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A B S T R A C T   

Versatile and ecofriendly methods to perform oxidations at near-neutral pH are of crucial importance for pro
cesses aimed at purifying water. Chitosan, a deacetylated form of chitin, is a promising starting material owing to 
its biocompatibility and ability to form stable films and complexes with metals. Here, we report a novel chitosan- 
based organometallic complex that was tested both as homogeneous and heterogeneous catalyst in the degra
dation of contaminants of emerging concern in water. The stoichiometry of the complex was experimentally 
verified with different metals, namely, Cu(II), Fe(III), Fe(II), Co(II), Pd(II), and Mn(II), and we identified the 
chitosan-Fe(III) complex as the most efficient catalyst. This complex effectively degraded phenol, triclosan, and 
3-chlorophenol in the presence of hydrogen peroxide. A putative ferryl-mediated reaction mechanism is pro
posed based on experimental data, density functional theory calculations, and kinetic modeling. Finally, a film of 
the chitosan-Fe(III) complex was synthesized and proven a promising supported heterogeneous catalyst for water 
purification.   

1. Introduction 

Chitosan (CS) is the deacetylated form of chitin in which a number of 
acetamide groups have been replaced with amine (-NH2) groups 
(Rinaudo, 2006). Chitin is the second most abundant polysaccharide in 
nature, with the major source being crustacean shells (Ravi Kumar, 
2000; Bellich et al., 2016). Since a large amount of the crustacean 
exoskeleton is readily available as a by-product of the seafood process
ing industry, the raw material for chitosan production is inexpensive, 
rendering the large-scale production of CS economically feasible from 
this renewable resource. Some of the attractive features of this 
biopolymer are its biodegradability, biocompatibility, and low toxicity 
(Vårum et al., 1997; Rhoades and Roller, 2000; Raafat and Sahl, 2009). 
A distinctive feature of CS from a chemical standpoint is the high density 
of amine groups at the C-2 positions. This feature enables chitosan to 
form stable complexes with metals, a property that is exceptional among 
biopolymers (Qin, 1993; Guibal, 2004; Qu et al., 2011; Guibal et al., 
2014; Gritsch et al., 2018). 

The ability of CS to complex elements has been mostly exploited in 
environmental applications for heavy metal adsorption from water 
streams (Li et al., 2009, 2016; Liu et al., 2013; Weng et al., 2013; Yu 

et al., 2013; Zhang et al., 2016). When considering instead the degra
dation of organic micropollutants from water, advanced oxidation pro
cesses are established techniques, but they are not always 
environmentally friendly or effective at near-neutral pH (Babuponnu
sami and Muthukumar, 2012; Diya’uddeen et al., 2012; Lee et al., 2007; 
Shukla et al., 2010; Wang et al., 2020). CS-metal complexes are prom
ising in creating inexpensive and sustainable organometallic catalysts, 
which may be applied without modifying the pH of the contaminated 
streams (generally circumneutral). To date, very few literature reports 
have discussed the ability of CS-metal complexes to work as organo
metallic catalysts for the oxidative degradation of organic molecules in 
water (dyes, perchlorate, etc.) (Vincent et al., 2004; Rashid et al., 2015; 
Gao et al., 2016; Xie et al., 2016). For example, a modified form of 
chitosan was used as a metal ligand to promote the selective oxidation of 
hydrocarbons (Chang et al., 2002). Other researchers applied a CS-Pd 
system as a homogeneous reductant for the hydro dehalogenation of 
chlorophenols (Vincent et al., 2003). However, all these studies 
employed expensive and sometimes toxic metal complexes, with the 
obvious risks of inhibiting implementation for environmental 
applications. 

A CS-metal complex may be used as both homogeneous and 
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heterogeneous catalyst. Homogeneous oxidation is easily employable 
within a water treatment plant but with several limitations 
(Diya’uddeen et al., 2012; Mirzaei et al., 2017). Approaches based on 
heterogeneous processes would circumvent difficulties related to cata
lyst recovery and would reduce the amount of reagents needed to 
implement the oxidation. Most studies on heterogeneous oxidative 
processes based on CS as a bio-chelating agent report the use of this 
material in the form of powders, flakes, or gel beads, which are not easily 
deployed (Lee and Lee, 2010; Rashid et al., 2015; Hou et al., 2016). The 
use of films remains limited, despite the well-known ability of CS to form 
stable films (Tiraferri et al., 2014). Seyed Dorraji et al. (2015) reported 
the efficiency of wet-spun chitosan hollow fibers loaded with Fe3O4 
nanoparticles in the degradation of dyes in water. However, the use of an 
iron ion instead of insoluble iron-based nanoparticles would allow easier 
regeneration of the catalytic core during applications. 

Iron is the most abundant metal on Earth and its use in the ionic form 
in CS-based catalysts would be groundbreaking (Frey and Reed, 2012). 
However, the nature of the interaction between CS and the iron, espe
cially Fe(III), is still amply debated, thus preventing further develop
ment of these materials (Hernández et al., 2008). Gamblin et al. (1998) 
suggested the formation of a cluster between the CS polymer and the Fe 
(III) ions without an effective coordination. Nevertheless, other in
vestigations reached the opposite conclusion (Sreenivasan, 1996; Sipos 
et al., 2003). Bhatia and Ravi (2003) suggested the formation of a CS-Fe 
(III) complex that is either penta- or hexa-coordinated. Hernández et al. 
(2008) supported the latter thesis adding that the complexation takes 
place in a large pH range (from pH 2 to basic pH) and that the most 
stable form of the complex exists in the pH range 4–6. Moreover, Nieto 
et al. concluded that the ferric ion is coordinated with two chitosan 
residues, three molecules of water, and one chloride ion. These authors 
indicated that the chitosan-Fe(III) complex is a distorted octahedral 
complex due to the presence of ligands of different nature and exhibits 
an isomeric shift typical of high spin Fe(III) complexes with σ-donor 
ligands (Nieto et al., 1992). Despite these reports about the chitosan 
complex with iron, current knowledge is insufficient with respect to the 
reaction mechanism when a CS-Fe complex is used for the oxidative 
degradation of organic contaminants in water. 

In this study, we propose CS-metal complexes both as homogeneous 
and heterogeneous organometallic catalysts. Specifically, we examine 
the detailed nature of the CS-Fe(III) complex, defining both the stoi
chiometry and the molecular structure of the polymer-metal complex 
through a combination of experiments and quantum chemical density 
functional theory calculations. We also evaluate the effectiveness of 
chitosan-metal complexes for the oxidative degradation of contaminants 
of emerging concern in water. The reaction mechanism is discussed and 
a novel CS-Fe(III) film is proposed as a cheap and sustainable supported 
heterogeneous catalyst. 

2. Experimental 

2.1. Materials 

Triclosan and 3-chlorophenol were purchased from Oakwood 
Chemicals (Estill, SC, USA). All the other reagents were purchased from 
Sigma-Aldrich. The chitosan (CS) used in this study had low molecular 
weight and a deacetylation grade ≥ 75%. The measured CS solubility in 
water was 433 mg/L; more details about this determination can be found 
in Supplementary Material (SM, Text S1). 

2.2. Preparation of the chitosan solid films 

The protocol for the preparation of CS films was adapted from pre
vious reports (Zeng and Ruckenstein, 1996; Cui et al., 2018). Briefly, to 
prepare pure CS films, a polymer solution was obtained with 2% w/w of 
CS and 2% w/w of acetic acid in water. A volume of 10 mL was then 
poured on a petri dish and allowed to dry at room temperature until 

constant weight was achieved. The film was immersed overnight in a 
sodium hydroxide solution (1 M) and then washed thoroughly with 
water. Films were also prepared in the presence of iron(III) and iron(II). 
Specifically, three different aqueous solutions were used: (a) 2% w/w of 
CS, 2% w/w of acetic acid, and FeCl3 (13.8 mM); (b) 2% w/w of CS, 2% 
of acetic acid, and FeSO4 (9.2 mM); (c) 2% w/w of CS, 2% w/w of acetic 
acid, and FeCl2 (9.2 mM). The concentration of iron was chosen based on 
the stoichiometric ratios defined in preliminary experiments (vide 
infra). A volume of 10 mL of each of the three solutions was poured into 
a separate petri dish and dried in the oven at 80 ◦C for 4 h. The films 
were left overnight in 0.1 M sodium hydroxide, then dried in the oven at 
80 ◦C for 4 h, and finally washed with ethanol. The residual ethanol was 
evaporated at room temperature until constant weight was achieved. All 
the films had a diameter of 54 mm and a thickness between 5 and 20 µm. 
To assess the stability of the CS-Fe(III) film, this was immersed in 10 mL 
of water for 20 min under gentle stirring. Aliquots of the supernatant at 
initial and final times were sampled and UV–Vis spectra were compared 
with the spectrum obtained with a solution of iron(III) to detect any 
leaching of the metal into solution. 

2.3. Oxidation experiments: homogeneous conditions 

Six metals were tested as central ion to form complexes with CS. They 
were: Cu(II); Fe(III); Fe(II); Co(II); Pd(II); Mn(II). The stoichiometry 
ratios between the central ion and a saturated solution of CS in water 
(433 mg/L) were first measured with UV–Vis titrations. The stoichio
metric complexes were applied as organometallic catalysts in the 
oxidation of contaminants of emerging concern in water, namely, 
phenol (PhOH), triclosan (TCS), and 3-chlorophenol (3-CP). The oxidant 
was hydrogen peroxide. Initially, an appropriate amount of stock metal 
solution was added to 10 mL of a saturated CS solution in water. The 
obtained mixture was stirred for 5 min before starting the reaction in 
order to ensure the formation of the complex. Please note that UV 
titration suggested that the formation of the complex in solution 
occurred nearly instantly. Subsequently, the contaminant and the 
oxidant were added in this order. Preliminary oxidation tests were 
performed with a relative mass concentration ratio between metal, 
contaminant, and oxidant equal to 1:1:1. The low amount of oxidant 
allowed a better visualization of the relative efficiency of the different 
complexes. Further contaminant degradation experiments were then 
performed with a higher amount of oxidant (metal:contaminant:oxidant 
= 1:1:3 mass concentration ratio). More precisely, 1/3 of the total 
concentration of the oxidant was added in three separate steps, at time 
zero and then two more times each 20 min. The metal concentration 
refers to that at the equivalence point with a saturated chitosan solution 
(vide infra). The final reaction time for all the oxidation experiments 
was 1 h. All the reaction occurred at room temperature, at near-neutral 
pH, under magnetic stirring; the pH value remained nearly constant 
during the reaction. 

2.4. Oxidation experiments: heterogeneous conditions 

The CS-Fe(III, II) films obtained as described above were placed in 
contact with a solution of the target contaminant, PhOH. The oxidation 
tests occurred with a relative concentration ratio between catalyst, 
contaminant, and hydrogen peroxide of 1:0.5:0.5. The oxidant was 
added in one aliquot. The concentration of the metal salts, corre
sponding to the catalyst concentration, was 13.8 mM for FeCl3; 9.2 mM 
for FeSO4; 9.2 mM for FeCl2. The reactions were conducted for 20 min at 
room temperature, at near-neutral pH, under slow magnetic stirring; the 
pH value remained nearly constant during the reaction. To rule out the 
possibility of PhOH adsorption onto the CS- Fe(III, II) films, these films 
were placed in contact with a PhOH solution in the absence of hydrogen 
peroxide under magnetic stirring and the same environmental condi
tions adopted during oxidation tests. The adsorption tests occurred with 
a relative ratio between metal, contaminant, and oxidant of 1:1:0.5. 
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2.5. Analytical methods 

UV–Vis spectrophotometric measurements were performed using a 
Cary 5000 Scan double-beam instrument (Varian). The concentrations 
of contaminants in solution were monitored by high-performance liquid 
chromatography coupled with a diode array detector (HPLC-DAD). The 
formation of by-products during the oxidation reactions was monitored 
with a liquid chromatography coupled with a quadrupole mass detector 
(LC-MS). Further information about the analytical methods can be found 
in the SM (Text S2). 

2.6. Modeling of the chitosan dimer conformations 

To explore conformations adopted by CS that could chelate Fe ions, 
we first pre-screened the possible conformations adopted by a CS dimer. 
To this end, the free energy surface along two torsional angles of the 
ether bond (ϕ,ψ, Fig. 4a) was calculated using 2D-umbrella sampling 
(US) (Kästner, 2011). The CS model was modeled using GAFF parame
ters and generated using tleap (Wang et al., 2004, 2006). Simulations 
were performed with NAMD 2.13 (Phillips et al., 2005), using a gener
alized Born (GB) implicit solvent model (ε = 80), an integration step of 1 
fs with Langevin dynamics (τ = 5 ps− 1) at T = 298 K, and by employing a 
cutoff distance for non-bonded interactions of 9 Å. 50 windows for each 
variable was used, giving in total 50 × 50 = 2500 simulations. A har
monic restraining potential with a force constant of 0.025 kcal 
mol− 1degree− 2 was used for the 2D-US and the dihedral space was 
scanned between − 180 and 180◦. The resulting free energy profiles 
were obtained using the weighted histogram analysis method (WHAM) 
(Cossio-Pérez et al., 2019) with 5 ns sampling for each replica. The 
obtained 2D-free energy profile resembled the profile by Tsereteli and 
Grafmüller (2017) obtained using coarse-grained models. 

2.7. Modeling of the chitosan-Fe complex 

To generate the α and β chitosan-Fe complexes, an Fe(III) ion was 
coordinated within the chitosan framework with the amino/hydroxyl/ 
ether groups, and the amino/hydroxyl groups, respectively (see Fig. 4a). 
The ionic coordination spheres were saturated with water molecules 
(three for α− chitosan, four for β− chitosan), and the resulting structures 
were optimized at the DFT level using TPSSh/def2-SVP (Fe def2-TZVP) 
(Staroverov et al., 2003; Tao et al., 2003; Weigend and Ahlrichs, 2005). 
The aqueous surroundings was treated using the conductor-like 
screening model (COSMO) with an ε set to 80 (Schäfer et al., 2000). 
As an intermediate step, we optimized the structures in the high spin S=
5/2 Fe(III) state, followed by generation of the ferryl (Fe(IV)=O) spe
cies, by deprotonating a water molecule bound to the iron, and opti
mizing the structure at the same theory level in the S = 1 and S = 2 
states, resulting in 14 structures (3 α and 4 β structures for the two 
respective spin states). Stable ground state structures were validated by 
computing the molecular Hessian, and single point energy calculations 
were performed at the TPSSh/def2-TZVPP/ε = 80 level. For modeling 
the ferryl species, the amino groups of the CS monomers were modeled 
in their neutral (-NH2) states. All quantum chemical calculations were 
performed with TURBOMOLE v. 7.2 (Ahlrichs et al., 1989; Häser and 
Ahlrichs, 1989). 

2.8. Kinetic model of reaction 

To interpret the results obtained from oxidation experiments and 
understand whether a metal-based or a free-radical oxidation mecha
nism is dominant, a kinetic model was applied to simulate the oxidation 
of an organic species (Orange II) by H2O2 catalyzed by CS-Fe(II, III) 
complexes. The initial concentrations of H2O2, Orange II, and CS-Fe(II) 
or CS-Fe(III) complex were set at 10− 4 M, mimicking the experimental 
setup. The kinetic model was created using COPASI 4.23 (Hoops et al., 
2006), generating the system of reactions listed in Table S1 of the SM. 

The reaction constants (ki) were chosen based on values reported in the 
literature (De Laat and Gallard, 1999; Kiwi et al., 2000; Chahbane et al., 
2007). The system was simulated for 150 s with a time step of 15 ms, 
using a deterministic (LSODA) integration method. The reactions were 
simulated by varying each kinetics constant, ki, individually over much 
wider range than realistically possible, from 10− 4 to 1010 s− 1 divided by 
30 logarithmic intervals, and keeping all the other constants equal to the 
values reported in the literature (Table S1). To probe the difference in 
oxidation pathway promoted by Fe(II)- or Fe(III)-based catalysts, we 
started each model simulation with only one of the two ionic species 
(with two sets of simulations performed, one for each initial species), 
and observed the time evolution of the substrate (Orange II) and of two 
more products, one associated with the metal-based mechanism 
(referred to as “ferryl”) and the other with the free-radical mechanism 
(referred to as “free radical”). 

Fig. 1. Stoichiometry of the metal-chitosan complexes. (a) Metal concentration 
of saturation (equivalence point) in the CS-metal complexes at a chitosan 
concentration of 433 mg/L, from UV titration. (b) Phenol (PhOH) degradation 
resulting from the use of different CS-metal complexes as homogeneous cata
lysts after one addition of H2O2. The reaction was performed with metal:PhOH: 
H2O2 = 1:1:1 mass concentration ratio, and metal concentration as in (a). 
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3. Results and discussion 

3.1. Chitosan-metal interaction and catalytic efficiency of the complex 

When catalysis occurs through an organometallic compound, the 
correct metal/ligand ratio allows maximization of the catalytic effi
ciency while avoiding free species in solution that may negatively 
impact the process (Farinelli et al., 2020). To determine the CS-metal 
binding stoichiometry, intended here as the ratio between the concen
tration of CS (g/L) and the concentration of the central ion (µM), UV–Vis 
titrations were performed with different metals as catalytic core, 
namely, Cu(II), Fe(III), Fe(II), Co(II), Pd(II), and Mn(II). Fig. 1a reports 
the concentration of the various metals associated to each equivalence 
point, that is, the inflection point of the titration curve, in a saturated 
aqueous solution of CS (433 mg/L); see Fig. S1 in the SM for the titration 
curves. The equivalence point was not reached for Pd, possibly because 
this metal forms clusters rather than complexes with chitosan. 

The concentrations in Fig. 1a were thus applied to prepare the cat
alysts employed in preliminary homogeneous oxidation reactions aimed 

at the degradation of phenol (PhOH) in water. Fig. 1b shows the per
centage of degraded substrate after one addition of a low amount of 
H2O2, to better assess the relative efficiency of the different catalysts. 
The highest efficiency was obtained with the two CS-Fe systems. The 
different efficiency observed with the Fe(III) and Fe(II) complexes may 
be possibly interpreted as due to a different reaction pathway, hence a 
different reaction mechanism, a hypothesis that was further investigated 
and that is discussed below. 

3.2. Homogeneous degradation of contaminants by CS-Fe complexes 

The activity of the most efficient CS-Fe(III) complex and that of the 
CS-Fe(II) complex were further examined with the goal to gain insight 
into their reaction efficiency and mechanisms. The results reported in  
Fig. 2a indicate that the maximum oxidation power of both complexes 
indeed corresponded with the stoichiometric metal concentration, 
namely, 200 µM and 300 µM for Fe(II) and Fe(III), respectively. The 
lower oxidation efficiency of the super-stoichiometric conditions may be 
rationalized with consumption of the oxidant (H2O2) by the excess 

Fig. 2. Chitosan-Fe complexes in the degradation of organic contaminants. (a) Influence of metal concentration in the CS-Fe(III, II) complexes (CS concentration 
433 mg/L) used as homogeneous catalysts for phenol (PhOH) degradation. (b) Degradation of three contaminants of emerging concern with the use of the CS-Fe(III) 
complex as homogeneous catalyst. (c, d) Degradation of PhOH and formation of byproducts monitored with LC-MS using (c) the CS-FeCl3 complex or (d) the CS- 
FeSO4 complex as homogeneous catalyst. The byproducts were identified as bi-hydroxylated compounds (e.g., catechol, resorcinol). The reactions were performed 
with metal:contaminant:H2O2 = 1:1:3 mass concentration ratio, and metal concentration as in Fig. 1a. The same conditions were applied to conduct the reactions 
using the CS-FeCl3 complex related to (a-c). The reaction conditions with the CS-FeSO4 complex were adjusted (metal:phenol:H2O2 = 1:1:30 mass concentration 
ratio) to obtain the same kinetics of degradation observed in the CS-FeCl3 complex. The lines connecting the data points are intended only as a guide for the eye. 
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species, while in the case of sub-stoichiometric metal with a low activity 
of the catalytic core. 

When the CS-Fe(III) complex at optimal CS/metal ratio was applied 
for the homogeneous oxidation of three contaminants of emerging 
concern, PhOH, triclosan (TCS), and 3-chlorophenol (3-CP), the per
centage of removal was always higher than 80%; see Fig. 2b. Please note 
that removal of PhOH by adsorption can also be ruled out based on the 
result presented in the SM (Fig. S4). The capability of the complex to 
degrade phenol more rapidly and efficiently than chlorinated com
pounds, namely, triclosan and 3-chlorophenol, is consistent with an 
oxidation reaction, which usually works through electrophilic transient 
species and is more effective in the degradation of electron-rich com
pounds (Miklos et al. 2018). Fig. S2 of the SM presents the time trends 
observed in the degradation of the three contaminants in the presence 
and in the absence of homogeneous catalysts and as a function of the 
catalyst concentration. These data suggest a sustained degradation rate 
within 60 min and the absence of contaminant removal when the only 
oxidant was present in solution. Please note that complete mineraliza
tion of the compounds was not reached in the experiments and was not 
the main goal of this study. The time evolution of the concentration of 
by-products was also analyzed during the degradation of PhOH; see 
Fig. 2c, d. Comparison of the maximum concentration elution time (tmax) 
of the by-products shows an important difference between the two 
systems, with the Fe(III)-based system being slower than the Fe(II) one, 
another indirect evidence suggesting that two different mechanisms of 
reaction may be at play. 

3.3. Insights into the reaction mechanism and the nature of the active 
species 

Fig. 3 summarizes the results obtained in the homogeneous-phase 
degradation of PhOH using different iron salts as catalytic core in the 
CS-Fe complex. The time trends observed in these experiments are 
presented in Fig. S3 of the SM and corroborate the occurrence of a 
sustained and near constant oxidation rate toward PhOH degradation 
within 60 min of reaction. In the case of Fe(II) as central ion, a signifi
cant increase in the efficiency of degradation of phenol with SO4

2− as the 
counter-ion was observed with respect to Cl− . On the other hand, no 
difference was detected when Fe(III) was the central ion, regardless of 
the counterion. Chloride ions directly scavenge •OH with the formation 
of less reactive Cl2•− radicals (Kiwi et al., 2000). Therefore, it is possible 
to hypothesize that free radicals are the main reactive oxygen species in 

the oxidation mediated by Fe(II) as the central ion, whereas the prom
inent mechanism related to the CS-Fe(III) system is most likely the 
metal-based one. 

An oxidation reaction can occur either through a free-radical or a 
metal-based mechanism, or a combination of the two (De Laat and 
Gallard, 1999; Kiwi et al., 2000; Pignatello et al., 2006). In the case of a 
free-radical mechanism similar to the Fenton reaction, chloride ions may 
scavenge the hydroxyl radical, while nitrate is an excellent counter-ion 
as (i) it does not complex ferric ions, therefore not suppressing their 
reaction with hydrogen peroxide, and (ii) it does not react with hydroxyl 
radicals (Lu and Chen, 1997; Pignatello et al., 2006). Sulfate is also a 
suitable counter-ion for free radical-based reactions: although this ion 
may slightly retard the redox reaction by coordinating to iron, the 
presence of other competitive ligands, such as CS itself, would thwart 
this effect (Pignatello, 1992; Pignatello et al., 2006). In contrast, during 
a metal-based reaction, the organometallic complexes generate an 
iron-oxo species (Fex =O), which may not be affected by the typical 
scavengers of a Fenton process (Ghosh et al., 2008; Beach et al., 2009; 
Farinelli et al., 2019). 

If a metal-based reaction mechanism is dominant, this system re
quires the formation of a CS-ferryl species during the reaction cycle. To 
derive the possible structure of such putative CS-bound ferryl species, 
we performed both classical free energy exploration of the CS- 
framework and quantum chemical DFT calculations to explore the 
electronic structure of the CS-ferryl species. First, possible conforma
tions accessible by the CS in the polymer chain were identified using a 
chitosan dimer. We identified three free energy minima (α, β, γ, Fig. 4a) 
that are similar to structures also previously described (Cunha et al., 
2012; Tsereteli and Grafmüller, 2017). While both the α and β 
CS-complexes can chelate a metal ion by their amino and hydroxyl 
groups, the γ− structure was discarded due to its inability to form stable 
bidentate iron-complex. Structures similar to those presented here were 
also adopted in previous CS-metal studies (Braier and Jishi, 2000). The 
two candidate conformations were thus further employed to build a 
water-saturated complex of iron and optimized at the DFT level (see 
Section 2). 

The DFT calculations involving the dimer-iron interaction suggest 
that the optimized complexes have typical structures and spin distri
butions observed for non-heme Fe(IV)=O species (Ghosh et al., 2004; 
Mader et al., 2018), corroborating the possibility of a metal-based re
action mechanism involving a ferryl species (see Fig. 4b). We did not 
identify a strong preference for a particular spin-state, with nearly 
degenerate S= 1 and S= 2 states, nor for a specific Fe(IV)=O orientation 
with respect to the CS polymer, suggesting an intrinsic diversity of the 
oxidation sites in the material (see Fig. S7). However, due to the high 
flexibility and heterogeneity of the starting CS polymer, a large number 
of CS-Fe complexes are possible, for example, a complex formed by the 
amino groups of two-non adjacent CS units (chains). Such structural 
heterogeneity may further modify the properties of the oxidant species 
by altering the ligand field of the complex, and thus the spin and stability 
(Kazaryan and Baerends, 2015) with respect to the structures explored 
in this study that comprise a single amino-group bound to the central 
iron. It is important to note that the DFT calculation was not used to 
define the exclusive occurrence one of the two mechanisms (free-radical; 
metal-based), but to verify the actual possibility of the presence of a 
ferryl species during the process, from a structural standpoint. 

Further support of the two reaction mechanisms involving the CS-Fe 
(II, III) catalysts were separately obtained with a kinetic model applied 
to investigate the effect of the reaction constants (ki) on the development 
of the system. Our set of reactions (see SM, Table S1) involved inter
change of Fe(II) and Fe(III) species through a series of potential radical- 
based or ferryl-based reaction pathways (De Laat and Gallard, 1999; 
Kiwi et al., 2000; Chahbane et al., 2007). Fig. 4 reports the results ob
tained in the two systems starting from Fe(II) or Fe(III) as a function of 
k1, (Fe(II) + H2O2 → Fe(III) + •OH + OH–). Here, the products generated 
via metal-based or free-radical reaction are referred to as ferryl and free 

Fig. 3. Phenol degradation resulting from the use of CS-Fe(III, II) complexes 
applied as homogeneous catalysts obtained with different iron salts (FeCl3, Fe 
(NO3)3, FeSO4, FeCl2). The reactions were performed with metal:PhOH:H2O2 
= 1:1:3 mass concentration ratio, and metal concentration as in Fig. 1a. 
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radical, respectively, and indicated with blue squares and green circles 
in Fig. 4c,d. The model predicted the generation of both hydroxyl rad
icals and of Fe(III) ions starting from Fe(II) (see Fig. 4c and Reaction 1 in 
Table S1). Specifically, an increase of the reaction constant, k1, produced 
a switch from a metal-based to a Fenton-like mechanism, with both 
ferryl and radical species co-existing under some conditions. In addition, 
by sufficiently slowing down the reaction (k < 1 s− 1), the model 
outcome suggests that the process would be too slow to show any 
oxidation within the simulation time (150 s). In stark contrast, by 
starting the process with Fe(III) ions, the model predicted that the sys
tem would freely oxidize the substrate via a metal-based reaction and 
proceed to completion within the simulation time, regardless of the 
value of k1 (Fig. 4d). 

To account for uncertainties in the choice of reaction parameters 
adopted in the kinetic model, the prevailing species were monitored by 
scanning an ample range of nine different ki values (Fig. S5 in the SM). 
Also, we performed additional calculations by fixing the value of k1 at 
104 s− 1 (instead of the most realistic value of 53 s− 1) (Kiwi et al., 2000), 
as well as testing the introduction of a direct reaction from Fe(II) to 
ferryl species (Reaction 17 in Table S1 of the SM). A similar pattern was 

found for all the reactions, with systematic differences in the species 
outcome using Fe(II) or Fe(III) as initial metals, thus implying a different 
progression of the reaction in terms of intermediates, hence mechanism 
of oxidation. Please note that the kinetic model was studied by taking 
into account general free radical and metal-based systems, and not 
specifically the system of this work. This model was thus deployed with 
the intent to evaluate the possible mechanism disagreement between 
systems starting with Fe2+ or with Fe3+. 

The results confirmed that divergence is possible among the two 
systems, with that starting from Fe(III) ions unlikely to give rise to a 
significant concentration of hydroxyl radicals. Overall, the indirect 
experimental observations that suggested a difference in the oxidation 
pathway in the CS-Fe(II) and CS-Fe(III) were supported by both DFT 
calculation and a kinetic model, which indicate respectively the possi
bility of formation of a ferryl species in the CS-Fe(III) complex and the 
unlikelihood of oxidation via hydroxyl radicals in the same system. 
These combined observations lead us to surmise that the CS-Fe(III) 
catalyst may promote a metal-based oxidation via ferryl species, Fex 

= O. 

Fig. 4. Modeling of the chitosan-Fe complexes as catalysts. (a) Free-energy surface of the CS dimer along the ϕ and ψ torsional angles (see Methods). Three minimum 
free-energy structures (α, β, γ) identified are indicated on the right. The α and β CS-structures were further used to study the structure of the catalytic species. (b) 
Molecular structure of a ferryl species optimized at the DFT level (TPSSh/def2-TZVP) in the α and β conformations. The spin density distribution (at the TPSSh/def2- 
TZVP level) is shown as in surface representation at + 0.05 (− 0.05) isovalue for α (β) spin density. Kinetic models for (c) Fe2+ and (d) Fe3+. In c and d, the substrate, 
ferryl, and the free radical lines are related to the trend of Orange II, metal-based product, and free-radical product, respectively, obtained in the simulation. The lines 
connecting the data points are intended only as a guide for the eye. 
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3.4. CS-Fe(III) as heterogeneous catalytic material 

The final goal of this study is to propose a supported heterogeneous 
catalyst, which would offer several advantages compared to catalytic 
reaction performed under homogeneous conditions. For example, the 
latter would necessitate a catalyst recovery step downstream of the 
oxidation, without which chitosan may represent a TOC contamination 
in the effluent solution. Free radicals can easily degrade a polymeric 
material used as heterogeneous catalyst, hence degrade CS and nega
tively impact the process (Hsu et al., 2002; Erkselius and Karlsson, 
2005). On the other hand, ferryl species are coordinated on the structure 
of the catalytic material itself. Therefore, a metal-based mechanism 
could be highly advantageous for heterogeneous catalysis. Based on the 
results discussed so far, the CS-Fe(III) system may thus be applied to 
form an effective solid-phase catalyst to support heterogeneous oxida
tion (see Fig. S6 of the SM for photographic images of representative 
films). Fig. 5a shows the degradation of phenol obtained using CS-Fe 
catalytic films, prepared from different iron salts. The contaminant 
removal activity of FeCl3 or FeSO4 films was not based on adsorption but 

on catalytic degradation, as shown in Fig. S4 of the SM. The results 
suggest that the efficiency of reaction and the effect of the counterions 
on the heterogeneous reaction are comparable with those observed in 
the homogeneous case. Therefore, the following two main inferences 
may be proposed: (i) the most likely reaction mechanisms are the same 
in the two phases, namely, metal-based in the CS-Fe(III) system and free 
radical-based in the with CS-Fe(II) system. This assumption is further 
supported by the faster degradation of the catalytic film observed with 
CS-Fe(II) supported catalyst. (ii) CS-Fe(III) films work as effective cat
alytic material for the degradation of organic contaminants in water. 
The catalytic films prepared with either FeCl3 or FeSO4 were also tested 
in a second cycle of reaction to evaluate the permanence of their 
degradation capability. The results presented in Fig. S8 of the SM 
corroborate the observations about the capability of the material to 
degrade contaminants. The relative loss of efficiency may be mainly 
attributed to the stability of the chitosan-based material. 

To preliminarily assess the stability of the catalytic films, leaching 
experiments were performed, indicating that some CS was indeed 
released into solution; see Fig. 5b. This observation implies that the 

Fig. 5. CS-Fe complexes as heterogeneous catalysts. (a) Phenol degradation resulting from the use of CS-Fe(III, II) films applied as heterogeneous catalysts obtained 
with different iron salts, i.e., FeCl3, Fe(NO3)3, FeSO4, or FeCl2. The films were obtained from an initial solution containing 2% chitosan in the presence of FeCl3 
= 13.8 mM, Fe(NO3)3 = 13.8 mM, FeSO4 = 9.2 mM, or FeCl2 = 9.2 mM. The reactions were performed with metal:PhOH:H2O2 = 1:0.5:0.5 mass concentration ratio, 
and metal concentration as in Fig. 1a. The oxidant was added in one aliquot. (b) Evaluation of leaching of Fe(III) from the surface of the CS-Fe(III) film. The blue and 
the green line represent the reference spectra of Fe(III) 0.1 mM and CS. (c) XRD and (d) EDX analyses of the surface of a pure chitosan film and of a CS-Fe(III) film. 
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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polymeric matrix should be better stabilized, for example with the use of 
cross-linking agents. However, the absence or minor occurrence of iron 
leaching suggests that the CS-Fe(III) coordination was strong and any 
significant parasitic reactions during the degradation tests due to free 
iron in solution can be ruled out. Please note that it is not possible to 
completely exclude the occurrence of homogeneous reactions in solution 
due to leached CS-Fe(III) complex, but leaching was sufficiently low to 
assume a minor role of the homogeneous process in the degradation of 
PhOH in the presence of the supported catalyst. Fe(III) may also be 
oxidized to FenOx during the preparation of the material or during the 
oxidation reaction. The potential presence of iron oxide nanoparticles 
may thus also affect the results. Fig. 5c shows the XRD characterization 
of a simple CS film (black line) and the CS-Fe(III) film (green line) after 
the oxidation reaction. Both lines display only the two characteristic 
peaks of CS (Nagahama et al., 2009; Cui et al., 2018). This implies that 
no other solid compounds are present in the material and that the 
oxidation was thus promoted uniquely by the CS-Fe(III) coordination. 
From SEM analysis (see Fig. S6 in the SM), both the CS and the CS-Fe(III) 
materials appeared as dense films composed by the overlap of thin 
layers. Fig. 5d summarizes the elemental composition, which confirmed 
the presence of the iron ion in the CS-Fe(III) film. 

4. Conclusions 

Chitosan-metal coordination systems with different metallic cores 
were tested as potential organometallic catalysts for the degradation of 
phenol in water. Fe(III) was found to form an effective catalytic com
plex, a promising candidate for practical applications by virtue of the 
low cost and environmental impact of Fe(III). The CS-Fe(III) catalyst was 
also able to degrade (> 80% removal) triclosan and 3-chlorophenol in 
the homogeneous phase in 1 h and in the presence of hydrogen peroxide. 
An in-depth investigation combining experiments, simulations of the 
complex structure, and a kinetic reaction model, suggested that the CS- 
Fe(III) system is a robust polymer-metal complex that promotes oxida
tion through a metal-based (ferryl mediated) mechanism. On the other 
hand, the CS-Fe(II) system likely works through a mixed free radical and 
metal-based reaction mechanism. 

The CS-Fe(III) system was also tested as a solid catalytic film for 
heterogeneous reaction. The results suggest that the solid catalyst also 
works through a metal-based mechanism, which is necessary to perform 
a stable heterogeneous catalytic process, and that its catalytic effec
tiveness has significant potential for the removal of organic contami
nants in water. In conclusion, this work proved the ability of a 
biodegradable, environmentally friendly, cheap and easy-to-use system 
(CS-Fe(III) system) to work as a catalyst toward the degradation of 
contaminants of emerging concern in water. This catalyst is active at 
near-neutral pH and promotes oxidation via ferryl species: these con
ditions are particularly advantageous as they allow the elimination of 
pH-adjusting chemicals before and after oxidation and as they provide 
better control over the degradation products compared to traditional 
free radical-based oxidation. To develop the supported heterogeneous 
catalyst, optimization of the material should be specifically directed 
toward the synthesis of a more stable catalytic film in water, for example 
with the use of cross-linking agents. 
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