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Abstract

Herein, the recycled magnetite obtained from industrial ferrous scrap was used as an eco-
friendly, sustainable iron source in the photo-Fenton degradation of carbamazepine (CBZ), an
emerging contaminant in the aqueous environment. Citrate was used as a robust chelating
agent to trap and stabilize the iron required for the Fenton reaction. The results proved the
formation of the Fe(lll)-citrate complex, followed by the reduction of iron to Fe(ll) and the
formation of harmless molecules such as malonate under UV radiation. The adopted photo-
Fenton process in the presence of magnetite (0.3 g L™), H,0, (0.5 mM), and citrate (0.1 mM)
led to about 77% degradation of CBZ. Then, degradation efficiency was improved to 99% by
increasing the prior contact time between citrate and magnetite. In addition, 1 mM of citrate
and 2 mM of H,0, were found to be the optimal values for the degradation of CBZ under the
adopted photo-Fenton process. Eventually, the experiments illustrated that the recycled
magnetite could be used in the photo-Fenton process in five successive cycles without losing

its efficiency.
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1. Introduction

Contaminants of emerging concern (CECs), such as drugs, pesticides, or personal care
product components, are widely detected in surface waters worldwide. Wastewater treatment
plant (WWTP) effluents became a significant source of CECs in the environment [1,2].

Advanced oxidation processes (AOPs) as quaternary treatments are promising for CECs
removal in domestic WWTP [3]. Among them, Fenton oxidation has been studied over the
past century and has demonstrated its efficacy for CECs removal in different water bodies and
WWTP effluents [4]. The original Fenton process mainly consists in generating highly
reactive oxygen species such as hydroxyl radicals (*OH) from H,O, (HP) reactant through
Fe?* oxidation (Eq. (1)), followed by the Fenton-like reaction, which consists of Fe3*
reduction by H,O; (Eq. (2)) [5].
Fe**, H,0, —Fe**, *OH, OH" (1)
Fe**, H,0, — Fe*, HO,*, H' (2)

However, this degradation process faces shortcomings such as the accumulation of Fe*®
which is about 6000 times less reactive than Fe?* [6], and the precipitation of Fe** in the iron
oxide or ferric oxyhydroxide forms above pH 3 [7]. Therefore, the process is hardly
applicable to WWTPs because the effluents are generally buffered at circumneutral pH by
organic matter [8]. To avoid the costs associated with the produced iron sludge and narrow pH
range in homogeneous Fenton processes, the use of heterogeneous Fenton and photo-Fenton
processes gained a lot of attention. In this regard, replacing soluble iron with a solid source of
iron has been extensively investigated in the literature to overcome iron precipitation at
neutral pH [9]. In this case, Fenton reactions can take place on the surface of the iron-

containing catalysts. In addition, UV or visible light radiation could reduce =Fe(lll) into



=Fe(I1) (Eq. (3)), enhancing the production of *OH through the Fenton reaction and, as a

result, improving the oxidation procedure [10].

—Fe(ll), H,0 -5 =Fe(Il), *OH, H' @3)
Secondly, iron chelates were implemented as another solution to avoid iron (IlI)
precipitation at neutral pH [11]. Citrate, ethylenediamine-N,N’-disuccinic acid (EDDS),
ethylenediaminetetraacetic acid (EDTA), and nitrilotriacetic acid (NTA) have been widely
reported as iron (I11) chelating agents [12]. They can be used either to stabilize Fe*® ions in
solution or for the production of a complex of iron (=Fe (I11)) and ligand (L) on the surface of
the solid iron in a heterogeneous Fenton process [13]. Moreover, because these complexes are
usually highly photosensitive, they are likely to undergo reduction as defined in Eq. (4) to

enhance the Fenton-like reaction.

[=Fe (I11)-L] - =Fe (1) , L*
(4)

Magnetite (FesO.) is a mineral often found in aquifers and has both Fe?* and Fe** on its
reactive surface sites, favoring the occurrence of Eq. (1) and (2) [13]. The use of magnetite
nanoparticles reported by Sun et al. [14] has shown encouraging results for the degradation of
carbamazepine and ibuprofen at neutral pH. They demonstrated that H,O, reduction into *OH
mainly occurs through its adsorption on the surface of the magnetite nanoparticles. Moreover,
Fe304 possesses a magnetic property that differentiates it from the recoverable catalysts used
for wastewater treatment applications [15]. In our previous work, we used magnetite for
hydrogen peroxide and persulfate activation to enhance sulfalene degradation at neutral pH. In
the degradation process, magnetite was recovered from the reaction media and kept its activity
after five cycles [15].

To improve treatment performances, Xue et al. assessed the effect of various chelating

agents on the efficiency of the Fenton process implemented with magnetite and HP [16]. As



compared with magnetite alone, the oxidation rate constant of pentachlorophenol increased by
2.5 times in the presence of citrate. Citrate is a common molecule in natural water. It allows
the formation of a highly biodegradable bidentate ferric complex at neutral pH which is
relevant for an application in WWTP [17]. Moreover, the citrate-iron complex requires less
chelating agent to be formed than complexes formed with other chelating agents [18].
However, the there is a paucity of research regarding the effect of UV irradiation on iron
availability when using citrate as a chelating agent in a Fenton process with magnetite.

In the present work, for the first time, we used citrate to chelate iron from a recycled
magnetite in order to develop a robust and eco-friendly photo-Fenton process. Moreover, as
another novelty of this work, we investigated the fate of the complex between Fe(lll) and
citrate after its degradation under UV irradiation. Carbamazepine (CBZ) was chosen as a
model pollutant. It is an antiepileptic drug that has raised concern during the past years
because of its presence in WWTP effluents, leading to detection levels of several hundred ng
L in surface and ground waters [19,20]. The recycled magnetite was obtained from industrial
ferrous scrap and was provided by a french company (Hymag’in). The influence of various
contact times between magnetite and citrate for Fe(lll) and citrate complex formation was
evaluated. Furthermore, the efficiency of different processes such as photolysis, adsorption,
photo-Fenton, and photo-Fenton-like was assessed. The optimal conditions for the photo-
Fenton-like degradation process was evaluated by studying the effect of the initial pH and of

the concentrations of HP, citrate, and magnetite.

2. Materials and methods
2.1. Chemicals and reagents
The recycled magnetite was obtained from Hymag’in (Saint-Martin-d'Héres, France) and

the commercial one from Sigma-Aldrich. They were crushed and their structures were



analyzed by X-ray diffraction (XRD, D8 Advance, Bruker, Germany) (Fig. S1). XRD patterns
confirmed the existence of magnetite particles for both commercialized and recycled samples.
No specific impurity was observed in the recycled magnetite. Carbamazepine and hydrogen
peroxide (H20, 30% in water) were purchased from Sigma-Aldrich. Citric acid (purity >
99.5%) was provided from J.T.Baker ® brand chemistries and acetonitrile was supplied by
Carlo Erba Reagents. Ultrapure water was obtained from a milli-Q system. Real wastewater
was collected at the outlet of the treatment from the “3 riviéres” urban WWTP, Clermont-
Ferrand, France. Samples were filtered on a paper filter followed by filtration at 0.45 um on a

CHROMAFIL® Xtra RC-45/25 syringe filter from Macherey-Nagel.

2.2. Photocatalytic experiments

All the experiments were carried out in 50 mL Pyrex reactors that were placed either in the
dark or in a homemade rectangular box equipped on the top with four polychromatic UVA
fluorescent tubes (F15W/350BL, Sylvania Blacklight, Germany). The emission spectrum of
the lamps (Amax = 352 nm) was measured on top of the reactors with an optical fiber and a
charge-coupled device spectrophotometer (Ocean Optics USD 2000 + UV-vis), calibrated
using a DH-2000-CAL Deuterium Tungsten Halogen reference lamp (Fig. S2).

CBZ stock solution (100 uM) was prepared in ultrapure water and stored in the dark at
4°C. Predetermined amounts of magnetite and citric acid were added to 50 mL of ultrapure
water and stirred at 1500 rpm for various durations in the dark before the addition of HP and
carbamazepine (5 uM) at time 0. After adding CBZ and HP, the solutions were set into the
UVA reactor and the photodegradation processes were launched. 900 pL were withdrawn and
filtered at fixed times from the reactor and mixed with 100 pL of methanol to inhibit any

further degradation reaction.



Carbamazepine concentrations were followed using a Waters Acquity Ultra-High-
Performance Liquid Chromatography (UPLC) system equipped with a BEH C18 column
(100 x 2.1 mm, 1.7 um), coupled to a diode array detector (200-400 nm) and a fluorescence
detector (hex = 280 nm, Aem, = 305 nm). The initial CBZ concentration of 5 uM does not
require pre-concentration before UPLC analysis, avoiding a source of error. An isocratic
method was used over 3 minutes. The elution flow rate was 0.6 mL min™ and eluent was a
mixture of milli-Q water (70%) and acetonitrile (30%). The injection volume was 10 pL and
the column temperature was fixed at 40°C.

The following first-order equation fitted the concentration of CBZ during the radiation:

Ci/Co=exp (-k't)

Where Cy and C; are respectively the initial concentration of CBZ and the concentration at

time t, while k' is the pseudo-first-order rate constant. Error bars representing + one standard

deviation were calculated as the mean of two measurements.

2.3. Determination of HP and Iron (I1) concentrations

UV-visible spectra were measured and recorded with a Cary 300 scan UV-visible
spectrophotometer. HP concentration was followed using p-hydroxyphenyl acetic acid
(HPAA, purity > 98%) and horseradish peroxidase (POD), according to a spectrofluorimetric
quantification method [21] with a Varian Cary Eclipse fluorescence spectrophotometer. The
excitation wavelength was set at 320 nm. The measured formation of the HPAA dimer was
correlated with the HP concentration using standard solutions.

Iron (11) was quantified with ferrozine (3-(2-pyridyl)-5,6-bis(4-phenyl sulfonic acid)-1,2,4-
triazine), a colorimetric complexant. The molar absorption coefficient of the colored
ferrozine-iron (1) complex at 562 nm (ess2 nm = 27 900 M~ cm™) was used to calculate

dissolved iron concentration in solution.



2.4. Laser flash photolysis

Time-resolved spectroscopy was used to determine the second-order rate constant between
the hydroxyl radical and CBZ. The experiment was carried out with the fourth harmonic (Aexc
=266 nm) of a quanta ray GCR 130-01 Nd:YAG laser system instrument and an energy of 45

mJ/pulse. The experimental setup has been described before [22].

2.5. IC-MS analysis

lonic species were identified and quantified using a Thermo Fisher Scientific with Dionex
ICS 6000 ionic chromatography and a simple quadrupole ISQ-EC mass detector with
electrospray ionization (ESI). The column used was an lon Pac AS11-HC 4 um with a size of
2 x 250 mm and the precolumn was an AG11-HC 4 pum (2 x 50 mm). The eluent was a

gradient of KOH from 1 to 60 mM during 30 min at a flow rate of 0.36 mL min™.

3. Results and discussion
3.1. Ferric-citrate complex
3.1.1. Formation and photoreactivity of the ferric-citrate complex

According to the literature, one of the main challenges regarding the photo-Fenton process
is its implementation at circumneutral pH for pollutant degradation. Fig. 1 (a) shows the
absorption spectra of Fe(lll) and of the Fe(l1l)-citrate complex in the wavelength range of 200
to 500 nm. According to the presented results, the Fe(lll)-citrate complex formation allowed
to extend the light absorbance in the visible range compared to the sole Fe(lll). Therefore, the
formation and stability of the ferric-citrate complex (near circumneutral pH) are of great
importance. The production of the ferric-citrate complex as a function of time at pH 7 was

evaluated and results were reported in Fig. 1 (b). The formation of the complex at pH 7 was



confirmed and its concentration was seen to increase with the contact time between magnetite
and citrate.

Clarizia et al. [12] also demonstrated that the generated ferric-citrate complex enhanced the
UV-vis light absorbance during the homogenous photo-Fenton process, resulting in improved
photochemical reductions. Therefore, before studying the performance of the photo-Fenton
process in the presence of the recycled magnetite and citrate as a ligand, some control
experiments were carried out to understand the behavior of the ferric-citrate complex under
UVA radiation (Fig. 1(c)). The results showed that the ferric-citrate complex was decomposed
under the radiation. According to the literature review, the photoreactivity of ferric-
carboxylate complexes depends on the nature of the ligand. Citrate is a di-carboxylate ligand
that can coordinate iron centers, increasing the ligand-to-metal charge transfer (LMCT)
absorption band [23,24]. This band, in the excited state, leads to a photoredox process where
the ligand is oxidized while the metal is reduced (Eq. 4) [25]. Therefore, the photolysis of the
ferric-citrate complex, with the assistance of the LMCT process, leads to the production of Fe
(1) and ligand radicals. Then, the subsequent Fenton reactions with the added HP and the
photo-generated Fe (I1) allows for the generation of hydroxyl radicals (*OH) [26]. Moreover,
in the presence of O,, the oxidized citrate ligand radical leads to the production of the

superoxide radical anion (O,") that is in acid-base equilibrium with HO,® [26].


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/absorption-spectra
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Fig. 1. (a) UV-visible spectra of Fe (111) and of the Fe (I11)-citrate complex at natural pH

(= 3), (b) formation of the Fe (I11)-citrate complex in the presence of magnetite (pH = 7.0),

(c) UV-visible spectra of the Fe (111)-citrate complex during UVA radiation between 0 and
120 minutes, pH = 7.0, and (d) the degradation of citrate in different systems: sole UVA, sole

HP, and HP/UVA (pH = 7.0). Fe(l1l) = 0.2 mM, [Fe(ll1)-citrate] = 0.2 mM and [HP] = 0.2

mM.

3.1.2. Fate of the ferric-citrate complex during photodegradation
One of the topics which have not yet been well addressed in AOPs involving organic iron
complexes is the fate of the organic complex during the photochemical process. For this

purpose, the photodegradation of citrate as Fe (111) chelating agent was followed. Fig. 1 (d)



shows the degradation of citrate with and without UVA irradiation. The results showed
complete degradation of citrate after 2 hours under UVA radiation. Furthermore, this
degradation was accelerated in the presence of HP (0.2 mM). Nonetheless, no degradation
was observed in the presence of HP without UVA radiation after two hours. With a view to
applying this process in a WWTP, it is important to know the fate of the complexing agent
(citric acid) during the photochemical reaction. Therefore, a study on the photodegradation
products, in the presence or absence of HP, was conducted by ion chromatography coupled to
mass spectrometry (IC-MS).

Several peaks have been identified on the IC-MS chromatograms (Fig. S3), revealing the
formation of various organic compounds such as acetate, formate or malonate, among which
malonate was observed to be the main by-product. Its generation was evaluated in the
presence and absence of HP under UVA radiation (Fig. S4). Accordingly, its concentration
was lower in the presence of HP. By considering these results and those found in the literature
presenting mechanisms for the degradation of Fe(lll) organic complexes, a mechanism was
proposed for the degradation of the Fe(lll)-citrate complex during the photo oxidation-
reduction process (Fig. 2) [27].

The complex undergoes degradation via two reaction pathways ((1) and (2)) following its
UVA absorption and the LMCT phenomenon. The dissociation of the complex from the
carboxyl group results in the formation of carboxyl radicals. This can be followed by the
decarboxylation of the previously formed carboxyl radicals, leading to the generation of
carbon-centered radicals ((3) and (4)). These are unstable and react with the available
molecular oxygen giving rise to the formation of peroxide radicals ((5) and (6)). Then, the
produced intermediates degrade to form alkoxy radicals and oxygen ((7) and (8)). On the one
hand, the B-scission of the C—H bond occurs to generate aldehyde ((9)). On the other hand, the

scission of the C-C bond produces a new carbon-centered radical ((10)), which in turn reacts



with an oxygen molecule to form either the malonic acid ((11)) or acetone dicarboxylic acid
((12)). Furthermore, the produced alkoxy radicals can directly lead to the formation of the
same by-products ((13) and (14)).

Considering the proposed mechanism, carboxylic acids like succinic acid were degraded
by a similar mechanism, leading mainly to the formation of other carboxylic acids of a shorter
carbon chain length [28]. Therefore, citric acid decomposes into less harmful molecules,

validating its use as a chelating agent of Fe (Ill) towards a large-scale implementation of

photo-Fenton processes with the aim of sustainable development.
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Fig. 2. Degradation mechanism of the Fe(l11)-citrate complex.
3.2. CBZ degradation by photo-Fenton process

After characterizing the generated Fe(lll)-citrate complex in the presence of the recycled
magnetite, the photocatalytic activity of the generated complex was studied. In Fig. 3, CBZ
degradation is followed under various conditions.

Under UVA radiation, no photolysis was observed. Furthermore, in the presence of
magnetite (0.3 g L) and H,0, (0.5 mM), the oxidation of CBZ was very low, and only 10%
of CBZ degraded after 4 hours. Nevertheless, under identical reaction conditions, the
efficiency of CBZ degradation increased by 26% after 4 hours of exposure to UVA
irradiation. The production of hydroxyl radicals (*OH) through H,O, photolysis could be the
primary reason for the increased degradation efficiency observed during exposure to UVA
irradiation. This finding was validated through additional supplementary experiments. Fig. 3
illustrates that in the absence of magnetite under the same reaction conditions, CBZ
degradation was discovered to be more efficient, resulting in a degradation rate of 40% after 4
hours. This is due to the photolysis of H,O, by UVA radiation, which produces highly

reactive hydroxyl radicals (*OH). H,O; photolysis constant (k'y,,) Was determined to be

1.48 + 0.07 x 10° s and the second-order rate constant between CBZ and *OH (k" cezon)
was found to be 1.99 x 10'° M™ s™*. However, upon comparing the degradation results of CBZ
for UVA/magnetite/HP and UVA/HP, it can be observed that the presence of magnetite did
not lead to an improvement in degradation efficiency. This finding suggests that the use of
recycled magnetite at neutral pH in combination with H,O, does not appear to induce the
Fenton reaction. Based on the results presented in Fig. S5, it is noticeable that negligible
amounts of dissolved iron were measured, indicating the low contribution of both

homogeneous and heterogeneous photo-Fenton reactions in the CBZ degradation process.



On the contrary, in the presence of citrate (0.1 mM), magnetite (0.3 g L™), H,0, (0.5 mM),
and UVA irradiation the CBZ degradation efficiency was elevated to 77%. An increase in
degradation efficiency is attributed to the formation of Fe(lll)-citrate complex on the
magnetite surface. Within the 7-7.5 pH range, more than 95% citrate is under the Cit* form
[29]. According to Hamm et al. [30], citrate-iron chelates are formed at neutral pH. This
photosensitive complex can be degraded under UVA radiation, improving the Fenton-like
reactions. It is worth noting that the magnetite/citrate/HP and magnetite/citrate/UVA
processes did not show a significant effect on the degradation of CBZ (the results were not
presented in Fig. 3). Thus, the photolysis of the Fe(lll)-citrate plays a significant role in the
degradation of CBZ.

In addition, it is worth noting that iron can also be released into water from the generated
Fe-L complexes, which can lead to the homogeneous Fenton-like oxidation of contaminants
[31]. Therefore, further experiments were conducted to assess the contribution of both
homogeneous and heterogeneous photo-Fenton-like processes to the degradation of CBZ. Fig.
S5 shows the concentration of the leached iron from the surface complex that was generated.
Thus, it can be inferred that the degradation of CBZ is associated with a combination of both
heterogeneous and homogeneous Fenton-like reactions. However, it should be noted that the
total concentration of iron in magnetite (0.3 g L™) was about 400 puM, while the dissolved
concentration of Fe (I1) and Fe (111) was found to be no more than 5 uM. This result suggests

the low contribution of homogeneous photo-Fenton reactions to the degradation process.
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Fig. 3. Degradation of carbamazepine under various processes. Experimental conditions:
[magnetite] = 0.3 g L™, [CBZ] = 5 puM, [HP] = 0.5 mM, [citrate] = 0.1 mM, and

pH=75+0.2.

3.3. Influence of the contact time between citric acid and magnetite

The contact time between magnetite and citric acid in an aqueous solution prior to the
photochemical reaction plays a key role in the iron-citrate complex formation, which is
favorable for the degradation of CBZ. Fig. 4 compares the degradation of CBZ under the
magnetite/citrate/HP process when the contact time between magnetite and citric acid varies
from 1 hour to 4 and 24 hours. These results clearly show that in the range from 0 to 24 hours,
the higher the contact time, the faster the degradation of CBZ. It is therefore necessary to
allow enough time for citric acid and iron from magnetite to form complexes [18] and further
experiments were carried out with a contact time of 24 hours between magnetite and citric
acid prior to the photochemical reaction.

Nonetheless, further experiments allowed to observe that the process -efficiency
significantly decreased with a longer contact time of 48 hours. Because they were carried out

in different conditions, it should be noted that the corresponding results are not included in



Fig. 4. However, they are valuable for understanding the relationship between contact time
and CBZ degradation rate. According to a literature review [32], the Fe-L complex could
inhibit the decomposition of H,0, by competing for the available active sites on the surface of
magnetite. Hence, the slower decomposition of H,O, results in reduced production of
hydroxyl radicals, which can limit the effectiveness of pollutant degradation. Thus, in our
case, the reduced degradation efficiency observed with a longer contact time could be
attributed to the increased production of surface complexes, which could impede the
adsorption of H,O, and thereby decrease the production of active radicals required for the

degradation of CBZ.
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Fig. 4. Degradation of carbamazepine using various citrate-magnetite contact time.
Experimental conditions: [magnetite] = 0.3 g L™, [CBZ] =5 puM, [HP] = 0.5 mM,

[citrate] = 0.1 mMand pH=7.5%0.2.

3.4. Influence of different parameters on the degradation of CBZ
It was previously seen that the initial citric acid concentration played an essential role in

the formation of the iron-citrate complex [33]. On the other hand, it should be verified



whether the initial citric acid concentration also has an impact on the degradation of CBZ. Fig.
5 (a) depicts the variation of CBZ concentration in the presence of various citric acid
concentrations (0.1, 0.5, 1, 1.5, and 2 mM). The results highlight the existence of a maximum
citric acid concentration (1 mM) for complex formation optimisation towards faster
degradation of carbamazepine. An excessive amount of citric acid (> 1 mM) showed the
opposite effect on the degradation of CBZ. The reduced degradation efficiency can be
attributed to the competition between citric acid and CBZ to react with the generated hydroxyl
radicals.

According to the literature review [34], the Fenton reaction requires the addition of
hydrogen peroxide. Therefore, the concentration of HP is one of the other main parameters to
be considered. Fig. 5 (b) represents the influence of various HP concentrations on the
degradation of CBZ under the photo-Fenton process. It can be seen that in the presence of
magnetite and citrate only, carbamazepine is degraded by approximately 20%, whereas the
addition of HP significantly increases process efficiency. Thus, the addition of 1 mM of
hydrogen peroxide degrades CBZ by more than 50% after 2 hours of irradiation. However, it
is evident that there is a limit HP concentration in the studied conditions, beyond which the
reaction between hydrogen peroxide and *OH will be too important and lead to slower
degradation of CBZ [35]. We observed that increasing the concentration of HP from 2 mM to
3 mM resulted in only a 19% difference in degradation efficiency, however, 2 mM was
chosen as the optimal concentration to avoid the need for additional chemicals in the process.

Previous research has shown that the Fenton reaction is optimal at pH 3 [36], whereas
domestic WWTP effluents are usually at circumneutral pH. Fig. 5 (c) shows the degradation
of CBZ at pH 3.5 and 7.5 in the dark and under UVA radiation. In the absence of light, almost
no degradation of CBZ was observed at both pH values. In the presence of light, the

degradation of CBZ is very similar between both pH values during the first hour of



irradiation. After that, the degradation of CBZ slows down at pH 7.5 whereas it continues at

acidic pH (3.5). This can be due to the precipitation of iron at pH 7.5 after the photoredox

process observed with the Fe(lll)-citrate complex. At pH 3.5 on the other hand, Fe(ll)

generated from the photoredox process can be oxidized into Fe(lll) and a new photoredox

process can be obtained from Fe(lll)-aqua complexes. However, it can be deduced that pH

variation does not affect the initial degradation rate of CBZ.
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degradation of CBZ under the photo-Fenton degradation process. The contact time between

[CBZ] =5 uM, [HP] =1 mM, and pH = 7.5 + 0.2.

magnetite and citric acid is equal to 24h. Experimental conditions: [magnetite] = 0.1 g L™,



3.5. Efficiency and reusability of the recycled magnetite

One of the main scopes of this research study was to prove that the recycled magnetite
from iron scrap could be revalorized in a wastewater treatment process. Recycled and
commercial magnetite samples were purchased from Hymag’in and Sigma-Aldrich. Their

characterization is presented in Table. 1.

Table. 1. Characterization of the provided magnetite.

Recycled magnetite Commercial magnetite
Particle size (nm) ~ 320 50-100
Fe''/Fe'" 0.26 (surface) Unknown
Specific surface area (m”g™) 4.3 20-50
Iron content 96.3% >97%

As seen in Fig. 6 (a), the recycled magnetite allowed for a degradation of CBZ around five
times higher in our experimental conditions than the commercial magnetite supplied by
Sigma-Aldrich, although the latter has a smaller particle size and from 5 to 12 times higher
specific surface area. Therefore, a large specific surface area does not seem to play a major
role in the degradation rate of CBZ. The Fe'/Fe'" ratio on the surface of magnetite is usually
close to 0.5. However, that of the recycled magnetite, which has undergone surface oxidation,

' fraction at its surface,

is 0.26 (Table 1). Thus, its higher efficiency is attributed to a larger Fe
available for citrate complexation.

Then, the performance of the recycled magnetite was monitored in five successive photo-
Fenton cycles. Fig. 6 (b) displays CBZ degradation rates in the presence of the recycled
magnetite during the first cycle and after five degradation cycles. It is seen that the

degradation of CBZ followed similar trends in both conditions and it was even faster during

the fifth degradation cycle. After 2 hours of irradiation, CBZ was degraded by more than



30% in the first cycle whereas it was degraded by more than 50% after five degradation
cycles. This shows that the recycled magnetite is able to provide similar or higher efficiency

for a certain period.
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Fig. 6. (a) Photo-Fenton degradation of CBZ in the presence of a recycled magnetite from iron
scrap or of a commercial magnetite (Sigma-Aldrich) after 24h contact time between citrate
and magnetite prior to the reaction. (b) Performance of the recycled magnetite after five cycles
of photo-Fenton process. Experimental conditions: [magnetite] = 0.3 g L™, [CBZ] = 5 uM,

[HP]=0.5mM,and pH=7.5%0.2.



The proposed technology has several practical implications. First, using recycled magnetite
instead of new magnetite can significantly reduce the cost of the treatment process by
minimizing the need for new raw materials and reducing waste generation. Furthermore,
recycled magnetite has shown higher efficiency and consistent performance over several
cycles compared to commercial magnetite, making it a suitable alternative for the treatment of
recalcitrant contaminants. Additionally, citrate, a biodegradable and inexpensive chelating
agent, can form stable complexes with iron, which can prevent the formation of unwanted iron
precipitates that can interfere with the photo-Fenton process. This, in turn, can improve the
efficiency and effectiveness of the process. Consequently, by coupling recycled magnetite
with citrate, the technology becomes a cost-effective and sustainable choice for large-scale
photo-Fenton processes, capable of effectively removing organic contaminants from

wastewater while minimizing environmental impact.

4. Conclusion

In this work, the photo-Fenton process was implemented using recycled magnetite as a
solid source of iron in order to add new merit to industrial ferrous scrap. Additionally, citric
acid was presented as an environmentally friendly Fe (111) chelating agent for the formation of
a photo-labile Fe (l11)-citrate complex, which allowed for the photo-Fenton process to be
carried out at a neutral pH. Carbamazepine was used as a model pollutant to assess the process
efficiency. First, the photo-degradation of the Fe (I1l)-citrate complex under UVA radiation
was observed to generate Fe(ll) to feed the Fenton reaction and produce hydroxyl radicals for
CBZ degradation. Moreover, the degradation of the ligand under radiation did not result in
toxic compounds, demonstrating the environmental compatibility of the process. In this
regard, a degradation mechanism of the citrate ligand to malonic and acetonedicarboxylic

acids was proposed.



It is worth noting that, after four hours of UVA exposure, the concentration of CBZ
decreased by 77% in the photo-Fenton process implemented with citrate (0.1 mM), hydrogen
peroxide (0.5 mM), and magnetite (0.3 g L™). This efficienct performance was ascribed to the
reaction between Fe (Il), generated by the photolysis of the Fe(lll)-citrate complex, and the
added H,0,, which produces the highly oxidative hydroxyl radicals throughout the Fenton
reaction. Then, process efficiency was optimized by increasing the concentration of citrate to
1 mM and hydrogen peroxide to 3 mM. For both reactants, maximum concentrations were
determined. Excessive hydroxyl radical production, which could react with hydrogen peroxide
and adversely affect the efficiency of the process, was likely at higher concentrations.
Moreover, increasing the prior contact time between magnetite and citrate up to 24 hours
accelerated the degradation rate of CBZ. Finally, relatively constant efficiency of the recycled
magnetite was observed over five photo-Fenton cycles, showing great Fe (I11) availability for
complexation and encouraging results towards an application in WWTPs. Due to the ability of
this recycled magnetite, coupled with citric acid, to implement the photo-Fenton process
under mild conditions, this work may provide insight into building sustainable and large-scale
processes for the removal of organic micropollutants in secondary domestic effluents or

industrial effluents.
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