal shaker (100 rpm).  

Cells were harvested in the late exponential phase by 

centrifugation (6000 x g, 20ºC, 10 min) and washed two 

times with a 10 mM MgSO4 solution. Cell suspensions were 

adjusted to the required cell density using an OD 

spectrophotometer (Bausch & Lomb spectronic 21) by 

measuring the culture’s OD at 600 nm (OD 1 = approx. 109 

cells/mL). 

Artificial groundwater formulation 

An artificial groundwater (AGW) medium was prepared, 

based on the composition of groundwater extracted in the 

Egenhoven DWTP (Egenhoven-West battery, De 

Watergroep, Belgium).  

AGW medium was composed of solutions of 4.62 g/L NaCl, 

3.37 g/L CaCl2, 6.46 g/L Ca(NO3)2, 0.012 g/L NH4Cl, 0.42 

g/L KCl, 0.02 g/L CaHPO4, 2 g/L CaSO4, 0.07 g/L NaF2 and 

17.3 g/L MgSO4, using ultrapure water (Milli-Q®). All 

solutions were autoclaved prior to their use and 1 mL of each 

solutions was added to 950 mL of sterile ultrapure water. 

Carbon sources such as glucose, DCBA and BAM were 

added to the different media (bacterial cultivation media or 

artificial groundwater) prior to autoclaving, when 

appropriate. A stock solution of the antibiotic kanamycin 

(Km) (50 mg/mL) was filter sterilized (0.22 µm) and added to 

the media (bacterial cultivation media or artificial 

groundwater) after autoclaving when temperature was below 

50°C.  

MSH1 live/dead cell enumeration  

Flow cytometry method development 

R2B grown MSH1 cell suspensions were prepared as 

previously described. A 5 mL cell suspension in 10 mM 

MgSO4 was subjected to 60ºC overnight. A 0.5 mL cell 

suspension was suspended in 70% isopropanol and kept at 

4°C overnight. A 0.5 mL cell suspension was diluted in 20 

mL of 70% isopropanol and incubated at 20°C for one hour. 

A 0.5 mL cell suspension was diluted in ultrapure water to 

which 90 µL of sodium hypochloride (NaOCl) were added 

and incubated at 25°C for one hour on a horizontal shaker. 

The cell suspension in 10 mM MgSO4 was used as a 

negative control. A volume of 200 µL of each treated cell 

suspension was transferred in duplicate to a 96-well plate 

and serially diluted (10-fold). The plate was incubated for 30 

minutes at 37°C and subsequently 2 µL of SYBR Green I 

(SYBR-I) 100x diluted in DMSO and 2 µL of 0.3 mM or 1.5 

mM propidium iodide (PI) were added (Error! Reference 

source not found.). Each well was analyzed with flow 

cytometry (BD Accuri™ C6 Flow Cytometer). Evian water 

was used as a blank for cell enumeration by flow cytometry. 

Sample distribution of the live/dead experiment was done on 

a 96-well plate. The plate had its columns stained from 

undiluted samples 1:1 to a 1:10000 dilution, where the last 

row was not stained. 

Flow cytometry method application 

Live and dead cells of MSH1 were enumerated using the 

already mentioned device, BD Accuri™ C6 Flow Cytometer. 

Cell suspensions taken during experiments were diluted 

aiming at 1000 events/sec using sterile 10 mM MgSO4 and 

analyzed in 96-well plates. Evian water was used as a blank. 

The 96 well plate was incubated at 37ºC for 30 min. 

Afterwards, 2 µL of SYBR I 100x diluted in DMSO (from 

Thermo Scientific) and also 2 µL of 0.3 mM PI stain were 

added to each well having a final volume of 200 µL. The 96 

well plate was again incubated at 37°C (± 2°C) for 10 min. 

Start up and calibration of the BD Accuri ™ C6 Flow 

Cytometer were performed according to manufacturer 

guidelines. All samples were analyzed at fast pre-set flow 

rate of 66 µL per min with a run limit of 10 µL collecting only 

events above 10000 in the forward scatter channel (FSC). 

SYBR I signal was detected in the FL1 channel (Excitation: 

488 nm, emission: 533/30 nm) and the PI signal in the FL3 

channel (excitation 488 nm, emission > 670 nm). Live (only 

SYBR I stained) and dead (SYBR I and PI stained) cells 

were gates in a scatter plot (FL3 vs. FL1).  

Wash steps and agitation of the 96 well plate was performed 

regularly to avoid carry over from one well to the other and 

prevent cell precipitation.  

Membranes 

Several types of membranes were tested and can be roughly 

categorized into microfilters (MF), ultrafilters (UF), 

nanofilters (NF) and reverse osmosis (RO) membranes. 

Membranes were cut from sheets (305 x 305 mm or 1016 x 

305 mm) into discs of 49 mm for the use in the stirred cell 

and 18 mm for the 16-single feed spider experiments, using 

the manual presser Berg&Schmidt with the adaptor size 

A.T20. 

Membrane filtration experiments 

MSH1 cell retention by MF membranes 

MSH1 cell retention (setup 1) at different cell densities was 

assessed by testing MF membranes using a stirred cell 
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device. The stirred cell HP4750 from Sterlitech is a high-

pressure (max 69 bar) and chemically resistant device that 

performs a wide variety of membrane separations. The 

structure made of stainless steel (316L) with good chemical 

resistance, is composed of three main components: a 

cylindrical body with removable top and bottom, a stir bar 

assembly and a porous stainless steel membrane support 

disk on which ø 49 mm membrane discs can be used. For 

filtration, pressure (max 8 bar, pressurized air) was applied 

to a volume of max 300 mL. Operation and maintenance of 

the stirred cell is described in the Assembly and Operation 

manual. 

Continuous bioaugmented membrane reactors for BAM 

removal from groundwater 

Long-term filtration setup was composed by a stirred cell, 

pump, feed reservoir and waste reservoir. The inoculum was 

sampled in triplicate for cell enumeration with flow cytometry. 

Immediately after inoculation and at regular time intervals, 

permeate samples were collected in triplicate during 

intervals of 5 minutes (5 mL).  

A volume of 900 µL was transferred to clear glass vials and 

stored at -20°C for UPLC or UPLC-MS/MS analysis. The 

MBR was disassembled and the membrane was 

immediately stored at -20ºC for DNA extraction for real time 

qPCR. 

BAM and DCBA retention test by UF, NF and RO filtration 

A 16-single feed and 8-single feed spider were used, being 

the first one composed of 16 positions for 18 mm membrane 

discs supported by porous stainless steel discs and one 

common feed reservoir with a magnetic stirrer bar. 

AGW medium was amended with either 1, 10 µg/L BAM or 

with 1000 µg/L DCBA, According to the maximum capacity 

of the 16-single feed spider, 600 mL. The membranes UF 

XT were tested in duplicate and the membranes NF 90, NF 

SB90, RO SB50 and RO X201 tested in triplicates. For 1000 

µg/L BAM, the 8-single feed spider was used to which 400 

mL was applied. The tested membranes were the NF 90, NF 

SB90, RO SB50 and RO X201 in duplicate. Pressure was 

applied to the feed reservoir using nitrogen at 60 bar. 

Permeability for each membrane was calculated by the 

following equation (1).  

Permeability (L/m2h. bar)  =
Flux(L/m2h)

Pressure (bar)
 

 

(𝟏) 

Permeability of UF, NF and RO membranes in the filtration 

of MSH1 cell suspensions  

MSH1 cell suspensions were prepared as previously 

described and diluted in AGW medium. UF XT, NF SB90, 

NF 90 were tested in triplicate and for the RO SB50 and RO 

X201 in duplicate. A volume of 600 mL of a MSH1 cell 

suspension of 106 cells/mL in AGW was applied to the 16-

single feed spider. During filtration, on average 10 feed 

samples (10 mL) were collected at regular time intervals and 

for each filter three effluent samples (1 to 5 mL). 

Analytical methods 

a. Ultra-Performance Liquid Chromatography (UPLC) 

b. DNA (deoxyribonucleic acid) extraction  

c. Real time quantitative PCR 

3. Results and Discussion 

Optimization of a flow cytometric method for live-dead 
cell enumeration of Aminobacter sp. MSH1 culture  

The experimental work performed in this thesis required and 

relied strongly on MSH1 cell enumeration and viability 

assessment during filtration sessions. Hence, a flow 

cytometric approach was developed for rapid and accurate 

enumeration of live and dead cells of MSH1 in effluent and 

MBR samples. Live and dead cells were separately 

enumerated by selective binding of two intercalating nucleic 

acid stains SYBR Green I and propidium iodide (PI). SYBR 

Green I binds to DNA of both live and dead cells, while PI 

binds only to DNA of dead cells since this molecule can only 

permeate damaged cell membranes. 

The bacterial cells were subjected to a heat shock at 60°C 

overnight, isopropyl alcohol 70% for one hour and overnight 

and to NaOCl.  

Live/dead staining with low (0.3 mM) and high (1.5 mM) PI 

concentration of the cells treated in different manners was 

analyzed with the flow cytometer. Different concentration 

solutions of PI were used to verify whether a higher PI 

concentration stained more efficiently but also whether this 

wouldn’t influence the state of the cell itself as PI is toxic to 

bacterial cells. 

The cells were suspended in 10 mM MgSO4, where they 

were growing in a stable and nutrient-abundant 

environment, having assured that an exponential growing 

culture was harvested and measured. It was then expected 

that the cluster resulting from this analysis corresponded to 

an alive bacterial cell cluster. Since the Aminobacter sp. 

MSH1 is a soil bacteria, a treatment with 60ºC was admitted 

to be very likely harmful for live cells. When analyzed the 

treatment where cells were incubated overnight, the 

resulting cluster was identified as a cluster of dead but intact 

cells. All following treatments were analyzed based on this 

treatment where coherent results were seen for all, and 

respectively for 1.5 mM PI staining. The amount of dead cells 

was however becoming lower, indicating a more 

disintegrating effect of the cells in each treatment. This effect 

was more clearly noticed on the NaOCl treatment, where the 

NaOCl registered less amount of cells than any other 

treatment. This oxidizing agent did not effectively stain the 

cells as a result of its destroying effect, leaving few DNA 

molecules to bind with the stain. Thereby, the heating 

treatment provided a sharp dead cell identification by its 

wider and well definite cluster, followed by the isopropanol 

treatments that despite thinner, also allowed a clear 

distinction of the dead cells cluster. 

Based on this study, a template was created for further 

MSH1 cell analysis in the flow cytometer, where gating for 

noise and live/dead cells are represented in figure 1. 
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Figure 1 Channels FL1 and FL3 for the signal detection of live 

(gated in green) and dead (gated in red) cells used as a template 

on further experiments. Noise gating in purple.  

Once determined and settled the gatings for the 

identification of dead and live cells, it was of great 

importance the effects of this stainings in the cells. Aiming to 

detect if a higher amount of dead cells would be detected if 

a higher concentrated PI stain was used, the two different 

stain concentrations 0.3 mM and 1.5 mM PI were applied to 

the different sets of cells. 

Based on previous observations, [15] the appliance of higher 

concentrations of PI stain on cells, showed to result in a 

fewer cell signal which was yet admitted that these cells 

were still alive (metabolically active), and such observations 

were due to an incipient membrane damage impeding the 

exclusion of the propidium dye. 

As previously mentioned, the amount of dead cells was 

compared for each concentration of PI stain applied. 

Analyzing the results it is seen that all cell disruption 

treatments with exception for the isopropanol overnight, 

registered higher amount of cells/µL, when used the 1.5 mM 

PI stain.    

A higher PI concentration resulted in a higher proportion of 

dead cells, being admitted to be due to PI toxicity. On a 0.3 

mM concentration the lower number of events, reveals that 

despite the number of cells in the dilution series, the dye is 

only staining previously dead cells, and not interfering with 

them by causing their death. Given the fact that 1.5 mM PI 

would be too toxic for bacterial cells influencing the accuracy 

of the measurement of dead cells in the analyzed samples, 

a concentration of 0.3 mM PI was preferred and used on all 

onwards performed experiments. 

Effect of different cell density filtrations using MF 
membranes for the retention of MSH1 cells  

On the setup 1 strategy for removing BAM from drinking 

water, MSH1 cells should be efficiently retained without 

affecting permeability of the membrane. As such MF 

membranes were chosen to test MSH1 cell retention. Three 

different microfiltration membranes: MF Supor, MF V0.2 and 

MF TM10, were tested for the retention of MSH1 cells. 

The used cell density variation (106 and 109 cells/mL) aimed 

to assess whether the retention capacity of the membrane 

was affected by different concentrations. 

Clear differences were observed for the time needed to filter 

100 mL of AGW with a certain MSH1 cell density. For 106 

cells/mL, the time needed to filter 100 mL was 46.7±6.1 sec 

(MF Supor), 42.5±3.5 sec (MF V0.2) and 5.9±7.1 min (MF 

TM10). For 109 cells/mL, the time needed to filter 100 mL 

was 19.7±1 min (MF Supor), 21.1±3.3 min (MF V0.2) and 

53.9±14.1 min (MF TM10). For a 106 cells/mL concentration, 

the average permeability was higher for MF Supor 

(3871.9±578 L/m²hbar) and MF V0.2 (4002.6±547 L/m²hbar) 

compared to the MF TM10 (45.7 ±7.2 L/m²hbar). Filtering a 

109 cell/mL solution, led to a decrease in permeability which 

was 72.4±4.2 L/m²hbar MF Supor, 47±7.1 L/m²hbar for MF 

V0.2 and 10.7±2.4 L/m²hbar to the MF TM10. 

The cells loss in the permeate when filtering a volume of 100 

mL with the MF Supor, MF V0.2 and MF TM10 is shown in 

Figure 2 for 106 cells/mL and Figure 3 for 109 cells/mL. 

 

Figure 2 Amount of cells lost in permeate during filtration of 100 mL 

of AGW with 106 cells/mL with MF Supor (green triangles), MF V0.2 

(blue dots) and MF TM10 (red squares). 

 

Figure 3 Amount of cells lost in permeate during filtration of 100 mL 

of AGW with 109 cells/mL with MF Supor (green triangles), MF V0.2 

(blue dots) and MF TM10 (red squares). 

When filtering 106 cells/mL, initial cells loss differed between 

MF membranes ranking from high to low: MF TM10, MF 

Supor and MF V0.2 with an average of 120.8±24.9 cells/µL, 

64.7±14.7 cells/µL and 47.5±11.0 cells/µL for the first 20 mL 

filtered. Steady state cell loss was 7.5±3.3 cells/µL, 4.0±2.3 

cells/µL and 4.0±1.7 cells/µL respectively. When filtering 109 

cells/mL, initial cells loss differed between MF membranes 

ranking from high to low: MF TM10, MF V0.2 and MF Supor 

with an average cell loss of 5258.2±2541.5 cells/µL, 

2717.4±361.6 cells/µL and 497.9±296.5 cells/µL for the first 

20 mL filtered. Steady state cell loss was 320.2±119.7 

cells/µL, 281.4±441.9 cells/µL and 18.6±12.3 cells/µL for MF 

TM 10, MF V0.2 and MF Supor respectively. 
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Filtrations of 106 cells/mL occurred at a pressure of 1 bar for 

MF Supor and MF V0.2, while MF TM10 was filtered at 5 bar. 

For 109 cells/mL a pressure of 2 bar, 3 bar and 5 bar was 

applied for MF Supor, MF V0.2 and MF TM10 respectively. 

Based on the effluent cell loss, total cell loss was estimated 

for all membranes at the two tested cell densities. At the low 

cell density, MF Supor, MF V0.2 and MF TM10 achieved 

98.9 ± 0.0 %, 98.9 ± 0.0 % and 99.3 ± 3.9 %  retention, 

respectively. At high cell density, MF Supor, MF V0.2 and 

MF TM10 achieved a retention of 99.9 ± 0.0 %, 99.8 ± 0.0 % 

and 100.0 ± 0.0 % , respectively. To calculate the retention 

capacity of the membrane for the steady state and based on 

the amount of lost cells/µL for the last sample permeate, the 

retention was estimated. The steady state retention at the 

low cell density, for MF Supor, MF V0.2 and MF TM10 

achieved was 99.9 ± 0.0 %,  99.8 ± 0.0 %  and 99.7 ± 0.0 % 

retention, respectively. At high cell density, it is estimated a 

complete retention for all membranes, since it was obtained 

an approximate retention of 100.0 ± 0.0 % , for all 

membranes. 

To determine whether MSH1 cells remain in the reactor 

volume instead of being embedded or attached in the MF 

membrane, the cells in the membrane were calculated 

based on the cell enumeration in effluent and MBR. The 

mass balance was as follows: Cells MBR Initial = Cells 

permeate + Cells membrane + Cells MBR Final. The 

calculated fraction of cells in the membrane was compared 

to the cells in the membrane enumerated by qPCR. 

The mass balance of the cells is then indicative of the cell 

distribution throughout the filtration, namely if they had a 

sinking behavior or remain in suspension during filtration. 

Negative values indicate that no cells were expected to be 

found in the membrane. 

Live/dead cell enumeration was executed to determine 

whether permeation of the membrane was mainly done 

between live or dead cells. 

For a cell density of 106 cells/mL an initial dead cell amount 

of 6.3±0.0%, 1.4±0.0% and 3.6±0.0% for MF Supor, MF V0.2 

and MF TM10 respectively, was measured, while the 

amount of dead cells from the total lost in permeate was 

22.9±20.6%, (MF Supor), 33.3±23.6% (MF V0.2) and 

14.9±11.0% (MF TM10) of the total amount of cells. 

For 109 cells/mL an initial dead cell amount of 1.1±0.0%, 

1.0±0.0% and 0.1±0.0% for MF Supor, MF V0.2 and MF 

TM10 respectively, was measured, while the amount of dead 

cells from the total lost in permeate was 16.2±26.4% (MF 

Supor), 4.5±2.2% (MF V0.2) and 4.3±1.7% (MF TM10) from 

the total amount of cells. It is then possible to verify whether 

a higher amount of dead cells was found in the permeate 

than in the feed. No significant difference when overlooking 

the ratio of live/dead cells was noted. 

Despite the favorable low proportion of dead cells verified, 

this short-term test does not reproduce the working time of 

a direct flow system combining cells and membranes, 

meaning that the follow-up of live/dead changes and 

metabolic activity should be done for a longer period of time. 

On the experiment using a concentration of 106 cells/mL, 

while MF TM10 permeability was 3x lower than the specified, 

MF V0.2 registered the opposite behavior when it was 

noticed 11x higher permeability than then the specified. 

However, with the concentration of 109 cells/mL, a decrease 

of 12x was registered for MF TM10 and of 7x for MF V0.2. It 

is then noticeable that the cells had an effect on the 

membranes. 

From all microfilters tested, the MF TM10 had the most 

accentuate loss of cells in the permeate, despite having also 

the lowest permeability, which confirmed the inexistence of 

fouling. Admitting a possible choice as the most suitable cell 

concentration, 106 cells/mL presented to be a good option 

for an efficient cell retention since similar extents of 

retentions were obtained for both 106 cells/mL and 109 

cells/mL, but the higher permeability on both MF Supor and 

MF V0.2 membranes allowed an advantage on the use of 

such cell concentration. 

Based on the results obtained, MF V0.2 seemed a suitable 

membrane for a future application on the setup 2 direct flow 

system since time, retention, permeability, and 

concentration all showed to be appropriate. MF Supor is 

equally pointed to be suitable since overall results showed 

similarity with MF V0.2 for the same parameters. 

Continuous bioaugmented membrane reactors for BAM 
removal from groundwater 

To test Setup 1 for long term BAM removal, three membrane 

bioreactors were continuously fed with AGW amended with 

0.2 µg/L and 10 µg/L BAM. Two MF membranes were 

tested: MF Supor and MF V0.2. 

1st long-term filtration 

 

Figure 4 Evolution of BAM concentration in the permeate 

throughout the extent of the first long term experiment using the MF 

Supor membrane. The dashed line corresponds to BAM 

concentration in the feed solution. 

 

Figure 5 Evolution of the concentration of living (blue) and dead 

(red) cells lost in the permeate throughout the experiment. Data 

points extrapolated by linear regression are marked as yellow 

triangles. 
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Figure 6 Cumulative curve of the total amount of living (blue) and 

dead (red) cells lost in the permeate throughout the experiment. 

Data points extrapolated by linear regression are marked as yellow 

triangles. 

In the first long term MBR experiment, the microfilter Supor 

was used to retain MSH1 cells in the MBR and was fed with 

AGW amended with 0.2 µg/L BAM. Upon inoculation of 4.1 ×

109 cells in the MBR, BAM removal was immediate under 

the norm of 0.1 µg/L (Figure 4Error! Reference source not 

found.) and remained under the norm for the whole duration 

of the experiment with an average removal efficiency of 

74.9%. For all sampling moments BAM concentration kept 

under the established norm with an average of 0.03±0.02 

µg/L.  

Cells loss in the permeate is shown in Figure 5. Until around 

the third day of operation, a high amount of cell loss was 

registered with 2.2 × 104 ± 5.5 × 103 cells/mL and once the 

steady state was reached, the amount of cell loss dropped 

to 4.2 × 103 ± 1.9 × 103  cells/mL. The total cumulative 

amount of live and dead cell loss through time is shown in 

Figure 6. A total amount of 2.3 × 108  live cells was 

estimated, while the total amount of dead cells was 9.4 ×

107. A total cell retention of 92.2% was achieved.   

The theoretical rate 1.3 × 10−4 µg BAM/min was found to be 

2x lower than the one measured at the beginning, of 2.5 ×

10−4  µg BAM/min. At the end of the experiment a lower 

degradation rate was measured of 2.14 × 10−4 µg BAM/min 

although, based on the suspended cell BAM degradation 

kinetics and on the amount of cells in the MBR, 2.51 × 10−3 

µg BAM/min was expected (91.44% lower measured rate). 

The specific degradation rate, at the beginning was 1.7x 

lower with 6.1 × 10−14 µg BAM/cell/min and by the end this 

even changed to 11.6x lower with 9.3 × 10−15  µg 

BAM/cell/min compared to specific degradation rates in 

suspended batch (1.1 × 10−13 µg BAM/cell/min) [16]. 

It was then possible to ‘keep track’ of the course of the cells 

since the moment they were introduced in the reactor until 

reaching the end of the experiment. With a total of 4.1 × 109 

cells introduced, 3.2 × 108 lost and 2.3 × 1010 accumulated, 

indicates a growth of 1.9 × 1010  cells, i.e., 78.3% growth 

percentage. 

2nd long-term filtration 

 

Figure 7 Evolution of BAM (blue dots) and DCBA (orange triangles) 

concentration in the permeate throughout the extent of the second 

long term experiment using the MF Supor membrane. The dashed 

line corresponds to BAM concentration in the feed solution. 

 

Figure 8 Evolution of the concentration of living (blue) and dead 

(red) cells lost in the permeate throughout the experiment. Data 

points extrapolated by linear regression are marked as yellow 

triangles. 

 

Figure 9 Cumulative curve of the total amount of living (blue) and 

dead (red) cells lost in the permeate throughout the experiment. 

Data points extrapolated by linear regression are marked as yellow 

triangles. 

Upon inoculation of 5.4 × 1010  cells in the MBR, BAM 

removal was not enough to reach the norm of 0.1 µg/L 

(Figure 7) with an average removal efficiency of 99.1%. 

DCBA formation was detected on the seventh day of the 

experiment, with a concentration of 4.4±0.5 µg/L. For all 

sampling moments the measured average BAM 

concentration was 0.09±0.07 µg/L, while the average DCBA 

concentration was 8.75±3.78 µg/L from the moment it was 

detected. Cells loss in the permeate is shown in Figure 8. Up 

to the third day of operation, a higher amount of cell loss was 

registered with 6.7 × 103 ± 3.2 × 103 cells/mL and an overall 

steady state cell loss was not noticed. 

The total cumulative amount of live and dead cell loss 

through time is shown in Figure 9. A total amount of 3.4 ×

108 live cells was estimated, while of the total amount of 

dead cells was 1.5 × 108. A total cell retention of 99.1% was 

achieved. 
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The theoretical rate 1.3 × 10−2 µg BAM/min was found to be 

in accordance with the one measured at the beginning, of 

1.07 × 10−2  µg BAM/min. At the end of the experiment a 

lower degradation rate was measured of 1.08 × 10−2  µg 

BAM/min although, based on suspended cell BAM 

degradation kinetics and the amount of cells in the MBR, 

6.4 × 10−1  µg BAM/min was expected (98.31% lower 

measured rate). 

The specific degradation rate, at the beginning was 25x 

lower with 2.0 × 10−13 µg BAM/cell/min and by the end this 

even changed to 58x lower with 8.4 × 10−14 µg BAM/cell/min 

compared to specific degradation rates in suspended batch 

(4.9 × 10−12 µg BAM/cell/min) [16]. The specific degradation 

rates for BAM were lower than expected and overall BAM 

removal rate was not sufficient to attain effluent 

concentrations of BAM below the norm, reason why the 

DCBA might have been formed. With a total of 5.4 × 1010 

cells introduced, 4.9 × 108 lost and 1.3 × 1011 accumulated, 

indicates a growth of 7.6 × 1010  cells, i.e., 28.9% growth 

percentage. 

3rd long-term filtration 

 

Figure 10 Evolution of BAM (blue dots) and DCBA (orange 

triangles) concentration in the permeate throughout the extent of the 

third long term experiment using the MF V0.2 membrane. The 

dashed line corresponds to BAM concentration in the feed solution. 

 

Figure 11 Evolution of the concentration of living (blue) and dead 

(red) cells lost in the permeate throughout the experiment. Data 

points extrapolated by linear regression are marked as yellow 

triangles. 

 

 

Figure 12 Cumulative curve of the total amount of living (blue) and 

dead (red) cells lost in the permeate throughout the experiment. 

Data points extrapolated by linear regression are marked as yellow 

triangles. 

Upon inoculation of 6.0 × 1010  cells in the MBR, BAM 

removal however never reached the norm of 0.1 µg/L (Figure 

10) with an overall average removal efficiency of 58.7%. 

Before the seventh and eighth day, BAM removal efficiency 

of 94% was noticed, but after a quick stabilization on these 

days, BAM concentration significantly increased and the 

removal efficiency dropped to 71.4%. DCBA formation was 

detected on the fourth day of the experiment at a 

concentration of 7.8±2.6 µg/L. For all sampling moments the 

measured average BAM concentration was 1.7±1.5 µg/L, 

while the average DCBA concentration was 7.7±1.0 µg/L 

from the moment it was detected. 

Cells loss in the permeate is shown in Figure 11. Until the 

first day a higher amount of cell loss was registered with 

1.9 × 104 ± 8.8 × 103 cells/mL and a steady state cell loss of 

5.4 × 103 ± 2.0 × 103 cells/mL. The total cumulative amount 

of live and dead cell loss through time is shown in Figure 12. 

A total amount of live cells was estimated of 6.1 × 108, while 

the total amount on dead cells was 1.9 × 108. A total cell 

retention of 98.5% was achieved. 

The theoretical rate 1.29 × 10−2 µg BAM/min was found to 

be in accordance with the one measured at the beginning, 

of 1.26× 10−2 µg BAM/min. At the end of the experiment an 

equal degradation rate was measured of 1.27 × 10−2  µg 

BAM/min although, based on suspended cell BAM 

degradation kinetics and the amount of cells in the MBR, 

2.46 × 10−2  µg BAM/min was expected (48.28% lower 

measured rate). The specific degradation rate, at the 

beginning was 21x lower with 2.35 × 10−13 µg BAM/cell/min 

and by the end this even changed to 50x lower with 9.87 ×

10−14  µg BAM/cell/min compared to specific degradation 

rates in suspended batch (4.93 × 10−12  µg BAM/cell/min) 

[16]. 

With a total of 6.0 × 1010 cells introduced, 8.1 × 108 lost and 

5.0 × 109  accumulated, indicates an amount of 5.4 × 1010 

missing cells, which was admitted to possibly be in the 

stirred cell remaining volume by the end of the long-term 

filtration, leading to analysis of the cell amount in this 

sample. It was found a total of 9.5 × 103 cells in suspension, 

from which it was concluded that the DNA extraction 

procedure on the membrane sample might have had an 

experimental problem. 

Once all long-term filtrations executed, it was mainly 

concluded that retention of BAM and DCBA were of big 

priority for an efficient drinking water production system. Its 

persistency throughout the second and third long-term 

filtrations were approached in two ways, where at first the 

amount of cells was interrogated as being the cause of this 

issue. However, high cell retention from the MF Supor and 

MF V0.2 were in accordance with the previous results on cell 

retention, with a higher than 90% range of retentions 

achieved. Since cell retention was effective, intrinsic aspects 

of the cells were seen as the most likely cause for the BAM 

and DCBA accumulation, which led to the verification of the 

degradation capacity of the cells and a significant lower 

value was detected. An apparent dormancy state was 
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admitted and thought to be an outcome of a not sufficient 

retention time of the micropollutant, leading them to interrupt 

their mineralization capacity or even losing it. This 

assumption was taken after the analysis of the volume 

remaining in the bioreactor, that confirmed respectively 

86.8% and 67.1% of live cells on the second and third long-

term filtrations. The first long-term filtration was not 

analyzed, due the BAM degradation efficacy. 

Retention of BAM and DCBA by UF, NF and RO 
membranes 

To meet our first objective i.e. finding a suitable membrane 

for the retention of BAM and its metabolite DCBA, several 

membranes were tested with different micropollutant 

concentrations. The ultrafiltration membrane UF XT, the 

nanofiltration membranes NF SB90 and NF90, and the 

reverse osmosis membranes RO SB50 and RO X201 were 

chosen based on pore size, intrinsic properties and 

suitability for drinking water production. BAM and DCBA 

possess a similar molecular weight, respectively, 190.03 

g/mol and 191.01 g/mol. Given their MWCO, UF membranes 

are unlikely to retain BAM and DCBA. Although NF and RO 

membranes (MWCO < 400 Da) are likely to retain these 

micropollutants, the unpredictable predisposition to fouling-

phenomena or concentration-polarization factors needed to 

be studied for its suitability to use in further applications, i.e. 

drinking water treatment. 

The retention efficiency of the filtration of AGW with 1 µg/L, 

10 µg/L, 1 mg/L BAM and 1 mg/L DCBA are shown in Figure 

13. Filtration experiments were performed twice for BAM 

(Exp 1 and Exp 2). It was observed that for 1 µg/L BAM (Exp 

1) for all membranes except for the RO X201, the permeate 

concentrations were higher than the feed concentrations. As 

such, it was hypothesized that sampling of the feed was 

done incorrectly and corrected in Exp 2, therefore only data 

of Exp 2 will be further described and discussed. 

Only one of the tested membranes showed significant BAM 

retention at all tested concentrations. At 1 and 10 µg/L BAM, 

approx. 30% of BAM was retained by the RO X201 and 

increased to 60% at 1 mg/L BAM. None the other NF 

membranes or RO SB50 showed BAM retention.  

Regarding the UF XT, some indication of BAM retention was 

observed for 1 and 10 µg/L BAM. However, likely BAM 

absorption was the main mechanism explaining retention. 

The UF XT is hydrophilic and composed of PES. Also 

hydrophilic is the micropollutant BAM, making it prone to 

interact with the PES polymer. 

DCBA retention was ranked from low to high: NF90 < NF 

SB90< RO X201< RO SB50. As such, DCBA was much 

better retained by the NF and RO membranes compared to 

BAM. Since DCBA possesses two extremely electronegative 

chlorine atoms, the retention on NF90 and RO X201 

membranes is seen as a cause from an interaction with this 

membrane constitution polymer, polyamide which 

possesses the strongest polar functional group, amide, 

resulting in a strong bonding and liberating formed hydrogen 

chloride. DCBA was also retained by cellulose acetate blend 

membranes, though cellulose is an uncharged compound, 

not polar due to its functional groups. The reported high BAM 

retention was then assumed to be associated with pH. 

According to the manufacturer specifications, RO SB50 has 

a working pH range of 4 – 7 (ideal for a pH 5.5), fact that is 

considered the reason for such high retention from this 

membrane. The pH specification is also 5.5 for the NF SB90 

and since they share the same polymer, the high retention 

was assumed to happen for the same reasons. 

 

Figure 13 BAM retention (orange bars) and permeability (blue dots) for different BAM and DCBA concentrations solutions, filtered 

through the indicated membranes. 
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Both 1 and 10 µg/L BAM were filtered with permeabilities of 

11.7±2.0 L/m² h bar and 9.6±2.2 L/m² h bar, respectively 

(Figure 13). However, at 1 mg/L BAM permeability was 

17.0±1.9 L/m²hbar and at 1 mg/L DCBA 5.4±1.4 L/m²hbar. 

The higher permeability at 1 mg/L BAM is explained by the 

apparent correlation with the UF phenomena of absorption, 

that leads to micropollutant accumulation until a saturation 

point is reached. This test registered the lower value in 

retention, 9±5% that is possibly explained by a quicker reach 

of saturation at higher concentrations, leading to the higher 

permeability of the membrane. The same apparent 

absorption phenomenon was noticed for DCBA, but a lower 

permeability was obtained at 1mg/L DCBA. This might be 

explained by the formation of hydrogen-hydrogen bonds 

between DCBA molecules and since polyethersulfone is a 

non-polar molecule, hydrophobic interactions are 

established, and saturation occurs. Such behavior has been 

reported in previous studies and it is related with fouling, 

which was seen as a possible cause for the lower 

permeability detected (Zhao, et al., 2013). 

The permeability of both tested nanofilters (NF90 and NF 

SB90) for the different BAM concentrations and DCBA are 

shown in Figure 13. When comparing NF90 with NF SB90, 

the permeability of the NF SB90 is generally lower, varying 

between 0.4±0.2 L/m²hbar and 1.9±0.3 L/m²hbar, while the 

NF 90 varied between 3.6±0.2 L/m²hbar and 4.3±0.7 

L/m²hbar. This is due to possible fouling on the NF SB90 

membrane. The permeability of the NF SB90 membrane 

was lowest for 1 mg/L BAM and 1 mg/L DCBA, compared to 

the 1 and 10 µg/L BAM, while for the NF 90 permeability 

remained practically unchanged for all concentrations. 

Permeability of the tested RO membranes (RO X201 and 

RO SB50) for the different BAM and DCBA concentrations 

are shown in Figure 13. No apparent difference in 

permeability was noted between the two RO membranes. 

The permeability of RO SB50 ranged from 0.2±0.1 L/m²hbar 

to 2.8±0.5 L/m²hbar and of that of RO X201 ranged from 

1.1±0.1 L/m²hbar to 2.7±1.5 L/m²hbar. For the RO X201 

membrane, permeability was highest for 1 µg/L BAM, and 

remained stable for 10 µg/L and 1 mg/L BAM and 1 mg/L 

DCBA. For the RO SB50 membrane, permeability was 

highest for 1 mg/L BAM and lowest for 1 mg/L DCBA. 

Throughout the results analysis, it is seen that no perfect 

solution can stand out, but relating retention and 

permeability, some membranes are more likely suitable for 

BAM and DCBA retention. A membrane satisfying this 

criterion would be the RO X201. Variations in concentration 

did not seem to have a significant effect on permeability, as 

this was observed for all NF and RO tested (Figure 13). 

Exemplifying for a 1 µg/L BAM and 0.2 µg/L BAM with a 40% 

retention, the attainment of 1.3±0.5 µg/L consequently, 

leads to the drinking water norm still not being respected, 

reaffirming the need of combining the membrane technology 

with bioaugmentation. 

Since no membrane retained DCBA until a value below the 

norm, bioaugmentation was necessary for the achievement 

of a drinkable water. Once known that RO X201 retains 

BAM, and registering 89% retention for DCBA, this 

membrane would have the capacity to retain both. 

Effect of MSH1 Cells on the permeability of UF, NF and 
RO membranes 

It was proposed that one of the setups to remove BAM from 

drinking water would combine BAM retained by a UF, NF or 

RO membrane with MSH1 cells degrading BAM 

simultaneously. However, as UF, NF and RO are prone to 

fouling by e.g. bacterial growth, effects of MSH1 cells on 

membrane permeability had to be tested. This 

complementary test used a MSH1 cell suspension of 106 

cells/mL, that was filtered using the UF XT, NF SB90, NF90, 

RO SB50 and RO X201. Permeability is represented in 

Figure 14. 

 

Figure 14 Permeability values obtained from the filtration of 106 

cells/mL media for ultrafiltration, nanofiltration and reverse osmosis 

membranes. 

Since the RO X201 had the best retention performance on 

the previous tests and its permeability values when filtering 

MSH1 cell suspensions matched the range of permeabilities 

obtained in the BAM and DCBA filtration tests, it can be 

concluded that apparently the presence of the cells does not 

present a negative effect on the filtration, making this 

membrane, making it suitable to be used for BAM, DCBA 

and cell retention. 

4. Conclusions and Future Work 

Our objective was to develop an efficient biological treatment 

for the removal of the micropollutant BAM from groundwater 

as an alternative to the currently used physico-chemical 

treatments in drinking water production. 

In a first setup (Setup 1), three different microfilters where, 

MF Supor and MF V0.2 showed efficient retention of MSH1 

while no effect on permeability was observed. Lower cell 

densities registered a higher loss of cells once the system 

reached a steady state (< 0.5% loss), while higher cell 

densities showed a lesser amount of cell loss (< 0.05%). Cell 

viability was also monitored and it was verified that a major 

part of the cells remained alive for both concentrations 

tested. 

In continuously fed MBRs, BAM degradation was immediate 

upon starting the MBR at both 0.2 and 10 µg/L BAM and 

produced water under the EU norm of 0.1 µg/L. However, 

BAM and DCBA concentrations increased in the permeate 

stream. Likely, part of the MSH1 cells are no longer viable or 

are in a dormant state and, as such, are no longer degrading 
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BAM, leading to the increasing of BAM concentration. 

However, in case of DCBA accumulation, the genes e.g. 

bbdB needed for BAM mineralization were still present. It is 

believed that the enzymes responsible for BAM 

mineralization, which are plenty in the MSH1 cells upon 

inoculation, were not replaced under the tested oligotrophic 

conditions and a net loss of these enzymes occurred.  

UF, NF and RO membranes were tested for the retention of 

BAM and DCBA at different concentrations. The RO 

membrane X201 showed a BAM retention of 38±21%, 

25±11%, and 63±10% for 1 µg/L, 10 µg/L and 1 mg/L. All 

other membranes couldn’t retain BAM at any of the tested 

concentrations. 

Permeability was also measured to demonstrate the ‘ease’ 

of filtration having the RO X201, a stable permeability 

throughout the entire range of concentrations tested. 

As a next step, long-term tests shall take place starting by 

the fundamental viability and functionality of the cells and a 

pilot-scale tangential flow system must be tested to conclude 

on important aspects such as organic carbon sources 

available and presence of microorganism competition. 
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