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ABSTRACT

Heterogeneous photocatalysis under visible light was employed for the degradation of organic micropollutants
(MPs) found in the biologically treated effluents of an urban wastewater treatment plant (UWWTP). The irra-
diation source consisted in 4 light emitting diodes (LEDs) with a nominal power of 400-500 W m~ at 417 nm.
Metal-free exfoliated graphitic carbon nitride (§CNy), which was synthetized through a simple thermal treatment
using dicyandiamide as precursor, was employed as photocatalyst. The gCNt material was characterized using
different techniques: N, adsorption isotherms at 77 K, electron microscopy (scanning and transmission) and
diffuse reflectance UV-Vis. The photocatalytic performance of the material was compared to the commercial
TiO,-P25, confirming that gCNy led to a remarkable higher removal efficiency of the target MPs. Most of these
MPs were removed in less than 10min to levels below the limit of quantification (carbamazepine >
isoproturon > clopidogrel > diclofenac > atenolol > bezafibrate > tramadol > venlafaxine > fluoxetine).

Indirect photolysis, resulting from the secondary reactive oxidants generated during the irradiation of the
aqueous matrix components, was found to partially contribute for the elimination of the occurring MPs. In
addition, the gCNy photocatalyst was immobilized on glass rings for use under continuous mode operation, a
minimum residence time of 25 min being required to attain significant removal efficiencies. Phytotoxicity ex-

periments showed that heterogeneous photocatalysis did not enhance the toxicity of the wastewaters.

1. Introduction

Organic micropollutants (MPs) are frequently found in the aquatic
environment at concentrations levels between ng ™! and pg L™!. The
difficult elimination of MPs by physicochemical and biological treat-
ments conventionally applied in the urban wastewater treatment plants
(UWWTPs) triggers the need of alternative approaches to remove them.
Although discharge limits are not yet regulated for MPs, some re-
commendations have been launched by European Union (EU) in order
to monitor harmful substances, namely the Directive 2013/39/EU [1],
which indicates a group of 45 priority substances/groups of substances
and recommends new treatment strategies, and the Decision 2015/495/
EU [2], setting a Watch List of 17 contaminants of emerging concern
(CECs) for EU-monitoring, which was very recently repealed by a new
Watch List of 15 CECs [3].

Novel treatment tools have been sought such as advanced oxidation
processes (AOPs), which have been largely studied to reach high de-
gradation rates of MPs from UWWTP effluents [4]. However, only UV
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(mainly for disinfection) and ozonation have been implemented so far
at full-scale [5-71, both approaches presenting some limitations but
affordable costs when compared with most AOPs. Solar applications of
heterogeneous photocatalysis are an interesting alternative to degrade a
broad range of MPs [8]. Wide-bandgap optical semiconductors able to
act as visible light photocatalysts require absorption edges above the
UV limit since this only accounts for less than 5% of the solar spectrum
reaching Earth’s surface. Visible-light photocatalysts with a narrower
bandgap, such as graphitic carbon nitride (g-C3N4 with a bandgap of
2.7 eV, corresponding to an absorption edge at 459 nm), have been
receiving an increasing interest for a wide variety of photocatalytic
applications (e.g., CO5 and NO, reduction, degradation of organic pol-
lutants, organic selective synthesis, hydrogen production and water
splitting) [9-18]. The high photocatalytic activity of g-C3N, materials
on the degradation of different types of organic contaminants in water
has been already demonstrated in previous studies, namely for me-
thylene blue [19-22], rhodamine B [22-25], methyl orange [26-28],
basic fuchsin, malachite green and crystal violet [29], acid orange 7
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[30], oxalic acid [31], tetracycline [32,33], phenol [34-36], atrazine
[35,37], carbamazepine and sulfamethoxazole [35,38] and humic acids
[39]. However, in the majority of these reports, the experiments are
often carried out using ultrapure water, concentrations higher than
those usually found in the environment, slurry (batch) systems, metal
loaded g-C3N,4 materials, and spiked matrices [40]. To the best of our
knowledge, none of these studies report the treatment of an actual
urban wastewater (i.e., not spiked) employing g-C3N, as metal-free
photocatalyst.

g-C3N,4 has been synthesized by thermal polymerization of several
nitrogen-rich precursors, namely urea, thiourea, cyanamide, di-
cyandiamide or melamine [17,41]. Since its photocatalytic activity is
struggled by the low surface area and by the fast recombination of
electrons and holes, several approaches have been used to overcome
these drawbacks, namely the chemical, mechanical and thermal ex-
foliation treatments of g-C3N4 [17,42]. Other procedures include the
design of g-C3N,4 based nanoarchitectures using templating approaches,
doping with metals, and modification with other semiconductors, well
discussed in the literature [41].

The chemical and thermal stability of the low-cost, metal-free g-
C3N, turns this visible light photocatalyst an outstanding option for
solar-driven photocatalysis [9,43]. In addition, energy-efficient and
low-cost visible light emitting diodes (LEDs) with a narrow emission
band can be employed as light sources, as replacement of xenon or
mercury lamps, and matching the absorption peak of the material for
the economy of the process [43].

The novelty of the present study relies on the application of a
highly-efficient photocatalytic process based on a metal-free g-C3N4
photocatalyst with enhanced activity towards degradation of a wide
range of MPs in realistic urban wastewaters, by using a low-cost and
energy-efficient visible light source (LED). The photocatalytic treatment
was also performed in continuous mode, by employing an innovative
approach with g-CsN4-coated glass rings. The phytotoxicity of the
wastewater was evaluated, before and after photocatalytic treatment, to
infer about the potential formation of reaction by-products toxic for
plants, which could compromise water reuse. To the best of our
knowledge, this is the first study on heterogeneous photocatalysis using
g-C3N4 as a semiconductor for the removal of MPs in actual UWWTP
effluents.

2. Materials and methods
2.1. Chemicals and materials

Dicyandiamide (99%) supplied from Sigma-Aldrich was used as
precursor in the preparation of the bulk g-C3N,. Aeroxide® TiO,-P25
(~80% anatase:20% rutile) powder was supplied by Evonik. Polyvinyl
alcohol (PVA), reference standards for liquid chromatography (> 98%)
and surrogate standards were purchased from Sigma-Aldrich, which
include atenolol, bezafibrate, carbamazepine, clopidogrel, diclofenac,
fluoxetine, isoproturon, tramadol venlafaxine, azithromycin-d3, atra-
zine-d5, diclofenac-d4 and fluoxetine—-d5. Ethanol (99.5%) and 2-pro-
panol (100%) were obtained from Fisher Scientific UK Limited.
Acetonitrile (MS grade) was supplied by Panreac AppliChem. Formic
(99.5%) and sulfuric (98%) acids were acquired from Merck
(Darmstadt, Germany). Ultrapure water was produced in a Milli-Q
water system (resistivity of 18.2MQcm, at 25°C). The Oasis® HLB
(Hydrophilic-Lipophilic-Balanced) cartridges (150 mg, 6 mL) used for
sample preparation, were purchased from Waters (Milford, MA, USA).

2.2. Catalysts preparation and characterization

The bulk g-C3N,4 material was prepared by thermal decomposition
of dicyandiamide, as previously described [17]. Briefly, a certain
amount of dicyandiamide precursor was placed in a covered crucible
and then heated to 550 °C in air atmosphere for 4 h. In a second step,
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thermal oxidative exfoliation of the bulk material was conducted at
500 °C. The resulting material was labelled as gCNy. TiO, was used as
received, for comparison purposes.

The specific surface area (Sgrr) of the mentioned photocatalysts was
calculated by using the Brunauer-Emmett-Teller (BET) method and N,
adsorption isotherms obtained at —196 °C in a Quantachrome NOVA
4200e apparatus. The optical absorption was determined in the
220-800nm range by diffuse reflectance UV-Vis (DRUV-Vis) in a
JASCO V-560 spectrophotometer equipped with an integrating sphere.
The results were recorded to equivalent absorption Kubelka—Munk
units and used to obtain the optical bandgap.

Uncoated glass rings (diameter = 3mm, length = 3mm) were
cleaned with an anionic detergent in water, under sonication. The
washed rings were then immersed in 2-propanol and sonicated for
15 min. Before coating with gCNr, the glass rings were immersed in a
2% (w/V) aqueous solution of PVA by dip-coating. This procedure was
immediately followed by a second dip-coating immersion of the glass
rings in a 5% (w/V) gCNr:ethanol suspension, previously sonicated for
30 min.

The surface morphology of bulk g-C3N4, gCNt powders and gCNy
immobilized on glass rings was observed by scanning electron micro-
scopy (SEM), using a FEI Quanta 400FEG ESEM/EDAX Genesis X4 M
instrument. In the case of the immobilized gCNy, the SEM apparatus
was equipped with a sample holder, in which the broken glass rings
were positioned to observe and measure the cross-section of the coated
material, by using the respective SEM instrument software.
Transmission electron microscopy (TEM) was performed on a JEM
220FS microscope (Jeol, Japan) with a LaB6 electron gun operating at
200 kV.

2.3. Experimental set-up

Wastewater samples from the secondary biological treatment of a
UWWTP located in the North region of Portugal, were collected and
separated in aliquots which were stored at — 4 °C. The photocatalytic
performance of the gCNyt powder was studied in batch mode, using a
borosilicate reactor containing 60 mL of UWWTP effluent, equipped
with four high-power visible LEDs (Apax = 417 nm, Full-Width Half-
Maximum (FWHM) = 18.2nm) perpendicularly placed to each other
and equidistant (4.0 cm) from the reactor (Scheme 1a). The nominal
irradiation of each LED varied between 400-500 W m2, as determined
by UV-Vis spectroradiometry (USB2000+, OceanOptics, USA). The
catalyst load was fixed at 1.0 g L™ * (selected in preliminary studies as
optimal gCNr load for the degradation of model organic pollutants). A
dark period of 30 min was performed to establish the adsorption-des-
orption equilibrium under oxygenated conditions (air). Under these
conditions, the removals of the 9 studied MPs never exceeded 6% after
30 min of adsorption period with either TiO, or gCNy. Then, the sus-
pension containing the UWWTP effluent and the photocatalyst was ir-
radiated for 60 min, and samples were withdrawn regularly from the
reactor.

Photolysis experiments were performed in UWWTP effluent and
also in ultrapure water spiked with the MPs found in the UWWTP ef-
fluent and at similar concentrations, in this case under air and deox-
ygenated (argon) conditions. For that, the required volumes of each
standard solution were added to a volumetric flask and the organic
solvent was evaporated before filling it with the ultrapure water,
avoiding the presence of the organic solvent and its possible scavenging
effect. Control experiments using ultrapure water as matrix were also
run in the dark, under oxygenated and deoxygenated conditions. All the
experiments were carried out in triplicate.

Continuous flow experiments were performed using the gCNt ma-
terial immobilized on glass rings (Scheme 1b). A borosilicate cylindrical
reactor (internal diameter = 2.7 cm, length = 7.0 cm) was packed with
115 gCNy-coated glass rings. The filling volume after packing was ap-
proximately 31.5 mL. The reactor was continuously filled with UWWTP
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Scheme 1. Photocatalytic experimental set-up under batch (a) and continuous (b) operation modes.

effluent using a peristaltic pump at constant flow rate (Q), and LEDs
were then turned on after establishment of the adsorption-desorption
equilibrium. Samples were regularly withdrawn after reaching the
steady state. Different residence times (2, 5, 12, 25, 55min) were
tested, by changing the liquid flow rate (0.57, 1.26, 2.6, 6.3, 15.7 mL
min~1). Uncoated glass rings were used for photolysis experiments
(residence time of 55min) to maintain the hydrodynamic behaviour
and light diffusion conditions, allowing the comparison with the pho-
tocatalytic experiments.

2.4. Analytical methods

The concentration of each organic MP in the UWWTP effluent was
determined by ultra-high performance liquid chromatography with
tandem mass spectrometry (UHPLC-MS/MS) in a Shimadzu Corporation
apparatus (Tokyo, Japan), consisting of a UHPLC equipment (Nexera)
with two pumps (LC-30AD), an autosampler (SIL-30AC), an oven (CTO-
20AC), a degasser (DGU-20 A 5R) and a system controller (CBM-20 A)
with proper software (LC Solution Version 5.41SP1), coupled to a triple
quadrupole mass spectrometer detector (Ultra-Fast Mass Spectrometry
series LCMS-8040). Before UHPLC-MS analysis, a pre-concentration and
clean up procedure was performed by solid phase extraction (SPE),
adding isotopically labeled internal standards to the samples before SPE
as described elsewhere [44]. A Cortecs™ C18+ column (100 X 2.1 mm
i.d.; 1.6 um particle diameter), supplied by Waters (Milford, MA, USA),
was used with a mobile phase composed by ultrapure water and acet-
onitrile (20:80, v/v), both acidified with 0.1% formic acid. The chro-
matographic analytical method was performed at isocratic mode, using
a flow rate of 0.3mL min~' and the column oven temperature set at
30 °C. The autosampler temperature was set at 4 °C and the injection
volume was 5pL. For quantification purposes, the selected reaction
monitoring (SRM) transition between the precursor ion and the most
abundant fragment ion was determined; whereas the second most in-
tense fragment ion was used for confirmation of the identity of each
target MP (SRM1/SRM2 ratio).

The dissolved organic carbon (DOC) was determined using a
Shimadzu TOC-L apparatus (Shimadzu Scientific Instruments, Japan).

2.5. Phytotoxicity evaluation

PHYTOTOXKIT microbiotests (MicroBioTests Inc.) were used to
assess the phytotoxicity, by comparing the germination of the seeds of 3
given plant species, as well as their root and shoot lengths, after ex-
posure during 72 h to distilled water, non-treated and treated UWWTP
effluents (after 10 and 60 min using TiO, and gCNr-photocatalysts).
The PHYTOTOXKIT microbiotest strictly adheres to ISO standard
18763. The plants were monocotyl Sorghum saccharatum (Sorgho), di-
cotyls Lepidium sativum (garden cress) and Sinapis alba (mustard). The
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measurements of root and shoot lengths were performed by image
analysis using ImageJ® software (NIH, USA).

3. Results and discussion
3.1. Photocatalyst characterization

The characterization of the bulk g-C3N, and gCNr materials was
presented in our previous work [45] (labeled as bulk and T500, re-
spectively), studying its use for the photocatalytic synthesis of benzal-
dehyde. In the present work, the most relevant characterization for
interpretation of the results was selected, and additional data on the
gCNt immobilized on glass rings before and after the photocatalytic
reactions, was included. Briefly, the Sgpr of the bulk g-C3N, material
prepared by direct pyrolysis of dicyandiamide is typically low around
~10m?g~ !, as experimentally determined. However, after thermal
post-treatment at 500 °C, the Sppy of the resulting material, gCNr, in-
creased by ca. 12 times to 117 m? g *. As already described in the lit-
erature, oxidation treatment under air atmosphere may lead to unstable
structures, due to the low resilience of the hydrogen bonding between
strands of polymeric melon by NH or NH, groups [41]. The procedure
adopted in this work may promote the gradual exfoliation of the bulk
material, due to layer-by-layer thermal oxidation and splitting, re-
sulting in a higher Sggr [46,47]. For comparison purposes, the Spgr
determined for TiO, was 54 m?g~?.

The DRUV-Vis spectrum of gCNy, shows an unresolved broad band
fading out between 450 and 500 nm (Fig. 1). It is significantly shifted to
the red region leading to a higher light absorption range through the
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Fig. 1. DRUV-Vis spectra of TiO, and gCNr photocatalysts; inset: plot of
Kubelka-Munk units as a function of the light energy.
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Fig. 2. SEM (a, b) and TEM (c, d) images of bulk g-C3N, (a, ¢) and gCNr (b, d) powder materials. SEM of gCNy immobilized on glass rings before (e) and after (f) usage

in the photocatalytic reactions.

visible spectrum, in comparison to TiO,. The commercial TiO5 photo-
catalyst shows the characteristic absorption band sharp edge rising at
400 nm. The bandgap energies (E,) of both photocatalysts were esti-
mated by the Tauc plot (inset Fig. 1), using the equivalent absorption
Kubelka-Munk (KM) units of the absorption edges, (KM.h.v)'/? versus
E,, where h is Plank’ constant and v is the light frequency. The E; de-
termined for TiO, and gCNt were 3.14 and 2.76 eV, respectively.

The morphology of bulk g-C3N, and gCNt materials was assessed by
SEM and TEM micrographs (Fig. 2), revealing differences in their
morphology.

The bulk material is constituted by g-C3N, sheets assembled in
dense aggregates (SEM, Fig. 2a), resulting from the stacking of the
layers. In the case of gCNy (SEM, Fig. 2b), thinner plates surrounded by
small aggregates of non-exfoliated g-C3N4 material were observed, re-
sulting from the progressive oxidation of the hydrogen bonds between
the layers, ie. the exfoliation originated by the thermal oxidation

treatment, in agreement with the results obtained from Sppr measure-
ments. TEM analysis of the materials was also performed (Fig. 2¢ and
2d) and the results corroborate with those given before, less dense
layers being observed in the case of the gCNt material. A representative
SEM micrograph of the fresh gCNy coated glass rings reveals its regular
distribution over the support (Fig. 2e). These gCNy coated glass rings
were analyzed after being employed in the photocatalytic treatment of
the UWWTP effluent, under continuous mode and during several hours,
the morphology remaining uniform and, thus, confirming their stability
under the tested conditions (Fig. 2f).

3.2. Degradation of MPs in batch mode using powder photocatalysts

The photochemical degradation of a set of 9 organic MPs quantified
in the UWWTP effluent was carried out in the absence of catalyst by
irradiating at 417 nm using LEDs as light source (Fig. 3). Under these
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Fig. 3. Normalized concentration of the MPs (C/Cy) identified in the UNWWTP
effluents, after treatment by photolysis (a), and by heterogeneous photo-
catalysis using gCNr (b) and TiO, (c). Experiments were performed in batch
mode (60 mL) and with four LEDs, using a catalyst load of 1.0 g L.~ '. LEDs were
switched on after a dark period of 30 min to establish the adsorption-desorption
equilibrium.

conditions, a surprisingly significant abatement of the MPs (clopido-
grel > fluoxetine > diclofenac > isoproturon tramadol venla-
faxine > carbamazepine atenolol > bezafibrate) was observed (Fig.
3a). This occurrence could not arise from direct single photon absorp-
tion since none of the target compounds will absorb on the emission
band of the LED (Fig. S1). However, indirect photolysis may take place
by irradiation of the nitrates naturally present in UWWTP effluents
(~0.40mgL~"! in this particular case, Table S1): nitrate photo-
chemistry gives raise to reactive oxygen species (ROS), namely singlet
oxygen (10,), hydroxyl radicals (HO") or alkyl peroxyl radicals (ROO")
and hydrated electrons from the ionization of water solvent molecules
[48,49]. In addition, photosensitization phenomena may occur by light
absorbing species, such as colored organic matter in its triplet state with
the ability to break the organic MPs, leading to their indirect photo-
chemical decomposition [48-50]. Less common will be the occurrence
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of non-linear photon absorption phenomena, such as the simultaneous
absorption of two photons [51].

Considering that the complexity of the matrix may affect the de-
gradation kinetics of the MPs [52-54], photolysis experiments were
performed using ultrapure water spiked with a solution containing the
9 organic MPs with similar concentrations to those found in the
UWWTP effluents, under oxygenated and deoxygenated conditions, and
with/without light irradiation. Markedly lower removals were obtained
when using ultrapure water as matrix (Fig. S2) instead of the real
wastewater (Fig. 3a), and quite similar results were obtained when the
solutions were saturated with argon or oxygen, under both dark and
light conditions. Thus, photosensitization, indirect photolysis, or other
mechanisms involving other matrix species, could take place under
visible light driving the degradation of the MPs in the UWWTP effluent.

The photocatalytic degradation of the MPs in the UWWTP effluents
followed a pseudo-first order rate law (Fig. 3b and c). The apparent first
order reaction rate constants (kp,) summarized in Table 1 were de-
termined by exponential curve fitting to the experimental data.

The photocatalytic experiments using the powdered gCNy led to an
almost complete removal of all MPs (carbamazepine > isoproturon >
clopidogrel > diclofenac > atenolol > bezafibrate > tramadol >
venlafaxine > fluoxetine) after 10 min of reaction (i.e., after turning on
the LEDs) (Fig. 3b). It is important to refer that the kg, obtained for
each MP hold one to three orders of magnitude compared with the
TiO,, proving the high efficiency of this catalyst under the reaction
conditions used.

Regarding the standard TiO, photocatalyst (Fig. 3c), it is observed
that the conversion is only slightly better that the photolytic degrada-
tion of the MPs. In addition, a different degradation order of
the MPs is observed (clopidogrel > diclofenac > tramadol >
fluoxetine > isoproturon > atenolol > carbamazepine >
venlafaxine > bezafibrate), when comparing with the gCNt material.
The distinct behaviour observed for both catalysts can be expected,
especially by using a real matrix containing naturally occurring inter-
ferences that may act as promoters or inhibitors (such as organic matter
consuming HO' radicals and other oxidizing species; anions acting as
HO'’ scavengers; organic and inorganics species competing for the active
reaction sites, etc.). Moreover, the photocatalytic activity of the TiO,
under the light source used (Anax = 417 nm) can also be explained in
terms of the residual overlap between the absorption spectrum of TiO,
and the emission of the LED (Fig. S3). Obviously, it is not expected that
a wide-bandgap optical semiconductor such as TiO, (Eg~3.14eV)
would be efficient under 417 nm excitation, since UV-light is required
to effectively activate it. Nevertheless, the comparison between the
TiO, (Eg~3.14eV) and the gCNy (E;~2.76 eV) under visible light was
performed based on previous studies using LEDs emitting either in the
UV or visible ranges. In those experiments, the performance of both
TiO, and gCN was evaluated on the degradation of diclofenac as model
compound (Fig. S4). The results demonstrated that even under UV light,
the gCNt material exhibited better performance compared with TiO,,

Table 1
Initial concentration (ng L™1Y and apparent first order reaction rate constant
(kapps min~ 1) for each MP using different treatment processes.

kgpp (X1072 min™")

Compound Initial concentration (ng L™%) VIS gp/ gCNy  VISygp/ TiO,
Atenolol 125 = 1.2 743 = 2.3 1.2 £ 0.1
Bezafibrate 38.7 = 6.0 519 = 1.2 0.5 = 0.0
Carbamazepine 763 = 18 238 = 1 1.1 = 0.2
Clopidogrel 93.2 = 10.7 108 + 2 4.1 = 0.0
Diclofenac 1102 * 31 90.6 = 2.6 26 = 0.1
Fluoxetine 21.7 = 45 27.4 = 45 1.9 = 0.2
Isoproturon 846 = 7.4 110 = 8 1.7 £ 0.3
Tramadol 3930 * 244 44.6 = 3.6 2.0 = 0.3
Venlafaxine 349 + 47 413 = 1.2 0.9 = 0.2
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Scheme 2. Schematic representation of a possible photocatalytic mechanism for the degradation of MPs using TiO, (a) or gCNr (b).

showing the high efficiency of gCNt in both UV and visible ranges.

The efficiency of g-C3N4 based photocatalysts to eliminate organic
contaminants (mostly dyes) is already known from the literature
[19,20,23,24,26,27,29,34,37,39]. In the unique study reported to a
spiked effluent from a UWWTP [35], the photocatalytic degradation of
four model compounds (phenol, atrazine, sulfamethoxazole and car-
bamazepine at 100 pM), under visible illumination (xenon lamp;
A > 400 nm), was attributed to reactive oxygen species and/or con-
taminant-photocatalyst interfacial interactions, depending on the g-
C3N, sample tested. Furthermore, the photocatalytic activity was si-
milar regardless of the realistic matrix tested (water or wastewater),
demonstrating the potential of g-C3N,4 for the treatment of real case
effluents.

Scheme 2 shows the possible pathway for gCNr catalyst compared
with the well-known TiO, [55], generally based from mechanism stu-
dies of model pollutants in aqueous solutions, i.e. considering that the
others constituents present in the UWWTP effluent (organic matter,
nitrates and other inorganics, etc.) do not interfere on the photo-
catalytic mechanism. However, it is important to remark that the
photocatalytic experiments investigating the efficiency of the gCNy
were performed using UWWTP effluent as matrix, which turns the
understanding of the mechanisms occurring and governing the de-
gradation pathway at the catalyst surface much more challenging to
predict.

Concerning the organic matter, no significant changes on the DOC
content of the effluent from the UWWTP were observed before and after
the treatment with both photocatalysts. This is not surprisingly due to
the complexity of the matrix: there are several orders of magnitude of
difference between the concentration of the studied organic MPs (in the
range of ng L™ ! to ug L™ 1) and the DOC content (in the range of mg L~
1
).

3.3. Degradation of MPs in continuous mode using gCNr-coated glass rings

Slurry reactors have as typical disadvantage the need to separate the
catalyst from the treated water, in many cases highly energy-consuming
processes being required. The immobilization of the photocatalyst on a
proper support is seen as a possibility to overcome this drawback in
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heterogeneous photocatalysis. However, there is a price to pay with
immobilization since a decrease in the photocatalytic efficiency must
arise from the fact that the reaction mostly occurs at the catalyst-so-
lution interface and a catalyst dispersed in the matrix maximises the
contact area [56-58]. The application of continuous mode operating
systems, in some cases using immobilized catalysts, was already studied
by various authors [57,59-62].

In order to evaluate the feasibility of gCNt photocatalysis as an
option for application in a real case UWWTP, the removal of the target
organic MPs of the effluent samples was further studied using the gCNr
immobilized on glass rings, under continuous mode operation. Different
residence times (2, 5, 12, 25, 55 min) were tested, as shown in Fig. 4.
Control experiments were done conducting the photochemical de-
gradation of the target organic MPs with uncoated glass rings during
55min of residence time. More significant degrees of removal were
found for clopidogrel, fluoxetine and diclofenac, as also observed for
photolysis experiments in slurry (i.e. batch) mode, reinforcing the idea
that other mechanisms besides direct photolysis affected the removal of
MPs, namely indirect photolysis, photosensitization and/or photo(hy-
drolysis).

When the reactor was loaded with gCNy immobilized on glass rings
and, before switching on the LEDs, the UWWTP effluent was passed
through the reactor to establish the adsorption-desorption equilibrium,
during ca. 9h for the lower flow rate (residence time of 55 min).

Under the photocatalytic process, using gCNt coated glass rings
after approximately 27 h at the highest residence time (55 min), the
photocatalyst maintained its activity leading to identical removal effi-
ciencies. Similar results were obtained for the residence times of 25 and
55 min, suggesting that residences times higher than 25 min will not
significantly enhance the removal efficiencies of these MPs, probably
due to limitations with the effectively irradiated active sites. For lower
residence times, these efficiencies decreased, as expected due to the
shorter contact between the organic compounds and the semi-
conductor.

Quite lower removals were obtained in continuous mode operation
in comparison with the slurry (batch) system. As an example, nearly
complete removal of the MPs was obtained in batch mode after 10 min
(Fig. 3b), whereas the following removal efficiencies were obtained in
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Fig. 4. Removal (%) of the MPs found in UWWTP effluents, after treatment by photolysis, adsorption and photocatalysis using gCNt immobilized in glass rings under
continuous mode operation for different treatment residence times. Experiments were performed in continuous mode (useful volume of 31.5mL) with four LEDs,
packing the reactor with 115 gCNy-coated glass rings. LEDs were switched on after the adsorption-desorption equilibrium was established (UWWTP effluent was
passed through the reactor during ca. 9h for the lower flow rate (residence time of 55 min)). The samples were withdrawn after the steady state was achieved.

continuous mode for a residence time of 5min (equivalent treatment
time of 10 min in batch mode): atenolol (= 10%), bezafibrate (= 20%),
carbamazepine (= 20%), clopidogrel (= 60%), diclofenac (= 25%),
fluoxetine (= 20%), isoproturon (= 20%), tramadol (= 20%) and
venlafaxine (= 20%). This finding was expected since the catalyst-so-
lution interface decreases when using gCN coated glass rings. Again, in
what concerns to the amount of organic matter, no significant changes
on the DOC content were verified for all the tested residence times, by
the same reasons given previously for batch mode. The application of
coated-materials requires more treatment time for the effective de-
gradation of pollutants due to the lower area of catalyst per unit of
volume, when compared to the use of powder suspensions. However,
some practical problems arising from the application of powder pho-
tocatalysts are avoided, such as the catalyst separation from the treated
water.

The photocatalytic treatment under continuous mode using gCNt
coated glass rings to remove MPs from the effluents of UWWTP is
nevertheless possible, but still a challenging technological solution.
Further research is needed regarding the optimization of several para-
meters, such as the length of the column, the amount of catalyst im-
mobilized on the support, the size and number of gCNyt-coated glass
rings per unit volume, and the light distribution in the reactor, aiming
to increase the process efficiency in continuous mode operation.

3.4. Phytotoxicity measurements

The phytotoxicity was assessed using the PHYTOTOXKIT micro-
biotest (MicroBioTests Inc.), according to the standard operating pro-
tocols for three plant species (ie. Sorghum saccharatum, Lepidium
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sativum and Sinapis alba). The samples from the UWWTP before and
after treatment by photocatalysis (using both TiO, and gCNr), did not
inhibited the germination of seeds (results not shown).

4. Conclusions

The heterogeneous photocatalysis of MPs in real case effluents of
UWWTP was successfully achieved under visible light activation.
Among the target MPs found in the UWWTP effluent, the gCNt pho-
tocatalyst showed significantly higher removal rates than the bench-
mark TiO,, which can be explained by the suitable E; and good redox
ability of the photogenerated carriers.

Complete removals (to values bellow the limits of quantification)
were found in ca. 10 min of slurry photocatalytic treatment using gCNt
as catalyst. Moreover, only 5min were enough to eliminate atenolol,
carbamazepine, clopidogrel and diclofenac. As expected, lower effi-
ciencies were observed for the removal of these MPs when the photo-
catalytic treatment was performed under continuous mode employing
gCNt immobilized on glass rings. Nevertheless, this strategy is im-
portant, considering the cost of separation processes and energy re-
quirements for the recovery of the photocatalyst, prior to water reuse or
discharge.

The present work showed the potential of gCNt used in conjunction
with visible LEDs to remove several organic MPs present in actual ef-
fluents from UWWTP. This can be relevant to the reduction of MPs in
UWWTPs, or in other end-of-pipe solutions. It is however clear that
parallel to the development of treatment solutions to minimize the
impact of MPs on the environment, further optimization is needed.
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