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ABSTRACT
The present study used toxicity tests to investigate the effects of several toxicants on the growth of aerobic (activated sludge), anaerobic (sludge) (Upflow 

Anaerobic Sludge Blanket (UASB)), and algal (Chlorella vulgaris cultivation) biomasses. The toxicants analyzed are included in Brazilian water authorities’ 

regulations for the discharge of non-domestic wastewater (NDW) into sanitary sewage networks. First, the concentration ranges commonly reported as 

inhibitory for the three types of biomass were surveyed in the literature. Based on this survey and considering the limits established by the NDW discharge 

regulations in Brazil, three doses were defined for each substance, to be used in aerobic (dissolved oxygen consumption rate), anaerobic (methane 

production rate), and algal (cell growth rate) toxicity tests. The tests revealed that the biomasses exhibited quite variable minimum inhibitory concentrations 

(MIC); aerobic biomass appeared to be more tolerant (MIC in greater magnitude) than anaerobic and algal biomass, with the latter being the most sensitive. 

Aerobic sludge was particularly sensitive (toxicity observed at 1 mg.L-1) to lead, cobalt, total chromium, iron, zinc, and sulfide. In comparison, anaerobic 

sludge was more sensitive to tin and mercury (0.1 and 0.5 mg.L-1, respectively). Algal biomass was more sensitive to vanadium, cobalt, and sulfide (0.2, 0.5, 

and 0.5 mg.L-1, respectively). Arsenic, copper, total chromium, iron, phenols, and sulfate had minimum inhibitory doses (for all three biomasses) lower than 

the values ​​proposed by some Brazilian water authorities, indicating the need for more in-depth studies on these substances to encourage future reviews 

of the currently established limits.
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INTRODUCTION
The increase in demand for consumer goods, combined with a steady popula-
tion growth, has intensified industrial/commercial activities and, consequently, 
the generation of non-domestic wastewater (NDW) (Sapia; Morita, 2003). 
NDW are characterized by wastewater generated in various industrial typolo-
gies (textile, metallurgical, chemical, food), wastewater from chemical toilets, 
and leachate from sanitary landfills (Aquino et al., 2019). These may have dif-
ferent characteristics depending on the industry type and often require more 
advanced treatment configurations when compared to domestic wastewater 
treatment because of their complexity. 

In the 1960s, the joint treatment of NDW and domestic sewage was estab-
lished as a common policy of sanitation companies, bringing economic benefits 
to society, industries, and water authorities, with the additional benefit of facil-
itating inspection by environmental agencies (Morita, 2021). However, when 
released into the sewage system, NDW can cause damage to the networks, 

such as corrosion, incrustation, flammability, and explosion, and may harm 
the health and safety of the operators of the sewage collection and transporta-
tion system, due to its multiple components (Matos et al., 2020; Zhang et al., 
2023). Another important aspect is that the composition of this wastewater can 
cause adverse effects on biological treatment processes and volatilize solvents, 
organic, sulfur, and nitrogen (N) compounds in different units of the Sewage 
Treatment Plants (STPs). It can also generate sludge with dangerous character-
istics, due to the presence of organic compounds, cyanide, metals, among oth-
ers. These substances make NDW final disposal in agricultural areas unfeasible 
or contaminate soil and water bodies (Sapia; Morita, 2003). 

One of the main problems associated with the presence of typically indus-
trial pollutants, such as anthropogenic organic compounds (Benzene, Toluene, 
Ethylbenzene, Xylene (BTEX), pesticides, pharmaceuticals, Polycyclic Aromatic 
Hydrocarbons (PHA), synthetic detergents) and metals, in STPs, is that once 
in contact with aerobic, anaerobic, or algal biomass, depending on the type 
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of biological treatment used, they can inhibit the activity of bacteria, archaea 
and microalgae, thus impairing the degradation of sewage organic matter 
and reducing treatment efficiency (Chen et al., 2014; Matamoros et al., 2015; 
Aquino et al., 2019). Several studies in the literature have reported negative 
effects on biomass, such as reduced respiration rate, reduced hydrogen and 
methane production, and reduced microalgae growth, due to the presence of 
metals, semi-metals, and inorganic substances (Çeçen et al., 2010; Sharma; 
Melkania, 2018; Hussain et al., 2021). These negative effects are harmful to the 
microbial community, causing oxidative stress, disruption of cellular struc-
tures, impairment of organellar functions, enzyme inactivation, among oth-
ers (Oleszkiewicz; Sharma, 1990; Bajguz et al., 2011; ROSSI et al., 2020; Nnaji 
et al., 2024; Li et al., 2025).

To minimize such adverse effects, NDW must meet the specific discharge 
standard set by local water authorities, as is the case in several Brazilian 
states—Decree No. 15,425 of 07/23/1980 for the state of São Paulo (São Paulo, 
1980), COEMA Resolution No. 2 of 02/02/2017 for the state of Ceará (Coema, 
2002), Resolution No. 5,490 of 03/27/2013 for Espírito Santo (Cesan, 2013), 
and Technical Standard T.187/6 of 04/30/2018 for Minas Gerais (Copasa, 
2018). For instance, in the state of Minas Gerais, Technical Standard T.187/6 
is used by one water authority to establish criteria and limits for the release 
of NDW into the sewage system by industries, commercial activities, and ser-
vice companies. These limits encompass 41 parameters/pollutants, including 
nine volatile organic compounds (VOCs), such as benzene, toluene, xylene, 
ethylbenzene, styrene, chloroform, dichloroethene, carbon tetrachloride and 
trichloroethene; 17 metallic or semi-metallic elements, e.g. aluminum (Al), 
arsenic (As), barium (Ba), among others; and five inorganic substances: cya-
nide, fluoride, sulfide, sulfate, and ammonia. The states of Ceará and Espírito 
Santo also have water authorities imposing standards with limits and proce-
dures for receiving NDW in the sewage system. Other countries have also 
adopted similar programs. For example, the United States Environmental 
Protection Agency (USEPA) has a program called the National Pollutant 
Discharge Elimination System (NPDES) for this purpose, which establishes 
guidelines and standards for wastewater discharge from more than 50 indus-
trial categories/commercial activities into the sewage collection network 
(Usepa, 2025). According to Delatorre Junior and Morita (2007), countries 
such as Italy, Canada, Puerto Rico, Chile, and Slovakia have established their 
programs following the North American model.

Given the above and considering the importance of regulating the limit 
values ​​of parameters/pollutants for the release of NDW into the sewage system, 
this study used toxicity tests to investigate the effects of several substances cov-
ered by Brazilian water authorities’ NDW discharge regulations on the perfor-
mance of aerobic biomass (activated sludge), anaerobic biomass (UASB sludge), 
and algal biomass (Chlorella vulgaris culture). The objective of the study was 
to evaluate whether the values ​​currently adopted are effective in protecting the 
activity of the tested biomasses.

METHODOLOGY

Substances tested
In this study, the toxicity of 25 substances was tested at three concentration lev-
els for each type of biomass, as shown in Table 1. The concentration levels were 

defined based on the limits established by Brazilian NDW discharge regula-
tions and studies reported in the literature (Table 2). In many cases, the inhibi-
tion ranges reported in the literature are very wide, depending on the biomass 
used. In the present study, biomasses that are not adapted to the presence of 
the target substances were used to identify their real impact on the activity of 
the sludge/microalgae, as will be described later.

Aerobic biomass tests
Aerobic toxicity tests were performed using a methodology known as the 
‘Respirometric Test for Activated Sludge’ (OECD, 2010). The test measures the 
decay of dissolved oxygen (DO) concentration in aerobic sludge, using a poten-
tiometer (DO measuring electrode). For this, the substance to be assessed for 
toxicity (Table 1) was kept in contact with aerobic sludge previously fed (for 
at least 4 hours) with glucose (1 g.L-1) under constant stirring. A sample of 
the culture was then taken to assess DO decay once aeration was interrupted. 

A respirometric curve was obtained by measuring the DO concentration 
at 1-minute intervals for 15 minutes. In turn, the specific oxygen consump-
tion rate (mgDO.gVS-1.h-1) was calculated considering changes in DO over 
time, from an initial mass of inoculum (aerobic sludge). The aerobic sludge 
used in the tests had no contact with industrial wastewater and was collected 
in an activated sludge system fed with domestic sludge and kept active in the 
laboratory under constant aeration (using aquarium aerators). It was also fed 
with glucose and food leftovers (Ou et al., 2018). During the experimental 
batches, the pH ranged from 7.0 to 7.5, and the volatile solids content was 3.6 
to 4.1 g L-1. For a rapid determination of the sludge biomass concentration 
to be used in the tests, a calibration curve of volatile solids versus turbidity 
was constructed, yielding good correlation (R2 = 0.99). To ensure a minimum 
contact time of 4 hours between the aerobic biomass and a given toxic sub-
stance, 300 mL of the aerobic sludge was mixed with the working solution 
(containing the substance of interest) and kept on a magnetic stirrer rotat-
ing at around 500 rpm to ensure oxygen supplementation in the medium. 
All experiments were performed in duplicate.

After the contact time, DO decay was measured, and the sludge was 
then transferred to Biochemical Oxygen Demand bottles kept under mini-
mal magnetic stirring (~150 rpm) to avoid aeration of the medium but high 
enough to prevent biomass settling. For each of the substances, three fortifi-
cation levels were tested. To determine the inhibitory or stimulating effect of 
the substances tested, the oxygen consumption rate (mg O2 min-1.gVS-1) was 
calculated for each experiment. An example of the DO concentration decay 
curve can be found in Figure S1 (Supplementary Material). The inhibitory 
or stimulating effect was defined by directly comparing the average oxygen 
uptake rates (OUR) obtained for the experiments with the target substances 
and the control experiment, i.e., OURsubstance > OURcontrol = stimulating effect; 
OURsubstance < OURcontrol = inhibitory effect; OURsubstance = ratecontrol = no effect 
(Table S1 – Supplementary Material). 

Anaerobic biomass tests
The toxicity tests on anaerobic biomass were performed according to the 
methodology for determining methanogenic activity, described by Aquino 
et al. (2007). Glass flasks with a 120 mL capacity, containing a useful volume 
of 60 mL and 60 mL of headspace were used. The anaerobic biomass (sludge) 
used in the experiments was sourced from a UASB reactor treating domestic 
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sewage in a nearby city. It was previously collected and kept in the laboratory for 
approximately three months until the experiments were conducted. The sludge 
was fed weekly with glucose and processed food waste (Holliger et al., 2016). 

Cellobiose (1 g.L-1) was used as substrate, and distilled water was used 
to complete the useful volume, setting the substrate/inoculum (S/I) ratio at 
0.4 g COD.g Volatile Solids (VS)-1, as recommended by Chernicharo (2007), 
and volatile solids concentration of approximately 3 g.L-1 in the experiments. 
The working solutions, containing each substance of interest at the desired 
concentration (Table 1), were added to this mixture. In each batch, vials 
called “control” - which did not receive the toxic substance tested, were also 
monitored. All assays were performed in duplicate, plus the control experi-
ment. Before closing the vials, the pH was adjusted to 8.00 ± 0.10 (Jankowska 
et al., 2017; Sun et al., 2021; Paranhos et al., 2025) with sodium bicarbonate, 
and the headspace was purged with N gas. Immediately after these steps, the 
vials were sealed and kept under constant mixing (180 rpm) and temperature 
(35°C) for approximately 10 days. 

Methane production was determined daily by gas chromatography, in a chro-
matograph (Shimadzu, model GC-2014) equipped with a thermal conductivity 
detector (TCD) and Restek capillary column (30 m x 0.53 mm), maintained at 

120°C, as detailed in Lima et al. (2018). The accumulated pressure in the flasks 
was also measured daily using a pressure gauge (model PM-9100HA), and the 
methane production values ​​were expressed in terms of NmL of CH4.gSV-1, con-
sidering the standard conditions of temperature and pressure (273.15 K and 
101.315 Pa), as recommended by the International Union of Pure and Applied 
Chemistry (IUPAC) (Calvert, 1990). 

To determine the possible inhibitory (or stimulating) effect of the sub-
stances on anaerobic biomass, specific methane production rates were calculated. 
For this, the experimental data on methane production (NmL CH4) as a func-
tion of time (h) were used, in the linear section of the graph, to fit a straight line, 
whose angular coefficient was equivalent to the methane production rate (dV/dt,  
NmLCH4.h

-1). This was then divided by the amount of inoculum (anaerobic 
sludge, gVS) to normalize the result and obtain the specific rate of methane pro-
duction (NmL CH4.h

-1.gVS-1). An example of the methane production curve 
can be seen in Figure S2 (Supplementary Material). The inhibitory or stimulat-
ing effect was defined by directly comparing the average rates obtained for the 
experiments with the target substances and the control experiment, i.e., rate-

substance > ratecontrol = stimulating effect; ratesubstance < ratecontrol = inhibitory effect; 
ratesubstance = ratecontrol = no effect (Table S2 – Supplementary Material).

Table 1 – Substances and doses tested for each type of biomass.

Substance Reagent used
Doses tested in the 
 aerobic test (mg.L-1)

Doses tested in the  
anaerobic test (mg.L-1)

Doses tested in the  
algal test (mg.L-1)

Al AlCl
3
.6H

2
O 1; 3; 10; 100 3; 100; 1,500 1.5; 3; 6

As Na
2
HAsO

4
.7H

2
O 1; 3; 10 3; 15; 150 1.5; 3; 7

Ba BaCl
2
.2H

2
O 5; 50; 100; 1,000 5; 500; 2,000 1; 5; 7

B H
3
BO

3
5; 50; 100 5; 100; 1,000 2; 5; 50

Cd CdCl
2
.H

2
O 0.5; 5; 50 1; 5; 200 2.5; 5; 7.5

Pb Pb(NO
3
)
2

1; 10; 50 0.5; 10; 100 0.25; 1; 10

Co CoCl
2
.6H

2
O 1; 10; 50 0.5; 1; 10 0.5; 1; 2

Cu CuCl
2
.2H

2
O 1; 10; 50 10; 50; 100 5; 10; 15

Cr (VI) K
2
Cr

2
O

7
1.5; 15; 150 0.5; 1.5; 15 1.5; 30; 75

Total Cr Equimolar mixture CrCl
3
.6H

2
O and K

2
Cr

2
O

7
1; 10; 100 5; 10; 60 1; 10; 100

Sn SnCl
2
.2H

2
O 1; 5; 10; 100 0.1; 5; 10 1; 5; 10

Fe FeSO
4
.7H

2
O 1; 5; 50 15; 500; 2,000 5; 15; 50

Hg HgCl
2

1.5; 10; 100 0.5; 1.5; 10 0.5; 1.5; 3

Ni NiCl
2
.6H

2
O 1; 5; 100 5; 50; 1,500 0.5; 5; 50

Ag Ag
2
SO

4
1; 5; 50 5; 50; 100 2.5; 5; 7.5

Se Se powder 1; 5; 100 1; 5; 10 5; 25; 50

V V
2
(SO

4
)
3

4; 40; 400 4; 40; 400 0.2; 2; 4

Zn Zn powder 1; 5; 50 5; 50; 100 2.5; 5; 10

Ammonium-N NH
4
Cl 60; 100; 500; 1,000; 1,500 500; 1,500; 5,000 200; 500; 670

Surface-active substances NaC
12
H

25
SO

4
5; 100; 1,000 5; 25; 900 1; 5; 10

Total Phenols C
6
H

5
OH 5; 50; 100 5; 700; 2,000 2; 5; 50

Sulfide Na
2
S.9H

2
O 1; 10; 100 1; 5; 500 0.5; 1; 5

Cyanide KCN 1; 2.5; 5 1; 5; 8.5 0.5; 2.5; 5

Total Sulfate Na
2
SO

4
5; 100; 1,000 500; 1,000; 5,000 1; 10; 1,000

Total Fluoride NaF 10; 100; 520 5; 10; 50 10; 100; 200

Source: Elaborated by the authors.
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Table 2 – Inhibitory concentrations reported in the literature for aerobic, anaerobic, and algal biomasses.

Substance

Aerobic biomass Anaerobic biomass Algal biomass 

Inhibitory 
concentration 
reported in the 

literature (mg.L-1)

Reference

Inhibitory 
concentration 
reported in the 

literature (mg.L-1)

Reference

Inhibitory 
concentration 
reported in the 

literature (mg.L-1)

Reference

Al 10–60 Zhang et al. (2019); Li et al. (2022) > 1,500
Oleszkiewicz and Sharma 

(1990); Novak and Park (2010)
0.050–0.100 Pakrashi et al. (2013)

As 3 (AsVI and AsIII) Brunskill et al. (1980) 12–120
Wang et al. (2014); He et al. 

(2018); Tang et al. (2019)

0.048–30 Vocke et al. (1980); 

Levy et al. (2005)

Ba - - 200–2,000
Wyman et al. (2019); Da 

Silva et al. (2021)
1.5 (stimulating) Polonini et al. (2015)

B 1,000–2,500 Dinçer (2004); Güneş (2013) - - 2.6–22
Chen et al. (2019); 

Saxena et al. (2023)

Cd 1–48

Çeçen et al. (2010); El Bestawy 

et al. (2013); Hernandez-Martinez 

et al. (2018)

20–107
Yu and Fang (2001); Xu et al. 

(2017)
0.4–7.5

Magdaleno et al. 

(2014); Hussain et al. 

(2021)

Pb 10 Malamis et al. (2012) 2–8,000
Li and Chen (1999); Sharma 

and Melkania (2018)
0.027–0.364

De Schamphelaere 

et al. (2014)

Co 1–180
El Bestawy et al. (2013); 

Hernandez-Martinez et al. (2018)
0.05–1,768

Oleszkiewicz and Sharma 

(1990); Paulo et al. (2017)
0.014–0.038

Stubblefield et al. 

(2020)

Cu 0.5–32

El Bestawy et al. (2013); Esquivel-

Rios et al. (2014); Hao et al. 

(2016); Buaisha et al. (2021)

100–500
Sharma and Melkania 

(2018); Cao et al. (2023)
0.5–3.2

Magdaleno et al. 

(2014); Hussain et al. 

(2021)

Cr VI 0.5–115

Alkan et al. (2008); 

Tekerlekopoulou et al. (2010); 

Fang et al. (2015)

1–250
Li and Chen (1999); Sharma 

and Melkania (2018)
66 Hussain et al. (2021)

Cr III/Total 0.5–160

Gikas and Romanos (2006); 

Çeçen et al. (2010); El Bestawy 

et al. (2013)

0.52–3,000
Li and Fang (2007); 

Alrawashdeh et al. (2020)
- -

Sn 0.005 Argaman et al. (1984) - - 1.0–10
Pawlik-Skowrońska 

et al. (1997)

Fe 5–32
Hao et al. (2016); Yazdanbakhsh 

et al. (2019)
21–2,900

Zhang et al. (2009); Wang 

et al. (2024)
2.0–5.0

Subramaniyam et al. 

(2016)

Hg  1–183
Stasinakis et al. (2003); Çeçen 

et al. (2010)
0.006–100

Abdel-Shafy and Mansour 

(2014); Sharma and 

Melkania (2018)

0.5–2.6
Matson et al. (1972); 

Kelly et al. (2007)

Ni 1–240
Li et al. (2011); Hernandez-

Martinez et al. (2018)
35–1,600

Li and Chen (1999); Altas 

(2009)
1 Gong et al. (2019)

Ag 0.33–311
Çeçen et al. (2010); Matyja et al. 

(2021)
2,730 Ünşar et al. (2016) 0.5–2.5 Hussain et al. (2021)

Se 0.5 (stimulating) Chakrabarti and Jones (1983) 72–80
Cai et al. (2018); Logan et al. 

(2023)
- -

V 90–120 Kamika e Momba (2014) - - 3.24–4.12
Schiffer and Liber 

(2017)

Zn 10–120
Alkan et al. (2008); Malamis et al. 

(2012); Esquivel-Rios et al. (2014)
7.5–293

Altas (2009); Kumar et al. 

(2023)
0.2–0.4

Magdaleno et al. 

(2014)

Ammonium-N 60 Paśmionka et al. (2021) 1,500–19,000
De Souza (1984); Poirier 

et al. (2020)
670 Lin et al. (2007)

Surface-active 

substances
5 Yang et al. (2015) 25–900 Da Silva et al. (2019) - -

Total Phenols 4–4,000
Contreras et al. (2008); Eleren 

and Alkan (2009); He et al. (2021)
700–2,100

De Souza (1984); Blum and 

Speece (1991)
400 Scragg (2006)

Sulfide 2.5–150
Seuntjens et al. (2018); Noriega-

Hevia et al. (2020)
50–160

Yamaguchi et al. (1999); 

Chen et al. (2014)
200

González-Sánchez 

and Posten (2017)

Cyanide 1–30
Kim et al. (2011); Inglezakis et al. 

(2017) 
8.5–1,300

Pirc et al. (2010); Novak et al. 

(2013)
0.5–2.5 Hussain et al. (2021)

Total Sulfate 5–7.5 Noriega-Hevia et al. (2020) 2,000 Moset et al. (2012) 192 Mera et al. (2016)

Total Fluoride 520 Carrera et al. (2003) 18 Ochoa-Herrera et al. (2009) 118–170 Li et al. (2013)

Source: Elaborated by the authors.
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Algal biomass tests
For the algal toxicity tests, experiments were carried out with the microalgae 
Chlorella vulgaris, obtained from Wenutri Natural Foods & Supplement and 
maintained in a laboratory with oxygen injection and culture medium. This spe-
cies was chosen because it is ubiquitous in wastewater treatment ponds due to 
its high tolerance to contaminated environments, in addition to showing rapid 
growth in laboratory conditions (Canovas et al., 1996). The algal culture was 
made from a mixture of a certain volume of the original Chlorella vulgaris cul-
ture and Chu medium — composed of macro and micronutrients essential for 
algal growth (Chu, 1947) to reach an initial algal density of around 70 mg.L-1 
and pH ~ 7.2.

The experiments were carried out in 250 mL Erlenmeyer flasks (duplicate), 
using 100 mL of the algal culture which was fortified with the substances of 
interest at three concentration levels (Table 1). “Control” flasks, containing only 
the algal culture, were also monitored. The flasks were kept under agitation and 
constant temperature (130 rpm; 27°C) for seven days, in an orbital shaker with 
white light LED strips inside. Algal density was measured daily, based on spec-
trophotometer readings at 680 nm. An absorbance versus algal density curve 
was built to determine this parameter and resulted in a good fit (R2 = 0.98). 

To determine the possible inhibitory (or stimulating) effect of the substances 
tested on algal cultivation, the average algal growth rate (mg.L-1.h-1) for the 
incubation period was calculated, based on the daily growth rate. An example 
of the algal growth curve can be seen in Figure S3 (Supplementary Material). 
The inhibitory or stimulating effect was defined by comparing the average rates 
obtained in the experiments with the target substances and the control experi-
ment, i.e., ratesubstance > ratecontrol = stimulating effect; ratesubstance < ratecontrol = inhibi-
tory effect; ratesubstance = ratecontrol = no effect (Table S3 – Supplementary Material).

RESULTS AND DISCUSSION
Table 3 summarizes the lowest concentrations of the various substances tested 
that harm aerobic, anaerobic, and algal biomass. Figures 1, 2, and 3 show the 
limit ranges established in the Brazilian legislation, as well as the lowest dose 
determined in this study for each type of biomass. It should be noted that 
data analysis was based on descriptive statistics and visual comparison of 
means between the experiments with the addition of the substances and their 
respective controls. Thus, although some substances appear to reduce bio-
mass activity (aerobic, anaerobic, or algal), these results should be interpreted 

Table 3 – Lowest concentration values ​​of the substances tested that had an inhibitory effect on aerobic, anaerobic, and algal biomasses.

Substance
Lowest dose tested that presented ad-

verse effects — aerobic biomass  (mg.L-1)
Lowest dose tested that presented adver-

se effects — anaerobic biomass (mg.L-1)
Lowest dose tested that presented 

adverse effects — algal biomass (mg.L-1)

Al 100 3 1.5

As 3 3 1.5

Ba 1,000 5 7

B 50 1,000 10

Cd 50 1 2.5

Pb 1 No apparent effect No apparent effect

Co 1 10 0.5

Cu 10 10 5

Cr (VI) 1.5 15 1.5

Total Cr 1 5 1

Sn 100 0.1 1

Fe 1 15 15

Hg 100 0.5 1.5

Ni 100 5 0.5

Ag 50 5 2.5

Se 100 No apparent effect 50

V 40 40 0.2

Zn 1 100 2.5

Ammonium-N 1,500 500 500

Surface-active substances 1,000 25 No apparent effect

Total Phenols 5 5 2

Sulfide 1 500 0.5

Cyanide No apparent effect 5 5

Total Sulfate 100 500 1

Total Fluoride No apparent effect 10 100

Source: Elaborated by the authors.
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Source: Elaborated by the authors.

Figure 1 – Comparison between the lowest concentration tested that presented an adverse effect on aerobic biomass and the range specified by some Brazilian water 
authorities for receiving non-domestic wastewater.

with caution, as formal statistical significance could not be determined. 
The observed differences suggest potential inhibitory effects, and this find-
ing can help with decision-making regarding future studies and changes to 
current discharge standards.

In general, the lowest inhibiting concentrations for each substance varied 
considerably between aerobic, anaerobic, and algal biomasses. Aerobic biomass 
seems to be more tolerant to most of the substances tested and was inhibited 
only at higher toxicant concentrations. In turn, algal biomass seems to be the 
most sensitive to 14 of the 25 substances tested, while anaerobic biomass was 
the most sensitive to seven substances. Aerobic biomass was particularly sen-
sitive to metallic elements (e.g., lead (Pb), cobalt (Co), chromium (Cr), zinc 
(Zn)) and quite resilient to surfactants, Ba, and ammoniacal nitrogen. On the 

other hand, anaerobic biomass was more sensitive to tin (Sn) and mercury (Hg). 
Finally, algal biomass was quite sensitive to vanadium (V), sulfide, nickel (Ni), 
and Co. The following items will discuss in greater detail the effects of each sub-
stance on the biomasses tested. To compare the values ​​reported as inhibitory 
(Figures 1, 2, and 3), the following legislation was used: Decree No. 15,425 of 
07/23/1980 for the state of São Paulo, COEMA Resolution No. 02 of 02/02/2017 
for the state of Ceará, Resolution No. 5,490 of 03/27/2013 for Espírito Santo, 
and Technical Standard T.187/6 of 04/30/2018 for Minas Gerais.

Effects on aerobic biomass
In comparison with the range of inhibitory values ​​reported in the literature, 
eight out of the 25 substances tested were toxic at concentrations within the 
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Source: Elaborated by the authors.

Figure 2 – Comparison between the lowest concentration tested that presented an adverse effect on anaerobic biomass and the range of limits established by some 
Brazilian water authorities for receiving non-domestic wastewater.

reported range (Table 2), while 12 seemed to be inhibitory at concentrations 
higher than the limits established by some Brazilian water authorities (Table 3). 
Furthermore, in general, the inhibitory doses for aerobic biomass were quite 
variable, with most of the tests showing an adverse effect-causing dose higher 
than 50 mg.L-1. On the other hand, doses between 1 and 10 mg.L-1 seemed to be 
subtly stimulating for several substances (e.g., Al, Ba, boron (B), N-ammoniacal, 
Hg, and silver (Ag)), indicating that the aerobic community appears to be more 
tolerant than the other biomasses. This is consistent with the higher growth rates 
observed for aerobic microorganisms.  Al at low concentrations can reduce the 
repulsive force between particles and stimulate bioflocculation, in addition to 
improving the dehydrogenase activity of activated sludge, which increases the 
efficiency of organic matter handling and total toxicity (Zhang et al., 2019). 

As reported by Zhang et al. (2019), the presence of Al can stimulate the excre-
tion of extracellular polymeric substances (EPS), one of the main components 
of activated sludge. This is considered an important mechanism of Al resistance. 
Microorganisms secrete them to protect their cells from the effect of cationic 
osmotic pressure (Zhang et al., 2019). Boron (B) stimulates quorum sensing 
between cells (Hu et al., 2022), while N is an essential element for microbial 
growth (Paśmionka et al., 2021). Regarding Hg, the survival of bacteria in 
environments containing this metal has been reported, due to their resistance 
capacity (“Operon mer”), through chemical transformation processes (Boyd; 
Barkay, 2012). Like Hg, Ag can also induce “hormesis”, a biological response in 
which low doses of a toxic agent induce a beneficial or stimulatory effect, and 
high doses are inhibitory or lethal (Guo et al., 2016).
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Source: Elaborated by the authors.

Figure 3 – Comparison between the lowest concentration tested that presented an adverse effect on algal biomass and the range of limits established by some Brazilian 
water authorities for receiving non-domestic wastewater.

The substances with the lowest inhibitory dose (~1 mg.L-1) to aerobic bio-
mass were Co, Cr, Pb, Fe, Zn, and sulfide. These elements can trigger cellular 
inhibition mechanisms, such as oxidative stress, cell membrane disruption, 
enzyme inactivation, DNA damage, among others, reducing microbial activity 
(Nnaji et al., 2024). Similarly, Hernandez-Martinez et al. (2018) observed that a 
dose of 1 mg.L-1 of Co caused inhibition greater than 10% during a respiromet-
ric experiment. Çeçen et al. (2010) also indicated inhibition of aerobic activity 
by Cr from 2 mg.L-1 and that there was no adsorption of this metal to the bio-
mass. These authors emphasize the importance of speciation studies, together 
with inhibition, since experimental conditions, such as pH and temperature, 
can influence the predominant form of the metal. In contrast, for Co and Cr, 
El Bestawy et al. (2013) reported inhibition of the aerobic activity of activated 
sludge only with concentrations above 20 mg Co.L-1 and 10 mg Cr.L-1, respec-
tively, with IC50 (50% Inhibitory Concentration of the microbial community) 

values close to 180 mg Co.L-1 and 66 mg Cr.L-1. These authors emphasize the 
possibility of microbiota adaptation to Co due to adsorption to the sludge. 
For Cr, adsorption was negligible, which may justify its lower inhibitory con-
centration (El Bestawy et al., 2013). Therefore, adsorption onto solids mitigates 
toxicity by reducing metal concentrations in the liquid phase. This, on the other 
hand, increases its amount in the solid phase (sludge), which should be fur-
ther treated and disposed of. Regarding Pb, Malamis et al. (2012) observed an 
inhibitory concentration of activated sludge biomass at 10 mg Pb.L-1, which is a 
higher dose than that observed in the present study. It should be noted that Pb 
has an inhibitory effect by interfering with the process of respiration and cell 
division (Nnaji et al., 2024). However, studies that tested lower doses were not 
found in the literature; moreover, there is a possibility of Pb adsorption after 
the addition of zeolite in the toxicity benchmark study (Malamis et al., 2012). 
Regarding iron, Hao et al. (2016) observed a decrease in the optical density of 
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aerobic biomass with a dose of 32 mg Fe.L-1. These authors report that iron can 
bind to negatively charged cells and form microbial nuclei. This could favor 
microbial activity at lower concentrations (Hao et al., 2016). Yazdanbakhsh et al. 
(2019) also mention that the presence of iron nanoparticles at concentrations 
above 5 mg.L-1 affected the integrity of the cell membrane of aerobic sludge 
organisms. As for Zn, Esquivel-Rios et al. (2014) observed that at doses of 20 
to 100 mg Zn.L-1, a reduction in the maximum oxygen consumption rate of the 
sludge was noted, while Alkan et al. (2008) reported an IC50 value of 45 mg Zn.L-

1. Malamis et al. (2012) also observed some inhibition at a dose of 10 mg Zn.L-1 
and highlighted the possibility of adsorption of this metal to mineral particles. 
However, it is noteworthy that these studies focused on higher doses, while the 
present study surveyed lower inhibitory concentrations and found that 1 mg 
Zn.L-1 was toxic for aerobic biomass. This effect could be associated with changes 
in membrane integrity, as reported by Nnaji et al. (2024). In the case of sulfide, 
Seuntjens et al. (2018) and Noriega-Hevia et al. (2020) reported inhibition of 
aerobic ammonium-oxidizing bacteria at concentrations ranging from 2.5 to 
150 mg.L-1 which are higher than the value found in this study (1 mg S2-.L-1 ). 
Sulfide is very reactive, and, depending on the environmental conditions (e.g. 
pH and redox potential, pE), changes in speciation (e.g., HS-, hydrogen sulfide; 
S0, elemental sulfur) may change toxicity (Seuntjens et al., 2018). At the experi-
mental pH (7.0–7.5), considering the sulfide speciation diagram, a large part 
of it may be found in the toxic form (hydrogen sulfide gas), which may justify 
the inhibitory effect observed in the present study. The mechanisms involved 
in the inhibition of aerobic bacteria due to sulfide in these experiments may be 
due to the inhibition of the respiratory chain, the generation of sulfur species, 
and intracellular acidification, among others (Xia et al., 2017).

In contrast, Ba, surfactants, and N-ammoniacal were the substances that had 
the highest inhibitory dose for aerobic biomass (1,000; 1,000, and 1,500 mg.L-1,  
respectively). Regarding Ba, no studies in the literature were found that reported 
inhibition of aerobic biomass. However, Baldi et al. (1996) indicated a tendency 
for this element to be adsorbed to the sludge of two STPs in Italy. In such study, 
tests were also carried out with the addition of barite, and it was reported that 
sulfate-reducing bacteria played a role in the solubilization of Ba and favored the 
formation of flocs of these organisms (Baldi et al., 1996). The presence of sur-
factants can cause numerous impacts. Among these, Yang et al. (2015) reported 
nitrification inhibition in aerobic cultures at a concentration of 5 mg.L-1 of ben-
zalkonium chloride. In the present study, another representative of the surfactant 
class, sodium lauryl sulfate, was used, and the inhibitory dose was much higher 
(1,000 mg.L-1). Regarding N, depending on its form, it is an essential nutrient 
for microorganisms. Ammoniacal nitrogen in ionized form — which depends 
on the pH of the medium — is a source of N for protein synthesis and micro-
bial growth, while the free form passes through the cell membrane, inhibiting 
respiratory enzymes (Li et al., 2025). 

Paśmionka et al. (2021) reported that N-NH3 concentrations above 60 mg.L-1 
caused inhibition of the nitrification process, although an increase in nitrifying 
biomass was reported. In contrast, for the DO decay tests in this study, there was 
an apparent reduction in the oxygen consumption rate only at a 1,500 mg.L-1 dose, 
indicating that lower doses may have stimulated aerobic activity. According to 
the ammonium-N speciation diagram (Aquino et al., 2019), at experimental 
pH of 7.0 to 7.5, about 5% of the ammonium-N concentration is in the free and 
toxic form, while 95% is in the ionized form. Therefore, adverse effects on the 
microbiota are only noted at high concentrations.

As shown in Figure 1, for the substances As, Co, copper (Cu), hexavalent 
chromium (Cr (VI)), total Cr, Pb, Fe, Zn, total phenols, sulfate, and sulfide, 
the lowest dose with an adverse effect (less pronounced DO decay over time, 
compared to the control experiment — example in Figure S1) was equal to or 
lower than the range of maximum limits established by some Brazilian water 
authorities. This indicates a possible need to evaluate the limits for these param-
eters, particularly for STPs receiving NDW with such substances and employ-
ing aerobic treatment. For Al, B, Ba, cadmium (Cd), Sn, Hg, Ni, Ag, selenium 
(Se), V, ammoniacal nitrogen, and surfactants, the lowest dose with an adverse 
effect on the microbial community was higher than the maximum concentra-
tion range allowed by some Brazilian water authorities, indicating that, for 
these parameters, the established limits consider safety. It was not possible to 
determine an inhibitory dose for cyanide and fluoride, since the concentrations 
tested slightly increased the oxygen consumption rate.

It is important to highlight that, for some substances (e.g., B, Ni, Se), the 
doses applied — which were within the range specified in the legislation — 
had a stimulating effect. This means an even greater decline in DO concentra-
tion was observed when compared to the control experiment. Ni and Se, for 
example, have been reported as stimulants of microbial enzyme activity at low 
concentrations (Chakrabarti; Jones, 1983; Barraquio; Knowles, 1989). For such 
substances, the specified limits are also well-established and consider safety.

Effects on anaerobic biomass
Compared to the range of inhibitory values ​​reported in the literature (Table 2), 
only five out of the 25 substances tested were in accordance with the limit val-
ues ​​reported in the literature, while 17 had inhibitory concentrations below the 
inhibition range (Table 3). In general, doses between 1 and 10 mg.L-1 of the sub-
stances tested, including several metals and semi-metals, had an inhibitory effect 
on anaerobic biomass. Sn and Hg were the substances with the lowest inhibitory 
dose (0.1 and 0.5 mg.L-1, respectively), while B had the highest inhibitory dose 
(1,000 mg.L-1). According to Oleszkiewicz and Sharma (1990), the main inhibi-
tion mechanisms associated with metals include combination with the sulfhydryl 
group, as in cysteine; replacement of metal cofactors of the enzyme; inactiva-
tion of the mercapto group; and binding with acidic groups in the polypeptide 
chain. Abdel-Shafy and Mansour (2014) indicated that Hg was, indeed, the most 
toxic metal for the anaerobic digestion of domestic sewage sludge, compared 
to Cd and Cr (III). Starting at the dose of 0.006 mg Hg.L-1, a decrease in biogas 
production and accumulation of volatile fatty acids (VFAs) (~700 mg.L-1) was 
observed, due to the negative effect on methanogenic microorganisms (Abdel-
Shafy; Mansour, 2014). Sharma and Melkania (2018) also observed hydrogen 
production inhibition at 1 mg Hg.L-1, indicating that this metal can also affect 
acidogenic bacteria. These results are consistent with the findings of the present 
research, although there was a subtle difference between the doses tested. It is 
important to highlight that the content of dissolved organic matter can influence 
Hg speciation, as reported by Zhang et al. (2024), who indicated the possibility 
of a strong bond between Hg and reduced sulfur functional groups. For Sn, no 
paper was found about its effects on anaerobic digestion, and this highlights the 
contribution of this study. However, for B, the literature reports that 1 mg.L-1 
of boric acid activated and induced the excretion of the interspecies quorum-
sensing molecules responsible for the communication between bacterial cells, 
allowing them to coordinate group activities. This stimulated the growth of 
acetate-consuming and hydrogenotrophic methanogenic archaea, leading to 
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reduced VFA accumulation (Liu et al., 2024). This strengthens the hypothesis 
that B stimulates anaerobic digestion at low concentrations.

No adverse effects on anaerobic biomass were observed for Pb and Se in 
any of the samples tested. Regarding Pb, Sharma and Melkania (2018) observed 
inhibition of hydrogen production from a dose of 5 mg Pb.L-1; in contrast, for 
methane, the inhibitory dose reported by Li and Chen (1999) was 8,000 mg 
Pb.L-1, and from a dose of 1,300 mg Pb.L-1, 50% inhibition of VFA degradation 
was observed. This indicates that Pb tends to be more toxic to hydrogen-pro-
ducing bacteria than to methanogenic archaea, thereby confirming the find-
ings observed in the present study. Regarding Se, an inhibitory dose of 50% in 
biogas production was reported at 80 mg Se.L-1, and at a dose of 0.1 mg Se.L-1, 
a stimulus of approximately 47% of methane production was noted (Cai et al., 
2018). Similar findings were reported by Logan et al. (2023), who observed an 
inhibitory concentration of 72 mg Se.L-1. Thus, for Se, the doses tested in this 
study were lower than the inhibitory concentration reported in the literature.

According to Figure 2, for Al, As, Ba, Cd, Cu, total Cr, Sn, Fe, Hg, Ni, Ag, 
ammoniacal nitrogen, total phenols, cyanide, sulfate, and fluoride, the lowest 
dose with an adverse effect was equal to or below the maximum limits estab-
lished by some Brazilian water authorities, indicating the need for more detailed 
studies on these substances to support future revisions of the limits established 
for these parameters.

For B, Co, Cr (VI), V, Zn, surfactants, and sulfide, the lowest dose with 
an adverse effect on the microbial community was higher than the maximum 
permitted concentrations, indicating that for these parameters, the established 
limits are well-placed, in favor of safety. In this case, doses around the threshold 
values had a stimulating effect; that is, methane production was higher than 
that of the control experiment. In general, anaerobic biomass was more sensi-
tive to the substances tested than aerobic biomass. This is consistent with the 
fact that anaerobic microorganisms have lower growth rates because fermen-
tation results in less energy for cellular synthesis.

Effects on algal biomass
Regarding the effects on algal biomass, eight out of the 25 substances tested 
(Table 3) were within the range reported in the literature, while eight had inhibi-
tory concentrations below the range considered toxic (Table 2). However, it is 
worth mentioning that some studies used a “model” organism other than the 
Chlorella vulgaris species. In general, it was observed that doses between 1 and 
10 mg.L-1 of the substances tested, including several metals and semi-metals, 
had an inhibitory effect on Chlorella vulgaris. The mechanisms of metal toxic-
ity to photosynthetic organisms include the blocking of functional groups of 
important molecules (e.g., enzymes, polynucleotides, essential nutrients and 
ion transport systems, enzyme inactivation, and disruption of cell membrane 
integrity); the formation of free radicals; and the oxidation of biological mac-
romolecules (Bajguz et al., 2011). V, Co, Ni, and sulfide were the substances 
with the lowest inhibitory dose (0.2–0.5 mg.L-1). Stubblefield et al. (2020) 
reported an inhibitory concentration for the algal species Pseudokirchneriella 
subcapitata ranging from 0.014 to 0.038 mg Co.L-1, while in the present study, 
an inhibitory dose of 0.5 mg Co.L-1 was observed for Chlorella vulgaris. For Ni, 
Gong et al. (2019) observed that, after 48 hours, at an inhibitory concentra-
tion of 1 mg Ni.L-1, the nanoparticles of this metal inhibited the growth of 
Chlorella vulgaris. In the present study, the inhibitory concentration obtained 
for the same species was 0.5 mg Ni.L-1, using a chloride salt as the source of 

Ni. Regarding V, the species Pseudokirchneriella subcapitata and Scenedesmus 
quadricauda appear to be more resistant, since doses of around 3 and 4 mg.L-1 
were inhibitory (Schiffer; Liber, 2017), while in the present study, an inhibi-
tory dose of 0.2 mg V.L-1 was obtained for Chlorella vulgaris. For sulfide, an 
inhibitory concentration of 0.5 mg S2-.L-1 was observed in this study, whereas 
González-Sánchez and Posten (2017) found a minimum inhibitory concentra-
tion of 200 mg H2S.L-1 for Chlorella sp. Such differences may also be related to 
changes in sulfur speciation in aqueous medium, particularly at higher redox 
potentials, which can facilitate the conversion of sulfide in oxidized forms 
(e.g., thiosulfate and sulfate).

Ammoniacal nitrogen was the parameter that showed the highest inhibi-
tory dose (500 mg.L-1), consistent with the fact that this substance stimulates 
algae growth. Lin et al. (2007) isolated two species of microalgae (Chlorella pyre-
noidosa and Chlamydomonas snowiae) from leachate lagoons and observed that 
their growth was inhibited at concentrations above 670 mg.L-1 of ammonium-N. 
However, as previously mentioned, the toxicity of ammonium-N is mainly due 
to free ammonia, whose concentration depends on the pH and temperature of 
the medium.  Free ammonia can cross the cell membranes of these organisms, 
causing physiological, metabolic, and cellular imbalances (Rossi et al., 2020). 
Pb and surfactants do not have any apparent adverse effect on algal biomass at 
the doses tested. Contrary to this trend, De Schamphelaere et al. (2014) reported 
inhibitory doses between 0.027 and 0.364 mg Pb.L-1 for Pseudokirchneriella sub-
capitata, Chlorella kesslerii, and Chlamydomonas reinhardtii. Pb can precipitate 
as carbonate (PbCO3) and sulfate (PbSO4), which drastically reduce its ionic 
activity and toxicity. It is possible that precipitation with carbonate occurred in 
the experiments, which would partly explain such discrepancies. As for surfac-
tants, no reference values ​​were found in the literature for comparison.

It is also important to highlight the ability of microalgae cell walls to adsorb 
inorganic pollutants, particularly heavy metals. For example, Wang et al. (2021) 
reported a tendency for Cd adsorption to Chlorella vulgaris, without causing 
oxidative stress or the inhibition of photosynthesis up to 5 mg.L-1. Alharbi et al. 
(2023) also reported the adsorption of As (III) (50 mg.L-1) to Chlorella vulgaris 
and attributed this process to the presence of carboxyl, hydroxyl, amine, and 
amide groups on the cell surface of the microalgae. However, in this case, the 
negative effects on the growth of algal biomass were not certain. This species 
has also been reported to efficiently remove up to 120 mg.L-1 of Cu and Co from 
water via bioabsorption (Sočo et al., 2024).

According to Figure 3, for the substances As, Cd, Co, Cu, Cr (VI), total Cr, 
Sn, Fe, Hg, Ni, Ag, V, Zn, cyanide, ammoniacal nitrogen, total phenols, cyanide, 
sulfide and sulfate, the lowest dose with an adverse effect (decay in the density 
of Chlorella vulgaris) was equal to or below the maximum limits established by 
some Brazilian sanitation authorities. For Ba, B, Se, and fluoride, the lowest dose 
with an adverse effect on the algal community was higher than the maximum 
concentration range allowed, thereby suggesting the proposed limits are well-
placed, in favor of safety. In general, it was observed that Chlorella vulgaris was 
more sensitive to the substances tested than the anaerobic and aerobic biomasses.

CONCLUSIONS
In general, it was observed that algae (Chlorella vulgaris) were the most sen-
sitive biomass to the 25 substances tested, followed by anaerobic and aerobic 
biomasses. The substances As, Cu, total Cr, Fe, total phenols, and sulfate caused 
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toxicity to the three biomasses tested at concentrations lower than or equal to 
the standards established by some Brazilian water authorities. At concentra-
tions equal to or lower than such standards, the parameters Al, Co, Cd, Cr (VI), 
Sn, Hg, Ni, Ag, Zn, ammoniacal nitrogen, cyanide, and sulfide caused toxicity 
in at least two of the biomasses tested; while the parameters Ba, Pb, and fluo-
ride caused toxicity in only one of the biomasses tested. It should be noted that 
these experiments were carried out without prior adaptation of the biomass to 
the presence of these toxicants, as they were subject to similar shock loads in 
biological systems. This suggests the need for additional studies on acclimated 
biomass. The results obtained in this study, combined with information avail-
able in the literature, reinforce the need for further investigation into the con-
centrations and loads of contaminants from different industrial sectors that 
discharge wastewater into STPs. Considering the limited dilution capacity of 
the sewage system and the potential for microbiota to adapt to the substances 
present, it becomes clear that the limits currently established by the Brazilian 
legislation must be reviewed periodically. Additionally, considering the vari-
ability of results for each type of biomass used, the limits can be customized for 
each STP, depending on the type of biological treatment used (aerobic, anaero-
bic, and algal). This study represents a starting point for this reflection, based 
on bench experiments and supported by secondary data. Given the country’s 

health and socioeconomic situation, proposing more restrictive limits can be 
considered a bold step forward. However, this discussion is necessary so that 
new studies can be conducted and, in the future, current legal standards can be 
revised, promoting greater safety regarding the quality of the wastewater treated. 
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