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� BAC was significantly removed by
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� BAC degradation pathway and ozone
dose were influenced by NiO-NPs.

� BAC abatement was influence by
water matrix.

� BAC toxicity was completely removed
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The continuous ozonation of benzalkonium chloride (BAC) and nickel oxide nanoparticles (NiO-NPs) has
been performed in a synthetic water matrix and in a sewage treatment plant influent. This study aims to
assess ozonation as pre-treatment of an activated sludge process, with emphasis on the toxicity of treated
water. BAC was completely removed in synthetic matrix independently of the presence of NiO-NPs,
although the ozone dose was influenced by NPs co-occurrence. The extent of mineralization was limited
and a number of intermediate transformation products (TPs) appeared, twelve of which could be
identified. The degradation pathway was shown to initiate both on the hydrophobic (alkyl chain) and
hydrophilic (benzyl and ammonium moiety) region of the surfactant. The reactions on the hydrophilic
region were affected by the presence of NiO-NPs as a consequence of the adsorption of BAC onto NP
surface via the aromatic group. Water matrix strongly influenced BAC depletion. The aquatic toxicity
of treated mixtures was assessed using a biotest battery composed of single species (the bacteria
Vibrio fischeri and Pseudomonas putida and the protozoan Tetrahymena thermophila), as well as a whole
biological community assay using activated sludge. Although, BAC showed considerable aquatic toxicity
in all bioassays, ozonation decreased the toxic effects of treated water samples at ozone dosages below
those required for total BAC depletion. Further treatment would not be justified, neither for a significant
increase in BAC abatement nor concerning the toxicity of treated wastewater, which increased as a result
of nickel leaching from the NPs.
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1. Introduction

Quaternary ammonium compounds (QACs) are an important
class of industrial chemicals extensively used in domestic and
industrial applications such as detergents, emulsifiers, fabric
softeners, disinfectants, corrosion inhibitors and processing aids.
As a result, about 75% of QAC consumed end up in wastewater
treatment systems [1]. In fact, their concentration in hospital
wastewater, sewage treatment plant (STP) influents and effluents,
and sewage sludge has been reported as 0.05–6.03 mg L�1,
25–300 lg L�1, 0.3–3.6 lg L�1 and 22–103 mg kg�1, respectively
[2–5]. Because of their chemical properties, QACs rapidly and
strongly sorb on suspended solids [1]. Sorption on (bio)solids com-
bined with the persistence of QAC, result in their accumulation on
the biomass and their transfer to anaerobic digesters as part of the
primary and waste activated sludge. Among QACs, benzalkonium
chloride (BAC) has been shown to pose a potential risk for the acti-
vated sludge [6]. It is toxic to aquatic organisms at environmental
relevant concentration and is classified as ‘‘very toxic to aquatic
life” according to Regulation (EC) No. 1272/2008. Furthermore, it
has been reported that the widespread use of biocides such as
BAC could select for antibiotic-resistant bacteria [7].

On the other hand, the increasing use of engineered nanoparti-
cles (NPs) in industrial and household applications will very likely
lead to the release of such materials into sewage collection systems
[8,9]. Nickel oxide nanoparticles (NiO-NPs) are utilized in various
applications such as solar cells, catalysts, lithium-ion batteries,
resistive random access memories, light-emitting diodes, electro-
chemical sensors and biosensors. Toxic effects of NiO-NPs have
been observed for freshwater species [10] however, the impact of
this nanomaterial on activated sludge microorganisms is still
unknown. Once in the STP, nanoparticles such as TiO2-NPs are cap-
tured through adhesion into the sludge and removed from the
water stream [11] meanwhile other nanomaterials as CuO-NPs
and ZnO-NPs have been demonstrated to cause a severe inhibition
of anaerobic wastewater treatments [12,13].

The presence of surfactants in STP influents, such as QACs, has
been shown to hinder the removal of NPs from water as a result
of the modification of their surface and interfacial properties
[11]. QACs adsorption on NP surfaces reduces the tendency of
NPs to agglomerate and stick to the sludge. Consequently, QAC
+ NPs remain suspended in the water stream through the STP,
are able to affect the microorganisms in secondary treatment pro-
cesses, increase the turbidity, foul membranes and influence the
efficiency of tertiary disinfection processes [9]. Besides, QAC + NP
eventually may leave STP, with NPs acting as a delivery vehicle
for QAC into aquatic environments.

The use of ozonation as chemical pre-treatment followed by a
biological process has been shown to be a suitable technology for
the removal of pollutants which cause toxic effects on microor-
ganisms [14]. Ozonation has several advantages over conven-
tional chemical oxidation processes using potassium
permanganate or chloride, including higher oxidation potential,
absence of potentially carcinogenic chlorinated by-products, and
short life time of the oxidant, which would be toxic to microor-
ganisms in subsequent biological treatments [15]. BAC degrada-
tion has not been thoroughly studied, with most studies
performed in semi-batch conditions and synthetic water matrix
and focused on the degradation and/or mineralization of the tar-
get pollutant [16], and not on the biological effects of oxidation
by-products. Ozonation as chemical pre-treatment should remove
toxic pollutants without producing transformation products (TPs)
which could cause an adverse effect on the microorganisms pre-
sent in the subsequent biological treatment [15]. Continuous
treatment is a closer approximation to full-scale systems than
batch experiments and allows a better understanding of the fate
of pollutants under oxidizing conditions, the influence of water
matrix and the toxicity of treated effluents.

The study aims to assess the continuous ozonation of a
wastewater contaminated with BAC and NiO-NPs intended as
pre-treatment of an activated sludge process. The influence of
water matrix was explored using real STP influent. The toxicity of
ozone treated wastewater was monitored using standardized
single-species tests (the bacteria Vibrio fischeri and Pseudomonas
putida and the protozoan Tetrahymena thermophila) and an
activated sludge resazurin-based assay.

2. Materials and methods

2.1. Materials

Benzalkonium chloride (BAC; P95%, consisting of homologues
of different alkyl chain lengths, mainly, �60% C12 and �40% C14)
and nickel (II) oxide nanopowder (NiO-NPs; 650 nm particle size,
99.8% trace metals basis) were purchased from Fluka and Sigma–
Aldrich, respectively. Raw water was prepared with an initial
BAC concentration of 10 mg L�1, with and without the addition of
NiO-NPs (20 mg L�1). A 1000 mg L�1 of NiO-NPs suspension in
water was prepared by sonication for 15 min at 20 kHz and
200W L�1 (BioBlock Scientific, France). 500 mL of the concentrated
suspension was added to 25 L of the water to be treated in order to
achieve 20 mg L�1. Water was then kept under agitation at
400 rpm with a two-arm propeller 3 h prior to the ozonation with
the aim of reaching the adsorption equilibrium of BAC on NiO-NPs.

Two different matrices were used: a synthetic water matrix and
a municipal STP influent. The synthetic matrix was prepared in
ultrapure water (resistivity P18 MO cm at 25 �C) with the
required amount of sodium bicarbonate to equal the alkalinity
and pH values of the STP influent. Raw wastewater was collected
from the outlet of mechanical preliminary treatment and before
biological treatment in the Carrión de los Céspedes Experimental
Plant in Seville (Spain), which treats domestic wastewater and
has a capacity of 2500 population equivalent. Wastewater was
autoclaved at 121 �C during 20 min before use. Details on
wastewater characterization are included as Supplementary data
(Table S1).

2.2. Experimental procedure

The experiments were carried out in a cylindrical reactor with a
total working volume of 1.44 L, which operated in continuous
co-current mode. The retention time distribution curve yielded
an average retention time of 10.3 min. The reactor modeling using
the continuous stirred tank reactor (CSTR) in series model deter-
mined an equivalent value of 1.13 tanks, indicating that the bubble
column can reasonably approach a perfect CSTR.

Water and gas flow rates were 142 and 390 mL min�1, respec-
tively, with different inlet ozone concentrations. During the runs,
the inlet ozone dosage was stepwise increased from 5 to 300 mil-
ligrams of ozone per liter of wastewater (mg L�1). For the different
ozone dosages, samples were withdrawn for analysis at the column
outlet once the stationary state was reached. This was ensured by
circulating four times the hydraulic retention volume after con-
stant ozone concentration was obtained both in the liquid and
gas phases at the column outlet. Assuming CSTR behavior, the
amount of ozone consumption at the stationary state can be
obtained from the following mass balance:

Consumed O3 ¼ Fgas;inO3
� Fgas;outO3

� Fliq;outO3
ð1Þ
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in which FO3 is the rate of ozone entering the system in the gas
phase (gas, in) or leaving it either in the exhaust gases (gas, out)
or dissolved in water (liq, out). Details are given elsewhere [17].

2.3. Analytical methods

BAC concentrations and high accuracy mass analyses of TPs
were performed using a time-of-flight mass spectrometer (TOF/
MS, Agilent Technologies) with an ESI (electrospray ionization)
source coupled to an Agilent 1100 Series HPLC system (LC–TOF/
MS). Cationic surfactant concentrations were measured using bro-
mophenol blue method (Hach-Lange LCK 331). Dissolved organic
carbon (DOC) was determined by a TOC-VCSH Shimadzu TOC ana-
lyzer. Carboxylic acids were measured by a Dionex DX120 IC and
inorganic ions were determined by means of a Metrohm 861
Advance Compact IC. Raman spectra of BAC adsorbed onto NiO-
NPs were recorded using a Thermo Scientific DXRxi Raman imag-
ing microscope (Waltham, MA, USA). Water samples were ana-
lyzed for their nickel oxide and dissolved nickel content by an
Agilent 7700� ICP-MS. The size distribution of nanoparticles was
obtained using dynamic light scattering (DLS, Malvern Zetasizer
Nano ZS). f-Potential was measured via electrophoretic light scat-
tering combined with phase analysis light scattering in the same
instrument equipped with a Malvern autotitrator MPT-2.
Analytical methods are detailed in Supplementary data.

2.4. Aquatic toxicity tests

The aquatic toxicity of water samples was determined using a
battery of bioassays composedof single-species tests of twobacteria
(V. fischeri and P. putida) and one protozoan (T. thermophila), which
represent the microorganisms present in activated sludge, and a
whole biological community assay using activated sludge. Single-
species tests were conducted according to standard operational
guidelines. Meanwhile, the activated sludge assay was carried out
by evaluating the effect of water samples on metabolic activity of
activated sludge microorganisms (Table S2, Supplementary data)
using the resazurin method under the experimental conditions
described in OECDMethod 209 [6]. Supplementary data showmore
details about the aquatic toxicity test procedures.

The toxic-effects obtained were transformed into toxic units
(TUs) following the procedure described by Persoone et al. [18].
TU is defined as the reciprocal of the wastewater dilution
(expressed in percentage) need to achieve 50% inhibition (EC50):

TU ¼ 100
EC50

ð2Þ

TUs of non-diluted samples whose effect percentage observed
was higher than controls but below 50% (<1 TU) were estimated
Fig. 1. Evolution of BAC (h), DOC (j), consumed (d) and dissolved ozone (s) cationic
different ozone dosages in synthetic water matrix.
using the approach proposed in the literature [18] (i.e. TU = inh/
50, in which inh is the percentage of inhibition). On the basis of
TU values, water samples were classified into non-toxic (<0.4 TU),
slightly toxic (0.4–1 TU), toxic (1–10 TU) and highly toxic (>10 TU).
3. Results

3.1. Synthetic water matrix

The evolution of BAC, DOC, consumed ozone and dissolved
ozone as a function of the amount of ozone supplied is represented
in Fig. 1A. Fig. 1B shows the concentration of cationic surfactants
and carboxylic acids (sum of oxalic, acetic and formic acids) during
the ozonation process. Based on the evolution of consumed and
dissolved ozone profiles, three zones can be observed throughout
ozone dosages. In all of them, dissolved ozone was detected
(P0.01 mg L�1) due to the fact that ozone mass transfer rate was
greater than that of ozone consumption. This suggests that BAC
ozonation reactions are relatively slow [17]. In zone 1, up to
54 mg L�1, consumed and dissolved ozone linearly increased with
ozone dosage. In it, BAC decreased steeply with ozone exposure
reaching a value as low as 0.4 mg L�1. Cationic surfactants declined
in parallel to BAC. However, although the concentration of surfac-
tants was significantly reduced, a large organic load remained as
shown by DOC values, which slightly decreased. A remarkable
increase was observed for carboxylic acids, whose concentration
increased steadily with ozone exposure, which suggests a partial
oxidation of BAC molecules. In zone 2, ozone consumption steadily
increased up to a dosage of 168 mg L�1. This additional ozone input
(from 54 to 168 mg L�1) was necessary to attain a final BAC con-
centration below 0.1 mg L�1. In this zone, the depletion of cationic
surfactants continues while DOC stabilized at 6.5 mg L�1, even
though the concentration of organic acids rose slightly. The
increasing consumption of ozone indicated the presence of organic
matter oxidized but not mineralized. Mineralization is not a single
chemical process and represents a series of reactions that are slow
for highly oxidized molecules such as carboxylic acids [19]. The
contribution of low molecular weight acids to total mineralization
is an insignificant fraction of the overall rate, which is mainly pro-
duced in the ozonation of the high molecular weight compounds as
in zone 1 [20]. For dosages above 168 mg L�1 (zone 3), ozone con-
sumption remained constant and ozone concentration at the reac-
tor outlet (gas and liquid) increased proportionally to ozone input.
Under these conditions, the upper operational limit of the system,
the consumed ozone and the ozone dose were 32 mg L�1 and
3.17 mg O3 (mg BAC)�1, respectively.

It is interesting to emphasize the steep BAC depletion at low
ozone dosages because ozone reacts slowly with aromatic com-
pounds with electron-withdrawing substituent, quaternary amines
surfactants (N) and carboxylic acids (sum of oxalic, acetic and formic acids, r) at
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and aliphatic chains [21]. Hence, the degradation of BAC under the
working conditions used in this work (pH 8.5), seems to be pre-
dominantly driven by the attack of hydroxyl radicals, whose rate
constants are in the range of 109 to 1010 M�1 s�1 for the moieties
present in the BAC molecule [21]. The prevalence of indirect mech-
anism was confirmed by the strong inhibition of BAC abatement
occurring in the run carried out using t-butanol (30 mM) as radical
scavenger. Nonetheless, although the radical chain mechanism is
predominant, the maximum mineralization was low, 12%. A third
of the remaining DOC is explained by measured carboxylic acids:
1.7 mg L�1 of oxalic and 4.4 mg L�1 of acetic. These results are con-
sistent with previous studies of the degradation of other surfac-
tants by means of ozonation processes [14].
3.2. NPs co-occurrence effect

The influence of NiO-NPs on BAC ozonation was studied using a
synthetic water matrix. The detailed characterization of BAC and
NiO-NPs co-occurrence was performed before ozonation runs
(Fig. 2). Adsorption isotherm (carried out by measuring BAC con-
centration without previous extraction) showed that the initial
working conditions (BAC: 10 mg L�1; NiO-NPs: 20 mg L�1) corre-
spond to a concentration of BAC in equilibrium of 7.5 mg L�1 and
consequently, 2.5 mg L�1 were adsorbed onto 20 mg L�1 of NiO-
NPs. The high adsorption of BAC is most probably a consequence
of the high surface area-to-volume ratio (BET specific surface area:
86 m2 g�1) and surface charge (f-potential: �15 mV) of the nano-
material. The potentiometric titration displayed that increasing
BAC concentration caused a stepwise rise in the f-potential of
NiO-NPs from�15 to +15 mV as a consequence of potential surface
charge neutralization by positively charged BAC ions and admi-
celles [22]. The hydrodynamic diameter of NiO-NPs reflected
Fig. 2. (A) Characterization of the co-occurrence of BAC and NiO-NPs: Adsorption isothe
ozonation working conditions: BAC: 10 mg L�1, NiO-NPs: 20 mg L�1). (B) Potentiometri
spectra (gray lines represent wavenumbers 1002 and 2852 cm�1).

Fig. 3. Evolution of BAC (h), DOC (j), consumed (d) and dissolved ozone (s), cationic su
( ) and dissolved nickel (}) at different ozone dosages in synthetic water matrix (BAC
considerable particle aggregation, but the size of the nanomaterial
was influenced by BAC concentration. BAC as surfactant has the
ability to enhance the dispersion of NPs as well as reduce the
charge repulsion between NPs in suspension [11]. NiO-NPs in the
presence and absence of BAC were also examined by Raman spec-
troscopy (Fig. 2C), which is a sensitive technique able to provide
direct evidence of molecular conformation or interactions of
adsorbed surfactants [23]. For the BAC + NiO-NPs mixture, signals
with characteristic Raman bands such as those related to the alkyl
chain (m(CH2) at 3000–2800 cm�1 and the d(CH2) at 1449 cm�1), to
the aromatic group (m(CH) at 3100–3000 cm�1 and m(phenyl ring)
at �1600, 1448, 1002 cm�1) and to quaternary amine (m(CH3) at
2852 cm�1) were observed. From the comparison between the
Raman spectra for pure BAC and the mixture of BAC + NiO-NPs,
some conclusions about the adsorption configuration can be
extracted. The change in relative intensity between bands in BAC
+ NiO-NPs mixture (2852 cm�1/1002 cm�1 �5/5) compared to
pure BAC (2852 cm�1/1002 cm�1 �6/5), indicated that there is a
preferential orientation of BAC on the surface of the NiO-NPs with
respect to the random configuration in solution (pure BAC spectra).
In the absence of specific interaction between BAC and NiO-NPs,
the relative intensity of BAC bands in both spectra should remain
equal. These observations suggest that molecules of BAC adsorb
on NiO-NP surfaces via head group, aided by favorable electrostatic
attraction. These data are in line with the conclusions found for the
adsorption of cationic surfactants onto NPs by other authors [23].

Fig. 3A represents the evolution of BAC, DOC and the profiles for
consumed and dissolved ozone during the ozonation of BAC + NiO-
NPs in synthetic water matrix. A similar behavior to ozonation of
BAC alone was observed. For lower ozone dosages (zone 1), BAC
was significantly abated with ozone exposure up to 0.4 mg L�1,
while for input levels above 176 mg O3 L�1 (zone 3), almost total
rm (the numbers represent initial BAC concentration and the arrow indicates initial
c titration f-potential (d) and hydrodynamic diameter of NiO-NPs (h). (C) Raman

rfactants (N), carboxylic acids (sum of oxalic, acetic and formic acids, r), f-potential
+ NiO-NPs).
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BAC depletion was reached and ozone consumption remained con-
stant. As shown in Fig. 3A and B, the profile for DOC, cationic sur-
factants and carboxylic acids concentration as a function of ozone
dosage was also similar to that found for BAC alone. The co-
occurrence of NiO-NPs and BAC caused in general a higher ozone
dosage and ozone consumption values than BAC ozonation in the
absence of NiO-NPs, which suggest that NiO-NPs contribute to
ozone consumption. The ozonation of NiO-NPs suspensions
resulted in an ozone consumption of 27 mg L�1 at the upper oper-
ational limit of the system (Fig. S1, Supplementary data).
Nevertheless, ozone decomposition by NiO-NPs does not seem to
accelerate the production of hydroxyl radicals because BAC profile
did not display significant differences with respect to BAC ozona-
tion without NiO-NPs.

The f-potential of NiO-NPs sharply declined in parallel with
cationic surfactant concentration from +17 mV at ozone dosage
of 4.9 mg L�1 to �17 mV at 106 mg O3 L�1 (Fig. 3B). These values
were similar to those obtained for the potentiometric titration of
NiO-NPs with BAC (Fig. 2B), which is consistent with a total deple-
tion of adsorbed BAC. f-Potential increased slightly for higher
ozone dosages throughout zone 2 reaching about �8.0 mV in zone
3. A significant increment in the amount of dissolved nickel from 1
to 3 mg L�1 was also observed with the increase of ozone dosage
despite pH value of treated waters remained constant (Fig. S2A,
Supplementary data). The final nickel concentration was similar
to that found in the ozonation of NiO-NPs alone (see
Supplementary data Fig. S1). These facts suggest that adsorbed
BAC acted as a coating agent, increasing the stability of NiO-NPs
dispersion and preventing nickel ions from passing to the solution
[10]. Under these conditions, the amount of ozone consumed and
the ozone dose were 54 mg L–1 and 5.35 mg O3 (mg BAC)�1,
Fig. 4. Evolution of TPs of BAC at different o
respectively. The high values for both parameters with respect to
the ozonation of BAC could be explained by the ozone consumption
driven by NiO-NPs. The amount of ozone consumed by BAC + NiO-
NPs at the operational limit was close to the sum of the ozone con-
sumed by water matrix, 7 mg L�1 (Fig. S3, Supplementary data),
NiO-NPs, 20 mg L�1 (Fig. S1), and BAC abatement, 25 mg L�1

(Fig. 1).

3.3. Elucidation of transformation products and degradation pathway

Twelve compounds were elucidated as TPs formed during the
ozonation of BAC (Supplementary data Table S3). All of them with
retention time lower than BAC, which indicates that transforma-
tion reactions lead to more polar molecules. The profile of TPs as
a function of ozone dosage is shown in Fig. 4. The amounts of
TPs corresponded to intermediate products in series reactions,
with their counts initially increasing to reach a maximum and then
decreasing as a result of their further degradation. The generation
pathway of these TPs is expected to include multiple routes due to
the presence of different reactive sites. Despite this complexity,
and in view of the information obtained from the literature [24],
the results could be interpreted to propose the degradation path-
way shown in Scheme 1. The degradation of BAC occurred on both
its hydrophobic (alkyl chain) and hydrophilic region (benzyl and
ammonium moiety), which explains the occurrence of transforma-
tion products TP1–6 (full symbols in Fig. 4) and TP7–12 (empty sym-
bols in Fig. 4), respectively.

On the hydrophobic region, the initiation step was hydrogen
abstraction from alkyl chain by means of a hydroxyl radical leading
to a carbon centered radical, its reaction with dissolved oxygen to
yield a peroxyl radical and the subsequent decomposition to
zone dosages in synthetic water matrix.
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carbonyl compounds TP1 and TP2 [20]. Carbonyl moiety may occur
at different positions along the alkyl chain resulting in a series of
isomers with similar counts: nine for TP1 (m/z 318.2791,
C21H36NO+) and eight for TP2 (m/z 346.3104, C23H40NO+). In the
same way, the alkyl chains of TP1 and TP2 may suffer hydrogen
abstraction to yield TP3 (m/z 332.2584, C21H34NO2

+) and TP4 (m/z
360.2897, C23H38NO2

+), respectively. The occurrence of
benzyldimethylamine (TP5, m/z 136.1121, C9H14N+) suggests an
a-hydroxylation of the alkyl moiety followed by a central fission
of the Calkyl–N bond (dealkylation). Then, benzyldimethylamine
can be hydroxylated to TP6 (m/z 152.1070, C9H14NO+). On the
hydrophilic region, the initiation step would be the degradation
of benzyl group to yield carboxylic acids [21]. These reactions lead
to dodecyltrimethylamine (TP7, m/z 214.2534, C14H32N+). The
degradation of TP7 may give rise to TP8 (m/z 230.2478,
C14H32NO+) through the addition of a hydroxyl radical. The alipha-
tic tertiary amine may undergo hydrogen abstraction along the
aliphatic chain to yield a group of eight positional isomers (TP9,
m/z 244.2271, C14H30NO2

+). Further hydrogen abstraction reactions
on TP9 could give rise to TP10 (m/z 258.2064, C14H28NO3

+). TP6 could
also be oxidized to TP11, a group of seven isomers (m/z 228.2322,
C14H30NO+), which would be further transformed to TP12 (m/z
242.2115, C14H28NO2

+).
BAC degradation pathways on both the hydrophobic and hydro-

philic region justified the large amount of carboxylic acids detected
at the upper operational limit. Acetic acid (4.4 mg L�1) was a clear
outcome of the aliphatic chain oxidation, whereas oxalic acid
(1.7 mg L�1) seems to be the final product of ring-opening reac-
tions [21]. Nitrate reached the maximum concentration of
0.06 mg L�1 at zone 3 (3% of the total nitrogen content in BAC
molecules), indicating negligible nitrogen mineralization. These
facts suggest that the remaining organic carbon contains a high
amount of nitrogen in compounds such as amines, whose proto-
nated species react slowly with ozone (k < 0.1 M�1 s�1, von
Sonntag and von Gunten [21]). The accumulation of transformation
products such as TP1, TP3, TP9 and TP10 could explain the incom-
plete depletion of cationic surfactants (Figs. 1B and 3B).

All TPs mentioned above were also detected in the presence of
NiO-NPs, which suggest that the same degradation pathway took
place. However, significantly lower area counts of TPs from reac-
tions on the hydrophilic part of BAC (TP7–TP12), especially in zone
1, were found. This is consistent with the already explained
adsorption of BAC on NiO-NPs, which should proceed through
the benzyl group and prevent it from oxidation.

3.4. Water matrix effect

The influence of water matrix on the ozonation of BAC + NiO-
NPs was also studied in a real STP influent. Non-spiked raw
wastewater required an instantaneous ozone demand of
77 mg L�1 (Supplementary data Fig. S4A). High values of consumed
ozone were also observed at the upper operational limit,
87 mg L�1. Both facts were mainly a result of the oxidation of
wastewater organic matter, the concentration of which was ele-
vated (DOC0 = 61 mg L�1). A disintegration of suspended solids also
took place during ozonation process, leading to an increase of inor-
ganic anions such as nitrate, phosphate and sulfate, as well as DOC
(Supplementary data Fig. S4B). The evolution of dissolved organic
matter nature with ozonation has been followed using UV–Vis
absorption (Supplementary data Fig. S5). Specific UV absorbance
(SUVA) is defined as the UV absorbance of a water sample at a
given wavelength normalized for dissolved organic carbon (DOC)
concentration. SUVA determined at 254 nm, is strongly correlated
with percent aromaticity and conjugated double bonds. A strong
reduction of SUVA254 took place with increasing ozone dosage
(Fig. S4), indicating that the proportion of aromatic compounds
in organic matter decrease. This fact is commonly expected
because ozone attacks preferentially electron reach moieties which
are mainly responsible of ultraviolet absorption at 254 nm. The
reaction of ozone with unsaturated bonds or aromatic rings leads
to oxygenated saturated functional groups, such as aldehydes,
ketones and especially carboxylic groups (Fig. S4B) [20].

The evolution of BAC, DOC, and the dissolved and consumed
ozone during the ozonation in spiked STP influent are represented
in Fig. 5A. Important differences were observed with regard to the
synthetic water matrix. The amount of consumed ozone increased
with ozone input and no dissolved ozone was detected
(<0.01 mg L�1). The profile of BAC depletion was also different.



Fig. 5. Evolution of BAC (h), DOC (j), consumed (d) and dissolved ozone (s), cationic surfactants (N), carboxylic acids (sum of oxalic, acetic and formic acids, r), f-potential
( ) and dissolved nickel (}) at different ozone dosages in STP influent (BAC + NiO-NPs).
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BAC decay in STP influent could be split in two parts. First, up to
ozone exposures of 18 mg L�1, BAC concentration decreased shar-
ply (up to 65% removal). For higher ozone dosages, BAC concentra-
tion declined slowly, probably influenced by the elevated amount
of DOC in solution. DOC rose from 67 to 80 mg L�1 during the first
part of the reaction because of the solubilization of suspended
solids, which increased ozone demand. Under these conditions,
an ozone consumption of 157 mg L�1 (dosage of 300 mg L�1) was
required to achieve 0.4 mg L�1 of BAC, a concentration that
required 54 mg L�1 of ozone in synthetic water. On the whole,
consumed ozone in real wastewater was close to fivefold the
corresponding value in synthetic water matrix.

The high ozone demand of wastewater was also related to the
lower depletion of cationic surfactants, which followed the same
profile as BAC. A significant removal of cationic surfactants was
reached for ozone dosage of 18 mg L�1 but their concentration sta-
bilized at 4.6 mg L�1 without further reduction. The evolution of
carboxylic acids followed a similar trend to that observed in syn-
thetic matrix, but displaying higher concentrations as a conse-
quence of the oxidation reactions of dissolved organic matter
[20,25]. Specifically, formic, acetic and oxalic acid achieved values
of 14, 36 and 6.5 mg L�1, representing altogether close to 40% of
the remaining dissolved carbon. Meanwhile, f-potential displayed
negative values during all the ozonation process, reaching
�28 mV for an ozone dosage of 68 mg L�1. A possible cause is that
organic matter could adsorb on NP surfaces and confer them a neg-
ative charge [25]. The concentration of dissolved nickel at almost
neutral pH value (7.52, see Fig. S2 in Supplementary data) reached
a value significantly lower than that found in synthetic water
(0.8 mg L�1). This fact is most likely due to the barrier caused by
adsorbed organic matter on NiO-NPs, which stabilizes NP disper-
sion and reduces the rate of dissolution [10].

3.5. Aquatic toxicity assessment

The toxicity of BAC and NiO-NPs to single species and activated
sludge microorganisms was assessed by determining concentra-
tion–response curves as shown in Supplementary data (Fig. S6).
All the bioassays were sensitive to BAC with the following EC50 val-
ues: 0.26 mg L�1 for V. fischeri, 8.40 mg L�1 for P. putida,
4.28 mg L�1 for T. thermophila and 3.43 mg L�1 for activated sludge.
The EC50 values are in good agreement with previously reported
data and are consistent with the use of BAC as biocide [6,26,27].
The growth inhibition tests using P. putida and T. thermophila were
also sensitive to NiO-NPs with EC50 values of 4.25 and 0.58 mg L�1,
respectively, while V. fischeri and activated sludge assays displayed
EC50 values >100 mg L�1. The same sensitivity pattern was
observed for nickel ions (nickel as nickel sulfate), which displayed
a concentration–response curve parallel to NiO-NPs for each bioas-
say (Fig. S6). This fact suggests that the concentration of nickel ion
released from the NP is the driver for the toxicity of NiO-NPs. The
low sensitivity of V. fischeri and activated sludge to different NPs
has also been reported elsewhere [28,29].

Fig. 6 displays the evolution of the toxicity of untreated and
treated water samples at different ozone exposures in synthetic
matrix and STP influent for the organisms used in the present
study. The aquatic toxicity of untreated synthetic water
(BAC = 10 mg L�1 and/or NiO-NPs = 20 mg L�1) displayed signifi-
cant inter-bioassay differences, which essentially corresponded
to the already described sensitivity to BAC and NiO-NPs. The
growth inhibition of P. putida and T. thermophila was severely
inhibited because BAC and NiO-NPs concentrations were consider-
ably higher than their EC50 values. Moreover, untreated synthetic
water could be classified as toxic, or even highly toxic, to subse-
quent biological treatment according to the scoring system elabo-
rated by Persoone et al. [18]. V. fischeri and activated sludge tests
were also strongly affected by water spiked with BAC (toxic or
highly toxic), but not with single NiO-NPs, which is consistent with
their lower sensitivity to the nanomaterial.

The aquatic toxicity of BAC + NiO-NPs was lower in STP influent
than in the synthetic matrix except to V. fischeri, which could be
explained by the toxicity of the raw wastewater itself. For the rest
of biotests, mixture toxicities of BAC + NiO-NPs were notably influ-
enced by matrix (i.e., high concentration of solids, organic and
inorganic matter), which reduces the bioavailability of the cationic
surfactants and dissolved metals [1,10,26]. Moreover, the high
amount of nutrients contained in the STP influent (assimilable
organic carbon, nitrogen, phosphate) could partially mask the toxic
effects of the studied contaminants.

In the synthetic water matrix, the evolution of the aquatic tox-
icity throughout ozonation of BAC showed that the increase of
ozone dosage up to 54 mg L�1 (zone 1) caused a gradual toxicity
reduction. By the end of zone 1, the toxicity reached a constant
value similar to that of non-spiked synthetic water for all bioas-
says. TU values remained essentially constant thereafter in zone
2 and 3. Ozone treated water could then be classified as non-
toxic for P. putida and activated sludge tests. Aquatic toxicity and
BAC concentration follow a similar profile with increasing ozone
dosage. Despite the fact that BAC was not completely depleted at
the end of zone 1 (0.4 mg L�1), the reduction of its concentration
brought about a considerable reduction of its toxic effects. The
degradation reactions caused changes in the molecular structure
of BAC, affecting moieties which were directly responsible for its
biocide activity [30]. In fact, TOF/MS determinations showed that
benzyl and alkyl groups were oxidized in parallel with the deple-
tion of surface activity.

During the ozonation of NiO-NPs in synthetic water matrix, the
toxicity was slightly enhanced at the lowest ozone dosage due to
the increment of dissolved nickel that reached 3 mg L�1. For higher
ozone exposure, no toxicity changes were observed. The aquatic



Fig. 6. Evolution of toxic units (TUs) of treated samples at different ozone dosages in synthetic water spiked with BAC (h), NiO-NPs (4), BAC + NiO-NPs (d), STP influent
spiked with BAC + NiO-NPs () and non-spiked STP influent (e). Mean ± 95% confidence interval, highly toxic, toxic, slightly toxic and non-toxic influent to
subsequent biological treatment according to the classification elaborated by Persoone et al. [18].
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toxicity pattern of treated BAC + NiO-NPs in synthetic matrix was
similar to that of BAC for the bioassays with low sensitivity to
NiO-NPs. V. fischeri and activated sludge tests reached the same
TU values of non-spiked synthetic water at the end of zone 1, with
the toxicity remaining constant for further ozone dosages (zones 2
and 3). For P. putida and T. thermophila, the toxicity declined stea-
dily with ozone exposure up to an ozone dosage of 58 mg L�1 to
sharply increase thereafter in zones 2 and 3. This increase was
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parallel with that of dissolved nickel, the concentration of which
rose from 1 to 3 mg L�1. As a consequence, the ozonation yielded
a highly toxic wastewater from a toxic influent to P. putida. As
already described, P. putida and T. thermophila were highly sensitive
to NiO-NPs and dissolved nickel as evidenced by the corresponding
EC50 values: 0.57 and 0.061 mg L�1, respectively. It is worth
mentioning that the toxicity towards P. putida at the highest ozone
dosage (�190 mg L�1) was significantly higher in BAC + NiO-NPs
than in NiO-NPs wastewater, even considering that both had
the same amount of dissolved nickel (3 mg L�1). This suggests a
synergistic effect between nickel and other mixture components.

The aquatic toxicity of non-spiked STP influent increased
steadily with increasing ozone exposure for all biotests except
V. fischeri, for which it slightly reduced. In spiked STP influent,
aquatic toxicity steadily decreased in single-species tests up to
68 mg O3 L�1, allowing treated wastewater to be classified as
non-toxic to P. putida. For higher ozone exposures, the toxicity to
P. putida and T. thermophila increased progressively in parallel with
an increase in the amount of dissolved nickel. For the activated
sludge test, ozonation resulted in a sharp toxicity reduction at
low ozone dosage (18 mg L�1) allowing ozone treated wastewater
to be considered non-toxic. For increasing ozone exposure, the
toxicity of treated wastewater increased progressively equaling
that of non-spiked STP influent. This fact, together with the low
sensitivity of activated sludge to nickel (<5% inhibition at
1 mg L�1), suggests that ozonation by-products from STP influent
matrix were the main source of toxicity to the activated sludge assay.
4. Conclusions

It was shown that the continuous ozonation with short reaction
time and low ozone dosages is a suitable technology for sequential
chemical-biological treatment regarding the reduction of toxicity
caused by wastewater contaminated with BAC and NiO-NPs.

BAC was significantly removed (>95%) during ozonation inde-
pendently of NiO-NP co-occurrence or water matrix characteris-
tics. NiO-NPs and wastewater matrix notably increased the ozone
dosage required for a given degree of BAC removal. BAC ozonation
led to less hydrophobic molecules as a consequence of the reaction
on both the hydrophobic (alkyl chain) and hydrophilic regions
(benzyl and ammonium moieties) of the parent compound. The
presence of NiO-NPs influenced the first steps of the degradation
pathway of BAC preventing benzyl group from oxidation.

The aquatic toxicity of raw wastewater for the biotest battery
(V. fischeri, P. putida, T. thermophila) and activated sludge assay
was considerably reduced for an ozone dosage lower than that
required for BAC abatement. Higher ozone dosage BAC + NiO-NPs
caused an increase in nickel leaching from the nanomaterial and
a toxicity enhancement of treated wastewater. Ozone generation
cost is the main drawback for general application of ozonation pro-
cess and consequently, ozone dosage should be optimized in order
to obtain the maximum benefits at the lowest cost. Ozone excess is
not only economically detrimental, but also presents a serious
drawback due to toxicity increase. Toxicity assessment was shown
to be a critical parameter for the optimization of ozonation as
pre-treatment of activated sludge process.
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