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Biological Oxygen-dosed Activated Carbon (BODAC) filters – A bioprocess 
for ultrapure water production removing organics, nutrients 
and micropollutants 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• BODAC filters were operated for 11 
years without carbon regeneration or 
replacement. 

• In 2 years monitoring, BODAC filters 
removed soluble organics, nitrogen 
species, and manganese. 

• BODAC filters removed some organic 
micropollutants with high efficiency 
(≥70 %). 

• BODAC granules were covered by bio-
film and inorganic depositions rich in 
Mn, Ca, and Fe. 

• BODAC activity connected to nitrifying 
and manganese-oxidizing bacteria in the 
granule biofilms.  
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A B S T R A C T   

Biological oxygen-dosed activated carbon (BODAC) filters in an Ultrapure water plant were demonstrated to 
have the potential to further treat secondary wastewater treatment effluent. The BODAC filters were operated for 
11 years without carbon regeneration or replacement, while still functioning as pre-treatment step to reverse 
osmosis (RO) membranes by actively removing organic micropollutants (OMPs) and foulants. In this study, the 
removal of nutrients and 13 OMPs from secondary wastewater treatment effluent was investigated for 2 years 
and simultaneously, the granules’ characterization and microbial community analysis were conducted to gain 
insights behind the stable long-term operation of the BODAC filters. The results showed that the BODAC gran-
ules’ surface area was reduced by ~70 % of what is in virgin carbon granules and covered by biofilm and 
inorganic depositions. The BODAC filters reduced the concentration of soluble organics, mainly proteins, per-
formed as an effective nitrification system, and almost completely removed manganese. During the 2 years of 
observation, the filters consistently removed some OMPs such as hydrochlorothiazide, metoprolol, sotalol, and 
trimethoprim by at least 70 %. Finally, through microbial community analysis, we found that nitrifying and 
manganese-oxidizing bacteria were detected in high relative abundance on BODAC granules, supporting BODAC 
performance in removing OMPs and manganese as well as converting nitrogenous species in the water.  
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1. Introduction 

Water reuse from the effluent of wastewater treatment plants 
(WWTPs) has been increasingly discussed, and several advanced tech-
nologies have been developed for this purpose [1]. The Ultrapure water 
(UPW) factory in Emmen, the Netherlands (NL), is a successful example 
of a wastewater reuse technology where the secondary effluent of a 
nearby WWTP is treated into UPW with low conductivity (<0.2 µS/cm), 
which is used for steam injection in an oil extraction process [2]. The 
UPW factory implements a number of consecutive water treatment 
steps, namely drum sieves, ultrafiltration (UF) membranes, a series of 
Biological Oxygen-dosed Activated Carbon (BODAC) filters, Reverse 
Osmosis (RO) membranes, and electro-deionization units (EDI) [2] as 
depicted in Fig. 1. The presence of organics, e.g., biopolymers and humic 
substances, and other contaminants in WWTPs secondary effluents can 
lead to (bio)fouling of the RO membranes [3,4]. 

Normally, depending on the quality of the water source and the 
potential foulants present, pre-treatment(s) is applied before RO mem-
branes to prevent (bio)fouling [5,6]. UF pre-treatment is usually applied 
to remove particles, microorganisms, and organic matter [7]. However, 
UF alone is not economically viable for its cleaning and maintenance 
needs, and because it does not remove the smaller and soluble organic 
matter molecules, which often cause biofouling of RO units [8]. Bio-
logical activated carbon (BAC) filtration applied as RO pre-treatment 
effectively reduces concentration of potential foulants [4]. However, 
this pretreatment is often not able to remove organics (i.e., soluble 
extracellular polymeric substances (sEPS) and humic-like substances) 
from secondary WWTP effluents which are highly resistant to further 
biodegradation [9]. BODAC filters are BAC reactors where oxygen at a 
high concentration is dosed regularly to keep an oxic condition along the 
filters’ height. Regular oxygen dosing has the aim of avoiding oxygen 
deprivation, which could cause biomass decay and stimulate microbial 
kinetics, and therefore the breakdown of recalcitrant organics [10,11]. 

In the UPW plant, BODAC filters were installed together with UF as a 
pre-treatment line to prevent (bio)fouling in the RO units [12]. As a result, 
after more than 11 years of operation of the UPW factory, the original RO 
units were still in operation and never subjected to major fouling issues 
[13]. The hypothesis is that the application of combined UF and BODAC 
filters as a pre-treatment likely led to the removal of the whole range of 
(bio)fouling precursors, limiting their accumulation and/or microbial 
growth on the RO membranes [12]. During this period, the BODAC filters 
has the potential for removing organic micropollutants (OMPs) from the 
treated WWTP effluent to a great extent (up to 99 %) [13]. Removal of 
OMPs by BODAC is of importance because WWTP effluents are consid-
ered as major source of OMPs in the environment [14,15] and the efficient 
removal of OMPs in WWTP effluents is commonly thought of as the 
bottleneck in most wastewater reclamation projects [16]. 

The removal of organics, nutrients, and OMPs by conventional BAC 
granules is usually achieved by a combination of adsorption and the 

activity of the biofilm growing on the carbon surface [17], the latter 
contributing to the so-called carbon bio-regeneration by metabolizing 
the adsorbed compounds [18]. The increased availability of dissolved 
oxygen in BODAC filters can also stimulate such bio-regeneration, as 
previously shown in conventional BAC filters [19]. At the time of the last 
sampling for this investigation, BODAC filters have been in operation for 
11 years without ex-situ regeneration or carbon replacement [2,13], 
exceeding the typical carbon service life in BAC systems, which ranges 
from six months to five years depending on the organic loading rate [17, 
20,21]. This average service life is mainly for BAC used in drinking 
water treatment plants, where lower organic loading rate, but stricter 
regulations apply compared to wastewater reclamation plants [1]. The 
extended carbon life, together with the efficient removal of biofouling 
precursors and OMPs, makes the BODAC process attractive not only in 
the context of UPW production, but also in other wastewater treatment 
and drinking water production applications. 

For this reason, in this work, we investigated the performances of the 
BODAC filters for 2 years, focusing on the granules’ physical and 
chemical characteristics, biofilm characterization, and the process per-
formances in terms of organics, nutrients, and OMPs removal from 
wastewater secondary effluent, with the aim to evaluate holistically this 
unique full-scale scenario. This is the first study presenting a multidis-
ciplinary and comprehensive insight of the BODAC filters, laying the 
foundation for a deeper understanding of the process for its application 
as an innovative water treatment approach. 

2. Materials and methods 

2.1. BODAC filters operation line 

The UPW factory, where BODAC filters are in operation (Fig. 1), 
receives water from the secondary effluent from the nearby WWTP in 
Emmen, NL. The treatments in the WWTP consists of grit screening, sand 
removal, pre-settling tank, anaerobic tank, anoxic treatment (de-nitri-
fication), oxic lagoons, and finally secondary clarifier. The secondary 
effluent then enters the UPW factory and passes first through a drum 
sieve (1 mm) and then a sub-immerged hollow fiber UF (pore size 
0.04 µm), operated at a net flux 28 L m-2 h-1. The membranes are 
backflushed every 6 min and the concentrate is drained twice a day. 

The BODAC full-scale setup is comprised of 2 consecutive filters, 
BODAC 1 and 2 (Fig. 1). The influent of BODAC 1 comprised UF 
permeate of the previous step, while BODAC 2 influent consisted of the 
effluent of BODAC 1. The empty bed contact time (EBCT) of BODAC 1 
and 2 are 16 and 32 min, respectively [13]. The filtration rate through 
the BODAC 1 and 2 filters are 10 and 5 m h-1, respectively, and both 
filters were operated aerobically by regular dosing of pure oxygen at 
their influent [13]. During the monitoring period, the oxygen concen-
trations in the influent and effluent of BODAC 1 were 10–23 mg L-1 and 
7–9 mg L-1, respectively. The oxygen concentrations in the influent and 

Fig. 1. Schematic overview of the water treatment line at Ultrapure water (UPW) factory, located in Emmen (NL). DS: Drum sieve, UF: Ultrafiltration, BODAC: 
Biological oxygen-dosed activated carbon, RO: Reverse osmosis, EDI: Electrodeionization, and WWTP: Wastewater treatment plant. 
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effluent BODAC 2 were 10–13 mg L-1, and 5–8 mg L-1, respectively. The 
amount of oxygen dosed was adjusted automatically via feedback con-
trol instrument based on the oxygen concentration in the BODAC 
effluent (i.e., around 6–8 mg L-1). A higher oxygen concentration was 
dosed when a higher ammonia concentration was detected in the 
influent [22]. 

Periodical backwashing with air and water was applied on both 
BODAC filters depending on season or the volume of treated water to 
decrease pressure build-up due to the accumulation of (bio)solids and 
avoid excess biofilm growth, without detrimental effects on perfor-
mances [13]. During the sampling period, backwashing was set based on 
the volume of water treated. In summer, the backwashing was set every 
36 × 103 m3 of water treated, corresponding to a frequency of 2 days for 
BODAC 1 and 11 days for BODAC 2. In winter, every 55 × 103 m3 of 
water treated, backwashing was set every 3 days for BODAC 1 and every 
17 days for BODAC 2. Maximum differential pressure of both filters may 
not exceed 2.5 mH2O (normally not achieved prior to backwashing). 
The water used for backwashing was the effluent of BODAC 2. 

2.2. Sampling campaign 

A two-year sampling campaign was started from September 2019 
until September 2021. The interval between each sampling date was 
three months, for a total of nine sampling sessions. Granule samples 
(100 g wet weight) were obtained before and after backwashing from 
the top of the BODAC filters, and these samples will be referred to as 
whole (WG) and backwashed granules (BG), respectively. Backwash 
water samples (1 L) containing detached biofilms were also collected 
from the top of the filters within the first five minutes after the back-
washing started. These samples will be referred to as detached biofilms 
(DB) samples. Water samples (500 mL), including UF permeate, BODAC 
1 effluent, and BODAC 2 effluent, were collected from dedicated sam-
pling ports. All samples were collected in acid-washed LDPE bottles, 
transported to the lab in a cooling box, and stored in the fridge (4 
± 2 ◦C). Both water and DB samples were analyzed within 48 h for 
chemical analyses and microscopy. Granule samples used for molecular 
analysis were stored at –20 ◦C until further processing. 

2.3. Granule samples characterization 

WG and BG samples from BODAC 1 and 2 were analyzed for their 
morphological, textural, and chemical characteristics. The virgin gran-
ular activated carbon (VGAC) used in the plant, Norit 830P (Cabot, NL), 
was used as baseline comparison. 

2.3.1. Brunauer-Emmet-Teller (BET) analysis 
The surface area and porosity of granules (0.5 g for each measure-

ment) were analyzed via BET following the protocol described previ-
ously [23], with initial degassing carried out at 105 ◦C for ~18 h. 
BET-specific surface area (BETSSA) was determined using the BET 
model [24]. The non-linear density functional theory (NLDFT) was also 
applied to determine pore area, pore volume, and pore size distribution 
[25]. A two-way ANOVA was performed to analyze the effect of different 
sampling years and backwashing on surface area and porosity of granule 
samples from BODAC 1 or 2. 

2.3.2. Scanning electron microscopy (SEM) and energy dispersive X-ray 
spectroscopy (EDX) 

SEM sample preparation was carried out following the protocol 
described elsewhere [26], with fixation in 2.5 % glutaraldehyde and 
drying at 55 ◦C. Dried 5 granules for each type of sample were coated 
with gold and observed with SEM (JEOL-6480LV) at an operating 
voltage of 6 kV. The images were processed using JEOL SEM Control 
User Interface software (version 7.07). Identification and quantification 
of relevant chemical elements on 5 granules surface for each type of 
sample were carried out with energy dispersive X-ray detector x-act 

SSD-EDX (Oxford Instruments, UK) coupled with the SEM imaging at an 
acceleration voltage of 15 kV. The percentage of individual elements 
(aluminum (Al), calcium (Ca), carbon (C), copper (Cu), iron (Fe), 
magnesium (Mg), manganese (Mn), oxygen (O), phosphorus (P), po-
tassium (K), silicon (Si), sodium (Na), sulfur (S), and zinc (Zn)) were 
calculated using AZtecOne (version 2.2) (Oxford Instruments, UK). 

2.3.3. Inductively coupled plasma optical emission spectroscopy (ICP-OES) 
Elemental analysis of the WG and BG samples was carried out using 

microwave-assisted acid digestion and ICP-OES. The elements measured 
were Al, Ca, Fe, K, Mg, Mn, Na, and Zn. The samples were dried at 
105 ◦C prior to the analysis. Around 0.5 g dry weight of granules were 
put in a Teflon tube with 10 mL 69 % HNO3. The acidified samples were 
liquefied under pressure (100 bar) for 1 h at 200 ◦C using the Ethos Easy 
Microwave digestion platform (Milestone Srl, IT). The digested samples 
were diluted to 2 % HNO3 and 2.5 mL of the diluted sample was 
analyzed with an Optima 5300 DV ICP-OES (Perkin Elmer, US) with 
argon as the carrier gas. An internal standard of yttrium (Y) (Fluka, CH) 
was used. The whole analysis was conducted thrice for each type of 
sample (WG and BG). 

2.3.4. Extracellular polymeric substances (EPS) staining and microscopy 
EPS staining on ~100 µL of DB samples was carried out by applying 

20 µL of either 0.1 % crystal violet (targeting the EPS macromolecules) 
[27] or 0.01 % alcian blue (targeting the acidic polysaccharides portion) 
[28]. Both stained and unstained samples were observed under a DM750 
microscope (Leica, DE). The microscopy images were acquired using 
Leica LAS-X (version 4.12) software. The procedure was applied on 5 
replicates per sample. 

2.3.5. Microbial community analysis 
WG samples from BODAC 1 and 2 were used for microbial commu-

nity analysis based on 16S rRNA gene amplicon sequencing (NGS) 
analysis. Before DNA extraction, granules were washed with PBS (1x, pH 
8.0). The DNA extraction was carried out with the FastDNA™ Spin kit 
for soil (MP Biomedicals, US) following the manufacturer’s instructions. 
The extracted DNA was quantified using fluorescence spectroscopy 
(QuantiFluor dsDNA system and Quantus™ Fluorometer (Promega, 
US)). The V4-V5 region of the 16S rRNA gene of bacteria and archaea 
was amplified using PCR primers 515F [29] and 926R [30]. Amplicon 
sequencing was performed at MrDNAlab (Shallowater, US) on a MiSeq 
(Illumina, US) with 2 × 300 bp (V3) paired-end sequencing. Sequence 
data were processed for quality check with QIIME2 (v. 2019.10) [31], 
where DADA2 [32] was used for error-correction and inference of exact 
amplicon sequence variants (ASVs). For the taxonomic classification of 
ASVs, reference sequences of SILVA v.138 database were used [33]. 
Sequencing data were deposited in the European Nucleotide Archive 
under the project number PRJEB60068. 

2.4. Analysis of water samples 

2.4.1. Organics, inorganics, and ions determination 
To determine the organic and inorganic content in both total and 

soluble fractions of water samples, chemical oxygen demand (COD), 
total nitrogen (TN), total and dissolved organic carbon (TOC and DOC, 
respectively), and proteins measurement were carried out. The soluble 
fraction was obtained by filtering samples with a 0.45 µm PFTE filter. 
COD and TN were determined using Hach Lange cuvette tests (Hach 
Lange, US): LCK 1414 or LCK 314 for COD and LCK 138 for TN, 
following the manufacturer’s instructions. The sample volume required 
for each replicate measurement for COD and TN was 2 and 1.3mL, 
respectively. TOC – DOC were measured simultaneously using a Shi-
madzu TOC-L (Shimadzu, JP) with injection volume of 100 µL. Proteins 
measurement was carried out using Bicinchoninic acid (BCA) protein 
assay kit (ThermoScientific, US) with bovine serum albumin as standard. 
Cations and anions were determined in the soluble fraction of the water 
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samples. Cations (NH4
+, Ca2+, Na+, K+, and Mg2+) were measured with 

ion chromatography (IC) (Compact IC Flex 881 and Compact IC Flex 930 
(Metrohm AG, CH)) equipped with a Metrosep C4 – 150/4.0 mm column 
(Metrohm AG) and 3 mM nitric acid as the mobile phase. Anions (Cl-, 
SO4

2-, NO2
- , NO3

- , and PO4
3-) were measured with Ion Chromatograph 

Compact IC 761 (Metrohm AG) using a Metrosep A Supp 5, 150/4.0 mm 
column. The first mobile phase consisted of 3.2 mM sodium carbonate, 
1 mM sodium bicarbonate, and 1 % (v/v) acetone. The second mobile 
phase consisted of 0.5 mM orthophosphoric acid and 1 % (v/v) acetone. 
The injection volumes of the sample for cation and anion measurement 
were 100 µL and 20 µL, respectively. Other trace metals (Al, Mn, Fe, and 
Zn) were measured on unfiltered samples using ICP-OES after addition 
of HNO3 (2 % final concentration in solution). Calibration curves for IC 
and ICP-OES were determined as described in Supplementary 
Information. 

2.4.2. OMPs analysis via liquid chromatography mass-spectrometry 
tandem mass-spectrometry (LC–MS/MS) 

The concentration of thirteen OMPs of interest in the process water 
samples was monitored during the 2-year period, namely: atenolol 
(ATE), carbamazepine (CAR), clarithromycin (CLA), diclofenac (DIC), 
gabapentin (GAB), hydrochlorothiazide (HYD), irbesartan (IRB), lido-
caine (LID), metoprolol (MET), propranolol (PRO), sotalol (SOT), and 
trimethoprim (TRI) and benzotriazole (BEN). The OMPs measurement 
was carried out using LC-MS/MS 6420 Triple Quad Mass Spectrometer 
(Agilent, US) equipped with a UHPLC guard Zorbax Eclipse Plus C18 
1.8 µm, 2.1 × 5 mm as pre-column and Zorbax Eclipse Plus C18 RRHD 
1.8 µm, 50 × 2.1 mm as the column (Agilent). A gradient of 10 mM 
ammonia, 10.4 mM formic acid, and 0.04 mM oxalic acid eluent A, and 
acetonitrile as eluent B was used. The sample volume injected was 5 µL. 
The OMP concentration was determined by using a standard calibration 
curve for each OMP, within concentration range of 0–67.2 µg L-1. In-
ternal standards of atenolol-D7 (18 µg L-1), ciprofloxacin-D8 (32 µg L-1), 
dihydrocarbamazepine (30 µg L-1), fenoprofen (37 µg L-1), and 
trimethoprim-D9 (32 µg L-1) were used. Detailed information regarding 
physicochemical property, ionization method, precursor and product 
ions, time segment, and detection limit for each OMP from the analysis 
are provided in Tables S1, S2, and S3 of Supplementary Information. 

3. Results and discussion 

3.1. BODAC granules morphology and textural properties 

As expected from the granule samples’ age (between 9 and 11 years), 
BETSSA of BODAC 1 and 2 WG sampled between 2019 and 2021 was 
reduced by around 70 % compared to VGAC (Fig. 2A), indicating that 
less surface area was available for adsorption in aged granules. The 
BETSSA of aged granules differed significantly among the sampling years 
for BODAC 1 (F2,12 = 7.73, p = 0.007) and BODAC 2 (F2,11 = 29.65, 
p < 0.001) (Fig. 2A), and fluctuated between 275 and 350 m2/g in 
BODAC 1 and between 110 and 270 m2/g in BODAC 2 during the 
monitoring period, i.e., showing a relative stability within this range. 
Additionally, while a minor positive influence of backwashing was 
observed for BETSSA of BODAC 1 (F1,12 = 32.09, p < 0.001), back-
washing was unable to restore BETSSA to a level comparable to VGAC 
(Fig. 2A). The WG surface characteristics were investigated via SEM 
analysis by comparing with the VGAC (Fig. S1A and B) with BODAC 1 
and 2 samples (Fig. 2B), where thick biofilms and different cells were 
visible, together with inorganic deposits. After backwashing, substantial 
biofilms and inorganic deposits were still visible on both BODAC 1 and 2 
granules, but to a lesser extent than on WGs (Fig. S1C and D). Biofilms 
growing on top of the WGs were further characterized from DB samples 
using specific staining for EPS, showing a complex matrix rich in acidic 
polysaccharides with some black inorganic particles (Fig. 2C). The 
inorganic deposits visualized via SEM and their concentrations were 
quantified via ICP-OES and SEM-EDX for both WG and BG for BODAC 1 

and 2, highlighting the accumulation of different metals (Fig. 3 and 
Table S4 and S5). 

The ICP-OES analysis (Fig. 3A) showed that manganese (Mn) was 
accumulated on BODAC 1 WGs (Fig. 3A, in grey), while its amount on 
BGs was significantly lower (p < 0.05) (Fig. 3A, in white). This sug-
gested that Mn was included within biofilms, which was supported by 
optical microscopy analysis (Fig. 2C, black deposits), and that Mn was 
thus mostly removed during backwashing. The decrease of Mn after 
backwashing was also observed based on EDX analysis (Fig. 3B). A lower 
accumulation of Mn was observed on BODAC 2 WGs (p < 0.05), which 
was also removed during backwashing (Fig. 3A). Mn removal in BAC 
systems is likely connected with the activity of manganese oxidizing 
bacteria (MOB) which convert Mn (II) to insoluble manganese oxides 
(MnOx) on the granules’ surface [34]. In such systems, most of the 
precipitated MnOx will be then washed out together with the biofilm 
during backwashing [35]. 

Elemental analysis via ICP-OES also indicated an accumulation of Ca 
and Fe, but likely due to adsorption into the BODAC granules since 
backwashing hardly removed them from the samples (Fig. 3A). Accu-
mulation of metals, e.g., Ca and Fe, on GAC have been frequently 
observed [36], and backwashing did not lead to the removal of these 
metals from BAC [37]. Ca was commonly deposited as calcium car-
bonate (CaCO3) [36] or as a complex with humic substances [38]. 
Deposition of CaCO3 or Ca-humics complexes in the pores of GAC might 
contribute to their lower BETSSA compared to VGAC (Fig. 2A). EDX 
analysis showed a small accumulation of Ca and Fe on the surface of the 
WG and BG samples (Fig. 3B), and due to the limited penetration depth 
of this technique (~ 5–10 µm, depending on the power of the primary 
electron beam), this result further suggested such accumulation took 
place in the pores rather than on the outermost surface. 

3.2. Process performance of BODAC filters 

3.2.1. Soluble organic compounds were still removed in BODAC filters after 
11 years of operation 

The organic content of the BODAC filter influent was constituted by 
soluble molecules, most of which were identified as proteins (Fig. S2A 
and B). The DOC to sCOD (DOC:sCOD) ratio in BODAC 1 and 2 influents 
during the monitoring period typically ranged from 0.4 to 0.5:1, except 
in December 2019 and March 2020, where the DOC:sCOD ratio was 1:1. 
During the 2 years of monitoring, around 10–45 % of the organics were 
removed by BODAC 1 and 2 (Fig. 4). Concentrations and removal of both 
sCOD and soluble proteins showed almost identical patterns, suggesting 
that the organic materials removed in the BODAC filters primarily 
consisted of proteins (Fig. S2). BAC systems were reported to perform 
better at removing proteins from water compared to GAC due to 
biodegradation [4]. As often detected in secondary wastewater efflu-
ents, the residual sCOD can be composed of non-biodegradable soluble 
organic matter, which could not be further oxidized by the BODAC 
biofilms [39]. Among these, humic acids often constitute the majority of 
the organic fraction in secondary effluents, which can cause membrane 
fouling when not removed from the water stream [40]. 

At the start of the BODAC filters operation (in 2011), the COD rapidly 
decreased from 99 % to 50 % in the first 100 days of operation, most 
likely due to adsorption. In the period between 100 to 200 days, the 
removal decreased from 50 % to 30 %, and after 200 days of operation, 
the removal fluctuated between 10 % and 30 % [13], suggesting the 
switch from adsorption to biodegradation as dominant removal mech-
anism. These results are in line with the three phases of organics removal 
described for BAC processes: (i) adsorption only; (ii) transition from 
adsorption to biodegradation; (iii) stationary phase, when oxidative 
biodegradation by the biofilms prevails and organics removal range is 
10–40 % [17]. Therefore, the current BODAC filters had reached their 
stationary phase but were still removing biofouling precursors and no 
significant fouling issues were reported [13], and were actively 
removing OMPs for 11 years. The BODAC service life was 2–3 times 
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longer compared to other BAC filters, which no longer produced the 
desired water quality after 3–5 years of operation and required regen-
eration [41]. Backwashing led to a lower removal of organic compounds 
in BODAC 1 (Fig. S3), but the total removal after treatment using 
BODAC 1 and 2 remained the same. Previously, other researchers also 
observed lower degradation of organics after backwashing due to the 
removal of the loosely-bound fraction of the biofilm, but the removal 
capacity could recover over time as the biofilm also recovered [42]. 

3.2.2. Nitrification and manganese removal consistently took place in 
BODAC filters 

In the BODAC influent, the total nitrogen was comprised of different 
species, namely ammonium (NH4

+), nitrite (NO2
- ), nitrate (NO3

- ), and 
organic nitrogen (Fig. 5). After treatment in BODAC 1 and 2, the total 
nitrogen remained the same as in the influent, i.e., no net uptake of 
nitrogen, but all NH4

+ and NO2
- were converted to NO3

- , showing com-
plete nitrification of the 2 years oxidizable nitrogen species in BODAC 1 
(Fig. 5). Interestingly, further nitrification took place in BODAC 2, 
possibly due to in-situ conversion of organic nitrogen, i.e., proteins to 
ammonium, which is then used as a substrate in the nitrification process. 
Regardless of its initial concentration in the BODAC 1 influent, NH4

+ was 

fully oxidized in this filter. The average NH4
+ in the BODAC 1 influent 

was around 2–5 mg L-1, and theoretically, it required 9.2–25 mg L-1 

oxygen to fully oxidize it (4.57 g O2/g NH4-N) [43]. This would then 
suggest that the oxygen dosing could have been beneficial for the 
nitrification process in the BODAC filter. Biological nitrification is 
commonly observed in BAC filters [44,45]. It comprises of three re-
actions: (i) conversion of NH4

+ to hydroxylamine catalyzed by ammonia 
monooxygenase (AMO); (ii) conversion of hydroxylamine to NO2

- by 
hydroxylamine oxidase (HAO); (iii) conversion of NO2

- to NO3
- by nitrate 

oxidoreductase (NXR) [46]. Details of biological nitrification reactions 
are schematized in Fig. S4. 

As observed for NH4
+ and NO2

- , Mn was also consistently removed 
completely from the influent after treatment with BODAC filters, 
regardless of the initial concentration and season (Table 1). In most 
cases analyzed, almost complete removal of Mn took place already in 
BODAC 1, with very low concentrations reaching BODAC 2. The 
removal of Mn from the influent water by BODAC 1 connects with the 
high Mn retention observed within these granules (Fig. 3, Tables S4 and 
S5). A lower removal of Mn in BODAC 1 was observed in December 2019 
and 2020 (Table 1), which could be due to lower temperatures, espe-
cially if the Mn removal was due to biological Mn oxidation [47]. 

Fig. 2. Analyses of BODAC aged granules. A. 
Comparison of Brunauer-Emmet-Teller (BET) 
specific surface area of Virgin Granular Acti-
vated Carbon (VGAC), whole granules, and 
backwashed granules samples from BODAC 1 
and 2 (n = 3, error bars represent standard de-
viation); B. Representative image of the surface 
morphology of BODAC whole granule samples 
observed with Scanning Electron Microscopy 
(SEM); C. Representative micrographs of the 
biofilm’s matrix growing on BODAC granules, 
collected from backwash water, after EPS 
staining of the whole matrix (crystal violet), 
and the acidic polysaccharides fraction (alcian 
blue).   
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Among the other cations analyzed, Fe concentration was also 
reduced from the water after BODAC treatment (35–67 %, Table 1). Fe 
release from BODAC was also observed in some samples (Table 1), 
indicating that reversible adsorption of Fe was likely the main removal 
mechanism. A net removal of Ca from the effluent was not observed 
(Table 1), thus the detection of this cation within the granules (Table S4) 
and on the surface (Table S5) suggested that such accumulation was due 
to adsorption and precipitation phenomena into the pores in past years 
of BODAC operation. Ca commonly accumulates on GAC, and when it is 
chelated by the organic matter, it is drawn into the pores, decreasing the 
pore size and adsorption capacity [38]. Lee and colleagues [36] 
observed that, during the long-term operation of BAC, such accumula-
tion was still taking place after 3.5 years of operation. Due to the 
exceptionally long service life of BODAC filters, we can speculate that 
such Ca accumulation reached a saturation, hampering the Ca removal 
from the influent water but not significantly affecting the granules’ 

biodegradation performances. 

3.2.3. Most OMPs of interest were removed to a very high extent in BODAC 
filters 

The influent of BODAC filter 1 contained OMPs originating from the 
secondary effluent of a WWTP. The removal of thirteen OMPs within 
BODAC filters was analyzed for two years (Table 2), which varied in 
time depending mainly on the fluctuating influent concentrations 
(Table S8). We categorized the OMPs removal as well (>70 %), 
moderately (30–70 %), and poorly removed (<30 %) based on their 
median removal (Table 2). Among all OMPs of interest, ATE, HYD, LID, 
MET, SOT, and TRI were well removed (>70 %) in BODAC 1 and 2 in 
more than six of the time points analyzed (Table 2). CLA, DIC, IRB, and 
PRO were moderately removed in BODAC 1. Further removal of CLA, 
DIC, and IRB took place in BODAC 2, but not for PRO. As a result, the 
total removal (BODAC 1 + 2) of CLA and DIC was >70 %, yet for GAB, 
the total removal remained <70 %. GAB, a highly water-soluble and 
hydrophilic compound, was removed variably along the sampling dates 
(12–92 %), and its removal was not affected by its initial concentration 
(Table S8) or water temperature (Table 2), but could be possibly related 
to the presence of specific heterotrophic microorganisms able to degrade 
it [48]. BEN and CAR were either poorly removed (<30 %) or desorbed 
to the water (Table 2). BODAC 1 contributed to at least half of the total 
removal (%) of the OMPs in the series of BODAC filters (1 + 2). Only 
IRB, a low-water soluble and highly hydrophobic compound (Table S2), 
was removed better in BODAC 2. The IRB removal was expected since 
the EBCT in BODAC 2 was higher than in BODAC 1, facilitating its 
adsorption to carbon granules. Nevertheless, BODAC 2 performed as a 
polishing filter and contributed to the overall removal of OMPs. The 
water temperature influenced the HYD and MET removal in BODAC 1 
(Table 2), with decreased removal efficiencies observed at temperatures 
lower than 13 ◦C in comparison to other samples. This tendency was not 
observed for other OMPs, for which removal in BODAC 1 could be 
affected by their initial concentrations or other factors. No particular 
removal pattern was observed for OMPs with different physicochemical 

Fig. 4. Removal of soluble chemical oxygen demand (sCOD) after treatment of 
the influent water with BODAC 1 only and BODAC 1 + 2 during the 2-year 
monitoring period (n = 2–3, all data points were plotted using dot markers, 
bar graphs show the mean average). 

Fig. 3. Element concentrations in BODAC 1 and 2 granules during 2 years of sampling. Analyses were performed via: (A) Microwave assisted digestion and ICP-OES 
(n = 18, error bars represent uncertainty or variation); (B) EDX analysis of the granules surface (n = 70). The middle line in the box represents the median, while the 
bottom line and top lines of the box represent the 1st and the 3rd quartile. The whiskers (vertical lines) extend from the ends of the box to the minimum and 
maximum values based on 1.5 times the interquartile range. The asterisks symbol represents statistically significant differences between whole (WG) and backwashed 
granules (BG) where *=p < 0.05 indicated by ANOVA tests (the summary statistics are presented in Table S6 and S7). 
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characteristics (Table S1) which was also reported in other BAC filters 
[49]. This is plausible since the carbon pores and surfaces were covered 
with biofilm and inorganics depositions, as mentioned in Section 3.1. 
The presence of inorganic deposits and microorganisms made the sur-
face of the carbon much more heterogenous (Figs. 2 and 3), making the 
removal of OMPs on the BODAC granules more challenging to be 

predicted by the hydrophobicity and/or charge of OMPs. 
Some of the OMPs removal in BODAC filters, especially BODAC 1 

was higher than previously reported in other engineered systems. For 
example, HYD removal was around 70 % [50], while in BODAC 1, >90 
% removal of HYD could be achieved. This could be due the dosing of 
pure oxygen into BODAC filters that helps maintaining aerobic condi-
tions favoring biodegradation/biotransformation [48] and could boost 
oxidation reactions [51]. Moreover, the presence of an adapted micro-
bial community capable of degrading a broad range of OMP is equally 
important [50]. In BODAC 1, high nitrification and Mn removal activ-
ities are expected from results presented in the previous sections. Past 
research showed a possible role for nitrification enzymes (AMO, HAO, 
and NXR) in the indirect biodegradation/biotransformation of OMPs 
[48,50,52]. Research was particularly focused on the role of AMO, 
which is known to be able to degrade aromatic compounds with similar 
structures as some OMPs [48,52]. In the same way, the biogenic man-
ganese oxide (MnOx) produced by MOB can contribute to OMPs removal 
by adsorption or by catalysis, often leading to their complete removal 
[53,54]. Besides these indirect mechanisms, direct degradation of OMPs 
can be catalyzed by several specific bacterial enzymes, as discussed in 
the following section. 

3.3. Putative nitrifying and manganese oxidizing bacteria were detected in 
high relative abundance on BODAC granules 

Microbial community analysis was carried out to determine the 
possible microbial protagonists driving the processes nitrification and 
Mn(II) oxidation. DNA extracted from WGs samples from BODAC 1 and 
2 was used for amplification and sequencing of 16S rRNA gene frag-
ments, and the results are shown in Fig. 6. For both BODAC 1 and 2 
filters, part of the microbial community remained unclassified, thus 
limiting the possibility to connect the entire community with putative 
functions in the BODAC filters. However, most of the dominant com-
munity members identified are related to either nitrogen removal or Mn 
(II) oxidation, supporting the hypothesis that biology drives the main 
process dynamics observed in BODAC filters (see previous sections). 

Microbes catalyzing nitrogen removal were dominant in both 
BODAC 1 and 2. In BODAC 1, the dominant genus was Nitrospira, nitrite- 
oxidizing bacteria (NOB) that are considered as the main drivers of NO2

- 

oxidation in several natural and anthropogenic environments including 
WWTPs [55]. In WWTPs, NOB typically cooperate with ammonia 
oxidizing bacteria (AOB) such as Nitrosomonas (2.8 % relative abun-
dance in BODAC 1, Fig. 6) to oxidize NH4

+ to NO3 via NO2
- [56]. A 

relatively low NH4
+ content in the influent and a continuous flow, 

limiting NO2
- production, usually favors the growth of Nitrospira in these 

Fig. 5. Profile of nitrogenous species in the influents and effluents of BODAC 1 
and 2 filters during the 2-year monitoring period (n = 2 or n = 3, all data points 
were plotted using dot marker, bar graphs show the mean average). 

Table 1 
Metal removal (%) in BODAC 1 only or BODAC 1 and 2 during the 2-year monitoring period (n = 2 ± difference of the two data points). Negative values indicate the 
release/desorption of the metal into the water. Median average (mdn avg) was calculated to estimate the overall removal trends.  

Metal BODAC Filter Removal (%)  

Sep-19 Dec-19 Mar-20 Jun-20 Sep-20 Dec-20 Mar-21 Jun-21 Sep-21 Mdn avg 

Al 1 66 ± 8 15 ± 5 51 ± 7 45 ± 7 57 8 ± 1 25 ± 2 n.m. 95 48 ± 29 
1 + 2 67 ± 1 52 ± 5 60 ± 5 89 ± 1 74 ± 3 47 ± 1 43 ± 1 n.m. 95 63 ± 19 

Ca 1 5 ± 3 3 ± 1 4 ± 1 8 ± 2 3 ± 2 7 ± 1 1 ± 1 –78 ± 1 4 ± 1 4 ± 27 
1 + 2 1 3 ± 1 9 ± 1 12 2 ± 1 11 2 ± 1 –75 ± 3 6 ± 1 3 ± 27 

Fe 1 31 ± 1 –16 ± 5 15 ± 9 24 ± 4 52 –4 20 –9 ± 6 37 ± 3 20 ± 23 
1 + 2 40 ± 2 35 ± 5 37 ± 3 58 ± 1 67 50 41 ± 1 53 ± 1 41 ± 1 41 ± 11 

K 1 9 ± 4 8 ± 1 0 ± 4 2 ± 3 5 ± 1 3 ± 3 5 ± 1 –68 ± 1 3 3 ± 25 
1 + 2 9 ± 1 9 ± 1 4 ± 2 6 4 ± 1 3 ± 1 6 ± 1 –71 ± 1 4 3 ± 27 

Mg 1 5 ± 5 3 ± 2 2 ± 1 5 ± 2 4 ± 1 5 ± 1 2 –70 ± 2 0 3 ± 24 
1 + 2 –2 2 ± 1 16 ± 1 15 ± 3 6 ± 1 15 ± 1 3 ± 1 –73 ± 2 2 ± 1 4 ± 26 

Mn 1 99 61 ± 2 96 88 ± 1 99 64 ± 1 91 86 ± 1 98 91 ± 14 
1 + 2 99 99 99 99 99 99 98 100 99 99 ± 0 

Na 1 4 ± 4 5 ± 1 0 0 ± 2 4 0 0 –75 ± 1 2 ± 1 0 ± 26 
1 + 2 2 5 2 ± 1 1 ± 1 3 –1 1 –75 ± 2 2 2 ± 26 

Zn 1 30 ± 1 38 ± 1 11 ± 4 –63 ± 12 –51 ± 7 25 21 47 ± 1 49 25 ± 41 
1 + 2 22 ± 1 –53 ± 6 3 ± 3 –248 ± 51 –192 ± 10 4 ± 3 17 ± 1 –5 –88 ± 15 –5 ± 98  
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systems [57], similar to what was observed in BODAC 1. In BODAC 2, 
among the dominant groups, we identified members of the family 
Nitrosomonadaceae (MND1 and IS-44), AOB converting NH4

+ to NO2
- 

[58], and again Nitrospira to exert the NOB function (Fig. 6). These re-
sults are in line with the analysis of nitrogen species present in BODAC 1 
and 2 (Fig. 5). Interestingly, many microbial community members 
identified on BODAC 1 and 2 granules were related to Mn oxidizers. 

Pedomicrobium and Hyphomicrobium are widely reported in the 
literature as being able to oxidize soluble Mn(II) to insoluble manganese 
oxide [59,60] and are connected to the formation of Mn nodules [61]. 
These bacteria can increase the rate of Mn oxidation to five times that of 
non-biological Mn oxidation [62]. Other microbial groups detected in 
BODACs were reported to be likely connected with Mn oxidation, such 
as Stenotrophobacter [63], Terrimonas [64], Burkholderiaceae [64], 
Gammaproteobacteria PLTA13 [63], or to require Mn for growth, as 
observed for Bradyrhizobium [65] (Fig. 6). A recent study established 
that a bacterium affiliated with the phylum Nitrospirae was capable of 
Mn(II)-oxidation [66], while Nitrosomonadaceae MND1 was found in 
ferromanganese nodules within caves [67]. Previous research showed 
that nitrification can create the conditions favoring biological Mn 
oxidation and that activity of Mn-oxidizing bacteria in mixed cultures 
can be stimulated by the presence of nitrifiers [68], which are essential 
in order to eliminate NO2

- and its negative effects on biological Mn 
oxidation [68,69]. The simultaneous removal of NH4

+ and trace metals 
such as Fe and Mn was achieved in different biotechnological systems 
[70,71], highlighting the existence of cooperation between these 2 years 
bacterial groups which can be beneficial for water treatment ap-
proaches, as observed in the BODAC filters. Among the groups puta-
tively involved in the direct degradation of OMPs, members of the 
Rhizobiales family, e.g., Bradyrhizobium and Hyphomicrobium are known 
to be capable of degrading aromatic compounds and contributing to 
bioremediation of contaminated soil [72]. 

4. Connecting the dots: relevance of BODAC process and future 
perspectives 

The purpose of the BODAC concept was to introduce a pre-treatment, 
together with low-pressure UF, which could improve the removal of 
(recalcitrant) organic matter and foulants, to reduce the maintenance of 
RO units included in the production line of ultrapure water (Fig. 1). In 
the present study, a holistic approach analyzing granules and water 
samples of BODAC filters was carried out for two years to understand the 
mechanisms behind the long-term operation of this AC-based biotech-
nology for 11 years. The carbon service life of is one of its interesting 
features since it was reported that BAC filter adsorption capacity 
decreased after 6 years of operation, requiring replacement or regen-
eration [20]. Aged BODAC granules had a significantly reduced surface 
area in comparison to VGAC (Fig. 2A), corresponding to a complex 
surface morphology with biofilms, cells, and inorganic deposits, which 
did not change even after backwashing (Fig. 2B and Fig. S1). Inorganics 
were accumulated on the surface (and in the pores) of the granules, such 
as Ca, Fe, P, Al, and above all Mn (Fig. 3, Table S2 and S1). Mn was 
always completely removed from the influent water within the BODAC 
filters (Table 1), likely due to its biological conversion to black, insoluble 
MnOx included in the biofilm (Fig. 2C). Inorganic accumulation com-
bined with biofilm growth are usually deteriorating BAC performances 
due to precipitation, pore-clogging, and thus a reduced surface area [36, 
73]. 

The conditions imposed in BODAC filters, such as EBCT (16 min for 
BODAC 1 and 32 min for BODAC 2), pure oxygen dosing (average 
16 mg L-1, 55 % dosed in BODAC 1 % and 45 % in BODAC 2), and the 
frequency of backwashing (once every 2–3 days for BODAC 1 or 11–17 
days for BODAC 2) [12], ensure consistent performances. Complete 
nitrification was always achieved during the process (Fig. 5), the enzy-
matic activity of the nitrifying bacteria could significantly contribute to 
the co-metabolism of OMPs [48]. Similarly, Mn oxidation was probably 
catalyzed by several microbial groups identified in the granules com-
munities (Fig. 6), and the presence of MnOx could be related to 

Table 2 
Organic micropollutants (OMPs) removal after treatment of influent water with Biological Oxygen Dosed Activated Carbon (BODAC) filters (n = 2 ± difference of the 
two data points). Removal (%) was calculated by the difference of influent and effluent concentration, and when the concentration was lower than the limit of detection 
(LOD), it was corrected with LOD√2. n.m: not measured. Median average (mdn avg) was calculated to estimate the overall removal trends.  

OMP BODAC Filter Removal (%)  

Sep-19 Dec-19 Mar-20 Jun-20 Sep-20 Dec-20 Mar-21 Jun-21 Sep-21 Mdn avg 

Atenolol (ATE) 1 40 71 ± 4 73 ± 5 82 ± 7 86 ± 2 76 ± 3 50 ± 3 23 ± 23 88 ± 4 75 ± 21 
1 + 2 40 71 ± 4 77 ± 3 89 93 92 83 74 ± 5 90 83 ± 13 

Benzotriazole (BEN) 1 –14 28 ± 6 18 ± 2 7 ± 2 3 ± 2 30 ± 1 16 ± 2 –210 ± 16 –40 ± 8 8 ± 69 
1 + 2 –7 42 ± 3 24 ± 2 13 ± 3 11 ± 1 38 23 ± 3 –243 ± 30 –68 ± 9 17 ± 83 

Carbamazepine (CAR) 1 4 –38 ± 8 1 ± 9 25 ± 2 28 ± 3 20 ± 1 7 ± 3 –68 ± 30 28 ± 6 11 ± 33 
1 + 2 30 –24 ± 14 6 ± 14 39 ± 2 43 ± 2 43 ± 13 22 ± 1 –60 ± 28 40 ± 2 30 ± 35 

Clarithromycin (CLA) 1 58 58 ± 12 12 ± 30 43 ± 13 n.m. 56 24 ± 18 n.m. 43 45 ± 23 
1 + 2 78 91 ± 2 75 ± 27 91 ± 1 n.m. 56 60 ± 6 n.m. 43 89 ± 19 

Diclofenac (DIC) 1 79 77 ± 7 27 ± 8 2 ± 17 72 ± 12 -12 52 ± 4 76 88 ± 3 64 ± 37 
1 + 2 89 87 ± 2 82 ± 2 76 ± 4 93 ± 1 50 94 76 88 ± 3 88 ± 11 

Gabapentin (GAB) 1 51 41 ± 5 5 ± 2 33 ± 3 6 ± 5 36 ± 28 10 ± 1 98 ± 1 52 ± 2 34 ± 28 
1 + 2 67 72 ± 4 12 ± 4 55 ± 1 12 ± 7 32 ± 1 52 ± 1 92 ± 1 64 54 ± 28 

Hydrochlorothiazide (HYD) 1 n.m. n.m. 75 ± 1 90 ± 3 92 ± 1 86 73 ± 6 95 ± 1 98 91 ± 10 
1 + 2 n.m. n.m. 92 97 98 ± 1 98 98 95 ± 1 98 98 ± 3 

Irbesartan (IRB) 1 23 33 ± 5 8 ± 3 17 ± 2 34 ± 2 18 ± 1 12 ± 2 94 36 ± 1 23 ± 24 
1 + 2 85 79 ± 3 54 ± 1 86 89 ± 1 78 ± 3 64 ± 1 94 95 85 ± 14 

Lidocaine (LID) 1 73 73 ± 0 90 ± 1 82 ± 1 70 ± 1 66 ± 9 76 ± 1 56 78 ± 1 73 ± 10 
1 + 2 73 73 ± 0 90 ± 1 82 ± 1 70 ± 1 66 ± 9 76 ± 1 56 78 ± 1 73 ± 10 

Metoprolol (MET) 1 87 79 ± 4 66 ± 5 84 ± 2 86 ± 2 79 ± 1 56 ± 4 55 88 80 ± 12 
1 + 2 96 97 ± 0 96 98 98 98 ± 1 88 86 ± 1 98 97 ± 4 

Propranolol (PRO) 1 n.m. 33 n.m. 66 ± 3 62 ± 3 69 69 ± 3 53 ± 4 66 ± 8 64 ± 10 
1 + 2 n.m. 33 n.m. 66 ± 3 62 ± 3 69 69 ± 3 53 ± 4 66 ± 8 64 ± 10 

Sotalol (SOT) 1 71 82 ± 2 87 ± 2 96 96 96 ± 1 86 ± 1 91 96 91 ± 7 
1 + 2 71 75 ± 12 87 ± 2 96 96 96 ± 1 96 91 96 96 ± 9 

Trimethoprim (TRI) 1 n.m. 80 ± 18 91 ± 1 94 ± 1 91 ± 2 70 ± 4 82 ± 1 n.m. n.m. 91 ± 10 
1 + 2 n.m. 80 ± 18 91 ± 1 94 ± 1 91 ± 2 70 ± 4 82 ± 1 n.m. n.m. 91 ± 10 

Water temperature (◦C)  19 11 9 18 20 13 9 17 20 17 ± 5  
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improved organics and OMPs removal [74]. Since Mn is known to be one 
of the main causes of irreversible fouling in membrane systems [75], 
biological Mn removal could contribute to avoiding significant fouling 
phenomena of RO units. The removal of OMPs by BODAC is an added 
value towards the production of ultrapure water, also overcoming the 
limit of OMPs accumulation in the permeate after rejection by the RO 
membranes [76]. Pure oxygen alone could also contribute to partial 
oxidation of organics and OMPs and stimulate the oxidation of Mn, both 
via abiotic and biotic pathways [74]. Most of the processes described 
were already fully exploited in BODAC 1 (Table 1, Table 2, Fig. 4, Fig. 5), 
suggesting that a single treatment line could be enough, considering 
future applications of this biotechnology for water treatment. Future 
investigations will focus on further characterization of both the abiotic 
and biotic parameters/processes which all together are keeping the 
BODAC system long-lasting, active, and stable. In conclusion, this study 
demonstrated that BODAC filters are a promising bio-based tertiary 
treatment to further remove foulants and OMPs in WWTP effluent by 
harnessing the microbiological growth in the filter. 
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