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ARTICLE INFO ABSTRACT

Keywords: A kinetic model derived from a simplified reaction sequence is proposed for the photo-Fenton degradation of
Acetaminophen Paracetamol (PCT), employing an annular photoreactor. The kinetic model explicitly included the effects of
Photo-Fenton radiation absorption on pollutant degradation kinetics through the evaluation of the Local Volumetric Rate of
EI};::S:E:ZHE Photon Absorption (LVRPA). Irradiated experiments achieved an average PCT conversion of 99.3% at 5 min of
LVRPA reaction, and a maximum of 69% of mineralization. Conversely, non-irradiated experiments reached an average

PCT conversion of 86.6% at 5 min of reaction, and a maximum of 35% of mineralization. Kinetic parameters
(ks = 5.82x10% kg = 3.01 x 10!°, k; = 6.01 x 101® M !s™1) were estimated employing a nonlinear,
multi-parameter regression method, and the validated kinetic model was used to predict temporal variations of
the concentrations of HP, PCT, and the main reaction intermediates: hydroquinone (HQ) and 1,4-benzoquinone
(BQ). The root mean square error (RMSE) values obtained for HP, PCT, HP, HQ and BQ were 1.16 x 10’2,
7.13 x 107}, 3.53 x 1073, 3.05 x 10~> mM, respectively, showing a good agreement between experimental and
predicted data. Moreover, the kinetic model was validated with a new set of experimental tests, confirming its
predictive capacity. Beyond the degree of mineralization attained, additional cytotoxicity tests proved that the
photo-Fenton process is effective in generating a non-toxic effluent under the operating variables investigated.

1,4-benzoquinone

1. Introduction

For decades, new developments have been carried out to satisfy
human beings’ growing requirements, leading to the presence of
different new chemical compounds in wastewater. The so-called “con-
ventional” water treatments efficiently reduce the presence of N and P
compounds, biological oxygen demand and pathogens, but they are not
capable of degrading some of these new chemical substances [1]. Hence,
these compounds (such as pharmaceuticals and personal care products
(PPCPs), plasticizers, pesticides, surfactants, etc.) have been continu-
ously introduced into natural environments for a long time, and that is
why they are known collectively as Contaminants of Emerging Concern
(CECs). Currently, CECs are not regulated in most of the world. Taking
into account that many researchers consider that legislative intervention
of governments would help to control this kind of contamination, efforts
are being made in the European Union and North America to identify
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these CECs and reduce their release into the environment [2].

Due to the aforementioned, the need for more efficient methods for
the treatment of environmental pollution has opened the field to
investigate new technologies, such as Advanced Oxidation Processes
(AOPs), aimed at achieving the decomposition of undesirable substances
and avoiding at the same time the formation of toxic products [3]. AOPs
have the potential to degrade, under environmental conditions, a wide
range of hazardous compounds either partially (biodegradable prod-
ucts) or totally (CO2 and H20). One of the most efficient AOPs is the
photo-Fenton process [4]. Its mechanism is complex, but it can be
described in a simplified way as the reaction between Fe?" (catalyst) and
H,0; (oxidant), which generates Fe*t and hydroxyl radicals (HO®). At
pH < 3, Fe3* remains dissolved and reacts with H20,, generating Fe2t
and transforming the reaction system into an autocatalytic one. How-
ever, the reaction of Fe>* with Hy0, occurs very slowly compared with
the oxidation of Fe" by H02 [5]. Radiation accelerates Fenton
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reactions, regenerating Fe?* and producing more HO® [6]. Since the
photo-Fenton process can be carried out at wavelengths up to approxi-
mately 580 nm, it can be induced by solar radiation as a renewable
energy source, making the process both economically and environ-
mentally sustainable [7].

To study the intrinsic phenomena implied in the AOPs treatment
technologies, particularly in the case of Fenton and photo-Fenton pro-
cesses, the bibliography reports different approaches. There are a lot of
empirical models (regression models), which are generally good for a
given range of experimental working conditions but are not valid as
predictive tools for different reactor configurations [8-10]. However,
there are a small number of kinetic models that from a reaction scheme
propose the resolution of the mass balance and radiative energy equa-
tions through the evaluation of the local volumetric rate of photon ab-
sorption (LVRPA) [11-13]. It is important to note that the development
of these types of models is of great significance since allow not only to
make predictions associated with the behaviour of reaction systems but
also to extrapolate the results to larger scales of operation (pilot plant
and industrial reactors).

In this work, the analgesic Paracetamol (PCT) is used as a model
contaminant. It is a biologically active substance, toxic to various or-
ganisms (mainly aquatic) and even human beings, mainly due to the
presence of phenolic groups [14]. Moreover, the PCT is one of the most
widely used drugs to relieve fever and pain [15], and is recommended to
treat mild symptoms of coronavirus disease (COVID-19) [16] causing
large amounts of this compound to be discharged into water systems
(low absorption in the human body) [17]. From this, different amounts
of this compound were detected in effluents of hospitals, pharmaceutical
industries (up to 294 mg L~! [18,19]), and urban sewage treatment
plants.

This work aims to improve the previous kinetic model [20] derived
from a simplified reaction sequence, to study the Fenton and
photo-Fenton degradation of Paracetamol (PCT) using an annular pho-
toreactor. In this sense, the behaviour of the main reaction in-
termediates, hydroquinone (HQ) and 1,4-benzoquinone (BQ), was also
studied. Furthermore, to assess the toxicity resulting from the generation
of these reaction intermediates, cytotoxicity assays were performed with
VERO cells throughout the reaction time. The proposed kinetic model
explicitly considers the effects of radiation absorption on the contami-
nant degradation kinetics by evaluating the LVRPA. The unknown ki-
netic parameters (only three) were estimated by fitting the model to
experimental data. Furthermore, the model was validated using a new
set of experimental data.

Finally, a cytotoxicity study completes the analysis of the efficiency
of the photo-Fenton degradation of the PCT. For this purpose, VERO
cells (which come from an African green monkey kidney) were
employed as a model system, since these cells could represent a more
adequate system when evaluating the toxicity of superior organisms.
Hence, the viability of VERO cells was studied not only in the final
generated effluent of reaction but also during the entire process of the
PCT abatement.

2. Materials and methods
2.1. Chemicals and reagents

Analytical grade reagents were used as well as deionised water as
water matrix and milli Q grade water as HPLC mobile phases. PCT (98%
purity) was purchased from Sigma-Aldrich. Hydroquinone and 1,4-ben-
zoquinone (HQ and BQ, both 99% purity) were obtained from Fluka.
Hydrogen peroxide (HP, 33% w/w) was purchased from Panreac Qui-
mica SLU. The salt Fe;S04.7 HoO (Merck, pro-analysis) was used as a
Fe®* source. Ascorbic acid (purity > 99%) and 0.2% 1,10-phenanthro-
line, both used to perform iron species measurements, were purchased
from Riedel de Haén and Scharlab, respectively. Finally, Hydrogen
chloride (HCI, 37%) or pH adjustment and methanol (HPLC grade) were
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obtained from J.T. Baker.

2.2. Analytical determinations

PCT and its reaction intermediates (BQ and HQ) were determined
using an HPLC Agilent 1200 series with UV-DAD array detector (set at
243 nm), with an Akady 5 pm C-18 150 x 4.6 mm column. The eluent
was a mixture of methanol:water (25:75) flowing at 0.4 mL minfl, and
20 pL samples were injected by a manual injector. All the samples were
treated with 0.1 M methanol, in proportion 50:50, to stop the reaction.
HP, Fe?* and Total Fe were determined using a UV/Vis spectropho-
tometer (Hitachi U-2001). In the case of iron, samples for Fe®" and Total
Fe were analysed by means of the colorimetric method with 1,10-phe-
nanthroline at 510 nm. Samples for Total Fe determination were pre-
treated with ascorbic acid to convert all the ferric ions to ferrous ions.
HP was monitored through the measurement of the absorption at
450 nm of the complex formed after its reaction with ammonium met-
avanadate [21]. Samples for determination of TOC were taken and
refrigerated (to slow down any further degradation of the organic
matter) until their analysis through a VCHS/CSN TOC analyser
(Shimadzu).

2.3. Experimental device and procedure

The experiments were carried out in a glass annular photoreactor
(1.5 L) with external recycling, connected to a glass jacketed reservoir
tank (9 L). The experimental system was completed with a pH-meter, a
flowmeter, and a thermostatic bath for temperature control. A pumping
system allows keeping a constant recirculation flow of 12 L min !,
which ensures perfect mixing. The photoreactor was equipped with an
Actinic BLTL-DK 36 W/10 1SL lamp (UVA-UVB, g = 28 mm and L =
589.8 mm). The lamp spectral irradiance can be found in the “Supple-
mentary Material” (Fig. S2). The total reaction volume (V,,) was 15 L
and the irradiated one (V;,) was 1.5 L (that is, 10% of the total volume).
A detailed description of the experimental system can be found in
Yamal-Turbay et al. [22]and in the Fig. S1 provided in the “Supple-
mentary Material. The incident photon power, E = 3.36 x 10~ Einstein
min~! (between 300 and 420 nm) was measured using potassium fer-
rioxalate actinometry [22].

Each experiment began with the filling of the glass reservoir with
10 L of deionised water and then adding 4.9 L of the aqueous solution
containing PCT. The pH was adjusted to 2.8 £ 0.1 with 37% hydrogen
chloride (J.T. Baker Inc.) and 0.1 L of the aqueous solution containing
iron sulphate was added. Then, an aliquot was taken to determine the
initial concentrations of the iron species. Finally, to start the experiment,
the HP solution was added. In the case of the experiments carried out
with radiation, and to allow the stabilization of the emitted radiation,
the lamp was turned on 10 min before adding the HP. Total reaction
time was set at 75 min for all the experiments carried out.

The treated sample consisted of deionised water spiked with the
contaminant. Initial PCT concentration was set at 40 mg L™" in all the
experiments. The effect of the following operative variables was tested
on PCT degradation: Fe initial concentration ([Fe*"]°, between 5 and
10 mg L’l), HP initial concentration ([HP]O, between 94.5 and
378 mg L’l), and UV-radiation (ON or OFF). It was decided to set these
particular operating parameters considering previous studies [20]. The
set of experimental tests carried out, with their corresponding operating
conditions of initial concentrations of catalyst and oxidant, and with or
without radiation, is presented in Table 2 (see Section 4.1 Experimental
Results).

Finally, a set of blank assays was performed in order to identify the
effect of each reagent on the degradation and mineralization of PCT. The
three blank assays undertaken correspond to only irradiation, only Fe?*
at a concentration of 10 mg L™! and only Hy0, at a concentration of
756 mg L1, Results demonstrate that the reagents alone produce no
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Table 1
Simplified reaction scheme of PCT photo-Fenton degradation.

N° Reaction Step Kinetic Constant (M~ ! s™1)
1 Fe** + Hy0,"% Fe®* + OH + HO® ki =147.29"
2 Fe* + Hy0,2 Fe** + H* + HO;, ky =3.16
3 Fe3t + HQOE’ Fe’" + H' + HO® Dy = 0.21mol Einstein™! #
4 H,0, + HO*XHO}, + H,0 ks =7.00 x 107°
5 PCT + HO***.HQ ks”
6 HQ + HO***.BQ ke®
7 BQ+HOX. P, k®

2 values taken from Audino et al. [20].
b values estimated in this research work.

Table 2
Experimental conditions for each experimental run (Runs 1-8 and Runs 1_V*
and 2_V*), PCT conversion at 5 (Xora"), and 10 (X527") min of reaction, and TOC

conversion after 75 min of reaction (Xjamin),

Run [Fe**]° [HP)° Radiation  XPeF X Xroa
(mgL™) (mgL™1) (%) (%) (%)
#1 5 94.5 OFF 80.4 96.0 29.3
#2 5 189 OFF 84.7 96.6 30.6
#3 7.5 378 OFF 84.5 97.1 35.7
#4 10 189 OFF 96.9 100 33.3
#5 5 189 ON 97.3 100 55.2
#6 5 378 ON 100 100 69.6
#7 7.5 94.5 ON 100 100 33.6
#8 10 378 ON 100 100 68.7
#1_.V° 7.5 189 ON 97.3 100 55.2
#2_V° 7.5 189 OFF 96.9 100 32.3

2 Runs for model validation at central point conditions of [Fe**]° and [HP]°.

PCT degradation, except in the case of HyO5 alone, which led to only
18% degradation after 90 min treatment. Moreover, PCT and TOC
remained almost constant under UV radiation (300-420 nm) tests.

2.4. Toxicity test

The acute toxicity was monitored during the oxidation process.
Cytotoxicity tests based on cell lines culture were carried out, employing
VERO cells (ATCC®, Manassas, VA, USA). For this purpose, the meth-
odology described by Audino et al. [23] was employed. In brief, aqueous
samples were taken at predefined times during the treatment by Fenton
and photo-Fenton processes, at different operational conditions and
were evaluated at serial one-third dilutions. A control of maximum cell
growth (achieved culturing the cells in medium alone), and a control to
evaluate the effect of the aqueous dilution of the medium, were per-
formed. Every sample was evaluated in triplicate, on independent plates.
Cytotoxicity was assessed by measuring the viability of the cells
(determined by the MTT method) [24] exposed to the contaminant and
its by-products.

3. Modelling

A kinetic model that describes the degradation of PCT and its in-
termediates, through the homogeneous Fenton and photo-Fenton pro-
cesses, was developed. Table 1 represents the reaction mechanism
proposed, based on a simplified scheme extracted from the analysis of
more complex and specific reaction schemes [25,26]. The above-
mentioned scheme also includes the formation and degradation of two
PCT reaction intermediates, 1,4-benzoquinone (BQ), and hydroquinone
(HQ), which were identified and quantified in the present work [27].

The simplified reaction scheme was made based on a series of
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hypotheses [28]: i) for highly reactive radicals (i.e. HOe), the
steady-state approximation (SSA) was applied; ii) the only oxidizing
species considered were HOe, since radical HO»e is far less reactive than
HOe [29,30]; iii) radical-radical termination reactions are neglected
compared to the propagation/consumption ones; iv) reactions of FeZ*
with HOe are neglected due to the low iron concentrations employed in
this experimental system; v) the oxygen concentration is always in
excess.

Then, these assumptions allowed to obtain the reaction rate ex-
pressions, for the following studied species (PCT, HP, Fe?", Fe3t, HQ
and BQ) (Egs. 1-7):

Rper(x,t) = —ks[PCT|[HO"] )
Ryp (xj t) = —k; [Fe"|[HP] — ky[Fe**|[HP] — ks[HP]|[HO"] (2

f( ) = —ki [Fet|[HP] + ky[Fe**][HP) +¢>M+Zg <x t) 3)
Rpp+ <x t) = — Ryt (3,1) 4
Ruo <x, t) ks [PCT|[HO®] — ks[HQ][HO"] 5
Rso (x,t) ke[HQ|[HO®] — k;[BQ|[HO"] (6

Ruor ( > = k [Fe**][HP] +<I>Fe_,ZeA (x t) — ky[HP][HO"]
— ks[PCT]|[HO"®| — k¢[HQ][HO®] — k7|BQ|[HO"] 7
Here, &g+ is the wavelength-averaged primary quantum yield and
>ed <x., t> the LVRPA in the photoreactor extended to polychromatic
i

radiation by performing the integration over all useful wavelengths (A:
300-420 nm).

Note that Egs. (1-7) can be generalized by using the following matrix
representation:

R (x z) = R7(1) + R (x,1) (8)

The first term on the right-hand side of Eq. (8) corresponds to the
thermal reaction rate (function only of time, t), and the second one
represents the irradiated reaction rate (function of the position in the
photoreactor, x and the time, t).

The mass balance for the well-stirred isothermal annular photo-
reactor in which the kinetic studies were carried out is represented by
the following set of first order, ordinary differential equations (Eq. 9)
with their corresponding initial conditions (Eq. 10) for all the chemical
species “i" considered (PCT, HP, Fe*, Fe3*, HQ and BQ):

dCi(t) Vi = Vier oy Vi < ) >
= 7R,‘ t)+— R;rr X,t (9)
dt Vior (® Vior (x,1) ,

C=C" 1,=0 (10)

Applying the steady-state approximation (SSA) to the radical HO®
(Ruo* (x,t) =0 1in Eq. 7), the expression corresponding to [HO®] is ob-

tained. Replacing this expression into each of the Egs. 1 to 6, and then
replacing the expressions obtained in Eq. (9), the system of ordinary
differential equations that models the studied system is achieved (egs.
A.1 to A.5, Appendix A).

Finally, following the assumptions adopted by Audino et al. [20], it is
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possible to calculate the average volumetric rate of photon absorption

inside the photoreactor for polychromatic radiation (<Ze§ (x, t) > ),
4 ) Virr
through the numerical integration of Eq. (11).
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tionally, if runs #2 (5_189_OFF, X;" = 84.7%) and #5 (5_.189_ON,
Xpmin — 97.3% ) are analysed, which have identical initial conditions
of Fe?' and HP concentrations, but were carried out in the absence and
presence of radiation (respectively), it is observed that with the photo-
Fenton system a conversion difference of almost 15% higher than with
the dark reaction is achieved. Moreover, run #2 (Fenton) takes twice as

t)(ry = Fint)
o L [rew ox (L [ren P, CH KTJ(){’ ) i int

a x,t = a t dr dz = ) == - |df dr d 11
(Se()) = 2L aln) o wm feo)mi e fa e

Vir

Here, P, is the lamp spectral power emission (provided by the lamp

supplier), x; (x, t) the volumetric absorption coefficient of the reacting

species, Kr; (x, t) the volumetric absorption coefficient of the medium,

r the radius, and L, the useful length of the lamp. Also, i, and r,,; are the
internal and external radio of the annular photoreactor, respectively.

3.1. Kinetic parameter estimation

An optimization procedure was employed to provide the values of
kinetic constants (ks, kg and k) that minimize the differences between
the predicted concentrations and the corresponding experimental
values, for each stable species i considered (PCT, HP, HQ and BQ). The
theoretical values were obtained by solving the system of ordinary dif-
ferential equations (Egs. 9 and 10), utilizing GNU Octave (Version 5.2.0)
software. Making use of the complete set of experimental data to fit the
proposed kinetic model, the three rate constants (ks, k¢, and k;) were
estimated, employing a nonlinear least-square objective function
(Newton Gauss-Marquardt algorithm). Details about the numerical
structure to obtain the kinetic parameters and the simulations of the
experimental data can be found in the Fig. S3 in the Supplementary
Material. Finally, the root mean square error (RMSE), calculated for
each chemical species i with Eq. (12), was used to evaluate the model
accuracy.

(Ci,exp - Ci.nmd)z
n

RMSE; = 12)

Here, C;ep and Cjmoq are the experimental data and those predicted
by the model, respectively, and n is the total number of samples (whole
set of experimental runs).

4. Results
4.1. Experimental results

Table 2 details the operating conditions (iron and hydrogen peroxide
concentrations and radiation ON or OFF) for each of the experimental
tests carried out (Runs 1-8 and Runs 1_V* and 2_V*). In addition, the
experimental PCT conversions obtained for 5 (X3mir) and 10 (Xpom)
minutes of reaction are presented, as well as the conversion levels ob-
tained for total organic carbon (TOC) after 75 min of reaction (X%g’gi").

Examining the experimental PCT conversion at 5 min of reaction
(X3min), all the runs carried out in the presence of radiation reached close
to 100% conversion of PCT. In contrast, runs under Fenton condition
have a maximum conversion of 96.9% (run #4, 10_189_OFF) and a
minimum conversion of 80.4% (run #1, 5.94.5_OFF). These results
demonstrate the importance of radiation in the studied system. Addi-

many minutes in reaction time (10 min) to reach a PCT conversion
(XLmin — 96,6%) close to the XM of run #5 (Xomt = 97, 3%).

TOC conversions (Xroc (%)) were also estimated after 75 min of re-
action (see Table 2). In the case of reactions carried out under dark
conditions (run #1 to #4), the maximum TOC conversion achieved was
only 35.7% (run #3), being minimal (29.3%) for conditions of run #1
(5_.94.5_OFF), where the lowest dosage of oxidizing agent and catalyst
have been used.

However, in presence of radiation, it can be observed that the degree
of TOC conversion achieved was higher than 33.5% for all the conditions
studied after 75 min of reaction, being maximum (69.6%) for the
experimental run #6 (5_378_ON). Therefore, the performance of the
process in terms of mineralization levels achieved is substantially
improved by radiation.

4.2. Model results

Firstly, it is important to note that the values of the estimated kinetic
parameters: ks = 5.82 x 107, ke = 3.01 x10%°, k;, =
6.01 x 101 M~s7!, are close to those found in the specific literature
[25,31,32]. Moreover, the relatively low RMSE values obtained (in the
same order of magnitude as the experimental error) using Eq. (12):
1.49 x 1072, 9.00 x 1071, 6.33 x 1073, 5.62 x 10~> mM for PCT, HP,
HQ and BQ, respectively, show that the kinetic model adequately de-
scribes the behaviour of the reacting system. Furthermore, normalizing
the RMSE values of the species initially present in the system (PCT and
HP) according to its initial experimental concentration, low errors of
5.63% and 8.10% are reached, which again represents the efficiency of
the model.

From Fig. 1a and b, increasing the oxidant agent concentration [HP]O
from 94.5 to 189 mg L ™! did not cause a higher degradation rate or final
conversion of both the PCT and its intermediates. For these dark Fenton
reactions (run #1 and #2), an excess of HP can enhance the consump-
tion of hydroxyl radical, according to (Eq. 13) [33].

H202 +OH e —>H0£ o +H20 (13)

Under operating conditions of Fig. 1c and d, with an initial HP
concentration of 378 mg L’l, but with different [Fe2t1° (run #6:
5mgL ! and run #8: 10 mg L™ 1), it can be observed the beneficial ef-
fect of increasing the initial concentration of iron on the by-product’s
degradation. Here, the time required to achieve the total removal of the
intermediates is reduced by 50% when increasing [Fe2+]0 from 5 to
10 ppm.

Finally, a new set of experimental runs at central point conditions of
[Fe**]® and [HP])° were performed to validate the kinetic model (runs
#1_V and #2_V, Table 2). Fig. 2a and b show a good agreement between
the experimental data and the predicted concentrations for validation
assay conditions (RMSE values obtained: 1.16 x 1072, 7.13 x 1071,
3.53 x 1073, 3.05 x 10~ mM for PCT, HP, HQ and BQ, respectively).
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Fig. 1. Experimental and model results for PCT, HP, HQ, and BQ species, in relative concentrations. a) [Fe?*1°=5 mg L%, [HP]? = 94.5 mg L}, radiation: OFF; b)
[Fe>*1° =5 mg L’l, [HP]° = 189 mg L’l, radiation: OFF; c) [Fe**1° =5 mg L’l, [HP]° = 378 mg L’l, radiation: ON; d) [Fe**1° =10 mg L’l, [HP]° = 378 mg L’l,
radiation: ON. Keys: PCT = diamond, HP = square, HQ = triangle down, BQ = circle, experimental results; and PCT = dash-dot line, HP = long dash line, HQ = short
dash line, BQ = short-long line, model results.
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experimental results; and PCT = dash-dot line, HP = long dash line, HQ = short dash line, BQ = short-long line, model results.
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Therefore, the proposed kinetic model is adequate to predict the tem-
poral variations of the PCT, HP and main reaction intermediates con-
centrations, using the Fenton and photo-Fenton process in the annular
photoreactor.

4.3. Toxicity results

Different cell types may be selected for studying toxicity. The most
common options are E. Coli and S. Aureus bacteria. However, both spe-
cies have been shown to be capable of metabolizing PCT and using it as a
carbon source for its growth. Therefore, VERO cells were selected for
performing the toxicity assays since they have shown to offer greater
sensitivity to PCT and its by-products [23].

The LCsg value for PCT was determined and resulted to be consid-
erably high (>1000 mg L™!), showing that the selected initial concen-
tration of PCT (40 mg L1 does not have a toxic effect on VERO cells.
Fig. 3 shows the cytotoxicity results, as the temporal evolution of VERO
cells viability for the entire reaction time (75 min) along with the tem-
poral evolution of de HP concentration.

Certainly, cells viability may result from a combined toxic effect of
different chemical species in the reaction media. This deserves further
discussion. On one hand, the intermediates HQ and BQ could be sug-
gested as affecting viability. This can be discarded as it is proved (Figs. 1
and 2) that these species have a very short presence in the media, and
they remain undetectable after 6 min. On the other hand, HP requires a
deeper analysis of the data. Towards this end, Fig. 3 displays the evo-
lution of HP concentration parallel to cell viability. All cases (a,b,c,d)
show there is no HP by the end of the reaction time. They also show that
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HP is consumed earlier in cases ¢ and d, because of light as it should be
expected. These two cases reveal very high cell viability despite the
presence or absence of HP, which allows concluding the irrelevant effect
of HP to toxicity.

In Fig. 3a, a marked decrease in the viability of the cells is observed
from the beginning to the end of the reaction, only recovering some
viability at t = 25 min, although not 100%. Therefore, it is concluded
that it is not safe to apply the proposed treatment at low concentrations
of Fenton reagents without radiation.

Similarly, in Fig. 3b it can be observed that cell viability begins to
decrease after 25 min of reaction, being recovered only towards the end
of the process. This implies that, under these concentrations of Fenton
reagents and without radiation, it would only be safe to stop the reaction
after t = 60 min. Between 15 and 20 min reaction time, cell viability is
also important, but if the results of TOC conversion are analysed
together with this toxicity assay, in the same time lapse, the Xro¢ ach-
ieved is 14% on average (results not shown), but at the end of the re-
action (75 min) it is higher than 35% (Table 2).

For Fig. 3c the presence of radiation greatly improves the cytotox-
icity profile presented by the system, where cell viability never drops to
less than 20%, Furthermore, towards the end of the reaction, almost
100% viability is recovered. In addition, after 30 min of reaction, the
Xroc reached a plateau at the end of the reaction at a value of around
34% (Table 2).

Finally, in Fig. 3d a good cytotoxicity profile is observed throughout
the reaction time and, most importantly, at the end of the degradation
process, 100% recovery of cell viability is obtained. However, if we
consider the Xroc, it reaches a maximum value of almost 70% (Table 2)
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#8: more favourable operational conditions for the reaction.
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towards the end of the process (t = 75 min).

Now, analysing together the results previously stated about TOC
conversion and cytotoxicity for runs #7 and #8, it can be deduced that
just some of the by-products have toxic effects on VERO cells, since both
experiments reached a very different Xroc but very similar viability
levels towards the end of the reaction. This could be explained consid-
ering the nature of the formed by-products since the oxidation of the
CECs could produce some intermediaries that are more hydrophilic than
their parent compounds. This would reduce the ability of these com-
pounds to penetrate through cell membranes, therefore resulting in less
toxic for VERO cells [34].

5. Conclusions

A kinetic model was presented and experimentally validated to
describe the Fenton and photo-Fenton degradation of Paracetamol and
its main degradation by-products, hydroquinone, and 1,4-benzoqui-
none, in an annular photoreactor. The proposed kinetic model,
derived from a simplified reaction sequence, explicitly included the ef-
fects of radiation absorption on the pollutant degradation kinetics
through the evaluation of the Local Volumetric Rate of Photon Ab-
sorption. Using a nonlinear multi-parameter optimization procedure
with only a minimum of three estimated kinetic constants, it was
demonstrated that the model presented a good agreement between the
experimental data and the predicted concentrations, not only of Para-
cetamol and hydrogen peroxide but also of hydroquinone and 1,4-ben-
zoquinone. From a new set of experimental data, the kinetic model
was validated confirming that the estimated parameters are adequate to
represent the behaviour of the photo-Fenton process under the operating
conditions tested.

Furthermore, to assess the environmental implications of the photo-
Fenton process, a cytotoxicity study was conducted with VERO cells
throughout the entire reaction time. Analysing these results, it was
possible to observe that the presence of radiation in the system led to the
production of a less toxic effluent compared to the non-irradiated sys-
tems, since a viability of over 95% was obtained for the photo-
degradation tests. Additionally, the increase in iron and hydrogen
peroxide concentration produced an improvement in the cytotoxicity
profiles of the system in contrast with the toxicity levels achieved in the
Fenton run with the most adverse operational conditions. From the
cytotoxicity results together with the experimental results of the total
organic carbon conversion, it was possible to observe that some of the
by-products generated from the reaction can have toxic effects on the
VERO cells. These results demonstrate the importance of evaluating the
toxicity throughout the reaction time, to define when it may be conve-
nient to stop the contaminant degradation reaction.
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First-order ordinary differential equations that model the well-stirred isothermal annular photoreactor used in this research work.
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