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1. Introduction 

 

Several organic substances used by the modern 

society are important pollutants which cause 

deleterious effects on the environment. In addition, 

several organic substances are classified as 

“emerging contaminants” and their occurrence in 

the environment is caused by the anthropic 

activities. Several studies have demonstrated the 

presence of different organic pollutants in rivers 

and wastewaters (e.g., drugs, pesticides, 

herbicides, hormones, etc.)1-3. 

The evaluation of the toxicological impacts on 

the environment of these classes of pollutants is not 

a facile task. Despite the fact that the pollution 

burden is commonly found at low levels in the 

environment (e.g., in water bodies, in parts per 

billion or parts per trillion)1-3, it is verified the 

simultaneous occurrence of several different 

anthropic substances for a given contaminated 

sample. Therefore, the complications arising from 

the combined toxicological effects comprise an 

environmental concern of extreme relevance. In 

addition, it is a fact that the emerging pollutants are 

not efficiently removed from contaminated waters 

and effluents using the traditional technologies 

based on physical and biological processes3. 

From these considerations, the use of more 

efficient water and wastewater alternative 

treatment technologies is desirable to ensure that 
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the emerging contaminants can be effectively 

removed from the environment2, 3. In principle, 

these contaminants can be removed using advanced 

reductive and/or oxidative chemical processes, 

which can permit the conversion of the toxic 

dissolved organic matter into less harmful 

substances4-6. 

Regarding the occurrence of drugs in the 

environment, it was verified that the drug 

nimesulide (NMS) can be considered an emerging 

contaminant since its occurrence was already 

verified in different samples2, 3. For instance, 

Papageorgiou et al.3 verified a high concentration 

of nimesulide in contaminated waters. 

Nimesulide is a nitroaromatic 

substance/compound (e.g., NAC) widely used by 

the population due to its strong anti-inflammatory 

properties. In fact, nimesulide commonly exhibits 

better results for patients in comparison to other 

similar drugs (e.g., ibuprofen and diclofenac)7. The 

molecular structure of nimesulide (C13H12N2O5S) is 

shown in Figure 1. As can be seen, the molecular 

structure is characterised by an aromatic ring 

containing the phenyl and nitrophenyl groups 

interconnected to the other aromatic ring by an 

oxygen atom8. 

 
Figure 1. Chemical structure of nimesulide (NMS). 

 

It is important to emphasise that the major 

deleterious effects on the environment caused by 

NACs are due to the nitroaromatic moiety present 

in these substances9-10. It is worth mentioning that 

NACs and the organochlorine substances are well-

known contaminants that can be found in the 

environment. Fortunately, the negative impacts on 

the environment caused by NACs can be 

circumvented by removal of the functional nitro 

group in a redox reaction involving the use of 

different iron-containing particles (e.g., 

microparticles or nanoparticles). In this case, the 

parental substance (e.g., nimesulide) can be 

converted into less harmful substances (by-

products) that are naturally degraded in the 

environment9-10. 

The modification of the zero-valent iron (ZVIn) 

system with incorporation of other metal can result 

in modifications in the reductive properties of the 

metallic system for heterogeneous redox reactions, 

as is the case of the reductive degradation of NACs. 

In fact, the use of a dissimilar metal, such as cobalt, 

nickel, and palladium, in conjunction with iron can 

permit to synthesise bimetallic systems highly 

active for the reductive degradation of different 

organic pollutants4-6. This type of bimetallic 

nanoparticle system (e.g., bNPs) was used with 

success in the reductive degradation of several 

organics10-13. 

The magnetic properties of ZVIn and Fe-based 

bNPs cause the phenomenon of agglomeration, 

which in turn decrease the performance of the 

redox process (heterogeneous reaction) for the 

degradation of different organic pollutants. Thus, 

to avoid this undesirable phenomenon, these 

ferromagnetic nanoparticles are commonly 

stabilised/encapsulated using carboxymethyl 

cellulose (CMC) or chitosan (CHI). In addition, 

some studies reported the stabilisation of 

ferromagnetic nanoparticles by means of 

supporting them on silica microparticles11-12, 14-16. 

It is worth mentioning that CHI is an important 

polymeric material used in the field of 

environmental nanotechnology due its interesting 

properties such as good biodegradability, 

biocompatibility, and low immunogenicity17, 18. 

The aims of the present work are: (i) the 

fabrication and characterisation of bimetallic 

nanoparticles composed of Fe and Ni stabilised 

with chitosan (CHI), denoted as bNP/CHI, and (ii) 

the study of the removal/transformation of 

nimesulide (NMS) in contaminated water during 

the redox reaction with the bNP/CHI system. The 

by-product obtained after the reductive treatment 

was identified using the chromatography analysis 

coupled to the mass spectrometry technique. A 

high degree of dispersibility was verified for the 

stabilised nanoparticles. As a result, a rapid 

removal of nimesulide was obtained using the 

bNP/CHI system. 

 

2. Materials and methods 

 

2.1 Materials 

All chemicals used in this work (e.g., 

nimesulide, chitosan, FeSO4⋅7H2O, C2H4O2, 

C3H6O, C2H5OH, NaBH4, Ni(NO3)2⋅6H2O, NaOH, 
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C2H3N, CH3OH, and C2HF3O2) were “Purum p.a.” 

products purchased from Sigma–Aldrich, Synth, 

and Fluka. High-quality chitosan from Sigma-

Aldrich (product reference: C3646-100G) obtained 

from shrimp shells (Pandalus borealis) with a 

deacetylation degree  75% was used throughout 

in this work. 

Solutions were prepared using ultra-pure water 

obtained from a PURELAB (Brazil) purification 

system (model Classic Di-MK2). 

 

2.2 Synthesis of the bNP/CHI system containing Ni 

and Fe  

 

Firstly, the suspension containing the chitosan-

stabilized zero-valent iron nanoparticles 

(Fe0/CHI(susp.) denoted as ZVIn/CHI(susp.)) was 

synthesised through chemical reduction of the Fe2+ 

ions using borohydride. In this case, 0.1 g of CHI(s) 

was dissolved in 30 mL of a 5 % (v/v) acetic acid 

solution, while 2.0 g of FeSO47H2O was dissolved 

in 40 mL of water. These two solutions were mixed 

in an Erlenmeyer flask (e.g., reaction flask) 

resulting in a total volume of 70 mL. The mixture 

was agitated (250 rpm and 30 min) using an orbital 

shaker (IKA, model KS 260). After that, the pH 

was adjusted to 6.8 with the addition of some drops 

of a NaOH solution (5.0 M). After the previous 

immersion of the reaction flask in an ultrasonic 

bath (5 min), the reduction of Fe2+ was carried out 

by dropwise addition in the reaction flask of 6.90 

mL of a NaBH4 solution (2.3 M) under strong 

agitation (250 rpm and 5 min). The reduction of 

iron ions (Fe2+) resulted in the hydrogen evolution 

and a black suspension composed of the stabilised 

nanoparticles (Fe0/CHI(susp.)) was obtained as 

represented by Equation 1: 

 

Fe2+
(aq.) + 2BH4

−
(aq.) + 6H2O(l) + CHI(s) → 

Fe0/CHI(susp.) + 2B(OH)3(s) + 7H2(g)                      (1) 

 

In comparison with the non-stabilised Fe0-

nanoparticles, it was verified that the use of CHI 

indeed increased the dispersibility of the Fe0-

nanoparticles resulting in a stable black suspension 

(e.g., Fe0/CHI(susp.)) that is not prone to 

agglomeration11, 18. 

In the second step of the synthesis, the 

suspension containing the stabilised bimetallic 

nanoparticles (Fe0−Ni0/CHI(susp.), denoted as 

bNP/CHI(susp.)) was obtained from the as-prepared 

Fe0/CHI(susp.) nanoparticles through chemical 

reduction of the Ni2+ ions. In this case, the chitosan-

stabilised bimetallic nanoparticles containing Ni0 

and Fe0 was obtained by adding 0.2615, 0.5230, 

and 1.046 g of Ni(NO3)2⋅6H2O in the suspensions 

already containing the Fe0/CHI(susp.) nanoparticles 

(250 rpm and 20 min). Therefore, the nominal 

(theoretical) Ni:Fe molar ratios considered in the 

present work were 0.125:1.0, 0.25:1.0, and 0.5:1.0, 

respectively. Each flask containing the as-prepared 

nickel solution (Ni2+
(aq.)) was covered using 

Parafilm. In all cases, these flasks were immersed 

in an ultrasonic bath for 5 min. The suspension 

containing the stabilised nanoparticles was filtered 

(0.45-µm pore size) using a vacuum. Afterward, 

the suspension was rinsed using ethanol and 

acetone. As a result, the previously stabilised iron 

nanoparticles (Fe0/CHI(susp.)) were partially covered 

with nickel as described by Equation 2: 

 

Fe0
(x)/CHI(susp.) + yNi2+ →  

[Fe0
(x − y)Ni0(y)]/CHI(susp.) + yFe2+                         (2) 

 

As indicated in Equation 2, a fraction of the less 

noble metal (Fe) present in the Fe0/CHI(susp.) 

nanoparticles was oxidized (Fe0 → Fe2+
(aq.) + 2e−) 

in the presence of the Ni2+ ions with the 

concomitant reduction of the latter (Ni2+
(aq.) + 2e− 

→ Ni0). 

The energy dispersive X-ray spectrometry 

(EDS) technique was used to determine the real 

composition of the freshly prepared bimetallic 

nanoparticles (e.g., expressed in weight 

percentage, wt.%). It was obtained the following 

Ni:Fe weight ratios: 0.02:0.98, 0.17:0.83, and 

0.27:0.73 (see further discussion). The 

nanoparticles were described as 2-bNP/CHI(susp.), 

17-bNP/CHI(susp.), and 27-bNP/CHI(susp.), 

respectively. The non-stabilised Ni–Fe bimetallic 

nanoparticles described as “bNP” were prepared 

using the aforementioned method in the absence of 

CHI.  

 

2.3 Physicochemical characterisation of the 

bNP/CHI system 

 

The composition of the nanoparticles was 

determined using the EDS technique (Oxford 

Instruments) with the aid of a scanning electron 

microscope from TESCAN. High-resolution 

images were obtained using a transmission electron 

microscope from FEI Tecnai (G2-20 SuperTwin at 

200 kV). The structural analysis of the 
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nanoparticles was accomplished with the XRD 

technique (XRD-6000 diffractometer from 

Shimadzu) using standard conditions (Cu–Kα 

radiation: λ = 0.15406 nm, 40 kV, 30 mA, and 0.2 

min−1). Fourier transform infrared (FT-IR) 

analyses were accomplished using a spectrometer 

from Varian (model 640-IR FT-IR). All samples 

were prepared using the standard KBr pellet 

method. 57Fe Mössbauer analyses were conducted 

at 24 C under constant acceleration mode. The 

spectrometer was composed of Wissel and EG&G-

Ortec modules using a 57Co/Rh radiation source. 

The calibration procedure was done using a 

standard α-Fe foil. BET and BJH methods were 

used for evaluation of the specific surface area 

(SSA) (m2 g−1) and the pore size distribution (PSD), 

respectively. Experiments were carried out using a 

Quantachrome equipment (Autosorb-1). 

 

2.4 Degradation of NMS with the bNP/CHI system 

 

The degradation/transformation of nimesulide 

with the bNP/CHI(susp.) system in water phase was 

accomplished at 24  3 °C. The reactor flask 

(Erlenmeyer, V = 100 mL) was closed with 

Parafilm to minimise the undesirable reaction 

(oxidation) of the as-prepared nanoparticles with 

the oxygen present in the air. The reaction medium 

(e.g., NMS and the nanoparticle suspension) was 

strongly agitated at different agitation frequencies 

using a model KS 260 orbital shaker from IKA. 

The degradation of NMS (conditions: [NMS]0 = 

40 mg L−1 and f = 250 rpm) with the bNP/CHI(susp.) 

system was firstly accomplished as a function of 

the Ni0-percentage. Afterward, the particular 

composition of the bNP/CHI(susp.) system that 

exhibited the best performance for the reductive 

degradation of NMS was used in the additional 

studies carried out as a function of the NMS and 

bNP/CHI(susp.) concentrations. The agitation 

frequency was also varied in these studies (e.g., 0, 

100, and 250 rpm). It is worth mentioning that no 

further changes were verified in the rate of the 

degradation process for agitation frequencies 

higher than 250 rpm. 

For each experimental run, a new nimesulide 

solution (V = 100 mL and pH 11.7) was used for 

the reaction with the as-prepared bNP/CHI(susp.) 

nanoparticles. Aliquots (V = 5 mL) were obtained 

at regular intervals of the reaction and then filtered 

(0.45-µm pore size) for further chemical analyses.  

 

2.5 Characterisation of the NMS solutions treated 

with the bNP/CHI(susp.) system 

 

All samples were analysed using the UV-Vis 

technique (Cary 50 from Varian). In addition, 

further experiments were conducted using the 

reverse-phase high-performance liquid 

chromatography (RP-HPLC) technique following 

the method reported in the literature19. A 

chromatograph from Varian (Pro Star 315) using 

an UV-detector was used throughout. Experimental 

conditions: V = 20 µL;  = 393 nm; Q = 0.8 mL 

min−1; C18 column (Nucleosil-Nucleodur: particle 

size = 3 m, l = 125 mm, and  = 4.6 mm). The 

isocratic elution was accomplished using a solution 

composed of acetonitrile/0.8% TFA and 

water/0.1% TFA (60:40 (v/v)). 

 

2.6 Identification of the by-product formed after the 

reductive degradation of nimesulide 

 

The by-product formed after the 

degradation/transformation of nimesulide during 

the redox reaction with the bNP/CHI(susp.) system 

was obtained at an elution time of 5.3 min. This by-

product was identified with the liquid 

chromatography-electrospray ionization-mass 

spectrometry (LC-ESI-MS) technique using a 

model LCMS-2020 system from SHIMADZU. 

 

3. Results and discussion 

 

3.1 Composition of the bimetallic system and the 

reductive degradation of nimesulide 

 

The influence of nickel present in the bimetallic 

system (bNP/CHI(susp.)) on the reductive 

degradation/transformation of nimesulide was 

investigated with the aid of the UV-Vis technique. 

Figure 2 shows the degradation of nimesulide as a 

function of the composition (e.g., nickel content) of 

the bimetallic system stabilised with chitosan. 

https://doi.org/10.26850/1678-4618eqj.v43.1.10-25
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Figure 2. Dependence of the removal of NMS as a 

function of the nanoparticle composition. Conditions: 

[NMS]0 = 40 mg L−1; [bNP/CHI]0 = 0.8 g L−1; f = 250 

rpm; T = 24 ± 3 °C. 

 

As can be seen, removal efficiencies of 58 %, 

100 %, and 20 % were achieved after 30 min of the 

redox reaction using the 2-bNP/CHI(susp.), 17-

bNP/CHI(susp.), and 27-bNP/CHI(susp.) systems, 

respectively. In addition, the degradation of 

nimesulide obeys a pseudo first-order kinetic 

model (r2 > 0.996). In this sense, according to the 

experimental findings shown in Figure 2, the 

apparent rate constant (kap) depends on the Ni0-

content with a maximum of 0.214 min−1 (17-

bNP/CHI(susp.)). Accordingly, kap-values of 0.0289 

and 0.0177 min−1 were obtained for the 2-

bNP/CHI(susp.) and 27-bNP/CHI(susp.) systems, 

respectively. According to the literature5, 20, a 

possible explanation for this behaviour is a 

decrease in the surface concentration of the redox 

sites containing Fe0 promoted by a surface excess 

of the metallic centres containing the Ni0 species. 

The best catalyst for the degradation of 

nimesulide was the 17-bNP/CHI(susp.) system due to 

a trade-off between the surface concentrations of 

the active surface sites containing Fe0 (less noble 

metal) and the catalyst (e.g., Ni0), which in turn 

promotes the hydrogenation of NMS (see further 

discussion). Therefore, the 17-bNP/CHI(susp.) 

system was then characterised with different ex-

situ techniques (e.g., EDS, XRD, TEM, BET, FT-

IR, and Mössbauer). In addition, this system was 

used on the degradation/conversion of nimesulide 

under different experimental conditions. 

 

 

 

3.2 The composition of the nanoparticles and the 

degradation of nimesulide 

 

The degradation of nimesulide as a function of 

the type of nanomaterial is shown in Figure 3. 
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Figure 3. Influence of the composition of nanomaterial 

and chitosan on the removal of NMS. Conditions: 

[NMS]0 = 40 mg L−1; [nanomaterial]0 = 0.8 g L−1; f = 

250 rpm; T = 24 ± 3 °C. 

 

Figure 3 clearly shows that the 

degradation/removal of nimesulide depends on the 

composition of the nanomaterial. As can be seen, 

the best findings were obtained with the 17-

bNP/CHI system. Removal percentages of 72 %, 

84 %, and 100 % were obtained for nimesulide 

using the ZVIn/CHI, 17-bNP (e.g., non-stabilised), 

and 17-bNP/CHI systems, respectively. As 

expected, there was no removal of NMS using only 

the stabilising agent (CHI(s)). 

According to these results, a high dispersability 

of the stabilised nanoparticles in the aqueous 

medium has promoted the formation of a high 

active surface area for the redox reaction thus 

leading to an accentuated degradation rate of 

nimesulide. Also, due to its catalytic properties for 

the hydrogenation reaction21-23, the Ni0-particles 

promoted the occurrence of the reductive 

degradation reaction (see further discussion). As 

can be seen, the other nanomaterials were less 

effective for the degradation of nimesulide. In 

principle, this behaviour can be correlated with the 

formation of a passive oxide layer which partially 

hinders the electron transfer in the active surface 

sites22, 23. In addition, in this case, the formation of 

the H•-radicals is not catalysed causing a decrease 

in the rate for the overall redox reaction involving 

NMS. 
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3.3 The influence of the hydrodynamic conditions 

on the degradation reaction 

 

The degradation rate of nimesulide can be 

affected by the hydrodynamic conditions (e.g., 

agitation frequency) since the redox reaction 

involving the Fe0-centres is a heterogeneous 

process with a possible influence of the mass-

transport of the active species. In this sense, 

Figure 4 shows the influence of the agitation 

frequency on the degradation/removal of 

nimesulide using the bNP/CHI system. 
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Figure 4. Influence of the agitation frequency (f) on the 

removal efficiency. Conditions: [NMS]0 = 40 mg L−1; 

[17-bNP/CHI]0 = 0.8 g L−1; T = 24 ± 3 °C. 

 

As seen, the removal of NMS depends on the 

hydrodynamic conditions as a consequence of the 

influence of mass-transport on the overall redox 

kinetics. It was verified a complete removal 

(100 %) of nimesulide after 20 min of reaction for 

an agitation frequency of 250 rpm. On the contrary, 

in the case of the other hydrodynamic conditions 

the removal was less than 83 %. Similar results 

were previously reported24. The removal of NMS 

was not affected by agitation frequencies higher 

than 250 rpm. Therefore, it is assumed under this 

condition that the removal of nimesulide is under 

kinetic control and, therefore, the mass-transport 

no longer affects the heterogeneous redox reaction. 

All further studies in the present work were 

conducted at 250 rpm. 

3.4 Physicochemical characterisation of the 17-

bNP/CHI(susp.) system 

 

Figure 5 shows the TEM images obtained for 

the 17-bNP/CHI(susp.) system. 

 

  
Figure 5. TEM images obtained for 17-bNP/CHI. 

 

As can be seen, the individual clusters 

composed of bimetallic nanoparticles stabilised 

with chitosan (17-bNP/CHI(susp.)) exhibit a 

rectangular morphology (Figure 5C) with a size of 

 50 nm. These findings are in agreement with the 

literature11. In addition, according to the 

literature22, the bimetallic nanoparticles can be 

partially covered with a passive layer (e.g., Fe3O4 

and/or Fe2O3) since the freshly synthesised 

 

(B) 

(A) 

(C) 
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nanoparticles were in contact with the atmospheric 

air. 

The EDS technique was used to obtain the 

composition of the metallic nanoparticles 

expressed in weight percentage (wt.%) (see the 

Table 1). 

 

Table 1. Elemental composition of the different nanoparticle systems expressed in wt.% 

Element ZVIn/CHI 17-bNP 2-bNP/CHI 17-bNP/CHI 27-bNP/CHI 

C 20.7 - 26.2 22.2 26.5 

Fe 19.0 48.8 9.5 13.8 7.4 

Ni - 1.2 1.2 2.8 2.8 

O 60.3 50.0 63.1 61.2 63.2 

 

 

As expected, the presence of Fe and Ni was 

verified for the bNP/CHI(susp.) systems. The 

presence of carbon was also verified for the 

different samples. The occurrence of oxygen in the 

samples is due to the presence of chitosan and iron 

oxides/hydroxides. This study conducted using the 

EDS technique revealed the following Ni:Fe 

weight ratios: 0.02:0.98, 0.17:0.83, and 0.27:0.73. 

Thus, the different metallic nanoparticles were 

described in the present study as 2-bNP/CHI(susp.), 

17-bNP/CHI(susp.), and 27-bNP/CHI(susp.), 

respectively. 

The XRD data are presented in Figure 6. The 

first aspect to be noted is the predominant 

amorphous character of the diffractograms, 

showing broad background signals. 
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Figure 6. Diffractograms obtained for the different 

metallic systems composed of nanoparticles. 

 

With the exception of the 27-bNP/CHI(susp.) 

system, the diffractograms showed a band centred 

at  45. Similar findings were recently reported by 

Weng et al.23 and by Kuang et al.25. In fact, the 

most intense peak of Fe0 is expected at 44.7 (ICSD 

631728). On the whole, these findings are 

consistent with the presence of Fe0 as small clusters 

with poor crystallinity. 
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Additional interesting findings were verified in 

the diffractograms for the 30−40 and 60−65 

intervals, where the XRD bands can be attributed 

to the presence of Na3Fe5O9 and non-stoichiometric 

Fe3+ oxide-hydroxide, as well as FeO. It is worth 

mentioning that the presence of anhydrous or 

hydrated iron oxide–hydroxide for as-synthesised 

metallic nanoparticles was recently reported by 

different authors22, 26, 27. 

The specific surface area (SSA) and pore size 

distribution (PSD) were obtained for the 17-

bNP/CHI(susp.) system from the BET and BJH 

analyses, respectively (see Supplementary 

Material, Fig. S1). An SSA value of 769 m2 g−1 was 

verified for the 17-bNP/CHI(susp.) system. On the 

contrary, an SSA value of only 33 m2 g−1 was 

verified for the 17-bNP system (see Supplementary 

Material, Fig. S1). Lin et al.28 reported an SSA 

value of 15 m2 g−1 for the non-stabilised Fe0–Ni0 

nanoparticles. In addition, Weng et al.23 reported an 

SSA value of 85.6 m2 g−1 for the chitosan-stabilised 

nanoparticles containing Fe0 and Ni0. A 

comparison of these findings with those obtained 

in the present work highlights the higher SSA-

value obtained for the 17-bNP/CHI(susp.) system. 

The high specific surface area obtained for 17-

bNP/CHI(susp.) can be ascribed to a good dispersion 

of the Fe0–Ni0 nanoparticles propitiated by the 

stabilising agent (e.g., CHI) since the latter strongly 

inhibits the agglomeration phenomenon. It is worth 

mentioning that the high SSA-value obtained for 

the 17-bNP/CHI(susp.) system can improve the 

removal rate of NMS. Also, it was verified a 

narrow interval for the PSD (e.g., 17−21 nm) for 

this particular system, characterising the existence 

of mesopores. 

The 17-bNP/CHI(susp.) system was also 

characterised using the Mössbauer technique (see 

Supplementary Material, Fig. S2). The 

experimental findings were simulated using a 

distribution function associated with super-

paramagnetic particles containing Fe. The band 

(e.g., doublet distribution) was characterised by 

isomeric shifts in the range of 0.137 to 0.146 mm 

s−1. Also, it was verified a quadrupole splitting in 

the range of 0.0 to 2.0 mm s−1. However, the most 

probable value is 0.7 mm s−1. In the Mössbauer 

spectrum, the super-paramagnetic behaviour 

appears as doublet signals. This relatively broad 

distribution of quadrupole confirms the presence of 

iron phases exhibiting a poor degree of crystallinity 

(e.g., oxide-hydroxides and -Fe2O3), as was 

previously verified in the XRD study. These 

findings are in good agreement with the literature29-

33. 

 

3.5 Nimesulide removal with the 17-bNP/CHI 

system 

 

UV-Vis spectra obtained as a function of the 

reductive degradation reaction are presented in 

Figure 7. 
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Figure 7. UV–Vis spectra of the dissolved organic 

matter obtained as a function of the reaction time. 

Conditions: [NMS]0 = 40 mg L−1; [17-bNP/CHI]0 = 0.8 

g L−1; T = 24 ± 3 C. 

 

It is clearly verified that the UV-band centred at 

393 nm (t = 0) strongly decreased exhibiting a 

small bathochromic shift as the reductive 

degradation reaction proceeds. In principle, these 

findings are related to the reduction of the 

nitroaromatic moiety present in the molecular 

structure of NMS9. In addition, the appearance of a 

new band in the 230−330 nm interval of the 

spectrum can be attributed to the formation of an 

aromatic by-product. According to the literature5, 

the initial step in the redox reaction involving the 

NACs and Fe0-based nanoparticles is the 

hydrogenation of the N−O bond resulting in the 

appearance of nitroso compounds which can be 

then hydrogenated with the formation of 

hydroxylamine compounds. Finally, these 

compounds can be converted in other substances 

(e.g., NH4+ and/or N2). 

According to the literature34, the agglomerates 

containing the bimetallic nanoparticles partially 

covered by an insulating oxide layer may result in 

the water splitting with the generation of hydroxyl 

radicals. As a result, the organic substance (NMS) 
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might also be degraded by an advanced oxidation 

process. However, this possibility was not 

considered in this study since the total organic 

carbon (TOC) did not change over the course of the 

redox reaction with NMS. 

The chromatography analysis (HPLC) was 

carried out for different reaction times (see 

Supplementary Material, Fig. S3). It was verified a 

strong reduction of the peak exhibited by NMS 

(e.g., elution at 11 min). In addition, the 

occurrence of a less intense peak observed at an 

elution time of 5.3 min can be ascribed to the 

formation of an aromatic substance. These findings 

are in good agreement with the UV-Vis study (see 

Figure 7 and the discussion thereof). 

 

3.6 Influence of the nanoparticle concentration on 

the reductive degradation of NMS 

 

Figure 8 shows the degradation of NMS in 

terms of the removal efficiency as a function of the 

nanoparticle concentration using the 17-

bNP/CHI(susp.) system. Table 2 gathers the values of 

the apparent heterogeneous rate constant (kap) 

obtained for the reductive degradation of NMS. 
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Figure 8. Removal efficiency as a function of the 17-

bNP/CHI concentration. Conditions: [NMS]0 = 40 mg 

L−1, f = 250 rpm; T = 24 ± 3 °C. 

 

As can be seen, for an increase in the 

concentration of nanoparticles from 0.1 to 1.0 g L−1 

the degradation increased from 18 % to 100 % (t 

= 15 min), respectively. As a result, kap-values (see 

Table 2) increased from 1.17  10−2 to 3.29  10−2 

min−1, respectively. 

 

 

Table 2. The kinetic parameter (kap) obtained for the different concentrations of the bimetallic nanoparticles 

[17-bNP/CHI]0  

(g L−1) 

kap                                    

(min−1) 

r2 

0.1 1.17  10−2 0.995 

0.3 1.45  10−2 0.996 

0.5 7.20  10−2 0.992 

0.8 2.14  10−2 0.997 

1.0 3.29  10−2 0.996 

Conditions: [NMS]0 = 40 mg L−1; T = 24 ± 3 °C and f = 250 rpm. 
 

3.7 The reuse of the bimetallic nanoparticles in 

different experimental runs 

 

It was verified after the first application of the 

nanoparticles in the reductive treatment that their 

reuse and stability (dispersability) strongly depend 

on [NMS]0. In fact, it was verified that when 

[NMS]0 < 30 mg L−1 and [17-bNP/CHI(susp.)]0 = 1.0 

g L−1 the bimetallic nanoparticles might be only 

reused twice with a loss in efficacy, i.e., the use of 

the non-fresh nanoparticles in a second 

experimental run resulted in a decreased removal 

of about 30−50 %. In addition, it was confirmed 

that when [NMS]0 > 30 mg L−1 and [17-

bNP/CHI(susp.)]0 = 1.0 g L−1 the bimetallic 

nanoparticles can no longer be used for promoting 

the degradation of NMS in a second experimental 

run. In fact, during a second experiment using the 

same bimetallic nanoparticles, these species were 

completely oxidised with the formation of a 

brownish precipitate that exhibited characteristics 

of the hydrated iron oxide. In this sense, the 

brownish precipitate was dried under vacuum and 

then subjected to the EDS analysis where the 

presence of iron, oxygen, and a low content of 

carbon were confirmed. 

Grieger et al.35 conducted a study on the 

environmental benefits and risks involving the use 

of Fe0-based nanoparticles in remediation 

processes. It was verified by these authors that 
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there are no significant risks to the environment in 

these cases. In fact, the solid product (e.g., mostly 

oxides) obtained after the reductive degradation of 

organic substances is not soluble in water and its 

presence in the environment does not pose any 

hazard. 

 

3.8 Dependence of the heterogeneous rate constant 

on the initial concentration of nimesulide  

 

Table 3 shows the kap-values obtained for the 

different concentrations of nimesulide. 

 

 
Table 3. The kinetic parameter (kap) obtained for the different concentrations of nimesulide 

[NMS]0 

(mg L−1) 

kap 

(min−1) 

r2 

10 1.85 0.991 

20 1.74  10−1 0.996 

30 3.11  10−1 0.996 

40 2.14  10−1 0.997 

50 9.57  10−2 0.997 

       Conditions: [17-bNP/CHI]0 = 0.8 g L−1; T = 24 ± 3 °C and f = 250 rpm 

 

As can be seen, kap-values strongly decreased 

from 1.85 min−1 to 9.57  10−2 min−1 for an increase 

in the concentration of nimesulide from 10 to 50 

mg L−1, respectively. This behaviour indicates the 

occurrence of a surface heterogeneous redox 

reaction where there is a competition between the 

adsorbates (e.g., NMS) for the active Fe0-sites and, 

therefore, the overall concentration of the active 

surface sites available for the reductive degradation 

reaction can considerably decrease with an increase 

of the nimesulide concentration. 

For the special case when [NMS]0 = 10 mg L−1, 

it was verified a removal percentage of 100 % for 

NMS after 2.5 min of reaction. Nonetheless, in the 

case of higher [NMS]0-values a removal 

percentage higher than 75 % was only obtained 

after 15 min of reaction. These findings are in 

agreement with the literature22. 

 

3.9 FT-IR analysis of the 17-bNP/CHI system 

 

The FT-IR study was carried out under different 

experimental conditions for CHI(s) and 17-

bNP/CHI(susp.) (see Supplementary Material, Figure 

S4). First, it was observed that the major absorption 

bands exhibited by CHI were also verified for the 

17-bNP/CHI(susp.) system, before and after the 

reductive reaction, thus confirming the presence of 

CHI in the bimetallic nanoparticle system. The 

strong absorption band located at 3268 cm−1, 

observed for the stabilised nanoparticles, can be 

ascribed to the presence of water, as well as to the 

symmetric stretching of the N−H bond of the amide 

groups of CHI23, 36. The band observed at 1643 

cm−1 can be ascribed to the symmetric stretching of 

the N−H bond. The other bands observed at 1373 

and 1052 cm−1 are related to bending of the C−CH3 

bond and the symmetric stretching of the C−O 

bond, respectively23, 36. On the whole, the FT-IR 

findings indicate that the chemical properties of 

CHI are almost unaffected by the reductive 

degradation reaction. 

 

3.10 Identification of the by-product formed during 

the reductive degradation of nimesulide 

 

The LC-ESI-MS analysis was accomplished for 

the by-product obtained at the elution time of 5.3 

min. Figure 9 shows the spectra obtained for the 

NMS (A) and by-product (B) after the redox 

reaction with the 17-bNP/CHI(susp.) system. As can 

be seen, the nimesulide is identified by the positive 

ion [M + H]+ exhibiting an m/z ratio of 309 Da, 

while the by-product obtained from the catalytic 

hydrogenation of NMS is identified by an m/z ratio 

of 247 Da. 
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Figure 9. ESI-MS spectra obtained before (A) and after (B) the reductive reaction of NMS with 

17-bNP/CHI. Conditions: [NMS]0 = 40 mg L−1 and [17-bNP/CHI]0 = 0.8 g L−1. 

 
Taking into account the literature6, it was 

proposed in the present study that the bimetallic 

nanoparticles composed of 17-bNP/CHI(susp.) 

resulted in the formation of adsorbed H•-radicals 

due to the catalytic action of the Ni0-centres. 

Afterward, these radicals were incorporated in the 

molecular structure of NMS resulting in the 

reductive degradation/conversion of the parental 

substance. The overall redox process is shown in 

Figure 10. 
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Figure 10. Representation of the reductive transformation of the parental substance (NMS) 

during the redox reaction with the bimetallic nanoparticles composed of 17-bNP/CHI. 

 

As can be seen, the redox process is 

characterised by the formation of hydrogen from 

the water splitting in conjunction with the 

oxidation of the Fe0-sites. Afterward, the hydrogen 

molecule is converted into hydrogen radicals due 

to the catalytic action of Ni0. As a result, the 
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degradation/transformation of NMS is propitiated 

by its reaction with the hydrogen radicals with the 

concomitant release of two oxygen molecules. In 

this sense, the removal of the nitro and sulphonyl 

groups during the redox process resulted in the 

formation of an amine and thioester by-product 

characterised by an m/z ratio of 247 Da. 

From the above considerations, it can be 

expected the formation of less-harmful organic 

substances after the reductive treatment since the 

functional groups present in the structure of NMS 

were removed/converted during the redox 

reaction9. Therefore, the use of bimetallic 

nanoparticles containing Fe and Ni stabilised with 

chitosan in reductive treatment processes aiming 

for the degradation of NACs, as is the case of 

nimesulide, may be quite interesting from the 

environmental viewpoint. 

 

4. Conclusions  
 

The suspension containing the chitosan (CHI)-

stabilized Ni0–Fe0 nanoparticles denoted as 

bNP/CHI(susp.) is very active for promoting the 

removal/transformation of nimesulide present in 

water. The stabilising agent (CHI) prevented the 

agglomeration phenomenon thus strongly 

increasing the redox activity of the bimetallic 

nanoparticles for the reductive degradation of 

nimesulide. It was verified that the best 

composition of the bimetallic system contains 17 

wt.% Ni and 83 wt.% Fe (e.g., 17-bNP/CHI(susp.)). 

The XRD and Mössbauer analyses revealed the 

predominance of amorphous structures for iron-

rich phases containing Fe0 and Fe2O3. 

The presence of the catalyst (Ni0) is essential for 

promoting the reductive degradation of nimesulide 

where the functional groups of this substance are 

converted/modified by incorporation of the 

hydrogen radicals formed during the oxidation of 

the Fe0-centres. 

The analysis of the by-product formed during 

the redox reaction revealed the formation of a 

substance containing the amine and thioester 

functionalities. In this sense, the present study 

suggests that the reductive removal/transformation 

of nimesulide using the 17-bNP/CHI(susp.) system 

can be useful for the reduction of the toxicity 

intrinsic to this kind of NAC substance. 
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Supplementary Material 

 

Synthesis of chitosan-stabilised iron and nickel nanoparticles and the 

application in the reductive degradation of nimesulide 

 
Figure S1. BET analysis: (A) isotherm plot and (B) pore radius distribution obtained for 17-bNP/CHI. 
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Figure S2.57Fe Mössbauer spectrum obtained for the 17-bNP/CHI sample at room temperature. The fitted curve is the 

sum of two signal distributions also shown (displaced on the vertical scale for clarity). 
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Figure S3. HPLC chromatograms obtained for the treated samples as a function of the reaction time. Conditions: [NMS]0 

= 40 mg L−1; [17-bNP/CHI]0 = 0.8 g L−1; T = 24 ± 3 C. 
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Figure S4. FT–IR spectra obtained for pure CHI and for 17-bNP/CHI, before and after the reductive reaction with NMS. 
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