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A B S T R A C T   

Degradation of toluene by treatment with zerovalent iron nanoparticles and different H2O2 concentrations under 
UVA light has been analyzed at pH 3. The highest removal of toluene was found with 100 mg L− 1 nZVI and 400 
mg L− 1 H2O2, but 100 and 200 mg L− 1 of H2O2 were used in most experiments as the degradation rate was 
similar. Experiments with Fe(II) (10 and 1 mg L− 1) were performed for comparison. Benzaldehyde and bibenzyl 
were found the main oxidation products. nZVI could be reused without loss of efficiency. A mechanism was 
proposed.   

1. Introduction 

Wastewater produced by petroleum refineries contains aliphatic and 
aromatic petroleum hydrocarbons, such as hydrocarbons, benzene, 
toluene, ethylbenzene, xylene, polynuclear and polycyclic aromatic 
hydrocarbons, long-chain hydrocarbons, and nitrogenous heterocyclic 
compounds. These substances provoke harmful and hazardous impacts 
on surface and groundwater sources, crop production, living organisms, 
and human health [1]. Specifically, gasoline is a complex mixture of 
organic compounds, mainly hydrocarbons, from which aromatic com
pounds constitute an especially relevant fraction [2]. Aromatic com
pounds are predominant in the water-soluble portion of gasoline, and 
benzene, toluene, ethylbenzene, and xylenes (BTEX) form the bulk of the 
total dissolved components, and pH values between 4.3 and 10 were 
reported [3]. 

However, the aromatic hydrocarbons cannot be degraded adequately 
by conventional treatment methods as most of them only transfer the 
pollutant from one media to another [1,4]. Therefore, other technolo
gies should be considered to remove the aromatic water-soluble fraction. 
In this sense, advanced oxidation processes (AOPs), based on the pro
duction of very reactive and highly unselective species (especially hy
droxyl radicals, HO•), can be used for the treatment of refractory 

compounds and are promising technologies to improve the efficiency of 
petrochemical wastewater treatment [3]. Among them, Fenton and 
photo-Fenton oxidation are low-cost and effective methods for organic 
contamination removal, and several reviews have been published in the 
last years (e.g., [5–8] and references therein). 

The complete mechanism of the Fenton process is still under intense 
and controversial discussion, but it is accepted that iron cycles contin
uously between Fe(II) and Fe(III) [8,9]. The basic reaction scheme for 
Fenton processes is indicated in Appendix A (Eqs. (A1)–(A22)) where 
HO• and FeO2+ are proposed as oxidizing species for organic compounds 
[5,6,8,9]. HO• are very powerful reactive oxygen species (ROS), with a 
standard redox potential of 2.73 V vs. SHE and low selectivity for the 
attack to chemical species [10]. The participation of FeO2+ is still under 
discussion [11,12]. 

For the treatment of petrochemical wastewater, groundwater of pe
troleum gas stations, synthetic and real groundwater oil refinery 
wastewater contaminated with gasoline, diesel treatment, etc., Fenton 
and photo-Fenton processes have been proposed and some reviews have 
been published (e.g., [13]). Coelho et al. [14] found that these AOPs 
were the most effective to remove the organic matter of petroleum re
finery sour water. Optimization of a photo-Fenton oxidation process for 
polycyclic aromatic hydrocarbons degradation from potable water was 
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also achieved [15]. Treatment of BTEX (benzene, toluene, ethylbenzene, 
and xylene) mixtures by Fenton and photo-Fenton based reactions have 
been reported [4,16]. 

In recent times, solid iron-containing catalysts such as zerovalent 
iron (micro- or nanoparticulate), iron oxides and oxyhydroxides 
(Fe2O3, Fe3O4, goethite), Fe0/Fe3O4, iron-immobilized materials, etc., 
have been proposed to be used in heterogeneous Fenton processes (e. 
g., [8,17–19] and references therein). Use of nanoparticles (nZVI) 
improves the heterogeneous Fenton technology performed with Fe(0) 
microparticles, due especially to the large surface area to volume ratio 
of the particles and their enhanced reactivity [20,21]. A detailed 
mechanism of this Fenton-like process with nZVI is indicated in the 
Appendix A (Eqs. (A23)–(A38)) and it is similar to that occurring 
during the corrosion of other types of metallic iron (e.g., [22] and 
references therein). Briefly, in the presence of water or water and 
dissolved oxygen, the iron nanoparticles are oxidized, and the process 
involves the participation of Fe species in different oxidation states. 
Fe0 is oxidized to Fe2+, giving water or hydrogen peroxide as the main 
products. The formation of Fe2+ and H2O2 (Fenton reaction [8]) on the 
corroded Fe0 surface gives HO•, which causes the oxidation of Fe2+ to 
Fe3+. Fe3+ can be reduced again to Fe2+ by a second H2O2 molecule, 
giving the perhydroxyl radical (HO2

•). This radical can also reduce 
Fe3+ to Fe2+, and this is a key step to maintain the production of HO•. 
Then, Fe2+ reacts to give oxides and oxyhydroxides (FeOx) such as 
magnetite (Fe3O4), maghemite (γ-Fe2O3), lepidocrocite (δ-FeOOH), 
ferrous hydroxide (Fe(OH)2), or ferric hydroxide (Fe(OH)3), depend
ing on the redox conditions and pH (e.g. [23]). The corrosion of Fe0 

generates, in addition, reactive oxygen species (ROS) such as super
oxide, HO2

•, H2O2, etc., able to oxidize and remove the compounds. 
Thus, oxidation of pollutants may potentially occur via iron ions 
released into solution or reactions that take place between solutes and 
surface-bound species. Then, the course of reactions would follow the 
typical Fenton mechanisms to yield oxidized products or the total 
mineralization of the organic compound [9]. Other possible reactions 
taking place during the photo-Fenton processes with nZVI can be the 
action of FeOx as photocatalysts, which will be explained in Section 
3.8. As an example, low-cost goethite recovered from acid mine 
drainage was applied to the treatment of a simulated petrochemical 
wastewater in a photo-Fenton process [19]. 

In the case of toluene, homogeneous Fenton reactions have been 
described many years ago, by e.g., Merz and Waters in 1949 [24], who 
indicated that the treatment with Fe2+ and H2O2 at very acid pH (ca. 1) 
transformed the compound into a mixture of bibenzyl, benzaldehyde, 
and cresols, suggesting an attack by free HO• both in the side chain and 
in the nucleus. Walling and Johnson [25] indicated that the products of 
the Fenton reaction of aromatic compounds, including toluene, started 
by the formation of hydroxycyclohexadienyl radicals by HO• addition to 
the aromatic system. Huling et al. [26] reported a highly efficient 
toluene transformation initiated by Fenton-like reactions, proposing a 
mechanism for this reaction. 

Fenton or photo-Fenton processes with nZVI were proven to be 
effective to treat petroleum aromatic hydrocarbons (PAHs), TPH, and 
BTEX components [27]. However, to the best of our knowledge, no ex
amples on the treatment of single aromatic pollutants with nZVI in 
Fenton processes with a mechanistic approach are found in the 
literature. 

In this work, the degradation of toluene, selected as a prototypical 
pollutant, in aqueous solution, applying a heterogeneous photo-Fenton 
process based on nZVI has been studied, using different iron and H2O2 
concentrations. Some results in the dark are also presented. A compar
ison with homogeneous Fenton processes using Fe(II) in water solution 
is included. 

2. Experimental section 

2.1. Materials and chemicals 

NANOFER Star (NSTAR) was provided by NANOIRON, s.r.o. (Czech 
Republic). Toluene (99.5%), hexane (pure grade) and diethylether 
(98%, containing butylated hydroxytoluene (BHT) as stabilizer) were 
Sintorgan. Fe(II) as Mohr’s salt (Fe(NH4)2(SO4)2⋅6H2O) was ACS reagent 
(≥ 99%), hydrogen peroxide 30% was Riedel de Haën, and KMnO4 
(90–98%) was Mallinckrodt. Iron (III) perchlorate hydrate (Fe 
(ClO4)3⋅H2O, 98%), benzaldehyde (reagent plus >99%), benzyl alcohol 
(99.89%), bibenzyl (1,1′-(ethane-1,2-diyl)dibenzene or 1,2-diphenyl
ethane, 99%), ammonium iron(II) sulfate hexahydrate (Fe 
(NH4)2(SO4)2.6H2O), sodium fluoride (NaF, 99%), o-phenanthroline 
(99%), and ammonium acetate (CH3COONH4, reagent grade) were 
Sigma Aldrich. Anhydrous sodium sulfate (Na2SO4, 99%) and H2SO4 
(95–98%) were Merck. o-Cresol (puriss. p.a. standard for GC) was Fluka, 
p-cresol (extra pure) was Anedra, and dipotassium oxalate monohydrate 
(K2C2O4.H2O, for analysis) was Timper. All other reagents were of the 
highest available purity. 

All solutions and suspensions were prepared with Milli-Q (Millipore) 
(resistivity = 18 MΩ.cm). For pH adjustments, H2SO4 diluted to 1:5 v/v 
was used. 

2.2. Toluene oxidation experiments 

Batch experiments were carried out in a cylindrical jacketed Pyrex 
glass reactor with an internal diameter of 5.3 cm and a height of 13 cm 
filled up to 310 mL and sealed during all the experiments with a rubber 
stopper lined with a polystyrene film in order to avoid contamination of 
the water. The temperature was controlled by a water bath circulator 
heater (HAAKE N3) kept at 25 ◦C by a cooler circulator (Julabo MH). For 
experiments under UVA light irradiation, a CLEO HPA 400/300 SD 
ozone free lamp (λem = 300–400 nm, output power = 400 W), was used. 
Fig. A1 (Appendix A, Section A2) shows the main setup components. 

A toluene mother solution was prepared by placing 20 mL toluene in 
contact with 200 mL water in a separation funnel. After vigorous stirring 
and decanting, the organic phase was discarded, and 400 mL of water 
were added. The concentration of toluene in the water phase was 
measured by GC–MS and was approximately 100 mg L− 1. This solution 
was diluted in order to obtain the desired toluene concentrations and 
added to the cylindrical reactor. Weighed amounts of nanoparticles, 
used as received, were suspended in 2 mL water, and sonicated for 5 min 
using a Testlab ultrasonic cleaner. The suspension was poured into the 
reactor containing the toluene solution with additional 4 mL water. 
Nanoparticle concentrations used were alternatively 10 or 100 mg L− 1. 
The reactions were made at pH 3, and a slight increase of pH up to 3.15 
in 30 min was observed. Experiments were performed in the dark and 
under UVA irradiation. Additional experiments were performed at pH 4 
and 5. 

To quantify the adsorption of toluene on the nanoparticles, 10 mL of 
the toluene mother solution were put in contact with 1 g of NSTAR for 
60 min in the dark at pH 3. The suspension was centrifuged at 3500 rpm 
with a Presva DCV-16RTV centrifuge, and the nanoparticles were 
separated. The toluene solution was extracted with 1.5 mL hexane, the 
used nanoparticles were washed 3 times with 3 mL water, and the water 
solution was extracted again with 1.5 mL hexane. 

For homogeneous Fenton and photo-Fenton experiments, Fe(II) as 
Mohr’s salt (60 or 600 mg) was dissolved in 50 mL water, and 2 mL of 
the solution were added to the reactor in order to obtain an initial 
concentration of 1 or 10 mg L− 1 of Fe(II) (equivalent to 0.18 and 1.8 mM 
Fe(II), respectively). The same protocol as with the solid nanoparticles 
was followed. 

For Fenton experiments, H2O2 30% in different amounts in order to 
reach concentrations in the 25–600 mg L− 1 range was added at once 
with a syringe through a PTFE catheter (Fig. A1), after closing the 
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reactor and beginning the stirring. 
All experiments lasted 30 min. In each experiment, 3 mL of the re

action mixture were sampled through the catheter every 5 min, 
extracted with 1.5 mL hexane after vigorous stirring, and centrifuged for 
5 min at 13000 rpm. Finally, 1 mL of the hexane solution was transferred 
to a vial for toluene analysis (see Section 2.3). At the end of the exper
iments, the reaction mixture was centrifuged in 50 mL vials in order to 
separate the remaining nanoparticles or solid oxides produced during 
the treatment. Finally, 25 mL of the liquid phase were separated to 
measure the final H2O2 concentration, 12 mL to measure the concen
trations of Fe(II) and total iron (FeT) in solution, and the remaining 
volume was used to quantify the remaining toluene and oxidation 
products by GC–MS. The separated particles were dried under vacuum 
and characterized by X-ray diffraction (XRD) spectroscopy (see section 
2.3). 

Blank experiments were performed in the absence of H2O2 and iron 
(NSTAR or dissolved Fe(II)), with and without UVA light, to verify that 
the toluene concentration did not decay by evaporation or leakage 
through the reactor closing setup. 

Experiments at pH 4 and 5 were performed similarly and no pH 
changes were observed at the end of the experiments. 

One experiment under UV light was carried out with 100 mg L− 1 

toluene at pH 3 in the presence of 100 mg L− 1 H2O2 and 10 mg L− 1 of 
nanoparticles to test the reuse of the nanoparticles. In this case, after the 
reaction, the nanoparticles were separated, dried, and used for a second 
time under the same conditions indicated above. The solid (3 mg) was 
suspended in 2 mL water, sonicated for 5 min, and the suspension was 
poured into the reactor containing a fresh toluene (100 mg L− 1) solution 
and 100 mg L− 1 H2O2, with additional 4 mL water. The remaining 
toluene was measured after 30 min of reaction in both cases. 

2.3. Analytical methods 

Toluene was analyzed by CG-MS, calibrating with a standard each 
day. For this determination, 1 μL of the hexane extract of each experi
ment was injected into the gas chromatograph (Agilent Technologies 
7890 A) fitted with a 30 m long, 0.25 mm diameter and 0.25 μm film 
thickness HP-5MS column, coupled to a triple-axis mass detector (Agi
lent Technologies 5975C). Operational conditions were as follows: car
rier gas, helium at 1.5 mL min− 1; injection mode, split 10:1; injector and 
detector temperature, 300 and 250 ◦C, respectively; temperature pro
gram, 5 min at 50 ◦C followed by a ramp at 17 ◦C min− 1 up to 250 ◦C. 
The total run time was 16.7 min. Toluene standards (200 mg L− 1) were 
prepared in hexane and injected before each run. Chromatographic runs 
were short, about 5 min. 

Reaction products were analyzed by GC–MS under the same condi
tions as toluene on the remaining volume of the final reaction mixture. 
In the experiments to measure the products, the decay of the toluene 
concentration was followed withdrawing aliquots of 2.5 mL each 5 min 
as indicated before but in longer runs (60 min). After the withdrawal of 
all the samples for the toluene analysis from the reactor, the rest of the 
volume (approx. 295 mL) was poured together with 50 mL of dieth
ylether in a separation funnel. Then, 20 mL of the organic phase were 
put in contact with 3 g anhydrous sodium sulfate in order to extract 
water. The solvent (diethylether) was evaporated under an argon stream 
by heating in a water bath at ca. 35 ◦C to obtain a final volume of 1 mL, 1 
μL of which was injected into the GC–MS equipment. To obtain a relative 
calibration, peak areas were compared with that of BHT, the ether sta
bilizer contained in the used solvent (see section 2.1), as a quasi-internal 
standard. 

The products analyzed were benzaldehyde, benzyl alcohol, o-cresol, 
p-cresol, and bibenzyl. These compounds were selected based on the 

intensity of the signal compared with other reaction products for those 
assuring a matching above 95% between the NIST 11 library of the 
chromatograph and the experimental spectrum. The extraction yield of 
the different reaction products was obtained from standards of the pure 
compounds extracted in the same conditions as the samples. 2,2’- 
Dimethylbiphenyl, benzyltoluene, and biphenyl were also identified by 
the NIST library; however, as they were formed at very low concentra
tions, they were not quantified. 

To calculate the final H2O2 concentration, 25 mL of the reaction 
mixture were acidified with 10 mL of a solution 1:5 v/v of concentrated 
H2SO4 and titrated with 0.1 N KMnO4. The final concentrations of Fe(II) 
and FeT (total iron, i.e., Fe(II) + Fe(III)) in solution were measured 
spectrophotometrically at 508 nm using the o-phenanthroline method 
[28]. The concentration of FeT was determined by adding to the sample 
0.2 mL of hydroquinone 1% w/v to reduce Fe(III) to Fe(II) and 
measuring the sample as before. The Fe(III) concentration was calcu
lated by subtracting the Fe(II) concentration from the FeT concentration. 
The content of Fe(0) in the NSTAR nanoparticles was determined by a 
modification of the method reported in [29], digesting a known amount 
of the powder in 0.5 N H2SO4, measuring the volume of H2 formed, and 
determining the content of FeT, as described before. 

XRD patterns were obtained using an Empyrean Range (Malvern 
Pananalytical) diffractometer with PIXcel 3D detector, using Cu-Kα ra
diation, over a 2θ range of 10–100◦ with a step size of 0.026◦ and a scan 
speed of 24 s per step. 

The incident photon flux per unit volume (q◦
n,p/V) of the lamp was 

determined through potassium ferrioxalate actinometry. A 0.015 M 
potassium ferrioxalate solution was prepared inside the reactor mixing 
two equal parts of 0.030 M ammonium Fe(III) sulfate solution with 
0.090 M dipotassium oxalate in 0.1 N H2SO4. The lamp of the reactor 
was turned on, left to stabilize for 2 min, and 0.2 mL of the irradiated 
solution was taken every 20 s during 3 min reaction time. The Fe con
centration was spectrophotometrically measured by the o-phenantroline 
method at 508 nm. The determined q◦

n,p/V was 82.5 μeinstein s− 1 L− 1. 

3. Results and discussion 

3.1. Use of NANOFER Star 

NANOFER STAR is dry air-stable nZVI powder, where the surface of 
iron nanoparticles is stabilized by a thin layer of iron oxide, preventing 
immediate oxidation in contact with atmospheric oxygen. According to 
the manufacturers [30], commercial NSTAR iron nanoparticles are 
composed of ≥65–80% Fe(0) and 35–20% of iron oxides, with a specific 
surface area of ≈ 20 m2 g− 1. This material can be easily and safely 
stored, transported, handled, and processed compared with non- 
stabilized nZVI, and presents high reactivity [30]. According to the 
XRD pattern (see Fig. 6 below), the material presents the α-Fe phase, 
with other minor signals that could be assigned to iron oxides. These 
signals were assigned later to magnetite by Mössbauer spectroscopy, 
together with a complete characterization of the material that will be 
published elsewhere [31]. 

3.2. Blank experiments and adsorption of toluene on nZVI 

No changes on the toluene concentration were observed after 60 min 
when introducing in the reactor 100 mg L− 1 (1.1 × 10− 3 M) toluene at 
pH 3 in the absence of H2O2 and iron (nZVI or Fe(II)), either in the dark 
or under UVA irradiation. This means that no reaction took place, that 
toluene did not evaporate to a detectable extent, and that the reactor 
was correctly sealed without losses due to a gas-phase toluene leak. 

Experiments with toluene under the same initial conditions in 
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contact with nZVI (100 mg L− 1, ca. 1.25 × 10− 3 M Fe, calculated based 
on a 70% content of Fe(0) in the original NSTAR nanoparticles, deter
mined as indicated in section 2.3) were performed (absence of H2O2) to 
assess the adsorption of the compound onto the iron nanoparticles. The 
concentration of nZVI was 10 times higher than those used later in the 
Fenton and photo-Fenton reactions (sections 3.3 and 3.4) to allow a 
good recording of the results. After 60 min, there were no changes on the 
initial toluene concentration and no toluene was detected after sepa
rating through centrifugation and washing the nanoparticles with hex
ane, indicating that the adsorption of toluene on nZVI was not 
significant under these conditions. 

The use of nZVI in the absence of H2O2 in removing benzene, 
toluene, ethyl benzene and xylene (BTEX) from aqueous solutions under 
different conditions was reported recently [32]. The authors obtained 
good results but higher nZVI doses than those used in the present work 
were used. 

3.3. Fenton reaction 

Experiments with 100 mg L− 1 toluene, 100 mg L− 1 nZVI, or 10 mg 
L− 1 Fe(II) (1.8 × 10− 4 M) together with 200 mg L− 1 (5.8 × 10− 3 M) of 
H2O2 were performed in the dark at pH 3 for 30 min. The H2O2 con
centration was chosen because it was in the middle of the range (25–400 
mg L− 1) used later in the photo-Fenton experiments (section 3.4). As 
said in section 2.2, only a slight increase of pH to 3.15 at the end of the 
experiment was observed. Temporal profiles of the normalized toluene 
concentration (C/C0) (Fig. 1) show a slow degradation, <30%, without 
differences between the experiments with Fe(II) or nZVI. In both cases, 
approximately 70 mg L− 1 of toluene remained in the solution. 

Both curves could be fitted rather well to an exponential decay with 
good adjustment according to the correlation coefficients (R2) and 
similar values of the pseudo-first-order rate constants (k) (Table 1). 
These results indicate that the amount and nature of the iron species did 
not play any significant role in this case. 

3.4. Photo-Fenton reaction 

Experiments (30 min duration) under UVA light with 100 mg L− 1 

toluene, H2O2 and nZVI or Fe(II) were performed. nZVI (100 and 10 mg 
L− 1) or Fe(II) (1 and 10 mg L− 1) were used, and 400 mg L− 1 (1.1 × 10− 2 

M) of H2O2 was added at once (Fig. 2). Experiments were carried out at 

pH 3; as said (section 2.2), a slight increase of pH to 3.15 in 30 min was 
observed in all cases. 

The homogeneous reaction was faster than those with nZVI despite 
the amount of Fe was higher in all the heterogeneous reactions, as 
indicated by other authors (e.g., [19]). This can be explained because Fe 
added in the form of dissolved Fe(II) is more available for the reaction 
with toluene, while, in the case of the nanoparticles, Fe enters the so
lution in the form of Fe(0), and Fe(II) is generated by corrosion at acid 
pH, starting the photo-Fenton reaction at that point. 

Fig. 2 also shows that toluene degradation increased with the amount 
of Fe used, either Fe(II) or nZVI, which is a common feature of Fenton 
processes and was observed for nZVI in the case of BTEX degradation 
[27], and in the treatment of TPH [1]. Although the adsorption of 
toluene on nZVI is low, as shown in Fig. 1 for the reaction in the dark, 
under irradiation, as soon as FeOx are formed (Eqs. (A28)–(A38)), new 
active sites are available, which increases the removal efficiency as the 
oxidation occurs on or near the surface of the iron particles [33–35]. 
Higher nZVI concentrations were not used in the present work because it 
has been reported that an excess can be detrimental, due to: 1) a possible 
filter effect caused by the nanoparticles, as reported in other cases 
[36,37] and 2) to the decomposition of H2O2 [1], as will be explained 

Fig. 1. Temporal profiles of the normalized toluene concentration (C/C0) in the 
presence of nZVI or Fe(II) and H2O2 in the dark. Experimental conditions: 100 
mg L− 1 toluene, pH 3, 100 mg L− 1 nZVI, or 10 mg L− 1 Fe(II), 200 mg L− 1 H2O2, 
T = 25 ◦C. Dashed lines are adjustments of the experimental points to an 
exponential fitting. 

Table 1 
Values of the percentage of degradation, pseudo-first-order rate constants (k) 
and correlation coefficients (R2) values for toluene degradation extracted from 
Fig. 1.  

Nature of iron Iron concentration 
(mg L− 1) 

% toluene degradation k × 102 

(min− 1) 
R2 

nZVI 100 30 1.40 0.796 
Fe(II) 10 29 1.30 0.775  

Fig. 2. Temporal profiles of the normalized toluene concentration (C/C0) in the 
presence of nZVI or Fe(II) under UVA light and H2O2. Experimental conditions: 
100 mg L− 1 toluene, 10 or 100 mg L− 1 nZVI, 10 mg L− 1 Fe(II), 400 mg L− 1 

H2O2, T = 25 ◦C, q◦
n,p/V = 82.5 μeinstein s− 1 L− 1. Dashed lines are adjustments 

of the experimental points to exponential fittings. 

Table 2 
Values of the pseudo-first-order rate constants (k) and R2 values for toluene 
degradation extracted from Fig. 2 (400 mg L− 1 H2O2).  

Nature of iron Iron concentration 
(mg L− 1) 

% toluene degradation k × 102 

(min− 1) 
R2 

nZVI 100 65 4.34 0.960 
nZVI 10 36 1.85 0.728 
Fe(II) 10 79 5.82 0.974 
Fe(II) 1 70 3.04 0.956  
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below. 
Toluene degradation followed a pseudo-first-order kinetic behavior, 

with good adjustment, irrespective of the initial concentration and na
ture of iron (nZVI or Fe(II)) and the amount of added H2O2. The same 
kinetics has been observed for BTEX degradation with nZVI [27]. 
Table 2 shows the values of the pseudo-first-order rate constants (k) and 
correlation coefficients (R2) for toluene degradation using 400 mg L− 1 

H2O2 extracted from Fig. 2. The low value of R2 for the experiment with 
10 mg L− 1 of nZVI can be due to experimental error. 

Similar experiments were performed using different H2O2 concen
trations (25–600 mg L− 1, i.e., 0.69 mM-0.020 M), and k values were 
extracted from plots similar to those of Fig. 2. Fig. 3 shows the variation 
of k using two different nZVI concentrations (100 and 10 mg L− 1) and 
two dissolved Fe(II) concentrations (10 and 1 mg L− 1). 

In the case of nZVI at both concentrations (100 and 10 mg L¡1), an 
increase of k with the H2O2 concentration was observed up to around 
100–200 mg L− 1 H2O2, and then the rate remained almost constant 
(Fig. 3(a)). For Fe(II) at 10 mg L− 1, k increased constantly without 
reaching neither a maximum nor a saturation value. For Fe(II) at 1 mg 
L− 1 the variation of k with the H2O2 concentration reached a maximum 
at around 200 mg L¡1 H2O2, and then began to decrease (Fig. 3(b)); this 
last behavior probably takes place because Fe(II) is consumed and 
because of HO• scavenging by an excess of the oxidant, both factors 
decreasing the rate. 

Peroxide-to‑iron molar ratios employed in Fenton treatments typi
cally lie in the range 100 to 1000 [5]. Dehghani et al. [1], working on the 
removal of TPH (0.1–1 mg L− 1) with nZVI/UV/H2O2 indicated that 
H2O2 at concentrations higher than 5 mM acts as a scavenger of HO•, 
forming HO2

• (Eq. (A6)), which has a lower oxidative ability than HO•. 
These authors indicate that the decomposition of H2O2 into oxygen and 
water (Eq. (A9)) has also a detrimental effect. Similar conclusions were 
extracted by Scaratti et al. [19]. Therefore, high concentrations of H2O2 
inhibit the formation of HO• and reduce the efficiency of the process. 
This agrees with the results here obtained when using nZVI, where 
concentrations of H2O2 higher than 100 mg L− 1 stopped the reaction 
rate (Fig. 3(a)). 

As similarly found for experiments of Fig. 2, the use of a higher iron 
concentration, either in the homogeneous or in the heterogeneous sys
tem, led to a higher toluene degradation rate. This can be explained 
because high Fe concentrations induce the formation of a higher amount 
of HO•, according to Eq. (A1). Similar results were found in the oxida
tion of PAHs using nZVI by a photo-Fenton process [27]. In the same 

study, the increase of the H2O2 concentration also improved the effi
ciencies of BTEX degradation, attributed again to a higher HO• pro
duction. Higher H2O2 doses lead to scavenge HO• through reaction of 
Eq. (A3), and the authors found that a molar Fe0∶H2O2 ratio of 0.3∶1 was 
sufficient for BTEX removal (although the calculation was made 
considering that all Fe was Fe(0)). 

Fig. 3 also showed that, with a H2O2 concentration lower than 100 
mg L− 1, the degradation rate decreases, especially for the experiments 
with nZVI; therefore, H2O2 and, consequently, HO• should be the 
limiting reagents. At a high Fe(II) and H2O2 concentrations, the reaction 
is arrested due to the consumption of HO• (Eqs. (A3) and (A6)) [38]. 

Additionally, reactions between HO• and toluene decomposition 
products and/or other scavengers (such as HO2

• and O2
•–) would further 

reduce the transformation efficiency. 
Fig. 4a and b show the variation of the percentage of toluene 

degraded as a function of the H2O2 consumed (measured as indicated in 
section 2.3) using nZVI and Fe(II) solutions and a 200 mg L− 1 H2O2 
concentration. 

Fig. 4 indicates that when 100 mg L− 1 nZVI and 1 mg L− 1 Fe(II) are 
used, the initial 200 mg L− 1 H2O2 concentration is enough to initiate the 
toluene degradation, with a good final toluene degradation. This is 
different for the other cases (10 mg L− 1 nZVI and 10 mg L− 1 Fe(II)), 
where a low toluene degradation or a high H2O2 consumption take 
place, due to a low amount of nZVI in the first case and an excessive 
amount of Fe(II) in the second case. 

Table 3 shows the initial and final concentrations of Fe(II) and FeT in 
solution under the different conditions. The results indicate that some 
amount of Fe goes into solution at the end of the treatment, mainly as Fe 
(II). However, it is known that the toxicity of Fe in water is not very high 
concerning its incidence on human health, and there is no guideline 
value for iron in drinking water [39]. 

3.5. Reuse of the iron nanoparticles 

Fig. 5 shows the results of experiments of toluene photodegradation 
(100 mg L− 1, pH 3) in the presence of 100 mg L− 1 H2O2 and 10 mg L− 1 of 
fresh and reused nanoparticles. After the first experiment, the solution 
was centrifuged to separate the nanoparticles, and the experiment was 
repeated using the separated nanoparticles and a fresh toluene solution 
at the same concentration and pH of the original experiment. However, 
it must be indicated that, in this case, the amount of nZVI was somewhat 
lower than that used in the initial experiment, since it was not possible to 

Fig. 3. Variation of the pseudo-first-order rate constants (k) in function of different H2O2 concentrations (25–600 mg L¡1) for the toluene photodegradation in the 
presence of (a) two nZVI concentrations (100 and 10 mg L¡1), and (b) two Fe(II) concentrations (10 and 1 mg L¡1). The k values were extracted from plots similar to 
those of Fig. 2 at the different H2O2 concentrations. Experimental conditions: 100 mg L¡1 toluene, T = 25 ◦C, q◦

n,p/V = 82.5 μeinstein s− 1 L− 1 and 30 min of re
action time. 
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separate the particles quantitatively after centrifugation as some of them 
remained attached to the walls of the centrifuge tubes. Nevertheless, the 
degradation degree of toluene was almost the same in both cases. 

Thus, in contrast with the experiments with dissolved Fe(II), the 
nanoparticles can be recovered and reused, yielding a similar toluene 
degradation. This is an important advantage compared with the homo
geneous system. 

3.6. XRD patterns of the solid before and after the use of the iron 
nanoparticles 

As said in section 2.2, after the experiments of toluene degradation 
under UVA light in the presence of nZVI and H2O2, the particles were 
separated and dried, and XRD patterns were taken and compared with 
that of the original nZVI particles. A typical diffraction pattern is shown 
in Fig. 6, where the solid obtained after an experiment of 100 mg L− 1 

toluene degradation under UVA light in the presence of 100 mg L− 1 nZVI 
and 100 mg L− 1 H2O2 was analyzed. 

The XRD pattern indicates that the original material is essentially Fe 
(0) (with signals at 2θ = 44.72, 65.05, and 82.36 [40]) as indicated in 
section 3.1. A small contribution of iron oxides, such as magnetite or 
maghemite (that cannot be discriminated by this technique), is also 
observed (2θ = 35.5). The XRD pattern of the solid obtained after UVA 
irradiation shows a decrease of the height of the Fe(0) peaks, suggesting 
that Fe(0) is consumed and oxidized to Fe(II), which then starts the 
Fenton process. 

3.7. Products obtained during the processes 

Tables 4–6 show the results of toluene degradation in the presence of 
nZVI and Fe(II) using different H2O2 concentrations at pH 3 after 30 min 
of reaction under UVA irradiation. Results of the normalized concen
tration of the main reaction products (percentage of each product 
divided by the percentage of BHT) at the final time, analyzed by GC–MS 
as indicated in section 2.3 are included. Tables 4–6 indicate the for
mation of several intermediates, and the incomplete mineralization of 
toluene. The main products were benzaldehyde and bibenzyl, with 
benzyl alcohol and both o- and p-cresols produced in minor amounts. It 
is important to remember that other products such as biphenyl, ben
zyltoluene and 2,2′-dimethylbiphenyl have been observed in the present 
work from GC/MS measurements but at very low concentrations and at 
long chromatographic run times (section 2.3). In almost all cases, the 
highest toluene removal results were obtained with 400 mg L− 1 of H2O2. 

Table 4 shows the results when 100 mg L− 1 nZVI was used. It is 
observed that the degradation increased with the amount of H2O2, but 

Fig. 4. Percentage of H2O2 consumed in function of toluene photodegraded at 30 min of reaction with (a) nZVI and (b) Fe(II). Conditions: pH 3, initial H2O2 
concentration: 200 mg L− 1. The lines are only for visualization and do not correspond to any fitting equation. 

Table 3 
Initial and final (30 min reaction time) dissolved iron concentrations under 
different treatment conditions with nZVI or dissolved Fe(II). Toluene concen
tration: 100 mg L− 1, pH 3, H2O2 concentration: 200 mg L− 1.  

Initial nZVIa or Fe(II) 
concentrations 
(mg L− 1) 

FeTdiss 

(mg 
L− 1) 

Fe 
(II)diss 

(mg 
L− 1) 

Fe 
(III)diss 

(mg 
L− 1) 

% degraded 
tolueneb 

100 (nZVI) 9.4 8.6 0.8 70 
10 (nZVI) 1.0 0.8 0.2 40 
10 (Fe(II)) 10.3 9.1 1.2 80 
1 (Fe(II)) 1.6 1.5 0.1 50  

a Calculated on a 70% content of Fe(0) in the original NSTAR nanoparticles. 
b The percentages of toluene degradation were different from those reported 

in Table 2 as the starting conditions were slightly different. 

Fig. 5. Temporal profiles of normalized toluene concentration (C/C0) in the 
presence of 10 mg L− 1 fresh and reused nZVI and H2O2, at pH 3 under UVA 
light. Conditions: 100 mg L− 1 (1.1 × 10− 3 M) toluene, 10 mg L− 1 nZVI (fresh 
and reused), 100 mg L− 1 of H2O2 (2.94 × 10− 3 M), T = 25 ◦C, q◦

n,p/V = 82.5 
μeinstein s− 1 L− 1. The dashed line is the adjustment of the experimental points 
to a pseudo-first-order kinetics, showing the same curve for both experiments. 

C. Duca et al.                                                                                                                                                                                                                                    



Catalysis Communications 183 (2023) 106767

7

the addition of 600 mg L− 1 H2O2 was detrimental. Benzaldehyde pro
duction increased until 200 mg L− 1 H2O2 was used, and then remained 
approximately constant. In contrast, bibenzyl grew monotonously with 
the amount of added H2O2. This can be explained because bibenzyl is 

formed from coupling of benzyl radicals, as will be explained in section 
3.8; in the presence of nZVI, Fe(II) production is low, and more H2O2 is 
needed to form these radicals. As said, benzyl alcohol and the cresols 
were produced in minor amounts. 

Fig. 6. X-ray diffraction patterns of the original nZVI and a dried sample of the solid obtained after the treatment of 100 mg L− 1 toluene with 100 mg L− 1 nZVI and 
100 mg L− 1 H2O2 under UVA irradiation, T = 25 ◦C, q◦

n,p/V = 82.5 μeinstein s− 1 L− 1, pH 3 after 30 min of reaction time. 

Table 4 
Percentage of toluene degraded and normalized concentration of products (percentage of each product divided by the percentage of BHT) observed after 30 min of 
reaction of toluene (100 mg L− 1) in the presence of 100 mg L− 1 nZVI and different H2O2 concentrations, pH 3 and T = 25 ◦C, under UVA irradiation.  

[H2O2] (mg L− 1) % toluene degradation benzaldehyde bibenzyl benzyl alcohol o-cresol p-cresol 

25 32 0.5 0.1 0.0 0.1 0.2 
50 29 0.7 0.4 0.0 0.2 0.2 
200 40 0.8 2.0 0.1 0.2 0.2 
400 82 0.7 2.4 0.1 0.1 0.2 
600 71 0.8 3.8 0.2 0.2 0.2  

Table 5 
Percentage of toluene degraded and normalized concentration of products (percentage of each product divided by the percentage of BHT) observed after 30 min of 
reaction of toluene (100 mg L− 1) in the presence of 10 mg L− 1 nZVI and different H2O2 concentrations, pH 3 and T = 25 ◦C under UVA irradiation.  

[H2O2] 
(mg L− 1) 

% toluene degradation benzaldehyde bibenzyl benzyl alcohol o-cresol p-cresol 

25 14 0.1 0.0 0.0 0.1 0.2 
50 29 0.5 0.1 0.1 0.2 0.2 
100 32 0.6 0.2 0.1 0.2 0.3 
200 35 0.6 0.2 0.2 0.2 0.3 
400 37 0.4 0.0 0.1 0.2 0.3  

Table 6 
Percentage of toluene degraded and normalized concentration of products (percentage of each product divided by the percentage of BHT) observed after 30 min 
reaction of toluene (100 mg L− 1, pH 3) in the presence of 10 mg L− 1 dissolved Fe(II) and different H2O2 concentrations under UVA irradiation.  

[H2O2] (mg L− 1) % toluene degradation benzaldehyde bibenzyl benzyl alcohol o-cresol p-cresol 

25 24 0.6 1.1 0.2 0.1 0.2 
50 70 0.6 1.1 0.2 0.1 0.2 
100 89 0.8 1.0 0.3 0.1 0.2 
200 90 1.2 0.5 0.5 0.2 0.2 
400 79 1.3 0.0 0.5 0.2 0.2  
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Table 5 shows the same results using an nZVI concentration ten times 
lower, where, as already seen in Fig. 2, the toluene degradation was 
much lower. 

Again, the best results were obtained with 400 mg L− 1 of H2O2. 
Benzaldehyde was here the main product and the amount of bibenzyl, 
benzyl alcohol and both cresols were minor and approximately constant. 

Table 6 shows the percentage of toluene degraded and the concen
tration of products formed in the homogeneous Fenton reaction using 
10 mg L− 1 dissolved Fe(II). In this case, the toluene degradation was the 
highest when 100 and 200 mg L− 1 H2O2 were added. The main products 
are benzaldehyde and bibenzyl, but the amount of this last product 
decreased when 200 mg L− 1 H2O2 was used and negligible with 400 mg 
L− 1 H2O2. 

When 1 mg L− 1 of Fe(II) was used (Table 7), the highest percentage 
of toluene degradation was obtained with 600 mg L− 1 of H2O2. In this 
case, minor amounts of benzaldehyde were formed, and bibenzyl was 
the main product with an amount rather higher compared with the case 
of the experiments with 10 mg L− 1 Fe(II), decreasing slightly with the 
increase of H2O2; the other products remained low and almost constant. 
In these cases, the amount of bibenzyl at low H2O2 concentrations is 
high because the bibenzyl radicals can react between them more easily. 
When H2O2 increases, bibenzyl decreases and almost disappears, while 
benzaldehyde increases. 

Comparison of Tables 5 and 6, where similar amounts of iron were 
used, indicates that the concentration toluene remaining and of all 
byproducts was lower with nZVI and, especially, that of bibenzyl was 
very low. 

Summarizing, the results of Tables 4–6 indicate that the removal of 
toluene increases with the amount of H2O2 although, in some cases (e.g., 
600 mg L− 1 in Table 4), a high amount is detrimental. The best results of 
the toluene heterogeneous degradation were found with 100 mg L− 1 

nZVI and 400 mg L− 1 H2O2 (82% removal, Table 4). The homogeneous 
reactions produced higher amounts of bibenzyl. These results will be 
discussed in the next section. 

3.8. Mechanistic pathways of toluene oxidation through the 
heterogeneous Fenton processes 

A heterogeneous Fenton system can generate HO• by two methods: 
the heterogeneous catalytic mechanism or the homogeneous Fenton 
reaction occurring through the iron leached from the solid catalyst [18]. 
Possible Fenton-like reactions are indicated by Eqs. (A1)–(A38) in the 
Appendix A, although the true mechanism is still under discussion. 

Photocatalytic processes initiated by FeOx formed in the system or 
already present on the surface of the iron nanoparticles, acting as 
semiconductors, can also be proposed as mechanistic pathways, as 
described by Eqs. (1)–(8) [37,41,42]. 

FeOx+ hν→eBC
− + hBV

+ (1)  

H2O (HO− ) + hBV
+→HO• (+H+) (2)  

O2 + eBC
− ( +H+)→O2

•– (HO2
•) (3)  

O2 + eBC
− +H2O2→HO• +HO− (4)  

Fe(III)+ eBC
− →Fe(II) (5)  

Fe0 + hBV
+→→Fe(II) (6)  

≡ Fe(III)+ eBC
− → ≡ Fe(II) (7)  

Aromatic compound+ hBV
+ (HO• +H+)→oxidized compound (+H2O)

(8) 

In this sense, several years ago, Fujihira et al. [43,44] studied the 
photocatalytic oxidation of toluene under aerobic conditions over TiO2 
and other semiconductors and attributed the oxidation to HO• formed in 
the process. The products were benzaldehyde, cresols, and bibenzyl, 
same compounds obtained in the homogeneous photo-Fenton reaction 
of toluene depending on the conditions, as earlier proposed and 
described above by Merz and Waters [24]. If Fe2+ was added to the 
system studied by Fujihira et al. [43,44], the main products were 
benzaldehyde and o-cresol, with the yield of all products increasing with 
the addition of low Fe2+ concentrations; 50 mM Fe2+ and higher con
centrations were detrimental, attributed to a short circuiting of the 
cycling continuous transformation of Fe2+ to Fe3+. Regarding the use of 
iron-based semiconductors, Zhang et al. [45] found that pure cubic 
β-Fe2O3 could degrade some dyes and phenol as a catalyst in a photo- 
Fenton reaction and verified that HO• was the active species in the 
process. Therefore, the heterogeneous photocatalysis over the FeOx 
present or formed in the present system can take place because all of 
them absorb below 450 nm [37,41,42] and can promote toluene 
oxidation under the present irradiation conditions, following the re
actions described by Eqs. (1)–(8). 

It is very well known that HO• (produced in Fenton or radiolytic 
systems) attacks toluene and forms very rapidly the hydrox
ymethylcyclohexadienyl radical (HMCD•) [25,46] (Eq. (9), k1 = 3 × 109 

M− 1 s− 1) [47–49], which eliminates water to form the benzyl radical 
(Eq. (10), k2 = 1.1 × 106 M− 1 s− 1) [48,50]. 

CH3

+ HO

OH

CH3

H

(9)  

CH2 CH2

H

OHH H
+

+ H2O

(10) 

Table 7 
Percentage of toluene degraded and normalized concentration of products (percentage of each product divided by the percentage of BHT) observed after 30 min 
reaction of toluene (100 mg L− 1, pH 3) in the presence of 1 mg L− 1 dissolved Fe(II) and different H2O2 concentrations under UVA irradiation. The concentration of 
products is expressed as the percentage of each product divided by the percentage of BHT.  

[H2O2] 
(mg L− 1) 

% toluene degradation benzaldehyde bibenzyl benzyl alcohol o-cresol p-cresol 

50 49 0.8 6.9 0.3 0.2 0.2 
200 59 0.8 3.6 0.1 0.2 0.2 
400 66 0.6 4.3 0.1 0.1 0.1 
600 70 0.6 4.7 1.1 0.1 0.1  
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Bibenzyl is formed by the combination of two benzyl radicals (Eq. 
(11) [48]), explaining the increase in the production of this compound 
shown in Table 4: 

CH2 CH2 CH2 CH2

+

(11) 

Huling et al. [26] confirmed the formation of the benzyl intermediate 
in the Fenton-like transformation of toluene with the formation of 
benzyl alcohol, cresols (the ortho form being the main product), benz
aldehyde and benzoic acid byproducts (Eq. (12)).   

In oxygenated solutions, reaction of O2 with HMCD• competes 
favorably with the elimination of water from the radical, forming cresols 
(Eq. (13)): 

CH3

+ O2

OH

CH3

H

OH

+ HO2

(13) 

Benzyl alcohol and benzaldehyde are also formed from the benzyl 
radical, according to Eq. (14), although Walling and Johnson [25] 
suggested that the direct side-chain attack would be only a minor re
action path.   

All these products and others such as o-hydroxybenzaldehyde, 

diphenylmethane, and 2,2′-bitolyl have been found before 
[25,26,44,50–53]. 

Xue et al. [16] say that, besides HO•, some other generated inter
mediate radicals (e.g., C6

•H6OH, C6H5
•, C6H5

•CH2) can couple, giving, for 
example, biphenyl, benzyltoluene, dimethyl biphenyl and others. As 
said (section 3.7), all these products have been observed in the present 
work but at very low concentrations and long chromatographic run 
times. According also to Xue et al. [16], the radicals can be scavenged by 
O2, forming substitution and addition products, such as benzyl-p-cresol 
and 3-methylbenzophenone. HO• attack towards benzene-ring could 
abstract H to form various intermediate phenols by disproportionation. 

A very important point is that benzyl radicals are not expected to be 
formed largely at pH 3, as they are formed only in strongly acidic so
lutions by water elimination from HMCD• through reaction of Eq. (15) 
[53]. For this reason, other sources of benzyl radicals have to be pro
posed. A possible oxidant fulfilling these conditions is HO2

•, the conju

gate cation of O2
•− formed in reactions (3), (A2), (A6), and (A20), which 

can react with toluene giving benzyl radicals (Eq. (15)): 

CH3

+ HO2

CH2

+ H2O2

(15) 

However, this reaction is extremely slow at room temperature [54]. 
Smith and Norman [51] indicate that HO2

• is not the attacking species in 
Fenton reactions on toluene, probably because it is rapidly destroyed by 
further oxidation by Fe3+ (Eq. (A4)) or because it is much less reactive 
than HO•. In agreement, Choi et al. [55] indicate that, in the reductive 
degradation of toluene in the gas-phase in a pyrite Fenton system, the 
effect of O2

•− was not significant and HO• was identified as the dominant 
produced oxidant. 

3.9. Role of pH 

At pH 4 and 5, toluene photodegradation in the presence of nZVI did 

CH3

+ HO

CH2OH CHO COOH

(12)   

CH2

+ O2

CHO2 CH2OH CHO

x2

+

(14)   
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not take place to a measurable extent under any of the conditions of the 
present work (results not shown). 

As known, pH is one of the most important factors on the perfor
mance of Fenton-like processes (e.g., [5,56]). A similar effect can be 
expected when nZVI is used, as, for example, the Fe(0) corrosion rate is 
high at pH 2, decreases up to pH around 4, and is relatively independent 
of the pH of the solution up to pH 10 [57]. If Fe(III) and Fe(II) are 
simultaneously present, Fe(II) will tend to coprecipitate with Fe(III) 
forming oxyhydroxides at pH values above 3 [58,59]. This explains the 
lack of reaction of toluene at pH 4 and 5 in the present work. The low 
variation of pH in the experiments at pH 3 of the present paper main
tains a favorable acid pH condition, and it is an important result of the 
present work. 

The use of pH 3 was also beneficial as it was found that the oxidation 
of toluene by the Fenton reagent with dissolved Fe(II) at a strong acid pH 
value (1.3) favors bibenzyl formation, whereas, at pH 3.6, the cresols 
predominate [50]. 

3.10. Toxicity of the products and discharge regulations 

Regarding toxicity, Table A1 in the Appendix A (Section A3) in
dicates the LD50 for oral rat for toluene and its oxidation products. The 
values reveal that bibenzyl is the most toxic product after toluene. 
However, the results of the present work show that the oxidation 
products are formed at very low concentrations and during a short 
irradiation time (30 min). 

On the other hand, the Argentine normative of ACUMAR (Matanza 
Riachuelo Basin Authority) established the permissible limits in 
discharge to storm drain for toluene in 1.36/17 mg L− 1 [60]. The best 
toluene removal values obtained in the present work are in the range 
admitted by ACUMAR. 

3.11. Advantages of the use of nZVI in the Fenton reactions for toluene 
oxidation 

The use of nanoparticles compared with the homogeneous Fenton 
reaction with dissolved Fe(II) under the condition of this work presents 
some advantages: 1) using dissolved Fe(II), high concentrations of 
ferrous salts are needed, with the formation of a concomitant large 
amount of iron sludge; 2) with nZVI, a lower precipitation of iron hy
droxides/oxides occurs because few iron ions are present in the aqueous 
phase; 3) a lower amount of the toxic bibenzyl compound is formed; 4) 
the separation of the catalyst after application is easy, while excess 
soluble Fe remains in solution when using Fe(II); 5) the catalyst can be 
reused without excessive manipulation; 6) the use of nZVI particles can 
be convenient for in situ applications. 

4. Conclusions 

Degradation of toluene (100 mg L− 1) under UVA irradiation in the 
presence of commercial nZVI at two concentrations (100 and 10 mg L− 1) 
and different H2O2 concentrations (25–400 mg L− 1) have been analyzed 
at pH 3. The highest removal of toluene was found with 100 mg L− 1 nZVI 
and 400 mg L− 1 H2O2 (18% toluene remaining in solution), although the 
degradation rate did not change very much with 100 and 200 mg L− 1 of 
H2O2. At pH 4 and 5, no toluene removal was observed. The results have 
been compared with those of the homogeneous photo-Fenton reaction 
using Fe(II), although at lower Fe(II) concentrations (10 and 1 mg L− 1). 
The homogeneous reactions were faster than those with nZVI. In 
particular, 10 mg L− 1 of Fe(II) with 400 mg L− 1 H2O2 degraded 79% of 
toluene, while 100 mg L− 1 of nZVI led to 65% degradation. This is due 
because dissolved Fe(II) is more available than Fe(0), which needs first 
to be oxidized to Fe(II) to start the photo-Fenton reaction. Experiments 
in the dark using 100 mg L− 1 nZVI or 10 mg L− 1 aqueous Fe(II) together 
with 200 mg L− 1 H2O2 at pH 3 during 30 min showed a rather low 
toluene removal (<30%). 

With both Fe(II) and nZVI, the main oxidation products were benz
aldehyde, bibenzyl and lower concentrations of benzyl alcohol, o-cresol, 
and p-cresol. The quantity of byproducts depended greatly on the 
experimental conditions (especially on H2O2 concentration and nature 
of iron). With nZVI, the concentrations of benzaldehyde and bibenzyl 
were lower than with Fe(II) under similar concentrations. 

The amount of Fe found in solution at the end of the experiments was 
comparatively lower in the experiments with nZVI compared with those 
that used Fe(II). 

It was found that nZVI can be reused, maintaining the capacity of 
toluene degradation, an important advantage compared with the ho
mogeneous reaction. 

The use of nanoparticles compared with the use of dissolved Fe(II) is 
more advantageous because the precipitation of iron hydroxides/oxides 
can be avoided, a lower amount of the very toxic bibenzyl is formed, the 
separation of the catalyst after application is easy, and the nanoparticles 
can be reused. 
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based iron oxide catalyst for the degradation of simulated petrochemical 
wastewater via heterogeneous photo-Fenton process, Environ. Technol. 1–9 
(2017), https://doi.org/10.1080/09593330.2017.1361474. 

[20] M.I. Litter, Future and perspectives of the use of Iron nanoparticles for water and 
soil remediation, in: M.I. Litter, N. Quici, M. Meichtry (Eds.), Iron Nanomaterials 
for Water and Soil Treatment, Pan Stanford, Singapore, 2018, pp. 308–316. 

[21] M.I. Litter, A. Ahmad, Industrial Applications of Nanoparticles – A Prospective 
Overview, CRC Taylor & Francis Group, Boca Raton, FL, 2023. ISBN: 
9781032024769. 

[22] L.E. Lan, F.D. Reina, G.E. De Seta, J.M. Meichtry, M.I. Litter, Comparison between 
different technologies (zerovalent iron, coagulation-flocculation, adsorption) for 
arsenic treatment at high concentrations, Water 15 (2023) 1481, https://doi.org/ 
10.3390/w15081481. 

[23] S.R. Kanel, B. Manning, L. Charlet, H. Choi, Removal of arsenic(III) from groundwater by nanoscale 
zero-valent iron, Environ. Sci. Technol. 39 (2005) 1291–1298, https://doi.org/10.1021/ 
es048991u. 

[24] J.H. Merz, W.A. Waters, The oxidation of aromatic compounds by means of the free 
hydroxyl radical, J. Chem. Soc. (1949) 2427–2433, https://doi.org/10.1039/ 
jr9490002427. 

[25] C. Walling, R.A. Johnson, Fenton’s reagent. V. Hydroxylation and side-chain 
cleavage of aromatics, J. Amer. Chem. Soc. 97 (1975) 363–367, https://doi.org/ 
10.1021/ja00835a024. 

[26] S.G. Huling, S. Hwang, D. Fine, S. Ko, Fenton-like initiation of a toluene 
transformation mechanism, Water Res. 45 (2011) 5334–5342, https://doi.org/ 
10.1016/j.watres.2011.08.001. 

[27] M. Alizadeh Fard, A. Torabian, G.R.N. Bidhendi, B. Aminzadeh, Fenton and photo- 
fenton oxidation of petroleum aromatic hydrocarbons using nanoscale zero-valent 
Iron, J. Environ. Eng. 139 (2013) 966–974, https://doi.org/10.1061/(ASCE) 
EE.1943-7870.0000705. 

[28] E.B. Sandell, Colorimetric Determination of Traces of Metals, Interscience 
Publishers, New York, 1950. 

[29] Y. Liu, S.A. Majetich, R.D. Tilton, D.S. Sholl, G.V. Lowry, TCE dechlorination rates, 
pathways, and efficiency of nanoscale iron particles with different properties, 
Environ. Sci. Technol. 39 (2005) 1338–1345, https://doi.org/10.1021/es049195r. 

[30] http://nanoiron.cz/en/products/zero-valent-iron-nanoparticles/nanofer-star. 
[31] L. Cancelada, J.M. Meichtry, H. Destaillats, M.I. Litter, Heterogeneous sonoFenton 

removal of Cr(VI) in the presence of organic additives, in preparation. 
[32] A.S. Mahmoud, M.K. Mostafa, S.A. Abdel-Gawad, Artificial intelligence for the 

removal of benzene, toluene, ethyl benzene and xylene (BTEX) from aqueous 
solutions using iron nanoparticles, Water Sci. Technol. Water Supply 18.5 (2018), 
https://doi.org/10.2166/ws.2017.225. 

[33] V. Tanboonchuy, J.C. Hsu, N. Grisdanurak, C.H. Liao, Impact of selected solution 
factors on arsenate and arsenite removal by nanoiron particles, Environ. Sci. Pollut. 
Res. Int. 18 (2011) 857–864, https://doi.org/10.1007/s11356-011-0442-3. 

[34] C. Noubactep, Comment on pH dependence of Fenton reagent generation and As 
(III) oxidation and removal by corrosion of zero valent iron in aerated water, 
Environ. Sci. Technol. 43 (2009) 233, https://doi.org/10.1021/es802563j. 

[35] G. Ona-Nguema, G. Morin, Y. Wang, A.L. Foster, F. Juillot, G. Calas, G.E. Brown Jr., 
XANES evidence for rapid arsenic(III) oxidation at magnetite and ferrihydrite 
surfaces by dissolved O2 via Fe2+-mediated reactions, Environ. Sci. Technol. 44 
(2010) 5416–5422, https://doi.org/10.1021/es1000616. 

[36] M.E. Morgada, I.K. Levy, V. Salomone, S.S. Farías, G. López, M.I. Litter, Catal. 
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