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Abstract: The performance of a laboratory-scale 40 L anaerobic membrane bioreactor (AnMBR)
treating municipal wastewater with and without iron supplementation was evaluated at ambient
temperatures at a hydraulic retention time (HRT) of 6 h and sludge retention time (SRT) of 50 days.
The system exhibited satisfactory performance during the summer and winter periods with average
COD removal efficiencies of 73 ± 4% and 60 ± 4%, respectively. Moreover, two different FeCl3 dosages
were studied for optimizing operation in terms of organic load removal, phosphorus removal, biogas
production, membrane fouling, and emerging contaminant removal. The addition of 25 mg FeCl3 L−1

improved the performance of the AnMBR. More specifically, average effluent COD concentrations
without FeCl3 addition were 177 ± 21 mg/L, while after the addition of 25 mg FeCl3 L−1 and
30 mg FeCl3 L−1, COD decreased to 147 ± 8 mg/L and 149 ± 11 mg/L, respectively. Moreover,
effluent TP decreased by 75% with the dosage of 25 mg FeCl3 L−1 and was almost completely
removed with 30 mg FeCl3 L−1. The membrane performance was slightly improved by FeCl3 dosing
while biogas production was not affected by iron addition. AnMBR appeared inadequate for the
removal of almost all the selected micropollutants, and the effect of iron addition on micropollutant
removal was very limited.

Keywords: AnMBR; iron addition; ultrafiltration

1. Introduction

In December 2015, the European Commission (EC) adopted its first Circular Economy
Action Plan, updated again in March 2020, with a program of measures to help close the
product life cycle through more recycling and reuse [1]. Recovering energy and water
for reuse are important factors that can make water management an important part of
the EU initiative mentioned above. The Circular Economy Action Plan is one of the key
building blocks of the European Green Deal, which aims to put the EU on the path to a
green transformation with the goal of becoming climate neutral by 2050 [2] The vision of
“Zero Pollution for a Toxic-Free Environment” is to reduce pollution of air, water, and soil
by 2050 to levels that are no longer considered harmful to health and natural ecosystems,
thus creating a toxic-free environment.

In this context, wastewater treatment plants (WWTPs) play a key role, as they consume
large amounts of energy and can discharge unwanted pollutants into water bodies if not
properly treated. In Europe and in Greece, existing wastewater treatment plants are not
sufficient to fully support the circular economy and the goals of the Green Deal.

More specifically, the total electricity consumption of wastewater treatment plants
in Europe (only plants with at least 2000 population equivalents (PEs) were considered)
was estimated at 24,747 GWh per year, which corresponds to about 0.8% of electricity
consumption in the EU-28 [3]. Less than 1% of these plants are currently using technologies
to recover resources from wastewater. In this context, wastewater treatment is considered
a major energy consumer. Assuming that conventional activated sludge (CAS) treatment
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plants consume 0.47 kWh/m 3, the total annual energy consumption in the EU could
reach 25 billion kWh [4]. In addition, WWTPs are widely recognized as a major source
of greenhouse gas (GHG) emissions in the water industry [5]. Reported values of GHG
emissions from conventional activated sludge treatment plants with nutrient removal range
from 0.9 to 2.2 kgCO2e/m3 [6]. Furthermore, 16 Scandinavian WWTPs report annual GHG
emissions in the range of 7–108 kgCO2e/PE [7]. Reducing GHG emissions in a cost-effective
way without deteriorating wastewater quality therefore seems to be a major challenge for
WWTP operators.

The average annual specific energy consumption in Greek WWTPs is about 38 kWh/PE
and ranges from 15 to 86 kWh/PE. Accordingly, the average annual GHG emissions in
Greek WWTPs are in the order of 94 kCO2e/PE, ranging from 61 to 161 kgCO2e/PE [8,9].
Energy consumption for aeration accounts for 40–70% of the total energy consumption
of a WWTP. Another key issue is the depletion of natural water resources due to climate
change and the increasing demand for water due to population growth and urbaniza-
tion. Wastewater reuse is a driving force for a circular economy that minimizes waste
generation, promotes sustainable lifestyles, conserves freshwater sources, and mitigates
climate impacts.

Taking all this into consideration, interest in anaerobic membrane bioreactors (AnM-
BRs) is progressively increasing, due to their higher potential regarding energy production,
resource recovery, and circular economy. This is also reflected in the fact that AnMBRs
are part of the EU Innovation Deal, which envisages sustainable wastewater treatment
with a combination of anaerobic membrane technology and water reuse. The innovation
deal aims to shift from the conventional treatment of municipal wastewater to its use as a
water resource. Anaerobic treatment enables energy recovery by converting the organic
carbon into methane biogas, thus providing a pathway to energy neutrality [10]. Studies
have determined that the potential energy content of wastewater is 9 times higher than
the electricity consumed to run the treatment plant [11]. Applying this technology to
wastewater treatment seems to be a very good solution and would contribute significantly
to reducing the energy footprint while providing very good quality treated wastewater
that could also be appropriate for irrigation.

The major drawback of the anaerobic wastewater treatment is the low growth rate of
the anaerobic bacteria, resulting in a relatively long HRT and, as a result, a large reactor
volume. One of the main benefits of AnMBR technology is that it retains all biomass,
resulting in greater mixed liquor suspended solid concentrations in comparison to con-
ventional activated sludge systems, while also yielding very low effluent suspended solid
concentrations. This unique feature allows for longer solid retention times (SRTs) and a cor-
responding reduction in hydraulic retention time (HRT). Studies have shown that AnMBR
systems can achieve SRTs ranging from 150 days to over 200 days [12], and the production
of sludge is up to 20 times lower than that in aerobic processes [13]. This not only lowers
operational and maintenance costs, but also has a positive impact on the environment by
reducing waste production. Therefore, AnMBRs enable performance enhancement in terms
of biogas production and organic reduction via retaining the slow-growing methanogens
and filtering out methane fermentation inhibitors (such as ammonia), thus achieving better
process stability and largely reduced reactor volumes.

The AnMBR technology was first applied in 1978, and in the last few decades, the
research and application of this technology have increased significantly [14]. For example,
in the last three years, more than 250 articles have been published on AnMBR, compared
to less than 10 in 2010. To the best of our knowledge, the impact of novel antifouling
membranes, membrane materials, and advanced AnMBR configurations on energy demand
and production is significant and has not yet been investigated. Furthermore, the way
to calculate and control energy consumption in AnMBRs (via membrane fouling and
operating conditions) has not been investigated in recent years. In addition to these
limitations, the wide application and optimized sustainability of the AnMBR system are
also still unexplored.
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A very important problem to consider in connection with AnMBRs is membrane foul-
ing. The shorter the hydraulic residence time and the lower the operating temperature, the
more likely fouling is to occur. Generally, fouling occurs due to the adsorption of inorganic
precipitates and organic matter and the attachment of biological colloidal particles to the
membrane surface [15,16]. As mentioned earlier, membrane fouling tends to be more severe
when high solid content, higher OLRs, and lower temperatures occur [17,18]. Due to the
higher viscosity of water, membrane permeability decreases with decreasing temperature.
There are studies reporting that membrane fouling worsens at lower temperatures due to
changes in sludge properties [19,20]. Therefore, the cost-effective control of fouling with
lower maintenance and impact on the biological unit is still an important research topic that
is being pursued by optimizing operating conditions, developing novel bioreactor configu-
rations, and exploring different cleaning strategies. Several studies have demonstrated that
the addition of FeCl3 can effectively reduce membrane fouling in bench-scale aerobic MBR
systems (Koseoglu et al., 2008; Ji et al., 2010; Fan et al., 2007; Song et al., 2008; Zhang et al.,
2008). The mechanism underlying this phenomenon is associated with the promotion of
larger particle sizes and decreased levels of soluble microbial products (SMPs) and colloidal
materials. However, there is a lack of information in the existing literature regarding the
influence of FeCl3 on membrane performance in continuously operated AnMBRs.

In terms of safe water reuse or disposal to recipient water bodies, the presence of
micropollutants or contaminants of emerging concern (CECs) is another important is-
sue to take into consideration. These refractory contaminants show pseudo-persistence
due to their continuous discharge into the environment, leading also to bioaccumulation
and rising potential toxicity issues for both aquatic organisms and humans [21]. Landfill
leachates, agricultural runoff, and domestic, hospital, and industrial wastewater are their
main sources for entering the environment [21]. Conventional wastewater treatment pro-
cesses are ineffective in eliminating these recalcitrant compounds, contributing to a major
extent to their occurrence in the wastewater effluent receptors. Hence, different kinds of
technologies, including adsorption on innovative materials, membrane and filtration, chem-
ical and electrochemical methods, biological treatment [22], and combinations are being
investigated nowadays for the removal of CECs from wastewater. Although the elimination
of these trace organics has been investigated through MBR treatment showing promising
results [23–29], studies related to AnMBR treatment, especially for real wastewater, are
limited [30–34].

Endocrine-disrupting chemicals (EDCs) and pharmaceuticals or pharmaceutically ac-
tive compounds (PhACs) are two main groups of CECs. EDCs, which are chemicals that can
mimic natural hormones and interfere with the endocrine system, may cause tumors, devel-
opmental disorders, and sexual and reproductive issues both in wildlife and humans [35].
PhACs, which mainly include hormones, antibiotics, antifungal agents, antidepressants,
antiepileptics, analgesics, and nonsteroidal anti-inflammatory drugs (NSAIDs), enter the
WWTP either as metabolized or as parent compounds after consumption and excretion in
urine and feces [36]. NSAIDs are the most frequently quantified medicine category since
they are widely used to treat pain, fever, and inflammation, including both prescribed and
nonprescribed drugs [37], and their consumption increased more during the COVID-19
pandemic [38]. Their toxic effects on nontarget aquatic organisms are of great importance
and include bioaccumulation, oxidative stress, and reproductive and genetic disruptions
which in the long term may lead to the degeneration of populations [38,39].

The current study investigates the performance and optimization of a laboratory-scale
AnMBR operating at 6 h HRT at ambient temperatures treating low-strength municipal
wastewater with the addition of FeCl3 to control membrane fouling and achieve phosphorus
removal. AnMBR treatment efficiency was evaluated according to overall AnMBR removal
rates, biogas production, removal of pollutants such as COD, total suspended solids
(TSS), removal of nutrients, and removal of selected organic micropollutants from the
NSAID and EDC groups. It is expected that the results of this study will provide a sound
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understanding of AnMBR operation at short HRTs and facilitate the application of AnMBRs
for the treatment of low-strength wastewater.

2. Materials and Methods
2.1. Wastewater Characteristics

For this study, a laboratory-scale AnMBR, fed with screened municipal wastewater
from the Metamorfosis WWTP (Athens, Greece), operated at the R&D department of
Athens Water Supply and Sewerage Company (EYDAP S.A.) for more than two years.
The physicochemical characteristics of the screened municipal wastewater are presented
in Table 1.

Table 1. Characteristics of the inlet screened municipal wastewater.

Parameter Winter Period (T = 18 ◦C ± 3) Summer Period (T = 23 ◦C ± 2)

TSSs (mg/L) 107 ± 12 120 ± 15

VSSs (mg/L) 97 ± 8 99 ± 6

COD (mg/L) 439 ± 34 453 ± 26

CODs (mg/L) 171 ± 25 185 ± 30

NH4-N (mg/L) 63 ± 9 67 ± 5

TN (mgP/L) 55 ± 17 53 ± 13

TP (mg/L) 8.5 ± 3.2 8.3 ± 2.9

Conductivity (µS cm1) 1450 ± 130 1530 ± 170

Cl (mg/L) 170 ± 30 167 ± 25

2.2. AnMBR Setup and Operation

Throughout the study, the reactor HRT and SRT were maintained at 6 h and 50 days, re-
spectively, while the membrane flux was maintained at 13 L/m2/h (LMH) with a peristaltic
pump. The temperature of the reactor was constantly measured through a temperature
sensor installed in the reactor and varied from 15 to 25 ◦C. All the operating parameters are
summarized in Table 2.

Table 2. Operating characteristics of AnMBR.

Parameter Value

Q (L day−1) 160

V (L) 40

Hydraulic Retention Time (HRT) (h) 6

Organic Loading Rate (OLR) (kg COD/m3/day) 1.8 ± 0.12

W (L/day) 0.8

Sludge Retention Time (SRT) (days) 50

FLUX (LMH) 13

The laboratory-scale AnMBR consisted of a fully mixed 40 L reactor equipped with
a flat membrane module made of polyvinylidene fluoride (PVDF) with a surface area
of 0.5 m2 and a pore size of <0.1 µm (SINAP 10) (Table 3). The biogas produced in the
anaerobic reactor was collected and measured in a 40-liter tank consisting of four inverted
cylinders housed in tanks of acidified water. Moreover, temperature, redox, and transmem-
brane pressure (TMP) sensors were installed for the control of the anaerobic processes.
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Table 3. AnMBR membrane characteristics.

Manufacturer SINAP

Membrane type Flat sheet

Membrane model SINAP 10
(5 × 0.1 m2)

Pore size <0.1 µm

Membrane surface 0.1 m2

Material PVDF

Specific air demand based on membrane area (SADm) 0.36 m3 air/m2 membrane area/h

An operating cycle of the AnMBR consisted of an 8 min filtration and a 2 min relax-
ation mode to maintain membrane permeability. The membranes were cleaned to reduce
membrane fouling with biogas via a biogas pump that recycled the biogas at a flow rate of
0.36 m3 air/m2 membrane/h. The unit was chemically cleaned with sodium hypochlorite.
The schematic diagram of the experimental unit is shown in Figure 1.
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The study was carried out in four phases that each had a duration of 60 days. Chemical
cleaning of the membranes took place at the beginning of each phase. During phases 1 and
2, which covered a winter and a summer period with working temperatures 18 ± 3 ◦C and
23 ± 2 ◦C, respectively, the AnMBR operated on screened municipal wastewater. During
phases 3 and 4 which both covered winter periods, the AnMBR operated on municipal
wastewater supplemented with 25 and 30 mg FeCl3 L−1, respectively, to control membrane
fouling and achieve phosphorus removal. The doses of iron used in this study were selected
based on literature in order to achieve 50–100% phosphorus removal. According to [40],
approximately 2.5 g of iron is needed to remove 1 g of phosphorus. Therefore, taking into
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account that chemical P removal amounted to approximately 4 mg/L, ferric and FeCl3
additions were in the 8–10 mg/L and 15–30 mg/L ranges, respectively.

The positive effect of low pH on coagulation and COD removal is well documented
in the literature ([41,42]). However, because it was observed that due to iron addition the
pH level dropped below 7 at the iron dosage of 30, we decided not to increase FeCl3 dose
any further in order to avoid any potential inhibition of biological activities and especially
methanogenesis [43].

The pressures of the headspace in the membrane tank and in the permeate line were
recorded with manometers. The transmembrane pressure (TMP) was calculated as the
difference between the pressure in the membrane tank and the pressure in the permeate
line. Chemical cleaning commenced every time the TMP reached 300 mbar.

2.3. Analytical Procedures

Samples of the screened wastewater influent, permeate, and mixed liquor/excess
sludge were collected three times a week from permeate pumping and from the reser-
voir. Chemical analyses of the conventional parameters total suspended solids (TSSs),
volatile suspended solids (VSSs), and chemical oxygen demand (COD) were carried out
three times a week, while analyses of total nitrogen and total phosphorus were carried
out once a week. All analyses were according to Standard Methods [44]. Biogas produc-
tion, reactor temperature, ambient temperature, pH, redox, TMP, and effluent flow were
monitored daily.

To measure the biogas production rates, the water displacement method was employed.
Gas samples were extracted from the reservoir using a gasbag with a volume of 200 mL. The
captured gas was then transferred into a gas-tight syringe for analysis. The concentration
of methane in the gas samples was measured using a Perkin-Elmer Autosystem XL gas
chromatographer equipped with a PLOT column GS-GasPro (30 m in length and 0.32 mm
in diameter, J&W, Folsom, CA, USA) and a flame ionization detector (FID). A volume of
50 µL of sample headspace was injected using a gas-tight syringe (100 µL). The analysis
was conducted isothermally at 50 ◦C, while the injector and detector were maintained at
220 ◦C and 250 ◦C, respectively. To prepare standards, a known amount was added to
160 mL serum bottles, which had the same headspace-to-liquid ratio as the reactor (6:10).
The methane detection limit was found to be 2 µg/L. Biogas was converted to STP based
on the International Union of Pure and Applied Chemistry (IUPAC) 0 ◦C (273.15 K) and
1 atm (101.325 kPa) [45].

Dissolved methane concentration was determined in permeate samples collected
in 120 mL serum vials. The vials were closed with butyl rubber septa and sealed with
aluminum caps to prevent gas leakage. The vial was shaken for 3 h to achieve equilibrium
between liquid and gaseous phases. The headspace gas sample was collected using a
gas-tight syringe, and the methane was measured as described above. Dissolved methane
concentration was calculated based on Henry’s law.

The measurements of VFAs (acetic acid, propionic acid, isobutyric acid, and butyric
acid) were performed with a GC/FID from Perkin Elmer on a Nukol column. Analyses
were performed using an isothermal method (160 ◦C) while the injector and detector were
maintained at 220 ◦C and 250 ◦C, respectively.

Ibuprofen (IBU), naproxen (NPX), diclofenac (DCF), and ketoprofen (KFN) are the
NSAIDs investigated and more frequently detected in the literature among some others,
so they were selected as representatives from the NSAID category. Bisphenol A (BPA),
nonylphenol (NP), and triclosan (TCS) were selected as the representative compounds from
the EDC group. BPA is one of the most frequently detected endocrine-disrupting phenols
in soil, surface water, and groundwater because of its release during the manufacture of
plastics/resins [46,47]. NP is mainly used as an intermediate in the chemical manufacturing
industry to produce NP polyethoxylates (NPnEO) which are used as emulsifiers and
dispersing, wetting, and foaming agents [48], while their partial biodegradation is the
primary source of NP in the environment [49]. TCS is a highly used antiseptic agent due to
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its antimicrobial action. The main physicochemical properties and the chemical structure
of the target compounds which are important influencing factors for the fate of these
substances during the AnMBR treatment are presented in Table 4.

Table 4. Main physicochemical properties and chemical structure of the target compounds.

Target Compound Category Molecular Formula Chemical Structure Water Solubility (mg/L) pKa Log Kow

Ibuprofen
(IBU) NSAID C13H18O2
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The quality and quantity analysis of micropollutants was based on the method de-
veloped in [53]. According to this method, filtration of samples was carried out, and then
samples were acidified (pH = 2.5) to prevent any biological interaction. The addition of the
surrogates took place using deuterated bisphenol A (BPA-d16) for EDCs and meclofenamic
acid sodium salt (MCF) for NSAIDs. Afterward, solid-phase extraction was performed,
producing a 6 mL elution of ethyl acetate (ETH), and then each sample’s elution was
evaporated to dryness under N2 purging. The derivatization step was achieved with
the use of 10 µL pyridine and 50 µL bis(trimethylsilyl)trifluoroacetamide (BSTFA) + 1%
trimethylchlorosilane (TMCS) and a bathing device at 70 ◦C for 20 min. The last step was
the manual injection (1 µL) of each sample into the gas chromatograph (GC)–mass selective
detector (MSD) with an analysis time of approximately 18 min. A 7890A GC and 5975C
MSD accompanied by the software ChemStation by Agilent Technologies were used.

3. Results and Discussion
3.1. Previous Results at Different HRTs Studied

Prior to the present study, the experimental system was evaluated at HRTs between 0.5
and 2 days with no iron addition, at ambient conditions, with very encouraging results [54].
More specifically, it operated for 2 days, 1 day, and 12 h during both winter and summer
temperatures. The summer period showed results that were within the limits set by the
UWWTD for all HRTs studied. However, when the HRT was reduced to 12 h during the
winter period, the effluent COD exceeded 125 mg/L. In addition, membrane fouling was
more pronounced during the winter period at all HRTs and increased with decreasing HRT.
Therefore, in the experiments with Fe3+ addition at 6 h HRT, AnMBR performance was
evaluated according to the following: (i) compliance with effluent COD limit set by the
UWWTD (125 mg/L COD), (ii) phosphorus removal and membrane biofouling control,
(iii) biogas production, and (iv) micropollutant removal.

3.2. AnMBR Overall Performance at 6 h HRT without Iron Addition

AnMBR performance was assessed at an HRT of 6 h, with no iron addition, in terms of
effluent quality, membrane fouling, and biogas production. The mean (±SD) concentrations
of COD, VFAs, biogas production, TN, and TP in the untreated and treated effluent and
removal efficiencies for the winter and summer periods are illustrated in Table 5. Theoretical
biogas values were calculated assuming 0.5 to 0.7 L of biogas generated per kg of COD
removed due to methanogenesis [55]. In addition, COD of influent, permeate and removal
rates are shown in Figure 2.

Table 5. Aggregated results (±standard deviation) for AnMBR operation at 6 h HRT with no
iron addition.

Parameter Winter Period (T = 18 ◦C ± 3) Summer Period (T = 23 ◦C ± 2)

COD in (mg/L) 439 ± 34 453 ± 26

COD out (mg/L) 177 ± 21 121 ± 12

COD rem (%) 60 ± 4 73 ± 4

VFAs (mgCOD/L) 91 ± 7 69 ± 6

TN (mgN/L) 69 ± 4 67 ± 5

TP (mgP/L) 8.24 ± 2 8.5 ± 1.7

Biogas production (L/day) 11.4 ± 3.1 18.8 ± 3

L biogas/g COD removed 0.39 ± 0.06 0.42 ± 0.037

Theoretical biogas production (L/day) 20.11 ± 2.79 27.8 ± 2.94

Dissolved methane at the effluent (LCH4/day) 6.27 4.5
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As shown in Table 4, average operating reactor temperatures were 18 ± 3 ◦C and
23 ± 2 ◦C during the winter and summer periods, respectively. During the winter period,
AnMBR permeate had an average COD value of 177 ± 21 mg L−1 and a percentage removal
of 60 ± 4%. Thus, at winter temperatures, the AnMBR could not meet the UWWTD
requirements for secondary treatment. During summer conditions, effluent COD had an
average value of 121 ± 12 mg L−1 and a COD removal of 73 ± 4%, thus being just within the
UWWTD limits. To compare these results with the available literature, we reviewed similar
studies employing AnMBRs treating real and synthetic municipal wastewater [56–59].
According to our review, very few studies were conducted at psychrophilic temperatures.
A study that treated domestic wastewater operating at a similar HRT but lower flux showed
a maximum COD removal of 87% at 25 ◦C. In our study, the maximum COD removal
reached 77% at a lower average temperature of 22 ◦C (±2). Another study conducted
with synthetic municipal wastewater, at the same flow and HRT (13 L/m2/h and 6 h
respectively) and the average temperature of 25 ◦C, but with an external tubular membrane,
showed a maximum COD removal of 90% [60].

TN and TP effluent concentration values remained the same during both operating
periods. Practically very limited nutrient removal was obtained only due to sludge yield.
As expected during the anaerobic process, nutrient removal is limited to biomass growth
and cannot meet any nutrient removal requirements [61].

Biogas production, as well as L biogas produced/COD inlet for winter and summer
periods, is presented in Figure 3. Average biogas production, expressed in L/day, increased
during the summer period and reached an average value of 0.47 L/g COD removed,
while biogas production decreased to 0.39 L biogas/g COD removed during the winter
period. Similarly, [62] reported a biogas production in the 0.42–0.48 L biogas/g COD
removed range.



Energies 2023, 16, 3069 10 of 19

Energies 2023, 16, x FOR PEER REVIEW  10  of  20 
 

 

 

 

Figure 3. Biogas production profile during AnMBR operation at 6 h HRT. 

Biogas production was quite satisfactory with an average of 11.4 ± 3.1 L biogas/day 

in winter and 18.8 ± 3 L biogas/day in summer. Methane biogas content was 69% in winter 

and 71% in summer. Theoretical biogas production values calculated assuming 0.6 L of 

biogas generated per kg of COD removed [55] are shown in Table 4. The difference ob-

served between operational data and theoretical biogas production values is attributed to 

dissolved methane  lost  in  the effluent.  Indicative experimental results showed  that  the 

effluent dissolved methane concentrations were high, close to the saturation concentra-

tions. Specifically, in this study, the values of dissolved methane lost in the effluent as a 

percentage of the total methane produced were 20.6% and 43.8% in the summer and win-

ter, respectively. In another study using a lower flux of 7 L/m2/h, a mean methane yield of 

0.24 L CH4/g COD removed was found, which is quite similar to the value from our study 

in winter, which is 0.29 L CH4/g COD [63]. 

3.3. AnMBR Performance with Iron Addition 

According to the findings presented in the previous section, the AnMBR operating at 

a 6 h HRT was found not to achieve satisfactory organic load removal during the winter 

period. Moreover,  the membrane  fouling  rate was higher when  compared with other 

HRTs or with operational data obtained during summer. For  this reason,  iron addition 

was employed at two different concentrations, 25 and 30 mg FeCl3 L−1, respectively.   

Again, bioprocess performance was evaluated in terms of effluent quality, membrane 

fouling, and biogas production. Mean  (±SD) concentrations of COD, VFAs, biogas pro-

duction, TΝ, and TP  in  the untreated and  treated effluent and  removal efficiencies are 

shown in Table 5. The removal efficiencies were used to investigate the effect of FeCl3 ad-

dition on  the  treatment efficiency. The average effluent concentration of COD was 177 

mg/L without  FeCl3  addition, while with  25 mg  FeCl3 L−1  and  30 mg  FeCl3 L−1, COD 

Figure 3. Biogas production profile during AnMBR operation at 6 h HRT.

Biogas production was quite satisfactory with an average of 11.4 ± 3.1 L biogas/day
in winter and 18.8 ± 3 L biogas/day in summer. Methane biogas content was 69% in
winter and 71% in summer. Theoretical biogas production values calculated assuming
0.6 L of biogas generated per kg of COD removed [55] are shown in Table 4. The difference
observed between operational data and theoretical biogas production values is attributed
to dissolved methane lost in the effluent. Indicative experimental results showed that the
effluent dissolved methane concentrations were high, close to the saturation concentrations.
Specifically, in this study, the values of dissolved methane lost in the effluent as a percentage
of the total methane produced were 20.6% and 43.8% in the summer and winter, respectively.
In another study using a lower flux of 7 L/m2/h, a mean methane yield of 0.24 L CH4/g
COD removed was found, which is quite similar to the value from our study in winter,
which is 0.29 L CH4/g COD [63].

3.3. AnMBR Performance with Iron Addition

According to the findings presented in the previous section, the AnMBR operating at
a 6 h HRT was found not to achieve satisfactory organic load removal during the winter
period. Moreover, the membrane fouling rate was higher when compared with other HRTs
or with operational data obtained during summer. For this reason, iron addition was
employed at two different concentrations, 25 and 30 mg FeCl3 L−1, respectively.

Again, bioprocess performance was evaluated in terms of effluent quality, membrane
fouling, and biogas production. Mean (±SD) concentrations of COD, VFAs, biogas produc-
tion, TN, and TP in the untreated and treated effluent and removal efficiencies are shown
in Table 5. The removal efficiencies were used to investigate the effect of FeCl3 addition
on the treatment efficiency. The average effluent concentration of COD was 177 mg/L
without FeCl3 addition, while with 25 mg FeCl3 L−1 and 30 mg FeCl3 L−1, COD decreased
to 147 mg/L and 149 mg/L, respectively (Figure 4), still not complying with the respective
UWWTD limit. TP removal efficiencies obtained at 30 mg FeCl3 L−1 and 25 mg FeCl3 L−1
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were 100% and 75%, respectively. The results suggest that the addition of FeCl3 had a
significant effect on the COD and P removal. It is anticipated that some of the soluble
organic matter was coagulated and formed flocs that were retained by the membrane in
the reactor.
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In addition, as shown in Table 6, iron addition resulted in increased mixed liquor sus-
pended solid (MLSS) concentrations due to chemical P removal and the formation of iron
phosphate salts. The analysis revealed a 20% increase in the value of MLSS due to iron addi-
tion. This finding highlights a potential environmental problem regarding the formation of
ferric-rich sludge, which could restrict disposal or reuse alternatives [64,65]. Furthermore,
due to iron addition, membrane fouling was mitigated. As reported in [66,67], coagulant
addition introduces positive charges, neutralizing the negative charge of activated sludge
flocs and thus favoring flocculation and reduction of colloidal matter. The addition of ferric
chloride concentrations of 25 and 30 mg FeCl3 L−1 significantly lowered the biomass pH to
6.7 and 6.6, respectively. It is expected that higher ferric doses will require pH adjustment
in order to avoid unacceptably low values that would inhibit biomass growth [67].

Table 6. Average concentrations (±SD) for influent and effluent quality parameters with and without
FeCl3 addition.

Parameter
HRT 6 h

Winter Period
Dose = 0

HRT 6 h
Winter Period

Dose = 25 Fe3+/L

HRT 6 h
Winter Period

Dose = 30 Fe3+/L

COD in (mg L−1) 490 ± 38 501 ± 44 485 ± 34

COD out (mg L−1) 177 ± 21 147 ± 8 149 ± 11

COD rem (%) 60 ± 4 69 ± 2 66 ± 3

Operating temperature 18.3 ± 1 18.7 ± 1.3 19.1 ± 1.3

VFAs (mgCOD L−1) 92 ± 7 80 ± 6 85 ± 8

MLSSs (mg L−1) 6180 7050 7600

Biogas production (L day−1) 11.41 ± 3.1 10.7 ± 2.2 10.5 ± 2

TN in (mg L−1) 69 ± 46 71 ± 3 68 ± 2

TN out (mg L−1) 67 ± 5 72 ± 4 73 ± 3

TP in (mg L−1) 8.24 ± 2 8.35 ± 2.4 9.21 ± 3

TP out (mg L−1) 8.5 ± 1.7 2.25 ± 2.3 0.5 ± 0.7
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Biogas production decreased slightly with the addition of FeCl3, while methane
content also decreased from 69% to 67%. The energy and mixing needs of the AnMBR can
be met by methane production and pumping, which may contribute to the sustainability
of the AnMBR [68]. However, Fe3+ addition can theoretically reduce methane production
by (i) binding organic material or (ii) acting as an external electron acceptor. In our case,
biogas production decreased only slightly due to FeCl3 addition. It can be concluded that
FeCl3 addition, at the dosages studied, does not inhibit the activity of methanogens or
significantly reduce the availability of organic material.

Previous AnMBR studies have shown that methane yield decreased from 102 ± 29 mL
CH4/g COD to 91 ± 37.8 mL CH4/g COD when fed with a dose of 26 mg/L FeCl3 [69].
Therefore, no significant effect on biogas production occurred. However, at higher iron
dosages, methane yield decreased from 0.167 ± 0.017 g CH4 as COD/g COD feed to about
0.079 gCH4 as COD/g COD feed with the addition of 43 mg/L FeCl3 [69]. Therefore, FeCl3
dosage should be carefully considered as it may affect biogas production.

3.4. Membrane Performance with and without Iron Addition

The outcomes of this study are presented for the winter season, during which the
operational temperature was maintained at 18 ◦C ± 3, utilizing two distinct dosages of
iron. The membrane utilized in the AnMBR had a manufacturer-designated upper pressure
limit of 300 mbar as a protective measure. Under normal operating conditions, this limit
was attained within approximately one month. In order to rejuvenate the membrane, it
underwent a cleansing procedure involving sodium hypochlorite. The differences in the
fouling rates of both zero-iron dose and 25 mg FeCl3 L−1 iron dose were evaluated by
monitoring the TMP changes over time. TMP values were employed to characterize fouling
since the AnMBR was operated at a constant flux of 13 LMH.

TMP showed a slight improvement upon FeCl3 addition, but no further improvement
upon increasing iron dose (Figure 5) was observed. The TMP after 30 days of operation
with iron addition did not reach 300 mbar TMP (value initiating chemical cleaning), which
means that membrane operation time can be extended without chemical cleaning, resulting
in AnMBR operation improvement.
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The analysis showed that during the first 18 days, the TMP increased with a slope
value of 10 mbar/day for the zero-iron dose, while the other two doses had very similar
values of around 9 mbar/day, indicating that their rates of increase were almost the same.
However, between days 20 and 30, the slope rates for both iron doses were significantly
lower than that of the zero-iron dose.

After the chemical cleaning process, the TMP increased much faster until day 48, with
a slope rate value of 10 mbar/day for the zero-iron dose, while the iron doses reduced the
value by half. However, in the final 10 days, the three values were closer, but the rate of
increase for the zero-iron dose remained higher. These results suggest that the addition of
iron affects the rate of increase of TMP and that the zero-iron dose had the highest rate of
increase throughout the study period.

In another study, carried out with the addition of FeCl3, there was again a reduction
in the TMP value [37]. More specifically, the absence of FeCl3 resulted in an initial TMP
range of 5.7–6.3 kPa for 45 days, which subsequently increased to 21.5 kPa by day 91. In
contrast, when FeCl3 was added, TMP values were initially in the range of 1.5–5.1 kPa for
75 days, followed by an increase to 8.8 kPa on day 90.

3.5. Micropollutant Removal with and without Iron Addition

Micropollutant removal investigation was conducted at a 25 mg FeCl3 L−1 dose, as
this dose provided the most satisfactory results regarding membrane fouling mitigation
and organic load removal. The removal of micropollutants in wastewater treatment is
mainly due to biosorption and biotransformation. In AnMBR systems, biotransformation
removal outweighs sludge sorption, especially at long SRTs [32]. The high SRT increases
the efficiency of the removal of micropollutants, as it increases the exposure time to the
slowly growing anaerobic microbial populations [70].

In our study, the effect of iron addition on micropollutant removal in the AnMBR was
investigated by monitoring influent and effluent micropollutant concentrations. Specifi-
cally, seven organic micropollutants—nonyphenol (NP), triclosan (TCS), and bisphenol A
(BPA) from the EDC group and ibuprofen (IBU), naproxen (NPX), diclofenac (DCF), and
ketoprofen (KTP) from the NSAID category—were measured with 25 FeCl3 mg/L and
without iron addition. The results of the removal efficiency for the target compounds are
shown in Figure 6.
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The results revealed that iron addition enhanced the removal of TCS and DCF, while
the removal of IBU, NPX, and BPA appeared to improve in the absence of iron. For
the remaining compounds (NP, KTP) the effect of iron on their removal seems to be in-
significant. The overall efficiency of the system is that it can achieve high nonylphenol
removal efficiency with and without iron addition, while removal of other target com-
pounds remains low to moderate. The high NP removal obtained can be associated with
its high hydrophobic–lipophilic nature (logKow = 5.76) with a high affinity for sorption
(logKoc = 3.1) and bioaccumulation. Thus, both the sorption into the sludge and the anaer-
obic degradation seem to play a crucial role in the eradication of NP [22], while iron seems
not to have a significant effect. KTP removal was on average 27%, consistent with other
removals recorded in the literature [33,71], while biotransformation was presented as the
primary removal mechanism. The poor removal performance of AnMBR systems for
ibuprofen and diclofenac has also been reported by others [32,33]. The enhanced removal
of diclofenac in our system when FeCl3 is supplied to the reactor could be attributed to
sorption into ferric complexes formed in the presence of water molecules and hydroxyls
under anaerobic conditions. These complexes are trapped in the reactor by precipitation or
by retainment by the membrane. Other researchers claim that although the biodegradabil-
ity of DCF under anaerobic conditions is low, it is the primary removal mechanism [32],
while others [71] support that biodegradation is negligible and low adsorption on sludge
occurs. According to the results of this study, it was confirmed that TCS degradation
is low under anaerobic conditions and the observed removal can be attributed both to
sorption and biodegradation, which remained low with iron addition. Others also report
adsorption as the major removal mechanism in an AnMBR system, though only at the early
stages of the experiments [32]. Accumulation in sludge has also been reported for target
hydrophobic compounds (BPA, TCS, NP), but biodegradation is suggested as the main
removal mechanism [30].

As aforementioned, the anaerobic treatment seemed less effective for most of the
target compounds (BPA, TCS, IBU, KFN, DCF), which is also reported by others in the
literature [32,33,72,73]. Aerobic treatment (CAS, MBR) has been reported to be quite ef-
fective for the removal of almost all the target compounds (NP, BPA, TCS, IBU, NPX,
KFN) [26,28,71–73]. Evidently, as far as DCF is concerned, it should be noted that even
though its biodegradation is poor under aerobic and anaerobic environments, it could
be enhanced through the combination of anoxic–oxic processes [72]. Even though the
physiochemical properties, such as molecular weight, ring structure, and functional groups,
influence biodegradability and govern the removal of each pollutant, especially for those
with low hydrophobicity, the biotransformation of the compounds is highly influenced by
the redox conditions since the variety of microbial communities and metabolic pathways,
as well as microbial activity, are driven by them [26,70]. As such, the rapid metabolism of
aerobic bacteria and the short biodegradation pathway of organic matter during aerobic
treatment are possible explanations for the enhanced removal, as reported in other stud-
ies [74]. In addition, the sorption mechanism is another factor to take into consideration,
especially for the more hydrophobic CECs, because it results in a much higher retention
time in the reactor. Therefore, according to the literature [26,33], the higher biodegradation
obtained under aerobic conditions is partly attributed to increased sorption to biosolids
due to smaller floc size which enhances mass transfer by diffusion.

4. Study Implications and Research Prospects

Figure 7 shows COD effluent values for the winter and summer periods for three
different HRTs studied in a previous paper [54], in combination with the HRT of 6 h studied
in this paper.
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The findings presented in Figure 7 show that for the 24 h and 48 h HRTs, the effluent
COD values were consistently below the UWWTD limit of 125 mg/L during both winter
and summer periods. However, for the 12 h HRT during the summer season, the values
met the required criteria, while during winter, some of the values exceeded the set limit.
Moreover, for the 6 h HRT, even during the summer period, some values exceeded the
limit, and during the winter season, all values were considerably higher than the 125 mg/L
threshold. Based on the findings discussed, it can be concluded that for future scaling up
of this technology, the optimal HRT would be 12 h during the summer period and 24 h
during the winter period. By operating under these conditions, the effluent COD values
would meet the standards set by the UWWTD.

Although the addition of iron at the HRT of 6 h showed some improvement, the COD
values remained outside of the desired range. To address this issue, future studies could
consider increasing the HRT to 12 h and examining the addition of iron to limit the values
that are out of range. This may improve the overall performance of the reactor and help
achieve the desired values.

The addition of iron to the reactor is not anticipated to have a substantial economic
impact on system operation. The cost of operating the system with the iron addition
increases by a marginal amount of 0.005 EUR/m3, which is negligible in comparison to
other operation costs such as maintenance and energy expenses.

5. Conclusions

The AnMBR exhibited quite satisfactory treatment performance even without iron
addition during the summer, with an average COD removal efficiency of 73 ± 4% and an
average permeate COD concentration of 121 ± 12 mg-L−1. During the winter, the AnMBR
performance decreased to 60 ± 4%, and the effluent COD averaged 177 ± 21 mg-L−1.

FeCl3 dosing of 25 mg FeCl3 L−1 improved COD removal efficiency by 17%, removed
TP by 75%, and slightly improved membrane performance The dose of 30 mg FeCl3 L−1

did not show any further improvement in terms of COD and membrane performance, but
the TP was 100% removed.

Methane yield was not affected for both iron doses. Biogas production was satisfactory
with and without iron addition and averaged approximately 0.37 L biogas/g COD removed
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during the winter period. However, the values of soluble methane in permeate were equal
to saturation: 20.6% and 43.8% of the total methane produced during summer and winter,
respectively. Therefore, for full-scale applications of AnMBR technology, the development
of an effective dissolved methane recovery process is of great interest for optimizing
bioenergy production and minimizing direct greenhouse gas emissions to the atmosphere.

Except for NP removal, the AnMBR achieved low to moderate micropollutant removal.
The AnMBR achieved greater than 70% NP removal efficiency with and without iron
addition. However, the percentage removal of all other micropollutants studied was
relatively low and ranged between 10 and 40%. With respect to our work, it can be
concluded that anaerobic conditions are inefficient for the removal of most of the target
CECs, as also reported by other studies for BPA, TCS, DCF, IBU, and KTP [75].

According to the findings of this study, an AnMBR unit operating at ambient tempera-
tures and at high organic and hydraulic loading rates supplemented with iron addition
can meet secondary effluent COD and P limits while producing significant quantities
of biogas that amount to approximately 0.1 m3 biogas/m3 of treated wastewater. An-
MBR optimization is of increasing importance globally but also specifically in Europe, in
view of the anticipated requirement for energy-neutral urban wastewater treatment plants
that is included in the European Commission proposal (https://environment.ec.europa.
eu/publications/proposal-revised-urban-wastewater-treatment-directive (accessed on 13
March 2023)) for the revision of the Urban Wastewater Treatment Directive (UWWTD)
91/271/EEC.
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