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A B S T R A C T

This work studies in detail the photo-Fenton degradation process of Paracetamol (PCT) on an annular pilot-
plant reactor using Computational Fluid Dynamics (CFD). A cylindrical lamp emission model was originally
implemented over the structure of the OpenFOAM(R) platform and a multicomponent reaction mixture model
was used to compute the temporal evolution of the different species at each point of the reactor. Once the
proposed model was experimentally validated, the influence of different operating conditions (i.e. different
strategies for hydrogen peroxide (H2O2) dosage, use of low recirculation flow rates (Qr), and a completely
uncovered lamp setup) was studied. The results of the analysis showed that a double addition of H2O2 (50%
before the tank and 50% before the reactor) significantly reduces the reaction times of the process. Moreover,
the overall PCT degradation rate does not change when Qr is increased, thus allowing the system to be operated
with a recirculation flow three times lower than that the one used in the experiments. Thereby, the developed
model allows identifying the reaction conditions that maximize the overall PCT conversion, making efficient
use of H2O2 (main chemical reagent) and reducing the electrical energy consumption (recirculation flow) by
operating the system under conditions present in large-scale photochemical reactors.
. Introduction

The production and consumption of pharmaceutical compounds
ave been increased considerably in the last years due to the growing
se of the world’s population. Antibiotics, antipyretics and analgesics
re the most widely used drugs. In particular, acetaminophen or parac-
tamol (PCT) occupy the top of the list among the analgesics [1].
hese pharmaceutical compounds, mainly produced from urban and

ndustrial effluents, not properly treated in conventional plants, end
p in the environment by different pathways [2–4]. As a consequence,
hese chemicals and their residues not only have negative impacts on
he aquatic ecological systems but have also been detected frequently
n drinking waters [5,6], affecting human health [7,8]. Therefore, it
s absolutely necessary to develop reliable technologies capable of
emoving not only the PCT but also its metabolites/degradation prod-
cts from wastewater prior to being discharged into the environment.
dvanced oxidation process (AOPs), are being intensively investigated

∗ Corresponding author.

as a superior alternative to achieve this goal [9–11]. Here, the photo-
Fenton process takes advantage due to the high removal efficiencies it
shows to remove this type of pollutants, in addition to allowing the
use of the sun as a source of energy for the process [12–15]. However,
it is known that ‘‘traditional’’ photo-Fenton condition includes acidic
medium which means an additional cost for pH adjustment. At this
point, the use of iron chelates (such as iron citrate, ferrioxalate, EDDS,
etc.) proved to be a surpassing alternative [16–18]. Also, there are
several studies in the specific literature regarding the effect of organic
and/or inorganic species when the photo-Fenton process is applied in
real wastewater [19–21]. Nevertheless, it should be noted that all these
topics have been studied using ideal reactor models.

The efficient implementation of these AOPs involves the resolu-
tion of multi-component, non-ideal reactor models, which consists of
computing the spatial distribution of the reacting species and the
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evaluation of the radiation field inside the reactor. Computational
Fluid Dynamics (CFD) meets these requirements and can be used as a
powerful cost-effective tool to improve the reactor design and optimize
operations by modelling all relevant phenomena, without the need
to carry out large amounts of experimental testing [22–24]. Besides,
these simulations can improve the system performance maximizing the
reaction efficiency and yield, while minimizing the reagent and energy
consumption in large-scale reactors. Although there are works where
AOPs are analysed using computational approaches [25–27], at present,
there is still a lack of assessment and discussion in the literature on the
modelling of the photo-Fenton processes using pilot plant-reactors with
explicit radiation absorption effects via CFD techniques.

Therefore, the main objective of this research is to develop a full
CFD model for the PCT photo-Fenton degradation process using an an-
nular pilot-plant photoreactor, which includes the high non-uniformity
of the radiation field and therefore of the reactive species involved
in the chemical process. In addition, the model is used to study the
system behaviour for operating conditions normally present in large-
scale photochemical reactors (not perfect mixing conditions, different
setups for oxidant agent dosage and lamp irradiation requirements).
Moreover, complete modelling of the system and its FVM mesh, a
set of pre and post-processing techniques, an induced pressure loss
(hydraulic pump) and an efficient method for averaging fields over
different sections of the domain is included. Here, the open-source
platform OpenFOAM(R) v7 [28] based on the Finite Volume Method
(FVM) is used to develop a complete 3D model of the system over
the general structure of the reactingFoam solver. This code has
the capability of solving a set of species balance equations along
with the transient mass and momentum balances. However, while its
performance for combustion phenomena has been reported extensively
in the literature [29–31] there is still a lack of assessment for other
applications, such as isothermal reaction phenomena. After verifying
the CFD results against the experimental data, the study focuses on the
influence of different operational conditions on the system’s efficiency,
which cannot be done otherwise by analytical approaches. In this
regard, CFD combined with experimental measurements is the current
trend to give a complete and thorough insight into the physical and
chemical phenomena.

2. Materials and methods

2.1. Experimental setup

Fenton and photo-Fenton assays were performed in a 15 L pilot
plant reactor (see Fig. 1). The device is composed by a jacketed glass
reservoir tank (9 L) and an annular photoreactor (two concentric
borosilicate cylinders, 6 L) equipped with an Actinic lamp Philips
BL TL-DK 36W/10 1SL; the illuminated volume is only 10% of the
total volume (1.5 L). The incident photon power, 𝐸 = 3.36 × 10−4

min−1 (300 to 420 μm) was measured using potassium ferrioxalate
ctinometry [32]. Also, the system is equipped with a recirculation
ump with a flowmeter, a pH sensor and a thermostatic bath for
he temperature control. Further details of the reaction system and
xperimental protocol can be found in Audino et al. [33].

To assess the applicability of the Fenton and photo-Fenton processes
n highly contaminated paracetamol wastewater, such as effluents from
harmaceutical industries, a concentration of 40 mg L−1 was stud-

ied [34–36]. For this initial concentration of the contaminant, the
stoichiometric dose of oxidant agent (Hydrogen Peroxide, H2O2) to
chieve its total mineralization was 189 mg L−1. Furthermore, the
aximum value of the initial concentration of Fe+2 (10 mg L−1) was

et taking into account the maximum legal value in wastewaters in
pain [37]. Therefore, for the design of experiments, three H2O2 con-
entration levels (half and twice the stoichiometric dose, 94.5, 189 and
78 mg L−1) and Fe+2 concentration (5, 7.5 and 10 mg L−1) were used.
2

Regarding the experimental procedure, the reservoir tank was filled
nitially with 10 L of distilled water and then, 4.9 L of distilled water
n which PCT was previously dissolved, were added. Once pH was
djusted to 2.8 ± 0.1, the remaining 0.1 L of distilled water in which
e+2 was previously dissolved, were filled and the light was switched
n (for irradiated conditions). Finally, H2O2 was added at the sampling
oint (see Fig. 1). The recirculation flow rate (Qr) was set to 12 L
in−1 (Re = 1820, laminar flow) [32]. During these experiments, pH

nd temperature were continuously monitored to remain in the range
f 2.8 ± 0.2 and 25.0 ±2.0 ◦C, respectively. The total reaction time was
ixed to 120 min.

.2. Analytical determination

Measurements of PCT (>98% purity, Sigma-Aldrich, USA), hydro-
en peroxide (H2O2, Panreac Química SLU, Spain) and iron species
oncentrations were carried out during the experiments. PCT was deter-
ined using an HPLC Agilent 1200 series with UV-DAD at 243 𝜂m and

he samples were pre-treated with methanol (>99,9% purity, J.T. Baker
nc., USA) to stop the Fenton reaction. The concentrations of H2O2 and
ron species ([Fe+2], [Fe+3], [Fe[TOT]]) were determined with a UV–VIS
pectrometer following standard methods [38,39]. Further details of
he experimental measurement procedure and its errors can be found
n the work of Yamal-Turbay et al. [32].

. Computational methodology

In this work, CFD simulations are performed with the open-source
oftware OpenFOAM(R) v7 [28], particularly using an adapted version
f the reactingFoam solver. The code addresses a discretized form
f the mass, momentum and energy balance equations based on the
ollocated Finite Volume Method (FVM) and the coupling between
quations is achieved using a segregated algorithm of the SIMPLE
amily [40,41]. In the same process, a species transport balance (one
or each component present) is solved where the reaction term of each
ne of these equations is obtained separately from an external system
f ODEs.

.1. Balance equations

To obtain the spatial and temporal distribution of the concentration
f each species present in the mixture, the FVM discretized form of
he mass and momentum balances are solved for the multicomponent
ixture. The viscosity and density of liquid water are used for solving

hese equations, since it is, by far, the main component of the mixture
>99%). Therefore, the mixture is modelled as a homogeneous medium
sing the same set of balance equations in the whole domain to obtain
he pressure and velocity fields, as well as the concentration of each
pecies at each point in time and space. The proposal is to decouple
he mass and momentum balance from the species balance. In this
ay, first, the flow is computed for steady-state conditions. Then, the

oncentration of each component is obtained based on solving the
pecies balance equations using the velocity and pressure obtained
reviously. This manipulation can be done on the basis that the flow is
ainly steady according to the experimental observations.

The transport equation for each species in the mixture is given by
q. (1).
𝜕𝑌𝑖
𝜕𝑡

+ ∇⃗ · (𝑢 𝑌𝑖) = ∇⃗ ⋅ (𝐷𝑖 ∇⃗𝑌𝑖) + 𝑟𝑖 (1)

Here, 𝑢 represents the velocity field of the mixture, 𝐷𝑖 is the
diffusivity of the 𝑖-component on water and 𝑌𝑖 is the concentration of
the 𝑖-component. The 𝑟𝑖 term is the source of the 𝑖-species given by the
chemical reactions involving those species.

To determine these 𝑟𝑖 terms, a system of ODEs is solved to account
for the chemical reactions involved at each time step. Here, the kinetic
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Fig. 1. Sketch of the reacting system (right) and a vertical plane cut over the annular reactor (left). Experimental Sampling Point (SP).
constants accounting for Fenton and Fenton-like reactions, and the
hydroxyl radical attack to H2O2 and PCT were taken from the work
of Audino et al. [33]. The reaction rates expressions obtained for
the reactive species PCT, H2O2, Fe+2, Fe+3 and radicals consider, on
the one hand, the thermal (Fenton) reaction rate taking place in the
total volume of the system and, on the other, the irradiation-activated
(photo-Fenton) reaction occurring inside the irradiated liquid volume.

3.2. Radiation model

The radiation field evaluation is crucial for a correct photoreactor
design, analysis and optimization. Specifically, the radiation field ex-
pressed in terms of the Local Volumetric Rate of Photon Absorption
(LVRPA) can be introduced into kinetic expressions, thus obtaining
the photochemical reactions rate equations. Starting from the Radia-
tive Transfer Equation (RTE) [42,43], and assuming: (i) steady-state
conditions of the radiation field, (ii) no radiation emission and (iii)
homogeneous medium (only radiation absorption), the LVRPA can be
computed by solving Eq. (2).

𝑒𝑎𝜆(𝑥⃗, 𝑡) = 𝜅𝜆 ∫𝛺
𝐼𝜆(𝑥⃗, 𝛺⃗, 𝑡)𝑑𝛺 (2)

where 𝐼𝜆 is the spectral radiation intensity, 𝛺 is the solid angle and 𝜅𝜆
the spectral volumetric absorption coefficient.

There are several approaches to determine the radiation intensity,
from solving the complete Radiation Transport Equation (RTE) to
modelling 𝐼𝜆 based on different assumptions and simplifications. The
advantages and drawbacks of these approaches have been discussed in
the literature [44]. For the system under study, the effects of radiation
scattering and emission inside the reactor are negligible, which allows
the direct use of the RTE analytical solution. Taking into account
the hypotheses made by Irazoqui et al. [45] for a tubular lamp with
uniform surface emission in space and isotropic in all directions, the
radiation intensity is given by Eq.(3).

𝐼𝜆(𝑥⃗, 𝜃, 𝜙, 𝑡) =
𝛤𝑅,𝜆𝑃𝜆

2𝜋2𝑅𝐿𝐿𝐿
exp

[

−∫

𝑠=𝑠(𝑥⃗,𝜃,𝜙)

𝑠=𝑠𝑅
𝜅𝜆(𝑠, 𝑡)𝑑𝑠

]

(3)

where 𝛤𝑅,𝜆 is the reactor wall transmission coefficient, 𝑃𝜆 the output
power provided by the lamp, and 𝑅 and 𝐿 are the radius and length
3

𝐿 𝐿
of the lamp, respectively. The limits of the integration variables 𝜃 and
𝜑 can be obtained from trigonometric relationships [46].

Thus, incorporating Eq. (3) in Eq. (2), the value of the LVRPA at
any point inside the reactor and at any time for a single wavelength
can be computed based on Eq. (4).

𝑒𝑎𝜆(𝑥⃗, 𝑡) =
𝜅𝜆(𝑥⃗, 𝑡)𝑃𝜆,𝑠

2𝜋2𝑅𝐿𝐿𝐿 ∫

𝜙2

𝜙1
∫

𝜃2

𝜃1
sin(𝜃) exp

[

−∫

𝑠=𝑠(𝑥⃗,𝜃,𝜙)

𝑠=𝑠𝑅
𝜅𝜆(𝑠, 𝑡)𝑑𝑠

]

𝑑𝜃𝑑𝜙

(4)

For cases where polychromatic radiation source is used, an in-
tegration of Eq. (4) for the entire range of useful wavelengths is
necessary. Then, the radiation field in every point of the reactor,
expressed in terms of the LVRPA, is introduced into kinetic expressions
(photochemical reactions).

Fig. 2 shows the spatial distribution of the LVPRA in the annular
photoreactor. Here it can be seen that, although only a fraction of
the lamp is uncovered (130 mm), each point in the photoreactor is
irradiated with different intensities (Fig. 2.b). The maximum photon
absorption of the liquid mixture is given at an axial position where the
lamp is uncovered (0.185 m < z < 0.315 m) and in the proximity of the
outer wall of the inner cylinder of the reactor. The result of including
Eq. (4) gives an exponential decay of the radiation field (and photon
absorption) with the position respect to the lamp (Fig. 2.b and .c).

3.3. Numerical approach and setup

The simulation of the photo-Fenton process (as described in Fig. 3)
consists on drawing and meshing the system given in Fig. 1, solving (i)
the steady-state momentum equations to obtain the flow, the transient
species balance for each component taking into account the kinetic
constants of each reaction and the LVRPA at each point of the reactor;
and (ii) postprocessing of the results.

The system domain is discretized in hexahedral and tetrahedral cells
using the snappyHexMesh tool of the OpenFOAM suite. To optimize
computer resources while maintaining a satisfactory accuracy of the re-
sults, a mesh convergence study was carried out. Different refinements
were evaluated, and the coarser grid for which the solutions present
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Fig. 2. (a) Photograph of the pilot plant reactor; (b) Isocontour lines of LVRPA on a schematic vertical mid plane of the reactor with coefficients at each contour line representing
the normalized LVRPA (over its maximum value: 1.2 𝜇E L−1 s−1); (c) LVRPA as a function of the reactor height for different radial positions. Irradiated height: 130 mm. Fe+3 =
5 mg L−1.
a relative difference in the velocity field values of less than 1% was
adopted (877.758 cells). The details of the FVM grid can be observed
in Fig. 4.

The boundaries of the domain (i.e. the glass walls of the reactor, the
tubes connecting each part of the system and the tank) are walls with
no-slip conditions for the flow, while, for each species, the composition
at these boundaries is considered to have a null gradient. The recircu-
lation of the mixture is obtained by a pump that is modelled by a set
of FVM cells with a fixed pressure gradient located in the tube before
the reactor inlet (see Fig. 4).

The system is simulated for different operational conditions: (i)
using increasing recirculation flow rates (Qr) 2, 4, 7 and 12 L min−1,
(ii) setting different setups for a single localized injection of the oxidant
agent H2O2: (A) 100% before the tank, (B) 100% before the reactor
and (C) 50% before the tank and 50% before the reactor; and (iii) two
lamp operating conditions (partially covered or completely uncovered).
The different types of H2O2 injection (microlitres of oxidant added
into a specific place of the reactor) were always done by considering
the overall concentration of H2O2 used over the total reaction volume
(15 L).
4

4. Results and discussion

4.1. CFD model analysis and experimental verification

As mentioned before, the simulations tests are segregated in two
parts. First, the mass and momentum equations are solved to obtain a
steady-state flow in the whole domain by considering that every bound-
ary acts as a wall condition. Then, a uniformly distributed amount
of reacting components is incorporated in the system but not for the
H2O2, so no process reaction can be initiated. The oxidant agent is then
injected in fixed locations as previously described, which will be carried
through the whole system by the pre-established flow. Simultaneously,
the multiple reactions of the photo-Fenton process will occur as the
different species recirculate over the system.

Snapshots on vertical cutting planes of a typical CFD simulation
of the system may be appreciated in Fig. 5. Here, the concentration
of PCT, H2O2 and Fe+3 after 50 s since the oxidant agent injection
(using setup C) is shown. Fig. 6 presents three-dimensional views of the
inside of the reactor, showing the LVRPA field distribution for partially
covered lamp (Fig. 6.a) and completely uncovered lamp (Fig. 6.b).

Fig. 7 shows the grid refinement inside the reactor and the vertical
component of the velocity at left and the PCT concentration during the
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degradation process at right. Here, a higher level of refinement near
the walls of the reactor can be observed, which produces a smooth
variation of the velocity field capturing the hydrodynamic boundary
layer.

In Fig. 8, the comparison between experimental and predicted con-
centrations of H2O2 and PCT obtained for dark (Fig. 8.a) and irradiated
conditions (Fig. 8.b) is shown (Qr = 12 L min−1). First, it is important
o highlight the good fit obtained from the experimental data using
FD model (continuous lines). In this regard, the root-mean-square
rror (RMSE) resulted in 0.68 mg L−1 and 8.40 mg L−1 for PCT and
2O2, respectively, which are less than the errors of the corresponding
xperimental measurements. Moreover, these results are very close
o those obtained considering the system as a perfect mixing reactor
dashed lines), where the RMSE between model and experiment is 0.55
g L−1 for PCT and 8.65 mg L−1 for H2O2. It is also observed that the

irradiated condition (Fig. 8.b) led to the complete PCT removal in only
150 s (minimum degradation time observed). For dark conditions and
the minimum concentration of oxidizing agent (H2O2 = 94.5 mg L−1)
and catalyst (Fe+2 = 5 mg L−1), the reaction time necessary to achieve
complete PCT destruction is increased 300% (maximum degradation
time observed).

After the CFD comparisons against experiments, different operating
conditions were simulated, which are discussed in the following sec-
tions. For this analysis, the reaction settings with the greatest practical
interest were selected. That is, using the lowest concentration of the
oxidizing agent, H2O2 = 94.5 mg L−1 (the most expensive reactant),
the highest concentration of catalyst allowed, Fe+2 = 10 mg L−1 (DOGC,
2003), and a fully uncovered lamp setup (500 mm).

4.2. Local PCT consumption

This section focuses on the concentration of reactants at different
heights in the annular reactor and its evolution over time. To simplify
the analysis, the local concentration of each component is presented
as a function of time and the axial position inside the reactor by
5

i

taking area-weighted averages on many horizontal cutting planes in
the reactor. Fig. 9 shows the spatial and temporal evolution of PCT
and H2O2 for injection setups A, B and C, respectively.

Fig. 9.a shows that before 50 s of H2O2 injection, PCT consumption
occurs only in the lower part of the reactor. This may be explained by
considering that, due to the low recirculation flow rate, the oxidant
agent has not reached the upper part of the reactor yet (Fig. 9.b).
Only after 100 s, the PCT degradation is taking place inside the whole
reactor. Moreover, to reach a local PCT concentration lower than 1 mg
L−1 (experimental quantification limit) in the reactor, at least 300 s are
needed.

Fig. 9.c shows that, when the injection is made before the reac-
tor, around 325 s are needed to reach the 1 mg L−1 limit of PCT
concentration. Here, an excess of oxidant agent (as shown in Fig. 9.d
where the concentration of H2O2 is up to 425 mg L−1 at 50 s of
peration) produces a scavenging effect, consuming hydroxyl radicals
nd decreasing PCT degradation rate.

By making the dual injection of oxidant agent (setup C), the local
oncentration of PCT reaches values below 1 mg L−1 after 250 s
Fig. 9.e). This time is 30% less than the time needed with setup B.
t is important to remark the more uniform distribution of the oxidant
gent inside the reactor (between 50 and 215 mg L−1), which allows
homogeneous degradation of PCT. This reduces the unnecessary con-

umption of the reagent (reaction of self-decomposition and hydroxyl
adical consumption). These behaviours may be extended for higher
ecirculating flow rate conditions, where it has been seen that for
r = 4 L min−1, at least 235 s are still needed to obtain local PCT
oncentrations below 1 mg L−1 in all sections of the reactor (results not
hown). For higher flow rate conditions (Qr = 7 L min−1), the injection
etup has a negligible effect on the required time to reach the PCT
oncentration criteria ( 225 s). However, the concentration of PCT at
ifferent heights inside the reactor might be affected. Fig. 10 shows
he PCT concentration difference between the outlet and the inlet of
he reactor for injection setups A and C. The distribution for setup A

s highly uneven inside the reactor in the first 100 s from the injection
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Fig. 4. CFD domain of the system and the FVM mesh.
time. For example, 50 s after the injection, the difference for setup A is
∼13 mg L−1, with a PCT concentration leaving the reactor around 30
mg L−1. On the other hand, for setup C this difference is less than 1 mg
L−1, with a PCT concentration leaving the reactor of 13.5 mg L−1 and
almost constant in the whole reactor.

4.3. Overall PCT consumption

The previous analysis showed the effects of different conditions on
the local consumption of PCT in the system. However, nothing is said
regarding the different reactions and consumption/production rates of
different chemical compounds on the whole system (reactor and tank).
In this section, the transient evolution of the volume-averaged PCT over
the whole domain is evaluated. This allows drawing some conclusions
and recommendations about the general behaviour of the system.

Fig. 11 shows the transient evolution of the volume-averaged PCT
concentration. This was done for the 3 types of injections previously
described (setups A, B and C) and for a recirculation flow rate of Qr
= 2 L min−1. The comparison between setups shows that the most
effective way of injecting the reactant, in terms of reaching an overall
PCT concentration below 1 mg L−1 in the shortest possible time is setup
C (t = 250 s). This time is 30% less than the time needed with setup
6

B. For this condition, the global behaviour of the system is similar to
the local results obtained in the reactor. These results indicate that it
is important to inject at least part of the reactant before the tank. This
may be attributed to the high residence times, which allows the H2O2
to be in contact with the PCT for longer periods without being dragged
by the flow.

The effect of using different recirculation flows (Qr = 2, 4, 7 and
12 L min−1) is shown in Fig. 12. Here, the graphic shows the different
curves of PCT concentration for each flow considered along with an
inserted table showing the temporal evolution of PCT conversion. For
injection setup C, the recirculation flows considered do not seem to
produce a significant impact on the volume-averaged PCT consumption
rate. However, the condition of Qr = 2 L min−1 requires 20 s more
than the rest of the conditions to reach the PCT concentration criteria.
This analysis shows that using a dual injection of the oxidant agent,
the system can operate with a recirculation flow (Qr = 4 L min−1)
three times lower than the one employed experimentally (Qr = 12 L
min−1). This implies a significant reduction in energy consumption by
the system.

Finally, the post-processing of the complete system indicates that
for high recirculating flows (above 4 L min−1) and with a dual injection
of H O (setup C), a uniform distribution of reactants is achieved very
2 2
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Fig. 5. Qualitative description of the velocity field and species concentration at a central cutting plane after 50 s with injection setup C: (a) velocity vectors, (b) PCT concentration,
(c) H2O2 concentration and (d) Fe+3 concentration. Qr = 2 L min−1; H2O2 = 94.5 mg L−1; Fe+2 = 10 mg L−1.
Fig. 6. Radiation field for different lamp operating conditions: LVRPA field for (a) the lamp partially covered and (b) the lamp completely uncovered. Fe+2 = 10 mg L−1.
quickly in the system. Therefore, for the evaluated reactions conditions,
the concentration of each component depends on the time almost ex-
clusively and the acceleration of reactions given by the lamp radiation
(photo-Fenton effect) is not significant.
7

5. Conclusions

The numerical simulation of the Paracetamol (PCT) photo-Fenton
degradation process computing the LVRPA in every point of an annular
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Fig. 7. Horizontal cutting planes inside the reactor at z = 400 mm and after 200 s showing the FVM grid with: (a) the z-component of the velocity and (b) the PCT concentration.
Qr = 2 L min−1; H2O2 = 94.5 mg L−1; Fe+2 = 10 mg L−1.
Fig. 8. Experimental concentrations of PCT (triangles) and H2O2 (circles), and predicted concentrations of PCT (orange) and H2O2 (black) for Qr = 12 L min−1. (a) Fe+2 = 5 mg
L−1; H2O2 = 94.5 mg L−1; dark condition, and (b) Fe+2 = 10 mg L−1; H2O2 = 378 mg L−1; irradiated height: 130 mm.
pilot-plant reactor was carried out using an open-source CFD platform
OpenFOAM(R). For this, a full 3D model of the system which includes
the high non-uniformity of the radiation field, and therefore of the
reactive species involved, was developed and experimentally validated.

A good agreement was obtained between the experimental data and
the CFD model predictions for dark and irradiated conditions for high
flow rates (Qr = 12 L min−1). Moreover, these results are very close
to those obtained considering the system as a perfect mixing reactor.
Using a partially uncovered lamp setup, a complete PCT removal was
obtained after 150 s from the injection of the oxidant agent (at the
maximum reaction rate conditions according to the experiments: H2O2
= 378 mg L−1 and Fe+2 = 10 mg L−1). Conversely, for dark conditions
and considering the minimum concentration of oxidizing agent (H2O2
= 94.5 mg L−1) and catalyst (Fe+2 = 5 mg L−1), the reaction time
8

necessary to achieve a complete PCT consumption was increased 300%
(maximum degradation time required according to the experiments).

After the verification of the code, the system was analysed under dif-
ferent operating conditions. That is, localized additions of the oxidizing
agent (H2O2), use of low recirculation flow rates (Qr), and a completely
uncovered lamp setup. Here, the local and overall PCT degradation
rates were evaluated using a lowest concentration of oxidizing agent
(H2O2 = 94.5 mg L−1), the highest concentration of catalyst allowed
(Fe+2 = 10 mg L−1) an uncovered lamp (500 mm irradiated length).
Using low recirculation rates (Qr = 2 L min−1) and injecting the H2O2
before the reactor, up to 325 s of reaction time was required to reach
a PCT concentration of less than 1 mg L−1 inside the reactor. Here, an
excess of oxidant agent (concentration of H2O2 is up to 425 mg L−1 at
50 s of operation) produces a scavenging effect, consuming hydroxyl
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Fig. 9. PCT and H2O2 time evolution along the vertical axis of the reactor with Qr = 2 L min−1 for Fe+2 = 10 mg L−1 and H2O2 = 94.5 mg L−1: (a) PCT (in semi log scale) with
injection setup A, (b) H2O2 with injection setup A, (c) PCT (in semi log scale) with injection setup B, (d) H2O2 with injection setup B, (e) PCT (in semi log scale) with injection
setup C and (f) H2O2 with injection setup C.
radicals and decreasing PCT degradation rate. However, making a dual
injection of H2O2 (50% before the reactor and 50% before the tank),
the local PCT concentration reached the threshold of 1 mg L−1 after
250 s. Moreover, it produced a more uniform distribution of the oxidant
agent inside the reactor (between 50 and 215 mg L−1) allowing a
9

homogeneous degradation of PCT and reducing the unnecessary con-
sumption of the reagent. This behaviour could be extended for higher
recirculating flow conditions (Qr > 4 L min−1).

Regarding the overall PCT degradation rate in the system, it was
shown that the dual H O injection was the most effective way (1 mg
2 2
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Fig. 10. Difference between the concentration of PCT at the reactor outlet for injection
setups A and C with Qr = 7 L min−1 for Fe+2 = 10 mg L−1 and H2O2 = 94.5 mg L−1.

Fig. 11. Temporal evolution of the volume-averaged PCT on the system for different
injection setups using Qr = 2 L min−1 for Fe+2 = 10 mg L−1 and H2O2 = 94.5 mg L−1.
10
L−1 of PCT in 250 s) of injecting the reactant, for the low recirculation
rate (Qr = 2 L min−1). The time required to reach this goal was 30%
less than the time needed by making a single H2O2 injection after the
reactor. In this sense, the global behaviour of the system was similar
to the one observed locally in the reactor. For both approaches, the
results indicated that it is important to inject part of the reactant before
the tank to reduce the reaction times. Moreover, for the dual H2O2
injection setup, the higher recirculation rates considered (from 4 to
12 L min−1) did not produce a relative impact on the overall PCT
conversion. Although the maximum flow rate (12 L min−1) produced
the fastest consumption, the difference between the alternatives is
marginal. Therefore, the system could be operated with a recirculation
flow rate (Qr = 4 L min−1) three times lower than that used in
experimental laboratory tests (Qr = 12 L min−1).

The results show that the proposed CFD model allows identifying
the operating conditions that maximize the performance of the system
(PCT degradation rate) minimizing the reagent consumption (hydrogen
peroxide) and electrical energy costs of the recirculation pump. There-
fore, CFD-aided modelling can be used as a robust tool for the design of
a new facility or the optimization of existing large-scale photochemical
reactors. This allows to enhance the performance, reducing time, costs
and manpower without the need to carry out many experimental tests.
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