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Abstract: Wastewater from factories producing polysulfone-based membranes mainly contains the
used organic solvent, i.e., dimethylacetamide (DMAc). Due to the environmental impact of DMAc,
wastewater treatment is mandatory. Several biological treatment options based on the activated
sludge process are described in the literature. Due to artificial aeration, these techniques have
high energy requirements. Near-nature processes such as vertical flow constructed wetlands (VF
wetlands) have a low energy demand, high tolerance to load fluctuations, and low maintenance
requirements. Therefore, high-loaded, two-stage VF wetlands are an efficient option for treating
wastewater. However, constructed wetlands have so far only been used to a limited extent for the
treatment of industrial wastewater. In the present study, the ability of laboratory-scale, high-load,
two-stage VF wetlands to treat DMAc was investigated. This included their DMAc degradation
efficiency and corresponding pathways, removal of the total organic carbon (TOC), nitrification and
denitrification of the nitrogen, as well as the ecotoxicological effects (mutagenicity, genotoxicity,
reactive oxygen species) of untreated and treated wastewater. The focus was to determine the effect
of different grain size distributions on removal rates, the maximum inflow loading, and the effect of
high inflow concentrations on effluent concentrations. In general, DMAc was completely degraded
using VF wetlands, with dimethylamine (DMA) identified as the main intermediate. TOC removal
rates reached more than 99%. The nitrogen bound to DMAc was completely nitrified. However,
the start-up of the VF wetlands without seeded filter material temporarily leads to high nitrite
accumulation. This may affect the mutagenicity of the treated wastewater. The results show that
high-loaded, two-stage VF wetlands are an effective option for treating wastewater containing DMAc
with higher efficiency than comparable biological processes.

Keywords: constructed wetlands; industrial wastewater treatment; membrane production; dimethy-
lacetamide; ecotoxicological potential; microbial assay; nitrogen removal; theoretical oxygen demand

1. Introduction

N,N-dimethylacetamide (DMAc), N,N-dimethylformamide (DMF), and N-methyl-
2-pyrrolidone (NMP) are organic solvents commonly used for producing polysulfone-
based membranes [1–4]. DMAc is classified as hazardous to health, e.g., by the European
Chemicals Agency (ECHA) [5], and furthermore, as clearly hazardous to water by the
German Environment Agency [6]. This underlines the need for treating DMAc-containing
wastewater before discharge into a water body.
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During membrane production, much of the DMAc can be recycled internally, for
instance, by distillation [7], and can be reused. However, waste containing DMAc is
generated that is not suitable for recycling.

Several approaches exist to remove DMAc from wastewater, including biological [8–11] and
physicochemical treatment processes. Treatment processes considered include membrane
treatment [12,13], sequencing batch reactors (SBR) [12,14,15], and bioelectric anaerobic
systems [16]. Furthermore, Fenton [17–21] and electrochemical processes [22] are used as
pretreatment [21] or as alternative techniques [20]. Studies dealing with biodegradation
differ strongly in terms of load and operating conditions.

Aerobic biofilm processes, particularly moving bed biofilm reactors (MBBR) and
vertical flow constructed wetlands (VF wetlands), provide alternative treatment options.
Among these, VF wetlands provide huge potential due to their ability to remove organic
substances at high rates, reliable nitrification performance [23–25], and high tolerance to
load fluctuations [26,27]. VF wetlands have been demonstrated to be suitable for treating
municipal and domestic wastewater [26,28,29] as well as wastewater from commercial
bakeries, dairy farms, food processing, and the beverage industry [30–32]. Furthermore, VF
wetlands were shown to efficiently treat wastewater containing chemical substances such
as aromatic and nitro-aromatic compounds [33], hydrocarbons [34], methyl tertiary-butyl
ether (MTBE), benzene [35], and dichloroethane [36]. VF wetlands are easier to establish
than conventional aerobic treatment processes and have lower energy and maintenance
requirements. In addition, nitrification can adapt to inhibitory substances [27]. Most of
the named studies dealing with biological DMAc removal achieve an adequate [14,16] to
very good [12,13] degradation efficiency but no or only partial nitrification; therefore, VF
wetlands can be an alternative treatment process. Since they require more surface area,
they are used when wastewater generation is low. For wider application in industrial
wastewater treatment, the area required has, therefore, been reduced. Consequently, here,
we performed a laboratory feasibility test for the use of VF wetlands for DMAc removal.

In Germany, municipal and domestic VF wetlands are designed according to the
German standard DWA-A 262 [37,38]. However, no standards for industrial wastewater
exist. Thus, it is necessary to conduct a test series to determine design parameters for the
degradation of DMAc. To reduce the area required for a later treatment facility, here, a
two-staged, high-loaded process was selected.

The aims of the research were to achieve the complete biodegradation of DMAc and
complete nitrification of DMAc-bound nitrogen in combination with the low ecotoxicologi-
cal potential of the resulting treated wastewater. This included the examination of removal
rates for DMAc and TOC, nitrification rates, the effect of different grain size distributions
on removal rates, maximum inflow loading, and the effect of high inflow concentrations on
effluent concentrations. In addition, bioassays were carried out to investigate ecotoxicologi-
cal effects. Test series were conducted with synthetic DMAc solutions and verified with
real wastewater from a membrane-producing factory.

2. Materials and Methods
2.1. Test Setup
2.1.1. Lab-Scale Plants

Four lab-scale test plants were operated (I, II, III, IV). The test plants I and II were
operated during the first test series, and plants III and IV during the second test series
(Section 2.1.3). The first two plants consisted of one first stage and two second stages in
parallel (Figure 1). Test plant I consisted of columns IA (first stage), IB (second stage),
and IC (second stage); test plant II, columns IIA (first stage), IIB, and IIC (second stage).
Four grain-size-distributions were researched (Table 1), which were based on the German
standard DWA-A 262 [37,38] and our own pretrial experiences. The filter materials of the
first stages differed; the materials of the second stages were equal between the test plants.
The test plants III and IV were each operated with a first (IIIA, IVA) and a single second
stage (IIIB, IVB). The first stages were filled with gravel (grain size 2–8 mm), and the second
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stages with sand (grain size: 0–2 mm, Table 1). The columns of the plants were made of
polyethylene, the pipes of stainless steel, and the suction tubes of PVDF. Timer-controlled
diaphragm metering pumps (ProMinent GmbH, Germany; Emec S.r.l., Italy) were used to
feed the columns. The first stages had a larger diameter to ensure the required volume for
sampling and for the second stages. The filter materials originated from a gravel quarry
near Dresden. Before it was used in the columns, it was washed and dried.
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Figure 1. Setup of the test plants.

Table 1. Grain sizes of the columns used in the test plants.

Trial no. Combination
1st Stage 2nd Stage Feed

Column Grain Size Column Grain Size

1

IA + IB IA 2–4 mm IB 0–2 mm DMAc
IA + IC IA 2–4 mm IC 2–4 mm DMAc

IIA + IIB IIA 2–8 mm IIB 0–2 mm DMAc
IIA + IIC IIA 2–8 mm IIC 2–4 mm DMAc

2
IIIA + IIIB IIIA 2–8 mm IIIB 0–2 mm Wastewater
IVA + IVB IVA 2–8 mm IVB 0–2 mm DMAc

2.1.2. Substrate Used

The tests of the second trial were conducted with synthetic wastewater and with real
wastewater from a membrane-producing factory in parallel, while during the first trial,
synthetic wastewater was exclusively used. A 2.5-% solution of N,N-dimethylacetamide
(CAS: 127-19-5, Carl Roth GmbH + Co. KG, Karlsruhe, Germany) was used as a stock
solution. The nutrient solution added to ensure biological degradation is based on ATV
(1990) and was composed of CuCl2 (0.22 g/L), CoCl2·6H2O (0.11 g/L), ZnSO4·7H2O
(0.82 g/L), MnCl2·4H2O (0.24 g/L), (NH4)6Mo7O24·4H2O (0.11 g/L), CrCl3·6H2O
(0.10 g/L), NiSO4·7H2O (0.14 g/L), MgSO4·7H2O (41 g/L), Se (1 g/L), FeSO4·7H2O
(0.22 g/L). The nutrient solution was dosed proportional to the COD load (2 mL/g COD).
KH2PO4 was added to ensure a COD:P ratio of 200:1. Later, the dosage was adjusted. As
long as phosphate was detectable in excess in the effluent, the addition of phosphate was
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reduced. Sodium bicarbonate was dosed as the carbon source according to the demand
for complete nitrification. The wastewater used for feeding plant III was taken from a
commercial plant operated by B. Braun Avitum Saxonia GmbH. The composition of the
two wastewater samples taken is shown in Table 2. According to the DMAc concentrations
needed, the wastewater was supplemented with DMAc stock solution.

Table 2. Wastewater composition from a membrane manufacturing factory.

Parameter Unit Charge 1 Charge 2

Dimethylacetamide (DMAc) [mg/L] 2875 2287
Dimethylamine (DMA) [mg/L] 274 143
Total organic carbon (TOC) [mg/L] 1966 1408
Chemical oxygen demand (COD) 1 [mg/L] 4789 3801
Total nitrogen (TNb) [mg/L] 658 452
Ammonium nitrogen (NH4-N) [mg/L] <3 <3

Note: 1 For reliability of COD values, see Section 4.9.

2.1.3. Test Series

Two test series were conducted. During the first series, different grain sizes and the
impact of the load conditions on the removal rate were investigated. During the second trial,
the DMAc- and the TOC-load were kept at a constant level, whereas the hydraulic load was
decreased for studying the effect of the inflow concentration on the effluent concentration
level. The last setup was equal to the expected load and hydraulic conditions of wastewater
from a membrane production factory. To evaluate the impact of the influent concentrations
on the effluent concentrations, the effluent values (Section 3.3) were grouped as a function
of the influent concentration level (Section 3.1.2). The influence of the feed concentrations
on nitrification was determined in a similar way. First, nitrogen balances were prepared
(Section 2.3, Figure A4). Then, the ratio between the denitrified and the influent nitrogen
loads was compared with the influent nitrogen concentration. The wastewater temperature
averaged during the first test series was 22.3 ± 0.3 ◦C, and during the second, 22.6 ± 0.4 ◦C.
The first test series lasted 23 weeks. The tests were conducted with a synthetic DMAc–
nutrient mixture. All columns were operated with the same hydraulic load (mean values
79–84 L/(m2 d), Figure 1). The test plants were operated without seeding. During the
second test series, test plant III was fed with wastewater from a membrane manufacturing
factory, and test plan IV with a synthetic DMAc solution. The test plants were operated
with increasing wastewater concentrations and decreasing hydraulic load but a constant
TOC load. To reduce the start-up time, the filter materials of the first test series were dried
and mixed with new sand and gravel. The second test series lasted 28 weeks.

2.1.4. Operation and Sampling

The feed solutions were applied three times a week (Monday, Wednesday, and Friday).
Feeding of the columns proceeded daily. The first stages were fed every 6 h, and the second
stages every 12 h. During the second test series, the first stages were fed every 12 h during
the first five weeks. Afterward, the interval changed to 6 h (see Section 3.3). Volume
determination was performed three times a week by weighing the inlet and outlet quantity
of each column. In parallel, samples were collected from the effluent of each stage. These
samples were combined to obtain weekly composite samples.

2.2. Analytical Methods
2.2.1. Chemical Analyses

All samples were analyzed according to the German standard methods for the exam-
ination of water, wastewater, and sludge. The samples were analyzed for total organic
carbon (TOC) and, after filtration through 0.45 µm membrane filters (Sartorius AG, Göttin-
gen, Germany), for dissolved organic carbon (DOC) and inorganic dissolved carbon (IDC)
according to the German standard DIN EN 1484 using a TOC-V CPH analyzer (Shimadzu
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Deutschland GmbH, Duisburg, Germany). Furthermore, the total chemical oxygen demand
(CODtot, tube tests according to the German standard DIN ISO 15705–Hach Lange GmbH,
Düsseldorf Germany), total suspended solids (TSS, German standard DIN 38409-2), total
nitrogen (TNb, German standard DIN EN 12260 using a TOC-V CPH analyzer (Shimadzu
Deutschland GmbH, Duisburg, Germany)), ammonium-nitrogen (NH4-N, spectroquant
114752–Merck KGaA, Darmstadt Germany), the acid capacity (German standard DIN 38409-
7 using a METROHM 888 Titrano, Deutsche Methrom GmbH and Co. KG, Filderstadt,
Germany), and orthophosphate (oPO4-P, spectroquant 114848–Merck KGaA, Darmstadt,
Germany) were analyzed. Additionally, nitrate (NO3-N, German standard DIN EN 38405-9)
and nitrite nitrogen (NO2-N, spectroquant 114776–Merck KGaA, Darmstadt, Germany)
were quantified in the effluent samples. Since the oxygen demand of nitrite is included in
COD analyses, the measured COD concentrations were corrected. DMAc was analyzed
after filtration through 0.22 µm membrane filters (Macherey-Nagel™, Düren, Germany)
with the HPLC method at B. Braun Avitum Saxonia laboratory (UltiMate 3000, Thermo
Fisher Scientific Inc., Waltham, MA, USA). DMA measurements were conducted at CUP
Laboratorien Dr. Freitag GmbH (CUP). The samples were analyzed after filtration through
0.45 µm membrane filters with the ion chromatography method using Ionenchromato-
graph 930 Compact IC Flex (Deutsche Methrom GmbH and Co. KG, Filderstadt, Germany).
The method is based on the Ph. Eur. 2.2.29 “Liquid chromatography” and the Metrohm
application note AW DE 8-0543-112004. Conductivity (WTW Multi 3620 DS with IDS®

TetraCon® 925-3, Xylem Analytics Germany Sales GmbH and Co., Weilheim, Germany),
temperature, and pH were measured daily in the fresh samples (WTW Multi 3620 DS with
IDS® Sentix® 940-3, Xylem Analytics Germany Sales GmbH and Co., Weilheim, Germany).

2.2.2. Microbial Composition

The microbial composition was determined in test plants III and IV at the end of
the test series. From the first stages, two composite samples each were taken from the
upper filter section (0–300 mm filter height) and from the lower filter section (301–600 mm
filter height). From the second stages, one composite sample each was taken. Samples
were given to CUP Laboratorien Dr. Freitag GmbH for conducting microbial assays.
Biochemical identification was not conducted for the entire spectrum but only for the
major representatives that appeared when pure cultures were planted. The method used
is based on the Ph. Eur 2.6.12 “Microbial examination of nonsterile products: Microbial
enumeration tests”, the Ph. Eur 2.6.13 “Microbial examination of nonsterile products: Tests
for specified microorganisms”, and on the German standard DIN EN ISO 7218:2014-09
“Microbiology of food and animal feeding stuffs-General requirements and guidance for
microbiological examinations”. From the samples taken, pure cultures were prepared
with smear preparation. The cultures were evaluated according to macro-morphological
criteria (color, profile, boundary, surface, and consistency), and after that, with microscopic
examination. The Potassium Hydroxide Test was used to differentiate Gram-positive
bacteria and Gram-negative bacteria. Furthermore, the cytochrome oxidase test using test
strips and the catalase test using hydrogen peroxide (3%) were conducted. Finally, bacteria
were classified with API (analytical profile index), MALDI-TOF (matrix-assisted laser
desorption/ionization with time-of-flight mass spectrometer), and sequencing. All cultures
were tested with the API test system. Results were evaluated using the internet database
supplied by bioMérieux (https://apiweb.biomerieux.com, accessed on 12 November 2022).
Strains that could not be classified with the API test system were classified using an external
certified company using MALDI-TOF and sequencing.

2.2.3. Genomic Analysis of DMAc Degradation Pathways

To determine if identified bacteria were capable of complete or contribution to DMAc
degradation, available reference genomes for the different isolated species recovered in
this study were downloaded (Brevibacillus non-reactive GCA_900637055.1, Brucella anthropi
GCA_012103185.1, Chryseobacterium lacus CA_003336205.1, and Microbacterium oxydans

https://apiweb.biomerieux.com
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GCA_003991855.1). Then, the Kyoto Encyclopaedia of Genomes and Genes (KEGG-https:
//www.genome.jp/kegg/, accessed on 12 January 2023) was accessed to query for genes
encoding for enzymes involved in the different known microbial degradation pathways
of DMAc (Table 3). Genes encoding for all steps of DMAc degradation, except for an
enzyme that could directly metabolize DMAc into DMA, were identified. However, several
enzymes involved in the production of DMA or similar compounds, as well as enzymes
that cleave compounds similar to DMAc as substrate, were considered candidates (Table 3).
The coding sequences of the identified strains’ genomes were then thoroughly checked
using BlastP to identify if the candidate enzymes or alternative enzymes providing similar
biochemical functions included in DMAc degradation are present in the strains. For the
missing cleavage of DMAc to DMA, a candidate protein involved in the glycine cleavage
system (AN: WP_061347007.1) was found in the genome of B. anthropi, which shared
the trimethylamine-oxide aldolase domain of the corresponding candidate enzyme. No
crystallographic structures of this enzyme belonging to B. anthropi were deposited in the
Protein Data Bank. Consequently, a proxy from Shewanella massilia [39] was downloaded
and used for docking simulation to test if DMAc as a ligand can indeed dock to the active
center of the protein for degradation. Polar hydrogens and atomic charges were assigned
to both protein and ligand (DMAc) using AutoDock Tools V 1.5.7. The docking was carried
out using AutoDock Vina V 1.2.0 [40,41]; modes were considered successful if they showed
a root mean squared deviation of less than 2 Å and a negative affinity score.

Table 3. Genes encoding for enzymes and candidate enzymes involved in DMAc degradation.

Enzyme EC 1 Catalyzed Process

Methylphosphonate transferase 2.7.8.37 DMAc→ DMA (Candidate gene)
Trimethylamine-oxide aldolase 4.1.2.32 DMAc→ DMA (Candidate gene)
Dimethylamine/trimethylamine dehydrogenase 1.5.8.1 Dimethylamine (DMA)→Methylamine
Methylamine dehydrogenase heavy chain 1.4.9.1 Methylamine→ Formaldehyde
Dimethylformamide amidohydrolase 3.5.1.56 DMAc→ DMA (Candidate gene)
Acetyl-CoA-arylethylamine-N-acetyltransferase 2.3.1.87 Acetyl-Coa→ N-acetyl-2-arylethylamine
Cytochrome P450 2E1 1.14.14. Oxidative demethylation of DMAc
Acetate kinase 2.7.2.1 Acetate→ Acetylphosphate
Acetyl-CoA synthase 6.2.1.1 Acetate→ Acetyl-CoA
Succinyl-Coa:acetate CoA-transferase 2.8.3.18 Acetate→ Acetyl-CoA
Acetaldehyde dehydrogenase 1.2.1.10 Acetaldehyde→ Acetyl-CoA

Note: 1 Enzyme Commission Number.

2.2.4. In Vitro Bioassays

To test the (eco-)toxic potential of raw and treated wastewater, different in vitro bioas-
says were applied. (I) The Micronucleus test to measure genotoxic effects (induction of
chromosome aberration or damage), (II) the ROS test to measure reactive oxygen species,
and (III) the Ames fluctuation test to measure mutagenic effects (base-pair substitutions
or frameshift mutations). Wastewater was tested in in vitro bioassays at three time points
during treatment processes: in test plants I and II in weeks 11, 13, and 23 of operation
and in test plants III and IV in weeks 4, 8, and 26. Wastewater was stored at −20 ◦C until
testing. Defrosted samples were filtered through 0.22 µm syringe filters (TPP®, Trasadin-
gen, Switzerland) and immediately used in the bioassays. For the Micronucleus test and
ROS test, a cell line of human hepatocellular carcinoma (HepG2; German collection of
Microorganism DSMZ, cell no. ACC-180, Braunschweig, Germany) was used and cultured
in RPMI-1640 medium (with l-glutamine; ROTI®Cell RPMI-1640 CELLPURE®, Carl Roth
GmbH + Co. KG, Karlsruhe, Germany) with 10% newborn calf serum (heat activated;
Sigma-Aldrich, Taufkirchen, Germany) and 1% penicillin/streptomycin (WFI solution;
Biochrom, Berlin, Germany) at 37 ◦C and 5% CO2. HepG2 cells of passages 5 to 15 were
used for both bioassays.

https://www.genome.jp/kegg/
https://www.genome.jp/kegg/
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Micronucleus in vitro assay: For testing genotoxicity of raw and treated wastewa-
ter, the in vitro mammalian cell micronucleus test MNvit [ISO 21427-2; OECD TG 487]
was conducted, and HepG2 cells were seeded (6·104 cells/mL) onto adhesive microscope
slides (Superfrost® UltraPlus by Menzel, Carl Roth GmbH + Co. KG, Karlsruhe, Germany)
in four-well microtiter plates for an incubation period of 24 h [42,43]. Cells were then
treated with three different dilutions of wastewater and in replicates for 24 h. The neg-
ative (medium) control was carried out in replicates using 5 mL culture medium only,
and the positive control was carried out in replicates using 4 mL culture medium and
1 mL ethyl methanesulfonate (EMS, CAS 62-50-0, Sigma-Aldrich, Taufkirchen, Germany) at
1.75 mg EMS/mL in culture medium. After exposure for 24 h, treatment solutions were
removed from each well, and 1.5% trisodium citrate (≥ 99%, Carl Roth GmbH + Co. KG,
Karlsruhe, Germany) solution was added. Subsequently, cells were fixed twice using an
iced solution of methanol:acetic acid:formaldehyde at 37% (3:1:0.05, v/v/v). After drying,
slides were stained twice with 5% Giemsa solution for 15 and 20 min. The following
solutions and compounds were used: methanol (purity > 99.8%, Carl Roth GmbH + Co.
KG, Karlsruhe, Germany), glacial acetic acid (purity 100%, Carl Roth GmbH + Co. KG,
Karlsruhe, Germany), formaldehyde solution (purity 37%, VWR International GmbH,
Darmstadt, Germany), Giemsa stock solution (Carl Roth GmbH + Co. KG, Karlsruhe,
Germany), and trisodium citrate. The analysis of MNvit was performed microscopically,
and mono-, di-, tri- to tetra- and multi-nucleated cells as well as micronuclei per cell,
were counted (Micronucleus rate, MNR). Approximately 500 cells per slide, two slides
per dilution and control, as well as three different concentrations per wastewater sam-
ple, were counted; thus, approximately 1000 cells per control and 3000 cells per sample
were analyzed.

ROS test (DCFH-DA assay): Intracellular ROS production (production of reactive oxy-
gen species) was determined with 2′,7′-Dichlorfluorescein-diacetat (DCFH-DA,≥97%, CAS
4091-99-0, Sigma-Aldrich, Taufkirchen, Germany) assay in microtiter plates (e.g., [44,45])
and modified in the following way for testing water (in cooperation with T. Grummt
and M. Skerswetat, German Environment Agency, UBA Bad Elster, Germany): HepG2
cells were seeded into a 96-well-plate for fluorescence (µCLEAR®, Greiner Bio-One, Frick-
enhausen, Germany), cultured in RPMI medium (see MNvit assay) and covered by a
breathable sealing film (Axygen®, VWR International GmbH, Darmstadt, Germany) for
incubation of 24 h at 37 ◦C and 5% CO2. For exposure, attached cells were washed twice
with phosphate-buffered saline (PBS) to completely remove the serum-containing RPMI
medium. Further, the cells were incubated with 40 µM DCFH-DA in serum- and phenol-
red-free assay medium (ROTI®Cell RPMI-1640, Carl Roth GmbH + Co. KG, Karlsruhe,
Germany) for 45 min at 37 ◦C and 5% CO2 under dark conditions, afterward, washed twice
with PBS to completely remove extracellular DCFH-DA and, then, exposed to wastewa-
ter at three different dilutions. The test was carried out with four replicates per sample
and dilution and for each control. Blank controls (without cells) were conducted in eight
replicates. For the negative control, cells were exposed to assay medium, and ultrapure
water (Millipore® filter systems, Merck KGaA, Darmstadt, Germany) was used as dilu-
tion control since wastewater was diluted by ultrapure water. As positive controls, we
used PCSIN-1 with 1 mM SIN-1 (3-Morpholinosydnonimine hydrochloride, ≥98%, CAS
16142-27-1, Sigma-Aldrich, Taufkirchen, Germany) diluted in assay medium and, secondly,
PCSIN-1+Tiron with 980 µM SIN-1 and 20 mM Tiron (4,5-Dihydroxy-1,3-benzenedisulfonic
acid disodium salt monohydrate, 97%, CAS 270573-71-2, Sigma-Aldrich, Taufkirchen, Ger-
many) diluted in assay medium [46–48]. After 4 h of exposure, fluorescence was measured
(excitation of 485 nm, emission of 535 nm) using a microplate spectrophotometer from
BioTek, Synergy H1 (now Agilent Technologies Deutschland GmbH, Germany). Addi-
tionally, external calibration curves of DCF (2′,7′-Dichlorfluorescein; ≥90%, CAS 76-54-0,
Sigma-Aldrich, Taufkirchen, Germany) were performed in a standardized way with 8-point
calibration curves and 4 replicates. Each ROS assay was accompanied by one external
calibration curve.
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Ames fluctuation test: The mutagenicity of wastewater samples was assessed using
the Ames fluctuation test (ISO/CD 11350, OECD 471) with the Salmonella typhimurium
strains TA98 (detection of frameshift mutation, hisD3052) and TA100 (detection of base-
pair substitution, hisG46). The research group of J. Oehlmann (Department Aquatic
Ecotoxicology, Goethe University Frankfurt am Main, Germany) kindly provided the
used strains. Ames fluctuation tests were conducted as described by [49]. For testing
native samples, overnight cultures were diluted to 1800 (TA98) and 450 (TA100) for-
mazine attenuation units in the assay medium. The positive control was carried out using
4-Nitro-Phenylenediamine (4-NOPD, CAS 99-56-9, Sigma-Aldrich, Taufkirchen, Germany)
for TA98 and nitrofurantoin (NF, CAS 67-20-9, Sigma-Aldrich, Taufkirchen, Germany) for
TA100. Ultrapure water (Millipore® filter systems) was used for the dilution of wastewater.
Three dilutions of samples were tested (80%, 40%, and 20% wastewater) in each strain.
After an incubation of 48 h in 384-well plates, absorbance was measured (420 nm) using a
microplate spectrophotometer.

2.3. Balancing

TOC was used for balancing because COD determination of DMAc and DMA leads to
incorrect results (see Section 4.9). COD is only used for the inflow load. In this case, COD
is calculated based on the DMAc load. The TOC removal rate was calculated according to
Equation (1). The calculation of the DMAc removal rate and the DMA removal rate was
performed analogously.

TOCrem = TOCfeed − TOCeff (1)

TOCrem is the removed TOC in g/(m2 d); TOCfeed is the feed TOC content in g/(m2 d);
TOCeff is the effluent TOC content in g/(m2 d).

Nitrification and denitrification were calculated according to Equations (2) and (3).

Nni = (TNbfeed − NO3-Nfeed − NO2-Nfeed) − NBM − Norg,eff − NH4-Neff (2)

Nni is the nitrified nitrogen in g/(m2 d); TNbfeed is the total nitrogen content of the feed
in g/(m2 d); NO3-Nfeed is the feed NO3-N content in g/(m2 d); NO2-Nfeed is the feed NO2-
N content in g/(m2 d); NBM is the biomass nitrogen demand in g/(m2 d) (Equation (5));
NH4-Neff is the effluent NH4-N content in g/(m2 d); Norg,eff is the effluent organic nitrogen
content in g/(m2 d) (Equation (6)).

Ndeni = (Nni + NO3-Nfeed + NO2-Nfeed) − (NO3-Neff + NO2-Neff) (3)

Ndeni is the denitrified nitrogen in g/(m2 d); Nni is the nitrified nitrogen in g/(m2 d)
(Equation (2)); NO3-Nfeed is the feed NO3-N content in g/(m2 d); NO2-Nfeed is the feed
NO2-N content in g/(m2 d); NO3-Neffl is the effluent NO3-N content in g/(m2 d); NO2-Neff
is the effluent NO2-N content in g/(m2 d).

Nitrogen balancing was verified by bicarbonate balancing (Equation (4)). Bicarbonate
balancing was used for the determination of biomass nitrogen uptake. Bicarbonate bal-
ancing encloses nitrification bicarbonate demand, which contains the biomass nitrogen
demand again.

HCO3,eff = HCO3,feed + (HCO3,DMAc,rem + HCO3,DMA,feed − HCO3,DMA,eff) − (HCO3,ni − HCO3,deni) (4)

HCO3,eff is the HCO3 content of the effluent in mol/(m2 d); HCO3,feed is the HCO3
content of the feed in mol/(m2 d); HCO3,DMAc,rem is the HCO3 formation while DMAc
removal in mol/(m2 d) (1 mol HCO3/mol DMAcrem); HCO3,DMA,feed is the HCO3 formation
capability of the feed DMA in mol/(m2 d) (1 mol HCO3/mol DMA); HCO3,DMA,eff is the HCO3
formation capability of the effluent DMA in mol/(m2 d) (1 mol HCO3/mol DMA); HCO3,ni is
the HCO3 demand for nitrification in mol/(m2 d) (2 mol HCO3/mol Nnitrified); HCO3,deni is
the HCO3 formation while denitrification in mol/(m2 d) (1 mol HCO3/mol Ndenitrified).
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The factor for biomass nitrogen demand (Equation (5)) was determined in an iterative
way. The factor was adjusted until the slope of the linear regression between the measured
and calculated bicarbonate effluent concentrations reached 1.0 for each column.

NBM = 0.01 · TOCrem (5)

NBM is the biomass nitrogen demand in g/(m2 d); TOCrem is the removed TOC in
g/(m2 d).

The content of organic nitrogen was calculated according to Equation (6).

Norg,eff = TNbeff,unfilt − NO3-Neff − NO2-Neff − NH4-Neff (6)

Norg.eff is the effluent organic nitrogen content in g/(m2 d); TNbeff,unfilt is the effluent
TNb content of the unfiltered sample in g/(m2 d); NO3-Neff is the effluent NO3-N content
in g/(m2 d); NO2-Neff is the effluent NO2-N content in g/(m2 d); NH4-Neff is the effluent
NH4-N content in g/(m2 d).

The nitrifiable nitrogen is the nitrogen inflow corrected for biomass nitrogen demand
according to Equation (7).

Nnifia = NDMAc,in − NBM (7)

Nnifia is the nitrifiable nitrogen in g/(m2 d); NDAMc,in is the nitrogen content of the
DMAc inflow in g/(m2 d); NBM is the biomass nitrogen demand in g/(m2 d).

2.4. Data Analysis

Ecotoxicological effects were leveled in no, moderate, or high toxic effects for each bioassay.
Genotoxic effects (MNvit test) are leveled as follows: highly genotoxic effects were found
in wastewater (ww) samples compared to positive controls (pc) with MNRww (in all/three
dilutions) > MNRpc, moderate genotoxic effects when MNRww (in 1 to 2 dilutions) > MNRpc
and no genotoxic effects were detected when MNRww ≤ MNRpc. The oxidative stress
(ROS test) in wastewater was graded by comparison of fluorescence levels to both positive
controls (PCSIN-1, PCSIN-1+Tiron): no oxidative stress when <PCSIN-1, moderate oxidative
stress when > PCSIN-1, and high oxidative stress when >PCSIN-1+Tiron. Mutagenic effects
(Ames test) were graded in moderate effects when >20.8% of wells were affected and highly
mutagenic when >41.6% of wells were affected.

3. Results
3.1. Inflow Load
3.1.1. First Test Series

The trials started with a load of 160 g COD/(m2 d) and 48 g TOC/(m2 d), respectively.
After 12 weeks, the load was gradually increased to over 300 g COD/(m2 d) (Figure 2).
During the test, the hydraulic load was constant at 80 ± 1.8 L/(m2 d) in column IA and at
83 ± 0.5 L/(m2 d) in column IIA. When the performance limit of column IA was exceeded,
the test series was stopped. In the whole test period, the COD inflow load averaged
204 ± 51 g/(m2 d) in column IA and 211 ± 53 g/(m2 d) in column IIA (Table A1). The
difference between both columns was low and reached approximately 3%. Dependent on
the DMAc inflow load, the nitrogen load was between 14 and 28 g/(m2 d). The DMAc
inflow concentrations were between 1.1 and 2.1 g/L. This is equivalent to 2.1 and 3.9 g
COD/L. According to the DMAc concentration, the nitrogen concentration ranged from
180 to 340 mg/L (Figure 3, Table A1).
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Figure 3. Concentrations of the inflow in the first stage during the first test series.

3.1.2. Second Test Series

The TOC inflow load averaged in columns IIIA and IVA 47 ± 2.1 g/(m2 d) each
(Table A2). The inflow load is equivalent to a COD load of approximately 160 g/(m2 d).
The hydraulic load decreased from 80 L/(m2 d) gradually to 60, 30, 20, and 11 L/(m2 d).
In parallel, the TOC inflow concentration increased from 0.6 g/L up to 4.4 g/L (Figure 4).
Due to differing inflow compositions of column IIIA (real wastewater) and IVA (synthetic
wastewater), the load conditions differed slightly (Table A2). The differences result from
substances contained in the real wastewater but not in the synthetic wastewater, e.g., acidic
acid and DMA resulting from the decomposition of DMAc, as well as residues of the
primary materials polyvinylpyrrolidone and polysulfone. The DMAc load averaged in
column IIIA 75 ± 6.8 g/(m2 d), and in column IVA 86 ± 3.8 g/(m2 d). The nitrogen load
was 15.1 ± 1.1 g/(m2 d) in column IIIA and 13.8 ± 0.6 g/(m2 d) in column IVA. The
DMA load averaged in column IIIA 4.5 ± 2.4 g/(m2 d). The feed of column IVA did not
contain DMA.
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3.2. Results of the First Test Series

TOC removal: Neglecting the start-up phase, the TOC removal rate averaged 97–98%
for all combinations (Figure 5a,b, Table A1). Temporarily, more than 99% of the TOC
load was removed. The main part of the TOC load was removed in the first stages of the
test plants (Figure 5c,d). The TOC effluent concentrations of the second stages did not
differ much and decreased over time to less than 10 mg/L. In contrast, the first stages
differed distinctly. The removal rate of column IA was worse than that of column IIA
(Figure 5c,d, Table A1). Independent of loading conditions, the TOC concentrations in
column IIA effluent remained under 30 mg/L after 12 weeks (Figure 6c). In column IA,
the TOC effluent concentrations were between 54 and 84 mg/L. Due to the increasing
load to more than 300 g COD/(m2 d), TOC effluent concentrations of column IA increased
to 148–181 mg/L. In contrast, the effluent concentrations of column IIA remained at a
constant level.
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DMAc removal: In the effluent of the second stages, both DMAc and DMA were
detectable for two weeks (Figure 6a,b). Afterward, the concentrations were below the
limit of quantification (LOQDMAc = 0.1 mg/L, LOQDMA = 5 mg/L). In the effluent of the
first stages, both DMAc and DMA were detectable for a much longer period, especially in
column IA. One week after start-up, the DMAc concentration in the column IA effluent
was equal to the inflow concentration. In column IIA, degradation processes did start.
Thereby, DMA, an intermediate of DMAc degradation [13], was detected. First, the DMA
concentrations increased in column IA over the following weeks before reaching a stable
level below 100 mg/L, neglecting the last three weeks. In contrast to column IA, DMA
was completely degraded after 12 weeks in column IIA (DMA < 5 mg/L). The differences
during DMAc and DMA degradation correspond with those of TOC removal (Figure 6c).
At the end of the trial, loading was increased to > 300 g COD/(m2 d). This led to increasing
DMAc concentrations in both first stages and, additionally, to significantly increasing DMA
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concentrations in IB. Compared to column IA (CDMAc = 7.4 mg/L), the DMAc increase was
less in column IIA (CDMAc < 1 mg/L).
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Nitrogen removal: The averaged NH4-N effluent concentration was considerably
higher in column IA at 80 ± 31 mg/L than in IIA at 26 ± 35 mg/L (Table A1). In IIA, the
NH4-N concentrations dropped gradually until below 3 mg/L, while in IA, they remained
above 57 mg/L (Figure A1a). In the second stages, it took 7 weeks (IIB) and 8 weeks (IB,
IIC) for NH4-N concentrations to be below 10 mg/L. In the following weeks, the NH4-N
concentrations averaged at 3.5 ± 1.1 (IIB) and 3.7 ± 1.6 mg/L (IB, IIC). In the case of IC,
it took several weeks longer for the NH4-N concentration to reach below 10 mg/L. In
addition, the average concentration was higher (6.9 ± 3.7 mg/L) than in the other columns.

When nitrification started, nitrite accumulated (Figure A1b). The maximum NO2-
N level was significantly higher in IIA at 100 mg/L compared to IA at 8 mg/L. NO2-
N accumulation reached in the second stages temporarily peak values at 142 mg/L. In
columns IB and IIB, NO2-N concentrations later stabilized at < 0.1 mg/L. In IIC, the values
were slightly higher at < 0.2 mg/L (last 10 weeks). In IC, the NO2-N concentration was
considerably higher on average at 7.9 ± 9.2 mg/L (last 10 weeks). Nitrite build-up started
simultaneously in columns IB, IIA, IIB, and IIC, whereby IA affected the following columns
IIB and IIC by NO2-N discharge. Despite no NO2-N carryover occurring in IB, nitrite build-
up began at the same time. Due to the low nitrite build-up in IA, nitrate formation was low,
too. The nitrate concentrations were below 2 mg NO3-N/L at all times. In comparison, the
NO3-N concentrations increased up to 100 mg/L in IIA and up to 115 mg/L in IB, IIB, and
IIC (Figure A1c). Only in IC, nitrate formation was significantly lower. Decreasing TNb
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concentrations indicate denitrification processes taking place (Figure A1d). Increased TNb
concentrations in test plant I are due to a reduced nitrification rate in the first stage.

Although no nitrate and only temporary nitrite were detectable in IA effluent, the
nitrification balance shows that nitrification is occurring in IA, but nitrate has been almost
completely denitrified (Figure A2a, Table A1). Denitrification rates of columns IA and IIA
are comparable, but in IIA, DMAc-bounded nitrogen was completely nitrified (Figure A2b).
In the second stages, denitrification processes were low, so the overall efficiency was
hardly influenced (Figure A2c,d). With the exception of the IA + IC combination, all other
combinations reached nitrification rates of 80% (Figure A2c,d). Considering the biomass
nitrogen demand (see Equation (7)), DMAc-bounded nitrogen has been completely nitrified
(Table A1).

Due to sodium bicarbonate dosage to ensure nitrification, the effluent acid capacity was
relatively high. The mean values over the last ten weeks ranged from 8.0± 2.9 mmol/L (IIB)
and 8.0 ± 2.8 mmol/L (IIC) to 9.1 ± 2.5 mmol/L (IB) and 10.1 ± 2.3 mmol/L (IC). As a
result, the pH was also high. The pH in the inflow averaged 8.7 ± 0.3. In the effluent of the
first stages, pH decreased slightly to 8.5 ± 0.2 (IA, IB). In the effluent of the second stages,
pH was slightly higher than the values in the influent and ranged from 8.8 ± 0.1 (IB) and
8.8 ± 0.2 (IC) to 8.9 ± 0.2 (IIB) and 9.0 ± 0.2 (IIC).

Ecotoxicological effects: Genotoxic effects, reactive oxygen species formation, and
mutagenic effects were measured with in vitro bioassays at different time points during
wastewater treatment. The initial influent of the first test series (test plants I and II)
containing 1125 mg/L DMAc showed moderate genotoxic effects, no mutagenic effects
in both strains (TA98 and TA100), and highly toxic effects in ROS formation. Figure 7
shows ecotoxicological effects in test plant I and II during the treatment period of 23 weeks
measured after treatment weeks 11, 13, and 23. Stage 2 of both test plants were equipped
with two different grain sizes (0–2 mm or 0–4 mm), and their effluents were also tested
separately in the bioassays. To simplify the graphs, the results of test plant I and II are
shown in their respective stages 2 as one result; if they differ from the result, the more toxic
one is shown in the figure and exactly described in the following subchapter.
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Regarding ecotoxicological effects of test plant I after 11 weeks of operation: mutagenic
effects were detected for basepair substitution (strain TA100) at a moderate level in the
effluent of stage 1 and at a high level in the effluent of stage 2 (grain size 0–2 mm: moderate;
grain size 0–4 mm: highly toxic), further, ROS formation was detected in both stages. After
13 weeks of plant I operation, mutagenic effects were just found in stage 2 at a moderate
level (TA100), and ROS formation was detected just in the effluent of stage 1. After 23 weeks
of plant I operation, no genotoxic and no mutagenic effects, but ROS formation in stage 1
at a moderate level and in stage 2 at a high toxic level were identified. In summary, in plant
I after 23 weeks of operation, genotoxic effects from the initial influent were successfully
removed and mutagenic effects (TA100) detected during the treatment process were no
longer detected. In contrast, ROS formation was still detected in the final effluent at similar
levels to the initial influent of plant I.

In test plant II, a mutagenic effect (TA100) was found at a moderate level in stage 1
after 11 weeks of operation. Besides this single effect, no additional effects were found
at 11, 13, and 23 weeks of operation. Therefore, the ecotoxicological effects of the initial
influent could be removed after short-term operation time, and, compared to plant I, plant
II was more efficient in terms of ecotoxicological effects.

3.3. Results of the Second Test Series

TOC removal: The TOC overall removal efficiency of test plants III and IV was above
95% (Table A2). During the test period, the efficiency averaged more than 99% (Figure 8a,b).
In the first stages, it took more time until the TOC removal rate was stable compared to
the first test series because the test plants were fed during the first five weeks only twice a
day instead of four times a day (Figure 8c,d). After the alteration of the feeding times, the
removal rates of the first stages increased. This implies that the load per feed cycle was too
high. Independently, the effluent load of the first stages was removed in the second stages.
As a result, the overall removal rate remained constant.
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The TOC effluent concentrations were 10% lower when artificial wastewater than
when real wastewater was treated (Figure 9c). The TOC effluent concentrations averaged
10.6 ± 6.4 mg/L for treating the artificial wastewater and 12.0 ± 4.2 mg/L for the real
wastewater. The DMAc inflow concentrations influenced the effluent TOC concentrations
(see Section 4.5).
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DMAc removal: DMAc was not detectable in the effluent of the second stages
(Figure 9a, Table A2). DMA was only detected during the first week in test plant IV
(8 mg/L, Figure 9b). In the first stages effluents, higher concentrations of DMAC, as well as
DMA, were detected. The concentrations only decreased below the limit of quantification
after feeding times were altered.

Nitrogen removal: Overall nitrification and denitrification rates were comparable for
artificial and real wastewater treatment (Figure A4a–d). In the first stages, the removal
rates differed temporarily. Although test plant IV was 10% less loaded than test plant III,
the nitrification rate was lower at times (Figure A4b,d). Two weeks after start-up, NH4-N
concentrations dropped in the second stages effluent below 10 mg/L (Figure A3a).

In the first stages, the NH4-N concentrations also decreased after adjusting feeding
cycles (Figure A3a). In the last three weeks, the effluent NH4-N concentrations from the
first stage of test plant IV increased. The second stage was not affected.



Water 2023, 15, 1463 16 of 33

Effluent NO2-N concentrations were low at 0.2 mg/L (Figure A3b). The NO3-N con-
centrations averaged 197 ± 140 mg/L (III) and 182 ± 107 mg/L (IV) (Table A2). Dependent
on the inflow load, the nitrate concentrations peaked at 455 mg NO3-N/L (Figure A3c).
Nitrification was complete three weeks after start-up. Denitrification rates differed between
test plants. Test plant III had a higher denitrification rate, averaging 7.0 g± 1.4 NDN/(m2 d),
than test plant IV, which averaged 6.0 ± 2.1 g NDN/(m2 d). The denitrification rates aver-
aged 46 ± 10% in test plant III and 43 ± 14% in test plant IV (Figure A4a–d). During the
test series, the denitrification and TNb removal rates varied (Figure A3d).

The NH4-N concentration affects the adsorption of NH4-N to the filter material [50–52].
When inflow NH4-N concentration increases, a part of ammonia is adsorbed to the filter
material; if NH4-N content decreases, a part of the NH4-N bound in the filter material
is released. In the nitrogen balance, adsorption is summarized with denitrification (see
Section 2.3). Thus, if NH4-N is adsorbed, denitrification seems to increase. However, there
was indeed an increase in the denitrification rate during the last three weeks in test plant
IV (see Section 4.5).

Acid capacity averaged 9.4 ± 4.4 mmol/L in the effluent of IIIB and 8.2 ± 6.8 mmol/L
in the effluent of IVB. In the inflow, pH averaged 8.5 ± 0.5 in test plant III and 8.3 ± 0.5 in
test plant IV. In the effluent of the first stages, pH values changed slightly (IIIA: 8.3 ± 0.6,
IVA: 8.4 ± 0.5). In the second stages effluent, the average pH values were higher than the
influent values (IIIB: 8.9 ± 0.2, IVB: 8.8 ± 0.5).

Ecotoxicological effects: Wastewater of plants III and IV were tested in in vitro bioas-
says at weeks 4, 8, and 26 during the treatment process. Ecotoxicological effects were
sporadic in test plants III and IV during the treatment period of 26 weeks (Figure 7). In
test plant III, mutagenic effects (TA100) were found in the sample of 4 weeks of operation
in stage 1 in moderate levels but not in stage 2. After 8 weeks of operation, mutagenicity
(TA100) was detected in stage 2 at a high toxicity level. In the final effluent after 26 weeks
of operation, no toxicity was detected in both stages. In plant IV after 4 weeks of operation,
moderate mutagenicity (TA100) could be detected in stage 2, and moderate formation of
ROS was found in stage 1 but not in stage 2. After 8 and 26 weeks run, no ecotoxicological
effects were detected.

4. Discussion
4.1. Effect of the Grain Size Distribution on the Removal Rate

For the discussion, the last 10 weeks when TOC and nitrogen removal rates were
stable were considered. The total removal rates of the combinations IA + IB, IIA + IIB, and
IIA + IIC are comparable. Only the effluent concentrations show slight differences. The
lowest TOC and NH4-N effluent concentrations were observed for the combination IA + IB.
In addition, this combination has the second-highest denitrification rate. In combination
IIA + IIB, the TOC and NO3-N effluent concentrations were higher than in IA + IB. This
was followed by the combinations IIA + IIC and IA + IC. In general, sand (0–2 mm) showed
better performance as a filter material in the second stages than fine gravel (2–4 mm). The
different removal rates of the first stages were buffered by the second stages when sand
was used. High load periods were also compensated without loss of removal efficiency.
In contrast, clear differences in performance were observed between the first stages. In
particular, the results of column IA indicate overload times. In the first stage, the material
with a grain size of 2–8 mm (IIA) was more suitable than the material with a grain size
of 2–4 mm (IA). In both cases, oxygen-limited zones occurred. These zones were larger
in IA than in IIA. Due to the lower TOC removal and nitrate built up in column IA, the
oxygen supply to column IA was probably weaker than to the coarser material of column
IIA. While oxygen concentrations were not measured in the columns, the performance
parameters endorse this conclusion.

Nitrogen balances indicate nitrification processes taking place in IA. However, the
nitrate formed was completely consumed for the oxidation of DMAc and DMA, respectively.
Since in column IA, the supply of dissolved oxygen and nitrate could not compensate
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for the oxygen demand of the fed organic load, the TOC load in the effluent was higher
than in column IIA. Due to incomplete denitrification of the nitrate formed in column
IIA, it is proven that readily degradable TOC has been largely removed and that IIA is
not overloaded. The lower TOC removal rate of IA was compensated by the second
stage, but it is not useful to overload the first stage permanently. If oxygen-restricted
conditions occur in aerobic systems, the formation of extracellular polymeric substances
(EPS) may increase [53]. Under these conditions, so-called microaerophilic conditions,
oxygen is available for the degradation of organic substances but not in sufficient quantities
to degrade EPS formed during the degradation process [54]. Independently, high organic
loading also results in high biomass growth and increasing EPS formation. Both can
increase the risk for colmation [55–57]. As a result, the reliability of column IA is rated
lower compared to IIA. Hence, a grain size of 2–8 mm should be used in the first stage.

4.2. Effect of the pH Value on the Removal Rate

In the effluent of the columns, the pH values reached a high level between 8.0
and more than 9.5. Favorable pH values for DMAc biodegradation are between 6 and
7 [8]. However, no significant negative effect on the removal rate was determined during
the experiments.

4.3. Maximum Loading

The first stage loading was twice that of comparable two-stage municipal VF wet-
lands [37,38]. Nevertheless, the best-rated combination (IIA + IIB) was suitable for treating
high loads of up to 300 g COD/(m2 d) and 97 g TOC/(m2 d) without affecting efficiency.
The highest TOC load removed from the first stage was 95 g/(m2 d) and 96 g TOC/(m2 d)
of the overall system. The highest total DMAc removal was 196 g/(m2 d). Nitrification
reached up to 25 g N/(m2 d). Denitrification increased dependent on the DMAc load, up to
16 g N/(m2 d).

In summary, the loading was relatively high compared to municipal VF wetlands.
However, VF wetlands fed with industrial wastewater can be similarly loaded. For in-
stance, [31] consider a two-stage system treating wastewater from food processing that
has been loaded with 240 g COD/(m2 d). Generalizable data are not available because
several factors affect the safe loading of a VF wetland, e.g., biodegradability, wastewater
composition, wetland type, especially setup and materials used, and wetland operating
mode. For comparison, the design load of the first stage of the two-stage French wetland
system is 300 g COD/(m2 d) [37,38,58]. That is similar to the highest treated load of the
trials carried out. However, the first stage of the French system consists of three redundant
wetlands. Only one of them is loaded; the others are not loaded but regenerated [37,38,58].
Thus, the mean load of the total required area results in 100 g COD/(m2 d). Feeding
breaks allow wetlands to regenerate. This can be used for the regeneration of seasonally
high-loaded wetlands [27] or, as with the French system, by operating multiple stages in
parallel and in series [58].

4.4. Comparability between Artificial and Real Wastewater

The treatment of the artificial DMAc wastewater results in comparable removal rates
to treating the real wastewater (Figure 8a,b). Hence, the results of the artificial wastewater
are basically generalizable. However, it can also be clearly seen that the TOC effluent
concentrations of the artificial wastewater are lower than those of the real wastewater
(Figure 10). Obviously, other substances contained in real wastewater, such as PVP and PSU,
form low-degradable substances, which increase the concentration levels. The nitrogen
content is based on DMAc, DMA, and PVP. Since nitrification was complete and the effluent
contained no organically bound nitrogen, PVP must have been removed. Therefore, PSU is
the possible reason for the higher effluent concentrations.
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Figure 10. TOC effluent concentrations during the second test series when treating artificial and
real wastewater.

4.5. Impact of the Inflow Concentration on the Effluent Concentration

As the DMAc influent concentrations increased, the TOC concentrations in the effluent
also increased (Figure 11a–d). The total removal rate was not affected. Increasing the
TOC inflow concentration from 0.78 g/L to 3.0 g/L resulted in an increase in the effluent
TOC concentration of approximately 50% (Figure 11a–d), i.e., from 8.8 ± 1.2 mg/L to
13.2 ± 1.2 mg/L (test plant III, Figure 11c). As previously mentioned, the effluent concen-
trations of test plant III were higher than that of test plant IV (Figure 11a–d). However,
the further increase of the TOC inflow concentration to 4.4 g/L moderately increased the
effluent concentration of column IIIB to a mean value of 17.8 ± 7.1 mg/L. In contrast, the
increase was significantly higher in test plant IV. Regardless, nitrification was complete in
both test plants. However, the removal rates decreased clearly in the first stages. In parallel,
the denitrification rate increased in both test plants (Figure 11e,f). Since the influent load
was in the lower range of the first test series, overloading can be excluded.

Obviously, hydraulic conditions are the key factor for the declining removal rates.
The hydraulic load gradually decreased from 80 L/(m2 d) to 11 L/(m2 d) with increasing
concentrations. In the latter weeks, the specific hydraulic loading rate was only 2.7 L/(m2 d).
This is significantly less than the recommended value. For an equal water distribution at the
filter surface, the specific hydraulic loading rate should reach 20 L/m2 [37,38]. Due to the
low hydraulic load, the water and, thus, the TOC load is unevenly distributed on the filter.
Thus, several parts of the filter are not loaded, while the influent-fed part of the filter is
overloaded. Consequently, the rapidly increasing effluent concentrations are due to uneven
wastewater distribution on the filter. The increasing denitrification rate indicates a shortage
of oxygen in layers that were aerobic before the increase in the inflow concentrations and
the decrease in hydraulic load. Thus, the rapidly increasing effluent concentrations are
due to the uneven distribution of wastewater on the filter. Although both test plants are
designed and loaded similarly, the differences observed at high concentrations indicate an
uneven wastewater distribution on the filters.

4.6. Effects of Seeding on the Start-Up Phase

Without seeding, the TOC removal rate reached 90% within three weeks. DMAc and
DMA concentrations decreased below the limit of quantification in the same period. The
removal efficiency stabilized at more than 96% after six weeks. The gradually increasing
NH4-N effluent concentrations observed during start-up are due to the hydrolysis of the
nitrogen bound in DMAc. The more DMAc or DMA is degraded, the more NH4-N is
released. Nitrification starts after one month. The temporary nitrite accumulation also
takes one month. Thus, nitrification is completely developed after two months. The
mixing of fresh and seeded material significantly shortens the start-up phase. Thus, the
TOC removal rate reached 97% after only one week. The start-up time for nitrification
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is also shortened. After the third week, NH4-N concentrations were below the limit of
quantification. Nitrite accumulation was largely absent. At a load of 160 g COD/(m2 d),
the first stage should be fed four times a day. Fewer feed cycles result in the overloading of
the first stage (see Section 3.3).
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4.7. Assessment of the Removal Rates

The feed concentrations ranged between 1.1 and 8.0 g DMAc/L and 2.0 and 14.7 g
COD/L. This is equal to the wastewater concentrations measured in a membrane manu-
facturing plant. Operational data of lab-scale and pilot-scale test plants described in the
literature are comparable (see Table 4).



Water 2023, 15, 1463 20 of 33

Table 4. Removal rates in comparison.

Source Process Parameter Unit DMAc COD TOC TN NH4-N

[12] Electrolysis + Hydro-lysis + SBR + MBR Feed Conc. [mg/L] – 4100 – 150 15
Removal [%] – 98 – 57 2 –

[13] 1 Upstream denitrification + MBR Feed Conc. [mg/L] 500–1700 1500–3000 450–1000 200–650 –
Removal [%] 100 93–96 77–96 – –

[14] Electrolysis + SBBR Feed Conc. [mg/L] 25–165 580–810 180–420 160–350 70–350
Removal [%] 98 78 58 58 –

[15] SBR Feed Conc. [mg/L] 51–77 519–702 – – 88–105
Removal [%] – – – – –

[16] Bioelectrical anaerobic system Feed Conc. [mg/L] – 1300–1700 – – 30
Removal [%] – 19–31 – – –

This
study Two-stage VF wetland Feed Conc. [mg/L] 877–7905 1461–14,321 600–4442 201–1318 –

Removal 3 [%] 100 >99 >99 58 –

Notes: 1 Without data from oxygen-limited phases. 2 Calculated. 3 Without start-up phase. MBR . . . Membrane
bioreactor. SBR . . . Sequencing batch reactor. SBBR . . . Sequencing batch biofilm reactor.

Regardless of the high load, the TOC removal efficiency was over 99%, which is higher
than the biological treatment systems described in the literature (Table 4). At concentrations
of 1.7 g DMAc/L and 4.1 g COD/L, 96% of COD and TOC [13] and 98% of COD [12]
were removed (Table 4). Lower removal efficiencies were published by [14], who studied
a combination of micro electrolysis and SBR. The difference between the COD removal
efficiency (78%) and TOC (58%) is remarkable. Lower removal rates were also achieved
when reactors were operated under oxygen shortage (see: [13]) or anaerobic conditions
(see: [16]). In the named studies, complete nitrification was not achieved. In [15], the
studied parameters affecting nitrification when treating wastewater containing DMAc,
TOC, or DMAc removal rates are not published. However, it is obvious that in a nitrifying
system, organic substances have largely been degraded. A comparison shows that very high
removal rates, complete nitrification, and partial denitrification can be achieved with simple
technologies such as VF wetlands, although the loading was significantly higher than those
of municipal VF wetlands. The advantages of the studied VF wetlands compared to the
biological treatment processes mentioned in Table 4 are higher TOC removal efficiencies
and complete nitrification. In parallel, more than 40% of nitrogen was denitrified. Since VF
wetlands are not artificially aerated, the energy requirement is lower compared to aerated
sludge processes. The higher area required is unfavorable. However, the highly loaded
first stage reduced the area requirement. The area of both stages was 75% less than the area
of unaerated single-stage VF wetlands and 50% less than the area of two-stage VF wetlands
designed according to the German standard DWA-A 262 [37,38]. A high organic and low
hydraulic load can cause operational problems due to irregular distribution (Section 4.11).
To avoid these problems, the effluent has to be recirculated.

4.8. Degradation Pathways and Microbial Composition

DMAc can be degraded by several microorganisms, e.g., Rhodococcus sp. strain B83 [9],
Rhodococcus ruber HJM-8 [11], and Paracoccus communis YBH-19 X [11], via the intermediate
methylacetmide and acetamide to acetate and ammonia. Not all of these bacteria are
capable of using acetate as a substrate [9,11]. Therefore, acetate can initially accumulate and
subsequently inhibit the degradation process [9,11]. When bacteria can utilize acetate, i.e.,
Paracoccus communis YBH-19 X, permanent accumulation does not occur [11]. Therefore,
the efficiency in mixed cultures can be higher than in pure cultures since substances
inhibiting one bacterial strain, e.g., acetate, can be degraded by another strain [11]. For
the biodegradation of DMAc, this was proven by the combination of Rhodococcus ruber
HJM-8 and Paracoccus communis YBH-19 X [11]. Another possible pathway is degradation
via the intermediate dimethylamine to acetate and ammonia [13]. In the present study,
DMA was detectable over long periods of time. Thus, it is obvious that degradation occurs,
as suggested by [13]. DMA was detected during the start-up phase and during oxygen
shortage due to overloading. Strong DMA accumulation occurred at the beginning of the
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start-up phase. Dependent on the operating conditions, DMA is largely or completely
degraded. If DMA is not detected, this is not evidence that it is not formed. Biomass
adaption to DMAc and DMA results in faster degradation [8], so DMAc and DMA are not
detectable after all. However, if operating conditions deteriorate, DMA concentration may
increase again.

Further support for the pathways discussed above can be gained from the microbio-
logical analysis of 100 bacterial isolates per sample at three different stages in both artificial
as well as real wastewater. The cultivable fraction of the DMAc degrading communities
consisted of five main bacterial strains (Figure 12): Aeromonas salmonicida, Brevibacillus
non-reactive (Reference genome: GCA_900637055.1), Brucella anthropi (GCA_012103185.1),
Chryseobacterium lacus (GCA_003336205.1), and Microbacterium oxydans (GCA_003991855.1).
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Among these, Brucella anthropi was previously found to be able to utilize DMAc as
the single carbon and nitrogen source [59]. It is further able to completely mineralize
the sister compound DMF with high efficiency through a pathway highly similar to the
here detected DMAc mineralization including DMA as an intermediate [59,60]. This in-
volves the initial cleavage of DMF into the intermediates DMA and formates through
a DMFase and the subsequent metabolism of the DMA into the second intermediate
methylamine and further into formaldehyde and ammonia by means of two enzymes,
dimethylamine dehydrogenase (EC 1.5.8.1) and methylamine dehydrogenase (EC 1.4.9.1).
Genes encoding for the dimethylamine dehydrogenase were found in the B. anthropi ref-
erence genomes (KEGG: Oant_3262), while the methylamine dehydrogenase activity of
B. anthropi had been experimentally verified by [59]. In addition to the detected enzymes
and those described in the literature, an enzyme with trimethylamine-oxide aldolase
activity was recognized. The detected enzyme shared a 97% coverage and 49% iden-
tity with an aminomethyltransferase enzyme in E. coli (AN: MRF39885.1). A docking
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approach using the crystallographic structure of the E. coli enzyme as a receptor and
DMAC as substrate showed that the latter could be stabilized in the active site with a
∆Gbinding = −3 Kcal mol−1 and a RMSD of 1.5 Å. While these parameters are not optimal,
they suggest that the binding of the substrate could indeed take place. Overall, this could
provide candidate enzymes for the initial DMAc cleavage into DMA and acetate, hence
providing a complete degradation pathway in a single strain. In addition, B. anthropi
was found to encode an homologous to Cytochrome P4502E1, previously reported to be
involved in the catalysis of the second DMAc oxidation pathway via the intermediates
methylacetamide and acetamide to acetate and ammonia [9,11], hence providing a second
full degradation pathway in this species. Similarly, Chryseobacterium lacus was identified as
a common member of DMF degrading communities [8,61], and while within its reference
genome, not a complete DMAc breakdown pathway was found, genes coding for enzymes
with dimethylamine dehydrogenase and trimethyl oxide aldolase activity were detected.
The latter was also true for the remaining species.

Further, the potential accumulation of acetate, which as an inhibitor to complete
DMAc degradation explains lower degradation speed in certain cultures of pure bacterial
strains [9,11] and can be utilized by all five cultivated strains of the degradation consortium
based on analysis of the reference genomes through a myriad of different enzymes (e.g.,
via acetate kinase (EC 2.7.2.1), acetyl-CoA synthase (EC 6.2.1.1), succinyl-Coa:acetate CoA-
transferase (EC 2.8.3.18) or acetaldehyde dehydrogenase (EC 1.2.1.10)), providing that
acetate-based inhibition should not appear.

Consequently, the pathways suggested based on chemical analysis underlying the
complete degradation of DMAc in the consortium are supported by the different enzymes
detected in silico for the isolates. Different bacterial species may contribute to environmen-
tal DMAc degradation, meaning that this process is multifactorial. Among the recovered
species, B. anthropi might play a particularly important role. In spite of this, the substrate
specificity of the recognized enzymes should be explored in future experiments. In ad-
dition, the high speed of DMAc degradation can be explained by an absence of acetate-
based inhibition.

4.9. Evaluation of the COD Analyses

The digestion of the organic substances with dichromate during COD analysis accord-
ing to the standard methods can be affected by the substances to be analyzed [62,63]. Not
all of them are completely oxidizable, so the analyzed value can be either lower than the
theoretical value or higher due to reactions between the oxidizing agent and certain ions of
the substance to be analyzed [62–65]. An overview of the analyzed COD and theoretical
oxygen demand (ThOD) of 582 substances is given by [63].

The ThOD of DMA is 2.13 g/g. Compared to the ThOD, DMA has a very low COD.
According to data published in the literature, the COD is only 0.053 g/g [63] or 1.9% of the
ThOD [62], i.e., 0.04 g/g. Tests with DMA standard solution (40%) have confirmed these
values at 0.05 g/g. The ThOD of DMA is calculated according to Equation (8), and that of
DMAc, according to Equation (9):

C2H7N + 3O2 → NH3 + 2CO2 + 2H2O (8)

C4H9NO + 5O2 → NH3 + 4CO2 + 3H2O (9)

The ThOD of DMAc is 1.86 g/g, and the analyzable COD is 1.6 g/g. Neglecting degra-
dation byproducts and other wastewater components, the ThOD of wastewater containing
mainly DMAc and DMA can be calculated according to Equation (10). The analyzable COD
results from the COD analyses of DMAc and DMA according to Equation (11).

ThODtotal = 1.84 g ThOD/g DMAc · CDMAc + 2.13 g ThOD/g DMA · CDMA (10)
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ThOD is the theoretical oxygen demand [mg/L]; CDMAc is the DMAc concentration
[mg/L]; and CDMA is the DMA concentration [mg/L].

COD = 1.58 g COD/g DMAc · CDMAc + 0.05 g COD/g DMA · CDMA (11)

COD is the calculated, measurable COD [mg/L]; CDMAc is the DMAc concentration
[mg/L]; and CDMA is the DMA concentration [mg/L].

During the tests, the measured COD effluent concentrations were significantly lower
than the ThOD values. The correlation between the ThOD calculated according to Equation
10 and the measured COD concentrations gives a slope of 0.4 (Figure 13,
CODmeasured = 0.38 · ThOD + 34). If the calculated COD according to Equation 11 is
used instead of the ThOD, both the measured and the calculated COD largely agree
(Figure 13, CODmeasured = 0.88 · COD + 84). The Offset is due to degradation products and
biomass compounds.
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Hence, COD analyses are not suitable for the analysis of wastewater from the mem-
brane industry, containing mainly DMAc and DMA, because the actual wastewater load is
underestimated. On the other hand, this overestimates COD removal rates. Therefore, the
TOC value is suggested to characterize wastewater containing DMAc and DMA. Based on
the COD:TOC ratio, implausible COD concentrations can be identified. As long as DMAc
is largely degraded to DMA only, the COD:TOC ratio is low and in the range of 1. When
degradation is complete, it increases to about 2.9.

4.10. Ecotoxicological Effects

The applied in vitro bioassays are useful tools to detect (eco-)toxicological effects
during the treatment processes of wastewater. These effect-based methods can also detect
effects of unknown substances or products generated during treatment, as it was found in
plant I where mutagenic effects were detected that were not found in the initial influent.
On the other hand, effect-based methods are usually limited in identifying individual sub-
stances responsible for the effect. Therefore, it cannot be clarified which specific substances
were responsible for the mutagenic effects observed in plant I during the experiment in
the first weeks. Interestingly, mutagenic effects could be only detected with the strain
TA100 in the applied Ames test, which identifies substances responsible for a base-pair
substitution. One of the possible compounds responsible for the base-pair substitution
could be nitrite [66] since it was measured in high concentrations during the first weeks of
the run in plant I. Nitrite was identified to produce base-pair substitution but did not lead
to frameshift mutations which could be detected by strain TA98 [66]. In the wastewater
of the present study, moderate or high mutagenic effects could be detected for base-pair
substitution but not for frameshift mutation. This correlated mostly with high concen-
trations of nitrite measured in these samples. Whether other substances also lead to an
increase in such mutations cannot be ruled out. Genotoxicity measured using the in vitro
micronucleus test is a well-established international approach for testing wastewater [67]
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and effluent toxicity (reviewed by [68]). Further, many substances were found to be geno-
toxic in MNvit tests [69]. The DCFH assay to identify ROS formations is described as not
highly specific but can detect different types of ROS produced and is widely used as a
qualitative marker of cellular oxidative stress [48,70]. Finally, DMAc could lead to moderate
genotoxicity in the MNvit test and high-level formation of ROS (DCFH assay) since these
effects were identified for the initial influent containing 1125 mg/L DMAc. Further, this
influent concentration of DMAc did not lead to mutagenic effects (base-pair substitution,
frameshift mutation).

4.11. Recommendations

Basically, the researched two-stage VF wetland is capable of removing DMAc. Tem-
porary high loads of more than 300 g COD/(m2 d) are treatable without impairing the
removal rate. Based on the results, 160 g COD/(m2 d) seems to be a realistic value for the
design load of the first stage. However, further research on a larger scale is needed for a
reliable evaluation.

No external nitrogen source is needed for DMAc degradation. Microorganisms can
utilize the nitrogen bound in DMAc. The biomass nitrogen demand is 11.5% of the nitrogen
supplied with DMAc. This equates to a COD:N ratio of 200:2, which is lower than the
typical ratio of 200:5 [71,72]. The phosphorous demand is also lower than expected. The
COD:P ratio is 200:0.3. Since [31] also found reduced nutrient demand when treating
industrial wastewater in VF wetlands, this may be due to the reuse of released nutrients
during biomass decay within the filter material.

Since nitrate supports the oxygen conditions in the first stage, nitrification should
basically be targeted. Due to the high nitrogen content of DMAc, bicarbonate dosing is
required. Although bicarbonate is released again during the degradation of DMAc, it is
not sufficient to compensate for the demand for nitrification. Since denitrification recovers
bicarbonate, the dosage may decrease as denitrification increases.

For better wastewater distribution on the filter surface at low hydraulic load, effluent
recirculation into the inflow is useful. Assuming a feed TOC concentration of 4.4 g/L,
a hydraulic load of 11 L/(m2 d), a recirculation ratio of two (Qrecirculation/Qinflow), and
four feeding cycles per day, the specific hydraulic loading rate increases from 2.7 L/m2 to
8.2 L/m2 per dose. To ensure a specific hydraulic loading rate of 20 L/m2, the recirculation
ratio increases to six. Since the number of feeding cycles affects the oxygen conditions
at high loading in the first stage, it is not recommended to reduce the number of feeding
cycles to increase the specific hydraulic loading rate.

5. Conclusions

Highly loaded two-stage VF wetlands are a simple and low-energy technology for
treating DMAC-containing wastewater. The TOC removal efficiency is higher than the
results published in the literature. Additionally, the nitrogen is completely nitrified. DMAc
is degraded via the intermediate DMA by different bacteria.

The COD value is not suitable for the analysis of wastewater containing DMAc and
DMA. Therefore, the TOC value should be used for monitoring wastewater treatment.

Since a substantial part of the degradation process occurs in the first stage, proper
material selection is an important factor in ensuring proper oxygen conditions. Seeding
of the filter material is not needed, but it shortens the start-up period, and it may prevent
high nitrite accumulation. Without seeding, nitrite accumulation can take several weeks
and reach very high concentrations of up to 140 mg NO2-N/L.

DMAc removal in VF wetlands seems to be a promising approach. However, further
research is needed. This should focus on the long-time operation of the wetland, especially
whether collimation processes occur in the first stage and how these affect the removal rate.
Furthermore, the effect of load changes on the nitrification rate and the oxygen conditions
needs to be investigated.
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Appendix A. Tables

Table A1. Load (L), removal rates (η), feed and effluent concentrations (C) during the first test series
(1st row: mean ± standard deviation, 2nd row: min–max).

Parameter Unit First Stage Combination

IA IIA IA + IB IA + IC IIA + IIB IIA + IIC

LA,TOC [g/(m2 d)]
61 ± 15 63 ± 16 61 ± 15 61 ± 15 63 ± 16 63 ± 16
47–92 51–97 47–92 47–92 51–97 51–97

ηTOC [%]
81 ± 20 88 ± 16 94 ± 11 90 ± 18 94 ± 11 93 ± 13

0–94 28–98 46–99 25–99 47–99 38–99

CTOC,feed [mg/L] 768 ± 197 768 ± 197 768 ± 197 768 ± 197 768 ± 197 768 ± 197
621–1164 621–1164 621–1164 621–1164 621–1164 621–1164

CTOC,eff [mg/L] 129 ± 118 77 ± 94 34 ± 65 56 ± 97 37 ± 71 44 ± 76
54–623 23–450 6.5–319 12–443 9.2–350 13–374

LA,DMAc [g/(m2 d)]
111 ± 28 115 ± 29 111 ± 28 111 ± 28 115 ± 29 115 ± 29
85–166 93–176 85–166 85–166 93–176 93–176

ηDMAc [%]
93 ± 20 95 ± 14 98 ± 8.1 97 ± 11 98 ± 8.4 98 ± 9.3
10–100 37–100 61–100 47–100 60–100 56–100

CDMAc,feed [mg/L] 1391 ± 357 1391 ± 357 1391 ± 357 1391 ± 357 1391 ± 357 1391 ± 357
1125–2109 1125–2109 1125–2109 1125–2109 1125–2109 1125–2109

CDMAc,eff [mg/L] 71 ± 217 50 ± 151 18 ± 87 25 ± 119 21 ± 101 22 ± 100
0.1–1017 0.1–714 0.1–415 0.1–568 0.1–484 0.1–482

CDMA,eff [mg/L] 98 ± 62 53 ± 69 22 ± 58 44 ± 110 20 ± 51 22 ± 50
25–255 5.0–285 5.0–235 5.0–383 5.0–222 5.0–211

LA,TKN [g/(m2 d)]
18 ± 4.5 18 ± 4.6 18 ± 4.5 18 ± 4.5 18 ± 4.6 18 ± 4.6

14–27 15–28 14–27 14–27 15–28 15–28

ηTKN [% TKNfeed] 38 ± 25 69 ± 34 73 ± 36 61 ± 39 78 ± 32 76 ± 34
5.5–72 7.8–97 10–99 2–98 21–99 20–99

ηnitrification [% TKNfeed] 31 ± 23 62 ± 32 66 ± 35 54 ± 37 69 ± 30 67 ± 32
0.6–61 4.6–87 1.2–89 1.1–87 10–87 9.7–88
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Table A1. Cont.

Parameter Unit First Stage Combination

IA IIA IA + IB IA + IC IIA + IIB IIA + IIC

ηdentrification [% TKNfeed] 31 ± 23 30 ± 18 29 ± 24 32 ± 23 32 ± 14 33 ± 16
0.0–61 4.1–58 0.0–60 0.0–63 8.5–54 9.2–59

CTKN,feed [mg/L] 224 ± 58 224 ± 58 224 ± 58 224 ± 58 224 ± 58 224 ± 58
181–340 181–340 181–340 181–340 181–340 181–340

CTKN,eff [mg/L] 123 ± 34 52 ± 60 41 ± 58 66 ± 68 38 ± 56 39 ± 59
71–191 6.2–167 3.0–149 4.4–152 3.0–143 3.0–143

CNH4-N,eff [mg/L] 80 ± 31 26 ± 35 30 ± 48 47 ± 59 26 ± 45 27 ± 45
7.8–134 3.0–108 3.0–134 3.0–151 3.0–130 3.0–126

CNO3-N,eff [mg/L] 1.1 ± 0.1 53 ± 46 56 ± 43 34 ± 38 69 ± 51 62 ± 52
1.0–1.6 1–103 1.0–113 1.0–89 1.0–118 1.0–118

CNO2-N,eff [mg/L] 0.6 ± 1.7 19 ± 33 22 ± 45 18 ± 29 14 ± 36 19 ± 39
0.0–8.0 0.0–102 0.0–142 0.0–88 0.0–132 0.0–128

Table A2. Load (L), removal rates (η), feed and effluent concentrations (C) during the second test
series (first row: mean ± standard deviation, second row: min–max).

Parameter Unit First Stage Combination

IIIA IVA IIIA + IIIB IVA + IVB

LA,TOC [g/(m2 d)]
47 ± 2.1 47 ± 2.1 47 ± 2.1 47 ± 2.1

42–49 44–52 42–49 44–52

ηTOC [%]
90 ± 12 91 ± 14 99 ± 1.0 99 ± 0.6
64–99 58–99 96–100 98–100

CTOC,feed [g/L] 1.7 ± 1.4 1.7 ± 1.4 1.7 ± 1.4 1.7 ± 1.4
0.6–4.4 0.6–4.4 0.6–4.4 0.6–4.4

CTOC,eff [mg/L] 64 ± 74 67 ± 75 13 ± 4.7 11 ± 6.3
13–244 15–249 6.5–27 3.6–31

LA,DMAc [g/(m2 d)]
76 ± 6.3 86 ± 3.8 76 ± 6.3 86 ± 3.8

69–87 81–95 69–87 81–95

ηDMAc [%]
96 ± 7.2 95 ± 9.8 100 ± 0.0 100 ± 0.0
79–100 68–100 100 100

CDMAc.feed [g/L] 2.9 ± 2.6 3.1 ± 2.5 2.9 ± 2.6 3.1 ± 2.5
0.9–7.9 1.1–8.0 0.9–7.9 1.1–8.0

CDMAc,eff [mg/L] 37 ± 64 54 ± 107 0.1 ± 0.0 0.1 ± 0.0
0.1–190 0.1–343 0.1 0.1

CDMA,eff [mg/L] 125 ± 130 91 ± 102 5.0 ± 0.0 5.0 ± 0.7
5.0–346 5.0–248 5.0–5.0 5.0–8.0

LA,TKN [g/(m2 d)]
15 ± 1.1 14 ± 0.6 15 ± 1.1 14 ± 0.6

13–16 13–15 13–16 13–15

ηTKN [% TKNfeed] 83 ± 23 82 ± 26 95 ± 12 96 ± 7.8
0–100 0–99 49–100 62–100

ηnitrification [% TKNfeed
79 ± 16 77 ± 17 85 ± 12 85 ± 7.7
36–89 34–88 39–89 51–88

ηdentrification [% TKNfeed] 46 ± 11 42 ± 14 46 ± 10 43 ± 14
9.4–61 18–72 20–62 25–72

CTKN,feed [mg/L] 532 ± 406 502 ± 407 532 ± 406 502 ± 407
201–1318 175–1294 201–1318 175–1294
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Table A2. Cont.

Parameter Unit First Stage Combination

IIIA IVA IIIA + IIIB IVA + IVB

CTKN,eff [mg/L] 33 ± 44 35 ± 39 11 ± 23 9.5 ± 16
3.0–146 3.9–131 3.2–103 3.1–68

CNH4-N,eff [mg/L] 9.5 ± 13 14 ± 16 9.3 ± 23 7.3 ± 16
3.0–58 3.0–60 3.0–102 3.0–68

CNO3-N,eff [mg/L] 173 ± 152 146 ± 119 197 ± 140 182 ± 107
1.0–420 1.0–373 1.0–455 3.0–386

CNO2-N,eff [mg/L] 0.5 ± 0.9 5.8 ± 9.4 0.2 ± 0.3 0.2 ± 0.5
0–2.8 0–36 0–1.4 0–2.7
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Figure A4. Nitrogen balance during the second test series ((a): first stage of the 3rd test plant, (b): 
overall balance for IIIA + IIIB, (c): first stage of the 4th test plant, (d): overall balance for IVA + IVB). 
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