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synthetic shipboard slops was
monitored.

� Autotrophic activity was affected by
salinity and diesel fuel dosing.

� A high sludge viscosity was recorded
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� The MBR was effective in terms of
hydrocarbon removal.
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The paper reports the main results of an experimental campaign performed on a membrane bioreactor
pilot plant designed to treat synthetic shipboard slops. The experimental campaign was divided into
two phases: salinity acclimation up to 20 g NaCl L�1 (Phase I) and hydrocarbon (diesel fuel) dosing
(Phase II). The observed results show that the carbon removal was not severely affected by the wastew-
ater features. Conversely, respirometric tests showed that nitrification was strongly affected by the salin-
ity (33% of nitrification efficiency at 20 g NaCl L�1 – Phase I) as a result of the salinity in the autotrophic
biomass. Moreover, the sludge viscosity increased during Phase II due to the wastewater composition,
leading to an increase in the membrane resistance, and severe degradation of the sludge dewaterability
was also observed. Indeed, the capillary suction time increased by a factor of 3 times compared with that
of Phase I.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

The International Convention for the Prevention of Pollution
from Ships (MARPOL 1973) regulates wastewater treatment gener-
ated from ships and was modified by the protocol of 1978. The
main aim of (1973) is to preserve the marine environment through
complete elimination of pollution by oil and other harmful sub-
stances. In this context, MARPOL (1973) also focuses attention on
the wastewater generated by washing oil tanks (bilge water or
slops). The core features of these types of wastewater are high
salinity and high content of organic matter, which is usually recal-
citrant and slowly biodegradable [1,2]. Consequently, proper treat-
ment of such wastewaters is crucial because they can contribute to
the release and accumulation of xenobiotic compounds in the envi-
ronment. Meeting the discharge limits for treatment of such
wastewaters can be challenging with respect to dissolved organic
matter, hydrocarbons and heavy metals (MARPOL, 1973).

These types of wastewater can be treated using either physical–
chemical or biological systems. Although physical–chemical meth-
ods have been successfully applied in the past [3], they create sev-
eral issues with respect to chemical consumption, high energy
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requirements and secondary pollution. Conversely, in recent years,
the technical community has put forward many efforts toward the
use of biological processes for treatment of wastewater to over-
come the drawbacks of the physical–chemical processes. Among
the biological processes, membrane bioreactors (MBRs) have
emerged as an option for saline wastewater treatment [4,5]. MBRs
can significantly improve the efficiency of pollutant removal com-
pared with conventional activated sludge (CAS) processes and fea-
ture high-quality effluent, a small footprint and low sludge
production rates. Therefore, MBRs have been proposed for treat-
ment of saline waters contaminated by ‘‘xenobiotic and recalci-
trant” compounds derived from shipboard activities, such as
petroleum hydrocarbons [6]. However, due to the particular fea-
tures (high salinity and organic matter content) of slops, several
issues related to their biological treatment are still unknown or
have been minimally investigated: (i) ability of conventional bio-
mass to survive in extreme salinity conditions, (ii) ability of
microorganisms to degrade oil, (iii) influence of microbial commu-
nity characteristics on membrane fouling, and (iv) plant perfor-
mance in treating a combination of slops and urban wastewater.

Among the aforementioned issues, the ability of the biomass to
survive in extreme salinity conditions has been frequently investi-
gated. Indeed, Johir et al. [4] investigated the effect of gradual vari-
ation of the salinity in an MBR system and observed a decrease of
the dissolved organic carbon and ammonia uptake rate due to an
inhibitory effect caused by the salinity. Similarly, Jang et al. [7]
found a decrease of ammonia removal and an increase of mem-
brane fouling during treatment of high salinity wastewater due
to the particular microbial community features. Quite recently,
Di Trapani et al. [5] compared the performance of a moving-bed
membrane bioreactor and a MBR system subjected to a gradual
increase of salinity (up to 10 g NaCl L�1). Di Trapani and co-
workers showed that both systems allowed a notably high effi-
ciency in terms of carbon and ammonium removal under a gradual
increase of salinity, and for the MBR system, they found an increase
in pore fouling with salinity.

Despite such studies, investigations using MBR for saline and
hydrocarbon wastewater treatment have been rarely undertaken
thus far.

Moreover, as far as authors are aware, the combined effect of
salinity (20 g NaCl L�1) and hydrocarbons (20 mg TPH L�1) during
the treatment of shipboard slop with a MBR system has never been
investigated in the technical literature. Bearing in mind these con-
siderations, the aim of this paper is to explore the possibility of
treating saline wastewater contaminated by hydrocarbons using
MBR systems. In particular, an MBR pilot plant was set up and
fed with a mixture of real and synthetic wastewater. The pilot
plant was inoculated with a non-halophilic biomass previously
acclimated to a moderate saline environment (10 g NaCl L�1). The
effect of the feeding salt rate (weekly increased up to 20 g NaCl L�1

with the focus to investigate the short term period biomass reac-
tion) and hydrocarbons (20 mg TPH L�1) was investigated in terms
of organic carbon and nitrogen removal, biomass respiratory activ-
ity, sludge features (i.e., dewaterability) and membrane fouling
tendency.
2. Materials and methods

2.1. Pilot plant and sampling campaign

The MBR pilot plant (Fig. 1) was built at the Laboratory of Envi-
ronmental and Sanitary Engineering of Palermo University. The
plant consisted of a feeding tank (volume of 320 L) in which real
domestic wastewater was stored, and two reactors in series, one
anoxic (volume 45 L) and one aerobic (volume 224 L), according
to a pre-denitrification scheme. The MBR pilot plant hydraulic
retention time (HRT) was set at 16 h. Salt and hydrocarbons were
directly added into the anoxic tank. The solid–liquid separation
was performed via an ultrafiltration (UF) hollow-fiber membrane
module (Zenon Zeeweed, ZW 10, with specific area equal to
0.98 m2 and a nominal porosity of 0.04 lm). An oxygen depletion
reactor (ODR) was installed to ensure anoxic conditions inside
the anoxic reactor despite the intensive aeration in the aerobic
tank (Fig. 1). Permeate extraction (QOUT) was imposed at 20 L h�1.
The MBR pilot plant was started up with activated sludge charac-
terized by a Mixed Liquor Suspended Solids (MLSS) concentration
of 4000 mg L�1 previously acclimated at a salinity concentration
of 10 g NaCl L�1. The experimental campaign lasted 90 days and
was divided into two phases: (i) acclimation to an increasing feed-
ing salt rate lasting 30 days (Phase I), and (ii) constant feeding salt
rate (20 g NaCl L�1) and hydrocarbon dosage lasting 60 days (Phase
II). More specifically, during Phase I, the biomass was acclimated to
salinity by gradually increasing the salt concentration in the influ-
ent from 10 g NaCl L�1 to 20 g NaCl L�1. During Phase II, hydrocar-
bons measured as total petroleum hydrocarbons (TPH) were dosed
at a concentration of 20 mg TPH L�1 in the form of diesel fuel.
Briefly, the added diesel fuel was composed by a hydrocarbon mix-
ture comprising the semi-volatile fraction ranging from C10 to C30
and including species with even as well as odd number of carbon
atoms (typical Diesel range organic (DRO) mix). The hydrocarbon
concentration and the maximum threshold of salinity
(20 g NaCl L�1) were chosen to simulate a shipboard slop already
subjected to physical–chemical pre-treatment.

The membrane was periodically backwashed (every 9 min for a
period of 1 min) by pumping a fraction of the permeate back
through the membrane module. Table 1 summarizes the main
wastewater characteristics and the operational parameters.

During pilot plant operation, the influent wastewater, mixed
liquor inside the biological tanks (anoxic and aerobic) and effluent
permeate were sampled and analyzed for total and volatile sus-
pended solids (TSS and VSS), total chemical oxygen demand
(CODTOT), supernatant COD (CODSUP) ammonium nitrogen (NH4-
N), nitrite nitrogen (NO2-N), nitrate nitrogen (NO3-N), total nitro-
gen (TN), phosphate (PO4-P), total carbon (TC) and inert carbon
(IC). All analyses were performed according to the standard meth-
ods [8]. TPH was measured on extracted and evaporated samples.
An AGILENT 6890 GC-FID system with auto-sampler and a Parker
gas generator 9090 for hydrogen supply was adopted.

The pilot plant performance was evaluated in terms of COD
removal, nitrification/denitrification efficiency, total nitrogen
removal and TPH removal. More specifically, to single out the
removal effect of the biological processes and filtration provided
by the membrane, two different removal efficiencies were
calculated [5]: the biological removal efficiency and the total
removal efficiency. The biological removal efficiency was calcu-
lated as the difference between the CODTOT value in the influent
and the CODSUP measured in the supernatant of mixed liquor sam-
ples (filtered at 0.45 lm) withdrawn from the MBR tank. The total
COD removal efficiency (including also the removal effect of the
membrane filtration) was assessed as the difference between the
influent CODTOT and the CODTOT measured in the permeate
samples.

The nitrification (gnit), denitrification (gdenit) and nitrogen
(gtotal) removal efficiencies were evaluated as follows [9]:

gnitð%Þ ¼ ðNHþ
4 -NinÞ � ðNHþ

4 -NoutÞ � Nassimilation

ðNHþ
4 -NinÞ � Nassimilation

: ð1Þ

gdenitð%Þ¼ðNHþ
4 -NinÞþðNOX-NinÞ�ðNHþ

4 -NoutÞ�Nassimilation�ðNOX-NoutÞ
ðNHþ

4 -NinÞþðNOX-NinÞ�Nassimilation

ð2Þ
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Fig. 1. Layout of the pilot plant (where QIN = influent wastewater; ODR = oxygen depletion reactor; MBR = membrane bioreactor; QRAS = recycled sludge from MBR to ODR;
QR1 = MLSS flow from aerobic tank to MBR).

Table 1
Main characteristics of the feed wastewater (average values) and operational
conditions; *related only to Phase II (where HRT = hydraulic retention time).

Parameter Unit Value

COD [mg L�1] 350
TPH [mg L�1] 20*

NH4-N [mg L�1] 50
PO4-P [mg L�1] 6
NaCl [mg L�1] 10–20
Permeate flux [L m�2 h�1] 21
Flow rate [L h�1] 20
HRT [h] 16
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gtotalð%Þ ¼ ðNHþ
4 -NinÞ þ ðNOX-NinÞ � ðNHþ

4 -NoutÞ � ðNOX-NoutÞ
ðNHþ

4 -NinÞ þ ðNOX-NinÞ
:

ð3Þ
where NH4

+-Nin = influent nitrogen ammonia concentration, NH4
+-

Nout = permeate nitrogen ammonia concentration, Nassimilation = -
assimilated nitrogen (5% of the total BOD removed), NOx-
Nin = influent nitrite and nitrate concentration, and NOx-
Nout = permeate nitrite and nitrate concentration.

Finally, the TPH removal efficiency was assessed as the differ-
ence between the influent TPH and the TPH measured in the per-
meate samples.

2.2. Respirometric batch tests

Respirometric batch experiments were conducted using a
‘‘flowing gas/static-liquid” type as the batch respirometer [10].
The suspended biomass samples were collected from the bioreac-
tors of both plants and diluted with permeate to obtain a mixed
liquor concentration in the range of 2.0–3.0 g VSS L�1. Before run-
ning the respirometric test, each sample was aerated until endoge-
nous conditions were reached. For further details on the adopted
procedure, the reader is referred to the literature [5]. In the batch
tests designed to evaluate the heterotrophic biokinetic parameters,
the nitrifying biomass was inhibited by adding 10–15 mg L�1 of
Allylthiourea (ATU), and the exogenous oxygen uptake rate
(OUR) was enhanced by the addition of a readily biodegradable
organic substrate (sodium acetate in the current study). The sub-
strate biodegradation rate was assumed proportional to the exoge-
nous OUR, according to the following expression:

DCOD ¼ DO2

1� f cv � YH
ð4Þ
where fcv is the conversion coefficient from COD to VSS and
assumed equal to 1.42 mg CODmg�1 VSS, and YH is the yield coef-
ficient (mg VSS mg�1 COD). The yield coefficient YH was derived
from the integral of the exogenous OUR chart according to the
methodology suggested by [11]. The maximum heterotrophic
growth rate lH,max (d�1) and the half saturation coefficient KS
(mg COD L�1) were evaluated by solving the Monod-type kinetic
expression with the finite difference procedure and fitting the fol-
lowing equation:

DCOD
Dt

¼ lH;max

YH
� COD
ðKS þ CODÞ � XH ð5Þ

where COD is the carbonaceous substrate concentration at time t
(mg L�1), XH is the biomass active fraction (mg VSS L�1), and lH,max

and KS were previously defined. Estimation of the endogenous
decay coefficient bH and XH were performed according to the ‘‘single
batch test” procedure [5,12].

The kinetic parameters of autotrophic species were estimated
using the same procedure. Nevertheless, in this case, no inhibiting
substance such as ATU was added and ammonium chloride (NH4-
Cl) was directly spiked to evaluate the biokinetic parameters. The
conversion factor between oxygen and ammonium (NOD: nitrogen
oxygen demand) is equal to:

DNH4-N ¼ DO2

4:57
: ð6Þ
2.3. EPS analysis and extraction

Total extracellular polymeric substances (EPST) were measured
using the thermal extraction method [13,14]. According to this
method, the EPST are partitioned into two fractions: soluble micro-
bial products (SMPs) and bound EPS (EPSBound). Both SMPs and
EPSBound were fractionated into protein and carbohydrate com-
pounds. The EPST was evaluated as the sum of proteins and carbo-
hydrates compounds of SMPs and EPSBound:

EPST ¼ EPSP þ EPSC|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
EPSBound

þ SMPP þ SMPC|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
SMP

ð7Þ

where the subscripts P and C indicate the content of proteins and
carbohydrates in the EPSBound and SMP, respectively.

Carbohydrates in the EPST were determined according to the
phenol–sulfuric acid method with glucose as the standard [15].
Proteins were determined by the Folin method as proposed by
[16]. For further details, reader is referred to the literature [13].
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2.4. Resistance analyses

The total resistance (RT) to membrane filtration was evaluated
using Darcy’s law:

RT ¼ TMP
lJ

ð8Þ

where TMP is the transmembrane pressure (Pa), l is the permeate
viscosity (Pa s), and J is the permeation flux (m s�1).

During membrane filtration, RT can be evaluated as the sum of
the intrinsic resistance of membrane (Rm) and the resistance due
to membrane fouling (RF):

RT ¼ Rm þ RF ð9Þ
The membrane fouling (RF) can be fractionated as follows:

RF ¼ RPB þ RC;irr þ RC;rev ¼ RT � Rm ð10Þ
where RPB is the irreversible resistance due to colloid and particle
deposition in the membrane pores, RC,irr is the fouling resistance
related to superficial cake deposition that can be only removed by
physical cleaning (hydraulic/sponge scrubbing), and RC,rev is the
fouling resistance related to superficial cake deposition that can
be removed by ordinary backwashing.

The specific fouling mechanism was studied by applying the
resistance in-series method [5].

To limit the total resistance with respect to a fixed threshold
value, physical membrane cleaning was performed according to
[17]. Specifically, during physical cleaning, the membrane module
was removed from the reactor and washed with ultrapure water to
remove the cake layer on the membrane surface. The washed
membrane module was placed in a tank with ultrapure water,
and the TMP and J were monitored; thus, the total resistance
(RT1) was evaluated. The washed module was submerged into the
mixed liquor, the TMP and J were monitored, and the resistance
after physical cleaning (RT2) was evaluated.

Consequently RT1 and RT2 can be fractionated as:

RT1 ¼ Rm þ RPB ð11Þ

RT2 ¼ Rm þ RPB þ RC;rev ð12Þ
Thus, each fouling resistance fraction was evaluated as:

RPB ¼ RT1 � Rm ð13Þ
RC;rev ¼ RT2 � RT1 ð14Þ
RC;irr ¼ RT � RT1 � RC;rev ð15Þ

8><
>:

Furthermore, chemical cleaning processes were also performed
to reduce the RPB value.

More precisely, after physical cleaning, the washed module was
placed in a tank with clean water containing 2 g L�1 of citric acid
(C6H8O7) at a temperature of 40 �C for 4 h. The washed module
was submerged in a tank with ultrapure water, the TMP and J were
monitored, and the resistance was evaluated after chemical clean-
ing (RT1,CC). The amount of RPB removed by the chemical cleaning
was evaluated as:

RT1 � RT1;CC ð16Þ
2.5. Sludge dewaterability

The capillary suction time (CST) and the specific resistance to
filtration (SRF) were measured to investigate the sludge dewater-
ability features [18–20]. The CST and SFR were measured in accor-
dance with [21,22] by analyzing fresh samples collected from the
aerobic tank. In detail, the CST measurements were determined
by pouring a volume of sample into a sludge reservoir placed on
Whatman No. 17 filter paper. An electronic device recorded the
time necessary for the filtrate to cover the space between two
probes, which detected the advancement of the liquid front on
the paper. The CST was assessed as the average value of three repli-
cates. The SRF was evaluated in the reduced pressure condition
(�50 kPa). In detail, the vacuum condition was applied by a vac-
uum pump connected to a Buchner funnel in which Whatman 41
(20 lm pore size) filter paper was placed. After pouring 100 of
sample on the funnel, the filtrate volumes (V) and the correspond-
ing time (t) were recorded. The SRF was calculated in accordance
with Eq. (17):

r ¼ 2 � Dp � A2 � b
l � C0

ð17Þ

where Dp is the pressure drop across the filter, A is the filtration
area, l is the viscosity of filtrate at the temperature of the sludge,
b is the slope of the linear portion of the curve obtained by plotting
t/V versus V, and C0 is the initial dry residue of the sludge.

The viscosity of filtrate was measured using a Brookfield rota-
tional viscometer. In details, 16 ml of mixed liquor, derived from
the aerobic tank, were put into a metallic cylindrical shaped vessel
where the sludge temperature was controlled (20 �C ± 0.1 �C) by
means of a thermostat. The rotor velocity was set equal to
60 rpm and the corresponding viscosity value was expressed in cP.
3. Results and discussion

3.1. Organic and nitrogen removal

Table 2 reports the main results in terms of average perfor-
mance during the two phases of the experimental campaign.
Fig. 2 shows data related to the influent and effluent COD (a) and
NH4-N (b); Fig. 2a also reports data of the supernatant COD in
MBR tank.

The MBR pilot plant showed a reduction in biological COD
removal (from 87% to 63%) with the increase of the feeding salt rate
(Table 2; Fig. 2a). Moreover, the lowest reduction of the biological
COD removal occurred at 20 g NaCl L�1 (namely, 63%) (Table 2,
Fig. 2a). This result could be due to a partial inhibition effect
exerted by the high salinity (20 g NaCl L�1) on the heterotrophic
species.

In terms of total COD removal, the MBR pilot plant exhibited
notably high performance throughout the experiments, with an
average value close to 90%. In particular, when the feeding salt rate
was increased from 14 g NaCl L�1 to 17 g NaCl L�1, the total COD
removal efficiency was greater than 96% (on average). Such a result
confirmed the effectiveness and the robustness of the MBR systems
even in the presence of high salinity [7,23]. However, increasing
the feeding salt rate up to 20 g NaCl L�1 created a reduction of
the biological performance and a total COD decrease (down to
75%) (Table 2). Nevertheless, during Phase II (20 g NaCl L�1 and
20 mg TPH L�1), the MBR pilot plant showed overall good perfor-
mance in removal (i.e., total COD removal equal to 91%). Such a
result can be explained by acknowledging the key role played by
the physical membrane. Indeed, the physical membrane compen-
sated for the reduction of the biological efficiency (average value
64%) caused by the inhibitory effect exerted by the salinity and
hydrocarbons.

In terms of TPH removal, a high removal efficiency (namely,
88%) was obtained during the experimental period. However, it is
important to note that during the first days of Phase II (namely,
between days 30–43), the TPH removal efficiency was quite low
with an average value equal to 50%. This result highlights the initial
inability of biomass to remove the TPH. Thus, the results suggest



Table 2
Average biological performance in terms of COD, N, nitrification, denitrification and TPH removal.

Phase I Phase II

12 gNaCL L�1 14 gNaCL L�1 17 gNaCL L�1 20 gNaCL L�1 20 g NaCL L�1 + 20 mg TPH L�1

Biological COD removal [%] 87 81 79 63 64
Total COD removal [%] 96 97 95 75 91
gnit [%] 83 74 63 33 39
gdenit [%] 0 54 47 26 20
gNtotal [%] 52 73 73 42 53
TPH removal [%] – – – – 88
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that to obtain good plant performance in terms of TPH removal, a
gradual and moderate increase of the TPH feeding rate (up to the
design value) should be used to enhance biomass acclimation to
the hydrocarbon content [24]. However, according to the overall
TPH removal, we can conclude that MBRs are a promising technol-
ogy for treating oily wastewater results.

The nitrification process was strongly influenced by the salinity.
Indeed, the nitrification efficiency ranged from 33% to 83%
(Table 2). A shock effect on the autotrophic species was recorded
due to the salt rate (approximately 14 g NaCl L�1), which ended
near the 67th day (as better outlined in the following). The lowest
ammonia nitrification efficiency (33%) was obtained at the highest
salinity level (20 g NaCl L�1), thus indicating the harmful effect of
the salinity on nitrification. Such a result is in agreement with
the literature, which suggests that nitrifiers are highly sensitive
to salinity variation [25,26].
Fig. 3a shows the NO2-N and NO3-N in the aerobic reactor. It is
possible to notice a NO2-N accumulation (from 0.5 mg/L to 8 mg/L)
in the aerobic reactor for a feeding salt rate ranging from 12 to
17 g NaCl L�1 (Fig. 3a). Such a result highlights that the nitrite oxi-
dizing bacteria (NOB) activity was severely affected by the salinity
variation, confirming that NOB microorganisms are highly sensi-
tive to the feeding salt rate. When the feeding salt rate was
increased to 20 g NaCl L�1, both ammonia oxidizing bacteria (AOB)
and NOB species were severely inhibited, and the NO3-N and the
NO2-N concentrations inside the aerobic reactor collapsed to zero
(Fig. 3a). Therefore, a feeding salt rate of 20 g NaCl L�1 represented
a threshold value that produced a significant stress effect on the
autotrophic species. Moreover, the hydrocarbon dosage might have
contributed to a further inhibition of nitrifier activity, as also con-
firmed by the respirometric batch tests. Indeed, following the
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hydrocarbon addition, NO3-N and NO2-N concentrations inside the
aerobic tank were negligible until the 63rd experimental day, high-
lighting a complete inhibition of both AOB and NOB species
(Fig. 3a). Nevertheless, after the 67th experimental day, NO2-N
accumulation was observed, whereas the NO3-N production
remained quite negligible, thus suggesting a partial recovery of
the AOB species activity. Conversely, the NOB species were still
inhibited by the high saline environment (Fig. 3a). Therefore, it
can be suggested that longer durations are required to restore
the full nitrification ability. This result was also confirmed by the
balance of nitrogen forms (Fig. 3b). Indeed, from the analysis of
Fig. 3b, it is worth noting the predominance of the effluent NH4-
N at the end of Phase I (20 g NaCl L�1) and during Phase II
(20 g NaCl L�1 and hydrocarbon dosage), whereas the effluent
NO2-N and NO3-N were nearly negligible. Conversely, after the
67th experimental day, a significant decrease of the effluent
ammonia was observed, corresponding to an increase of the efflu-
ent nitrite due to the recovery of AOB activity.

This condition is likely to have influenced the denitrification
efficiency, which remained quite low (ranging from 0% to 54%).
Indeed, the denitrification efficiency decreased through time as a
result of the salt rate increase. During the second phase, which
was characterized by the highest salt rate and hydrocarbon dosage,
the denitrification efficiency collapsed to nearly zero. However,
after the 67th day, an increase of the denitrification efficiency
was observed as a consequence of the recovery of AOB activity.
Moreover, the low denitrification efficiency was likely influenced
by the inability to maintain constant and null dissolved oxygen
concentrations inside the anoxic tank.

Finally, the negative effects exerted by the salinity and hydro-
carbons on the nitrification/denitrification processes contributed
to the low efficiency in terms of TN removal. In particular, at the
end of Phase I (feeding salt rate of 20 g NaCl L�1) and during Phase
II (feeding salt rate of 20 g NaCl L�1 and hydrocarbon dosage), the
average removal efficiencies were equal to 42% and 53%,
respectively.

3.2. Biokinetic behavior

The evaluation of biomass activity during experiments in terms
of kinetic and stoichiometric parameters of both heterotrophic and
autotrophic species was assessed via respirometry. Referring to
heterotrophic activity, Fig. 4a reports the trend of the specific oxy-
gen uptake rate (SOUR). It is possible to note a significant decrease
of biomass respiration rates (Fig. 4a). This result was likely due to a
stress effect related to the presence of hydrocarbons in the inlet
wastewater. Nevertheless, it is worth mentioning that the SOUR
decrease was delayed compared with the starting day of hydrocar-
bon dosage, thus suggesting that worsening of heterotrophic activ-
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ity could be due to the accumulation of hydrocarbons inside the
system. Moreover, the heterotrophic biomass showed a ‘‘storage”
phenomenon, which is typical of systems subjected to dynamic
conditions. Such a condition likely enhanced the growth of bacte-
rial groups able to rapidly convert the organic substrate into stor-
age products. The storage yield coefficient YSTO was evaluated
according to the procedure proposed by [27].

Referring to autotrophic species, a different behavior was
observed compared with that of heterotrophs. Indeed, starting
from a feeding salt rate of 14 g NaCl L�1, a significant inhibition
of autotrophic species was observed due to the effect of salinity
(Fig. 4b). Previous studies highlighted that autotrophic species
are highly sensitive to salt variations [5]. However, after the 45th
experimental day, a slight increase of autotrophic growth rates
was noted, indicating recovery of the nitrification. Such a result
was likely related to the acclimation of autotrophic species, sug-
gesting that in the long term, it is possible to restore the good nitri-
fication capability of the system, even in the presence of a high
feeding salt rate and the presence of petroleum hydrocarbons, as
in the inlet wastewater. Table 3 summarizes the obtained stoichio-
metric/kinetic parameters during the experiments. In general, from
the analysis of Table 3, it is possible to observe a slight decrease of
kinetic/stoichiometric parameters compared with the values in the
technical literature.

3.3. Salt and hydrocarbon effects on membrane filtration

Fig. 5 reports the fouling trend in terms of total resistance (RT)
(Fig. 5a) and resistance decomposition according to Eq. (10)
(Fig. 5b). Furthermore, the percentage contribution of each resis-
tance (calculated as the ratio of the fouling resistance) during cer-
tain representative plant operational days is reported (Fig. 5c1–c4).
As shown in Fig. 5a, over the entire experimental period, ten mem-
brane cleaning operations were performed. In particular, eight
physical and two chemical cleanings were performed. The mem-
brane cleaning operations were intended to prevent the TMP from
exceeding the critical values defined by the membrane manufac-
turer (namely, 0.5–0.6 bar). Furthermore, at the 28th day, the
membrane was damaged and was replaced by a new identical one.

Hydrocarbon dosing led to a rapid degradation of the mem-
brane filtration properties (Fig. 5a). Indeed, the average RT value
of Phase II (namely, 9.9�1012 m�1) was twice that of Phase I
(namely, 5.02�1012 m�1) (Fig. 5a). The irreversible resistance due
to superficial cake layer (RC,irr) represented the highest fraction of
the total hydraulic resistance to filtration (Fig. 5b). Furthermore,
during Phase II, even the contribution of the reversible resistance
due to the superficial cake layer (RC,rev) increased. At the end of
Phase I, the RC,rev was equal to the 22% of the total resistance (RT)
(Fig. 5c2), and during Phase II, it increased up to 39% (Fig. 5c4).
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Table 3
Average values of kinetic and stoichiometric parameters during experiments (standard deviation is given in brackets).

Salinity Salinity and hydrocarbons Literature Refs.
[10–20 g NaCl L�1] [20 g NaCl L�1, 20 mg TPH L�1]

Heterotrophic
YH [mg COD mg�1 COD] 0.59 (±0.012) 0.70 (±0.12) 0.67 [28]
YSTO [mg COD mg�1 COD] 0.79 (±0.013) 0.78 (±0.09) 0.78 [27]
lH,max [d�1] 5.07 (±0.53) 3.58 (±0.96) 6 [28]
KS [mg COD L�1] 4.21 (±0.81) 4.22 (±1.36) 20 [28]
SOURmax [mg O2 g�1 TSS h�1] 17.99 (±2.5) 9.55 (±7.29) – –

Autotrophic
YA [mg COD mg�1 N] 0.14 (±0.24) 0.26 (±0.06) 0.24 [29]
lA,max [d�1] 0.12 (±0.18) 0.12 (±0.08) 0.8 [28]
KNH [mg NH4-N L�1] 0.24 (±0.42) 0.65 (±0.50) 1.00 [28]
Nitrif. rate [mg NH4-N L�1 h�1] 0.39 (±0.67) 1.12 (±0.86) 2.30 [30]

YH = heterotrophic yield coefficient, YSTO = storage yield coefficient, lH,max = maximum heterotrophic growth rate, KS = heterotrophic half-saturation coefficient,
SOURmax = specific respiration rate, YA = autotrophic yield coefficient, lA,max = maximum autotrophic growth rate, KNH = autotrophic half-saturation coefficient.
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The increase of the RC,rev resistance occurred during both Phase I
and II (Fig. 5c1–c4). The high values of both RC,irr and RC,rev com-
pared with RPB during Phase II were likely due to worsening of
the sludge properties (high viscosity). Indeed, during Phase II, the
average sludge viscosity increased from 3.5 cP (Phase I) up to
5 cP (Phase II). The literature demonstrates that the sludge viscos-
ity is positively correlated with the cake layer formation [31–34].
Therefore, in this study, the increase of sludge viscosity signifi-
cantly influenced the resistance due to the cake (RC,irr and RC,rev)
[33]. The increase of sludge viscosity was most likely due to the
hydrocarbon dosing in a salt environment (salinity rate of
20 g NaCl L�1). However, in contrast with previous literature stud-
ies that show a sludge viscosity increase with EPST, our findings
revealed an opposite trend, i.e., the average EPST (inside the aerobic
tank) decreased from 210 mg EPS g�1 TSS (Phase I) to
124 mg EPS g�1 TSS (Phase II). Such a result could be likely due to
a deflocculation effect of the sludge flocs as a result of the opera-
tional conditions due to the salinity and toxic compounds (i.e.,
hydrocarbon) (Li et al. [32]). As a matter of a fact, the average
SMP concentration inside the aerobic tank increased from
2.7 mg EPS g�1 TSS (Phase I) up to 13.6 mg EPS g�1 TSS (Phase II).
The increase of SMP is recognized as important evidence of sludge
deflocculation, thus corroborating our hypothesis [35].

The SMP concentration inside the aerobic tank strongly influ-
enced the membrane fouling. A rather high correlation exists
between the SMP concentration inside the aerobic tank and RT

(R2 = 0.82) (Fig. 6a). Indeed, as confirmed by the technical litera-
ture, due to their low dimension (50–500 kDa), SMPs are often
responsible for membrane fouling [34]. However, in terms of
EPSBound, an opposite correlation was found with RT (Fig. 6b).
Indeed, the RT value increased with the decrease of EPSBound. A sim-
ilar result was obtained by correlating EPSBound,C with RC,irr (Fig. 6c).
This finding is in line with previous studies demonstrating that
worsening of the sludge features (viscous and ‘‘bloated” sludge)
produced a cake layer characterized by low resistance and a reduc-
tion of the pre-filter effect exerted by the cake layer [24,36,37].
Indeed, as discussed above, the reduction of EPSBound caused a loss
of the stability of sludge flocs (deflocculation) leading to a cake
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layer characterized by particles of small dimensions, which in turn
increased the fraction of RC,irr. Furthermore, the reduction of
EPSBound led to an increase of SMP concentration that could more
easily reach the membrane pores, thus contributing to the increase
in the total resistance to filtration.

3.4. Sludge dewaterability

The main results of sludge analysis for dewaterability features
are shown in Fig. 7.

The results reported in Fig. 7a show that up to 17 g NaCl L�1, the
step-wise salinity increase exerted a significant effect on CST and
thus on sludge dewaterability. Indeed, the CST value measured at
12 and 14 g NaCl L�1 was nearly constant (namely, 24 s). Con-
versely, when the salinity was increased up to 17 g NaCl L�1, the
measured CST increased up to 29.33 s. Furthermore, at a salinity
of 20 g NaCl L�1, the dewaterability of the aerobic sludge signifi-
cantly worsened. Indeed, the CST values were almost twice the val-
ues measured at 12 and 14 g NaCl L�1. This result is in line with
literature and shows how the stress condition exerted by the
step-wise salinity increase affected the sludge dewatering [38].
Raynaud and coworker [38] found that the addition of NaCl in
activated sludge leads to a longer time for dewatering and also
suggested that the addition of NaCl leads to a release of fine
particles that are assumed to clog the filter medium, thus limiting
the flow throughout the porous system. During Phase II, the hydro-
carbon dosing led to a considerable increase of the CST. Indeed,
from the 30th to the 79th day, the CST value constantly increased
up to a maximum value (namely, 142 s). Such a value is nearly 6
times higher than values related to a salt rate of 12–14 g NaCl L�1.
The SRF measurements (right axis of Fig. 7a) provided similar
results, thus corroborating the CST findings with respect to the
progressive decrease of sludge filterability during Phase II. During
Phase II, sludge filtering operations encountered increasing diffi-
culty. More specifically because the beginning of hydrocarbon dos-
ing, the sample collected from the MBR pilot plant showed a
progressive decrease in filterability, causing a longer duration of
the vacuum pump operations needed to collect significant volumes
of filtered sample. Furthermore, after filtration, the filtration media
was covered by a homogeneous jelly layer.

This result was likely ascribable to the progressive increase in
sludge viscosity, primarily due to worsening of the bacterial con-
sortium features. Li and Yang [39] found that the difficulty in
sludge dewatering increases with the increase in sludge viscosity
and also suggested that the increase of the sludge viscosity is
primarily related to an increase of loosely bound EPS. The effect
of the bound fraction of EPS on dewatering was also noted in the
current study. Fig. 7b shows the influence of specific bound protein
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fraction of EPS on CST. The highest CST values corresponded with
the lowest concentration of specific bound protein. It is worth not-
ing that the role played by EPS in sludge dewaterability still
remains controversial [40]. Indeed, [41,42] found that the sludge
dewaterability initially increases with EPS content but subse-
quently decreases once the EPS content exceeds a threshold value.
Conversely, other authors reported that the sludge dewaterability
improves after the EPS reduction [43]. Furthermore, according to
our findings, the presence of hydrocarbons characterized by high
hydrophobicity could also have exerted a significant effect on
sludge viscosity and thus on the dewatering phenomena, making
comprehension of the results more difficult.

4. Conclusions

The current study explored the possibility of using MBR systems
to treat saline wastewater contaminated by hydrocarbons. The
MBR pilot plant produced high total COD removal efficiencies dur-
ing experiments with an average value near 90%. However, the bio-
logical COD removal was affected by the feeding salt rate and the
hydrocarbon addition, showing a significant reduction. The auto-
trophic activity was strongly limited due to the salinity increase
and hydrocarbon dosing. A partial recovery of the autotrophic
activity occurred at the end of the experimental period (Phase II),
highlighting the slow acclimation capability of the autotrophic
bacteria. As a result of the wastewater composition, the sludge vis-
cosity greatly increased, causing membrane fouling issues with
irreversible cake deposition as the main fouling mechanism. Fur-
thermore, the high sludge viscosity led to a reduction of the sludge
filterability. In the short term, such effects caused a reduction of
the physical performance of the membrane. Therefore, to success-
fully apply MBRs for treatment of saline wastewater contaminated
by hydrocarbons, it is crucial to extend the start-up period
(enhancement of biomass acclimation) and explore the possibility
of considering chemical addition to cope with sludge worsening
and thus enhance membrane filtration. The use of chemicals could
entail a notable increase of the operation costs. Thus, MBR option
as a possible solution for treating saline and contaminated of
hydrocarbon shipboard slops should be carefully assessed by a
cost-benefit analysis.
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