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Abstract

This paper describes a study carried out to determine the removal kinetics of four
micropollutants (4-tert-octylphenol (OP), technical-nonylphenol (t-NP), 4-nonylphenol (4-NP)
and bisphenol-A (BPA)) usually found in wastewater streams. The kinetic experiments were
carried out in batch reactors containing the effluent of an Anaerobic Membrane BioReactor
(AnMBR) in the presence of light, oxygen and microalgae. As the degradation process of the
studied micropollutants obeyed a pseudo-first-order kinetics, the second-order kinetics for
each micropollutant was then calculated. The second order rate constants for the hydroxyl
radical (k.on) ranged from 7.0-10%° to 6.6-10%*% L-mol't-min™* and for the oxygen (koz) from 77 to
125 L'-molt-min’. The ko values were significantly lower than the k.ox values, indicating that

the hydroxyl radical is a better oxidising agent than oxygen. However, as the concentration of
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dissolved oxygen was higher than that of the hydroxyl radical, higher oxygen pseudo-first order
rate constants were produced (k’oz, ranging from 0.016 to 0.026 min') than hydroxyl radical
pseudo-first order rate constants (k’.on, ranging from 7.0-10 to 6.6-:10 min), bringing the
degradation process under the control of the oxygen mechanism. The proposed kinetic model
was validated by fitting experimental data from a study of supersaturated oxygen

concentration and showed good correlation for all the studied micropollutants.
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1. Introduction

A number of common micropollutants have been detected in natural environments,
mainly from manufactured products, such as surfactants and pesticides or plastic
reinforcements [1]. As some of these chemicals are able to disrupt the endocrine system they
are known as endocrine disruptor compounds (EDCs) [2]. EDCs are now a global concern due to
their widespread occurrence, persistence, and bioaccumulation, although they can be
removed in wastewater treatment plants (WWTPs) [3, 4]. 4-tert-octylphenol (OP) and
technical-nonylphenol (t-NP) are known as alkylphenol (APs) and both are degradation
metabolites of alkylphenol polyethoxylates (APEOs), used in detergents, paints, and resins,
among other commercial products [5]. APs are more toxic than APEOs because they are more
lipophilic and can spread to humans via the food chain as they accumulate in fish and birds [6].
Although 4-nonylphenol (4-NP) is an alkylphenol, it is not an APEO metabolite, seldom occurs
in the environment [7, 8] and biodegrades faster than OP and t-NP [9, 10]. Bisphenol-A (BPA) is
used to produce epoxy resins and polycarbonate plastics and can interfere in cell division

mechanisms and mimic female oestrogen 173-Estradiol [5, 11].

European Directive 2000/60/EC [12], also known as the Water Framework Directive

(WFD) was designed to protect surface, subterranean, transitional and coastal waters.
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Directives 2008/105/EC [13] and 2013/39/EU [14], amending the WFD, laid down
environmental quality standards (EQS) for priority substances and certain other pollutants,
such as OP, 4-NP and t-NP, and included BPA as a substance subject to be reviewed for
possible identification as a priority substance. The removal of these substances in WWTPs

would therefore ensure the protection of bodies of water that receive wastewater discharges.

Anaerobic Membrane Bioreactors (AnMBR) are considered as a sustainable approach
for organic matter removal in low-strength wastewaters [15]. However, the high nitrogen and
phosphorus concentrations in AnMBR effluents often prevent their being discharged into
aquatic environments without further nitrogen and phosphorus removal. Mixed microalgal
culture systems have been shown to be feasible treatments for nutrient removal from AnMBR
effluents [16]. Besides the aforementioned classical pollutants, priority substances and their
metabolites must now be taken into account when assessing wastewater treatment efficiency
[4, 17]. A previous work [18] assessed OP, t-NP, 4-NP and BPA removal efficiency by means of
microalgae in AnMBR effluent, but provided no information on the removal kinetics. Many
studies on degradation process kinetics assumed simple first-order for OP, nonylphenols and
BPA [19, 20]. However, other authors have created a pseudo-first order kinetics model for

these micropollutants [21] or even a zero-order kinetics in a catalysed reaction [22].

The aim of this research project was thus to determine the removal kinetics of four
micropollutants (OP, t-NP 4-NP and BPA), classified as EDCs, evaluating different parameters
involved in a microalgae wastewater treatment such as light, oxygen and microalgae. The
degradation experiments combining the studied variables were carried out in batch reactors

fed with AnMBR effluent.
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2. Materials and methods

2.1, Reagents, solutions and microalgae culture

4-nonylphenol (4-NP) (CAS Number 104-40-5) and technical-nonylphenol (t-NP) (CAS
Number 84852-15-3) were obtained from Riedel-de Haén (Seelze, Germany). 4-tert-
octylphenol (OP) (CAS Number 140-66-9) and Bisphenol-A (BPA) (CAS Number 80-05-7) were

purchased from Sigma-Aldrich (Steinheim, Germany). All the reagents were of analytical grade.

Acetonitrile was purchased from Sigma-Aldrich (Steinheim, Germany). Pure water was
obtained by means of a Synergy UV purification system purchased from Milli-Q (Millipore,
Billerica, MA, USA). Helium and carbon dioxide were purchased from Carburos Metalicos

(Barcelona, Spain).

The stock solutions of standards were prepared in acetonitrile up to a maximum
concentration of 1000 mg/L. The more dilute solutions were prepared from stock solutions
directly in pure water up to a maximum concentration of 1 mg/L. All the solutions were kept at

4 °C until use.

The microalgae used as inoculum were obtained from the walls of the secondary
clarifier of the Carraixet WWTP (Valencia, Spain) and kept in the laboratory in a semi-
continuous reactor operated at a low retention time (<2d), fed with the AnMBR effluent and
under continuous illumination. PAR was measured in this reactor and gave values between 114
and 198 pE-m2-st, Microalgae from the Chlorococcales order of the Chlorophyceae class were
identified as the main group present, together with cyanobacteria. The medium was adjusted

to pH 7.2-7.5 by CO,.

2.2. Fractional factorial design

The oxygen, light and microalgae parameters (three variables taking part in microalgae

wastewater treatments) were evaluated to obtain the rate law, rate constant and half-life of
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the degradation reaction of each micropollutant studied. The effect of oxygen, light and
microalgae on their degradation rate was tested by a factorial experimental design. The full
factorial design [23] requires all combinations of the studied levels (n) of each of variable (f)
(i.e., n=2; presence (+) or absence (-) of the three studied variables, f=3; oxygen, light and
microalgae). The total number of experiments for the design would be 8 (nf), which
corresponds to three variables (oxygen, light and microalgae) and two levels per variable,
however the eight experiments were reduced to the five shown in Table 1. The experiments
with the microalgae variable and without the light variable were discarded, since microalgae
growth is inhibited under these conditions. Moreover, the experiment without the presence of
any of the three studied variables was considered as a control experiment. No degradation

was observed in this control experiment and therefore it was also excluded from the study.

2.3. Experimental set-up

The kinetic degradation study was carried out in the reaction system shown in Figure
1, which consisted of five Pyrex® batch reactors of 2.0 L of total volume, with the work volume
set at 1.6 L. The reactors were fed with 800 mL of aerated AnMBR effluent (see [15] for a
detailed AnMBR pilot plant description). The remaining 800 mL were filled with raw microalgae
culture for the POM and PM experiments, or 800 mL of pure water for the PO, P and O
experiments. All the experiments were carried out inside a walk-in climatic chamber (Ineltec,
Barcelona, Spain), at 23.5+0.5 2C. The experiments under forced aeration (POM, PO and O)
were aerated and agitated by means of a compressor connected to a diffuser at the bottom of
the reactor. The experiments under non-aerated conditions (PM and P) were agitated at 100
rpm for homogenisation. In the experiment with microalgae culture (POM), a carbon dioxide
stream was used to keep pH between 7.2 and 7.5. The illuminated experiments were
irradiated by four fluorescent 18 W lamps obtaining a photosynthetically active radiation (PAR)

of 135 pE/m?s. A detailed description of the set-up can be found in [18].
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Each reactor was spiked with 5.6, 24.0, 16.0 and 16.0 pg of OP, t NP, 4-NP and BPA,
respectively. The fortification chosen was 5 times the average concentration of the pilot plant

AnMBR effluent for each micropollutant [9].

The average wastewater characteristics of the AnMBR effluent during the studied
period were: 63.6+0.2mg COD/L, 39 +4 mg BOD/L, 46.3+ 0.6mg NH;*-N/L, 6.2+0.2mg PO,*-P/L,
14.3+ 0.3mg S04>-S/L, 109 + 8 mg S%/L, 665+ 10 mg CaCOs/L of Alkalinity, and the Volatile
Fatty Acids remained close to zero. The chemical and microbiological characteristics of the

POM reactor are shown in SM1 and SM2, respectively.

2.4. Analytical Methods

The solid-phase microextraction (SPME) coupled with gas chromatography/mass
spectrometry (GC/MS) method was adapted from [24]. Briefly, the SPME procedure was
carried out with 20 mL samples placed in a 20 mL clear vial screw top (Supelco, Bellefonte, PA,
USA) with a magnetic stir bar (VWR International Eurolab, Barcelona, Spain). A polyacrylate
(PA) fibre (Supelco, Bellefonte, PA, USA) was mixed into the sample by constant stirring (1500
rpm) for 60 min. The fibre was immediately removed and placed in the injection port of the

GC/MS for 15 s for micropollutant desorption.

In order to analyse the POM and PM experiments, 40 mL of the batch reactor mixed
liquor were centrifuged at 5000 rcf for 5 min. 20 mL of supernatant were placed in a 20 mL vial

and analysed by the SPME/GC/MS technique.

All the analyses were performed on a gas chromatography-mass spectrometry system
(GC/MS) using 6890N GC with 5973 inert MS Detector (Agilent, Palo Alto, CA, USA) equipped
with a split/splitless injection port and operated by MSD Productivity Chemstation SW D.01.02
Software (Agilent, Palo Alto, CA, USA).The capillary column was a fused-silica HP-5ms Ultra

Inert (30.0 m, 250 um I.D., 0.25 um film thickness) (Agilent, Palo Alto, CA, USA).
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The MS worked in the selected-ion-monitoring mode (SIM) and the electron impact
energy was set to 69.9 eV. The GC/MS was operated in splitless mode and the injection port
and the ion source temperature were held isothermally at 280 and 250 2C, respectively. The
temperature program used was as follows: initial temperature of 50 2C, 30 2C/min to 140 °C,
held for 1 min, 20 2C/min to 280 2C, held for 4 min, 30 2C/min to 310 C, held for 2 min, for a

total run time of 19 min. Helium was used as carrier gas with a constant flow of 1.0 mL/min.

A Mettler-Toledo microbalance XP105 Delta Range (Greifensee, Switzerland) with a
resolution of 0.01 mg was used for weighing standards. An Eppendorf centrifuge 5804R
(Brinkmann Instruments, Westbury, NY, USA) was used to separate the suspended and soluble
fractions. The PAR was determined using a HOBO Photosynthetic Light Smart Sensor and
HOBO Micro Station Data Logger (MicroDAQ.com Ltd, Contoocook, NH, USA). The dissolved
oxygen concentration was measured by an OxiCal-SL CellOx 325 probe (WTW, Weilheim,
Germany), connected to a Multi 340i meter (WTW, Weilheim, Germany). The pH was
measured by WTW SenTix 41 probe (WTW, Weilheim, Germany), connected to a Consort pH

Meter model C861 (Turnhout, Belgium).

The GC/MS system was operated in full scan mode (scan range from 100 to 300 m/z)
to find the characteristic ions and the relative abundance of each compound studied. Chemical
structure, octanol-water partition coefficient (Kow), Retention time, Quantification and
Characteristic lons of the analysed compounds are shown in Supplementary Material SM3.
Some of the characteristic ions were confirmed by the NIST library (Gaithersburg, Maryland,

USA).

The quality assurance parameters such as detection and quantification limits, precision
and linearity were evaluated in the selected ion monitoring (SIM) mode. The values of these

parameters are described in [18].
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2.5. Kinetics analysis

The overall micropollutant degradation rate is due to three processes: chemical
oxidation, biodegradation and sorption [25]. A previous study has pointed out that chemical
oxidation seems to be the most effective mechanism in micropollutant degradation [18], since
oxygen is necessary for attacking the aromatic rings. Under the experimental conditions
detailed in Table 1 (illuminated and aerated reactors with a microalgae culture), chemical
oxidation could be considered as the main process, due to the high level of dissolved oxygen
(higher than 8 mg O,/L for POM, PO, O and PM experiments and 1.7 mg O,/L for P
experiment). As chemical oxidation consists of oxygen or radical oxidation [26, 27] both
oxidation mechanisms were studied in this work. Oxygen is added to the system or generated
inside the system, whereas radicals are generated in situ by the action of light on the chemical
species contained in the matrix. Free radicals are most often formed by photochemical
reactions in which the light energy is capable of exciting chemical species, such as nitrate ion,
hydrogen peroxide or dissolved organic matter, generating free radicals as reaction products.
Hydroxyl (-OH), carbonate (-COs’), and peroxide (-OOH) radicals are the most common free

radicals. Figure 2 shows schematically the formation reactions of the aforementioned radicals.

The hydroxyl radical is generated in three ways: irradiation of nitrate ion, hydrogen
peroxide and organic matter. The irradiation of nitrate in its long-wavelength absorption band
(wavelength below 302 nm) results in two primary photochemical processes [26, 27, 28].
Reaction 1 appears as the nitrate ion is excited by light and is transformed into radical -O", the
precursor of the hydroxyl radical [19, 28]. As Reaction 2 shows, radical -O" is rapidly protonated
to its conjugated acid, the hydroxyl radical. Even so, the fate of the atomic oxygen produced in
Reaction 1 is likely to react with molecular oxygen to form ozone [28]. As Reaction 3 shows,
the cleavage of one hydrogen peroxide molecule produces two molecules of hydroxyl radical
[29]. The third way for hydroxyl radical formation is through irradiation of dissolved organic

matter (DOM) in the presence of oxygen. The overall chemical mechanism is shown in
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Reaction 4. As can be observed, hydrogen peroxide is produced after irradiation of dissolved
organic matter, which, as mentioned above, produces a hydroxyl radical in the presence of

light.

The carbonate radical (COs7) is a product of the reaction between carbonate or
bicarbonate and a hydroxyl radical that takes place without light. The overall chemical

mechanism is shown in Reaction 5.

Finally, peroxide radicals (-OOH) are formed in three stages: reaction between the
hydroxyl radical and dissolved organic matter with unsaturated carbon-carbon bonds; reaction
with molecular oxygen; and finally cleavage of the peroxide radical group (-OOH). Reaction 6

shows an example of this mechanism [30].

Both peroxide and carbonate radicals are known to react selectively with sulphur-
containing compounds, whereas the hydroxyl radical is a strong and non-selective oxidant that
rapidly reacts with organic chemicals [31]. The oxidation potential of the hydroxyl radical is

thus higher than the carbonate and hydrogen peroxide radicals [26].

Although many published degradation studies assume simple first-order degradation
kinetics in oxidation processes [19, 20, 25], second order kinetics was considered for all the
degradation processes in this work. In the presence of oxidants, the degradation mechanism of
the studied micropollutants can be described by the sum of the second order kinetics of each
oxidation process, each of them having its own reaction rate. The global degradation process

can be expressed as in Eq. (1).

—d[A]/dt = ko - [0] - [A] + k.o - [- OH] - [A] (1)

where, [A], [-OH] and [0O;] are the micropollutant, hydroxyl radical and dissolved
oxygen concentrations (mol/L), ko2 is the oxygen second order degradation rate constant

(L:-mol*min?) and k.o is the hydroxyl radical second order degradation rate constant (L-mol
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Lmin). In order to simplify the experiments and the mathematical calculation, Eq. (1) can be
transformed from second-order kinetics to pseudo-first-order kinetics, using a constant
concentration of oxidant agent ([-OH] and [0Oz]). Thus, each degradation rate constant from Eq.

(1) can be expressed as in Eq. (2).

ki = k; - [0x]e (2)

where [Ox]e is the steady state oxidant concentration (mol/L), k; is the second order
degradation rate constant (L-mol™*-min) and k; the pseudo-first order rate constant for each

degradation mechanism (min?).

The observed rate constant (kons) can be expressed as the sum of each degradation

rate constant Eq. (3).

Kobs = Koz + Kiog = koz - [02] + ko - [ OH] (3)

where kops is the sum of both pseudo-first-order rate constants (k'o, and k'.on) (min).

Hence, using Eq. (2) and (3), Eq.(1) can be simplified to Eq. (4) and (5).

—d[A]/dt = (ko + klpy) - [A] (4)

Ln([A]t/[A]O) = Kops * t (5)

where, [A]: is the micropollutant concentration existing at time t (mol/L) and [A]o is the
initial micropollutant concentration (mol/L). The pseudo-first-order rate constant was
evaluated by plotting Ln( [A]¢/[A]o) vs time. The half-life (t1/2, min) of each micropollutant can

thus be expressed as in Eq. (6).

tasy = Ln2/(Kops) (6)

10/34



3. Results and discussion

The above-mentioned second-order kinetics can be simplified to pseudo-first-order
kinetics if the dissolved oxygen and hydroxyl radical concentrations remain constant during the
kinetic experiment. The AnMBR effluent fed to the reactors had a high ammonium
concentration (46.3+ 0.6 mg NHz*-N/L), which under the trial’s aerobic conditions was partially
oxidized to nitrate. As can be observed in Table 1, the nitrate concentration was nearly constant
throughout the experiment. The organic matter concentration (COD) in the AnMBR effluent was
not metabolised by the microalgae culture used in the study, keeping practically constant during
the experiment as shown in Table 1. Previous experiments [16] showed that this COD
corresponds mainly to non-biodegradable soluble organic matter for algae. The hydroxyl radical
therefore can be considered constant in the reaction medium, since its precursors (nitrate and
dissolved organic matter) were constant. The dissolved oxygen concentration (Table 1) could
also be considered stable during the experiment, so that the kinetics can be simplified to a

pseudo-first order.

In all the experiments, samples were taken on the following basis: every 20 min
between 0 and 100 min, every 30 min between 100 and 220 min and every 1440 min from 220
min until the end of the experiment. Although the experiments lasted 72 hours, data
exceeding 165 min were not necessary to adequately fit the kinetics mechanisms. The
micropollutant concentrations in the reactors were monitored in order to compare the
different system dynamics. The normalized concentrations of the micropollutants (C/Co) were

plotted against time.

3.1. Degradation kinetics in O, P, PO and POM experiments

The experimental conditions in the O, P, PO and POM experiments are given in Table 1.
The P experiment was carried out in a reactor previously bubbled with nitrogen for 30 min to

reduce the dissolved oxygen concentration to 1.7+0.2 mg O,/L.
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As shown in Figure 3, two stages can be observed in micropollutant degradation in
aerated conditions. After an initial stage characterised by a faster degradation rate
(approximately 60 min reaction time), the process degradation rate dropped rapidly, which can
be attributed to the drastic reduction of the micropollutant concentration. The micropollutant
degradation profile in the non-aerated experiment (P) is shown in Figure 4, where it can be
seen that experiment P lacks the two stages observed in the aerated experiments and has an

almost constant degradation trend.

In order to obtain the degradation kinetics and the rate constants of the
micropollutants, the data were fitted into a pseudo-first-order kinetics model according to Eq.
(5). This model seems to accurately describe the kinetic process, since the correlation
coefficients (r?) are higher than 0.98 and the calculated half-lives (t1/2) match the experimental

data (see Table 2 and Figure 3).

As seen in Table 2, the micropollutant degradation kinetics is similar in the three
aerated experiments (O, PO, and POM). Although some authors have reported that the humic
and fulvic acids produced during algae decomposition can accelerate photodegradation since
they act as photosensitizers [32, 33, 34], this was not detected in the POM results. The kobs
values in the POM and PO experiments were similar, except for BPA, which showed a lower
kobs Value in the POM experiment. The kops values in experiment O were lower than the kops in
POM and PO for OP and t-NP, showing that light is an important parameter in OP and t-NP

degradation.

The rate constants in experiment P (Table 2) are considerably lower than those
obtained for POM, PO and O, which points to a lower degradation efficiency under non-
aerated conditions. 4-NP also showed the lowest half-life in the P experiment, indicating that

this is the most degradable compound in non-aerated processes.
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Once the kobs Values were determined, the pseudo-first order kinetics (k'o, see Table
3) and the second order degradation rate constants (ko,, see Table 3), for the oxygen
mechanism were calculated by Egs. (2) and (3). As the O experiment was carried out without
light, Eqg. (3) can be simplified to Eq. (7), thus both kobs and k’oz, have the same value in
experiment O, so that the koz value in this experiment can be calculated for each
micropollutant with dissolved oxygen and consequently the kows (Table 2) values. As described
below, the ko> and ko, for POM and PO experiments were determined by Eq. (3), so that k’.on

and k.on rate constant values were necessary.

Kobs = Koz = Koz - [02] (7)

Once the ko, values for O experiment are determined, k’.on and k.on can be calculated
by means of Eq. (3) for the P experiment. The hydroxyl radical concentration required in Eq. (3)
could not be measured and so a value was selected from the literature. Ryan et al. [35]
determined that the hydroxyl radical concentration in an aerobic process effluent, with a
nitrate concentration (hydroxyl radical precursor) between 0.1 and 4.2 mg NO5s-N/L, ranged
from 10" to 10™** mol/L. Similar values have been found in surface waters by others authors
[25, 26]. The average nitrate concentration in the POM, PO, P and O experiments ranged from
2.9to 3.5 mg NOs-N/L, hence a 10'*> mol/L hydroxyl radical concentration was used. The
pseudo-first-order rate constant for the hydroxyl radical degradation (k’.on) ranged from
0.00007 to 0.0066 min™ (Table 3), and the second order rate constant for the hydroxyl radical
degradation (k.on) ranged from 7.0-10"° to 6.6:10%*? L-mol™*-min* (Table 3). The k’.on and k.ou
constants were only calculated in the P experiment, because it had the lowest dissolved

oxygen concentration and therefore the lowest k.oy error.

The k’02 and ko2 values for the POM and PO experiments were obtained by Eq. (3), the
k’.on and k.on values calculated for the P experiment and the hydroxyl radical and dissolved

oxygen concentrations. The average kovalue for each micropollutant obtained from the
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aerated experiments (POM, PO and O) is shown in Table 3, in which the second order rate

constant (ko) ranges from 87 to 125 L:-mol*-min™.

The ko values are significantly lower than the k.on values, indicating that the hydroxyl
radical is a better oxidising agent than oxygen. However, as the dissolved oxygen
concentration (ca. 10 mol/L) is higher than the hydroxyl concentration (ca. 10> mol/L), this
leads to higher oxygen pseudo-first-order rate constants (k’o2) than hydroxyl radical pseudo-
first-order rate constants (k’.on), and the degradation process is therefore controlled by the

oxygen mechanism.

3.2. Degradation by natural oxygenation of algae

An illuminated microalgae culture experiment (PM) without forced aeration was
designed to determine the natural production of dissolved oxygen by microalgae activity and
its influence on micropollutant degradation, with a poorly agitated reactor to avoid oxygen
stripping. As in the previous experiments, the reactor was maintained at 23.5+0.52C. The
chemical and microbiological characteristics of the PM reactor are shown in SM4 and SM5,

respectively.

Figure 5 shows the dissolved oxygen concentration profile in the PM experiment. The
initial dissolved oxygen concentration (8.2 mg O,/L) dropped rapidly due to the sulphide
reacting with oxygen to produce sulphate. Once the sulphide was consumed, the dissolved
oxygen concentration gradually rose again from the effect of microalgae metabolism and
surface reaeration exceeding the oxygen saturation value (7.52 mg O,/L at 23.5+0.5 eC and
101.325 kPa). The supersaturated conditions were due to the fact that the reaction medium
was poorly agitated (100 rpm). Between 141 and 146 h, the dissolved oxygen concentration
remained constant (14.7+0.3 mg O,/L). After 0.5 h (at 141.5 h), the reactor (1.6 L) was spiked
with 5.6, 24.0, 16.0 and 16.0 pg of OP, t-NP, 4-NP and BPA respectively. The first sample was

collected at 141.5 h, and the rest every 10 minutes. Figure 6 shows the degradation efficiency
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of the micropollutants during the sampling period, with faster degradation than in the POM,
PO, O and P experiments (Figure 3). This can also be observed in Table 4, which shows the kops
for the PM experiment. These values were higher than the kops for POM, PO, O and P
experiments. The degradation rate of a system with a dissolved oxygen concentration above
the saturation value was thus higher than the degradation rate observed under non-

supersaturated conditions.

In the PM experiment, the ko, values were obtained from the kops value using Eq. (3)
and the k'.ox value obtained in the previous section. The values obtained were 110.8, 109.7,
82.8 and 93.4L-mol™-min’! for OP, t-NP, 4-NP and BPA, respectively. These values are in line

with those obtained in the previous experiments (Table 3).

3.3. Kinetic constants validation

The proposed kinetic model was validated by means of the second order kinetics
constants (koz and k.on, Table 3) obtained in the calibration step, under the experimental

conditions of the PM experiment. Eq. (8) was used to study the kinetic model.

[A]e/[Alg = e¥obs (8)

where [A]: is the micropollutant concentration at a specific time (mol/L), [Alo is the
micropollutant concentration at initial time (mol/L) and kobs is the observed rate constant

under validation conditions (min).

The kops value for the PM experiment was calculated using the ko, and k.o values and

standard deviations shown in Table 3

and the experimental dissolved oxygen and hydroxyl radical concentrations (i.e., 14.7
mg O,/L and a of 10'®> mol/L, respectively). The validation graphs were developed using the

following kops values:
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Kobs1 = (Koz +5.d.) - [02] + Koy - [ OH]
Kobs,2 = Koz - [02] + k.o - [ OH]
Kobs3 = (Koz —s.d.) - [02] + Koy - [ OH]
Figure 7 show the experimental data obtained in the PM experiment and the

predictions of the fitted model for OP, t-NP, 4-NP and BPA, respectively.

The experimental OP and t-NP data show the good correlation between all the
predicted and experimental values (from 0 to 80 min). It can be observed that at low reaction
times (between 20 and 30 min) the predicted values of 4-NP and BPA are above the
experimental ones, although in general the kinetic model is able to reproduce the

micropollutant degradation.

4. Conclusions

The degradation kinetics of OP, t-NP, 4-NP and BPA, commonly detected in AnMBR
effluents, was studied using a combination of light, oxygen and microalgae. Two parallel
degradation kinetics mechanisms were observed: degradation under dissolved oxygen
mechanism and under the hydroxyl radical mechanism. Although the results indicated that the
hydroxyl radical was a better oxidant than dissolved oxygen, the low hydroxyl radical
concentration in the wastewater meant that the degradation kinetics was controlled by the
oxygen mechanism. In the aerated experiments the micropollutant degradation kinetics was
similar, observing that light is an important parameter in OP and t-NP degradation. The rate
constants under non-aerated conditions were lower than those obtained for aerated conditions.
High dissolved oxygen concentrations produced by algae enhanced the degradation rates. The
experimental data and the proposed kinetic model gave high correlations of the studied
micropollutants, showing that this kinetic model is suitable for predicting OP, 4-NP, t-NP and

BPA degradation.
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Figure Captions
Figure 1. Schematic diagram of the reactor system: a) longitudinal and b) cross sections. The
treatment combinations were; light, oxygen and microalgae (POM), light and oxygen (PO), light

(P), oxygen (O) and light and microalgae (PM).

Figure 2. Schematic diagram of the most common free radicals formation.

Figure 3. Degradation of micropollutants under different conditions; a) POM (light, oxygen and
microalgae), b) PO (light and oxygen) and c) O (oxygen) on removal of OP, t-NP, 4-NP and BPA in

aqueous solution.

Figure 4. Removal of micropollutants in P experiment.

Figure 5. Evolution of the concentration value of dissolved oxygen (DO) during the PM (light

and microalgae) experiment.

Figure 6. Removal of micropollutants in PM experiment. Removal is shown through the

variation of relative micropollutants concentration with time.

Figure 7. Kinetic method validation proposed for a) OP, b) t-NP, c) 4-NP and d) BPA.
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Tables and Figures

Table 1. Experimental conditions during the first 200 min of experiment. Oxygen (O), light (P)

and Microalgae (M) at two levels, NOs” and organic matter (COD).

Treatment NO3” coD
Combination © (mg 0,/L) P (uE/m*s) M (cell/L) P M (mg NOL-N/L)  (mg COD/L)
POM 8.65+0.15 135 (2.1%1.6)-10"° + o+ 3.30+0.05 45.3%0.3
P 1.7+0.2 135 0 + - 3.5+0.3 31.840.2
PO 8.15+0.11 135 0 + - 3.08+0.11 31.5x0.4
(o) 8.11+0.12 0 0 - - 2.92+0.18 32.1+0.2
PM 14.7+0.3 135 (2.1+1.6)-10*° + 4+ 1.04+0.05 46.1+0.2

24/34



Table 2. Observed rate constant, correlation coefficients and half-life parameters for the

experiments carried out at 23.5+0.5 C (s.d., standard deviation).

Experiment EDC Ky (Min) £ sd.(min?) t(1/2) (min)
OoP 0.036 + 0.003 0.997 19.3
t-NP 0.035 + 0.002 0.998 19.8
POM
4-NP 0.0273 + 0.004 0.991 253
BPA 0.0142 + 0.004 0.98 48.8
oP 0.0433 + 0,013 0.98 16.0
PO t-NP 0.034 + 0.002 0.998 20.5
4-NP 0.021 + 0.002 0.996 334
BPA 0.033 + 0.002 0.998 20.8
oP 0.025 + 0.002 0.994 27.4
t-NP 0.028 + 0.004 0.995 24.8
0 4-NP 0.021 + 0.003 0.98 325
BPA 0.021 + 0.003 0.98 33.3
oP 0.0054 + 0.0009 0.98 128.0
p t-NP 0.0058 + 0.0009 0.994 120.2
4-NP 0.011 + 0.003 0.96 63.1
BPA 0.0048 + 0.0005 0.98 144.2
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Table 3. Pseudo-first order rate constant (min™*) and second order degradation rate constants
(L:-mol*-min!) for oxygen and hydroxyl radical at 23.5+0.5 C (s.d., standard deviation); (n.a.,

not available).

EDC k'oz * s.d. Kow t s.d. ko2 t s.d. k.OH(*) t s.d.
oP 0026 * npna 2610" * na. 125 + 31 2610 % na.
t-NP 0025 * npa  7.010® * na. 121 + 16 7.010"° % na.
4-NP 0016 * na 6.610®% * na. 77  t 12 6.610" £ pa.
BPA 0018 * npa 5.710" % na. 8 £ 28 5710™ % na

(*) The values of k.oq were calculated using an estimated concentration of hydroxyl radical of 101> mol/L
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Table 4. Observed rate constant, correlation coefficients and half-life parameters for the PM

experiment at 23.5+0.5 oC (s.d., standard deviation).

Experiment EDC Kobs (Min™) % sd.(min?) 2 t(1/2) (min)
oP 0.051 + 0.009 0.98 13.5
PM t-NP 0.050 £ 0.008 0.990 13.7
4-NP 0.045 £ 0.004 0.990 15.5
BPA 0.043 £+ 0.004 0.990 15.9
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Figure 1. Schematic diagram of the reactor system: a) longitudinal and b) cross sections. The
treatment combinations were; light, oxygen and microalgae (POM), light and oxygen (PO),

light (P), oxygen (O) and light and microalgae (PM).
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Figure 3. Degradation of micropollutants under different conditions; a) POM (light, oxygen

and microalgae), b) PO (light and oxygen) and c) O (oxygen) on removal of OP, t-NP, 4-NP

and BPA in aqueous solution.
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Figure 7. Kinetic method validation proposed for a) OP, b) t-NP, c) 4-NP and d) BPA.
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SM1. POM reactor characteristics during the experiment.

0h 24 h 48 h 72 h
TSS (mg TSS/L) 71 117 123 180
NH,* (mg NH,*-N/L) 41.21 39.75 32.93 23.09
NO, (mg NO,™-N/L) 2.25 2.18 1.96 1.74
NO;™ (mg NO3™-N/L) 3.26 3.33 2.43 2.10
PO,*> (mg PO,>-P/L) 6.32 5.90 4.29 0.00
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SM2. Microbiological composition of the microalgae culture in POM experiment.

of diatoms for the fourth day was not available (n.a.).

The concentration

0h 24 h 48 h 72 h
Chlorophyll A (mg/m®) 2345 142.1 288.7 385.4
Diatoms (cell/L) 5.0-10° 7.6-10° 1.7-107 n.a.
Chlorophyceae (cell/L) 1.7-10% 6.5-108 2.5-10° 3.4-10°
Cyanobacteria (cell/L) 2.7-108 3.7-10% 4.1-108 4.9-10%
Total Eukaryotes (cell/L) 1.7-10% 6.6-10° 2.5-10° 3.4-10°
Diatoms (%) 0.3 1.2 0.7 n.a.
Chlorophyceae (%) 99.7 98.8 99.3 n.a.
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SM3. Chemical Structure, Retention time, Quantification and Characteristic lons of analysed
compounds. Log Kow (octanol-water partition coefficient) values for all compounds as predicted by
ALOGPS 2.1 software (Virtual Computational Chemistry Laboratory) (http://www.vcclab.org/).

Retention
C ompoun d Log Kow time Quantification  Characteristic
. lon lons
(min)

HO
\©><>< 4.9 8.67 135 (100%) 107 (15%)

4-(1,1,3,3-tetramethylbutyl)
phenol (OP)

HO
: ~CgH1g 5.8 10.19 107 (100%) 220 (20%)

4-nonylphenol (4-NP). CgHyg is a
lineal chain.

HO
: NCoHyo 5.7 9.20-9.70 135 (100%) 107 (13%)

technical-Nonylphenol (t-NP).
CyHyg is a branched chain.

CH,
o o 228 (25%),
3.6 11.82 213 (100%) 119 (20%)

Hy

Bisphenol A (BPA)
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SMA4. PM reactor characteristics during the experiment.

Oh 24 h 96 h 120 h 144 h
TSS 40 52 82 44 250 mg TSS/L
NH,* 28.85 28.33 21.82 21.44 18.11 mg NH,*-N/L
NO,” 0.00 0.00 0.00 0.00 0.00 mg NO,™-N/L
NO3” 1.04 0.48 0.73 0.86 0.53 mg NO3™-N/L
Po,* 3.73 3.74 0.54 0.60 0.34 mg PO, -P/L
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SMS5. Microbiological composition of the microalgae culture in PM experiment.

0h 24 h 96 h 120 h 144 h
Diatoms (cell/L) 4.9-10% 4.5-10* 9.0-10%* 1.2-10" 1.8-10"
Chlorophyceae (cell/L) 1.6-10" 6.8-10" 3.0-10™ 1.4-10* 9.6-10"
Cyanobacteria (cell/L) 6.5-10" 6.6-10*° 2.5-10" 1.5-10% 5.6-10"®
Total Eukaryotes (cell/L) 2.4-10" 7.4-10" 3.1-10"® 1.4-10" 9.8:10"
Diatoms (%) 20.2 6.1 2.9 0.8 1.9
Chlorophyceae (%) 67.1 92.6 95.5 99.2 98.1
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