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Abstract

The possibility to intensify the homogeneous photo-Fenton by temperature (up to 90 °C)
has been deeply investigated employing phenol solutions as model pollutant and treating

a real landfill leachate effluent.

TOC removal rate was significantly increased as temperature was raised in photo-
oxidation experiments. Thus, 120 min of irradiation time was used to mineralize 1 g/L of
phenol at 50 °C, but only 30 min were needed to achieve the same result at 90 °C. H>0>
consumption efficiency (nH202), defined here as g of TOC converted per g of H20:
consumed, increased from 0.085 at 25°C to 0.144 at 50 °C remaining unaffected up to 90
°C. More interestingly, the Irradiation Energetic Efficiency, defined as the TOC converted
per W-h of energy emitted to the solution, dramatically increased with temperature, and

a maximum value of 1.04 g of TOC per W-h was reached at 90 °C.

Similarly, when a much more complex wastewater matrix was evaluated, such as the
landfill leachate, the required irradiation time to achieve maximum TOC and COD
removals (around 80 %) was reduced from 180 to 45 min by increasing temperature from
50 to 90 °C. Thus, irradiation efficiency increased 4-fold over the studied range of

temperature.


mailto:jaime.carbajo@uam.es
https://www.editorialmanager.com/seppur/viewRCResults.aspx?pdf=1&docID=20567&rev=0&fileID=287883&msid=15ad2298-ddde-4d09-9df8-c2e00ff465a2
https://www.editorialmanager.com/seppur/viewRCResults.aspx?pdf=1&docID=20567&rev=0&fileID=287883&msid=15ad2298-ddde-4d09-9df8-c2e00ff465a2

In addition, a kinetic model was proposed to fit experimental data for TOC evolution in
both phenol and the leachate treatment. According to this, firstly temperature promotes
the rapid degradation of TOC by the hydroxyl radicals produced by Fenton reaction
decreasing the wastewater turbidity and colour. Subsequently, photo-Fenton reaction

plays a key role, promoting organic acids and other by-products mineralization.

The results of this paper reveal that, far from being a drawback due to undesirable H2O;
thermal decomposition into O, and H20, temperature could be efficiently used to enhance
the cost-efficiency of photoassisted processes. To the best of our knowledge, this is the
first time that such a wide range of temperature up to 90 °C is explored. Thereby, new
operational conditions to successfully treat moderate to highly organic loaded
wastewaters are provided in this work.

Keywords: Photo-Fenton, Temperature Intensification, Irradiation Energetic Efficiency,
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1. Introduction

Advanced Oxidation Processes (AOPSs) have been extensively applied to treat wastewater
with toxic or non-biodegradable compounds [1-4]. Among them, Fenton process is based
on the H,0; catalytic decomposition by Fe?* at acidic pH to produce active hydroxyl
radicals (HO") via Eq. 1. Fe?* can be regenerated by H,02 (see Eq. 2) or by interaction
with organic compounds. Nevertheless, these reactions are several orders of magnitude
slower than iron oxidation. Therefore, Fe?* regeneration is considered the limiting step in

the Fenton process [5].
Fe** + H,0; — Fe3* + OH + HO" (Eq. 1)

Fe®* + H,0, — Fe?* + HOy + H* (Eqa. 2)



There are several commercial wastewater treatment facilities based on Fenton
technology, i.e. OHP® and MFC-Foret® processes [6,7]. These have proven to be efficient
techniques to treat wastewaters with non-biodegradable pollutants. Both processes work

at high temperature and use mixtures of iron salts.

The rate of Fenton reactions can be significantly increased by irradiating at wavelengths
below to 580 nm in the so-called photo-Fenton process. This enhancement is mainly
attributable to photoreduction of Fe**-ligand complexes, which dissociate into Fe?* and
oxidized ligand (LOH) through ligand-to-metal charge transfer (LMTC) mechanism

[5,10]:
[Fe**L]-H20 + hy — [Fe*'L]"H.0 —Fe?" + LOH + H* (Eq. 3)

As a consequence, photoreduced Fe?* can be subsequently re-oxidized by hydrogen

peroxide producing hydroxyl radicals (see Eqg. 1) [8,9], thus completing the catalytic cycle
[5].

An interesting example of the previous photoreduction mechanism is the absorption of
visible light between 500 and 580 nm by ferric-oxalate complexes (see Egs. 4 and 5),

which otherwise would be refractory to conventional Fenton process [10]:
FE(C204)33' + hv (A<580 nm) — Fe?* + 2 C204% + C,04™ (Eq. 4)
C.04™ + Fe** — Fe?* + 2 CO, (Eq. 5)

Despite these advantages, the industrial implementation of photo-Fenton process is still
limited due to irradiation energy consumptions, Fenton reagent costs or low reaction rate
when solar irradiation is employed [8,11]. Many strategies have been explored to increase
photo-Fenton efficiency. Among them, the use of iron ligand complexes such as iron

oxalate or iron citrate to avoid iron precipitation [12,13], or the integration of photo-



Fenton with other processes as ozone [14], photocatalysis with TiO2 [15], nanofiltration

[16], ultrasounds [17], biological or electrochemical processes [18-20].

Increasing temperature has been claimed to substantially enhance both, the oxidation rate
and the mineralization degree in Fenton treatment processes [21-23]. Although increasing
temperature is also considered to improve reaction rate in photo-Fenton [10], surprisingly,
a very few number of works have study this effect beyond 50 °C. This can be probably
explained because it is generally accepted that at high temperature, photo-Fenton
efficiency is compromised by H>O» thermal decomposition into O and H.O [11] or iron
hydroxide precipitation [8,24]. Moreover, the results gathered in literature seem to be
divergent. Thus, Perez et al. [25] assessed the role of temperature, in the range 25-70 °C,
using wastewater from textile industry. According to their results, the higher the
temperature, the higher the organic load removed. On the contrary, other authors reported
the highest organic load conversion around 50°C [26] or very scarce improvements

beyond that temperature [27].

Therefore, this study tackles on the effect of temperature (between 25 and 90 °C) upon
photo-Fenton efficiency in terms of irradiated energy (W-h) and H202 consumption per
TOC mineralized employing phenol as model pollutant. These results are ultimately
validated by treating a much more complex matrix coming from a landfill leachate
wastewater. Commonly, COD content in this latest effluent is related to the presence of
significant amounts of high-weight recalcitrant compounds [28]. In this type of effluents,
active oxidant species generated by photo-Fenton mechanism have turned into a
promising alternative to conventional biological processes, particularly when the age of

the leachates are above 5 years and BODs/COD ratios are below 0.2-0.3 [11].

Besides, a kinetic model based on two oxidation steps is proposed to accurately fit the

TOC evolution throughout the oxidation by photo-Fenton process. An initial stage



dominated by hydroxyl radical formation from Fenton hydrogen peroxide decomposition
and, a second one, in which photo-Fenton reactions allow short chain acids

mineralization.

To the best of our knowledge, this is the first time that a such wide range of temperature
up to 90 °C is explored to analyze if photo-Fenton process can be enhanced by
temperature to treat moderate to highly organic loaded wastewaters. Thus, reducing the
accumulated UV-Vis energy requirements, employing low iron doses and minimizing

Fe(OH)s sludge formation upon the oxidation process.

2. Materials and Methods

2.1. Chemicals

All the chemicals were analytical grade reagents and were used without further
purification. Phenol (> 99%), H20: (33% w/w), FeCl..4H20 (> 99%), TiOSO4, AgSOa,
K2Cr207, NapCO3 and NaHCO3 were purchased from Sigma Aldrich, and HCI (37%)
from Panreac. Working standard solutions of aromatics (p-benzoquinone, hydroquinone,
catechol and resorcinol) and short-chain organic acids (fumaric, malonic, maleic, acetic

and formic acids) from Sigma-Aldrich were prepared for calibration purposes.

2.2 Landfill leachate wastewater effluent

The leachate wastewater was obtained from a municipal landfill located in Madrid
(Spain). The effluent was gravity filtrated before characterization and photo-Fenton
oxidation experiments. The main parameters of the effluent are shown in Table 1.
Nitrogen Content was around 750 mg/L, COD and TOC initial values were 2,930 and

891 mg/L, respectively. In addition, 1,125 mg/L of CI, 280 mg/L of SO4> and 431 mg/L



of Total Inorganic Carbon were also present, being the last attributable to the presence of

HCOzs according to the slightly basic character (pH ~8.0) of the leachate.

2.3 Photo-Fenton experiments

Photo-Fenton experiments were carried out in an immersion-wall batch jacketed 1 L
photoreactor equipped with a 150 W medium pressure Hg lamp (TQ-150 from Heraeus)
contained in a water-cooled quartz chamber provided with a temperature control unit
Ministat 125 (Huber). The photoreactor was placed in a heating plate to accurately control
the temperature in the reaction media ensuring minimal deviation (+1 °C). The lamp
emits in a broad spectrum between 250 and 600 nm, with a UV-irradiance of 30 W-m 2.
Photo-Fenton experiments were carried out as follows: briefly, 600 mL of a pHo 3 phenol
aqueous solution or landfill leachate wastewater containing the required amount of Fe?*
catalyst (10 mg/L) were premixed in the reactor. Afterwards the solution was heated up
to the desired temperature. Finally, the stoichiometric amount of H.O required to
complete TOC mineralization was added and the lamp irradiation was turn on, being this
step the beginning of the reaction. Hereafter, liquid aliquots were sampled from the
reactor at different time intervals, immediately cooled at 5 °C and subsequently analysed
by HPLC, ionic chromatography and Total Organic Carbon. Temperature was varied
within 25-90 °C. For the sake of comparison, Fenton experiments were carried out at the
same operating conditions in absence of irradiation.

2.4 Analytical methods

Phenol and aromatic by-products were analyzed and quantified by high performance
liquid chromatography (Thermo Fisher Scientific) using a C18 column (Eclipse Plus C18,
150 x 4.6 mm, 5 pm) at 323 K with a 4 mM aqueous sulfuric acid solution at 1 mL-min
1 as mobile phase. Short-chain organic acids and other inorganic anions were analyzed by

ion chromatography (IC) equipped with a conductivity detector (Metrohm 883 IC) using



a Metrosep A supp 5 column (250 x 4 mm) and 0.7 mL-min of an aqueous solution of
3.2 mM Na,CO3 and 1 mM NaHCO:3 as the mobile phase. Total organic carbon (TOC),
Total Inorganic Carbon (IC) and Total Nitrogen (TN) in solution were measured using a
TOC analyzer (Shimadzu, mod. TOC-Vsch and TOC-L). H2O. concentration was
determined by colorimetric TiOSOs4 method using a UV2100 Shimadzu UV-vis
spectrophotometer.

The Chemical Oxygen Demand (COD) measurements were performed by colorimetric
method using a UV—vis spectrophotometer (Shimadzu, model. UV-1603) in accordance
with a standard method using potassium dichromate as oxidant (ISO 6060).

3. Results and discussion

3.1 Influence of temperature on photo-Fenton performance with phenol

Figure 1 illustrates the evolution of Total Organic Carbon (TOC) and H.O2 concentrations
upon the photo-Fenton oxidation of 1000 mg/L of phenol at different temperatures
employing 10 mg/L of Fe?* and the stoichiometric amount of hydrogen peroxide. For the
sake of comparison, the experimental data carried out in absence of light (dark Fenton

process) are also included.

It must be noted that the Fe/H20- ratio is significantly lower than the regular used for
Fenton process [29], in an attempt to minimize the effect of iron dose upon the kinetic,
thus making more noticeable the effect of temperature. Moreover, the sludge generation
and the scavenger reactions among H>O> and/or hydroxyl radicals are also minimized

[22].

As can be observed in Figure 1, the increases of temperature promote a higher rate of
H>0, decomposition and, consequently, higher TOC conversion. Thus, while 120 min of

irradiation time are required to degrade 95 % of TOC at 50 °C, only 30 min were needed



to achieve the same degree of mineralization at 90 °C. In terms of H20- efficiency (nH202),
defined here as the g of TOC removed per g of hydrogen peroxide consumed, this value
changed from 0.085 at 25°C to 0.144 at 50 °C (see Table 2). Beyond this temperature, the
efficiency was maintained up to 90 °C. The maximum value of this efficiency would be

0.152 considering only TOC conversion.

On the basis of these results, it can be clearly stated that the increase of temperature in
photo-Fenton process, far from being a drawback due to undesirable H>O. thermal

decomposition, increase TOC rate removals and H.O> consumption efficiencies.

Figure 2 depicts the evolution of oxidation intermediates, including aromatics (phenol,
hydroquinone, p-benzoquinone and catechol) and short-chain organic acids (malonic,
maleic, formic and oxalic) along the reaction at different temperatures. In addition, the
differences between the measured TOC values and the amount of carbon in the identified
compounds (i.e. short chain acids and aromatic compounds) has been defined as
unidentified TOC, which may be attributed in a certain extent to condensation by-
products [30,31] and other unknown oxidation intermediates. As can be seen, phenol and
aromatics were not completely removed at temperatures below 50 °C, and the subsequent
evolution of short-chain organic acids and other by-products was limited by the extent of
phenol-aromatic oxidation. This was particularly true at 25 °C, where an intense brown
colour inthe solution was observed. This coloration, mainly attributable to the appearance
of quinones and condensation by-products, prevented photochemical reactions inside the

photoreactor.

At higher temperatures (above 50 °C), although a less intense brown colour was also
observed, it rapidly disappeared. Therefore, temperature appears to promote oxidation of

phenol and aromatic by-products to acids. Despite these acids are poorly reactive with



hydroxyl radicals, they are prone to be easily removable trough photodecomposition
reactions in which iron salts are involved. In this sense, as can be seen in Figure S1
(Supporting Information), oxalic acid degradation was significantly accelerated as the
temperature increased, achieving complete degradation even at 50 °C. Conversely,
oxalate ferric degradation appears to be the rate-limiting step in the dark Fenton

experiments even at 90 °C (see Fig. S1).

The effect of the temperature on the H>O, consumption efficiency is also corroborated by
the results shown in Figure 3, which depicts the Xtoc vs. XH202 for all the photo-Fenton
experiments at different times and temperatures. For the sake of comparison, it also
includes the results obtained in dark conditions at 90 °C after 240 min of reaction time.
As can be seen, the ratio TOC converted vs. H2O. consumed did not decreased as
increasing temperature, as should occurs if H202 would predominantly decomposed into
O and H20. On the contrary, in those photo-Fenton experiments performed at or above
50 °C, Xtoc/XH202 ratios increased to values that are close to the unit. At this conditions,
when temperature is high enough, effluent turbidity is rapidly reduced and Fe-organic
complexes may be broken by photolysis (see Eqgs. 4 and 5) reducing Fe** to Fe?* (see Eq.
3). By contrast, when temperature was below 50 °C, photo-Fenton reactions were severely
limited by the inability of light to penetrate in the wastewater and Xtoc/Xw20 ratio was

lower than 0.8 (see Figure 3).

Unlike other conventional process, the cost of irradiation is an important factor limiting
the industrial application of photo-Fenton processes [8]. In this sense, high illuminated
surface to volume ratios are needed to achieve good efficiencies in solar photo-reactors,
thereby capital and operational costs associated to scaling-up and high surface
requirements are increased. On the other hand, the operating costs associated to energy

consumption can severely increase when artificial lamps are employed as a source of



irradiation. Whichever the case may be, it can be easily understand the relevance of the
energetic efficiency of irradiation from an industrial perspective to analyze the photo-
Fenton cost-efficiency. To this aim, herein we have defined the “Irradiation Energetic
Efficiency” (IEE) [32] as the amount of organic carbon mineralized per W-h of energy
emitted to the solution. Accordingly, the energy accumulated (Qyy) in W-h for all the

irradiated experiments has been calculated as peer Eq. 6:

Quv = UV - A; - Aty (Eg. 6)

where UV, is the emitted lamp UV-irradiance (30 W-m™2), 4; is the irradiated area and
t,, the experimental reaction time. The corresponding Irradiation Energetic Efficiencies
(IEE), has been accordingly represented in Table 2. As can be seen, IEE values severely
increase with temperature, achieving a maximum value of 1.04 g of TOC removed per
W-h at 90 °C, otherwise only 0.26 g of TOC could be degraded at 50 °C employing the
same amount of energy. It should be noted that IEE parameter does not provide
information about the efficiency of the photocatalytic reactor design or about the rate at
which molecules undergo a given oxidation event per photon absorbed (quantum yield)
[32]. Nonetheless, IEE undoubtedly better illustrates the impact of the TOC
disappearance rate on the economic viability of the photo-Fenton process from an

industrial applicability perspective.

3.2 Influence of temperature on the photo-Fenton process kinetic model

To more deeply analyze the effect of temperature on the photo-Fenton process and to get
valuable data for design purposes, a kinetic model to fit the experimental data has been
proposed. In this sense, the evolution of TOC under different temperatures (see Figure 2)
strongly suggests that in an initial phase the oxidation process is dominated by the Fenton

reaction. Then, TOC curves change their trend indicating the point at which the photo-



Fenton reactions becomes dominant. Accordingly, a kinetic model previously reported
for Fenton oxidation [21] has been re-designed to fit photo-Fenton experiments. Two
types of TOC have been defined to better fit the experimental data as illustrated in Scheme
1. TOCa can been ascribed to phenol, aromatics or other oxidation intermediates such as
condensation by-products which can be easily oxidized by hydroxyl radicals to CO2 (ki)
or other oxygenated by-products TOCg (ko). TOCg is composed of short-chain organic
acids and other unidentified TOC which can be photo-oxidized to CO> (ks). For this
model, an apparent second order has been proposed to fit TOCa disappearance rate,
typically describing Fenton processes [21,33] while, in accordance with experimental
data, TOCg mineralization to CO2 has been fitted to a zero apparent kinetic order,

describing accurately the photo-oxidation reactions:

TOC = TOC, + TOC (Eq. 7)
T = —ky - TOC} — ky - TOCE (Eq. 8)
T8 = ky - TOCF — ksTOC," (Eq. 9)

The corresponding calculated apparent kinetic constants are represented in Table 3, while
the corresponding fit to experimental TOC values is depicted in Figure 4. All rate
constants were obtained by fitting the model to the experimental data using Scientist 3.0
software. The goodness-of-fit of the data to the curves is certainly corroborated by Figure
5, where the simulated TOC vs. experimental TOC is represented.

As can be seen in Table 3, all the apparent rate constants within the range 25-90 °C
significantly increase with temperature. Interestingly, these results confirm that the
oxidation process is enhanced by temperature in a first stage through the intensification
of HO® formation by conventional Fenton, promoting faster aromatics oxidation and
condensation by-products to acids (kz2) and direct oxidation of TOCa to CO2 (ki1). The

later may be related to the release of CO- during the initial oxidative ring opening of the



aromatic intermediates accordingly to previous studies [31,33]. Once the turbidity is
significantly reduced, photo-Fenton reactions dominate the oxidation process and TOCg
mineralization is accelerated trough photodecomposition reactions by iron species
occurring all over the reactor depth, being this confirmed by the dramatic increase of ks

values with temperature.

3.3 Influence of temperature on the landfill leachate wastewater treatment by photo-Fenton

The possibility to increase photo-Fenton efficiencies at high temperature has been
ultimately tested by treating a much more complex wastewater, as the landfill leachate

effluent selected for this work (characteristics are provided in Table 1).

Experiments were carried out at 50 and 90 °C employing 10 mg/L of Fe?* following the
same conditions of the study conducted with phenol in previous sections. H2O> initial
concentration was the theoretical amount required to completely remove the initial COD
(1g COD <> 2.125 g H20; [34]), and pH was adjusted to 3 prior to the reaction. Thus,

CO3" formation via HO scavenging by carbonate anions was avoided [35].

As can be seen in Figure 6, as occurred with phenol, increasing temperature from 50 to
90 °C dramatically decreased the required irradiation time (from 180 to 45 min) to achieve
the maximum TOC removal (around 80 %), being the remaining TOC consistently
explained by H>O, depletion. Even more interestingly, the Irradiation Energetic
Efficiency (IEE) increased by 4 fold with temperature (see Table 4). Thus while 0.68 g
of TOC were eliminated per W-h at 90 °C, uniquely 0.17 g of TOC could be degraded at
50 °C employing the same amount of energy. It is also noticeable how hydrogen peroxide
efficiency (nH202), represented in Table 4, were roughly equal at 50 and 90°C, proving
that the undesirable H.O; thermal decomposition into Oz and H>O was not significant at

high temperatures.



Based on the kinetic model proposed in the previous section (see Scheme 1), TOC
experimental values for the landfill leachate photo-Fenton experiments at 50 and 90 °C
were also fitted. According to the apparent Kinetic constants r? coefficients (see Table 5)
and the corresponding fit to experimental TOC values, depicted in Figure 7, it can be
confirmed that the proposed kinetic model is valid not only for phenol solutions as model
pollutant, but to fit a much more complex effluent such as the leachate studied here. Also
the role of temperature was confirmed by the increase of apparent kinetic constants. Thus,
values for ki, ko and ks for the experiment at 90 °C were one order of magnitude higher

than those obtained at 50 °C.

Besides, although slightly differences were found when phenol solutions and leachate
experiments were compared at 50 and 90 °C, interestingly, ki, k2, and ks were found to be
in the same order of magnitude. Accordingly, it may be postulated that, as occurs with
phenol, in a first phase hydroxyl radicals produced by Fenton reaction are intensified by
temperature inducing the fast oxidation of high-weight recalcitrant and the aromatic
compounds present in landfill leachates wastewaters [28], resulting in a significant
reduction of the effluent turbidity (see colour evolution in Figure S2). Subsequently, in a
second phase, photo-Fenton reaction becomes dominant and photochemical reactions are
promoted all over the reactor depth accelerating the mineralization organic acids and
other dissolve organic matter present in landfill lixiviates such as alcohols or aldehydes

[36].

4. Conclusion

Herein, the intensification of the photo-Fenton process by increasing temperature up to
90 °C has been proposed to improve the mineralization efficiency for phenol solutions

and a real landfill leachate effluent. The results reveal that, far from being a drawback



due to undesirable H20. thermal decomposition into O, and H»O, temperature increase
has led to high H.O> consumption efficiencies. Meanwhile, the required amount of
irradiated energy to degrade the organic matter is dramatically reduced with temperature
in photo-Fenton oxidation. Thus, for phenol solutions and the landfill leachate, a

maximum of 1.04 g and 0.68 g of TOC were eliminated per W-h at 90 °C, respectively.

The TOC evolution upon the leachate and phenol oxidation has been satisfactorily fitted
by a kinetic model considering two TOC fractions. The values of the apparent kinetic
constants suggest that, in a first phase, temperature significantly intensifies HO® formation
by conventional Fenton pathway, promoting fast oxidation of aromatics and other by-
products to acids and CO». Consequently, wastewater colour-turbidity was significantly
reduced. In a second phase, dominated by photo-Fenton reactions, organics acids and
other by-products removal is accelerated with temperature trough photochemical

oxidation reactions occurring all over the reactor depth.

The present work provide new data indicating that relatively high temperatures up to 90
°C can be efficiently applied in photo-Fenton processes to treat moderate to highly organic
loaded real wastewaters. It should be remarked that, along with low irradiation energetic
requirements, low operational costs might be maintained if wastewater is heated by sun
light in low concentration photo-reactors. At the same time, kinetic improvement by
temperature can reduce iron doses requirements, minimizing Fe(OH)s sludge formation

upon the oxidation process.
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Table 1. Landfill leachate main parameters

Parameters Values
COD, mg-L™! 2,930
TOC, mg-L*! 891
TN, mg-L* 750
Inorganic Carbon-, mg-L™! 431
pH 7.9-8.1
Chloride, mg-L™! 1,125
Sulfate, mg-L™! 280

Conductivity, mS-cm™! 4.6
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Figure 1. Effect of temperature on TOC and H,O2 concentration upon photo-Fenton (Ph-
Fenton) and Fenton phenol oxidation.
([Phenol]o=1000 mg/L, [H20,]0=5000 mg/L, [Fe**Jo = 10 mg/L, pHo = 3)



Table 2. Hydrogen peroxide efficiency (nn202) and Irradiation Energetic Efficiency
(IEE) for photo-Fenton phenol oxidation runs at different temperatures

NH202° IEEP

Photo-Fenton 25°C 0.085 0.13

Photo-Fenton 50°C 0.144 0.26

Photo-Fenton 70°C 0.146 0.54

Photo-Fenton 90°C 0.141 1.04
Fenton 90°C 0.118 -

2gTOC removed/gH202 consumed
b gTOC removed per W-h at the maximum Xroc
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Figure 2. Evolution of TOC and oxidation by-products on the photo-Fenton phenol
oxidation at different temperatures.



Operating conditions: ([Phenol]o=1000 mg/L, [H20,]0=5000 mg/L, [Fe**]o=10 mg/L,

pHo=3)
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Figure 3. TOC vs. H,O, conversions on the Fenton and photo-Fenton (Ph-Fenton) phenol
oxidation at different temperatures.
Operating conditions: ([Phenol]o=1000 mg/L, [H202]6=5000 mg/L, [Fe**]o=10 mg/L, pHo= 3)



k? k3
TOC, +HO® — TOCyz+hy —> CO,
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Scheme 1. Kinetic pathway

Table 3. Apparent kinetic rate constants on photo-Fenton phenol oxidation

ki,kz: L-mgt-min?; ks: mg-Lt-mint

k1 k> ks r
25°C 8.91-10° 2.98-10% 0.88 0.9997
50°C 1.74-10* 5.20-10°° 4.49 0.9998
70°C 6.81-10° 1.97-107 8.57 0.9998
90°C 1.18-10? 1.93-10? 14.40 0.9994
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Figure 4. Experimental (symbols) and simulated (lines) TOC in Photo-Fenton phenol
oxidation at different temperatures.
([Phenol]o=1000 mg/L, [H20,]0=5000 mg/L, [Fe**]o=10 mg/L, pHo=3)
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Figure 5. TOC parity plot
([Phenol]o=1000 mg/L, [H20,]0=5000 mg/L, [Fe*]o=10 mg/L, pHo = 3)
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Figure 6. Effect of temperature on TOC and H,O- concentration upon photo-Fenton landfill
leachate wastewater treatment at different temperatures.
([TOCJo=981 mg/L, [DQO]s=2,930 [H20,]6=6200 mg/L, [Fe**Jo = 10 mg/L, pHo = 3)
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Figure 7. Experimental (symbols) and simulated (lines) TOC in Photo-Fenton landfill
leachate wastewater treatment at different temperatures.
([TOCJo=981 mg/L, [DQO]s=2,930 [H20,]6=6200 mg/L, [Fe*Jo = 10 mg/L, pHo = 3)



Table 4. Hydrogen peroxide efficiency (nH202) and Irradiation Energetic Efficiency

(IEE) for the Landfill Leachate photo-Fenton oxidation at different temperatures

NH202° IEEP
PhotoFenton 50°C 0.111 0.17
PhotoFenton 90°C 0.112 0.68

2gTOC removed/gH.O, consumed
® gTOC removed per W-h-L* consumed at the maximum Xroc

Table 5. Apparent kinetic rate constants for Landfill Leachate photo-Fenton oxidation

ki,kz: L-mgt-min?; ks: mg-Lt-min

K ko ks r?
50°C 1.82-10* 1.32:10° 3.40 0.997
90°C 1.41-10° 1.07-107 15.73  0.997
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Figure S1. Oxalic acid evolution on the photo-Fenton (Ph-Fenton) and Fenton phenol oxidation at
different temperatures.
Operating conditions: ([Phenol]o=1000 mg/L, [H202]6=5000 mg/L, [Fe**]o = 10 mg/L, pHo = 3,
T=25-90 °C)
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Figure S2. Colour evolution upon the landfill leachate photo-Fenton treatment at 90 °C
([TOCJ0=981 mg/L, [DQO]0=2930 [H20,]0=6200 mg/L, [Fe**Jo = 10 mg/L, pHo = 3)



Conflict of Interest

Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

CThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




