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Abstract: Assessing the compatibility of industrial discharges with the biological process of a mu-
nicipal wastewater treatment plant (WWTP) may represent a critical task. Indeed, either focusing
only on chemical characterization or ecotoxicity tests designed to assess the impact on surface waters
may lead to questionable or misleading conclusions. The feasibility of an industrial connection
to the sewer should better take into account the features of the downstream WWTP, in particular
by studying the potential effects on the biomass of that specific plant. With this aim, a multi-step
experimental protocol applicable by water utilities has been proposed: (step 1) calculation of the flow
rate/load ratio between industrial discharge (ID) and urban wastewater (WW); (step 2) analysis of the
modified operating conditions of the biological stage; (step 3) experimental assessment of the impact
of the ID on the WWTP biomass by means of respirometric tests. An application of this protocol
is presented in this work as a case study, namely a new ID (average flowrate 200 m3 d−1) coming
from an aqueous waste treatment plant (AWTP) to be connected to the public sewer. The integrated
evaluation of results showed that no negative impacts could be expected on the downstream urban
activated sludge WWTP (treating a flow rate of around 45,000 m3 d−1).

Keywords: aqueous waste; public sewer; respirometry; respirogram; multi-OUR

1. Introduction

Both domestic wastewater (WW) from residential settlements and services, and in-
dustrial WW, deriving mainly from commercial activities and generated by production
processes, are discharged into the public sewers to be treated by a wastewater treatment
plant (WWTP) [1–3]. National regulations have imposed emission limits for WW discharge
into sewers, as in Italy with the Legislative Decree No. 152 of 2006 (Third part, Annex 5,
Ref. [4]). Considering the industrial WW, attention is therefore placed on the quantitative
and qualitative characteristics of the industrial discharge (ID) which mixes with the other
WW conveyed by the sewer. For example, according to the Italian legislation, the emission
limits in sewer per product unit referred to specific production cycles are reported (Third
part, Annex 5, Ref. [4]).

In addition to necessitating various limits to be respected by several parameters, the
Italian law requires the same toxicity test to be applied for discharges both into surface
water and into the sewer. The acute toxicity test is mandatory and must be performed on
Daphnia magna, and, in addition, on Ceriodaphnia dubia, Selenastrum capricornutum, biolumines-
cent bacteria, or organisms such as Artemia salina, for saltwater discharges, or other organisms.
For discharges into sewer, the sample is considered toxic when, after 24 h, the number of
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immobile organisms is equal to or greater than 80% of the total. If more than one toxicity test
is performed, the worst result should be considered (Third part, Annex 5, Ref. [4]).

The toxicity tests thus imposed appear appropriate for assessing the suitability of
a final discharge into a surface water body. Conversely, for a more suitable and reliable
evaluation of the compatibility of a discharge into the sewer, the experimental assessment
using the biomass present in the downstream WWTP (such as respirometry tests) could
be suggested. Furthermore, a non-negligible operational aspect is that the respirometric
does not require complex and expensive equipment [5]. In this way, attention is paid to the
urban WWTP and the biological treatment that must purify the WW that is discharged into
the sewer.

The scientific literature reports that respirometry could be effectively applied, in bio-
logical treatments of real WWTP, for (i) daily management and/or operational control to
evaluate a possible plant upgrade [6–8], (ii) performance diagnosis [2,9], (iii) detection of
toxicity caused by influent WW [1,10–12] and (iv) WW characterisation/COD fractiona-
tion [2,3,13]. Arias-Navarro et al. [9] applied respirometric tests to a real WWTP serving an
equivalent population of 730,000 and the results revealed that the WWTP was operated at
low efficiency and under overload. With a similar aim, in the work of Vitanza et al. [14],
an activated sludge model was calibrated using respirometric results obtained from three
WWTPs. After the calibration, the simulation of the operation of one of the plants was
performed and the goodness of the simulation demonstrated that the model was able to
predict WWTP performance. Respirometry techniques were used by Aguilar et al. [12] to
evaluate the toxic and inhibitory effect of several heavy metals on the activated sludge
collected from a WWTP which also treated industrial WW. The results showed that toxicity
caused by heavy metals studied follows the order: Hg� Zn > Cr > Pb > Ni [12].

This work proposes an experimental protocol to be used to assess the compatibility of
a new ID to be discharged in a sewer system served by an activated sludge WWTP. The
study of the quantitative and qualitative characteristics of ID is proposed to examine and
predict any possible impact on the WWTP. The focus is placed on the biological sector,
through the control of compliance with the operating conditions and the measurement,
through respirometry, of the influent WW biodegradability/toxicity towards autotrophic
and heterotrophic biomass.

This study is aimed at responding to some needs of the WW treatment world, such as
those expressed by Mainardis et al. [15]:

(i) the proposal and development of a technical-scientific experimental methodology,
shared and universally applicable by all water utilities, also to guarantee homoge-
neous and unambiguous comparisons between different realities;

(ii) the promotion of greater integration and application of respirometry into WWTP
management as a diagnostic tool, in particular for ecotoxicity assessments of new
industrial sewerage connections.

As a case study, in this work, the application of the proposed procedure is presented
for the assessment of the ID of an aqueous waste treatment plant (AWTP) to be discharged
into a public sewer served by an activated sludge WWTP.

2. Materials and Methods
2.1. Case Study and ID Characteristics

The studied ID was produced in a new AWTP which encompassed both chemical-
physical and thermophilic biological treatments. The aqueous waste treated came mainly
from pharmaceutical and galvanic processes. The new ID of the AWTP had to be discharged,
with an average flowrate of 200 m3 d−1, through an authorized pipeline, into the public
sewer. In Table 1, the main characteristics of ID are reported. According to the permission,
the ID had to be stopped (i) in case of rain, with the aim to not overload the sewage
system, (ii) in the case of maintenance to sewage sections of interest and (iii) under specific
circumstances upon request by the urban WWTP manager.
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Table 1. Qualitative characteristics of AWTP industrial effluent. n: number of data.

Mean Value Confidence Interval

pH (-) 10.1
[n: 12] ±0.24

COD (mg L−1)
2143

[n: 12] ±85

BOD5 (mg L−1)
317

[n: 12] ±77

TN (mg L−1)
154

[n: 5] ±50

N-NO3
− (mg L−1)

15.5
[n: 12] ±3.5

N-NH4
+ (mg L−1)

15.4
[n: 12] ±3.5

The monitoring data of AWTP refer to the year 2019.

The public sewer, as usual, reached the urban WWTP, located downstream of the
AWTP, as shown in Figure 1a. The urban WWTP treated an average WW flow rate of
about 45,000 m3 d−1 in a water-line typical of a conventional activated sludge (CAS) plant,
consisting of primary sedimentation, pre-denitrification, oxidation and nitrification in a
single compartment, and finally secondary sedimentation.
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impact on the biological activity. In this study, the IN sample was taken upstream of the 
primary sedimentation, considering slightly higher pollutant loads in favour of safety. 
The purification efficiency of primary sedimentation has therefore been neglected. 

If the WWTP had separate oxidation and nitrification compartments, with dedicated 
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process in a single tank. 
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Figure 1. (a) Reference scheme of the case study and (b) structure of the experimental protocol. ID:
industrial discharge; IN: WW entering the urban WWTP; BIO: autotrophic and heterotrophic biomass
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2.2. Experimental Protocol Structure

The purpose of the experimental protocol is to evaluate the quantitative and qualitative
impact of a new ID on a CAS WWTP. First, the sampling points must be carefully identified:

(i) ID: industrial water which must be discharged into the public sewer.
(ii) IN: WW entering the WWTP (without ID).
(iii) BIO: biomass in the oxidation-nitrification tank.

In the case of a WWTP equipped with primary sedimentation, the IN sample should
coincide with the entrance to the biological compartment (primary sedimentation exit),
for greater precision in the evaluation of the polluting loads (BOD5, COD, etc.) that really
impact on the biological activity. In this study, the IN sample was taken upstream of the
primary sedimentation, considering slightly higher pollutant loads in favour of safety. The
purification efficiency of primary sedimentation has therefore been neglected.

If the WWTP had separate oxidation and nitrification compartments, with dedicated
biomass separation units, two biomass samples from both reactors would have been
required. In this WWTP, a single biomass sample was taken due to the configuration of the
process in a single tank.

A further possibility, without considering the sampling point ID, could be to study only
the sampling point IN during two different conditions: (i) in the presence of ID and (ii) in the
absence of ID. To make the first condition possible, it was necessary (i) to interface with the
AWTP staff for the request to the competent authority for a temporary ID permit, (ii) to wait
sufficient time to find the ID at the sampling point IN. The minimum time interval needed
was calculated starting from the length of the sewer section between the ID and the WWTP.

Figure 1b shows the structure of the experimental protocol.

• Step 1 concerns the estimation of the weight of the ID on the WW to be treated in the
WWTP. We assessed (i) the quantitative impact of the ID on the WWTP through the
ratio between the ID flowrate QID and the mixed WW flowrate Q(IN+ID) (or QINNEW),
and (ii) the qualitative impact of the ID on the WWTP through the ratio between
the mass load of selected pollutants in the ID (XID) and the mixed WW (X(IN+ID) or
XINNEW). The pollutants of concern should be identified as the most significant and
critical for the WWTP.

• Step 2 includes a check of the operating conditions in which the oxidation/nitrification
and denitrification reactors should work with the addition of the new ID into the sewer.
First, it is necessary to check the volumes available, in order to verify any possible
under-sizing caused by the ID. Subsequently, for the oxidation/nitrification stage, the
following checks should be carried out: (i) the new sludge loading rate (SLR) has to
guarantee the correct performance of the nitrification process; (ii) the new BOD:N:P
ratio should not deviate too much from the optimal one for aerobic systems equal to
100:5:1 (BOD/N = 20, BOD/P = 100) [16–19]; (iii) the capacity of the present air supply
system has to cover the increase in the oxygen demand for the oxidation processes.
For denitrification, the availability of organic carbon with respect to the new load of
N-NO3

− must be envisaged.
• Step 3 involves the study of the ID biological impact on the biomass grown in the

urban WWTP and represents a crucial assessment. For a CAS system, the biological
activities of heterotrophic and autotrophic biomass can be evaluated through oxygen
uptake rate (OUR) and ammonia utilization rate (AUR) tests, respectively. In case
potential criticalities arose from Step 1 and Step 2, a more in-depth analysis through
the application of continuous respirometry is strictly recommended. In effect, thanks
mainly to the longer duration of the test, it is possible to obtain more detailed informa-
tion on the biological activity, compared to the more immediate and easier to apply
batch OUR tests (described below in Section 2.5.2). Indeed, the authors advise to
include continuous OUR tests, regardless of the result of point 1.

The step-by-step application of the assessment protocol to the case study is described
in the following paragraphs.
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2.3. Mixing Ratio Estimate (Step 1)

For the estimation of the future ID contribution on the WW entering the urban WWTP,
(i) WWTP monitoring data of the year 2021 and (ii) an estimate of the ID flow rate provided by
the AWTP company were considered. The ID quantitative contribution was calculated as follow:

ID quantitative impact (%) =
QID

(
m3d−1)

Q(IN+ID)

(
m3d−1) (1)

where:

- QID (m3 d−1): estimated ID flow rate.
- Q(ID+IN) (or QINNEW) (m3 d−1): sum of IN point flow rate, from WWTP monitoring

data, and estimated ID flow rate. This represents the overall WW arriving from the
sewer and treated by WWTP, if ID is authorised.

As regards the IN-flow rates, the monthly average values were considered.
To study the ID qualitative impact on the urban WWTP, the loads of the most critical

polluting parameters for this case study were calculated, namely: chemical oxygen demand
(COD), total nitrogen (TN), nitric nitrogen (N-NO3

−) and ammoniacal nitrogen (N-NH4
+).

The authors recommend evaluating the polluting parameters to be taken into consideration
on a case-by-case basis, including 5-day biological oxygen demand (BOD5), total suspended
solids, total phosphorus, and other specific pollutants of concern such as heavy metals,
surfactants, persistent organic pollutants, etc. The loads were calculated starting from daily
concentrations of COD, TN, N-NO3

−, N-NH4
+ (measured on 24-h composite samples),

multiplied by the flow rates. The data of the flow rates and concentrations of the chemical
parameters were provided by the management staff of the AWTP and the WWTP. For
WWTP data, a public online database is also available from which to download the necessary
information. The qualitative contribution of ID was defined by the following equation:

ID qualitative impact (%) =
XID
(
kg d−1)

X(IN+ID)

(
kg d−1) (2)

where:

- XID (kg d−1): load of generic ID polluting parameter.
- X(ID+IN) (or XINNEW) (kg d−1): sum of IN pollutant load, from WWTP monitoring data,

and ID pollutant load for the generic parameter. This represents the overall load of
WW arriving from the sewer and treated by the WWTP, if ID is authorised.

2.4. Operating Conditions (Step 2)

For the oxidation/nitrification compartment, the following parameters, both for IN
and INNEW (IN + ID) condition, were calculated:

1. Sludge loading rate (SLR) (kgBOD5
kg−1

SS d−1) =
XBOD5,IN BIO

SS ∗Vox
(3)

where:

- XBOD5,IN BIO (kg d−1): BOD5 daily load entering the biological oxidation/nitrification
compartment.

- SS (kg m−3): total suspended solids concentration in the oxidation/nitrification tank
(hp: equal in both IN and INNEW phases).

- Vox (m3): volume of the existing oxidation/nitrification tank.

2. Oxygen supply
(
kg02d−1)= k ∗ α∗XBOD5,IN BIO+β∗Vox∗SS + k ∗ γ∗Xnit (4)

where:
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- k (-): safety factor to consider for the oscillations of the influent load to the WWTP,
assumed equal to 1.5.

- α (kgO2 kgBOD5removed): amount of oxygen required to oxidize 1 kg of organic sub-
stance (BOD5) in the oxidation tank, assumed equal to 0.5 [20].

- XBOD5,IN BIO (kg d−1): BOD5 average daily load entering the biological oxidation/
nitrification compartment;

- β (kgO2 kgSS
−1 d−1): amount of oxygen consumed in 1 day by 1 kg of biomass,

assumed equal to 0.1 [20].
- Vox (m3): volume of the existing oxidation/nitrification tank.
- SS (kg m−3): total suspended solids concentration in oxidation/nitrification tank (hp:

equal in both IN and INNEW phases).
- γ (kgO2 kgN): amount of oxygen required to nitrify 1 kg of ammonia nitrogen, assumed

equal to 4.57 [20].
- Xnit (kg d−1): nitrogen daily load which must be nitrified, determined by a balance on

total Kjeldahl nitrogen (TKN) (Equation (5)):

Xnit = TKNIN− TKNass − TKNout (5)

where:

• TKNIN (kg d−1): TKN of WW entering the WWTP (if possible, better entering the
biological reactor).

• TKNass (kg d−1): TKN assimilated by the biomass for vital functions, calculated as 5%
of BOD5 removed [21].

• TKNout (kg d−1): TKN limit load in the WWTP effluent and calculated from a concen-
tration limit equal to 2 mg L−1, assumed based on the emission limits of the Italian
regulation (Table 2, Annex 5, Part III, Legislative Decree n◦ 152 of 2006 [4]).

For the pre-denitrification tank the following parameters were determined:

1. Required denitrification tank volume (VDEN)(m3) =
Xden

vden,s ∗VSS
(6)

where:

- Xden (kg d−1): nitrogen daily load which must be denitrified, determined by a balance
on TN (Equation (7)):

Xden = TNIN− TNass − TNout (7)

where:

• TNIN (kg d−1): TN of WW entering the WWTP.
• TNass (kg d−1): TN assimilated by biomass for vital functions, calculated as 5% of

BOD5 removed in the oxidation tank [19].
• TNout (kg d−1): TN limit load in the WWTP effluent and calculated from a concen-

tration limit equal to 8 mg L−1, assumed based on the emission limits of the Italian
regulation (Annex 5, Part III, Legislative Decree n◦ 152 of 2006 [4]).

- vden,s (kgN-NO3
− kgVSS-1 d−1): denitrification specific rate, determined with the fol-

lowing equation [22,23]:

vden,s

(
kgN-NO−3
kgVSS d

)
= vden,s [20 ◦C] ∗ θ(T−20) (8)

where:

• T (◦C): temperature of water in denitrification tank.
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• vden,s [20 ◦C] (kgN-NO3
− kgVSS

−1 d−1): denitrification rate at 20 ◦C (standard values:
2.9–3.0 gN-NO3

− kgVSS
−1 h−1 [24]), assumed equal to 0.07 kgN-NO3

− kgVSS
−1 d−1.

• θ (-): van’t Hoff-Arrhenius coefficient, assumed equal to 1.10 [20].

- VSS (kg m−3): volatile suspended solids concentration in denitrification tank (hp: equal
in both IN and INNEW phases).

2. Required organic carbon (OC)
(
kg d−1) = BOD5

N-NO−3
ratio∗ XDEN (9)

where:

- BOD5/N-NO3
− ratio (-) necessary to ensure efficient denitrification, assumed equal

to 5 [20].
- Xden (kg d−1): nitrogen daily load which must be denitrified, determined with Equation (7).

2.5. OUR and AUR Tests (Step 3)

OUR and AUR tests, whose important applicability has been demonstrated in many
previous studies [2,25–29], were inevitably included in the protocol structure to study the
impact of different substrates on the autotrophic and heterotrophic mesophilic biomass of
the urban WWTP. In particular, the aim was to evaluate the effect of the ID on the biological
activity of the CAS system.

For all tests, the heterotrophic/autotrophic biomass was sampled directly from the
urban WWTP (BIO-sampling point, Figure 1a) and was used shortly after sampling, and
after 1 h of re-aeration. The substrates used were sampled only at the IN-sampling point
(24-h composite samples), at the urban WWTP, but at two different times: (i) with the
presence of ID in WW from the sewer (INNEW), and (ii) without ID into WW arriving from
the sewage system (IN). This approach was possible thanks to collaboration agreements
between the AWTP company and the personnel of the WWTP. If this approach was not
possible, the authors would have maintained two sampling points IN and ID (as explained
in Section 2.2) and recreated the INNEW substrate in the chemical laboratory by mixing IN
and ID. The mixing ratio (quantitative contribution of ID) had been estimated in step 1 of the
proposed protocol (Section 3.1). All tests were conducted at room temperature, maintaining
continuous stirring of the mixture at about 300–400 rpm, with a magnetic stirrer.

2.5.1. Analytical Methods

COD was measured according to ISPRA 5135 method [30]. For ammoniacal nitrogen
(N-NH4

+) and TKN, the methods of APAT IRSA-CNR 4030 [31] and APAT IRSA-CNR 5030 [32]
were used, respectively. N-NO3

− concentrations were studied according to UNI EN ISO 10304-
1:2009 [33]. UNI 11658:2016 [34] was applied for TN. Volatile suspended solids (VSS) were
determined following the APAT-IRSA-CNR 2090 method [35]. pH was measured using the
probe WTW-IDS, Model SenTix® 940 (Xylem Analytics Germany Sales GmbH & Co, Mainz,
Germany). Dissolved oxygen (DO) concentration was measured by WTW Multi-parameter
portable meter MultiLine® Multi 3510 IDS thanks to WTW Optical IDS dissolved oxygen sensors
FDO® 925 (Xylem Analytics Germany Sales GmbH & Co, Mainz, Germany) (called DO probe in
the next sections). The measured DO concentration was transferred to a portable PC via USB
connection and the MultiLab® Importer for data acquisition via Excel® software was used.

2.5.2. OUR Test

Respirometry deals with the measurement and interpretation of dissolved oxygen con-
sumption by a biological system to degrade a substrate [36]. The application of respirometry
to WWTP can provide information on the characterization of the influential WW biodegrad-
ability, therefore, on any inhibitory effect of WW on the WWTP biomass. Both endogenous
and exogenous OUR were evaluated in this study. The endogenous OUR represents the
oxygen consumed only for biomass respiration, while the exogenous OUR consists in
the consumption of oxygen necessary for (i) the oxidation of the organic substance or
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of the nitrogenous compounds present in the WW and (ii) the cellular respiration of the
biomass [15,37].

Batch Test

The great advantage of OUR tests in batch mode is the immediate performance both for
the modest instrumentation required (Figure 2) and for the immediacy of execution [2,38]. The
experimental set-up was similar to that employed by Borzooei et al. [13] and Capodici et al. [39].
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Endogenous OUR tests were first conducted with 500 mL of heterotrophic biomass to
study endogenous respiration alone. In exogenous OUR tests, 500 mL of oxidizing biomass
was aerated up to a DO concentration of 7.5–8.0 mg L−1, and then mixed with 500 mL of
substrate. At this point the aeration was stopped and the laboratory scale batch reactor
with a 1 L mixture was hermetically isolated to avoid oxygen exchange with the external
environment. During the test, the DO concentration (mg L−1) was measured every 5 s. Each
batch OUR test, stopped when the dissolved oxidation concentration was below 2 mg L−1,
lasted approximately 10–20 min. Due to the limited duration, the batch OUR was allowed
to evaluate “only” (i) the rapidly biodegradable fraction of organic substance and (ii) any
acute, therefore immediate, toxic-inhibiting effect of the WW against the biomass.

At the end of the test, the OUR value (mgDO gVSS
−1 h−1) was calculated according to

the following equation:

OUR (mgDO gVSS
−1h−1) =

Slope of the DO utilization curve
(
mgDO L−1h−1)

VSS concentration in batch reactor (gVSSL−1) (10)

Continuous Test

Continuous OUR tests were carried out with a laboratory scale reactor (2 L), containing
1 L of heterotrophic biomass and 200 mL of substrate. This option was set to maintain a low
S/X ratio (biomass/substrate) in the range 0.01–0.2 gCOD gVSS

−1, thus considering (i) biomass
growth negligible and (ii) endogenous respiration remained approximately constant [40].
Similarly, Mainardis et al. [15] recommended a narrower range equal to 0.01–0.05 gCOD gVSS

−1.
The reactor was isolated to avoid oxygen exchanges with the surrounding atmo-

sphere and loss of volume by evaporation (Figure 2). The aeration was always kept in the
2–5 mg L−1 range thanks to the connection of the aeration system to an electric mechanism
that guaranteed the connection-detachment of the aeration itself. The electrical mechanism
was regulated by software installed on a PC and through the DO concentration measured
by the DO probe. The latter was in turn connected to the laptop. Of extreme importance
was the data acquisition system, which allowed the DO data, measured in the reactor, to be
acquired on the PC. In some cases, these tests lasted up to 48 h.
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At the end of the test, a succession of decreasing curves (DO consumption curves) was
obtained, alternating phases of non-aeration and phases of aeration in the reactor. With the
same process described for batch OUR, more final OUR values (mgDO gVSS

−1 h−1) were
calculated. A curve, called respirogram, with the OUR trend over time was drawn [15].

Continuous tests can provide additional information compared to batch tests: (i) pos-
sible medium-long term toxic effects caused by the substrate towards the biomass, (ii) eval-
uation of the different fractions of COD present in the substrate (quickly and slowly
biodegradable). Batch tests are quicker to perform, but continuous tests, lasting for several
hours, have the great strength of monitoring toxicity over a period as long as the hydraulic
retention time of the WWTP [38].

2.5.3. AUR Test

Thanks to the AUR test, it is possible to easily measure the activity of the nitrifying
bacteria present in the biomass of CAS plants. The AUR test can be applied to: (i) measure the
nitrification kinetics [41], and (ii) evaluate the degree of inhibition (via determination of any
inhibitory effect on nitrifying bacteria by sewage containing potentially toxic substances) [42,43].

First, 500 mL of biomass, after aeration, was mixed with 500 mL of substrate to obtain a total
volume of 1 L in a batch reactor (Figure 2). Continuous aeration up to DO saturation conditions
were maintained in the mixture. The pH was maintained approximately equal to that (7.5–8.5)
measured in the mesophilic biomass at the time of sampling in the oxidation tank. Tests were
conducted for about 5–6 h and 25 mL of mixture was sampled every hour or half hour. The
samples were filtered with 0.45-micron filter paper to separate the biomass. AUR value was
determined considering the VSS concentration in the batch reactor and the positive slope of
N-NO3

− production curve (negligible concentrations for N-NO2
−) as reported in Equation (2):

AUR (mgN-NO−3
gVSS

−1h−1) =
Slope of N-NO−3 production curve

(
mgN-NO−3

L−1h−1)
VSS concentration in batch reactor

(
gVSSL−1) (11)

3. Results and Discussion
3.1. Step 1: Mixing Ratio

Table 2 shows flow rates and loads of polluting parameters in terms of (i) average
annual values for WWTP input and (ii) available values (either assumed or measured) for
ID. The quantitative contribution of ID was defined based on the flow rates. Assuming
that the ID was authorized by the competent authority, ID represented 0.45% of all WW
arriving at the WWTP (QINNEW = QIN + QID), identifying a low mixing ratio of 1/250. At
least from a quantitative point of view, it was possible to state that the ID considered did
not represent a problem for the urban WWTP.

Table 2. Flow rates (m3 d−1) and loads (kg d−1) of the polluting parameters in ID, IN, INNEW and
mixing ratio of ID in INNEW. n: number of data.

ID IN INNEW *
(IN + ID)

Mixing Ratio
(ID/INNEW)

Q (m3 d−1)
200 ± 50 45.575 ± 2053 45.775 0.45 ± 0.05%

[set/estimated] [n: 12] [calculated] [n: 12]

COD (kg d−1)
441 ± 43 12.677 ± 2606 13.118 3.7 ± 0.7%

[n: 12] [n: 70] [calculated] [n: 12]

TN (kg d−1)
28.4 ± 9.3 1044.6 ± 10 1073 2.6 ± 0.9%

[n: 5] [n: 5] [calculated] [n: 5]

N-NO3
− (kg d−1)

3.0 ± 0.8 10.1 ± 3.4 13 27.3 ± 8.5%
[n: 12] [n: 70] [calculated] [n: 12]

N-NH4
+ (kg d−1)

3.2 ± 0.9 731.1 ± 94 734 0.44 ± 0.12%
[n: 12] [n: 70] [calculated] [n: 12]

The monitoring data of AWTP and WWTP refer to the year 2019. * Calculated from the sum of IN and ID
mean values.
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The qualitative contribution was obtained from COD and different nitrogenous forms.
ID had an almost negligible contribution in terms of TN, N-NH4

+, and COD on the WW
treated by WWTP, showing no critical issues. Instead, the load of nitrates brought by the
industrial WW was significant, on average above 27%. An important load of N-NO3

−

could possibly represent a problem for the denitrification compartment, in terms of the
insufficient volume available. The subsequent steps envisaged by the protocol had the aim,
among others, of further investigating these aspects.

3.2. Step 2: Operating Conditions of the Biological Stage

Table 3 reports the comparison between geometric and process parameters during
the two different conditions studied at the urban WWTP, first in the absence and then
with the addition of the new ID in the incoming WW. For the oxidation/nitrification
process, no significant changes were observed with the addition of the ID. The main
operating conditions have remained unchanged; therefore, the nitrification process should
not undergo critical issues, at least due to the aspects just investigated. Only the daily
oxygen supply saw a slight increase of 0.8% compared to the starting situation without
ID. This increase should not undermine the air supply systems in any way, nor create any
problems to be addressed.

Table 3. Operating conditions at the urban WWTP, without ID (IN) and with ID (INNEW: IN + ID)
into the WW to be treated. SLR: sludge loading rate, VOX: oxidation/nitrification volume, VDEN:
denitrification volume, OC: organic carbon.

IN INNEW
(IN + ID)

Oxidation/nitrification

SLR (kgBOD5 kgSS
−1 d−1) 0.111 0.109

BOD:N:P 100:26:4 100:26:4
Oxygen supply (kgO2 d−1) 12′300 12′400

Denitrification

VDEN (m3)
6700 (14 ◦C)
3785 (20 ◦C)

(Real volume: 6000 m3)

6990 (14 ◦C)
3950 (20 ◦C)

(Real volume: 6000 m3)

OC (kg d−1)
2500

(BOD5, IN BIO: 4370 kg d−1)
2600

(BOD5, IN BIO: 4440 kg d−1)

BOD5,IN BIO (kg d−1): BOD5 daily load entering the biological oxidation/nitrification compartment.

More marked variations resulted in denitrification, in particular in the tank volume.
Even in the situation without ID, the denitrification volume was undersized for the au-
tumn/winter water temperatures (<15 ◦C). This criticality has been expanded with the
INNEW condition: at a water temperature of 14 ◦C, a volume deficit of about 1000 m3 was
estimated. Compared to the previous situation (IN), there was a need for an additional
volume of 300 m3. Despite the under-sizing of the denitrification tank, if the process
did not previously present functioning issues, the authors excluded the occurrence of a
denitrification crisis with the addition of ID.

As widely known, denitrification by heterotrophic bacteria requires organic carbon
(OC) [44–46]. Demand for OC in the INNEW condition increased by about 4%. Despite this,
the BOD5 entering the biological compartment, therefore the pre-denitrification, has always
been more than sufficient to guarantee complete denitrification.

3.3. Step 3: Biological Impact on Biomass
3.3.1. Heterotrophic Biomass

The effect of ID of AWTP on heterotrophic biomass of urban WWTP was first evaluated
with respirometric tests. Figure 3 shows the results of batch OUR tests. First, to understand



Environments 2023, 10, 108 11 of 16

the health status of biomass, endogenous OUR, before each exogenous test, was carried
out. An average value of 3.8 mgDO gVSS

−1 h−1 showed a regular respiration of the WWTP
mesophilic biomass, according to our previous research [47,48]. VSS in the BIO-sample
(Figure 1) were about 1.8–2 g L−1, as adopted in other experimental studies [40].
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Figure 3. Results of the batch OUR tests carried out with the heterotrophic biomass sampled in the
WWTP. End: Endogenous OUR. Ref: Reference value. Boxplots represent the distance between the
first and third quartiles while whiskers are set as the most extreme (lower and upper) data point
not exceeding 1.5 times the quartile range from the median. The cross represents the mean value.
N: number of replicated tests.

A domestic WW without industrial aqueous waste was used as the reference substrate
(COD: 300–400 mg L−1, in line with domestic sewage COD reported in the literature [49]).
The present WW, which includes different industrial discharges, showed lower biodegrad-
ability (23 mgDO gVSS

−1 h−1) than domestic WW (37 mgDO gVSS
−1 h−1), as expected.

Contrarily, the studied ID improved the biodegradability of WW entering the urban WWTP
(from 23 mgDO gVSS

−1 h−1 to 27 mgDO gVSS
−1 h−1). In general, despite the reduction of

OUR values, in respect to the reference, no acute inhibition effects were observed, especially
from the ID under study. The reduction in biodegradability between the reference and the
IN substrate was due to the integrated and synergistic effect of multiple industrial WWs
discharged into the sewer. Nevertheless, in all cases, the mean OUR values were more than
acceptable, above 20 mgDO gVSS

−1 h−1.
Figure 4 reports the results of OUR tests, performed in parallel and continuous modes,

with biomass sampled in the oxidation/nitrification tank of the WWTP (BIO-sampling point,
Figure 1a). The addition of IN (Figure 4a) and INNEW (Figure 4b) substrate were tested
under the same boundary experimental conditions. Respirograms in Figure 4 show, before
the substrate dosage, the endogenous OUR (first point of the discretized respirogram). Time
by time, the regular respiration of the biomass must be evaluated, otherwise the test should
be invalidated. The values acquired around 2.5–3.5 mgDO gVSS

−1 h−1 (5–7 mgDO L−1 h−1

with VSS in BIO-sample of about 1.8–2 g L−1) indicated, as reported in other literature
studies [50], a regular endogenous respiration for activated sludge in urban WWTP. After
endogenous evaluation, the substrates (COD: 300–350 mg L−1, low S/X ratio guaranteed:
0.03–0.04 gCOD gVSS

−1) were dosed and their degradation over time was studied (exogenous
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OUR—endogenous OUR). The peak values of exogenous OUR, reached after 0.35 h, were
similar and equal to 27.2 and 27.0 mgDO gVSS

−1 h−1, respectively for IN and INNEW. These
were comparable with the results of batch OUR and remained approximately constant
from 0.35 h to 0.6–0.65 h for both IN and INNEW, indicating an immediate and continuous
degradation of the easily biodegradable organic substance. After 0.6–0.65 h, exogenous
OUR began to decrease, indicating a final phase of degradation of the residual and more
slowly biodegradable organic matter. The experimental tests were considered completed
once the exogenous OUR reached values close to the endogenous ones.

Environments 2023, 10, x  13 of 18 
 

 

In general, exogenous OUR always maintained values above the endogenous, thus 
indicating the absence of toxic-inhibitory effects towards the biomass. The areas of the 
exogenous respirograms were about 14.5 mgDO gVSS−1 and 16.2 mgDO gVSS−1 for IN and 
INNEW, respectively. However, the oxygen used by biomass only for the substrate degra-
dation was 11.4 mgDO gVSS−1 for IN and 13.6 mgDO gVSS−1 for INNEW. Hence, a slightly higher 
oxygen consumption was observed for INNEW substrate degradation. This result was ex-
pected, as INNEW contained an aliquot of ID, which, although reduced, brought with it a 
series of “more difficult” and slower biodegradable molecules. 

For the degradation of substrates, an oxygen consumption in the range of 21–27 mgDO 
has been observed (area of the degradation “bell” equal to 11–14 mgDO gVSS−1, multiplied 
by VSS concentration of about 1.8–2 g L−1). Considering (i) COD dosed with substrates 
equal to 60–70 mgCOD, (ii) BOD5/COD ratio of about 50% for both IN and INNEW, 30–35 
mgBOD5 were dosed at the beginning of the tests. A BOD5 removal of 70–80% was observed 
in just over 1 h. This result was conceptually correct, as BOD5 is a measurement corre-
sponding to a contact time of 5 days, and a complete degradation of the substrates in terms 
of biodegradable organic matter would not have been visible in 1 h. For a simpler and 
more immediate performance of the continuous test, an approximation was assumed: the 
tests were stopped at exogenous OUR values close to the endogenous. 

 
Figure 4. Continuous OUR tests performed in parallel with (a) IN and (b) INNEW (IN + ID) substrate. 

3.3.2. Autotrophic Biomass 
The impact of ID on the nitrification activity of case study biomass was also investi-

gated (Figure 5). A sample of civil sewage, with domestic WW only, was used as the ref-
erence substrate. The WW entering the oxidation/nitrification reactor (IN) showed a visi-
ble acute inhibition effect (2.1 mgN−NO3− gVSS−1 h−1) compared to the reference substrate (2.9 
mgN−NO3− gVSS−1 h−1). As for OUR tests, this could be due to various toxic-inhibiting sub-
stances for autotrophic biomass present in many industrial wastes that reach the sewage 
system. With the addition of the studied ID, a further reduction of the nitrifying kinetics 
was observed, down to 1.6 mgN−NO3− gVSS−1 h−1. This result could be linked to (i) new inhib-
itory pollutants for the autotrophic biomass or (ii) excessive increase in loads of substances 
already present in WW entering the WWTP. In any case, the nitrifying biomass was put 
in contact with a new substrate (ID contained in INNEW) to which it had not yet acclima-
tised. After an initial period of instability and transition, thanks to a better acclimatization 
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In general, exogenous OUR always maintained values above the endogenous, thus
indicating the absence of toxic-inhibitory effects towards the biomass. The areas of the
exogenous respirograms were about 14.5 mgDO gVSS

−1 and 16.2 mgDO gVSS
−1 for IN

and INNEW, respectively. However, the oxygen used by biomass only for the substrate
degradation was 11.4 mgDO gVSS

−1 for IN and 13.6 mgDO gVSS
−1 for INNEW. Hence,

a slightly higher oxygen consumption was observed for INNEW substrate degradation.
This result was expected, as INNEW contained an aliquot of ID, which, although reduced,
brought with it a series of “more difficult” and slower biodegradable molecules.

For the degradation of substrates, an oxygen consumption in the range of 21–27 mgDO
has been observed (area of the degradation “bell” equal to 11–14 mgDO gVSS

−1, multi-
plied by VSS concentration of about 1.8–2 g L−1). Considering (i) COD dosed with sub-
strates equal to 60–70 mgCOD, (ii) BOD5/COD ratio of about 50% for both IN and INNEW,
30–35 mgBOD5 were dosed at the beginning of the tests. A BOD5 removal of 70–80% was
observed in just over 1 h. This result was conceptually correct, as BOD5 is a measurement
corresponding to a contact time of 5 days, and a complete degradation of the substrates in
terms of biodegradable organic matter would not have been visible in 1 h. For a simpler
and more immediate performance of the continuous test, an approximation was assumed:
the tests were stopped at exogenous OUR values close to the endogenous.

3.3.2. Autotrophic Biomass

The impact of ID on the nitrification activity of case study biomass was also inves-
tigated (Figure 5). A sample of civil sewage, with domestic WW only, was used as the
reference substrate. The WW entering the oxidation/nitrification reactor (IN) showed a vis-
ible acute inhibition effect (2.1 mgN-NO3

− gVSS
−1 h−1) compared to the reference substrate

(2.9 mgN-NO3
− gVSS

−1 h−1). As for OUR tests, this could be due to various toxic-inhibiting
substances for autotrophic biomass present in many industrial wastes that reach the sewage
system. With the addition of the studied ID, a further reduction of the nitrifying kinetics
was observed, down to 1.6 mgN-NO3

− gVSS
−1 h−1. This result could be linked to (i) new
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inhibitory pollutants for the autotrophic biomass or (ii) excessive increase in loads of sub-
stances already present in WW entering the WWTP. In any case, the nitrifying biomass
was put in contact with a new substrate (ID contained in INNEW) to which it had not yet
acclimatised. After an initial period of instability and transition, thanks to a better acclimati-
zation of the autotrophic biomass, better nitrification kinetics cannot be excluded. However,
INNEW-AUR values did not seem to be excessively alarming, since some literature studies
have shown a nitrification kinetic with WW (and properly enriched with N-NH4

+), usually
treated by the nitrifying biomass, equal to 1.8 mgN-NOx gVSS

−1 h−1 [26]. In any case, despite
these results, the conditions for prohibiting the company from discharging into the public
sewer did not seem to exist; however, further insights should not be excluded, for example
a more in-depth AUR test campaign.
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4. Future Outlooks

This study represented the first approach and first version of an experimental protocol
to evaluate the impact of new industrial waste on the urban WWTP. The authors are aware
and hope that further steps will be taken in future research, to make this protocol even
more complete, reliable, and easily applicable by both the urban WWTP receiving the ID,
and by the company responsible for the discharge into the sewer.

The proposed methodology is valid if the industrial WW is discharged with a constant
flow rate/pollutant load throughout the day, further investigation is required if significant
variations in flow rate and/or load are found. Most urban WWTPs are made up of traditional
biological treatments which generally cannot tolerate significant variations in the influent
sewage. With the occurrence of a negative impact on the WWTP, the company responsible
for the discontinuous effluent could be suggested/requested to insert a homogenization tank
before discharge into the sewer.

The adaptation of step 1 to the specific case is of fundamental importance. The choice
of pollutants for the assessment of the ID qualitative impact on the WWTP (load ratio) is
essential. The most critical pollutants in the ID (such as heavy metals, surfactants, persistent
organic pollutants, aromatic and nitrogenous organic solvents, chlorinated solvents, etc.) can
only be identified through a case-by-case analysis based on company production processes.
The authors recommend not considering in practice only the parameters of this case study, as
they refer to the specific situation. A further step could be envisaged, to study the impact of
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some target pollutants, carried by ID, on the removal efficiencies of the urban WWTP. In this
case, the WWTP effluent should also be monitored.

The integrated approach of this experimental protocol aims to make all the realities
gravitating around the world of WW treatment more attentive. Greater awareness of compa-
nies translates into better management of industrial waste and better care and protection of
the environment. Greater safeguarding of urban WWTPs guarantees efficient and optimized
treatment, more controlled effluents, and therefore a reduced environmental impact.

5. Conclusions

The possibility to connect to the public sewer a new discharge coming from an AWTP,
with an average flowrate of 200 m3 d−1, was studied in this work by adopting an integrated
assessment protocol, based on operating data processing as well as experimental tests. The
sewage is treated in an urban WWTP, with a conventional activated sludge process; the average
incoming flow rate is 45,000 m3 d−1. In Italy, for getting the permission to discharge into sewers,
an acute toxicity test is mandatory, but the prescribed method is the same used for assessing the
toxicity of discharge into natural water bodies. This may lead to wrong evaluations. Contrarily,
an effective and reliable evaluation of the compatibility of new discharge with the centralized
WWTP should be carried out by considering the site-specific features of the plant and the
biological prosses. In this work, the dimensional characteristics of the WWTP (flow rate/load
mixing ratio, volumes), the operating conditions (SLR, C:N:P, OC, oxygen supply), and the
response and activity of the biomass (both heterotrophic and autotrophic) have been pointed out
as fundamental issues to consider. To meet this need, a multi-step experimental protocol for WW
utilities has been proposed, where respirometry (OUR and AUR tests) plays a relevant role.
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Abbreviations

AUR Ammonia utilization rate
AWTP Aqueous waste treatment plant
BIO Oxidation/nitrification biomass
CAS Conventional activated sludge
COD Chemical oxygen demand
DO Dissolved oxygen
ID Industrial discharge
IN Input to the WWTP
N-NH4

+ Ammoniacal nitrogen
N-NO3

− Nitric nitrogen
OC Organic carbon
OUR Oxygen uptake rate
TN Total nitrogen
TKN Total Kjeldahl nitrogen
SLR Sludge loading rate
SS Total suspended solids
VSS Volatile suspended solids
WW Wastewater
WWTP Wastewater treatment plant
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