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Emerging contaminants in the environment are a matter of concern due to their widespread use and continuous
disposal without proper treatment. Conventional treatments in sewage treatment plants (STPs) are not able to
completely eliminate them, resulting in the presence of these compounds in several environmental matrices.

g;i‘:vs:z d solutions Therefore, exploring and adding technologies to reduce or avoid the disposal of these compounds in the envi-
Toxicity ronment is necessary. This study aimed to use the solar photo-Fenton process combined with a partially saturated

bottom vertical flow constructed wetland (VFCW) to remove ketoprofen (KET) from anaerobic effluent (sewage
+ landfill leachate) post-treated by a real-scale upflow anaerobic sludge blanket (UASB) reactor. The combined
constructed wetland + solar photo-Fenton in pH 3.0 (CW + SPF3) and constructed wetland + solar photo-Fenton
in pH 6.0 (CW + SPF6) systems showed high efficiency in degrading KET, achieving removal rates of 97% and
95%, respectively. The systems also showed efficiency in removing conventional parameters such as COD,
BODs 50, and turbidity. In addition to having a lower cost, only the combined CW -+ SPF6 system was able to
eliminate toxicity for Artemia sp. and Lactuca sativa (TU < 0.4). The solar photo-Fenton process and constructed
wetlands have proven to be compatible technologies. This combination resulted in an innovative and effective
method for wastewater treatment systems containing emerging contaminants. The use of new technological
arrangements for the treatment of sewage and effluents, such as constructed wetlands (CWs), which are nature-
based solutions, and environmentally sustainable advanced solar oxidation processes, establish a NEXUS
concept, promoting the circular economy.

Design of experiments

1. Introduction

Due to advances in the development of more sensitive analytical
techniques, emerging contaminants, such as pesticides, microplastics,
pharmaceutically active compounds, personal care products, and
endocrine disruptors, among others, have been detected in air, soil, and
water, usually at concentrations in the nanograms per liter (ng L)
range [1]. Improper disposal of these contaminants, especially phar-
maceutically active compounds, poses a risk to the ecosystem even at
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low concentrations due to their mutagenic and carcinogenic potential
[2,3]. Ketoprofen is a widely used drug in the treatment of rheumatoid
arthritis and pain relief. Its presence in sewage treatment plants (STPs)
has been detected at concentrations of 1000 ng/L [4,5].

The main ingress of emerging contaminants into the environment
occurs through the discharge of wastewater effluents from sewage
treatment plants (STPs) [6], as they cannot remove these micro-
pollutants. Therefore, the use of new technological arrangements for
sewage and effluent treatment, such as constructed wetlands (CWs),
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which are nature-based solutions (NbS), and advanced oxidation pro-
cesses (AOPs) is necessary as a complementary treatment to the
commonly used technologies that do not have such capacity [7,8].

CWs and AOPs are usually investigated separately as processes for
the removal of contaminants in STP effluents [9,10]. CWs are used to
remove contaminants such as organic matter and nutrients through
biological processes [11-13], while AOPs are advanced, non-selective
technologies used to degrade and mineralize organic compounds
resulting in smaller molecules, via free radicals, such as hydroxyl (HO*)
[14-16]. A combined system of CWs and AOPs aiming for the treatment
of urban wastewater would allow the use of both systems advantages for
more efficient and complete pollution control. CWs have high efficiency
in removing solids, turbidity, and organic matter [17,18], facilitating
the absorption of solar irradiation by AOPs in the removal of emerging
pollutants [19,20].

Although there are still no studies on CW + AOP in a real scale, a
pilot-scale study that used a combined process of biological filtration
and ozonation demonstrated high performance in the removal of con-
ventional contaminants, with chemical oxygen demand (27.8 mg L™%)
and total nitrogen (9.9 mg L.™1) concentrations in the final effluent in
compliance with local legislation limits (Beijing, China) for water reuse
[21]. A study in 2020 [22] used a combination of horizontal flow con-
structed wetlands (HFCW), on a laboratory scale, and advanced oxida-
tion processes (AOPs) to investigate the removal of some pharmaceutical
compounds and found that the highest removal efficiency of the con-
taminants diclofenac (DCF) (90%) and carbamazepine (CBZ) (85%) was
obtained when HFCW and solar photo-Fenton process (SPF) were
studied as combined systems.

A combination of natural technologies and advanced treatment
processes can provide a valuable alternative for the removal of micro-
pollutants. However, there are still no consolidated studies on the use of
partially saturated flow constructed wetlands combined with the solar
photo-Fenton process. This is a newer variation of a NbS especially with
integrated monitoring of physicochemical analyses, emerging contami-
nants, and ecotoxicity. NBSs, like CWs, combined with advanced tech-
nologies such as AOPs, can be promising for treatment aiming for
effluent with quality and safe reuse, including the recovery of resources,
especially nutrients.

The SPF process stands out among AOPs, as they are efficient for the
oxidation of emerging contaminants (ECs), and environmentally sus-
tainable. The oxidation efficiency of the system is enhanced by the extra
generation of HO* from the photolytic reduction of the Fe(OH)?* com-
plex to Fe?* (Eq. (1)) [23,24]. The Fe>* /Fe* catalytic cycle is improved
by the photolysis of Fe>* complexes with carboxylate intermediates (Eq.
(2)) [25,26]. Then, Fe®* reacts with H20; producing Fe3+, OH™, and
HOr, closing the catalytic cycle (Eq. (3)). The process has been widely
studied at the optimum pH for the photo-Fenton reaction (pH 2.5-3.0)
[27-30], however, the low pH makes the reuse or even proper envi-
ronmental disposal in nature (soil or water) unfeasible.

Fe(OH)** + hv — Fe?* + HO* @
Fe(OOCR)** + hv — Fe** + CO, + R* (2
Fe’* + Hy,0, — Fe** + OH™ + HO* 3)

Studies have been advancing in neutral pH treatment to overcome
the costs associated with large-scale acidification and neutralization
[31,32]. One possibility to overcome this disadvantage is the use of
biodegradable and non-toxic organic ligands of low molar mass that
form complexes with iron (Eq. (4)), increasing the operating pH range to
almost neutral [33,34].

[Fe**. L] + hv — [Fe**. L]* —» Fe?t 4 L* 4

Therefore, the use of chelating agents that prevent the precipitation
of iron, in the form of Fe(OH)s, at nearly neutral pH, has been gaining
increasing attention and, among them, citrate (Cit) stands out. Citrate is
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biodegradable, can be reused from waste originating from natural
products, and its use is considered safe for the environment [35,36].

The use of these advanced processes may result in the generation of
toxic and/or more toxic compounds than the initial samples [37,38].
Therefore, in addition to the evaluation of routinely investigated phys-
icochemical parameters, ecotoxicological analyses should be performed
[39]. When investigating the elimination of toxicity, complete miner-
alization is not necessary, which consequently reduces the costs of
applying these processes on a real scale.

In this work, the main novelty is in the use of a combined system of
vertical flow constructed wetlands and solar photo-Fenton process at
optimal pH (3.0) (CW + SPF3) and near neutral pH (6.0) (CW + SPF6)
for the degradation of ketoprofen and mineralization of organic matter
in real-scale wastewater treatment plant effluent. Design of experiments
and a compound parabolic collector (CPC) as a solar photoreactor were
used. The physicochemical parameters and toxicity in Artemia sp. and
Lactuca sativa were evaluated in the treated effluents.

2. Materials and methods
2.1. Study location and effluent sampling

The effluent was collected from the outlet of a vertical flow con-
structed wetland (VFCW) that receives effluent from the upflow anaer-
obic sludge blanket (UASB) reactors at the Los Angeles sewage treatment
plant (STP), located in the city of Campo Grande, capital of the state of
Mato Grosso do Sul, Brazil, with latitude 20°39'27.27’S and longitude
54°50'52.36"W. The main treatment at STP Los Angeles consists of 10
UASB reactors with an operating capacity of 1100 L s ™%, responsible for
treating about 90% of the effluent generated by the municipality,
including drainage and sewage, as well as leachate produced by the
municipal landfill with an average flow rate of 5.05 L s~*, correspond-
ing, throughout the day, to 1.0% of the total effluent. The treated
effluent is released into the Anhandui river (classification IV;[40]).

Ketoprofen (KET; 25 mg L) was added to the inflow of the VFCW,
mixed in a reservoir, with the volume of one pulse (+190 L), plus the
dead volume below the suction pump (+110 L), totaling 300 L. The
amount of the drug in mg L™} was added to allow the study of degra-
dation and mineralization, due to the detection limit of the technique
used, such as Total Organic Carbon analyzer (TOC) and High-
Performance Liquid Chromatography (HPLC).

After 7.2 h (0.3 days) from the start of feeding, the effluent was
collected and stored at 4 °C. The experiments in the solar reactor were
conducted from 11 a.m. to 1p.m. (the period with the highest solar
incidence) at the Federal University of Mato Grosso do Sul, Brazil
(latitude 20°50'57.54"S and longitude 54°61'72.21"W). The graphical
summary of the procedures performed is shown in Fig. 1.

The average annual temperature was 24.5 °C, with a relative hu-
midity of 69%, and tropical climate, with sun throughout the period.

2.2. Physicochemical characterization of effluents

Physical and chemical analyses were carried out according to the
methods and techniques described in the Standard Methods for the Ex-
amination of Water and Wastewater [41]. The physicochemical char-
acteristics of the effluents are summarized in Table 1.

2.3. Partially saturated vertical flow constructed wetlands operational
conditions

The vertical flow constructed wetland (VFCW) was planted with
Typha domingensis, with a surface area of 12 m? and a total height of 85
cm, with the last 40 cm saturated with sewage. The filtering medium
consisted of 40 cm of sand, with a free surface layer of 5 cm for appli-
cation of the effluent and prevention of overflow due to possible clog-
ging, a layer of 25 cm of gravel (5 to 10 mm) on the surface to prevent
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Fig. 1. Graphic scheme of the combined CW + AOP system (Solar Reactor).

Table 1
Physicochemical characteristics of the effluents studied.
Parameters Raw SW VFCW Release limits ~ Methods
Sewage standard**
Temperature 26.6 + 27.2 + 279 + <40°C -
Q) 4.4 4.4 3.9
pH 7.4 + 7.0 + 6.4 + 6.0-9.0 4500B
0.1 0.2 0.4
Turbidity 117.5 + 28.5 + 49 + - 2130B
(NTU) 17.08 12.0 1.8
TOC (mg LY 181.65 127.35 58.94 - NPOC
+ 0.34 + 0.43 +0.92
COD (mg LY 754.6 + 338.5 + 84.3 + - 5220B
59.73 8.0 42.3
BOD (mg L™ 333.8 £ 68.9 + 20.3 £ <120 5210B
30.78 40.0 3.3
TN (mg LY 127.7 + 21.1 + 39+ - 4500C
15.87 3.2 2.3
NO; (mg L’l) 0.023 + 2.4+ 23+ - 4500B
0.005 1.3 2.4
NO3 (mgL™) 20+ 2.8+ 45+ - 4110B
0.25 0.8 1.2
N-NHj; (mg 76.0 £ 4.4 + 24 + 20 4500B and
LY 5.14 1.2 1.3 C
TP (mg L) 7.9+ 4.4+ 1.0 + - 4500 B5
0.79 0.9 0.5 and 4500
E
TS (mg LY 756.8 £ 674.0 £ 550.1 - 2540B
120.06 122.7 +92.1
Fe (mg LY 2.8 + 1.3+ 0.28 + 15 3030 E
0.006 0.002 0.06 and 3111B

*n = 14 samples; (+) standard deviation; Raw Sewage = UASB reactor inlet
effluent; SW = UASB post-reactor effluent; TOC = Total organic carbon; COD =
Chemical Oxygen Demand; BOD = Biochemical oxygen demand; TN = total
nitrogen; N-NH4 = ammonium nitrogen; TP = total phosphorus; TS = total
solids; NPOC = non-purgeable organic carbon;

**Release limit values in class IV river [40]. There are no limits for turbidity,
TOC, COD, TN, NO3, NO3, TP and TS in Brazilian legislation for class IV rivers.

erosion, and 20 cm of gravel (5 to 10 mm) at the bottom, operating in a
downward flow, hydraulic loading of 128 mm d !, 8.8 (+5.1) gBOD m 2
d1, and 43.3 (+1.0) gCOD m~2 d™! of post-treated sewage from the
UASB reactor of the sewage treatment plant (STP).

2.4. Hydrodynamic characterization of partially saturated bottom
vertical flow constructed wetland (VFCW)

2.4.1. Tracer test

The objective of the tracer test was to verify the behavior of fluids in
the VFCW and find the peak time (pt) of the tracer. The pt corresponds to
the time of collection at which there would be the highest concentration
of the ketoprofen (KET) drug in the constructed wetland (CW) effluent.
To read the salt concentration in the effluent (Fig. Al, see Supplemen-
tary material), a conductivity meter (Instrutherm mod. CD-850 Portable
Digital) was used. The detailed procedure is described in the

Supplementary Material and was carried out as described in [42-44].
2.5. Solid-phase extraction (SPE)

Samples of raw effluent, effluent from the vertical flow constructed
wetland (VFCW), KET standard solution, and blank ultra-pure water
(purified water in a reverse osmosis system with a resistivity<18.2 MQ
cm (Gehaka, Sao Paulo, Brazil) were eluted in Strata C18-E cartridges
(55 pm, 70A; 500 mg/6mL; Phenomenex), as described in [45]. The
cartridges were connected to a Manifold vacuum system (Phenomenex),
the tests were performed in triplicate, and the samples obtained were
analyzed by high-performance liquid chromatography (HPLC).

2.6. KET degradation procedures by combined constructed wetland and
solar photo-Fenton process (CW + SPF)

8L of vertical flow constructed wetland (VFCW) effluent (Fig. 2a)
containing H,0, and Fe?t (FeSO4-7H20) at pH 3.0 (CW + SPF3) and/or
H,0,/Fe®"/Sodium citrate at pH 6.0 (CW + SPF6), was pumped from a
20L reservoir tank into borosilicate tubes (internal diameter 28 mm,
length 851 mm, thickness 4 mm, with a total illuminated area of 0.2248
m?) of the solar reactor (Fig. 2b). The reactor was oriented with a 15°
inclination towards the east and continuously recirculated by a recir-
culation pump (Dancor, CP-4R, 1/4 hp M) operating at a constant flow
rate of 180 L min~!, determined using a flow meter, for a duration of
120 min [46,47]. The ferric citrate complex was formed in situ by
adding sodium citrate (NagCeHsO7) to the effluent, followed by the
addition of ferric chloride [14]. The quantities of HyO,, Fe?>/Fe3*, and
sodium citrate varied according to Table A1 and Table A2 (see Supple-
mentary Material). In all experiments, the initial pH was adjusted with
HS04 (0.1 mol/L) when necessary, and HyO5 (30% v/v) was added only
at the beginning of the procedures. The temperature was kept below
35 °C in all experiments. The accumulated energy (Q.y) was calculated
(equation A.1, see Supplementary Material) [48], and the solar radiation
dose (SRD) was measured during the experiments using a digital lux
meter (AKSO, AK310) and converted to W m~2 with an appropriate
conversion factor (1 Lux = 0.0079 W m~2) [49,50].

After treatment, the samples were evaluated for physicochemical
parameters, toxicity, total organic carbon (TOC), and KET concentration
decay by HPLC. Immediately after each assay, the residual HyO, con-
centration was measured using peroxide analytical test strips (Colori-
metric Test Strips Method, 1-25 mg L1, Merck), and the concentration
was<0.5 mg L™ in all experiments.

2.7. Experiment optimization using Statistical design of experiments

For the removal of KET in the vertical flow constructed wetland
(VFCW) effluent by solar photo-Fenton process at pH 3.0, a central
composite design (CCD) with two axial points and a central point was
applied to investigate the variables that influenced KET degradation and
organic matter mineralization. Therefore, the concentration of HyO2 and
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851 mm, @ 28mm

Fig. 2. Schematic representation of the Constructed Wetland (a) and the Solar Reactor (b) used in the experiments.

FeZ* jons were chosen as independent variables (Table A1, see Supple-
mentary Material), with a solar irradiation time of 120 min. Eleven
experiments with triplicates at the central point were randomly gener-
ated using Statistica StatSoft software version 10. The range of limits
applied for the two studied variables was chosen based on previous
laboratory tests.

After optimizing the Fe?™ and H,0, variables, a second experimental
design model was applied using a 22 factorial design with the addition of
a central point. The Fe>*:Citrate ratio and the HyO, concentration were
selected as independent variables (Table A2, see Supplementary Mate-
rial), and the pH was adjusted to 6.0. The significance of each model was
identified using the p-value (p < 0.05). Statistical validation was ob-
tained through analysis of variance (ANOVA) with a confidence level of
95%.

2.8. Acute toxicity assays

2.8.1. Lactuca sativa

Untreated Lactuca sativa seeds (cultivar Aurelia; 95% germination
rate; Topseed brand; Lot no. 065044) were used for phytotoxicity assays.
The assay was conducted following [51,52], and detailed procedures are
described in the Supplementary Material.

2.8.2. Artemia sp

The acute ecotoxicity assay was performed according to the ABNT
NBR 16530:2016 Brazilian standard. The results were expressed in toxic
unit (TU) [53]. The ecotoxicity tests are described in detail in the Sup-
plementary Material.

3. Results and discussion
3.1. Experimental design and optimization studies

3.1.1. Central composite design (CCD) for the combined constructed
wetlands and solar photo-Fenton at pH 3.0 (CW + SPF3)

A CCD 22 with triplicates at the central point was applied to deter-
mine the influence of variables and experimental conditions that most
affect the degradation of ketoprofen in the combined CW + SPF3
process.

The central points (20.00 mg L1 of Hy05 and 9.00 mg L™! of Fe?™)
(Table A3, see Supplementary Material) exhibited the best reaction
conditions, achieving higher mineralization removal (35.9 + 1.3%) and
degradation rates (96.7 + 0.64%) for the combined CW + SPF3 system
within 120 min of the experiment, with solar radiation dose of SRDyy =
58.20 Wm ™2, consuming accumulated energy of Quy = 3.8 kJyy L L ata
95% significance level.

Critical values for reaction optimization were calculated using Sta-
tistica 10 software, generating the following values: 22.58 mg L™ of
H20; and 9.61 mg L~ of Fe* for the % mineralization, and 24.72 mg
L7! of HyO, and 10.44 mg L' of Fe?* for the % degradation. These
values are very close to the values used in this work for the central

points, indicating a good fit of the mathematical model to the experi-
mentally used variable concentrations.

When comparing assay 6 with the central points (Table A3, see
Supplementary Material), it is observed that increasing the HyO, con-
centration leads to a decrease in the % degradation and % mineraliza-
tion. This indicates that there is a limit to the increase of the oxidant
concentration to prevent the recombination of hydroxyl radicals due to
an excess of hydrogen peroxide.

Excessive peroxide can generate competitive reactions that produce
an inhibitory effect on degradation. High concentrations of Hy02 can
react with HO* and form the weaker oxidants, HO5 and Oy*. The HO5*
that was produced react with HO* and form water and oxygen and
dimerized to HyO5 [54]. The HO* radicals are prone to recombine or
react according to Egs. (5)-(8):

HO* + H,0, —» HOy* + H,0 (5)
HO»* + H,O, — HO* + H,O + 05 (6)
2HO,* —» H,0;, + 0, 7
HOy* + HO* — H,0, + O, (8)

Reactions (5) and (8) consume HO* and decrease the oxidation
probability. It is important to determine the optimal amount of Hy05 to
avoid an excess that may influence the degradation efficiency.

In Fig. 3a, the quadratic variables (Q): [Fe?*] and [H505], and the
linear variable (L): [H20], were statistically significant (p < 0.05). This
indicates that the process optimization is strongly dependent on these
variables. In this model, the values of Fe*™ and H,0, are negative,
indicating that mineralization is favored at lower concentrations of
these variables.

The observed values (blue dots) and the predicted values (red solid
line) are presented in Fig. 3b and 5b for the responses: % mineralization
(R? = 0.9492 and adjusted R? = 0.8984) and % KET degradation R? =
0.9768 and adjusted R% = 0.9535), respectively. The observed values are
close to the linear behavior. The adjusted R? value of the model is close
to the observed R? value for both responses, indicating that the model
was statistically satisfactory [55,56].

The empirical mathematical models for the efficiency of % miner-
alization (%MIN) (Eq. (9)) and % degradation (%DEG) (Eq. (10)) were
generated based on the estimated regression coefficients, considering
the variables and their mutual relationships.

%MIN = 46.66 + 4.23%[Fe’*] - 0.09%[Fe>1? + 7.40*[H,0,] — 0.38*[H,0,>
— 0.002*[Fe**[H,0,]. 9

%DEG = 61.55 + 8.65%[Fe’*] — 0.21%[Fe’*1? + 10.79*[H,0,] — 0.70*
[H,05 + 0.16*[Fe’*]*[H,0,]. (10)

To enhance the understanding of the behavior of the significant
variables, three-dimensional response surface graphs (Fig. 4a) and
contour graphs (Fig. 4b) were generated between the variables [H202]
and [Fe®t]. It can be observed that when using about 20 mg L1 of
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[H202], a maximum of 8 to 10 mg L7 of Fe?' is necessary. As the
concentration of Fe*" or H-0- is increased or decreased, there is a
decrease in % mineralization. This effect of increasing concentrations
may be related to competitive reactions that consume the HO* radical,
which is primarily responsible for the oxidation of organic molecules
[57,58]. In Fig. 4a and 4b, it was observed that the experimental points
(blue dots) fell within the region of higher % mineralization (red re-
gion), indicating that the experiments were adequate in this model.
Domestic wastewater is a complex matrix containing Cl~, NO3, NO3,
CO%_, and HCOj3 ions, among others. Like C1, NO3 and NO; eliminate

[Fe](Q) _-9.76
[H>0,](Q) _-8.03
(1) [H,0,])(L) Ims

(2) [Fe*')(L) 3.55

(IL)*(2L) 3.08

(a)

p=0.05
Standardized Estimated Effects

hydroxyl radicals from the solution, decreasing the efficiency of the
process (Egs. (11) and (12)).

HO +Cl" 2CIOH™ 2Cl' + HO™ an

CIOH ™ +H"2CIOH,2CI + H,0 (12)

These species can interfere with the efficiency of the process by
initiating chain reactions with HyO9, which occurs through the recom-
bination of hydroxyl radicals (Egs. (5)-(8)) [59,60].

For KET degradation in the effluent, all quadratic (Q) and linear (L)

Predicted Values

S

- (b)
60 70
Observed Values

80 90 100 110

Fig. 5. Pareto chart (a) and Predicted vs. Observed values (b) of the variables’ effects and their interactions on KET degradation.
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variables, namely [Fe**] and [H505], as well as the interaction between
Fe?" and Hy0,, were statistically significant (p < 0.05) (Fig. 5), indi-
cating that all variables should be considered in the treatment
optimization.

In Fig. 6a and 6b, the response surface graphs, and contour curve are
presented, respectively, constructed from the interaction between the
variables [Fe?>"] and [H20-]. It is possible to observe the interaction and
inhibitory effect as the concentrations of Fe?t and H,0, increase or
decrease. The interaction between Fe?* and H,05 exhibited a synergistic
behavior for the percentage degradation of KET. It was also observed
that there is a limit to the increase in hydrogen peroxide concentration,
as increasing the concentration above 20 mg L ™" results in a decrease in
the percentage degradation, as seen in experiment 6 (Table A3, see
Supplementary Material).

Similarly, by keeping the H,O, concentration at 20 mg L™! and
increasing the Fe?* concentration, both the percentage of mineralization
and of degradation decrease. This indicates that the degradation and
mineralization rates are highly dependent on the concentrations of Fe?*
and Hy0, [59,61], which are increased up to an optimal value, espe-
cially due to the formation of HO* radicals. However, any further in-
crease may lead to a reduction in the efficiency of KET mineralization
and degradation due to secondary reactions that consume the HO*
radicals. Higher doses of hydrogen peroxide have an inhibitory effect on
KET degradation.

3.1.2. Factorial experimental design for the combined constructed wetlands
and solar photo-Fenton system at pH 6.0 (CW + SPF6)

After optimizing the Fe?* and H,0, variables obtained from the
previous CCD at pH 3.0, a new 22 factorial experimental design with
triplicate at the central point was performed for the combined CW +
SPF6 process. With a solar radiation dose of SRDyy = 56.97 + 1.66 W
m~2, the process consumed an average accumulated energy of Quy =
3.69 + 0.11 kJyy L’l, where the 1:3 ratio of [Fe>*:Citrate] complex
showed high KET degradation efficiency (95 + 0.20%) and organic
matter mineralization (39.0 + 0.65%) (experiment 4, Table A4, see
Supplementary Material).

A pareto chart was built for mineralization (Fig. 7a). The [Fe3T:Cit-
rate] ratio was the most statistically significant variable, and the inter-
action between HyO5 and [Fe3*:Citrate] was considered significant (p <
0.05).

In Fig. 7a, the significant interaction [Fe**:Citrate] x Hy05 showed
synergy between the variables. This effect can be observed in experi-
ment 4 (Table A4, see Supplementary Material), where higher values of
these variables resulted in a higher percentage of mineralization. The
opposite effect can be observed in experiments 2 and 3, where a decrease
in the value of one of these variables led to a decrease in the percentage
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of mineralization.

Fig. 7b presents the plot of predicted values versus observed values.
The blue points represent the experimental data, which closely follow
the trend of the predicted values and are close to the red line. This in-
dicates that the experiments were well fitted to the mathematical model,
with R% = 0.9929 and adjusted R? = 0.9859.

Therefore, in order to predict the response functions for the per-
centage of mineralization (%MIN) and degradation (%DEG), the
following Egs. (13) and (14), respectively, were generated from the
estimated regression coefficients, considering the variables and their
mutual relationships.

%MIN = 5.81 + 6.42%[Fe:Citrate] — 0.50%[H,05] + 0.32*[Fe:Citrate]*[H,0,]
(13)

%DEG = 38.35 + 14.05*[Fe:Citrate] — 0.56*[H,0,] + 0.36*[Fe:Citrate]*
[H20,] 14)

In Fig. 8a and 8b, the three-dimensional response surface and con-
tour graphs are presented, respectively, showing the interactions be-
tween the variables [HO5] and [Fe3+: citrate]. It can be observed that
increasing the Fe3*:Citrate ratio significantly increases the percentage of
mineralization. This effect is attributed to the reaction between H505
and the ferric citrate complex, as well as the pH of the solution, where
the amounts of HyO, and the Fe®':Citrate ratios determine the con-
centration of reactive oxygen species in aqueous solutions, therefore
affecting the photodegradation of compounds [62].

In Fig. 9a, the Pareto chart for the percentage degradation response
variable, all variables were important for the process, but the Fe3*:Cit-
rate ratio was the most significant one. The ferric complex enables the
reaction at near-neutral pH due to its higher quantum yield of Fe?*
generation (®Fe?t = 0.28 at 366 nm for Fe3*: citrate) [32], which
promotes the consumption of HyO,, generating HO* radicals more
rapidly.

In Fig. 9b, the graph of predicted values versus observed values is
presented. The blue points represent the experimental data and follow
the trend of the predicted values, closely aligning with the red line. This
indicates that the experiments are well-fitted to the mathematical
model, with an R? of 0.9987 and an adjusted R? of 0.9974. The Fe>':
Citrate ratio was also the most statistically significant independent
variable. All variables showed positive values, indicating that the
degradation percentage is favored by increasing their concentrations.
There was a synergistic effect observed in the significant interaction
between Fe3*:Citrate and H,05 (Fig. 10).

The degradation of KET through the CW + SPF6 process significantly
decreased when Fe®*:Citrate was used in the lowest ratio (1:1), as shown
in assays 1 and 3 (Table A2, see Supplementary Material). The efficiency
of this process increased when the molar ratio of Fe®':Citrate was
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Fig. 6. Response surface graph (a) and contour curve (b) of the variables effects and their interactions on KET degradation.
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Fig. 9. Pareto chart (a) and Predicted vs. Observed Values (b) of the variables effects and their interactions on KET degradation.

adjusted to 1:3. These conditions prevented the precipitation of iron as
iron hydroxides and avoided citrate competition for hydroxyl radicals
[63]. The degradation of KET through the combined CW + SPF6 process
in the presence of the ferric citrate complex can be attributed to the
photoactivity of the Fe®*:Citrate species, which generates Fe?* with a
relatively high quantum yield. At higher pH, the dominant species is
Oy, favoring the formation of H,O5 and consequently HO*. Therefore,
the optimized conditions were as follows: Fe®*:Citrate (1:3); [H20-] =
30 mg L™!; SRDyy = 56.97 W m™%; Quy = 3.69 kJy, L™}; pH = 6.0 for a
120 min experiment.

Solar radiation in the photo-Fenton reaction has been used to in-
crease the percentage of degradation of organic compounds [64-66]. In

Table 2, some studies that used combined systems with solar photo-
Fenton are selected.

Studies at pH levels below 5 (classic photo-Fenton) conducted by
researchers [66-68] (Table 2) employed combined photo-Fenton sys-
tems. In the study carried out by [68], the combination was accom-
plished with a nanofiltration step, whereas [66] and [67] used
immobilized biomass reactors (IBR). The study [67] is noteworthy for
demonstrating the application of classic photo-Fenton (pH 2.6—2.8)
combined with IBR for the removal of nalidixic acid (NDX) from in-
dustrial effluent. The authors achieved 100% degradation of NDX within
190 min and 90% mineralization within 400 min. The pH adjustment
and time led to additional costs due to the need for chemical reagents to
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Fig. 10. Response surface graph (a) and contour curve (b) of the variables effects and their interactions on KET degradation.

first adjust the pH to acidic values and subsequently correct it to
neutrality. Furthermore, it is important to observe that the amount of
iron ion (Fe*", 20 mg L) utilized in this study [67] significantly
exceeded the disposal limits set by regulations, resulting in extra costs
for pollutant removal. In our study, the allowed limits of Fe?" as defined
by regulations were adhered to. Moreover, the effluent’s pH is close to
neutral, without the need for prior pH correction, which translates to
lower effluent treatment expenses. Other studies, such as [34] and [70],
also achieved high degradation rates under nearly neutral conditions
and pH 5-6, respectively, using the chelating agent EDDS for iron.
Although EDDS is highly effective as a metal chelator, it is a synthetic
compound not produced on a large scale, non-biodegradable, and
expensive. Sodium citrate, employed in this research, is considered
sustainable, has reduced cost, and is biodegradable, obtainable from
natural sources like citrus fruits. In the study [22], it was not clear how
the researchers managed to prevent iron precipitation while working at
the natural effluent pH without the addition of chelating agents. It is
essential to mention that this study [22] was conducted on a laboratory
scale.

Our study stands out among the other studies in Table 2, as it is the
only one that employed a combined system of constructed wetlands and
solar photo-Fenton at a real scale, at near-neutral pH, with efficient
removal of the pharmaceutical compound Ketoprofen, in a shorter
experimental time, and with lower accumulated energy (Qy). Addi-
tionally, the optimization through experimental design, the assessment
of physicochemical parameters, and the evaluation of toxicity in two
bioindicators also differentiate this work from previously published
studies, providing greater reliability in the results obtained for the po-
tential reuse of the treated effluent.

The toxicity studies carried out by the authors highlighted in Table 2
were not carried out in Artemia sp. and Lactuca sativa, which were the
focus of our work. In our study, these bioindicators did not indicate
toxicity for the effluents treated after the combined CW + SPF6 process.

Among the studies presented in Table 2, this research focused on
conducting of environmentally sustainable advanced solar oxidation
processes combined with constructed wetlands, which are Nature-Based
Solutions (NBS). This encompassed the selection of biodegradable and
cost-effective reagents, as well as quantities within the limits established
by Brazilian regulations and near neutral pH, resulting in a treated
effluent free of toxicity and with physicochemical characteristics suit-
able for reuse. This initiative introduces the nexus concept and con-
tributes to the implementation of circular economy principles.

3.2. Performance of the combined systems in the removal of
physicochemical parameters

The combined constructed wetlands and solar photo-Fenton at pH

3.0 (CW + SPF3) and combined constructed wetlands and solar photo-
Fenton at pH 6.0 (CW + SPF6) combined systems were effective in
improving the physicochemical parameters of the treated effluents
(Table 3). The removal performance of chemical oxygen demand (COD)
(86.0% for both treatments), biochemical oxygen demand (BOD) (98%
and 97% for CW + SPF3 and CW + SPF6, respectively), and turbidity
(73.5% and 84.0% for CW + SPF3 and CW + SPF®6, respectively) com-
plied with current Brazilian legislation [72,73], and the combined sys-
tems were more efficient when compared to the individual systems (44%
COD removal, 24% BOD removal, and 75% turbidity removal).

Combined systems have been used to enhance the efficiency of
conventional treatment processes and advanced oxidation processes
[74-76]. Table 3 presents the results of the physicochemical analyzes of
the studied effluents.

3.3. Acute toxicity in Lactuca sativa

Based on the count of germinated seeds and measurements of radicle
growth, the Germination Index (GI %), Effective Concentration (ECsp),
and Toxic Unit (TU) [77,78] were calculated (Table A5, see Supple-
mentary material).

The effluent treated by the CW + SPF6 process showed a GI value
above 80%, indicating the absence of phytotoxic substances. All other
samples had GI values below 80%, indicating some level of phytotoxicity
in Lactuca sativa [78,79]. The GI value of CW + UV (52 + 1.7 %),
considered the blank in this study, did not show a significant difference
compared to the effluent treated only by VFCW (49 + 0.8 %).

The combined treatments CW + SPF3 and CW + SPF6 showed sig-
nificant reductions in phytotoxicity, and the CW + SPF6 treatment was
more efficient in increasing the germination index (%GI) with a differ-
ence 0of<20% between the treatment and control, indicating the absence
of toxic characteristics for Lactuca sativa [52]. These results showed that
no phytotoxic byproducts were generated for Lactuca sativa.

3.4. Acute toxicity in Artemia sp

Acute toxicity testing is usually the first step in toxicity investigation.
Cysts of the microcrustacean Artemia sp. have been widely used because
they are easy to handle and exhibit an acute toxicity response to
persistent pollutants [80]. Toxicity results complement the physico-
chemical analyses and provide information on treatment performance
[81,82].

The combined processes reduced the toxicity of the influent waste-
water in the CW, with CW -+ SPF6 being more efficient in removing toxic
substances, reducing the initial toxicity by 78.90% (Table A6, see Sup-
plementary material) and making the effluent non-toxic (TU < 0.4). The
effluent treated by CW + SPF3 exhibited moderate toxicity (TU between
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Table 2
Research on the degradation of pharmaceutical contaminants by systems combined with solar photo-Fenton process.
Systems Pharmaceutical Aqueous matrix Experimental conditions Best toxicity results Best Total Ref.
contaminants degradation costs
results U$ m—3)

Solar photo Fenton KET Municipal [KET] = 539 — 1090 ng/L Not evaluated 95% Not [67]
combined with wastewater [H205] = 60 mg/L; evaluated
immobilized biomass [Fe?] = 10 mg/L
reactor (IBR) Qu =4kJ/L

pH =28

Solar photo-Fenton NDX Industrial [NDX] = 45 mg/L No toxicity for 100% Not [68]
process combined with wastewater [H205] = 72 mM; Daphnia magna and evaluated
IBR [Fe**] = 20 mg/L Vibrio fisheri

SRDuv = 30 W m~2
190 min
pH=26-28

Solar photo Fenton KET Municipal [KET] = 160 ng/L and 740 —  high toxicity for 90% 1.28 [34]
combined with wastewater 800 ng/L
nanofiltration [H205] = 50 mg/L; Vibrio fisheri and

Daphnia magna
[Fe**] = 0.1 and 0.2 mM
[Fe: EDDS] = 1:2 (molar
ratio)
pH = near neutral

Solar photo Fenton FLU Hospital [FLU] = 500 pg/L e 5 mg/L Not evaluated 58% Not [69]
combined with wastewater [Fe**]1 =5 mg/L evaluated
adsorption processes [H20,] = 50 mg/L

pPH=5

Solar photo-Fenton Mixture of the Urban wastewater [each antibiotic] = 100 pg No toxicity for 95% Not [70]
oxidation followed by antibiotics: AMP. CRT. LY evaluated
adsorption on granular ETM. OFX. SMX. TTC [Fe*'] = 5 mg L™}; [Hy0,] Sorghum
activated carbon (GAC) and TMP =50-100 mg L™ pH = saccharatum,

2.8-2.9; [GAC] = 500 mg Lepidium sativum and

L~!; contact time = 15 min Sinapis alba, and
Daphnia magna

pH = 7.5-8.0

nanofiltration combined CBZ. FMQ. IBF. OFX Natural water [each pharmaceutical] = 15 Not evaluated 95% of the sum Not [71]
with (solar photo- and SMX pg L1 of drugs were evaluated
Fenton. photo-Fenton- [H202] = 25 mg/L degraded
like Fe(II-EDDS [Fe: EDDS = 1:2 in mol
complex and ozonation Quv = 4.8 kJ/L

SRDuv = 30 W m >
pH=5-6

Horizontal constructed DCF CW effluent [DCF; CBZ] = 15 pg/L Not evaluated 92% Not [22]
wetland - Solar Photo evaluated
Fenton coupled system
(laboratory

scale) [Fe?*] = 5 mg/L

[H20,] = 50 mg/L
SRDuv = 33.27 (+7.13) W/
m’Z;
180 min
CBZ pH = natural (7.2-7.3) 86%

VFCW + Solar photo KET Anaerobic effluent [KET] = 25 mg/L No toxicity for 95% 1.80 This

Fenton combined post-treated by [H202] = 30 mg/L Artemia sp. and work

system (real scale)

UASB reactor from
Sewage Treatment
Plant

[Fe: citrate] = 1:3 (molar
ratio)

Quv = 3.69 + 0.11 kJ,, L7t
SRDyy = 56.97 (+1.66) W/
m~2; 120 min

PpH = near neutral

Lactuca sativa

0.4 and 1.0), removing 61.50% of the initial toxicity. Only the CW 4 UV

3.5. Cost analysis

process was not sufficient to remove toxicity, as it increased the toxicity

of the effluent, indicating that UV radiation generated more toxic sub-
stances than those initially present [37,38]. These results are in accor-
dance with [83], which demonstrated a decrease in effluent toxicity
when the photo-Fenton process was applied. Another study that used
solar photo-Fenton reaction at neutral pH with a ferric citrate complex in
a 1:3 ratio showed toxicity reduction, making the effluent non-toxic and
highlighting that the ferric citrate complex did not add toxicity to the

effluent [84].

There are many variables to consider for a cost study, and opera-
tional cost is one of the most common evaluations for comparing tech-
nology costs. Although the calculation of operational costs takes into
account personnel, maintenance, electricity, materials, and services, in
this study, the cost analysis was based only on the effluent treatment
process using the performed processes. Therefore, only the consumption
of electricity and chemical inputs used in each system was considered
[75]. The results are presented in Table 4, considering the consumption
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Physicochemical characteristics of the effluent with 25 mg/L of KET before and after treatments by CW + SPF.

Samples pH Conductivity (mS Turbidity COD (mg/L) BOD (mg/ Mineralization Degradation Efficiency (%)
cm’l) (NTU) L) (%) (%) Turbidity CcOoD BOD
Influent 7.7 + 0.48 £ 0.04 28.50 + 12.01 229.5 + 6.80 95 + 2.20 - - - - -
cw 0.25
VFCW 5.6 + 0.69 + 0.02 7.20 +£1.23 128.0 + 72.5 + - - 74.7 44.2 23.7
0.42 11.31 1.10
Photolysis 6.0 0.79 + 0.05 15.01 + 0.23 96.0 + 6.36 12.5 + 9.7 + 0.015 53.5 + 0.042 47.3 58.2  86.8
0.35
CW + SPF3 3.0 1.42 + 0.16 7.54 + 0.09 32.0 +2.24 2.0 +0.15 35.9 +£1.31 96.6 + 0.58 73.5 86.1 97.9
CW + SPF6 6.0 0.61 £+ 0.04 4.56 + 0.17 32.0 £1.82 2.9 +0.28 39.0 £+ 0.65 95.0 £+ 0.20 84.0 86.1 96.9

COD = Chemical Oxygen Demand; BOD = Biochemical Oxygen Demand; (+) standard deviation; (n = 3) triplicate analysis.

Table 4
Estimates of electrical and chemical costs for the treatments.
Treatment Electrical cost* (U$/m>) Chemical cost (U$/m3) Total cost
(U$/m?)
CW + SPF3 0.064 2.27 2.33
CW -+ SPF6 0.064 1.74 1.80

*Electricity tariff in Campo Grande-MS, Brazil, July/2023: U$ 0.23 kWh.

per 1 m® of effluent treated.

Comparing this study with [34] research (Table 2), which focuses on
a solar photo Fenton combined with nanofiltration system, we note that
the treatment cost was stands at $1.28 per cubic meter, a figure lower
than the $1.80 we obtained in this research. Nevertheless, the solar
photo Fenton combined with nanofiltration approach detailed in [34]
fell short in neutralizing the effluent’s toxicity. Conversely, CW + SPF6
system not only effectively eliminated the toxicity but also curtailed the
physicochemical parameters to levels suitable for effluent reuse, in
accordance with Brazilian regulations.

4. Conclusions

The combined systems used (CW + SPF3 and CW + SPF6) achieved
an average efficiency for KET degradation above 95%, while the
standalone wetland unit achieved removal of 75% of the pharmaceu-
tical. CW + SPF6 (with Citrate ligand) proves to be more advantageous,
mainly because Brazilian legislation allows the discharge of effluents
with a pH between 5 and 9, eliminating the need for a post-treatment
neutralization step, which considerably reduces treatment costs.

The CW + SPF6 system showed a high capacity for the removal of
conventional contaminants such as COD (86.1%), BOD (96.9%), and
Turbidity (84%), resulting in concentrations of 32 mg L™}, 2.9 mg L™},
and 4.56 NTU, respectively, in the final effluent. It also reduced the
toxicity (TU < 0.4) for Artemia sp. and Lactuca sativa.

Therefore, we recommend the use of the combined CW + SPF pro-
cess, using Fe*:Citrate at a molar ratio of 1:3, 30 mg L7 'of Hy0,, pH =
6.0, SRDyy = 56.97 & 1.66 W m ™2, flow rate of 180 L min}, Quy = 3.69
+ 0.11 kJyy L~! for the treatment of anaerobic effluent from UASB
reactors.

The solar photo-Fenton process and constructed wetlands are
compatible methods, and their combination results in an innovative,
effective, economically viable, and practical method for treating efflu-
ents contaminated with emerging pollutants. However, studies in a real
scale, as presented here, are still lacking. Therefore, Nature-Based So-
lutions combined with advanced technologies are promising methods
for the treatment and reuse of water in cities, providing several benefits,
synergies, and cost opportunities in their entirety.
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