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ABSTRACT

This paper is focused on modelling the degradation of micropollutants by solar photo-Fenton at pilot
plan scale. To this aim, a three pesticide mixture (acetamiprid, thiabendazole and imazalil, 100 pg I
each) was treated by photo-Fenton in simulated secondary effluent. The model covered a wide interval
of catalyst concentration (1 to 20 mg I"* Fe) and solar irradiance (5 to 30 W m™). A Monte Carlo direct
search was used to determine the kinetic constants which adjusted pesticide removal and hydrogen
peroxide consumption in the selected experimental conditions (identification runs). The model was
validated with experimental conditions different from the identification step (validation runs). Hydrogen
peroxide consumption and pollutant degradation could be predicted adequately for all irradiances and
iron concentrations higher than 5 mg I™* Fe. As a result, the presented model could predict the treatment
time during the whole year, as it is valid for a wide range of irradiation and for commonly used values of
catalyst concentration.
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1. Introduction

The use of advanced oxidation processes (AOPs) to remove organic pollutants has spread over the last
decades (Karcin et al., 2013, Michael et al., 2013). The development in new analytical techniques in
recent years has also allowed detecting pollutants in very low concentrations (up to ng I'!) (Hisaindee et
al., 2013), for which they are called “micropollutants”. Their low concentration seldom results in high
toxicity, but they are persistent and can accumulate in water surfaces such as rivers or lakes (Al Aukidy
et al., 2012; Bueno et al., 2013). Different AOPs have been used to address this problem, being the
photo-Fenton process one of the most successful alternatives (lkehata et al., 2006). This process oxidises
the organic matter mainly with hydroxyl radicals, although other less-reactive radicals can be implicated
as well. The radicals are generated by a series of chain reactions initiated by the combination of Fe (ll)
(catalyst) and hydrogen peroxide (reactant) and where irradiance in the UV-Vis spectrum plays an
important role, enhancing the process rate.

The source of irradiance can be the solar light, thus operating costs decrease. However, this technology
has not spread at a commercial scale yet, even though the feasibility of the process is not questioned
(Blanco et al., 2013; Malato et al., 2009, Sanchez Pérez et al., 2013a). One of the keys to introduce this
technology at commercial scale is the automatisation of the operation. Before this step is taken, we
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must be able to predict the outcome of the process (treatment time and reactant degradation) as well
as the operating conditions. This is especially difficult for a solar-driven process, where irradiance is an
environmental variable which cannot be controlled. Some attempts have been tried at higher pollutant
concentrations (Cabrera Reina et al., 2012; Kusic et al., 2009; Li Puma et al., 2004), but as far as the
authors know, not for micropollutants.

The aim of this work is to obtain a reliable and simplified kinetic model which can predict the
degradation at pilot plant scale of a micropollutant mixture formed by acetamiprid (ACTM),
thiabendazole (TBZ) and imazalil (IMZ) with solar photo-Fenton in a wide interval of iron concentration
(1 - 20 mg ™) and solar UV irradiance (5 - 30 W m™). The model is focused on predicting micropollutant
degradation and hydrogen peroxide consumption profiles in simulated secondary wastewater.

2. Methods

2.1 Reagents

High purity ACTM, TBZ and IMZ were supplied by Sigma—Aldrich. Sulphuric acid (95-97%) and hydrogen
peroxide (35%) were obtained from J.T. Baker and ferrous sulphate (99%) from Fluka. CaSO,-2H,0,
MgS0,, KCI, (NH,4),S0,, K,HPO,, NaHCO;, beef extract, peptone, humic salts, tannic acid, sodium lignin
sulfonate, sodium lauryle sulphate, acacia gum powder, and arabic acid were acquired from Sigma-
Aldrich. HPLC grade acetonitrile from Carlo Erba Reagents and Milli-Q grade water were used as the
mobile phase in the chromatographic analysis.

2.2 Experimental set-up

The constituents of the simulated secondary effluent from a municipal wastewater treatment plant
were CaS04-2H,0 (60 mg I™), MgS0, (60 mg 1), KCI (4 mg 1), (NH4),S0;4 (23.6 mg 1), K,HPO, (7.0 mg 1),
NaHCO; (96 mg I'), beef extract (1.8 mg 1), peptone (2.7 mg 1), humic salts (4.2 mg I'"), tannic acid
(4.2 mg 1), sodium lignin sulfonate (2.4 mg 1), sodium lauryle sulphate (0.9 mg I"!), acacia gum powder
(4.7 mg 1), and arabic acid (5.0 mg I'") (Zhang et al., 2007). The dissolved organic carbon, DOC, was over
17 mg I'. The optical properties of the simulated effluent in the range of UV-A/Vis are the same as in
demineralised water.

Solar photo-Fenton experiments were carried out in an outdoor pilot plant. It is a tubular reactor with
four independent loops which permit to run simultaneous experiments under the same incident solar
light (Figure 1). The tubes are made of borosilicate glass. In each experiment, 7 | were treated (4.55 |
irradiated volume). The pilot plant is located at the Centro de Investigacidn de la Energia Solar (CIESOL),
in Almeria, Spain (latitude 36° 50' 24.59" N, longitude 2° 28' 4.52" W). The photoreactor has a path
length of 5 cm (tube diameter). UVA radiation is measured using a global UV radiometer (DeltaOhm, LP
UVA 02 AV; spectral response 327-384 nm) mounted on a platform tilted at 37°, matching the local
latitude and providing data in terms of incident UV (W m™).

Also, the plant is equipped with pH and temperature probes and the variables were monitored on-line
by means of a LabJack USB/Ethernet data acquisition device connected to a computer. At the beginning
of the experiment, the tubular reactor was covered. A turbulent recirculation time of 5 minutes was
allowed for homogenisation after the addition of each reagent, corresponding to the mixing time in the
photoreactor. After this time, the solar collector was uncovered and photo-Fenton reaction began. The
pH was adjusted to 2.8. In all cases, 50 mg I* H,0, was used. Values for Fe concentration were: 1, 5 and
20 mg I'* Fe. Regarding UV incident radiation, different values were able to be obtained outdoors
through the use of meshes which partially filtered solar irradiance: 5, 15, 20 and 30 W m™ of UVA was
able to be achieved (with a temperature of 2512 °C. The process was run at noon, when irradiance was
virtually constant for the duration of the tests. The operating conditions are summarised in Table 1.
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Figure 1. Process scheme in the tubular pilot plant

Table 1. Experimental conditions for identification and validation runs

Run [Fe] (mg 1) Irradiance (W m™) Use
1 1 5 Identification
2 1 15 Identification
3 1 20 Validation
4 1 30 Identification
5 5 5 Validation
6 5 15 Identification
7 5 20 Identification
8 5 30 Identification
9 20 5 Identification
10 20 15 Validation
11 20 20 Identification
12 20 30 Identification

2.3 Chemical analysis

The sample volume was 10 ml. All samples were immediately filtered (0.20 um-diameter nylon filters
from Millipore®) and the filter was washed with acetonitrile in a relationship acetonitrile:sample 1:10
and mixed with the filtered water sample. This is because acetonitrile acts as an HO" scavenger,
stopping the reaction (Mitroka et al., 2010) and also sweeps out any trace of pollutant that may have
been retained by the filter. This served to prevent any possible adsorption on iron precipitate or in the
filter.

Hydrogen peroxide was measured by a colorimetric method using ammonium metavanadate, recording
the absorbance value at 450 nm (Nogueira et al., 2005). The concentration of iron was determined
according to the o-phenantroline standardized procedure (ISO 6332) and the red complex formed was
determined spectrophotometrically at 510 nm.

ACTM, TBZ and IMZ concentrations were determined by means of liquid chromatography (UPLC Agilent
1200 Series equipped with a column oven, degasser, autosampler and diode array detector) with a
reversed-phase column (Agilent XDB-C18). The mobile phase consisted of a gradient mixture of
acetonitrile and 1% v/v formic acid in water. It was a 15 min method. The gradient started at 5%
acetonitrile, increasing to 15% after 7 min, to 50% after 12min and reaching 100% at the end of the
method. Retention times were 4.4 for TBZ, 9.6 for ACTM and 11.4 for IMZ. The detection wavelengths
were 225 nm for IMZ, 248 nm for ACTM and 300 nm for TBZ. The gradient used was initially set at 5%
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acetonitrile, progressively increasing the concentration to 100% over a 15 min run. The limit of
detection (LOD) was 2 pg I™* for ACTM, 1 pg I'* for TBZ and 10 pg I"* for IMZ.

2.4 Modelling

The model was based on a simplification of the reactions that take place in the photo-Fenton process
and which are represented in Table 2. The reactions can be classified in three types: the iron redox cycle
reactions (Egs. 1-3); the oxidation of pollutant and other organic molecules (OM) (Egs. 4-7); and
reactions of hydroxyl radicals with themselves and with hydrogen peroxide, which are considered
inefficient as the radicals are not used to oxidise the pollutants (Egs. 8-9) (Gogate et al., 2004). The
model assumes eight species: Fe**, Fe*', hydrogen peroxide, ACTM, TBZ, IMZ, OM, and both hydroxyl
and perhydroxyl radicals, which are named R in the model as both oxidise the organic compounds and
the probability of reaction with them is the same. The target was to degrade micropollutants not their
mineralization or the mineralization of other organics. Therefore, oxidation till carbon dioxide release
was not considered in this model.

Table 2. Reaction scheme in the photo-Fenton process

Iron redox cycle reactions

Fe’* + H,0, > Fe*" + HO" + HO' (1)
Fe’* + H,0 + hv > Fe*" + HO® + H' (2)
Fe**+ H,0, > Fe’ + HOO™+ H' (3)

Parent compound and organic matter oxidation

HO® + ACTM > ACTM* (
HO® +TBZ > TBZ * (
HO® + IMZ > IMZ* (6)
HO® + OM > OM* (

Inefficient reactions
H,0, + HO® = H,0 (8)
HO® + HO" > H,0+% O, (9)

The reaction rates and mass balances proposed for the system are shown in Tables 3 and 4. Note that
solar UV irradiance was considered as another variable in the kinetics and was denoted as | (Eq. 12). This
was necessary as the photo-Fenton process depends on the irradiance that reaches the reactor’s
surface.

Table 3. Kinetic expressions for each reaction

Kinetic rates

r1=k1-[Fe2+]-[H202] (11)
ry=ko [Fe’"11/(Kys+) (12)
rs=ks'[ Fe3+]'[H202] (13)
r;=k4:[R]-[ACTM] (14)
rs=ks'[R]-[TBZ] (15)
re=ke'[R]-[IMZ] (16)
r7=k7'[R]-[H,0,] (17)
rg=kg'[R]’ (18)
ro=kg:[R]:[OM] (19)

In addition, the fraction of illuminated volume in the system was taken into account in the mass
balances (ratio V;/V, =0.65) (Table 4).
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Table 4. Mass balances on the system

d[2i2+] e \\;_l . (1_ ://_l) s (20)
d[HdtOz] -rl-(l-\\;—l) o 22)
dRT v,

T:r1+v—t-r2+ (1—V—t> F3-T4-Ts-g-r7.rg-rq (22)
d[LIfZ] . (22)
d[|;\:|2] e (23)
d[cjtlvll . 24)

The aim of the model was to predict the time course variation in the main four process variables: ACTM,
TBZ, IMZ and H,0, concentrations. For this purpose, 10 parameters in the model had to be obtained.
They were the kinetic constants ki, ky, ks, ks, ks, ks, ks, ks, kg, kg. The kinetic rates and mass balances
were implemented in MATLAB® to find the best values for the 10 parameters to model the four
aforementioned variables. The modelling was executed implementing a Monte Carlo direct search with
an error rate as objective function in a sequential search. Thus, the method searched randomly values
for the parameters in a wide interval in the order of magnitude found in literature for each constant.
Then, the values were used to model the variables profiles in the experimental conditions of the
identification runs (Table 1). The simulated profiles were then compared to the experimental data. The
comparison was made by the error rate objective function:

4
E= e, (25)

n=1

where E is the sum of the errors for each variable, subscript n stands for the modelled variable (ACTM,
TBZ, IMZ and hydrogen peroxide); and e, is the error of each variable and calculated through Eq. 26. This
strategy has been used in previous work (Cabrera Reina et al., 2012).

t=t¢

e =a- ZZ Xsim,t™ Xexpt (26)
Xexp,t

i=1l t=0
The subscript j stands for each identification run; t is the time when the variable was measured; sim
stands for the simulated value; and exp, for the measured value; a is a weighting parameter to define
the contribution and importance of each parameter to the model. The value of alpha was 4, 2, 1 and 3
for ACTM, TBZ, IMZ and hydrogen peroxide, respectively. Model validation was performed by comparing
predicted and experimental data for the validation runs (Table 1). These runs were taken as
representative of the assayed operating conditions.

3. Results and discussion

Solar photo-Fenton was carried out at pilot plant scale in simulated secondary effluent with slight
hydrogen peroxide excess (50 mg |™') to avoid radical limitation. Iron concentration was varied from 1 to
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20 mg I"* as they are common amounts used for this kind of application (De la Cruz et al., 2012; Klamerth
et al., 2013; Malato et al., 2004); and the achieved irradiance ranged from 5 to 30 W m™, which covers
from winter to summer conditions and sunrise to sunset. The validation of the model in such wide
intervals of catalyst and irradiation conditions is important for the automatisation of the process. The
three model pollutants have been found in wastewater treatment plant effluents with concentrations
between 50-100 ng I* (Bernabeu et al., 2011; Ortelli et al., 2005). Nevertheless, a concentration of
100 pg I'* was used, which was low enough to be considered a micropollutant mixture, but high enough
to monitor through UPLC.

To illustrate the effect of UV irradiance on the removal of ACTM, TBZ and IMZ as well as on H,0,
consumption, the profiles obtained with 5 mg I Fe are shown in Figure 2. The effect of UV irradiance at
this concentration was representative of 1 and 20 mg I"* Fe. Although the global process rate increased
or decreased with increasing/decreasing amounts of iron, the effects observed were the same for every
iron concentration.

ACTM TBZ
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Figure 2. Experimental results obtained for 5 mg I'* Fe and all irradiances assayed

Among the three micropollutants, ACTM was the less reactive and thus, the slowest to be oxidised,
followed by TBZ and IMZ. This fact made ACTM the target pollutant, since ensuring it was removed
would imply the other two would be as well. It could also be observed that the increase in solar UV
irradiance from 5 to 15 W m™ resulted in an increase in the degradation rate, but the increase in
irradiance above that value did not improve the degradation rate. The same could also be observed for
hydrogen peroxide consumption. This effect occurred for the other two iron concentrations as well.

This can be explained considering that above certain UV irradiance (15 W m™ in this case) enough
radicals were generated to oxidise the parent compounds, which were in very low concentrations.
Consequently, a rise in solar UV irradiance above that value resulted in a situation of radical excess
where no improvement could be achieved in the kinetic rate. This fact was taken into account when the
model was designed. The generation of an excess of radicals implies there was irradiance saturation
(excess) as well. Thus, the kinetic corresponding to reaction 2, which is where irradiance is directly
involved in the process, had to include it. Indeed, in the kinetic rate expression (Eq. 12) the term (/+k,;)
was incorporated in the denominator to consider the saturation effect of irradiance, where k. is the
saturation constant. The values obtained for model parameters are presented in Table 5.

The highest kinetic constants corresponded to ks-k¢ and kg. The value of kg is related to the radical-
radical inefficient reaction (Eq. 18), which in this case involves hydroxyl and perhydroxyl radicals. This
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agrees with the literature, where the kinetics between the radicals is very fast (Kusic et al., 2006; Ortiz
de la Plata et al., 2010). As for the oxidation of ACTM, TBZ and IMZ, the corresponding constants met
the condition k,<ks<ks, as ACTM was the slowest to be oxidized, then TBZ and then IMZ. Certainly, IMZ’s
kinetic constant was over 10 times higher than ACTM'’s.
Table 5. Model parameters in mM™ s™

k1 k;* ks ks ks ks ke ks ks ko

350 3 7 0.05 1012 5053 12350 140 10276 34

R o -1
%k, is expressed in h

b . . -2
kys is expressed in W m

The value of ke, related to the oxidation of other organic molecules, was rather low (34 mM™ s?). This is
reasonable since usually other organic molecules present in a secondary effluent have a high oxidation
state, so their reactivity towards radicals would be smaller. The kinetic constants that showed the
smallest values were those associated to the iron redox cycle, k;-k; and k. Values of k, between 53 and
76 M™'s™ and 0.002 M's™* for k; (Egs. 1 and 2) can be found in the literature (Pérez-Moya et al., 2008).
The value found for k; in the model was 350 M™s™, which is higher than the theoretical values.
Nevertheless, the relationship between k; and ks is maintained (ki/k;~10°). As for k,, the value in the
model is 3 M™'s™, higher than k; as UV irradiance enhances the iron (111) reduction, and it is two orders of
magnitude smaller than k;, so it is also a consistent value. The value of ky is related with the saturation
effect of UV irradiance. It corresponds to the value of irradiance which achieves half the maximum
degradation rate. In this case, the value obtained was 7 W m™, which is consistent with the meaning of
k,s since the theoretical value would be the middle point between 0 and 15 W m™, which was where the
irradiance saturation point was found.The values of parameters shown in Table 5 were used to validate
the model, simulating the validation runs (which were not used to adjust the model) (Table 1). The
results of the model fit are shown in Figure 3.

Each of the figures corresponds to one iron concentration, each one with a different irradiance value to
widen the validation range. During the search of the parameters, the weight of the error for each
variable (ACTM, TBZ, IMZ or H,0,) was not the same. The alpha value (see Methods Section), which is a
weighting parameter, was highest for ACTM and H,0,. Certainly, when ACTM is completely removed,
the other two pollutants are removed as well, so it is important to effectively simulate this variable. As
for hydrogen peroxide, the successful prediction of its consumption is important for the process as it
affect the process costs (Sanchez Pérez et al., 2013b). Consequently, the parameter search was specially
aimed at successfully modelling the two variables.

The model predicted remarkably well the hydrogen peroxide consumption in all the validation
conditions (Figure 3). And ACTM degradation profiles could also be properly predicted for 5 and
20 mg I of iron (in Figure 3b and 3c). However, the predicted profile for 1 mg I"* Fe resulted in a slower
degradation than the experimental values. This happened for IMZ and TBZ, although to a lesser extent,
since the time for total removal could at least be predicted for these compounds. Their simulated
profiles for higher iron concentrations were adequate.

The deviation in the prediction of ACTM degradation with 1 mg I"* Fe could be related to different
factors. The most likely is that with only 1 mg I* Fe, hydroxyl radical generation rate is strongly limited
by the low amount of catalyst and more reaction mechanisms could take place, which were not
considered in the simplified model, such as the reactions with transformation products. In any case, 1
mg I Fe would not be realistic for practical applications and it would be imperative to work with higher
iron concentrations more suitable for process simulation.
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Figure 3. Experimental (dots) and predicted (lines) profiles for ACTM, TBZ and IMZ oxidation and
hydrogen peroxide consumption for the model validation (runs 3, 5 and 10)

4, Conclusions

In this work we present a simplified kinetic model to simulate the solar photo-Fenton process applied to
wastewater treatment plant secondary effluent to remove micropollutants in a wide range of iron
concentration and irradiance. The model can be used to successfully predict micropollutant degradation
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in tubular solar photoreactors during the whole year with iron concentrations between 5 and 20 mg I"*
Fe, which is a common interval in this process. This model can also be taken as the first step to optimize
micropollutant degradation and hydrogen peroxide dosage, permitting automatisation.
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