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Abstract: To date, the management of high-strength wastewater represents a serious problem.
This work aims to evaluate the performance on chemical pollutants and on sludge production
of one of the two full-scale thermophilic membrane bioreactors (ThMBRs) currently operational
in Italy, based on monitoring data of the last two and a half years. Removal yields on COD, N-
NOx, non-ionic and anionic surfactants (TAS and MBAS), increased with the input load up to
81.9%, 97.6%, 94.7%, and 98.4%, respectively. In the period of stability, a very low value of sludge
production (0.052 kgVS kgCOD−1) was observed. Oxygen uptake rate (OUR) tests allowed us to
exclude the possibility that mesophilic biomass generally exhibited any acute inhibition following
contact with the aqueous residues (ARs), except for substrates that presented high concentrations of
perfluoro alkyl substances (PFAS), cyanides and chlorides. In one case, nitrifying activity was partially
inhibited by high chlorides and PFAS concentration, while in another the substrate determined
a positive effect, stimulating the phenomenon of nitrification. Nitrogen uptake rate (NUR) tests
highlighted the feasibility of reusing the organic carbon contained in the substrate as a source in
denitrification, obtaining a value comparable with that obtained using the reference solution with
methanol. Therefore, respirometric tests proved to be a valid tool to assess the acute effect of AR of
ThMBR on the activity of mesophilic biomass in the case of recirculation.

Keywords: thermophilic; wastewater; surfactants; denitrification; sludge production; biological
activity; nitrogen uptake rate

1. Introduction

To date, the management of high-strength wastewater (WW) represents a very serious
problem [1]. Conventional wastewater treatment plants (WWTPs) do not present suitable
treatments for treating WW with high organic content and possible recalcitrant pollutants
such as color [2,3], surfactants [4,5], solvents [6,7], perfluoro alkyl substances (PFAS) [8–10]
and heavy metals [11,12]. These WWs must be treated in special treatment lines built on
site or located in authorized WWTPs.

Chemical–physical treatments (e.g., coagulation-flocculation) are the most commonly
used because of the recalcitrance of these pollutants which tend to inhibit the activity
of the biomass with which they come into contact [13–15]. However, these treatments
have significant disadvantages. For instance, coagulation–flocculation required the use of
chemical reagents and produced large quantities of chemical sludge in which some of these
pollutants (e.g., heavy metals) are concentrated [16,17]. This aspect causes an increase in
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costs and is against the principle of the circular economy of minimizing the use of resources
and optimizing the recovery of materials [18–20].

For some years, it has been known that it is possible to biologically treat high-
strength WW by exploiting the advantages provided by operating at thermophilic tempera-
tures [21–23]. Recalcitrant pollutants can pass unaltered by the conventional active sludge
(CAS) systems because they are not biologically degradable at mesophilic temperatures,
e.g., perfluorooctanesulfonic acid (PFOS) [24] but also cause the inhibition of the biomass
present [13–15]. However, the high resistance of thermophilic systems combined with
the excellent degradative capacity of the thermophilic biomass make these treatments
an excellent alternative to traditional physicochemical processes [25,26]. For instance,
Pugazhendhi et al. [27] proved that thermophilic biological treatment can reduce the level
of tetracycline in manure to about 96% in 72 h. In our previous study on a pilot plant,
thermophilic aerobic treatments removed 10–56% and 85–96% of non-ionic and anionic
surfactants (TAS and MBAS), respectively, starting from a total surfactant concentration up
to 222 mg L−1 and 753 mg L−1 [28]. Furthermore, in thermophilic biological systems, the
excess sludge is generally less than an order of magnitude compared to that produced in
CAS systems [29]. This is a strong advantage considering the importance of minimizing the
production of sewage sludge at the source [30,31] and the increasingly stringent legislation
on the disposal of sludge, especially in agriculture [32–34].

The main disadvantage of thermophilic biological systems is the poor sedimentability
of the sludge compared to CAS [22]. One of the possible solutions is to couple ultrafiltration
(UF) membranes to the biological treatment [21]. A full-scale thermophilic membrane
bioreactor (ThMBR), operating in aerobic conditions, for the treatment of high-strength
WW has been operational in Italy for several years, adopting this solution [35,36].

In Italy, a second ThMBR become operational 2018. Data from July 2018 to December
2020 were analyzed and removal yields on COD, N-NOx, TAS, and MBAS in relation to the
loading rate of pollutants were investigated. Sludge production has been calculated and
compared with literature data of other mesophilic and thermophilic processes. Moreover,
respirometric tests were used as tool to assess the effect on activity of mesophilic biomass
of AR of ThMBR. Diverse WWs were separately treated in pilot ThMBR to selectively
evaluate the influence of pollutants in ARs (such as cyanides, PFAS and chlorides) on
oxygen uptake rate (OUR), ammonia uptake rate (AUR) and nitrate uptake rate (NUR) in
the case of permeate recirculation in a mesophilic CAS system.

2. Materials and Methods
2.1. Thermophilic Membrane Bioreactor (ThMBR): Characteristics and Monitoring

The full-scale ThMBR is located in a WWTP authorized to treat both high-strength and
urban WW in Lombardy (Italy). High-strength WW was pre-treated with physicochemical
process to effectively remove heavy metals and increase the biological treatability, and
then by ThMBR (Figure 1). The ThMBR is composed by: (i) a biological reactor where
pure oxygen is injected to maintain the O2 concentration equal to 1.5–3 mg L−1 (our
previous results indicated a consumption equal to 1.1–1.2 kgO2 kgCODremoved

−1 [25]),
and (ii) a recirculation line where a UF unit (six vessels with 99 ceramic membranes; cut-
off: 300 kDa) operating with 3–5 bar of pressure is located. The total volume of the
system is 1700 m3. Temperature (48–50 ◦C) is maintained thanks to exothermic reactions
produced by biomass during the degradation of the organic substance, and it is controlled
by a heating/cooling system. To date, only one other ThMBR with similar characteristics is
operational in Italy, as described in our previous study [35].
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equal to 30 ± 1.5 d. COD reached 47,913 ± 2568 mg L−1 in 2018–2020 with the highest aver-
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Figure 1. Localization and details of ThMBR in the pretreatment line for high-strength WW.

The AR of the process (permeate) is mixed with urban WW and treated by a CAS
system. Therefore, to avoid an excessive overload of the CAS located downstream of
the pre-treatment station, it is important that the ThMBR system operates efficiently and
effectively in the removal of chemical pollutants. For this reason, monitoring is essential to
understand and verify what the real-scale performance of the process actually is.

In Table 1, the main characteristics of high-strength WW treated in ThMBR are re-
ported. The ThMBR was activated in January 2018 to treat industrial WW with highly
recalcitrant organic substances (e.g., surfactants, solvents, pharmaceutical products). To
ensure significant results, only data from July 2018 (after the system reached complete
stability) to December 2020 have been analyzed. For chemical and physicochemical anal-
ysis, samples were taken weekly. In 2018–2020, about 62 ± 3 m3 d−1 of high strength
WW was fed to the ThMBR, with an average hydraulic retention time (HRT) of the system
equal to 30 ± 1.5 d. COD reached 47,913 ± 2568 mg L−1 in 2018–2020 with the highest
average value (53,220 ± 4911 mg L−1) in 2019. High strength WW fed to the reactor also
showed a high concentration of TAS, MBAS, N-NOx and chlorides. The high conductivity
(22,692 ± 1537 µS cm−1) is effectively endured by the ThMBR due to strong resistance of
thermophilic biological systems [37].

Table 1. Summary of flowrate, HRT, chemical and physicochemical parameters of high-strength WW fed to the ThMBR
during the monitoring period. HRT: hydraulic retention time; TAS: non-ionic surfactants; MBAS: anionic surfactants; TP:
total phosphorus. n: number of data points.

2018
[n: 27]

2019
[n: 52]

2020
[n: 52]

2018–2020
[n: 131]

Q [m3 d−1] 64.2 ± 7.0 52.4 ± 3.3 71.1 ± 6.2 62 ± 3
HRT [d] 28.5 ± 3.0 34.1 ± 2.0 26.6 ± 2.4 30 ± 1.5

COD [mg L−1] 46,137 ± 3201 53,220 ± 4911 43,529 ± 3370 47,913 ± 2568
TAS [mg L−1] 498 ± 125 326 ± 108 839 ± 90 565 ± 73

MBAS [mg L−1] 198 ± 99 707 ± 228 649 ± 116 579 ± 109
N-NH4

+ [mg L−1] 420 ± 69 406 ± 89 210 ± 61 332 ± 48
N-NOx [mg L−1] 337 ± 129 624 ± 165 575 ± 224 545 ± 115

TP [mg L−1] 198 ± 130 316 ± 84 161 ± 53 231 ± 49
Chlorides [mg L−1] 3416 ± 636 4338 ± 668 3225 ± 653 3718 ± 403

Conductivity [µS cm−1] 18,757 ± 2432 22,180 ± 2049 25,322 ± 2877 22,692 ± 1537
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2.2. Respirometric Tests
2.2.1. Aqueous Residues

These tests aim to evaluate the effect on mesophilic biomass of the AR of the ThMBR,
after the treatment of diverse matrices, not only in this specific situation but also in the case
of a future application of the process in other WWTPs.

In this case, usually, high-strength WW products fed to the real ThMBR were previ-
ously mixed and homogenized making it impossible to separate the effect of the different
polluting matrices. Therefore, a continuous flow pilot plant (1 m3) with the same charac-
teristics of the full-scale scale ThMBR was used to treat four diverse high-strength WW
products. The management conditions were kept similar to those used in the real scale
(HRT = 25–30 d; O2= 1–3 mg L−1; T= 48–50 ◦C) and the AR extracted from the recirculation
line was studied by respirometric tests. Chemical and physicochemical characteristics of
the ARs are reported in Table 2. In the case of WW1 and WW2, diverse ARs, due to diverse
phases of experimentation and diverse fed concentrations, were considered (ARX-a,b,c).
AR3-a represents the residue after WW3 was preatreated in UASB and then in ThMBR.
AR3-b refers to WW3 directly treated in ThMBR.

2.2.2. Practical Procedure

As reported by several authors [38–41], respirometric tests (OUR, AUR, and NUR) can
be used to evaluate the effect of a substrate on the heterotrophic and autotrophic mesophilic
biomass. In our study, respirometric analyses were used to assess the effect of AR of ThMBR
on mesophilic biological activity of the CAS system. All tests were conducted at 20 ± 1 ◦C.

Biomass used in OUR and AUR analysis was withdrawn directly from the oxida-
tion/nitrification reactor of the same WWTP. In order to later express oxygen uptake as a
function of COD, diverse organic substrate solutions were prepared by diluting AR with
distilled water in various ratios [40]. In exogenous OUR tests, 500 mL of biomass was
aerated for 30 min (up to O2 concentration of 6.5–7.5 mg L−1) and then mixed with 500 mL
of an organic substrate solution. Then, the aeration was stopped, and the system with
the 1L mixture was hermetically closed to avoid the dispersion of the oxygen into the
atmosphere. Continuous stirring was maintained (300–400 RPM) and nitrification phe-
nomena were inhibited by addition of allylthiourea. pH was maintained at 7.0–7.5 adding
H2SO4 drop by drop as necessary. The specific oxygen uptake rate (SOUR) was evaluated
considering the VSS concentration in the batch reactor and the slope of the curve of oxygen
consumption [38]. To evaluate the respiration of the biomass, no substrate was added in
endogenous OUR. The SOUR was calculated according to the following equation:

SOUR (mgO2 gVSS
−1 h−1) = SOURexogenous − SOURendogenous (1)

To better highlight the behavior trend of the SOUR as a function of the COD and
evaluate the acute effect of the substrate on the mesophilic biomass, the results were
linear fitted.

In AUR, 500 mL of biomass was aerated for 30 min, mixed with 500 mL of AR and
enriched of ammonia using (NH4)2SO4 to obtain an initial N-NH4

+ concentration in the 1L
blend of 50–60 mg L−1. Continuous stirring (300–400 RPM) and aeration (O2 concentration
of 6.5–7.5 mg L−1) were maintained in the mixture. pH was maintained at 7.0–7.5 adding
H2SO4 adding H2SO4 drop by drop as necessary. Tests were conducted for 6 h and 20 mL
was sampled every hour. AUR was evaluated considering the VSS concentration in the
batch reactor and the slope of the curve of N-NO2

− and N-NO3
− production, according to

Holm et al. [38]. The WW that usually enters the oxidation/nitrification reactor of the same
WWTP, properly enriched by ammonia as previously described, was used as reference in
AUR tests.
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Table 2. Summary of chemical and physicochemical characteristics of AR extracted from the pilot-scale ThMBR.

Source 1 Source 2 Source 3 Source 4

Problematic Aspects of the Untreated High-Strength WW

Cyanides and Chlorides PFAS and Chlorides COD COD and High
Content of TS

Characteristics of aqueous residue after treatment in ThMBR

AR1 AR2 AR3
AR4

AR1-a AR1-b AR1-c AR2-a AR2-b AR2-c AR3-a * AR3-b **

COD [mg L−1]
12,028 ± 2221

[n: 15]
16,408 ± 1502

[n: 4]
13,120 ± 6355

[n: 4]
4841 ± 568

[n: 18]
5992 ± 171

[n: 11]
5778 ± 421

[n: 24]
7151 ± 1148

[n: 3]
8105 ± 1394

[n: 16]
2350 ± 505

[n: 16]

N-NH4
+ [mg L−1]

488.5 ± 96.0
[n: 14]

196.1 ± 47.2
[n: 4]

207.6 ± 45.6
[n: 4]

773.6 ± 113.6
[n: 18]

928.8 ± 83
[n: 11]

1063.1 ± 82.3
[n: 24]

862.0 ± 190.2
[n: 4]

429.2 ± 125.2
[n: 16]

636.5 ± 65.0
[n: 17]

N-NOx [mg L−1]
9.5 ± 2.2

[n: 14]
10.1 ± 0.7

[n: 4]
6.3 ± 2.3

[n: 4]
8.2 ± 0.5

[n: 18]
13.3. ± 10.2

[n: 11]
7.3 ± 0.5

[n: 24]
7.2 ± 1.9

[n: 4]
9.5 ± 1.4

[n: 16]
4.1 ± 0.9

[n: 15]

TP [mg L−1]
109.0 ± 34.1

[n: 15]
35.5 ± 8.4

[n: 4]
15.0 ± 1.9

[n: 4]
86.2 ± 11.0

[n: 18]
72.1 ± 11.7

[n: 11]
82.0 ± 10.3

[n: 24]
271.5 ± 38.8

[n: 4]
98.1 ± 8.9

[n: 16]
9.87 ± 2.71

[n: 15]

Chlorides [mg L−1]
3163 ± 458

[n: 12]
2475 ± 2807

[n: 2]
5827 ± 2093

[n: 3]
2631.4 ± 695.0

[n: 11]
4677 ± 1970

[n: 4]
7320 ± 623.2

[n: 24] n.a. n.a. 79.7 ± 22.4
[n: 14]

Cyanides [mg L−1]
341.3 ± 61.4

[n: 14]
536.0 ± 55.7

[n: 4]
398.8 ± 233.2

[n: 3] n.d. n.d. n.d. n.d. n.d. n.d.

PFAS [mg L−1] n.d. n.d. n.d. 46.1 ± 25.0
[n: 3]

265.6 ± 105.8
[n: 3]

3893 ± 1686
[n: 4] n.d. n.d. n.d.

pH [–] 8.2 ± 0.1
[n: 14]

8.1 ± 0.1
[n: 4]

8.1 ± 0.1
[n: 4]

8.1 ± 0.1
[n:18]

8.2 ± 0.1
[n: 11]

8.2 ± 0.1
[n: 10]

8.2 ± 0.2
[n: 4]

8.5 ± 0.2
[n: 3]

7.2 ± 0.2
[n: 16]

Conductivity [µS cm−1] n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 7736 ± 642
[n: 17]

n.a.: not available; n.d.: not detected; TS: total solids. a-b-c in WW1 and WW2 denote diverse ARs due to diverse phases of experimentation and diverse fed concentrations. *: WW3 was pre-treated in UASB and
then in ThMBR. **: WW3 was treated directly in ThMBR.
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NUR tests aim to evaluate the feasibility of using the permeate as an external source of
organic carbon for denitrifying bacteria. Biomass was withdrawn directly from a full-scale
denitrification reactor of the same WWTP. A volume of 500 mL of biomass was aerated for
30 min and mixed with 500 mL of an organic substrate solution. To be able to later express
NUR as a function of COD, diverse 500 mL organic substrate solutions were prepared
by diluting AR with distilled water in various ratios. The 1L blend was enriched with
nitrates using KNO3 to obtain an initial N-NOx concentration of 40–50 mg L−1. Continuous
stirring (300–400 RPM) was maintained and the system was hermetically closed to avoid
the solubilization of the atmospheric oxygen. pH was maintained at 7.0–7.5 adding H2SO4
drop by drop as necessary. Tests were conducted for 6 h and 20 mL was sampled every hour
and filtered. NUR was evaluated considering the VSS concentration in the batch reactor
and the slope of the curve of N-NO2

− and N-NO3
− consumption. Methanol, properly

diluted with distilled water, was used as reference organic substrate solution in NUR tests.

2.3. Analytical Procedures

COD was measured according to ISPRA 5135 method [42]. Total solids (TS), volatile
solids (VS) and volatile suspended solids (VSS) were determined following APAT-IRSA-CNR
2090 method [43]. N-NH4

+ and N-NO2
− were studied following APAT-IRSA-CNR 4030 [44]

and APAT-IRSA-CNR 4050 [45] methods, respectively. N-NO3
− concentrations were studied

according to EPA 300.1 1997 [46]. N-NOX was calculated as the sum of N-NO3
− and N-NO2

−.
Cyanides were measured following APAT IRSA CNR 4070 method [47]. Total phosphorus
(TP) was analyzed according to EPA 3051A 2007 [48] and EPA 6010D 2018 [49]. PFAS were
determined according to EPA 3550C 2007 [50] and EPA 537 2009 [51] methods. MBAS were
analyzed using ISO 7875-1 1996 [52] and ISO 7875-2 1996 [53]. TAS were measured following
UNI 10511-1 1996 method [54].

3. Results and Discussion
3.1. Performance on Chemical Pollutants and Sludge Production

The performance of the ThMBR on the removal of COD, TAS and MBAS was evaluated.
The main aspect that can be highlighted is that the removal of chemical pollutants strongly
depended on the pollutant load rate. In the monitored period, the food:microorganism
(F/M) ratio was 0.030 ± 0.003 gCOD gVS

−1 d−1. This low ratio is related to the high
recalcitrance of the organic substance (e.g., surfactants, solvents, pharmaceutical products)
present in the high-strength WW fed to ThMBR, which, on the other hand, would not be
treatable with a conventional mesophilic process.

With an organic loading rate (OLR) between 1.5 and 2 kg m−3 d−1, the COD removal
efficiency was on average 78.2%. However, this efficiency increased up to 81.9% in the
presence of an OLR greater than 3 kg m−3 d−1 (Figure 2a). These results confirm our
previous findings: almost 77% of COD fed was effectively removed by the other real-
scale ThMBR plant operating in Italy [35]. Moreover, Simstich et al. [21] reported 83% of
COD removal when treating industrial wastewater by a thermophilic MBR operating in
aerobic conditions.

N-NOx was significantly removed according to the increase in loading rate. In the
case of a load rate higher than 45 g m−3 d−1, an average of 97.6% of N-NO3 and N-
NO2 were denitrified (Figure 2b). At thermophilic temperatures (>45 ◦C), denitrification
takes place by a microbial biomass comparable or even superior to the mesophilic one in
terms of diversity and resistance [55]. Although pure oxygen is dosed in the ThMBR, the
denitrification phenomenon can be attributed to the concomitant presence of (i) a high
quantity of organic substance given the very high COD of the fed matrices and (ii) some
areas of the reactor that remain without adequate oxygenation. These results highlight
that a study of the hydrodynamic behavior of the reactor by a residence time distribution
(RTD) analysis and/or a computational fluid dynamic (CFD) analysis, as already done in
conventional WWTP [56,57], is greatly required. The presence of the same denitrification
phenomena was also observed in the other full-scale ThMBR in our previous study [35].
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A similar result to COD and N-NOx was also observed for TAS (Figure 2c) and MBAS
(Figure 2d), with maximum removal (94.7% and 98.4%, respectively) corresponding with
a fed load rate greater than 60 g m−3 d−1. In thermophilic membrane biological processes,
the direct proportionality between the COD removal yields and the OLR is in accordance
with what was reported in our previous studies on pilot plants [28]. However, in this work
the same relationship applied to full scale plants has been shown and not only for COD but
also for N-NOx, and surfactants (TAS and MBAS). Precisely, the TAS that could be usually
difficult to degrade by biological systems in mesophilic conditions [25,58,59] were instead
effectively removed by ThMBR (>84.1%) with fed load rate higher than 20 g m−3 d−1.
This aspect should not be attributed to the presence of a UF membrane. In fact, due to
their molecular weights (from 200 to 400 Da), surfactants can pass through the pores [60].
Instead, these results can be related to the greater ability of thermophilic microorganisms
to degrade recalcitrant chemical pollutants such as TAS [25]. MBAS were almost totally
removed (94.1–98.4%) by ThMBR. Treating real laundry WW in the other full-scale ThMBR,
lower removal yields for TAS and MBAS were obtained (47.8% and 49.5%, respectively)
probably due to lower initial surfactant concentrations [25].

Furthermore, even in the presence of significant incoming TAS load rate (up to
100 g m−3 d−1), no inhibition of the biomass degradation activity was highlighted, unlike
what has generally been observed in mesophilic systems in the presence of surfactants even
in low concentrations (30 mg L−1) [13]. This result can be related to the greater resilience of
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thermophilic biomass towards potentially inhibiting substances for mesophilic biomass
present in CAS systems [28].

The concentration of TS and VS in the biological reactor was monitored. In Figure 3a,
the concentrations of solids in the tank and the sludge extractions are reported. Three
different periods can be identified. In period 1 (duration: 500 days), no extractions were
carried out and the concentration of TS and VS in the reactor reached 160 kg m−3 and
80 kg m−3, respectively. In period 2, occasional extractions were carried out and the
increase in the concentration of TS and VS up to 185 kg m−3 and 90 kg m−3, respectively,
was observed. For management reasons, in period 3, the concentration of solids in the tank
was kept almost constant thanks to periodic extraction of sludge (about 20 t per week).
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To determine the specific production of VS in relation to the COD removed, period 1 was
chosen as the reference as the concentration of sludge accumulated in the tank was not
influenced by the extractions (as in periods 2 and 3). The daily production of TS and VS was
0.147 kgTS d−1 and 0.103 kgVS d−1, respectively (Figure 3a). Comparing COD removed with
the production of VS, the specific sludge production can be approximated with two linear
functions. A specific production of 0.296 kgVS kgCOD−1 has been observed that corresponds
with very low COD removals (substantially in the first period after the start-up phase) while
subsequently, the production of VS dropped to 0.052 kgVS kgCOD−1 (Figure 3b).

In the literature, specific sludge production is generally expressed considering the VSS
produced. Therefore, the comparison VSS-VS is then made by overestimating the specific
production obtained in the present study. The value obtained in this study was lower by one
order of magnitude than 0.25–0.51 kgVSS kgCOD−1 produced by CAS systems [61,62], and
0.19–0.36 kgVSS kgCOD−1 [63–65] produced by mesophilic membrane biological reactors
(MBRs). The present result was comparable with the value of sludge production by
thermophilic MBRs reported in the literature (0.02–0.1 kgVSS kgCOD−1) [29] and with of
the other real ThMBR reported in our previous study (0.08–0.09 kgVSS kgCOD−1) [35].
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3.2. Influence of Aqueous Residues on Mesophilic Biological Activity
3.2.1. Effect on Decomposing and Nitrifying Biomass

The effect of aqueous residues of ThMBR on mesophilic biomass was first evaluated
by means of respirometric tests. The results show a different behavior depending on
the initial matrix treated by the ThMBR and therefore on the characteristics of the AR
tested. The AR1-a and AR1-b substrates, although rich in cyanides and chlorides, showed
a substantial good degradability by the mesophilic biomass, not showing evident acute
inhibitory effects of biological activity (Figure 4a). Instead, the AR1-c resulted in minimal
toxic-inhibiting activity on biomass. This can be evidenced by the average increase in SOUR
with decreasing COD, following dilution of the substrate. This result can be attributed
to the fact that this matrix had a similar concentration of cyanides but about double the
concentration of chlorides compared to the other AR1s tested. In our study, the initial ratios
of SOUR with non-diluted AR were 0.45–1.2 gCl− gVSS

−1 for AR1-a, 0.05–1.75 gCl− gVSS
−1

for AR1-b and 0.6–2.5 gCl− gVSS
−1 for AR1-c. The presence of salinity in WW is a factor that

strongly influences the respiration of mesophilic biomass, especially when the biomass is
not acclimatized. For example, Pernetti and Palma [14] found that in batch mode, salt/VSS
ratios between 0.37 gsalt gVSS

−1 and 30.7 gsalt gVSS
−1 produced respiration inhibition

between 4% and 84%, respectively. On the contrary, Bassin et al. found that Cl− had a
positive effect on the settling properties as antagonist filamentous bacteria were inhibited by
high salt concentrations, but only when the increase in Cl− concentration was gradual [66].
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AR2 had a significant concentration of chlorides and PFAS. AR2-a and AR2-b, however,
did not cause acute inhibition phenomena (Figure 4b). Instead, AR2-c produced a toxic-
inhibiting effect on biomass, even more evident than that obtained with the AR1-c substrate.
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This result could be attributed to two aspects: (i) the high concentration of chlorides
(1.1–2.6 gCl− gVSS

−1 in SOUR with non-diluted AR2-c); (ii) the very high concentration
of PFAS (0.4–1.9 gPFAS gVSS

−1 in SOUR with non-diluted AR2-c). While some types of
PFAS (e.g., PFOS) would seem not to have a toxic effect on the mesophilic biomass of
CAS [67], exposure to high concentrations of other PFAS (e.g., Perfluorooctanoic acid-
PFOA) has shown negative impacts on microbial growth and organic substance removal
performance [15].

AR3-a and AR3-b exhibited a diverse effect (Figure 4c). While AR3-a showed excellent
biodegradability in the mesophilic conditions, AR3-b showed an acute inhibitory toxic
effect. This result could be attributed to the fact that in the case of the AR3-a, the WW3
had been pre-treated through an anaerobic biological process and then fed to the ThMBR
while in the case of the AR3-b, it was directly fed to the ThMBR. The first case may have
favored the removal of some interfering substances which instead remained in the AR3-c.
This aspect will be the subject of future studies.

AR4 showed a good biodegradability in the mesophilic field highlighted by the
average decrease in SOUR with decreasing COD, following dilution of the substrate
(Figure 4d). The good biodegradability was also favored by the low concentration of
chlorides within the initial matrix (0.01–0.03 gCl− gVSS

−1 in SOUR with non-diluted AR4).
The impact of AR2-c and AR4 on nitrification activity was also investigated. The WW

entering the oxidation/nitrification reactor, properly enriched with N-NH4
+, was used as the

reference substrate. AR2-c showed a slight acute inhibition (1.35 ± 0.84 mgN gVSS
−1 h−1)

compared to the reference solution (1.81 ± 1.15 mgN gVSS
−1 h−1) (Figure 5). This could

be traced back to the high concentration of chlorides and PFAS which also had a minimal
inhibitory effect in the decomposing microorganisms. Recent studies have shown that
PFOS and PFOA can reduce nitrifying activity [68]. An absence of inhibitory phenomena
and an increase in nitrification kinetics up to 4.2 ± 0.1 mgN gVSS

−1 h−1 was observed with
AR4. Therefore, in this case the substrate had a positive effect of stimulating the mesophilic
biomass and the phenomenon of nitrification.
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3.2.2. Impact on Denitrifying Biomass

The effect of the AR on denitrifying microorganisms was tested only for the AR4. The
goal was to identify any acute toxic effect of the substrate against the denitrifying het-
erotrophic biomass and determine the feasibility of reuse the organic substance, contained
within the aqueous residue, as an external source of carbon in denitrification.
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As the dilution increased, the NUR increased until it reached the value of 3.5 mgN gVSS
−1 h−1

that corresponded to the COD/N-NOx ratio equal to 15–17.5 (Figure 6). This can be at-
tributed to a slight acute inhibitory effect on the denitrifying biomass of the undiluted
aqueous residue. However, the further increase in dilution reduced the NUR (2–2.5 mgN
gVSS

−1 h−1 with 200 mg L−1 of COD), due to the significant lowering of the COD/N-
NOx ratio. The maximum NUR is comparable to that obtained with the reference so-
lution 4.5 ± 1 mgN gVSS

−1 h−1 (source of carbon: methanol) and to that reported in the
literature for other industrial WW. For instance, Liwarska-Bizukojć et al. [69] reported
around 2.0–6.0 mgN gVSS

−1 h−1 as the denitrification rate using industrial WW and around
3.2 mgN gVSS

−1 h−1 using methanol as an external carbon source.
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4. Conclusions

Full-scale ThMBR proved to be very effective in pollutants removal, demonstrating
an increase in performance as the input load increases. COD, N-NOx, TAS, and MBAS
removal yields were up to 81.9%, 97.6%, 94.7%, and 98.4%, respectively. The denitrification
phenomenon can be attributed to some areas of the reactor that remain without adequate
oxygenation and the presence of a high quantity of organic substance given the very high
COD of the fed matrices. Very low daily sludge production has also been evaluated (TS
and VS were 0.147 kgTS d−1 and 0.103 kgVS d−1, respectively). Comparing COD removed
and VS production, a specific production of 0.296 kgVS kgCOD−1 has been observed,
especially corresponding to the first period after the start-up phase, while subsequently,
the production of VS drops down to 0.052 kgVS kgCOD−1.

OUR tests allowed us to exclude the possibility that mesophilic biomass generally
exhibited any acute inhibition following contact with the tested substrates except for
AR1-c, AR2-c and AR3-b. In these cases, due to the presence of high concentrations of
cyanides and chlorides (AR1-c), PFAS and chlorides (AR2-c) and probably other interfering
substances (AR3-b), an acute toxic-inhibiting effect was evidenced. The AR2-c matrix itself
showed a slight decrease in nitrifying activity (1.35 ± 0.84 mgN gVSS

−1 h−1) compared
to the reference solution (1.81 ± 1.15 mgN gVSS

−1 h−1) probably due to high PFAS and
chlorides concentration, while the substrate AR5 determined a positive effect, stimulating
the mesophilic biomass and the phenomenon of nitrification. NUR tests on AR4 highlighted
the feasibility of reusing the organic carbon contained in the substrate as a source in
denitrification and obtaining a value comparable with that obtained when using the
reference solution with methanol.
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Although this work focuses only on the evaluation of the acute effect of the aque-
ous residue on the mesophilic biological activity, respirometric tests proved to be a valid
tool to assess the impact of AR on the activity of mesophilic biomass in the case of re-
circulation. As a future perspective, aspects such as the OUR as a function of time with
continuous feeding could be evaluated, to also consider the physiological acclimatization
of the biomass to the organic substrate, and thus determine the medium-term effects of RA
on mesophilic biomass.
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Nomenclature

AR: Aqueous residue; AUR: Ammonia uptake rate; CAS: Conventional active sludge; CFD: Compu-
tational fluid dynamic; HRT: Hydraulic retention time; MBAS: anionic surfactants; MBR: Membrane
biological reactor; NUR: Nitrate uptake rate; OLR: Organic loading rate; OUR: Oxygen uptake rate;
PFAS: perfluoro alkyl substances; PFOA: Perfluorooctanoic acid; PFOS: perfluorooctanesulfonic acid;
RTD: Residence time distribution; SOUR: Specific oxygen uptake rate; TAS: Non-ionic surfactants;
ThMBR: Thermophilic membrane bioreactor; TP: Total phosphorus; TS: Total solids; UF: Ultrafil-
tration; VS: Volatile solids; VSS: Volatile suspended solids; WW: Wastewater; WWTP: Wastewater
treatment plant.
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