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ABSTRACT

The complexity of water contaminants, both chemical and biological requires an efficient and feasible treatment
alternative. Herein, the photocatalytic ozonation treatment using graphitic carbon nitride catalysts was effec-
tively applied for the elimination of a mixture of targeted chemical contaminants, and both Escherichia coli
bacteria and Human polyomavirus JC (JC virus) in real secondary wastewater. The exfoliation treatment was
compared in catalysts prepared using urea and melamine as precursors. The physical treatment provided no
significant enhancement in the urea-based catalyst, while the improvement in the structure of the melamine-
based (36MCN) material and formation of melem heterojunction increased its catalytic properties. In both sets
of contaminants, the photocatalytic ozonation systems were superior to photolytic ozonation, especially
regarding ozone consumption. The best catalyst, 36MCN, resulted in a decrease of 57.5%, 33.0% and 29.0% in
the ozone dose required to eliminate chemical, bacteria and virus contaminants, respectively. The hydroxyl
radicals were also shown as a key responsible for the pollutant’s elimination. The higher radical production and
decomposition of ozone are possible indications of the better performance of graphitic carbon nitride photo-

catalytic ozonation, as an efficient tertiary wastewater alternative.

1. Introduction

The assurance of access to basic and safe water and sanitation is a
fundamental right for the human population, as defined by the United
Nations (UN), in the Sustainable Development Goal 6. The increasing
consumption and discharge of chemical products are an important
aggravating factor for the unavailability of appropriate drinking water
sources [1,2]. These substances can be incorrectly disposed and/or
ineffectively treated in wastewater treatment plants (WWTPs) and reach
water bodies.

The contaminants of emerging concern (CECs) are an important
group of such pollutants, present in a variety of daily used products and
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industrial processes, such as pharmaceuticals, personal care products,
pesticides, flame retardants, surfactants, etc. These chemicals possess
yet limited legislation and monitorization, but present carcinogenic,
endocrine disruptive, mutagenic and other hazardous effects [3].
Another aspect of the constant release of CECs, specifically antibiotics
and other pharmaceuticals, is the formation of antibiotic resistant bac-
teria (ARB) and genes (ARG), which may lead to future alarming
infection outbreaks [4,5].The development of efficient and feasible
tertiary treatment technologies for the elimination of CECs and patho-
genic microorganisms is a promising solution to reduce the potential of
WWTPs as major sources of water contamination. The Advanced
Oxidation Processes (AOPs) are a group of treatments based on the
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production of highly oxidative species such hydroxyl (-OH) and other
radicals, which are non-selective and capable of achieving high re-
movals of multiple contaminants, both chemical and biological. Photo-
catalytic systems are an example of such processes and are very
adaptable and flexible methods due the variety of catalysts that may be
applied, which are materials capable of producing oxidant radicals
through photon absorption and consequent chemical reactions.

The selection of the photocatalytic material is a key aspect of the
implementation of systems both efficient and economically viable.
Graphitic carbon nitride (g-C3N4) is a non-metal polymeric catalyst,
produced mostly by the simple thermal polymerization of carbon and
nitrogen-rich compounds, and are known to possess activity under
visible radiation, making its activation under solar radiation possible,
and dismissing the use of artificial light sources. Specifically in water
disinfection treatments, different g-C3N4-based systems have been suc-
cessfully applied [6-8]. Using a melamine-based g-C3Ny, Li et al. [9]
obtained a 8-log reduction of Bacteriophage MS2 within 6 h under
visible-light photocatalysis, demonstrating the capacity of bulk g-C3N4
to be applied in the removal of pathogenic microorganisms. The effi-
ciency of carbon nitride catalysts can be further increased through the
selection of key parameters in the materials synthesis, as well as pos-
terior modifications of its structure and combinations with other tech-
nologies. In our previous studies, the comparison of 3 bulk g-C3N4 using
different common precursors, melamine, urea and thiourea, was made
for the photocatalytic removal of parabens, as known endocrine dis-
ruptors [10]. A higher performance of urea-based catalyst was obtained,
specially under solar radiation, achieving 92% removals within 3 h,
mostly due to its higher surface area. In fact, the low surface area is a
common disadvantage of g-CsNy4 catalysts. The surface area of such
materials can also be increased after synthesis, using techniques such as
exfoliation. The exfoliation of melamine-based g-CsN4 was also previ-
ously studied, using alcohol and ultrasound, a simpler alternative
method, as usually strong acids are applied [11]. After 36 h of exfolia-
tion, the BET surface area increased from 2.18 m? g~! of the bulk
catalyst, to 28.34 m? g~ L.

The combination of photocatalysis with other AOPs is known to
greatly increase the system efficiency, due to synergetic effects.
Different systems have been studied using g-C3N4 catalyst, and other
AOPs, such as Fenton, ozonation and persulfate/peroxymonosulfate
[12-17]. The use of photocatalysis and ozonation have been studied
using multiple materials, possessing different positive effects. The high
performance of ozone as an electron receptor is a great aspect regarding
the reduction of the recombination of the photogenerated species by the
catalyst, moreover, ozone itself is a highly oxidative species and may
directly react with contaminants, or produce other radicals, such as
hydroxyls [18]. On the other side, ozone has a low solubility in water,
and may rapidly escape from the reaction medium, and the catalyst may
contribute by decomposing the ozone and reducing its needed amount
and consequent costs. Photocatalytic ozonation under ultraviolet radi-
ation was previously studied using a 36 h exfoliated g-C3Ny, for the
removal of a synthetic mixture of 6 different CECs, and compared to
photolytic ozonation, the combined process reduced in around 20% the
transferred ozone dose required for the complete elimination of pollut-
ants [11]. Nonetheless, there are few studies regarding the use of ozone
and g-C3N4 photocatalysis, and further investigation of the different
interaction within the system, especially in more complex and real
scenarios is needed.

In the present study, different g-C3N,4 catalyst were compared,
regarding its precursor and exfoliation treatment, for the elimination of
both chemical and biological contaminants in real secondary waste-
water. For the analysis of chemical contaminants elimination, the
effluent was spiked with a mixture of 6 pollutants, sulfamethoxazole
(SMX), acetaminophen (PCT), carbamazepine (CBZ), methylparaben
(MP), ethylparaben (EP) and propylparaben (PP). Microbiological
disinfection was investigated regarding Escherichia coli bacteria and
Human polyomavirus JC (JC virus) present in the secondary
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wastewater.
2. Materials and methods
2.1. Materials

Sulfamethoxazole (SMX), acetaminophen (PCT), carbamazepine
(CBZ), methylparaben (MP), ethylparaben (EP), and propylparaben (PP)
were obtained from Sigma-Aldrich. For the evaluation of photocatalytic
mechanism, isopropanol (IPA) from Sigma-Aldrich, was used as hy-
droxyl radical scavenger. Urea and melamine (Thermo Scientific) were
used as photocatalyst precursors, and methanol (analytical grade,
STANLAB) was applied for catalyst exfoliation.

The secondary wastewater (SWW) (Table 1) was obtained from
municipal wastewater treatment plant in the center of Portugal. The
WWTP system present a primary settler, activated sludge treatment and
secondary settler. The fresh SWW was retrieved in different days,
especially to guarantee the presence of microorganisms that would
decay in storage. Nonetheless, the initial concentration of Escherichia coli
was always in the same order, 10° CFU mL ™}, while JC virus varied from
10°-10* copies L.

2.2. Catalyst synthesis

Graphitic carbon nitride was prepared through thermal polymeri-
zation of melamine and urea, as previously described [10,11]. Briefly,
the precursors were placed in covered crucibles and heated at 550 °C for
4 h. After, the materials were grounded, washed with methanol, and
dried. Finally, for the exfoliation treatment, the catalysts were intro-
duced in vials with methanol and set in ultrasound bath for 36 h (800 W,
50 Hz). A list of samples with synthesis details is presented in Table 2.

2.3. Photocatalytic ozonation experiments

The reactions were performed in a 2 L jacketed glass reactor, kept at
25 °C and magnetically stirred at 700 rpm. For the radiation source, 3
UVA Philips TL 6 W BLB lamps (Amain= 365 nm) were used.

For the evaluation of chemical pollutants removal, the secondary
wastewater was spiked with a solution containing 1 mg L ™! of each SMX,
PCT, CBZ, MP, EP and PP. The duration of all reactions was 2 h, the
volume treated was 2 L and the catalyst load was 200 mg L™, Samples
were taken during reactions for further analysis.

The ozone was produced from an ozone generator (802 N, BMT) from
a pure oxygen stream at 0.2 L min~!, and the inlet and outlet ozone
concentration were measured through gas analyzers (BMT 963 and BMT
964). The Transferred Ozone Dose (TOD) was obtained using the
following equation:

Qs

v, dt (€8]

TOD = /0, ([0s]; = [05],) x

Where [Os3]; and [O3], are the inlet and outlet ozone concentrations,
respectively, in mgops L7L, Qg is the ozone inflow and V;, the volume of

Table 1
Physicochemical and biological properties of the secondary
wastewater (SWW).

Parameter SWW

pH 7.6 +£0.2
COD (mg0, LY) 431+ 16.8
CBOs (mg0, L) 22.6 + 1.8
TSS (mg L) 20.5 4+ 7.8
TN (mgN L) 332435
TP (mgP L™ 1) 3.2+ 0.4
E. coli (log CFU mL™1) 3.6 + 0.2
JC virus (log copies L™1) 5.4 +0.5
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Table 2
Sample labels, BET surface area and energy band gap of prepared catalysts.

Sample Type of C3Ny Exfoliation BET surface Energy band

label precursor procedure area (m? g~ 1) gap (eV)

UCN urea - 51.27 2.78

36UCN urea 36 h 57.36 2.77

36MCN melamine 36 h 28.34 2.75
liquid.

2.4. Analytical techniques

Powder X-ray diffraction analysis was conducted at ambient tem-
perature with a Bruker D8 Focus diffractometer, employing Cu Ka ra-
diation and a LynxEye XE-T detector. The X-ray diffraction data was
gathered over a 30-minute duration, scanning from 26 angles between 2
and 35 degrees. The structural features of catalysts were analyzed using
a JEOL JSM-7610 F field-emission scanning electron microscope (FE-
SEM). Diffuse reflectance spectra were recorded using a Shimadzu UV
2600 UV-Vis spectrophotometer, which was outfitted with an inte-
grating sphere. The spectrophotometer functioned in the 300-800 nm
wavelength range, using BaSOy as a calibration standard. Additionally,
the surface area of the catalysts was quantified employing the Bru-
nauer-Emmelt-Teller (BET) method. BET surface area was measured
with a relative pressure range (p/po) from 0.05 to 0.3, using a 3 P In-
struments’ Micro 100 device. The photoluminescence (PL) emission
spectra were measured at ambient temperature utilizing a PerkinElmer
LS-50B luminescence spectrometer featuring a xenon discharge lamp for
illumination and an R928 photomultiplier for detection. The excitation
irradiation used for these measurements had a wavelength set at
300 nm.

High-performance liquid chromatography (HPLC) (Waters 2695)
was used for the contaminants analysis, using a C18 SiliChrom column
at the temperature of 40 °C. The mobile phase was composed by mixture
of methanol and acidified water (0.1% orthophosphoric acid), with a
flow of 1 mL min~?.

Total organic carbon (TOC) was determined using a TOC-V CPN
model (Shimadzu, Japan) analyzer, and a coupled autosampler model V-
ASI (Shimadzu, Japan).

The membrane filtration method was used for Escherichia coli
quantification tests, according to ISO 9308-1:2014. The collected sam-
ples were diluted in order to achieve plate counts below 150 CFU, and
tests were performed in duplicate. After virus concentration by ultra-
centrifugation, JC virus load was accessed through a real-time poly-
merase chain reaction (PCR) protocol [19].

2.5. Toxicity evaluation

The phytotoxicity of the initial and treated solutions were tested
using Lepidium sativum seeds. Seeds were dispersed in petri dishes and
left in contact with the solutions and kept for 48 h at 27 °C in the dark.
The germination index (GI) was calculated according to Trautmann and
Krasny [20] criteria.

The luminesce inhibition of Allivibrio fischeri bacteria was also used
to assess sample’s toxicity towards marine species. Samples were inoc-
ulated, in duplicates, using the bacteria suspension at 15 °C in a LUMI-
STherm (HACH) and LUMIStox 300 equipment from Dr. Lange GmbH
(HACH). After 15 min of incubation, the luminescence was directly
measured and compared to a NaCl solution (2% wt.) blank control.

3. Results and discussion
3.1. Photocatalysts characterization

The different materials synthesized were characterized using
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different techniques, to evaluate the impact of exfoliation and pre-
cursors in carbon nitride materials production. Fig. 1a displays the pXRD
patterns of C3Ny4 catalysts prepared using different methods. The pat-
terns include pristine C3N4 synthesized from urea (UCN), as well as two
C3N4 made using urea and melamine (36 MCN) as precursors (36UCN)
and subjected to the exfoliation procedure. All catalysts exhibited pat-
terns at 20 values of approximately 27.3° and 13°. These values align
closely with the hexagonal phase of polymeric g-C3N4 [21,22].
Furthermore, in the sample labeled 36 MCN, which is C3N4 derived from
melamine and later exposed to the exfoliation process, extra reflections
can be noticed, as shown and assigned in Fig. 1a. These are attributed to
melem, as previously explained [11,23]. The incorporation of melem
has been observed to enhance the activity of C3N4 catalysts by formation
of heterojunctions [23,24]. However, for C3N4 derived from urea and
subsequently exfoliated (36UCN), the melem was not detected. This
absence might be attributed to the fact that layers produced from urea
are notably larger than those derived from melamine, and as a result,
undergo the exfoliation process to a minimal degree [10]. Additionally,
after intensity normalization, there are no discernible differences be-
tween the UCN and 36UCN samples. The UCN diffractogram exhibits a
marginally elevated background in the 5-12 degree range. This could
potentially be attributed to the presence of an amorphous phase, which
seems to be more pronounced in this particular sample.

Fig. 1b displays the DRS UV-Vis spectra for the prepared catalysts,
with Tauc’s plot presented as an inset. All the catalysts demonstrated
comparable photoabsorption characteristics within the measured range.
The sample labeled 36 MCN exhibited reduced photoabsorption between
300 and 450 nm when compared to catalysts derived from urea. The
band gap energy calculated for UCN, 36UCN, and 36MCN were nearly
identical, with values of 2.78, 2.77, and 2.75, respectively (Table 2).
These values are within the range reported in the literature [25]. The
exfoliation of C3N4 obtained from urea polycondensation did not alter its
optical properties. This suggests that after thermal treatment, the layers
became so thin that they remained unaffected by subsequent processes.
For C3N4 derived from melamine, a distinct pattern emerged. After
exfoliation, the energy band gap measured 2.74 eV, whereas for the
untreated C3Ny4 from melamine, was stood at 2.6 eV [11]. This change
can be ascribed to the enhanced quantum size effect [26].

Fig. 1c displays the photoluminescence (PL) spectra of the synthe-
sized catalysts, exhibiting a peak emission around 460 nm, typical for
this kind of materials [27]. Generally, it is observed that a decrease in
the intensity of photoluminescence (PL) emission corresponds to a
reduced recombination rate of photogenerated electron-hole pairs [28,
29]. As illustrated in Fig. 1c, the sample labeled 36 MCN’ exhibited the
lowest photoluminescence (PL) intensity. This observation suggests that
36MCN demonstrates the most efficient charge recombination process,
likely due to the formation of heterojunctions [30].

The findings were further corroborated by the SEM images presented
in Fig. 2. along with the measured BET surface area summarized in
Table 2. The morphology of C3N4 from urea remained almost consistent
both before and after the exfoliation process. Each sample displayed a
composition of layered structures, characterized by their irregular
shapes with dimensions up to several micrometers in size. The layer’s
thickness reached values less than 50 nm. Similarly, after the exfoliation
process, the BET surface showed only a marginal increase from 51.27 to
57.36 m? g~ 1. This indicated that with urea as the precursor of C3Ny,
exfoliation likely reduced the aggregation of layers rather than dimin-
ishing their size. For the melamine derived C3Ny, the BET surface area
increased from 2.18 to 28.34 m? g™! after exfoliation which can be
attributed to a significant change in layers size [11].

3.2. Chemical contaminants removal
The three produced catalysts were compared in combination with

ozone, for the degradation of a spiked solution of SWW, containing a
mixture of 6 contaminants (Fig. 3). To better evaluate the synergetic
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Fig. 1. (a) pXRD patters of prepared catalysts, (b) DRS UV-Vis spectra and Taunc’s plot of prepared catalysts, (c) PL emission spectra of prepared catalysts.

Fig. 2. SEM images of prepared catalysts.

effect between ozonation and photocatalysis, a photolytic ozonation
reaction was also conducted. The application of processess using real
water matrices is fundamental to elaborate a efficient tertiary treatment
alternative, as these mediums are highly complex, possessing different
component (i.e. organic matter, Cl, SO?{, HCO3) that may interfere in
the oxidative radicals performance [31].

In the absence of a catalyst, the ozone process was able to achieve a
great elimination of the selected contaminants, completely degrading all
under 30 min, except for CBZ (93.3%). Single ozonation is a highly
efficient process for water treatment, particularly due to the high
oxidizing capacity of ozone. The ozone is capable of producing other
oxidative radicals through a series of reactions in the medium, or also
directly reacts with the organic molecules, specially with compounds
possessing high electronic dense structures, such as aromatic rings.
Nonetheless, the different tendency of the degradation of carbamaze-
pine might be due to its condensed rings structure, which added to the
radical competitivity in the medium containing different molecules and
ions, delay its removal. Jesus et al. [32] presented similar results
regarding the elimination of CBZ in a spiked SWW during ozonation
treatment, not being totally removed under 30 min, while when in a
ultrapure solution, it was fully degraded under 10 min. As the reaction
occur and other radical scavenging compounds are removed, the rate of
elimination of CBZ increases in a later phase of the reaction.

The use of graphitic carbon nitride catalysts in combination with

ozone accomplished better performances regarding all three catalysts
compared to photolytic ozonation. The presence of the catalyst enhances
the production of radicals, both from the actual photoactivation of the
material and consequent generation of the photocarriers, but also
through the decomposition of ozone. The combined process may also
present a higher tendency towards the complete mineralization of pol-
lutants, other than their partial oxidation, forming refractory by-
products, which is known disadvantage of ozonation [31,33,34].
These different advantageous factors of photocatalytic ozonation are
fundamental to treat water matrices with higher levels of complexity,
and achieve a more pure final solution.

The urea-based catalysts produced similar results for the removal of
the selected pollutants. Previously, was found that, comparing bulk g-
C3N4 produced using different precursors, that urea resulted in a catalyst
with much larger specific surface are, especially compared to melamine
[10]. Thus, as this catalyst already possessed smaller plates and sepa-
rated layers, the exfoliation treatment have no significant effect.
Moreover, the used treatment possibly damaged the catalyst structure,
even in a small degree, as found through its characterization.

The melamine-based exfoliated g-C3sN4 (36MCN) presented a slightly
faster decomposition of contaminants, in terms of degradation over
time. The ultrasonic treatment is able to rupture some C-NH-C groups
that bonds the s-heptazine units, releasing some of the fundamental
shorter units that forms the polymeric material, especially melem, that
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Fig. 3. Photocatalytic ozonation using UCN, 36UCN and 36MCN catalysts, and photolytic ozonation, for the elimination of SMX, PCT, MP, EP, CBZ and PP over time.

may enhance the photocatalytic performance of the g-C3Ny4 [11,24].

The differences between the photocatalytic reactions becomes
clearer when analyzed using the transferred ozone dose (Fig. 4).
Photolytic ozonation accounted for a TOD of 25.9 mgps L~! and not
fully removed the contaminant, while all photocatalytic reactions pre-
sented ozone doses below 20.0 mg L™} for a complete treatment. This
lower ozone usage is a result of mainly two factors, the production of
oxidative radicals by the catalyst itself, and for the formation of radicals
through ozone decomposition [35,36].

The 36MCN resulted in the lowest amount of TOD to obtain a full
elimination of the selected CECs, 11.0 mg L’l, which is 44.7%, 39.5%
and 57.5% lower than 36UCN, UCN and single ozonation, respectively.
The decrease in the ozone usage is a high interest factor for the imple-
mentation of treatment process in a larger scale, as the ozone production
is associated with high energy costs. Another important parameter to be
observed for the further implementation of the process is the loss of mass
of the material during synthesis. The urea material presents a very low
yield, with mass losses up to 97% during thermal polymerization,
compared to 45% when melamine is used, reducing the amount of
precursor needed and associated costs.

The study of photocatalytic systems using real wastewater conditions
is fundamental to test their efficiencies and the effect of the complexity
of different parameters and compounds in these systems. For instance,
the presence of organic and inorganic compounds greatly increases the
ozone intake. In a previous study, 36MCN photocatalytic ozonation
accounted for TOD of 4.9 mgo3 L™! for the degradation of the mixture of
the 6 selected contaminants in a ultrapure water solution, less than half
of the amount needed for the same mixture in a real effluent [11].

To better elucidate the differences for the ozone-based reactions, a
kinetic evaluation was made using a pseudo-first order kinetic model
based on the transferred ozone doses (Eq. 2), and the rate constants are
shown in Table 3.

—In(C/Co) = K'rop x TOD 2

Through the analysis of the reaction rate constants, it’s clear the
faster decomposition of the contaminants mixture using the 36MCN
catalyst, with values 2-3 times higher than the photolytic reaction, and
19-59% higher than the second-best catalyst, 36UCN. Carbamazepine
had the lowest rate constants in all systems, possibly due to the difficulty
of radicals to attack its condensed structure, as previously said. The
more branched chemicals possess structures more susceptible to the
radicals’ attack, thus present higher rate constants.

Jesus et al. [32] investigated the single ozonation treatment of a
mixture of PCT, SMX, CBZ, MP and PP, and the determined pseudo-first
order reaction rate constants based upon TOD values follows a similar
pattern of the values obtained herein, with SMX and CBZ presenting
lower rate constants compared to the other contaminants. The
second-order rate constants obtained by Tay et al. [37] for MP, EP and
PP for ozone (ko3) are respectively 2.5, 3.4 and 4.1 x10° M s! at pH
6, and for hydroxyl radical (k.op), 6.8, 7.7 and 8.6 x10° M~ ! s71,
indicating the important contribution of -OH for contaminants removal.
The PCT, SMX and CBZ constants determined by Hamdi et al. [38] and
Koo et al. [39] were similar to parabens, respectively 2.6 x10°, 5.7 x10°
and 3.0 x10° M ' s~ for kog and 4.9 x10°, 5.5 x10? and 8.8 x10°M !
s7! for k.o Regarding these second-rate constants, the values were
obtained using ultrapure water solutions of single contaminants, thus
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Fig. 4. Photocatalytic ozonation using UCN, 36UCN and 36MCN catalysts, and photolytic ozonation, for the elimination of SMX, PCT, MP, EP, CBZ and PP over the

transferred ozone dose (TOD).

Table 3
Pseudo-first order reaction rate constants (L mggé) and R? for the ozone-based treatments.
PCT SMX CBZ MP EP PP
K’op R? K’rop R? K’rop R? K’op R? K’rop R? K’top R?
UCN 0.277 0.98 0.228 0.91 0.139 0.95 0.330 0.97 0.314 0.98 0.299 0.98
36UCN 0.335 0.94 0.255 0.92 0.157 0.96 0.316 0.98 0.368 0.97 0.322 0.97
36MCN 0.432 0.96 0.369 0.95 0.251 0.97 0.454 0.98 0.436 0.97 0.424 0.96
Without Catalyst 0.151 0.95 0.129 0.94 0.067 0.89 0.216 0.95 0.210 0.98 0.186 0.99

the kinetic estimation herein for the mixture in a real effluent is affected
by the other compounds present. In real wastewaters, there are multiple
organic and inorganic compounds that may interfere in the photo-
catalytic degradation, as well as the other contaminants added to the
mixture, and these interferences, as indicated in other studies, may
affect in a higher degree more electrophilic pollutants, resulting in the
lower reaction rates for CBZ and SMX compared to the other contami-
nants [32].

The total organic carbon (TOC) was analyzed for the final treated
solutions of all systems studied, with the initial solution having a TOC of
18.68 mg L™!. The single ozonation reaction presented the lowest
removal, 17.5%, due to the known tendency of ozone treatment to lead
to the formation of refractory by-products. The use of 36 MCN catalyst
led to the lowest TOC value, 9.74 mg L’l, a 47.9% removal, followed by

UCN and 36UCN, with 10.03 and 10.20 mg L™!. The combination of
photocatalysis and ozonation improve the mineralization route of
chemicals degradation, other than partial oxidation, leading to the

Table 4
Allivibrio fischeri luminescence inhibition and Lepidium sativum germination
index prior and after ozone-based treatments.

Germination
Index (%)

Luminescence inhibition
after 15 min (%)

Spiked Solution 48.29 61.4
Bulk Urea (UCN) 32.77 37.3
Exfoliated Urea (36UCN) 32.67 59.1
Exfoliated Melamine (36MCN) 25.74 64.8
Without Catalyst 32.64 52.6
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formation of CO5 and H5O.

The toxicity prior and after treatment was also tested (Table 4). The
luminescence inhibition of A. fischeri bacteria considerably decreased
after all treatments, achieving its minimal value when 36MCN catalyst
was used. The toxicity towards this bacteria is a key parameter to
evaluate the effect of the treated solutions to marine life, and values
below 30% may be considered non-toxic [40].

The germination index of L. sativum seeds when in contact with the
initial spiked effluent solution is higher than most of treated solution,
except for 36MCN treatment. This may be a result of toxic by-products
formed during reaction, that may possess a higher toxicity than the
initial pollutants towards this specie. This parameter is interesting to be
evaluated due to the possibility of the use of the treated secondary
effluent for agricultural irrigation, which is currently highly discussed as
water reclamation alternative.

The formation of a treatment system that is efficient regarding
different factors is fundamental for future water reclamation and envi-
ronmental remediation. The decrease in ozone consumption, meaning a
lower operating cost, minimal by-products formation, lower toxicity and
the simplicity of catalyst synthesis are great advantages of the use of
carbon nitride catalysts and ozonation [41]. Nonetheless, the process
may be further improved to overpass other application drawbacks of this
type of technology. Catalyst doping is a known technique to boost cat-
alytic activity, introducing foreign elements in the catalyst structure that
may introduce photogenerated species trapping sites and defect states,
narrowing the bandgap and reducing recombination, and even improve
O3 adsorption over the catalyst surface [12,42,43]. Moreover, composite
formation, combining different materials with carbon nitride, may also
be explored to enhance the catalyst, not only its photocatalytic prop-
erties, but also typical photocatalyst drawbacks, such as the catalyst
separation after treatment [44-46].

3.3. Pathogens disinfection

The exfoliated MCN catalyst was also employed in preliminary
studies for the disinfection of secondary wastewater, targeting the
removal of enterobacteria Escherichia coli. The evolution of the disin-
fection reaction was compared over the transferred ozone dose (Fig. 5),
as the main objective is to evaluate photolytic and photocatalytic
ozonation systems, and it allows a superior and clearer comparison.
Nonetheless, over the time, the observed behavior of the reactions was
similar.

The photo-ozone systems are proven efficient technologies for water

4.0+
L —a— Without Catalyst

3.5 A - @ -36MCN

i : --A--36MCN + IPA
3.0 1
2.5
2.0
1.5

1.0+

Cell density (log,,CFU mL™)

0.5+

0.0

0
-1
TOD (mg,, L)
Fig. 5. Photolytic and photocatalytic ozonation treatments for the disinfection

of secondary wastewater, using 36MCN catalyst and in the presence of iso-
propanol (IPA).
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disinfection, and currently employed in drinking water treatment plants
[47,48]. The main advantage of the ozone-based process is the short
time contact needed for the microorganism’s disinfection. Nevertheless,
the high energy demand, which may comprehend for 26-43% of the
total costs of the system, and even that there are no chlorinated
by-products formed as other common drinking water treatments, studies
shown that other harmful compounds may be formed, such as NDMA
[471].

The ozone consumption for the elimination of E. coli was consider-
ably lower in the photocatalytic ozonation process compared to single
photolytic ozonation, with a final TOD to obtain a complete disinfection
of 20.2 mg L™ and 29.8 mg L~! respectively. This result is in agreement
with the improved performance of the photocatalytic ozonation treat-
ment found during chemical contaminants elimination, and further
highlight its benefits.

To evaluate the contribution of hydroxyl radicals in the E. coli
removal, 10 mM of isopropanol (IPA) was used in a reaction as a radical
scavenger (Fig. 5). The disinfection treatment in the presence of IPA
didn’t achieve a complete elimination of E. coli, and also demonstrated a
higher consumption of ozone. The -OH radicals are one of the major
reactive oxygen species (ROS) responsible for the bacterial inactivation,
able to damage their cell wall and membranes [6]. In the absence of the
-OH, other radicals, such as superoxide and molecular ozone, play major
roles in the bacterial elimination, which reflects on the higher ozone
consumption.

The kinetics evaluation of the disinfection treatments based on the
TOD values was also conducted. There are more complex models that
are appointed to better evaluate the disinfection kinetics of ozone sys-
tems, such as logistic models, but typically are based upon multiple
empirical constants and complex calculations, that usually are not pre-
cisely described [49]. For an initial evaluation, the first-order disinfec-
tion model (Eq. 3) was taken as good approximation (R2>0.92), even
with some linear deviations due to ozone instability.

—In(N/Ny) = Krop x TOD 3

The photocatalytic ozonation presented the highest reaction rate
constant, 0.372 L mgg3, almost 2 times compared to photolytic ozona-
tion, 0.206 L mg6§. These values corroborate the better performance of
photocatalytic ozonation, as a more non-selective and efficient water
treatment technology.

The removal of JC virus was also analyzed for the photocatalytic and
photolytic ozonation reactions according to the transferred ozone doses
(Fig. 6). As the effluent was retrieved in different days, there is a dif-
ference by approximately 1log between the initial virus copies

604 < —a— Without Catalyst

- ® -36MCN
- -A--36MCN + IPA

log,cp L

‘A
T T T T T T 1

0’5I10‘1I5'20 25 30 35
TOD (mg, L)

Fig. 6. Photolytic and photocatalytic ozonation treatments for the virus
removal of secondary wastewater, using 36MCN catalyst and in the presence of
isopropanol (IPA).
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concentration for the photocatalytic and photolytic tests.

The virus structure is more resistant to the attack of ozone, compared
to E. coli, requiring a higher concentration of ozone to obtain a response
[19]. Nonetheless, in the removal of the JC virus in the 36 MCN photo-
catalytic ozone system it’s possible to observe a faster response of the
treatment, with a noticeable variation in its concentration in the first
minutes of the reaction, with less than 5 mg L™! of TOD. Comparatively,
the single ozonation reaction only demonstrated a significant effect for
an ozone concentration higher than 11 mg L™} (15 min). Regarding the
time necessary to fully eliminate JC virus from the wastewater, both
photolytic and catalytic systems achieved it in 30 min, while the final
TOD values were, respectively, 19.6 and 13.9 mg L1,

The use of isopropanol to block hydroxyl radicals resulted in a severe
increase in both time, 45 min, and transferred ozone dose required,
33.87 mg L L. This results greatly demonstrate the importance of this
radical in the elimination of JC virus, at an even higher degree than the
observed results for E. coli virus. As conducted with the bacteria results,
the disinfection kinetics was estimated using Eq. 2, with good correla-
tions for a preliminary result (R?>=0.91-0.95). The reaction rate con-
stants obtained reflects greatly the faster response of the photocatalytic
treatment, even with a higher initial viral concentration, 0.218 L mg6§,
almost 4 times higher than the single ozonation treatment, 0.055 L
mgo3.

JC virus is widely present in municipal wastewaters, and its patho-
genicity is particularly related to individuals under immunodeficiency
states, such as bone marrow transplant patients and HIV infection [19].
This virus has been taken a potential indicator of wastewater quality,
and there is a great necessity of a feasible tertiary wastewater treatment
technology able to inactivate a large variety of pathogenic microor-
ganisms [50].

4. Conclusions

The use of an exfoliation treatment for g-C3N4 using different pre-
cursors was successfully evaluated. The exfoliation step for the urea-
based catalyst produced no significant effects, possibly due to its
already thin and more dispersed layers, which was attest by SEM
characterization.

The catalysts were all applied in photocatalytic ozonation treatments
for the elimination of chemical and biological contaminants in a sec-
ondary wastewater. A complete elimination was found for all 6 con-
taminants targeted for almost all ozone-based systems, and the addition
of the synthesized graphitic carbon nitride catalysts produced significant
improvements, especially regarding ozone consumption. The 36 h
exfoliated melamine-based g-C3N4 presented the best results, possibly
due to the existence of melem in the catalyst structure and a higher
photocarriers separation, even with a surface area considerably lower
than the urea catalyst. The great performance of the 36MCN is an
indicative of its promising application in water treatment, with good
efficiencies in more complex water matrices such as real secondary
effluents.

The 36MCN catalyst was also used for the elimination of Escherichia
coli and JC virus. The photocatalytic ozonation system was proved to be
more efficient as a disinfection treatment, with a 33% and 29% lower
ozone consumption than the photolytic ozonation for, respectively,
bacteria and virus elimination, and consequently reducing its overall
costs. The hydroxyl radicals were proved to be a key specie in pathogens
elimination, especially for JC virus disinfection, with an ozone
requirement almost 3 times higher when this radical was blocked.

Ultimately, the study highlights the efficacy of carbon nitride in
photocatalytic ozonation as a promising tertiary treatment alternative.
Nonetheless, the effect of the different anions and other compounds that
interfere in the reaction, as well as its final separation, which is a known
hindrance of photocatalytic systems, still needs to be further studied.
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