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Abstract: Two labscale aerobic moving bed biofilm reactor (MBBR) systems, with a different type
of biocarrier in each (K3 and Mutag BioChip), were operated in parallel for the treatment of real
saline bilge water. During the operation, different stress conditions were applied in order to evaluate
the performance of the systems: organic/hydraulic load shock (chemical oxygen demand (COD):
9 g L−1; hydraulic retention time (HRT): 48–72 h) and salinity shock (salinity: 40 ppt). At the same
time, the microbiome in the biofilm and suspended biomass was monitored through 16S rRNA gene
analysis in order to describe the changes in the microbial community. The dominant classes were
Alphaproteobacteria (families Rhodospirillaceae and Rhodobacteraceae) and Bacteroidia (family
Lentimicrobiaceae), being recorded at high relative abundance in all MBBRs. The structure of the
biofilm was examined and visualized with scanning electron microscopy (SEM) analysis. Both
systems exhibited competent performance, reaching up to 86% removal of COD under high organic
loading conditions (COD: 9 g L−1). In the system in which K3 biocarriers were used, the attached and
suspended biomass demonstrated a similar trend regarding the changes observed in the microbial
communities. In the bioreactor filled with K3 biocarriers, higher concentration of biomass was
observed. Biofilm developed on Mutag BioChip biocarriers presented lower biodiversity, while the
few species identified in the raw wastewater were not dominant in the bioreactors. Through energy-
dispersive X-ray (EDX) analysis of the biofilm, the presence of calcium carbonate was discovered,
indicating that biomineralization occurred.
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1. Introduction

Industrial wastewater has always been a challenge for biological treatment processes.
Wastewater produced by industrial applications usually contains hazardous substances,
which directly affect microbial growth [1]. Though biological processes may decrease the
treatment costs of industrial wastewater, it is usually hard to achieve a stable performance
while ensuring that disposal standards are met [2]. Sudden changes in the produced
wastewater characteristics (e.g., volume, toxicity, composition, etc.) are frequently the
cause leading to unstable performance [3]. In the last decade, as the next-generation
sequencing (NGS) analysis of environmental samples has become more accessible, it is
possible to identify the microbial groups involved in a treatment process [4]. With this tool
available, the potential of biological processes can be further explored. The performance
of the bioprocess and the response of the microbial community to inflow wastewater
changes can be monitored [5] at a small scale, where real industrial conditions can be
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simulated. By determining the microbial diversity and monitoring adaptation, we can
consolidate our understanding of the bioprocess and guarantee that the core mechanisms
for biodegradation exist in our process.

In the present study, an industrial wastewater type that is produced by the shipping
industry at large volumes on annual basis was examined [6]. Bilge wastewater (or bilge
water) is saline, has a high content of organic compounds, and is produced by every type
of vessel; it is a mixture of gray waters, seawater, and rinsing water enriched with various
liquids and chemicals (such as cleaning and degreasing solvents, grease, hydraulic fluids,
detergents, oil additives, and others) used during the operation and maintenance of the
ship [7]. Bilge wastewater’s main characteristics are directly related to the vessel (i.e., age,
use, type of cargo transported, etc.), and present high differentiation from ship to ship.
Furthermore, the complexity of this wastewater type may alter over time, as different
operational or maintenance activities may occur on the vessel. With these particularities, it
is hard to establish a biological treatment process with competent and stable performance,
either in onshore facilities or aboard a vessel [6,8]. Though bilge wastewater is a highly
toxic type of wastewater [8], its biodegradation has been studied in the past, pointing out
several isolated strains and groups of microorganisms involved in the process [8–13].

To propose an efficient treatment method, moving bed biofilm reactors (MBBRs) were
chosen for investigation. MBBRs are well known for properties such as robustness, small
space requirements, and high performance [14]—achieved by developing biomass on
suspended biocarriers in the form of biofilm [15,16]. In recent studies examining aerobic
MBBRs for wastewater treatment, microbial diversity has been examined under different
influencing parameters—such as treatment temperature [17], the presence of pesticides
in wastewater [18], and different biocarrier types for (1) textile wastewater treatment [19]
and (2) palm oil mill effluent treatment [20]—providing valuable knowledge regarding
species presence and succession over time. A relevant study of high impact and novelty
managed to relate the microbial dynamics to the micropollutants’ biodegradation kinetics
under feast–famine adaptation periods in MBBRs [21], tracing a new pathway for the
understanding of—and designing of tools for—MBBRs. Through another approach, and
with the use of imported datasets, NGS analysis and targeted microorganism identification
could also be used to predict and evaluate the operational performance of systems for
specific pollutants (such as micropollutants), as proposed by Wolff et al. [22]. Regarding
oily types of saline wastewater and treatment with aerobic processes involving biofilms,
Sun et al. [23] tested a biofilm-MBR system for the treatment of ships’ wastewater streams.
Similarly, Mancini et al. [24] operated a pilot MBR for low-strength bilge water treatment
(chemical oxygen demand (COD) ≈ 1 g L−1). On the other hand, Vyrides et al. [25] tested
three pilot-scale MBBRs operated with Mutag BioChips at different filling ratios (10%, 20%,
and 40%), treating high-strength bilge water. To mention other studies, Ahmadi et al. [26]
used bioaugmentation in MBBRs to treat saline petrochemical wastewater; Yu et al. [27]
monitored the membrane biofouling of an MBBR-MBR treating saline wastewater; and
Xu et al. [28] recently tested a halophilic MBBR-MBR for the treatment of saline wastewater.
There is a gap in knowledge regarding MBBRs’ potential to treat real, high-strength saline
bilge water, and there are no insights regarding biofilm microbial communities’ formation
and adaptation to the operational conditions.

The aim of this study was to investigate the potential of lab-scale MBBRs to treat
real, high-strength saline bilge water, as well as to determine the microbial communities
involved in the process. For this reason, three lab-scale MBBRs were operated under con-
tinuous flow mode and aerobic conditions. Two different biocarrier types were compared
to define their suitability for efficient performance, and to compare the biofilm formed on
each one. Two MBBRs containing K3-type biocarriers were operated in series (System A),
and one MBBR containing Mutag BioChip biocarriers (System B) was operated in parallel
with the first reactor of System A. Different operational conditions were tested, creating an
organic/hydraulic load shock and a salinity shock. These two case scenarios are likely to
occur in large-scale applications, and may disrupt the biological process. During these time
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periods, the microbial diversity in the biofilm was examined, along with the suspended
fraction of the biomass, with 16S rRNA gene analysis. From each bioreactor, the biocarriers
were observed, and the biofilm structure was examined with scanning electron microscopy
(SEM). To the best of our knowledge this is the first study examining the microbial profiles
for different types of carriers and under different operational conditions (organic load,
salinity) in MBBRs treating real bilge water.

2. Materials and Methods
2.1. Chemicals and Analytical Methods

For the measurement of temperature, salinity, pH, and DO, portable instruments were
used (Consort C6030) coupled with the appropriate electrodes.

Quantification of total suspended solids (TSS) and mixed liquor suspended solids
(MLSS) was performed according to standard methods [29]. The quantification of the
biofilm as attached biomass was calculated as in a previous study [30] for K3-type biocarri-
ers, and also by removing the biofilm and measuring the dried weight difference (105 ◦C
for ≥1 h), as described by Falås et al. [31]. For the quantification of biomass attached to
Mutag-BioChip-type carriers—and as the biofilm could not be removed due to biocarrier
morphology—the dry weight of 10 biocarriers sampled from the bioreactor was compared
to the average dry weight (105 ◦C for ≥1 h) of 10 biofilm-free biocarriers [32]. The weight
difference was calculated in three replicates for each biocarrier type.

For the quantification of chemical oxygen demand in bilge wastewater, the closed
reflux, colorimetric method was used, as proposed by standard methods [29]. In order to
take into consideration the oxidation of chloride ions, an appropriate modification to the
method occurred, as described in a previous study [8]. The absorbance of digested samples
was measured at 600 nm or 420 nm using a portable spectrophotometer (Hach DR1900).

2.2. MBBR Setup and Operation

Two systems were created and operated under continuous flow mode (Figure 1) and
stable room temperature (22 ± 2 ◦C). System A consisted of two MBBRs operated in series
(Reactor 1a (R1a), and Reactor 1b (R1b)), filled at a ratio of 40% with K3-type polyethylene
biocarriers (diameter 25 mm; height 12 mm; purchased from Cz Garden Supply). System
B consisted of one MBBR (Reactor 2 (R2)), filled at a ratio of 40% with Mutag-BioChip-
type polyethylene biocarriers (diameter 25 mm; height 1 mm; provided by Ecofuel Ltd.).
These two biocarriers were chosen for comparison as they present a significant structural
difference (height) and promote a different means of biofilm development. In K3 biocarriers,
the biofilm is developed in the large and smooth internal protected area of the biocarrier,
while in Mutag BioChip biocarriers, the biofilm is developed in the pores of the media, in a
more restricted space. Each bioreactor consisted of a rectangular tank made of glass, with
a working volume of 3 L. The top of each bioreactor was closed with a removable plastic
lid. The desired flow rate from the equilibration tank to reactors R1a and R2, as well as
from R1a to R1b, was achieved and controlled with an Ismatec Reglo ICC peristaltic pump,
operated with 2.79-mm PVC solvent/hydrocarbon Ismatec tubing (Cole-Parmer, Vernon
Hills, IL, USA). Continuous aeration provided at the lower part of each MBBR (using Sera
Air 257 R pumps; Sera, Germany) ensured aerobic conditions, as well as appropriate mixing
conditions of the wastewater and constant suspension and circulation of the biocarriers in
the bioreactors. Dissolved oxygen (DO) levels in the liquid phase of each bioreactor were
2–3 mg L−1 throughout the experiment.

For each system, operational periods are described in Table 1. For System A, the
startup began in October 2019, and the system was operated for 223 days, while for System
B the startup began in March 2020, and operation lasted for 109 days. Since March 2020, the
two systems were operated in parallel; thus, R1a and R2 had the same inflow wastewater
and identical operational conditions.
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Figure 1. Schematic representation of (a) the experimental setup of the lab-scale MBBRs (System A: R1a and R1b; and 
System B: R2), and (b) the biocarrier type and filling ratio for each bioreactor (before and after biofilm formation). 
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Figure 1. Schematic representation of (a) the experimental setup of the lab-scale MBBRs (System
A: R1a and R1b; and System B: R2), and (b) the biocarrier type and filling ratio for each bioreactor
(before and after biofilm formation).

Table 1. Description of operational periods and duration of each period for System A and System B. Inflow wastewater’s
main characteristics during each time period.

System A
(Reactors R1a and R1b Connected in Series)

System B
(Reactor R2)

Inflow Wastewater
Parameters (Mean, SE)

Operational
period description

Duration
(days)

Operational
day at the
end of the

period

HRT
of each
reactor
(days)

Operational period
description

Duration
(days)

Operational
day at the
end of the

period

HRT
(days) pH Salinity

(ppt)
COD

(mg L−1)

Startup 31 31 5 No operation 7.1 20.5 2111 ± 501
Organic/hydraulic

load shock (A) 10 41 2 7.2 22.4 9054 ± 608

Maintenance 132 173 * 7 Startup 61 61 * 7 7.0 27.6 4036 ± 909
Salinity load

shock 36 209 ** 5 Salinity load shock 36 96 ** 5 6.2 40.0 6286 ± 626

Organic/hydraulic
load shock (B) 13 223 *** 3 Organic/hydraulic

load shock (B) 13 109 *** 3 5.8 19.7 9051 ± 83

* Sampling Time I. ** Sampling Time II. *** Sampling Time III.

Both systems were supplied with real industrial wastewater occurring from trade ship
bilges (provided by Ecofuel LTD, Zygi, Cyprus). The wastewater was sampled on a weekly
basis and stored in the laboratory at room temperature in sealed tanks until being placed in
the systems equilibration tank. The wastewater’s main characteristics were its high salinity
(20–40 ppt) and high COD levels (2–9 g L−1) (see Table 1).

All bioreactors were monitored for their biodegradation performance, measuring
basic parameters on a routine weekly basis (i.e., COD, pH, salinity, DO). Biomass concen-
tration measurements, microbial profile analysis, SEM observations, and toxicity tests were
conducted less frequently, with sampling times shown in Table 1.

2.3. Microbial Profile Analysis
2.3.1. Sampling Campaigns

Two next-generation sequencing batch analyses were performed; the first was to
examine the biomass alteration in System A after an organic and hydraulic load shock
(A), while the second was to compare the alterations observed in both systems over a
longer operational period during a salinity shock and an organic and hydraulic load shock
(B). Batch 1: During this sampling campaign, the suspended and attached biomass from
System A was examined 31 days after the startup, and after a 10-day shock period, where
the systems’ HRT decreased significantly and the inflow COD increased. Batch 2: During
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this sampling campaign, the suspended and attached biomass of System A and System
B, as well as the biodiversity of the wastewater, was examined. Three sampling times
were chosen (Table 1)—Sampling Time I: System A, operational day 173, and System
B, operational day 61; Sampling Time II: System A, operational day 209, and System B,
operational day 96; and Sampling Time III: System A, operational day 223, and System B,
operational day 109.

2.3.2. Next-Generation Sequencing

From all collected samples, total genome DNA was extracted in our laboratory using
the genomic DNA kit for stool samples (NucleoSpin DNA Stool). For Batch 1, the sequenc-
ing analysis was performed by DNASense (Denmark), as described in a previous work [8].
For Batch 2, the sequencing analysis was performed by Novogene Europe (UK), and the
main analysis steps are summarized below. For amplicon generation, 16S rRNA genes
of distinct regions V3–V4 were amplified using specific primers: (341F) CCTAYGGGR-
BGCASCAG, and (806R) GGACTACNNGGGTATCTAAT. All polymerase chain reactions
(PCRs) were carried out with Phusion® High-Fidelity PCR Master Mix (New England Bio-
labs). For the quantification and qualification of PCR products, a loading buffer was mixed
with PCR products, and electrophoresis on 2% agarose gel was operated for detection. Sam-
ples with bright main strips between 400 and 450 bp were chosen for further experiments.
For PCR product mixing and purification, PCR products were mixed in equidensity ratios,
and then the mixture of PCR products was purified using a Qiagen Gel Extraction Kit
(Qiagen, Hilden, Germany). Sequencing libraries were generated using the NEBNext Ultra
DNA Library Pre ® Kit for Illumina, following the manufacturer’s recommendations, and
index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer
(Thermo Scientific, Waltham, MA, USA) and Agilent Bioanalyzer 2100 system. Finally,
the library was sequenced on an Illumina platform and 250-bp paired-end reads were
generated. Paired-end reads were assigned to samples based on their unique barcodes,
and then truncated by cutting off the barcode and the primer sequence. Paired-end reads
were merged using FLASH [33]—which was designed to merge paired-end reads when at
least some of the reads overlap the read generated from the opposite end of the same DNA
fragment—and the splicing sequences were called raw tags. Quality filtering on the raw
tags was performed under specific filtering conditions in order to obtain the high-quality
clean tags [34] according to the QIIME quality-controlled process [35]. The tags were
compared with the reference database using the UCHIME algorithm [36] to detect chimera
sequences, and then the chimera sequences were removed [37]; then, the effective tags
were finally obtained. For the production of operational taxonomic units (OTUs), sequence
analysis was performed using UPARSE software [38]. Sequences with ≥97% similarity
were assigned to the same OTUs.

2.4. Scanning Electron Microscopy

Scanning electron microscopy (SEM) was used to evaluate the biofilm formation on
the biocarriers at two different time periods (Sampling Times II and III; see Section 2.3.1.).
The biofilm was immobilized by immersing each biocarrier in a 2.5% glutaraldehyde
with 0.05 M KNO3 solution for 4 h. Then, the biofilm was dehydrated by immersing
each biocarrier in a sequence of 30%, 50%, 70%, 85%, 90%, and 100% ethanol solutions
(15 min in each solution), and the biocarriers were finally dried overnight at 35 ◦C [39–41].
Biocarriers and parts of biocarriers were mounted on aluminum stubs using double-sided
carbon tape, and then sputter-coated with a few nm of Au (SC7640 Sputter Coater, Quorum
Technologies, Kent, UK) to prevent charging effects. Images were collected using the
secondary electron detector at 20 kV acceleration voltage and at various working distances
between 10 and 20 mm. The elemental composition of the biofilm and biocarriers was
examined via energy-dispersive X-ray Spectroscopy (EDX) using the integrated EDAX
system and software in SEM.
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2.5. Equations

COD removal in batch reactors was calculated according to Equation (1):

Removal % =

(
1 − CODout

CODin

)
× 100 (1)

where CODin is the COD value at the inflow wastewater of an MBBR (mg L−1), and CODout
is the value at the outflow wastewater of an MBBR (mg L−1).

3. Results
3.1. Performance of MBBRs
3.1.1. COD Removal

The concentration of dissolved COD in the liquid phase in both systems is presented
in Figure 2. For the first period examined, where System A was operated alone (Figure 2a),
the system achieved up to 78.6 ± 4.1% COD removal during the hydraulic and organic load
shock (A) between the 31st and 41st days of operation (HRT: 2 days in each reactor; inflow
COD: 9054 ± 608 mg L−1). For the same period, the removal observed in the first and sec-
ond reactors (R1a and R1b) was 56.5 ± 10.9% and 47.6 ± 16.0% COD removal, respectively.
The contribution of both bioreactors was important in preserving the outflow COD of the
system at a concentration of 1908 ± 240 mg L−1. For the second period, where Systems
A and B were operated in parallel (Figure 2b), the observed removal during the salinity
load shock (salinity: 40 ppt; HRT: 5 days in each reactor; inflow COD: 6286 ± 626 mg L−1)
was 86.2 ± 2.2% and 78.7 ± 5.1% COD removal for Systems A and B, respectively. It is
worth mentioning that System A had double the total HRT (10 days) compared to System
B (5 days), as System B consisted of only one MBBR. In reactors R1a and R2, where opera-
tional parameters were identical but the type of biocarrier differed (K3 in R1a and Mutag
BioChip in R2), 82.8 ± 2.7% and 78.7 ± 5.1% COD removal, respectively, was recorded. Re-
actor R1b (treating R1a effluent) recorded low removal efficiency (18.7 ± 10.2%), probably
due to low inflow COD (R1b inflow: 1060 ± 65 mg L−1) and due to the low BOD5:COD
ratio that this wastewater type presents [8]. During the second hydraulic and organic
load shock (B) (HRT: 3 days in each reactor; inflow COD: 9051 ± 83 mg L−1), 86.6 ± 0.5%
and 61.1 ± 3.0% COD removal for Systems A and B, respectively was recorded. R1a again
recorded higher removal efficiency than R2 (69.4 ± 5.8% vs. 61.1 ± 3.0%), and during this
period the removal efficiency of R1b was significant (54.5 ± 9.6%), while its inflow COD
was 2761 ± 65 mg L−1. The abiotic degradation of the examined wastewater was investi-
gated in a previous study [8], indicating that no significant COD deterioration could occur
in the absence of microbial activity. Therefore, biodegradation is considered to be the main
removal mechanism of the wastewater’s organic load.

3.1.2. Biomass Concentration

The attached and suspended biomass concentrations in each bioreactor were measured
(Figure 3) at the end of the salinity load shock period (Sampling Time II) and the hydraulic
and organic load shock (B) (Sampling Time III). The biomass measured in all cases—but
especially in R1a—was surprisingly high, compared to average values [32]. It is worth
mentioning that the organic load in the present study was high (3–4.5 kg COD m−3 d−1),
which could explain the extensive growth of the biomass. Another fact that could have
led to overestimation of biomass values could be the high content of minerals and com-
pounds (such as CaCO3) that were present in the biofilm structure (further discussed
in Sections 3.3 and 4.2). Therefore, the weight values of the biomass measurements in-
cluded the weight of minerals that could not be quantified separately. The trend of the
attached biomass concentration presented in Figure 3 is in correlation with the trend of
the biofilm visually observed at the same periods (see Figure S1), with K3 forming a thick
biofilm in R1a and a very thin biofilm in R1b, while Mutag BioChip had a consistent dark
color, indicating constant pore filling of the biocarrier. The overall better performance of
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R1a regarding COD reduction could be attributed to the higher amount of biomass in the
bioreactor in both sampling time periods. Comparing reactors R1a and R2, higher biomass
concentration (suspended and attached) was observed in the reactor where K3 media was
used (R1a), indicating that biofilm may grow to a higher extent on this type of carrier (under
the same filling ratio), and that detachment may contribute to higher suspended biomass
concentration in the liquid phase. During hydraulic/organic shock load (B) at day 223,
the biomass in R1a and R1b decreased; despite that, the overall COD removal efficiency
of System A remained stable. On the other hand, in R2, the concentration of biomass
remained stable, but the performance of the system declined during the hydraulic/organic
shock load (B) period.
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day 209), and after the hydraulic and organic shock period (Sampling Time III, day 223).
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3.2. Microbial Profile
3.2.1. Organic and Hydraulic Shock Load (A)

The microbial profile of System A was compared 31 days after the startup and 10 days
after a stress period where the HRT decreased from 5 to 2 days in each MBBR and the
inflow COD suddenly increased from ≈ 2.000 mg L−1, maintained during the startup, to
8000–10,000 mg L−1. The relative abundance of bacteria (class and genus/family) in each
bioreactor (R1a, R1b) and each type of biomass (suspended, attached) was compared for
these two time periods (days 31 and 41) (Figure 4 and Table S1). It is worth mentioning
that during the 41 first days of operation, no biofilm could be observed on the biocarriers
in R1b; therefore, the COD removal observed (Section 3.1.1.) should be attributed to the
suspended biomass activity. The following genera—Thauera (Betaproteobacteria), Flavobac-
terium (Flavobacteriia), and Roseovarius (Alphaproteobacteria)—that were initially present
in the suspended biomass of both bioreactors at percentages greater than 10% significantly
decreased in the suspended biomass after these 10 days of operation.
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Interestingly, the relative abundance of Thauera and Flavobacterium increased in the
biofilm of the first reactor. The genus Celeribacter (Alphaproteobacteria) presented impres-
sive growth in the suspended biomass, with five times greater relative abundance in the
first reactor (R1a), and growth from 0.2% to 37.2% in the second reactor (R1b), during
this 10-day time period. The following genera—Marinobacterium (Gammaproteobacteria),
Sulfurospirillum (Epsilonproteobacteria) and Acetobacterium (Clostridia)—presented growth
in both reactors, with Acetobacterium especially developing in the biofilm of R1a (from 0%
to 4.8%).

3.2.2. Salinity Load Shock

The relative abundance of bacteria (class and genus/family) before and after a high
salinity period was examined (I, II), and is demonstrated in Figure 5, for each bioreactor
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(R1a, R1b, and R2) and each type of biomass (suspended, attached). Before the salinity load
shock (Sampling Time I), the dominant bacteria groups in the suspended biomass of System
A were Alphaproteobacteria class: Rhodospirillaceae (5.2% in R1a and 16.0% in R1b) and
Rhodobacteraceae (5.5% in R1a and 2.1% in R1b) and Bacteroidia class: Membranicola (5.9%
in R1b), while in the biofilm the dominant groups were Bacteroidia: Lentimicrobiaceae
(4.1% in R1a and 7.1% in R1b) and Membranicola (9.4% in R1b), and Alphaproteobacteria:
Rhodospirillaceae (2.6% in R1a and 13.2% in R1b) and Hyphomicrobiaceae (5.7% in R1a).
In System B, a similar trend was observed, with Bacteroidia: Lentimicrobiaceae present
in the biofilm (9.8% in R2), and Alphaproteobacteria: Rhodospirillaceae (5.5% in the sus-
pended biomass, 4.4% in the biofilm of R2) and Rhodobacteraceae (9.7% in the suspended
biomass, 4.8% in biofilm of R2) being the dominant bacterial groups. In system B, the
Alphaproteobacteria Paracoccus—a Gram-negative, denitrifying, non-motile bacterium that
may have been facilitated to grow by the biocarrier structure—was identified at a high
abundance (8.7% in the suspended biomass, 7.4% in the biofilm of R2), in contrast with
System A, where it was not significantly observed (less than 0.3%).
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By the end of the high-salinity load period (37 days after; Sampling Time II), the trend
for Bacteroidia: Lentimicrobiaceae remained similar for all reactors, while Membranicola—
previously present in R1b—significantly decreased in both the suspended fraction (0.8%
from 5.9%) and the biofilm (4.2% from 9.4%). On the other hand, from the Bacteroidia class,
the genus Cytophagales significantly developed in R1a in both suspended and attached
biomass (7.8% and 7.3%, respectively), and at a lower rate in R1b and R2. The family
Prolixibacteraceae presented—in both phases (suspended and attached)—an increase in the
reactors accepting raw wastewater (R1a and R2), and a decrease in the second-stage reactor
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(R1b). On the other hand, and from the same class (Bacteroidia), the genus Xanthomarina
developed in the suspended fraction (7.3%) and the biofilm (2.3%) in R2, where Mutag
BioChip biocarriers were used. From the Alphaproteobacteria class, a small increase was
observed for the genera Tistrella and Tropicibacter in all bioreactors, but at a higher rate in
the biofilm of R1a. From the same class, the families Rhodospirillaceae, Rhodobacteraceae,
and Hyphomicrobiacea decreased in all reactors, apart from Rhodospirillaceae in the
biofilm of R2, where a small increase was observed. Finally, the genus Azoarcus from the
class Gammaproteobacteria increased significantly in both reactors of System A (both in
suspended and attached biomass), while from the class Clostridia, the family XI increased
importantly (6.1% from 0.8%) in the suspended biomass of System B (R2). Despite the
increase in salinity, Alphaproteobacteria remained the predominant class in both the biofilm
and the attached biomass of the bioreactors.

3.2.3. Organic and Hydraulic Shock Load (B)

The relative abundance of bacteria (class and genus/family) after the hydraulic and
organic shock load (B) that followed the salinity load shock period (Section 3.2.2.) was
examined, and is demonstrated in Figure 5 (Sampling Times II and III), for each bioreactor
(R1a, R1b, and R2) and each type of biomass (suspended, attached). For the bioreactors
R1a and R2 receiving the high organic load, the Bacteroidia: Lentimicrobiaceae and the
Alphaproteobacteria: Tistrella and Tropicibacter presented a significant decrease, while in
R1b the family Lentimicrobiaceae increased, reaching 13.7% and 12.0% in the suspended
and attached biomass, respectively, while the genus Tistrella increased from 3.1% to 10.8%
in the biofilm. In System A, the Gammaproteobacteria: Azoarcus significantly decreased in
R1a (approximately 50% decrease) and presented an increase in R1b in both the suspended
(reached 7.1% from 3.4%) and attached (reached 9.5% from 7.8%) biomass. Furthermore, for
both biomass conditions in R1a, from the class Bacteroidia the genus Cytophagales presented
a small decrease, while the family Prolixibacteraceae slightly increased, and from the class
Deinococci, the genus Truepera increased. In R1b, an important presence was recorded
for the class Sericytochromatia, with the species Hyaloperonospora arabidopsidis, and the
family Nannocystaceae from the class Deltaproteobacteria. On the other hand, for R2
the most significant alterations, apart from those already mentioned, were the increase in
Alphaproteobacteria: Rhodospirillaceae in the biofilm (reached 19.6% from 5.8%), and the
increase in Deinococci: Truepera in the suspended biomass (from 2.1% to 6.8%). It is worth
mentioning that after this organic/hydraulic shock period the phylum Gracilibacteria was
identified in R1a (6.8% in suspended, 4.7% in attached), R1b (2.3% in suspended, 1.8% in
attached), and R2 (0.5% in suspended, 0.5% in attached), having been scarcely identified in
all previous periods (less than 0.1%).

Regarding the biodiversity of the influent wastewater (IN), the Shannon Index was
of low value compared to the samples from the bioreactors (Figure 5). Furthermore, the
genera identified in the incoming wastewater (Sampling Times II and III) did not seem to
influence the dominance of genera in the bioreactors.

3.3. Biofilm Structure

The biofilm that was formed in each bioreactor was examined with SEM, and a grid
was assembled for visual comparison (Figure 6). Each biocarrier was examined at the same
time (Sampling Time III), at its original form and at sections, to see the biofilm’s formation
on external and internal parts of the surface. Regarding K3 biocarriers, a continuous
biofilm was formed, covering all of the internal protected areas of the biocarrier, and part
of the external areas as well. On the carriers from R1a, a thick biofilm was formed, and
the morphology of the layers looked more various compared to biocarriers from R1b,
where a thinner biofilm was observed, and the morphology presented lower differentiation.
Regarding the Mutag BioChip biocarrier, biofilm grew in small cavities in the porous
phase of the biocarrier. Therefore, a continuous biofilm was not formed; instead, all of the
biomass was arbitrated in the pores, forming small spots of biomass without continuity
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between them. The thickness of each biofilm did not seem to influence the biodiversity
observed (see Figure 5). On both biocarriers, crystal-shaped materials were identified, either
involved with the biofilm or installed on the biocarrier surface. Through EDX analysis,
it was ascertained that the following elements were highly present on the biocarriers
and in the biofilms: calcium (Ca), carbon (C), and oxygen (O) (Figure S2). Therefore, it
is safe to conclude that biomineralization took place to a large extent, forming calcium
carbonate (CaCO3).
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4. Discussion
4.1. Comparison of the Two Biocarrier Types

Regarding the performance of each bioreactor, it was discovered that R1a (where
K3 biocarriers were used) had an overall higher performance in terms of COD reduction
compared to R2—where operational conditions were the same, but Mutag BioChip biocar-
riers were used. Furthermore, during the examination of the microbial profile (Figure 5
and Table S2) in both systems, it was observed that the relative abundance and groups
of bacteria in the suspended biomass of system A (K3 biocarriers) had similarities with
the bacteria in the biofilm, following a similar trend to dynamic changes. This could be
related to the structure of the biocarrier, which allows a continuous growth of biofilm
on the surface and at height. Detachment occurs as the biofilm has freedom of space to
develop, thus constantly inoculating the suspended liquid of the bioreactor, and leading
to important similarities in the microbial profiles of both biomass types (suspended and
attached). On the other hand, in system B (Mutag BioChip), this trend was not observed,
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and at all sampling times the suspended and attached biomass had differences between
them. Again, this can be attributed to the structure of the biocarrier, which only allows
growth of the biofilm in small cavities, preventing uncontrolled growth of the biofilm and,
thus, decreasing detachment.

4.2. Microbial Diversity in Relevant Studies

During the present study, Alphaproteobacteria was found to be the most predominant
class (see Tables S1 and S2) in all reactors and types of biomasses (suspended and attached),
and this is in line with a previous study [8] examining different culturing conditions for
the aerobic biodegradation of real bilge wastewater. In contrast, Nisenbaum et al. [42]
found that Gammaproteobacteria was the dominant class (58%), whereas the Alphapro-
teobacteria was the second dominant class, with 28% relative abundance in experiments
where microbial consortiums were exposed to bilge wastewater. This difference could be
attributed to the different compositions of bilge wastewater and the initial inoculum.

Regarding the genera recorded in this study during organic and hydraulic load shocks,
similarities with other studies exist. Recently, Mazioti et al. [8] identified Celeribacter as the
second genus recorded in high abundance in open mixed aerobic cultures treating bilge
wastewater. Cao et al. [43] isolated Celeribacter indicus P73T from deep-sea sediment from
the Indian Ocean that could biodegrade polycyclic aromatic hydrocarbons. Yang et al. [44]
isolated Celeribacter marinus from coastal seawater from the Yellow Sea of Korea. According
to Procópio [45], the Celeribacter genus is related to the biodegradation of hydrocarbons
in marine environments, and some species can be thiosulfate oxidizers. Sieber et al. [46]
used Gracilibacteria from an enrichment experiment inoculated from the Gulf of Mexico
to investigate hydrocarbon degradation. Tian et al. [47] found high abundance of Lentimi-
crobiaceae in biofilms at a sequencing batch biofilm reactor, and its main role was related
to denitrification. Regarding the genus Tistrella, Zhao et al. [48] isolated Tistrella sp. strain
ZP5, which had a high performance in phenanthrene biodegradation.

The identified genera detected after the salinity shock were also found in other studies
examining hydrocarbon biodegradation. More specifically, Xue et al. [49] used a membrane
bioreactor with a submerged flat-sheet ceramic microfiltration membrane to treat oil sands
process-affected water, and found a high abundance of Cytophagales in the bioreactor.
According to Xue et al. [49] Cytophagia has been associated with the biodegradation of
hydrocarbons. Denaro et al. [50] examined the biofilm formed in polyethylene terephthalate
(PET) biofilms, and Prolixibacteraceae was identified as the most abundant within the
Bacteroidetes. Djahnit et al. [51] found that isolated Xanthomarina gelatinilytica can degrade
17% of crude oil after 1 week of incubation. Yao et al. [52] found Xanthomarina as one of the
more dominant genera in aerobic granular sludge treating hypersaline wastewater.

4.3. Biomineralization in Biofilms

The precipitation of minerals because of the activity of microorganisms is known
as biomineralization, which is a naturally occurring process combining the formation of
minerals with the mediation of metabolic activity of organisms [53]. The presence of CaCO3
in biofilms was ascertained in this study, and is discussed in the literature [54]; it can be
formed as a first step in the extracellular phase or in the biofilm cell, and in a second step
saturation storage will lead to crystal nucleation [55]. Furthermore, structures such as those
observed on 10 µm Mutag BioChip biocarriers (Figure 6) could be related to various forms of
toluene that are usually present in bilge wastewater [7], such as p-toluenesulfonamide [56].
In a similar system to the one examined in the current study, Gonzalez-Martinez et al. [57]
identified bacteria that can form calcium carbonate and struvite biominerals, while using
a bench-scale moving bed bioreactor-membrane bioreactor to treat urban wastewater.
According to Gonzalez-Martinez et al. [57], isolation of mineral-forming strains on calcium
carbonate and struvite media revealed six major colonies (genera Lysinibacillus, Trichococcus,
Comamonas, and Bacillus) with a carbonate or struvite precipitation capacity in the biofouling
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on the membrane surface, and showed that heterotrophic bacteria with the ability to
precipitate calcium carbonate and struvite constituted ~7.5% of the total platable bacteria.

5. Conclusions

The biodegradation potential of lab-scale MBBR systems was investigated for the treat-
ment of real bilge water. The operation of two MBBRs in series increased the performance
regarding COD removal, with the second reactor recording significant performance during
shock loading periods. The operation of MBBRs in series could provide stable performance
for the treatment of this wastewater type. The use of K3-type biocarriers promoted slightly
higher performance. Alphaproteobacteria and Bacteroidia were the dominant classes
throughout the experimental period. Sudden alterations of the operational parameters
led to differentiation in the relative abundance of the observed genera, with no significant
decrease of the MBBRs’ performance. Therefore, the adaptation of microbial communities
was rapid, and the performance of the process was stable. The families Rhodospirillaceae
and Rhodobacteraceae (from the class Alphaproteobacteria) and Lentimicrobiaceae (from
the class Bacteroidia) were present at a high relative abundance in all MBBRs. Within
both suspended and attached biomass, the identified microbial communities had more
similarities in bioreactors where K3 biocarriers were used. On the other hand, Mutag
BioChip biocarriers promoted higher diversity between attached and suspended biomass.
This can be attributed to the structure of the biocarriers, and the development of biofilm in
the pores of the media. Through SEM and EDX analysis of the biofilm, biomineralization
was proved to occur. A combination of the two biocarrier types could be tested in the
future for improving performance.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13131810/s1: Table S1: Relative abundance, illustrated in Figure 4, Table S2: Relative
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