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Editorial 

 

 

The launch of this first issue of the EQJ of 2018 reflects a significant step of this new 

phase of the journal, by publishing seven original articles to the scientific community. As the 

readers can see, the papers cover several areas of Chemistry, in line with the editorial profile of 

the EQJ, such as: synthesis of bimetallic nanoparticles applied in medicine degradation studies, 

dye photocatalytic degradation using TiO2, chemical constituents of Piperaceae and their 

antifungal activities, heterogeneous catalyst applied on cycloaddition reactions, removal of textile 

dye using particles prepared from macaúba kernel cake, complexation of metallic ions with fulvic 

acids, and thermal analysis of Mn(II)-diclofenac complex. 

From now on, it is expected that the visibility of the articles will reach a new level due to 

a sequence of procedures developed by the Editors and staff, which culminated in the indexing of 

the EQJ in several international databases, such as Scopus and other Elsevier products. It is 

unquestionable the high significance of this fact that may catalyze the interest of the community 

in submitting new articles to the EQJ. 

The Editor and his team would like to recognize authors and reviewers for their expressive 

collaboration. 

Eclética Química Journal specially thanks the Director of the Institute of Chemistry of 

UNESP for the significant support provided in the successful accomplishment of this new phase 

of the journal. 

 

 

Assis Vicente Benedetti 

Editor-in-Chief of EQJ 
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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 

ABSTRACT: Chitosan (CHI)-stabilised Ni–Fe bimetallic 

nanoparticles (bNP/CHI) were synthesised varying the 

content of nickel and denoted as 2-bNP/CHI, 17-bNP/CHI, 
and 27-bNP/CHI. The nanoparticles were characterised 

using several techniques and used in the removal of 

nimesulide. XRD and Mössbauer analyses confirmed the 

formation of an amorphous structure containing Fe0 and 
Fe2O3 while the FT-IR analysis confirmed the presence of 

chitosan in the nanoparticles. A very high removal of 

nimesulide was obtained after only 15 min of treatment 

with the 17-bNP/CHI system. The by-product obtained 
after the reductive treatment was identified using the 

chromatography analysis coupled to the mass spectrometry 

technique. 
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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, 

https://doi.org/10.26850/1678-4618eqj.v43.1.10-25
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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 FeSO47H2O 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. 
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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. 

 

-12 -8 -4 0 4 8 12

98.5

99.0

99.5

100.0

R
e
la

ti
v
e
 T

ra
n
s
m

is
s
io

n
 /

 %

Velocity / mm s
-1

 E

 F

 G

 
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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1. Introduction 

 

In the midst of a wide range of pollutants and 

contaminants from a large variety of sources, there 

is a need for the development of effluent 

remediation systems, whether liquid or gaseous. 

Among these pollutants are dyes, which are widely 

used in the textile, rubber, paper, plastic, and 

cosmetic industries. Dyes provide a significant 

share of environmental contamination, since they 

alter the natural coloration of the ecosystem to 

which they are released1. About 30 % of the 

synthetic dyes used in industry are discarded in the 

form of residues2. It is also estimated that 280,000 

tons of textile dyes are discharged as industrial 

effluents worldwide each year3. Effluents 

containing dyes are commonly characterized as 

having high quantities of salts and organic matter 

and high toxicity, and a low potential for 

biodegradation4. 

Different techniques have been developed for 

the removal of dyes, including chemical 

precipitation, chemical oxidation, adsorption, and 

membrane-based biological treatment techniques5. 

However, these techniques mostly result in 

environmental liabilities when the dye is 

inadequately disposed of, therefore generating 

ABSTRACT: The present work evaluates the use of ceramic 

material, produced with the aid of industrial waste through the Gel-

Casting method, as a support for catalysts in the photocatalytic 
degradation of Methylene Blue. The analysis was carried out in a 

reactor containing UVC lamps through batch processing. The 

results show that the reaction of photocatalytic degradation of the 

dye presents pseudo-first order kinetics, with values of degradation 

between 60 and 70 %. The study evaluated the deactivation of the 

catalysts synthesized and supported in the ceramic material. In this 

case, it was observed that the larger the mass of deposited catalyst 

on the ceramic support, the longer the lifespan of the sample, since 

a larger mass takes longer to deactivate. 
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damages to the environment. One promising 

alternative for the treatment of water and industrial 

effluents, which is especially useful for compounds 

resistant to conventional technologies, are 

advanced oxidative processes (AOPs). AOPs are 

based on the generation of hydroxyl radicals, which 

are a highly oxidizing and low selective species. 

Several AOPs have been used for dye degradation, 

among them heterogeneous photocatalysis. 

The heterogeneous photocatalytic processes 

occur when a light energy falls on a semiconductor, 

with a wavelength equal to or greater than the band-

gap energy of this semiconductor. This generates 

electron pairs that can undergo subsequent 

oxidation and reduction reactions with some 

species. These species can then be adsorbed on the 

semiconductor surface, generating the necessary 

products6. 

Titanium Dioxide (TiO2) has attracted a great 

deal of attention because of its semiconductor 

properties, since it is a non-toxic, stable photo, with 

high photocatalytic ability to decompose organic 

compounds present in air or water7. For the TiO2 

fixation, ceramic supports are widely used, due to 

their properties of mechanical resistance, high 

surface area, and other properties that favor their 

use8. 

In this context, this work aims to produce a 

porous ceramic material, with the aid of industrial 

waste, impregnated with TiO2 and applied in the 

photocatalytic degradation of dye. Methylene blue 

was used as a model molecule, as it shows 

similarities with industrial wastewater and is 

widely used for analysis in bench tests, aiming to 

observe the behavior and efficiency of 

photocatalytic systems9. Furthermore, the 

deactivation of the synthesized catalysts was 

evaluated. 

 

2. Materials and methods 

 

2.1 Synthesis of the ceramic material and 

impregnation of TiO2 

 

The TiO2 catalyst was prepared by the Sol-Gel 

method using titanium tetraisopropoxide/IV-TIPT 

(Sigma-Alrdrich), as titanium precursor material, 

and isopropanol PA (Nuclear), which were mixed 

in a 2:1 ratio and kept under stirring at 60 °C for 1 

h on a hotplate (78 HW-1, Biomixer). After, 

deionized water was added and the mixture was 

stirred until dry at a temperature of 100 °C. 

Subsequently, the material was ground in a mortar 

and placed in an oven (MB150/6, Marte) at 100 °C 

for 1 h, and finally calcined at 500 °C for 2 h.  

The ceramic materials that served as support for 

the synthesized TiO2 catalyst were produced from 

the Gel-Casting method, a process developed by 

the Oak Ridge National Laboratory10. Green sand 

(5.5 % w/w), clay (27.5 % w/w), corn starch (16.5 

% w/w), tobacco powder, 75 % w/w), sunflower 

stem (0.44 % w/w) and water (47.3 % w/w) were 

used for the synthesis of the ceramic material. Also, 

residues were used in the manner in which they 

were available. It should be noted that green sand, 

tobacco powder, and sunflower stem are 

considered waste in industrial processes, 

originating from the foundry industry, tobacco 

industry, and biodiesel production, respectively. 

However, when added to the ceramic support 

composition, the amount of clay (raw material) 

used decreases, mitigating the environmental 

impacts from the extraction and transport of the 

same concomitant to the aggregation of the value 

of the waste generated by the industries. 

The materials were mixed in a mechanical 

mixer (Q-250M2, Quimis), poured into molds (62 

x 62 x 16 mm) and passed through the greenhouse 

gelling processes (MB150/6, Marte) to 80 °C for 

24 h and quenched in a muffle type oven (9813, 

Jung Ltda.) at 1175 °C for 2 h. After the heat 

treatment process, the synthesized ceramic samples 

were sanded with a file, in order to reveal the 

porosity of the material and, consequently, to 

increase the surface area. Finally, the ceramic 

material was weighed and divided into 3 groups of 

approximately 50 g each. 

For impregnation of the TiO2 in the ceramic 

supports, a solution containing 5 g of TiO2 in 100 

mL of deionized water was prepared. For the 

impregnation of the catalyst in the ceramic material 

a Dip-Coating device was used. The ceramic 

samples (50 g) were immersed several times in the 

TiO2 solution, for 1 min, in order to standardize the 

thickness and amount of catalyst adhered to the 

porous surface of the ceramic materials. After 

impregnation, the samples were calcined in a 

muffle type oven (9813, Jung Ltda.) at a 

temperature of 600 ºC for 1 h. 

Water absorption (WA) tests were performed 

by immersing the ceramic samples in water for 24 

h. The masses were analyzed before immersion, 

after immersion and still saturated, with the mass 

measurement of the sample immersed in water. For 

this analysis, Equation 1 was used: 
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                    (Eq. 1) 

 

where Mu (g) is the mass of the sample saturated 

with water and Ms (g) is the mass of the sample 

after drying. 

For the apparent porosity (AP) tests, the same 

mass measurements were used that were performed 

in the water absorption analysis for the samples. 

The analysis is done based on Equation 2: 

 

                      (Eq. 2) 

 

where Mu (g) is the mass of the sample saturated 

in water, Ms (g) is the mass of the sample after 

drying and Mi (g) is the mass of the sample 

immersed in water. 

 

2.2 Photocatalytic degradation tests of dye 

 

The tests were carried out in a vertical batch 

reactor irradiated with a 254 nm ultraviolet lamp 

(UVC) arranged in the center of the reactor in order 

to obtain better use of the irradiation area by the 

dye solution to be tested. A peristaltic pump (AWG 

4000, Provitec) was used to inject air into the 

reactor, which is necessary for a photocatalytic 

reaction and keeps the dye solution under stirring. 

Figure 1 shows a schematic of the assembly system 

used for the degradation assays. The vertical 

reactor was covered with aluminum foil. 

For the reactions of photocatalytic degradation, 

3 ceramic samples supported with a photocatalyst 

were used, labeled samples 1A, 2A, and 3A. These 

samples were placed in the vertical reactor and 

added to 300 mL of 5 mg L-1 aqueous methylene 

blue solution. The analysis of each of the samples 

lasted 60 minutes and, every ten minutes, aliquots 

of the material containing the dye were collected 

using a syringe and analyzed in a 

spectrophotometer (V1200, Pró-Análise) through 

measurements of absorbance, at the wavelength of 

665 nm (maximum absorbance of methylene blue). 

In addition, the deactivation of the synthesized 

catalysts was evaluated, for which 3 subsequent 

reactions were carried out with the same catalyst. 
 

 
Figure 1. Photo of the vertical reactor used in the 

experiments: a) peristaltic pump and b) vertical reactor 

containing the UVC lamp (schematic). 

 

3. Results and discussion 
 

3.1 Synthesized catalysts 

 

The ceramic samples were weighed before and 

after impregnation with TiO2 (Figure 2) to 

determine the mass of catalyst adhered to the 

carrier. The mass values before and after the 

impregnation are presented in Table 1. It can be 

seen that, on average, 0.4 g of TiO2 mass was 

deposited in each of the samples. 
 

 
Figure 2. Ceramic samples impregnated with TiO2. 

 

Table 1. Mass values of samples before and after 

impregnation 

Sample  
Weight of ceramic 

material (g) 

Weight of 

TiO2 (g) 

Sample 1A   

Without TiO₂ 50.37 
0.38 

With TiO₂ 50.75 

Sample 2A   

Without TiO₂ 50.36 
0.39 

With TiO₂ 50.75 

Sample 3A   
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Without TiO₂ 50.34 
0.47 

With TiO₂ 50.81 

 

The mean values of absolute porosity and water 

absorption for the synthesized catalysts are 

approximately 35.0 % and 22.5 %, respectively. 

Sifontes et al.11, in his study, achieved a porosity of 

approximately 67 % for ceramic supports obtained 

from the replica method with polyurethane foam. 

This difference in the porosity is mainly due to the 

method for obtaining the samples. In the method 

used in the present study, the porosity is obtained 

by burning the loading material and also by the 

organization of the structure in the burning process. 

However, in the replicate method, the ceramic 

material copies the porosity already existing in the 

base material, thus leaving it with greater porosity. 

According to Menezes, Neves and Ferreira12 the 

water absorption of ceramic materials, where there 

are ceramic flux residues, is between 5 and 18 %. 

The value obtained in this work is due to the fact 

that it contains other elements in the composition 

that alter its absorption property. 

 

3.2 Photocatalytic degradation tests of methylene 

blue 

 

The process of direct photolysis with ultraviolet 

radiation is one in which the only source capable of 

decomposing or dissociating the dye is light. 

Experiments were performed with the methylene 

blue only in the presence of UVC radiation, 

without the presence of the catalyst, to quantify the 

contribution of photolysis. The results are shown in 

Figure 3. The degradation of the methylene blue by 

photolysis was observed to be approximately 16 %. 
 

 
Figure 3. Percentage of color removal for 

methylene blue due to photolysis. 

 

For the photocatalytic degradation reactions of 

methylene blue, the three ceramic material 

supported with synthesized catalyst TiO2 were 

used, labeled 1A, 2A and 3A. Figure 4 presents the 

triplicate data analyzes for TiO2 supported in 

ceramic material. For each one of the three 

analyzes were used ceramic material with TiO2 

supported without previous use, under UVC 

radiation. The methylene blue photocatalytic 

degradation values for the synthesized catalyst 

samples were between 60 and 70 % for 60 minutes 

of reaction, that is, on average 65 % of degradation. 

These results show a good reproducibility in the 

synthesis of these ceramic samples supported with 

TiO2 photocatalyst. 

Xu, Rangaiah and Zhao13 also studied the 

photocatalytic degradation of methylene blue with 

a TiO2 catalyst and obtained values of dye 

degradation of approximately 100 % for 65 

minutes of reaction. This difference of degradation 

is possibly due to ultraviolet radiation used in the 

experiments. The results of these authors were 

obtained through the use of a 500 W mercury vapor 

lamp with a wavelength of 365 nm. According to 

Lan, Lu and Ren14, the activation range of the TiO2 

catalyst is 280-400 nm and in the present work a 

UVC lamp with a wavelength of 254 nm was used, 

which probably explains the lower degradation 

obtained, on average 65 %. 
 

 
Figure 4. Photocatalytic degradation of methylene blue 

for samples 1A, 2A, and 3A without prior use. 

 

In order to evaluate the kinetics of the 

photocatalytic degradation reaction of methylene 

blue, it was hypothesized that this reaction follows 

pseudo-first order kinetics, since the dye is 

sufficiently diluted. Figure 5 shows the results 

obtained for photocatalytic degradation of the dye 

in the presence of the synthesized catalyst 3A and 

UVC radiation. This is verified with a line that 

passes through the origin, with a coefficient of 

adjustment equal to 0.9923, proving that the 
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hypothesis is true. Thus, the specific rate of 

reaction, k, for these conditions is 0.0155 min-1. 

 

 
Figure 5. Pseudo-first order kinetics for photocatalytic 

degradation of the dye: (a) Variation of the absorbance 

of the dye with the reaction time (b) Linear adjustment 

of a pseudo-first order reaction. 

 

The catalysts lose their activity during the 

reaction time. Catalytic deactivation can be caused 

by aging or sintering, clogging or coke formation, 

or by poisoning15. In order to evaluate the 

deactivation of the synthesized catalysts, three 

subsequent tests were carried out with each sample 

of ceramic material supported with TiO2 (Figure 6).  
 

 
Figure 6. Influence of reuse cycles for ceramics material 

supported with TiO2 for degradation of new solutions of 

methylene blue. 

 

Figure 6 presents the results of photocatalysis 

for TiO2 supported in ceramic materials previously 

used and now in a second and third reuse cycle to 

verify their potential and behavior for 

photocatalysis. It is possible to observe that the 

samples 1A, 2A and 3A presented a very similar 

behavior concerning their reuse cycles for 

methylene blue degradation. The sample 1A 

presented higher percentage for degradation of 

methylene blue in the first use and presented 

greater deactivation, losing about 24 % of its 

photocatalytic activity in the second use and 45 % 

in the third use. However, sample 3A, which 

presented lower degradation of the dye in the first 

use, maintained higher photocatalytic activity 

during reuse, obtaining in the third use a dye 

degradation of 44 %, comparable to the 

degradation obtained by sample 1A in the second 

use (45 %). The difference of the percentage of 

degradation of methylene blue for the three 

samples is due the heterogeneity of the ceramic 

samples produced. The porosity is an important 

factor for supporting photocatalytic material as 

well as the parameters related to operational 

control and sample reconditioning. Also, it is 

possible that saturation of adsorbed species that are 

usually ions do not desorb and are associated as by 

products in photocatalysis. 

According to Rodrigues16, the higher the mass 

of catalyst deposited on the support, the longer the 

lifespan of the sample, since a larger mass takes 

more time to deactivate, justifying the smaller 

deactivation of the synthesized catalyst in sample 

3A, which presented a higher impregnated TiO2 

mass than catalysts 1A and 2A. 

 

4. Conclusions  

 

The present work studied the application of a 

porous ceramic material produced from the use of 

industrial waste and supported with a TiO2 

photocatalyst in the photocatalytic degradation of 

methylene blue. Furthermore, the deactivation of 

the synthesized catalysts was evaluated. The 

experiments were carried out in a batch reactor 

irradiated by a UVC lamp. The results show that 

the reaction of photocatalytic degradation of the 

dye followed pseudo-first order kinetics, with 

degradation values between 60 and 70 % of the dye 

in 60 minutes of reaction. The evaluation of the 

deactivation of the catalysts synthesized showed 

that catalyst 1A, which obtained the greatest 
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degradation, presented the greatest loss of 

photocatalytic activity, about 45 % in the third use. 

While catalyst 3A, with a higher impregnated TiO2 

mass, maintained greater photocatalytic activity 

during the second and third uses, losing only 15 % 

of the activity in the third use. Ceramic material 

was an important factor for supporting TiO2 and 

was easy to handle avoiding its use in liquid media 

and porosity of ceramic material plays an important 

role to operational control and sample 

reconditioning for reuse cycles for methylene blue 

degradation. 
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1. Introduction 

 

Piperaceae family belongs to the Piperales order 

and it is one of the most primitive families among 

Angiosperms. It is predominantly a tropical family, 

comprising the genera Piper, Peperomia, 

Sarchorhachis and Ottonia, from which Piper and 

Peperomia are the most representative ones with 

approximately 2000 and 1700 species, 

respectively1, 2. Piperaceae species have long been 

used as food additive and folk medicine agents 

mainly due to their antimicrobial properties, 

including potent fungicidal action3. 

Piper species usually possess strong and 

pleasant aroma and spicy flavor, which explain 

their use as condiments, flavorings and medicinal 

materials. Piper compounds are often grouped into 

seven general classes, including amides, lignans, 

neolignans, flavonoids, kavalactones, butenolides, 

and volatile oils4, 5. Amides are one of the most 

characteristic constituents of Piper species6. The 

biological activities presented by Piper’s amides 

(also known as “piperamides”) have inspired 

 

ABSTRACT: The phytochemical study on dichlorometane extracts 

of leaves, stem and roots of Piper mollicomum Kunth (Piperaceae) 

led to isolation of the known piperamides tembamide (1), (R)-(-)-
tembamide acetate (2) and riparin I (3). Compounds 1 and 2 displayed 

moderate in vitro antifungal activity against Cladosporium 

cladosporioides (5.0 μg) and Cladosporium sphaerospermum (1.0 
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synthetic studies towards the preparation of 

analogs of these substances, in order to evaluate 

their potential for commercial and medical use7. As 

result, many of these analogs revealed promising 

antifungal and insecticidal properties3, 8-10. 

Known as “jaborandi-manso” or simply 

“jaborandi”, the species Piper mollicomum Kunth 

is a small shrub of 1.0 to 1.5 m in height, found in 

Brazil in the states of São Paulo, Minas Gerais, Rio 

de Janeiro, Espírito Santo, Bahia, Santa Catarina, 

Ceará, Paraíba, Pernambuco, Mato Grosso and 

Goiás. The fruits of P. mollicomum Kunth are 

popularly used to treat stomach problems, and its 

roots, when chewed, are useful for anesthetizing 

toothaches11. Nevertheless, few studies with P. 

mollicomum Kunth have been performed so far. 

From P. mollicomum methanolic extracts, the 

chromenes methyl 2,2-dimethyl-2H-chromene-6-

carboxylate (4) and methyl 8-hydroxy-2,2-

dimethyl-2H-chromene-6-carboxylate (5), along 

with the dihydrochalcone 2',6'-dihydroxy-4'-

methoxychalcone (6), were isolated and displayed 

antifungal properties against the fungi 

Cladosporium cladosporioides and Cladosporium 

sphaerospermum12. 

The present study aimed to further investigate 

the chemical composition of P. mollicomum Kunth 

dichlorometane extracts. The compounds 

tembamide (1), (R)-(–)-tembamide acetate (2) and 

riparin I (3) were isolated and characterized and 

compounds 1 and 2 were found to display in vitro 

antifungal activity against Cladosporium 

cladosporioides and C. sphaerospermum. 
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Figure 1. Tembamide (1), (R)-(–)-tembamide acetate (2), riparin I (3), methyl 2,2-dimethyl-2H-

chromene-6-carboxylate (4), methyl 8-hydroxy-2,2-dimethyl-2H-chromene-6-carboxylate (5) and 2',6'-

dihydroxy-4'-methoxychalcone (6) isolated from Piper mollicomum Kunth. 
 

2. Experimental 

 

2.1 General procedures 

 

Optical rotation was measured on a Perkin-

Elmer 241 polarimeter. 1H and 13C NMR spectra 

were recorded at 500 and 125 MHz, respectively, 

on a Bruker DRX. CDCl3 (Aldrich) was used as 

solvent and TMS as internal standard. Chemical 

shifts were reported in δ units (ppm) and coupling 

constants (J) in Hz. MS spectra were obtained on a 

GGEM SHIMADZU mass spectrometer (70 eV) 

apparatus GCMS-QP5050A, equipped with BPX5 

capillary column (30m x 0.25mm ID). Silica gel 
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(Macherey-Nagel, 70–230 mesh) was used for 

column chromatographic separations, while silica 

gel 60G (Acros Organic) was used for analytical 

TLC chromatography. 

2.2 Plant material 

The plant was collected in Firmino Alves, 

southern Bahia, Brazil, in April 2009, and a 

voucher specimen was housed in the Herbarium of 

the Executive Committee of the Cacao Plan 

(CEPLAC) in Ilhéus, Bahia, under the code 

“PIPER-007”, and identified as Piper mollicomum 

Kunth by Dr. André Márcio Araújo Amorim 

(Bahia State University of Santa Cruz – UESC). 

The collected material was dried in an oven (50 °C) 

for 48 hours, and their separated parts (stem, leaf 

and root) were pulverized in a knife mill. 

2.3 Obtaining extracts 

The dried and pulverized leaves (28 g), stem 

(128 g) and roots (200 g) were thoroughly extracted 

by maceration with dichloromethane, and then 

concentrated under reduced pressure (38 °C) until 

complete removal of the solvent, affording the 

dichlorometane extracts of the roots (1.68 g), stem 

(1.31 g) and leaves (1.19 g). 

2.4 Fractionating extracts 

 

The crude extract from roots (1.68 g) was 

subjected to silica gel column chromatography (Si-

CC) eluting with mixtures of hexane, ethyl acetate 

(EtOAc) and methanol (MeOH) with increasing 

polarities, yielding a total of 55 fractions.  Two 

fractions eluted with EtOAc were further 

processed. The fraction 24 (45 mg) was treated 

with ethyl ether to provide (R)-(–)-tembamide 

acetate (2, 28 mg), and the fraction 26 (245 mg) 

was submitted again to Si-CC (hexane-EtOAc, 1:1) 

to produce tembamide (1, 31 mg). Additional 

amounts of 1 (6 mg) and 2 (5 mg) were isolated 

when crude extracts from stems (1.31 g) were 

fractionated by similar procedure. 

The crude dichloromethane extract from leaves 

(1.19 g) was also submitted to Si-CC using 

mixtures of hexane, EtOAc and MeOH with 

increasing polarities to afford 87 fractions. 

Fractions 76 to 80, eluted with hexane-EtOAc 

(7:3), were grouped (13 mg) and submitted to prep-

TLC (hexane-EtOAc, 6:4) to yield riparin I (3, 5 

mg). 

Tembamide (1). 1H NMR (500 MHz, CDCl3): δ 

7.75 (d, 2H, J = 8.0 Hz), 7.51 (dd, 1H,  J = 7.5, 7.0 

Hz), 7.43 (dd, 2H J = 8.0, 7.0 Hz), 7.33 (d, 2H,  J 

= 8.5 Hz), 6.90 (d, 2H,  J = 8.5 Hz), 6.59 (br. s, 1H), 

4.91 (dd, 1H, J = 8.0, 3.5 Hz), 3.90 – 3.86 (m, 1H), 

3.81 (s, 3H), 3.54 – 3.49 (m, 1H);  13C NMR (125 

MHz, CDCl3): δ 168.53, 159.18, 134.12, 133.85, 

131.67, 128.60, 127.09, 126.96, 113.99, 73.33, 

55.30 and 47.73; EM-IES (m/z): 294.1124 (M + 

Na)+; [C16H17NO3 requires (M + Na)+ = 294.1095]. 

(R)-(–)-Tembamide acetate (2). [α]D = -43.9° (c 

0.55), CHCl3. 1H NMR (500 MHz, CDCl3): δ 7.72 

(d, J = 8.0 Hz, 2H), 7.50 (t, J = 7.0 Hz, 1H), 7.43 

(dd, J = 8.0, 7.0 Hz, 2H), 7.33 (d, J = 8.5 Hz, 2H), 

6.91 (d, J = 8.5 Hz, 2H), 6.41 (br. s, 1H), 5.94 (dd, 

J = 7.5, 5.5 Hz, 1H), 3.82 – 3.85 (m, 2H), 3.81 (s, 

3H), 2.10 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 

170.76, 167.43, 159.76, 134.27, 131.58, 129.65, 

128.62, 127.94, 126.86, 114.14, 74.34, 55.30, 

45.01, 21.23; EM-IES (m/z): 336.1204 (M + Na)+; 

[C18H19NO4 requires (M + Na)+ = 336.1201]. 

Riparin I (3). 1H NMR (500 MHz, CDCl3): δ 

7.67-7.70 (m, 2H), 7.16 (d, J = 8.5 Hz, 2H), 7.46-

7.49 (m, 1H), 7.38-7.42 (m, 2H), 6.87 (d, J = 8.5 

Hz, 2H), 6.10 (br. s, 1H), 3.80 (s, 3H), 3.68 (q, J = 

7.0 Hz, 2H), 2.88 (t, J = 7.0 Hz, 2H); 13C NMR (125 

MHz, CDCl3): δ 167.42, 158.35, 134.69, 131.37, 

130.83, 129.75, 128.55, 126.77, 114.14, 52.27, 

41.27, 34.77; EM-IES (m/z): 255.1209 (M)+, 

256.1322 (M + 1)+, 254.1201 referring to [(M – 

2H) + 1]+; [C16H17NO2 requires (M)+ = 255.1254, 

(M + 1)+ = 256.1332, and (M-1)+ = 254.1176]. 

 

2.5 Antifungal assay by direct bioautography 

 

The microorganisms used in the antifungal 

assays Cladosporium cladosporioides (Fresen.) de 

Vries SPG 140 and C. sphaerospermum (Penzig) 

SPC 491 were grown in Sabouraud dextrose agar, 

and maintained at the Instituto de Botânica, São 

Paulo, SP, Brazil. Both fungi were cultured in 

Sabouraud medium before the assay. Direct 

bioautography assays were performed in triplicate 

in agreement with the literature procedure9, 13. Ten 

microliters of dichloromethane solutions prepared 

for each pure compound, corresponding to 100, 50, 

25, 10, 5, and 1 µg, were applied to TLC plates and 

eluted with hexanes-EtOAc (7:3) followed by 

complete removal of the solvent at room 

temperature. The chromatograms were then 

sprayed with a spore suspension (3 x 106 cells/mL) 

in glucose and salt solution and incubated for 48 h 

in the darkness in a moistened chamber at 25 °C. 
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Clear inhibition zones appeared against a dark 

background, indicating the minimal amount of 

compound required to inhibit the growth of each 

fungus (Table 1). Nystatin was used as the positive 

control (detection limit 1 µg). 

 

3. Results and discussion 
 

The phytochemical study on dichlorometane 

extracts of the leaves, stem and roots of Piper 

mollicomum Kunth led to the isolation of the 

known compounds tembamide (1), (R)-(–)-

tembamide acetate (2) and riparin I (3) (Figure 1), 

from which only 1 and 2 were found to exhibit 

remarkable antifungal properties against 

Cladosporium cladosporioides (5 μg) and C. 

sphaerospermum (1 μg) through direct 

bioautography analyses. When tested against C. 

sphaerospermum, compounds 1 and 2 were shown 

to be as potent as nystatin, the positive control 

(Table 1). The acetate 2 could be easily hydrolysed 

by fungal enzymes and this could be one likely 

explanation for the same antifungal activity 

observed for both compounds 1 and 2. In spite of 

being already known chemical entities, the 

compounds 1-3 are reported here, for the first time, 

as chemical constituents of P. mollicomum Kunth. 

In addition, bearing in mind that only 1 and 2 were 

active against the assayed fungi, but not 3, one can 

hypothesize that such antifungal activity may be 

related to the oxygenation at the benzylic carbon, 

explaining why 3 was inactive against the both 

fungi assayed. 

Tembamide is widely described as a chemical 

constituent of plants belonging to the Rutaceae 

family, such as Clausena brevistyla Oliver14, 

Zanthoxylum ekmanii (URB.) ALAIN15, Aegle 

marmelos16, Clausena lansium17, and Feroniella 

lucida18. This amide was also obtained by 

hydrolysis from tembamide acetate isolated from 

the dichloromethane fraction of Piper guayranum 

(Piperaceae)19, a plant species traditionally used in 

Indian medicine due to its hypoglycemic activity20. 

In addition, tembamide displayed one of the most 

potent activities against HIV virus among 67 

substances isolated from the bark and root of 

Zanthoxylum ailanthoides (Rutaceae)21. Isolated 

from Zanthoxylum capense (Rutaceae), tembamide 

was also evaluated along with (R)-(+)-tembamide 

acetate in tests of antibiotic modulators22. Its 

synthesis has been previously described by Aguirre 

et al. (2001) and Kamal et al. (2004)23, 24. 

According to literature data, riparine I, isolated 

from the fruits of Aniba riparia (Nees) Mez 

(Lauraceae), presented anxiolytic effects25 and it 

was shown to be a potent muscle relaxant26. 

Our findings call attention to the importance of 

P. mollicomum Kunth as a source of bioactive 

natural compounds for further studies on promising 

antimicrobial and pharmacological agents. 

 

 

Table 1. Antifungal activity of compounds from P. mollicomum Kunth against Cladosporium species. 

compounds 
Antifungal Activity (µg) a 

C. cladosporioides C. sphaerospermum 

Tembamide (1) 5.0 1.0 

(R)-(–)-Tembamide acetate (2) 5.0 1.0 

Riparin I (3) > 100.0 > 100.0 

Nystatin 1.0 1.0 

a Minimum amount required for inhibition of fungal growth on thin layer chromatography (TLC) plate. 

4. Conclusions  

 

The present study reports on the chemical 

constituents of Piper mollicomum Kunth, in which 

the piperamides tembamide, (R)-(–)-tembamide 

acetate and riparin I, bioactive compounds 

commonly isolated from Rutaceae species. 

Tembamide and (R)-(–)-tembamide acetate 

showed antifungal activity as potent as nystatin 
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against Cladosporium strains by means of direct 

bioautographic analyses. 
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1. Introduction 

 

Metalorganic materials have attracted attention 

owing to their potential applications in gas 

separation and storage1, as sensors2, in drug storage 

and delivery3, templated low-dimensional material 

preparations4, and principally, as catalysts5. Due to 

their high surface areas, pore sizes, ease and 

diversity of their ability to process, these 

compounds can be used in catalysis. The literature 

reports on several works that describe very recently 

the use of metalorganic materials as catalysts in 

solid-phase organic reactions, such as in Friedel–

Crafts alkylation and acylation6-8, oxidation9-14, 

alkene epoxidation15-17, hydrogenation18, Suzuki 

cross-coupling19, 20, the Sonogashira reaction21, 

transesterification reaction22, the Knoevenagel 

condensation23-25, aldol condensation26, 27 and 1,3-

dipolar cycloaddition reactions28. The Huisgen 

azide-alkyne 1,3-dipolar cycloaddition afford 

1,2,3-triazole derivatives, through solid-phase 

catalyst that has a number of advantages, such as 

low consumption of reagents and solvents, 

possibility of regeneration and removal of the 

ABSTRACT: This works evaluates the catalytic capacity of metalorganic 

materials synthesized, based on Cu+ and ambidentade ligand in Huisgen 

cycloaddition reaction. The synthesis of 1,2,3-triazole was made using 
CuCl and CuI salts, and the [Cu(4,4’-dipy)]Cl and [Cu(4,4’-dipy)]I 

compounds as catalysts, with or without base catalysis by triethylamine. 

The copper salts and compounds lead to formation of the desired triazole 

product; however, in the synthesis mediated by [Cu(4,4’-dipy)]I does not 
generate the product, even after 48 h of reaction. The reaction with 

[Cu(4,4’-dipy)]Cl mediated or not by triethylamine showed high yields of 

88 % and 70 %, respectively. The [Cu(4,4’-dipy)]Cl compounds was reused 

five times, and regenerated by ascorbic acid, maintaining thus, the same 
reaction yield. 
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catalyst from the reaction medium. In this context, 

metalorganic materials are widely used because of 

these advantages. The literature describes the use 

these compounds, for instance in cyclization 

reaction29; however, some catalysts, it is shown low 

yields, difficulty in the removal of residues, as well 

as the impossibility of catalyst reuse. An 

explanation for these problems is the use of copper 

(II) ion, to constitute the metalorganic structure, 

since the 1,3-dipolar cycloaddition reaction needs 

the presence of copper(I) ions. The copper(I) 

catalyst promotes the formation of 1,2,3-triazoles 

from azides and terminal alkynes, with high yields, 

mild conditions and excellent regioselectivity30, 31. 

Generally, in this reaction, the desired product is 

isolated by chromatography and the copper(I) 

residues are removed by an extraction process, 

using successive washes with ammonium 

hydroxide32, 33. 

In this work were synthesized and characterized 

copper(I) complexes containing 4,4´-dipyridyl 

(4,4´-dipy) as ligand, and CuCl or CuI as copper (I) 

font. To reduce the number of extraction steps and 

low yields, and to promote the reuse of the catalyst, 

we used two copper(I) compounds as catalysts in 

solid-phase for reaction between phenylacetylene 

(PhA) and 2-[2-azido-ethyl]-isoindole-1,3-dione 

(AID) in the presence or absence of base 

(triethylamine). The reactions were repeated five 

times and the catalyst was reuse, through of the 

regeneration process by ascorbic acid. 

 

2. Materials and methods 

 

The copper(I) chloride, copper(I) iodide, 4,4’-

dipyridyl, triethylamine, dichloromethane, 

phenylacetylene and 2-[2-azido-ethyl]-isoindole-

1,3-dione (all from Aldrich) were all used as 

received. Carbon, nitrogen and hydrogen 

percentages for the two metalorganic compounds 

and 1,2,3-triazole were determined by analysis of 

the elements, using a Perkin-Elmer Model 240 

microanalyzer. The infrared spectra were obtained 

with a KBr tablet using a Fourier transform IF66 

model spectrophotometer in the 4000−400 cm-1 

range, with a spectral resolution of 4 cm-1. The 

NMR spectrum was obtained using VARIAN 

Unity Plus 300 equipment, at frequencies of 400 

MHz to 1H in DMSO and 75.5 MHz to 13C in 

CDCl3. 

2.1 Synthesis of Copper(I) complexes 

 

The optimized synthesis of copper(I) complexes 

in the reactor system (Vmax = 5.0 mL per Teflon 

insert) is as follows: 0.5 mmol of CuCl (49.5 mg) 

or CuI (95.25 mg) and 0.5 mmol of 4,4’-dipyridyl 

(78.0 mg) were dissolved in 4 mL dried ethanol 

(0.068 mmol). The reactor was heated for 24 h at 

120 ºC. After the reaction, the resultant solid was 

filtered and washed with water and ethanol three 

times. The powder obtained was then dried at room 

temperature in a fume hood and then dried under 

vacuum at 40 ºC for 4 h. 

 

2.2 Synthesis of 1,4-disubstituted 1,2,3-triazole 
 

In a test tube, 100 mg (0.5 mmol) of 2-[2-azido-

ethyl]-isoindole-1,3-dione, 71 mg (1.5 mmol) of 

phenylacetylene, 10 mol% (12 mg) of catalyst 

([Cu(4,4’-dipy)]Cl, [Cu(4,4’-dipy)]I, CuCl or CuI) 

and 10 mol % (6 mg ~1 drop) triethylamine or (8 

mg) ascorbic acid  were mixed together in 1.2 mL 

of dichloromethane (see Scheme 1). The same 

mixture was used either without the base or without 

the acid. Each mixture was stirred at room 

temperature (298 K) in an argon atmosphere; and 

monitored by TLC (Hexane:EtOAc, 8:2). After the 

consumption of the starting material, the mixture 

was decanted using centrifugation and washed. 

Thereafter, the supernatant was subjected to drying 

by adding sodium sulfate, and then filtered. The 

filtrate was crystallized and the final product was 

analyzed by 1H and 13C NMR, infrared 

spectroscopy and elemental analysis to verify the 

synthesis of triazole by use of metalorganic 

compounds. 

 

3. Results and discussion 

 

In the synthesis of copper(I) complexes, a light 

green (from CuCl reagent) and a red (from CuI 

reagent) precipitant with crystalline characteristics 

were generated. The elemental analysis data of the 

[Cu(4,4’-dipy)]Cl and [Cu(4,4’-dipy)]I complexes 

are shown in Table 1. 
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Table 1. Elemental analysis data of copper(I) complexes 

Minimal Formulae %C %H %N 

E T E T E T 

[Cux(4,4´-dipy)]nClx 47.10 47.06 3.16 3.14 11.02 10.98 

[Cux(4,4´-dipy)]nIx 34.65 34.63 2.31 2.31 8.12 8.08 
* 4,4´-dipy = 4,4´-dipyridyl, E =Experimental and T = Theoretical. 

 

 

The CHN elemental analysis results are in good 

agreement with the proposed formulas for the 

copper(I) complexes; with an error level less than 

0.4 % (Table 1). The infrared spectroscopy was 

complementarily used through the assignment of 

bands to functional groups of the free ligands as 

well as with the possible band shifts which could 

be correlated with the copper ion coordination. In 

Figure 1, the infrared overlapped spectra of the 

[Cu(4,4’-dipy)]Cl and 4,4’-dipyridyl ligand are 

presented. Since the [Cu(4,4’-dipy)]I had the same 

spectral profile, this has not been dealt with in this 

text.  
Figure 1. Infrared spectra of 4,4‘-dipyridyl (in black) 

and [Cu(4,4’-dipy)]Cl complex (in gray). 

 

It can be observed that the C=N stretch of the 

[Cu(4,4’-dipy)]Cl complex (1596 cm-1) are shifted 

to the red region in comparison to the free ligand 

(1629 cm-1), suggesting coordination with the 

copper (I) ion. In the absence of an X-ray structural 

analysis, because the mixture had polycrystalline 

properties, structure based on elemental analysis 

data and infrared spectroscopy could be suggested 

(see Figure 2). 

 

 

 
Figure 2. Structure proposed for the [Cu(4,4’-dipy)]Cl complex from the data of infrared 

spectroscopic and elemental analysis. 

 

After the synthesis and characterization of 

copper(I) complexes, the 1,4-disubstituted 1,2,3-

triazole were synthesized. The result was then 

analyzed by 1H NMR and demonstrated the 

following signals: a singlet at 8.64 ppm referring to 

the H-triazolic multiples between 7.87 and 7.32 

ppm, referring to the protons of the aromatic ring, 

and two triplets referring to the alkyl groups, the 

first being at 4.75 ppm, and the second at 4.21 ppm. 

The 13C NMR spectrum makes it possible to 
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observe a signal at 167.6, referring to the carbonyls 

and a signal at 148.0 referring to the carbon on the 

triazolic ring, signals between 134.2 and 119.8 

referring to the aromatic carbons; and two signals 

at 47.8 and 37.6 referring to the alkyl carbons. 

These results indicate that the desired triazole had 

been synthesized and the 1H and 13C NMR are in 

according with literature34. 

 

 

 
Scheme 1. Synthesis of 1,2,3-triazole catalyzed by [Cu(4,4’-dipy)]Cl complex. 

 

2-[2-(4-Phenyl-[1,2,3]triazol-1-yl)-ethyl]-

isoindole-1,3-dione:  1H NMR (400 MHz, DMSO-

d6): δ 8.64 (s, 1H, Htriaz), 7.87-7.82 (m, 4H, Phth), 

7.77 (d, 2H, J = 8.0 Hz, Harom), 7.43 (dd, 2H, J = 

7.6, 7.6 Hz, Harom), 7.32 (dd, 1H, J = 7.6, 7.6 Hz, 

Harom), 4.69 (t, 2H, J  = 6.0 Hz, NCH2), 4.06 (t, 2H, 

J = 5.6 Hz, NCH2). 13C NMR (75.5 MHz, CDCl3): 

δ 37.6, 47.8, 119.8, 123.5, 125.7, 128.1, 128.7, 

130.3, 131.6, 134.2, 148.0, 167.6. 

The copper (I) chloride and iodide were used to 

make the same synthesis in order to compare their 

catalytic capacity with regard to copper(I) 

complexes. After 23 h, the azide has been 

completely consumed and the mixture which had 

suffered reaction was then treated with NH4OH to 

remove the copper residues. When copper (I or II) 

salts are used, the NH4OH extraction step is always 

necessary, which generates soluble copper residues 

in the water, leading to a greater environmental 

contamination. The yield on the synthesis obtained 

by using copper (I) chloride with or without a base 

were 38.4 % and 16.3 %, respectively.  With copper 

(I) iodide, with or without a base, they were 92.8 % 

and 54.8 %, respectively. 

In the synthesis using [Cu(4,4’-dipy)]Cl 

complex, the reaction time varied between 19 and 

22 h. In all the cases, the catalyst was removed by 

centrifugation process, eliminating the extraction 

step with NH4OH. The synthesis using a base lead 

to improved the yield, but not enough to justify 

their use. Table 2 shows the reaction yields with 

[Cu(4,4’-dipy)]Cl complex, with or without 

addition of base. On the other hand, the same 

reaction using [Cu(4,4’-dipy)]I complex even after 

it has been stirred for 48 h, did not promoted the 

formation of the desired product. 

 

 
Table 2. Yields for the synthesis of 1,2,3-triazole in the presence or absence of base catalyzed by 

CuCl, CuI, [Cu(4,4’-dipy)]Cl and [Cu(4,4’-dipy)]Cl complexes 

Reaction Yield (%) 

CuCl CuI [Cu(4,4’-dipy)]Cl [Cu(4,4’-dipy)]I 

Et3N* No Base Et3N* No Base  Et3N* No Base Et3N* No Base 

38.4 16.3 92.8 54.8 88.0 70.0 0% 0% 
* Et3N = triethylamine. 

 

In order to evaluate the capacity for reuse of the 

catalyst ([Cu(4,4’-dipy)]Cl complex), the reaction 

was repeated five times, recovering the catalyst by 

centrifugation and adjusting the amount of reagents 

(azide and alkyne). Before reuse, the catalyst was 

washed (5x) with dichloromethane to remove 

possible interferents. When triethylamine was 

used, after 5 cycles of reactions, the yield decreased 

to 33.5 % (Table 3, cycle 5). In the case of reactions 

which did not use the base, the yields lessened to 

49.8 % after five cycles. 
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Table 3. Recycling Steps of [Cu(4,4’-dipy)]Cl complex 

[Cu(4,4’-dipy)]Cl / Reaction Yield (%) 

 

Cycle Et3N* No Base 

1 88.0 70.0 

2 78.8 68.9 

3 66.6 66.5 

4 59.9 63.0 

5 33.5 49.8 

6a 86.4 71.9 
a After added ascorbic acid (10 mol %). 

 

To explain our poor results after five cycles, 

however, we need to have some considerations. 

The viability of the reductive elimination process 

(restitution of the copper to its lowest value 

oxidative) and the quality of the solvents used (type 

of oxidants present). Supposing the copper (II) 

generation, which would justify the reduction of 

active sites, Cu(I), as a reaction promoter, ascorbic 

acid was used as a reducing agent for recuperation 

of the catalyst. In both cases, with or without the 

use of a base, after use of ascorbic acid, the yields 

were restored. In the case of the drastic lessening 

of yields when trietilamine was used, it can be 

accounted for because of the base, before acting as 

a depronate of alkyne and after oxidation of copper 

(I) to the form (II), could be added as a ligant in the 

coordiation sphere of the first cupric ion, since the 

typical coordination numbers of these ions copper 

(I) and (II) are 2 and 4, respectively. The Scheme 2 

shows the mechanism proposed to create the 

reaction using [Cu(4,4’-dipy)]Cl complex. 

 

 

 
Scheme 2. Mechanism proposed for the Huisgen cycloaddition reaction mediated by [Cu(4,4’-dipy)]Cl complex. 

 

Based on data in literature indicating that Cu(I) 

catalyzed alkyne-azide coupling begins with π 

complex A (Scheme 2), this first step was also 

proposed for the [Cu(4,4’-dipy)]Cl complex30-36. 

Some works suggest that an energetic 

compensation can occur depending on the solvent 
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used in this reaction, i.e. an improvement can be 

perceived, concerning copper species formation B 

(Scheme 2), and then this copper coordination can 

reduce the C-H alkyne pKa, facilitating the 

deprotonation in aqueous systems without the use 

of a base37. In the case of the current work, the 

reaction was carried out, using dichloromethane 

(CH2Cl2) as the solvent, in the presence and 

absence of the base (triethylamine), in both cases 

the final product was obtained with yields of 

(88 %) and (70 %), respectively. This last 

reactional condition, using CH2Cl2, invites more 

significant studies, experimental and/or theoretical, 

involving different solvents and their interference 

on the catalytic cycle. In comparison with the usual 

mechanistic studies37-39, the current [Cu(4,4’-

dipy)]I complex reinforces and represent well the 

requirement of two catalytic copper atoms, here 

can be spaced by a 4,4’-dipyridyl ligand, which 

were part of an alkyne-azide cycloaddition. The 

first one changed the alkyne (acetylide complex) 

reaction and the second served as an azide activator 

which led to the D cyclization (Scheme 2). 

Some works have suggested that the size of the 

ring which surrounds the two acid centers of copper 

D may be easily converted into a copper triazole 

ring E (Scheme 2)37. There is a considerable need 

for experimental work to confirm the true proton 

source responsible for the protonation of the type 

shown in E, which will converge on the composite 

F, which may be the reaction which occurs in the 

presence or absence of a base40, 41. Even with the 

extensive use of copper salts capable of catalyzing 

alkyne-azide coupling reactions, the anions of 

which generally look like sulfate and halogens 

(generally Cl, Br and I), the study of the influence 

of these anions as reactors have not been entirely 

understood by the scientific community. Thus we 

must emphasize that in the present study, the use of 

metalorganic compounds, [Cu(4,4’-dipy)]Cl and 

[Cu(4,4’-dipy)]I complexes, synthesized from the 

known types of copper salts, CuCl and CuI 

respectively, showed that the reaction yield was 

extremely dependent on the anion present in these 

complexes. In other words, the difference of these 

counter-ions (anions) present in the complexes 

were the determining factor as to the catalytic force 

of the same, making the type [Cu(4,4’-dipy)]I 

complex not viable for catalyzing the reaction 

proposed in this study (Scheme 1). Further studies 

need to be made to confirm which anions work best 

for high yields in copper(I)-catalyzed reaction. 

 

4. Conclusions 

 

The copper(I) complexes compounds were 

synthesized and characterized by elemental 

analysis and infrared spectroscopy; and applied as 

catalysts in the Huisgen reaction. There was a high 

yield from the reactions catalyzed by CuI (92.8 %) 

and [Cu(4,4’-dipy)]Cl complex (96 %). In the case 

of the same reaction catalyzed by CuCl (38 %) the 

yields were low. No product was obtained using 

[Cu(4,4’-dipy)]I complex. Reuse of the [Cu(4,4’-

dipy)]Cl catalyst was proven through a cycle of 

five consecutive syntheses, resulting in the desired 

product. The yield from the reactions, however, 

diminished gradually. The synthetic cycle’s 

maintainer the same reactive good yields through a 

process of copper (II) ion reduction, which had 

generated in the complex structure after used 

ascorbic acid, justifying the preferential use of this 

matrix as the catalyst in Huisgen 1,3-dipolar 

cycloaddition reaction. 
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1. Introduction 

 

The scarcity of some natural resources, including 

water and feedstock, has been a major problem for 

textile industries. The search for alternative methods 

of their treatment and reuse has been growing, as it 

can reduce industrial costs and reduce hazardous 

impacts to the environment. The increasing 

consumption of industrial textile dyes has been 

responding for major environmental problems issued 

from industrial activities. Textile dyes are often 

complex organic molecules, which are usually 

difficult to be biologically broken down. They are to 

be attached to the fabric fiber to confer color to them. 

If these more commonly organic compounds are 

discharged into water bodies, they may mean real 

sources of pollution. Due to their recalcitrant nature, 

they impart long term color to the aqueous industrial 

effluent and reduce the penetration of sunlight, which 

compromises the aquatic life1, 2. 

The textile industries face enormous difficulty 

related with the great consumption of water to 

accomplish several chemical processes, including 

those of dyeing and rinsing the fabrics. The treatment 

of effluents in these processes implies three main 

stages: primary, secondary and tertiary. In the 

primary treatment, the larger particles in suspension 

are removed by decantation. In the secondary, 

microorganisms are used to remove suspended 

particles and biodegradable matter and, finally, in the 

tertiary treatment, dissolved solids and residual color 

and odor are removed by means electrochemical 

process, membranes technologies, ion exchange and 

other technologies3. However, since the primary and 

secondary treatments are not efficient enough to 

separate very small particles, the treated fluid still 

leaves with staining. The steps of the textile 

ABSTRACT: The textile industries face difficulties in removing dyes 
from the liquid effluent, even after what is thought to be conventional 

cleaning treatments. The use of adsorbents to retain dyes in textile 

effluents has been showing to be a simple and promisingly efficient 

method. The objective of this research was to test the macaúba 
(Acrocomia aculeata) kernel cake as adsorbent to remove Remazol 

Brilliant Blue dye in batch adsorption tests. The obtained adsorption 

kinetic data at equilibrium were modeled by assuming both the 

Langmuir and the Freundlich isotherms. The values were better fitted 
with the Langmuir model (R2 = 0.983), with a maximum adsorption 

capacity of 3.5 mg g-1 monolayer. This essay showed that the macaúba 

cake is an effective adsorbent to remove Remazol Brilliant Blue textile 

dye and it is a good alternative for treatment of textile liquid effluents. 
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processing are high costly and are not efficient 

enough to degrade the dye molecules. Thus, new 

technologies have been developed in an attempt to 

solve the problem of the residual staining in such 

effluents, even after conventional cleaning treatment. 

Adsorption is putatively one of the most 

prospective way to treat effluents and consists of the 

physical or chemical interaction between the surface 

of a porous solid and molecules components from the 

fluid phase4, 5. The adsorption process is mainly 

governed by the adsorbent properties (surface area, 

pore size, density, surface functional groups and 

hydrophobicity) of the solid material and by the 

adsorbate (polarity, molecule size, solubility and 

acidity or basicity) in the fluid, but also by some 

process conditions such as system temperature, the 

nature of the solvent and the pH of the medium5. 

The solid adsorbent materials are characterized by 

their porous structure, which determines their high 

surface area. The larger the surface, the greater the 

adsorption efficiency6, 7. Activated charcoal has been 

the most widely used adsorbent, regarding its high 

internal surface area and microporous structure, 

which render its high degree of surface reactivity8. 

Although, activated charcoal is very efficient and has 

many technological advantages, its use is high costly, 

mainly taking into account that it needs to be 

chemically treated to get it suitably functional. As an 

alternative way of minimizing process costs, 

agriculture crop staying or agro-industrial rejects, 

such as waste generated from pressing oilseed for oil 

extraction, sugarcane bagasse, among others have 

been evaluated as adsorbent for aqueous effluent due 

to their availability and low cost6, 9-13. 

The Remazol Brilliant Blue R (RBBR) dye is in 

the class of anthraquinone synthetic dyes and it is one 

of the most important dyes in the textile industry, 

which has been also used as a general compound 

model in essays of degradation studies. It is an 

anthracene-derived compound, highly toxic due to its 

polycyclic aromatic hydrocarbons (PAH), which are 

very difficult to be biologically metabolized14, 15. The 

Figure 1 shows the chemical structure of RBBR dye. 

 
 

 
Figure 1. Chemical structure of Remazol Brilliant Blue R 

dye16. 

 

The macaúba palm (Acrocomia aculeata) is a tree 

that can be found in several edaphoclimatic 

conditions of Brazil, with some predominance the 

cerrado biome, in Minas Gerais. The fruit is 

composed of the bark, the pulp, the seed (kernel) and 

the endocarp. Two types of oil, pulp oil and kernel oil 

can be extracted from macaúba fruits. It is estimated 

an average productivity of approximately 5 t ha-1 of 

pulp oil along with 1.4 t ha-1 of kernel oil for a density 

of 200 plants ha-1 17. High productivity, low 

production cost and good oil characteristics make it 

an attractive raw material for biodiesel production, 

generating a large amount of fruit cake from the oil 

press-extraction (macaúba cake)18. 

In this context, this research had as objective to 

evaluate the residue generated in the extraction of the 

oil of the macaúba (Acrocomia aculeata) as adsorbent 

for the removal of the Remazol Brilliant Blue R 

(RBBR) dye in a simulated solution. 
 

2. Materials and methods 

 

2.1 Preparation and characterization of the oil 

extraction residue 

 

The cake generated press-extracting the kernel oil 

of the macaúba (the macaúba cake, MC) used as 

adsorbent in these essays was provided by the 

Cooperativa de Agricultores Familiares e 

Agroextrativistas Grande Sertão Ltda, located in 

Montes Claros, Minas Gerais, Brazil. Initially, the 

cake material was washed, dried and sieved on a set 

of Bertel sieves; the fraction of particles larger than 

212 μm and smaller than 300 μm was separated. 

The zero-charge potential (pHpzc) of the MC was 

determined in duplicate by adding 50 mg of the 

adsorbent material to 12.5 mL of the KCl solution 

(0.1 mol L-1). The pH was then varied from 1 to 14, 

adjusted with dilute HCl (0.1 mol L-1) or NaOH 

(0.1 mol L-1) solution, under constant stirring was for 

24 h, at 25 °C. After 24 h, the final pH at equilibrium 
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was determined with a bench pHmeter. The zero-load 

potential of each sample was estimated by the method 

obtained in the range of constant pH (buffer effect). 
 

2.2 Batch adsorption essays 

 

The tests to check for the influence of the RBBR 

adsorbate concentration on the adsorption process 

with the macaúba cake were carried out with 

solutions of the dye in different concentrations (5, 10, 

20, 30, 40, 50 mg L-1) in a fixed mass of the 

adsorbent. The samples were placed on an orbital 

shaker for 24 h under 100 rpm. The equilibrium 

concentrations of the samples were measured using a 

UV-visible spectrophotometer. The experiment was 

done at constant temperature (25 °C). 

The data for kinetic study of the adsorption process 

were collected at constant temperature with fixed 

mass of adsorbent and dye solution. The samples 

were collected at different contact times (5 to 

1440 min) between the adsorbent and the adsorbate; 

the concentrations of RBBR were monitored with a 

UV visible spectrophotometer. 

 

3. Results and discussion 

 

3.1 Characterization of the adsorbent 

 

The pHpzc is one of the factors that most influence 

the adsorption process. The pHpzc of the adsorbent 

material was approximately 5.70, as shown in Figure 

2. 

 
Figure 2. Point of zero charge (pHpzc) for the macaúba 

kernel cake. 

 

This result indicates that the surface charges of the 

adsorbent become more positive as the pH decreases: 

below 5.70, the adsorbent presents a positive surface 

charge, favoring the adsorption of anionic species. 

The RBBR dye presents three sulfonated groups that 

give them an anionic character, possibly in the 

adsorption process interaction between the dye anion 

groups and protonated groups of the adsorbent 

surface, which may explain the high efficiency on 

removing the dye at pH below 5.7. The maximum 

initial pH of the solution employed in the present 

study was 5.0. 

 

3.2 Adsorption isotherms 

 

The adsorption capacity of the MC was 

determined the equation 1, 

 

qe =
C0 − Ce

M
V 

(1) 

 

where, qe is the dye concentration adsorbed onto the 

cake material (mg g-1); C0 is initial concentration of 

the textile dye in the liquid phase (mg L-1); Ce is 

equilibrium concentration of the textile dye in the 

liquid phase (mg L-1); M is the mass of the cake and 

V is the volume of solution (L)19. 

 

The adsorption isotherm for textile dye onto the 

macaúba cake is shown in Figure 3. The curve 

describes the distribution of the dye molecules 

between the liquid and solid phases when the 

adsorption process reached the steady state. At 

equilibrium, the amount of the adsorbed dye was 

approximately 98 %. 

 
Figure 3. Adsorption isotherm for Remazol Brilliant Blue 

R on macaúba kernel cake 

 

Two adsorption isotherm models, Langmuir and 

Freundlich, were used in this study to evaluate the 

equilibrium data. The applicability of the equation 

that best fitted the isotherm describing the adsorption 

process was indicated by the regression coefficient 

(R2) criterion. The Equation 2 corresponds to the 
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Langmuir model. In the equation, qe is the adsorbate 

concentration at equilibrium in adsorbent (mg g-1); ka 

is Langmuir constant (L mg-1); qm is the adsorbate 

concentration when the monolayer is formed on the 

adsorbent (mg g-1) surface and Ce is adsorbate 

concentration at equilibrium in solution (mg L-1)8, 20. 

 

q𝑒=
𝑞𝑚𝑘𝑎C𝑒 

1 + 𝑘𝑎𝐶𝑒
 

(2) 

 

The Langmuir isotherm is one of the most used 

equations for the representation of adsorption 

processes. This model assumes that there is a given 

number of sites with equivalent energy and the 

adsorbed molecules do not interact with one another. 

Although the adsorption process occurs in a 

monolayer, each site contains only one adsorbed 

molecule. 

The empirical model proposed by Freundlich 

presumes non-ideal systems, heterogeneous surfaces 

and multilayer adsorption. The Freundlich isotherm is 

described by equation 3, 

 

qe = Kf Ce
n     (3) 

 

where Kf is the sorption capacity and n is the sorption 

intensity. Results from linear regression analysis of 

adsorption isotherms are shown in Table 1. The 

choice of the isotherm model was based on the 

highest R2 value. 

 

 

 

Table 1. Parameters of the Langmuir and Freundlich isotherms models for the adsorption of the RBBR dye on 

macaúba cake 

Model Isotherm equation Parameters 

Determination 

coefficient for the linear 

regression 

Langmuir qe=
qmkaCe 

1 + kaCe
 

ka = 2.985 

qm = 1.523  0.983 

Freundlick qe = Kf Ce
n 

Kf = 0.721 

1/n = 3.798 

0.965 

 

These coefficients provide values for qm (mg g-

1), which indicates the maximum adsorption 

capacity of the MC, and ka (adsorption constant), 

which is related to adsorption energy. The essential 

characteristic of the Langmuir isotherm can be 

expressed in terms of a dimensionless equilibrium 

parameter (RL), given by equation 4, where RL is 

the magnitude that determines the viability of the 

adsorption process. 

 

𝑅𝐿 =
1

1 + 𝑘𝑎 𝐶0
 

(4) 

  

Values of RL = 1 indicate a linear adsorption 

process of Langmuir, RL > 1 and RL < 1 refer to 

unfavorable and favorable adsorption, 

respectively, whereas the adsorption would be 

irreversible for RL = 0. From this study, the found 

value of RL = 0.870, indicating a favorable 

adsorption21. 

The 1/n parameter of the Freundlick equation 

ranged from 0 to 1; it is a measure of the adsorption 

intensity or of the surface heterogeneity, becoming 

more heterogeneous as the value approaches zero. 

The found value of 1/n from this study indicates 

that the adsorption process of the dye on the MC 

was not heterogeneous, consistently with the result 

obtained for the Langmuir model. 

 

4. Conclusions 

 

The adsorption of the Remazol Brilliant Blue R 

dye, in this solution model of an industrial dye 

aqueous effluent, onto the surface of particles from 

the macaúba kernel cake was investigated in a 
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batch arrangement. The charge zero point (PZC) is 

a convenient reference for predicting the charge-

dependent behavior of adsorbents and their 

suspensions. 

It was found that the Langmuir Isotherm 

provides the best fit to the experimental data. The 

value of the dimensionless parameter was 

evaluated as RL = 0.870, indicating that the 

adsorption of RBBR on MC is a spontaneous 

favorable process. The adsorption isotherm for the 

adsorption of RBBR in MC can be well modeled 

by the Langmuir isotherm, with a linear regression 

determination coefficient of approximately 

R2 = 0.98. It can be concluded that the macaúba 

kernel cake has homogeneous surface energy and 

can be a good alternative for the cleaning treatment 

of textile effluents. 
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1. Introduction 

 

The study of the complexation of potential toxic 

metals at natural systems by substances as fulvic 

acids, which are in fresh-waters, for example, is 

important because these reactions can determine 

the metal speciation and bioavailability of the 

metal species. The metal speciation also can 

determine the mobility of trace metals in the 

ecosystems1, 2. Free metal ions are more toxic to 

aquatic biota than metal ions bound to organic 

molecules like the fulvic acids3. The zinc, for 

example, is one of the essential metals for the cycle 

of life of the organisms, but it can be harmful when 

its concentrations overpass the limits required for a 

healthy nutrition4. Heavy metals, as zinc, have the 

ability to accumulate in living tissues throughout 

the food chain. Fish can become the main form of 

population transfer to these elements, since they are 

capable of bioaccumulation and bioconcentration5. 

Copper and cadmium appear in the ecosystems as 

contaminants independent of their concentration or 

oxidation number.   Cadmium, copper and zinc are 

prevalent in nature due to their high industrial use, 

and they can affect growth of plants, according 

their metal concentration.  Their bioavailability is 

influenced by physical factors such as temperature, 

phase association, adsorption and sequestration.  

These metallic elements are considered systemic 

toxicants that are known to induce multiple organ 

damage, even at lower levels of exposure.  Being 

classified as human carcinogens according to the 

U.S. Environmental Protection Agency6-11.  One of 

the best manners to study the metals interactions 

with fulvic acids is the using of analyses techniques 

in solution, as potentiometric titration, because it 

ABSTRACT: In this work, the interactions of the functional groups of 

fulvic acids with copper, cadmium and zinc bivalent ions was 
investigated by potentiometry. The BEST7 software was employed to 

investigate the interactions of the functional groups. The software SPE 

and SPEPLOT were used to generate and to plot the species diagrams. 

It was used the Suwannee River fulvic acid (SRFA) of the IHSS 
(International Humic Substances Society) to illustrate the process. The 

values of the proton dissociation and complexation constants with the 

divalent ions for each functional group were calculated and their values 

were very close to those previously published. The functional group 
present in the highest quantity in the complexes was catechol, and it is 

complexed with all the divalent ions, although with Cu(II). According 

to the results obtained by potentiometry, the reactivity series for the 

divalent ions and the SRFA is: Cu(II) >> Cd(II) > Zn(II). Thus, the 

method employed could be useful to estimate the role of fulvic acids in 

the transport of metals in the aquatic environments. 
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can reproduce as closer as possible what occurs in 

the nature systems. In this work, to elucidate the 

titration curves of the fulvic acids and zinc (II), 

cadmium (II) and copper (II) ion complexation it 

was used the BEST7 software and the software 

SPE and SPEPLOT. 

 

2. Experimental setup 

 

All the reagents were analytical grade and were 

used without purification. It was used the SRFA 

(Suwannee River Fulvic Acid, IR101F) purchased 

from the IHSS. The solutions of SRFA (80.00 mg 

L-1) were prepared in the titration cell, dissolving 

the quantity of SRFA in water, adding 8.00 mL of 

0.01 mol L-1 HCl and completing the volume with 

double distilled water to 50.00 mL. The stock 

solutions of 0.01 mol L-1 CuCl2.2H2O, CdCl2.H2O 

and Zn(NO3)2.6H2O (Vetec Química Fina Ltda.) 

were standardized by titration with EDTA (Merck), 

1.0x10-2mol L-1 using murexide as indicator and 

buffer solution pH=8. The titration agent was 

carbonate-free solution of 0.100 mol L-1 KOH. The 

titrations were carried out in a thermostated bath 

(25.00 ± 0.05 °C) sealed cell, in an inert 

atmosphere (argon gas). The experiments started in 

pH 3.0 (triplicates). The pH values of titrations 

were read using a pHmeter (Corning 350). It was 

used the BEST7 software to resolve the 

equilibrium data because it was developed to can 

be useful to refine the stability constants from 

potentiometric data of any kind of system with any 

number of interactions components. To generate 

the species diagrams it was used the SPE software 

and to plot them it was used the SPEPLOT 

software 

 

3. Results and discussion 

In the previous paper12, it was determined the 

quantities of the functional groups of the SRFA. In 

this paper and using those values, it was 

determined by potentiometry titrations the 

complexations with divalent metallic ions. In the 

Table 1, is presented the values of the 

complexation constants of the ions Cu(II), Zn(II) 

and Cd(II) to the functional groups of the SRFA. 

 

 

Table 1. Equilibrium constants (log K) to the ions Cu(II), Cd(II) and Zn(II) and to the ligands phenol (A), 

benzoic (B), catechol (C), phthalic (D) and salicylic (E) of the SRFA 

Species A (log K) B (log K) C (log K) D (log K) E (log K) 

Cu(II) 

[CuL]/[Cu].[L] 7.62  0.07 

(*) 

(-) 

(1.60  0.01) 

13.42  0.05 

(13.00  0.06) 

(-) 

(3.22  0.03) 

11.13  0.02 

(10.62  0.02) 

[CuL2]/[Cu].[L2] (-) (-) 25.39  0.08 

(24.90  0.10) 

(-) 

(5.46  0.04) 

18.95  0.05 

(18.45  0.01) 

Cd(II) 

[CdL]/[Cd].[L] (-) (-) 

(1.40  0.01) 

8.81  0.03 

(8.20  0.01) 

2.60  0.05 

(2.50  0.01) 

(-) 

[CdOHL].[H]/[CdL (-) 

 

(-) 

 

0.28  0.02 

(*) 

(-) 

 

(-) 

 

[CdL2]/[Cd].[L2] 

 

(-) 

 

(-) 

 

16.78  0.03 

(*) 

(-) 

 

(-) 

 

Zn(II) 

[ZnL]/[Zn].[L] 

 

(-) (-) 

(0.90  0.02) 

10.05  0.02 

(9.90  0.01) 

(-) (-) 

[ZnOHL].[H]/[ZnL] (-) (-) 0.48  0.09 

(*) 

(-) (-) 

[ZnL2]/[Zn].[L2] (-) (-) 17.91  0.09 

(17.40  0.30) 

(-) (-) 

Where L (represents = A, B, C, D and E). The values of the literature are listed between parenthesis13, 14.  

Note: The symbol (-) represents that the respective values were not observed experimentally and (*) are the values not 

published. 

 

The values of the complexation constants to the Cu(II) and the values of the literature were similar7, 
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8 although the values of the log K to the salicylate 

groups are slightly higher when are connected to 

the structure of the fulvic acids. It can be the factor 

on why the experimental values are higher than the 

values of the salicylic acid groups (simple 

substance). At this way, some differences are 

previewed due to the fact of the SRFA is a mixture 

so complex. The phenolic ligands are important as 

constituents of the complexes humic substances, on 

which are the main ligands, getting responsible in 

the transport and taking part in the transport and 

accumulation of the nutrients. Describe that in 

humic substances can exist functional groups as 

salicylate and the strong acidity of the salicylic 

groups can be due by the formation of structures of 

five member with intermolecular hydrogen bonds 

between the phenolic groups and the anion 

carboxylate. Evidences of this would be the fact 

that log K of the ML species (salicylate) diminishes 

1.5 units and the log K of the ML2 species 

(salicylic) increases 3 units, increasing the 

ionization of the first proton and weakening the 

acidity of the second proton. Steric effects are 

significant in the increase of the influence of the 

hydrogen linkages in the SRFA percentage. In 

Figure 1 is presented the graphic of distribution 

percentage of species of the SRFA complexed with 

Cu(II) versus p[H]. 

 

 
Figure 1. The percentage of species of SRFA with the 

Cu (II) versus p[H] in Vsol CuCl2 = 2 (a) and in Vsol CuCl2= 

0.5 mL, where: phenol groups (A); benzoic groups (B); 

catechol groups (C); phthalic groups (D) and salicylic 

groups (E). (Conditions: µ = 0.100 mol L-1 KCl; T = 

25º C; CSRFA = 93 mg L-1; Csol CuCl2 = 10 -2 mol L-1). 

 

In Figure 1, at p[H]= 4 its begins the complex 

CuE (Where: E = salicylic) reaching its maximum 

amount of 48 % at p[H] = 6.5. After appearing the 

CuA species (where: A = phenolic), at p[H]= 6.5 it 

has 11 %. The specie CuC (where: C = catechol) is 

at p[H] = 5.5 with the maximum of concentration 

of 22 % at p[H]= 7.0. The specie CuC2 begins at 

p[H] 6.6 ranging the maximum of 58 % at p[H] = 9. 

The specie CuE2 begins at p[H] = 9.0 and is on the 

top of 20 % at p[H] =10.8. At p[H] 10 begins the 

hydroxide species with Cu(II). In Figure 1 (b) it is 

possible to observe the complexation with Cu(II) 

begin at p[H] 4, beginning the CuE and CuA 

species reaching their maximum at p[H] = 6.5 

(38 %) and p[H] = 6.2 (25 %). The specie CuC 

begins its formation at p[H] = 5, reaching its 

maximum at p[H] = 7.0 (43 %). The specie CuC2 

begins at p[H] = 6.0 reaching the maximum at 

p[H] = 8 (98 %). 
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In Figure 2, it can be observed 4 complexes for 

the Zn(II) and the functional groups of SRFA. At 

p[H] = 4 appears the ZnD species (22 % at 

p[H] = 6.5), at p[H] = 6.8 is formed the ZnC species 

(75 % at p[H] = 8.5). At p[H] 7.8 the hydroxy 

species ZnOHC (maxim 33 % at p[H] = 10. The 

ZnC2 species is formed after p[H] = 8 (maximum 

60 % at p[H] =10.5). 

 
Figure 2. Percentage of SRFA species with Zn(II) 

versus p[H], where the ligands are represented by phenol 

(A), benzoic (B), catechol (C), phthalic (D) and salicylic 

(E). (Conditions: μ = 0.100 mol L-1 KCl; T = 25 °C; 

CSRFA = 93 mg L-1, Csol Zn(NO3)2 =10-2 mol L-1). 

 

The Figure 3 shows the graphic of distribution 

of species of the fulvic acid complexed with the 

Cd(II) in percentage versus p[H]. The Cd(II) 

presented a chemical behavior very similar to the 

Zn(II) forming the same type of forming. The 

species formed with the Cd(II) are the CdD (where: 

D = phthalic) reaching its maximum of 7 % at 

p[H] = 7; at p[H] = 7.2 is formed the CdC species 

(where: C = catechol), reaching its maximum 28 % 

at p[H] = 8.8; at p[H] = 8 it was formed the hydroxy 

species CdOHC, reaching its maximum of 80 % at 

p[H] = 8.0, over the p[H] = 8.2 it was formed the 

CdC2 species reaching its maximum of 30 % at 

p[H] = 10.9. The catechol was the functional group 

more reactive with all the divalent ions studied, it 

has complexed with all the ions. At second place, it 

was the salicylic group complexed in great quantity 

with the ions Cu(II). According the results of this 

work, this is the series of reactivity to the bivalents 

ions and the SRFA: Cu (II) >> Cd(II) > Zn (II). 

 

 
Figure 3. Percentage of species of the SRFA with Cd 

(II) versus p[H]. Where: phenol (A), benzoic (B), 

catechol (C), phthalic (D) and salicylic (E). (Conditions: 

µ = 0.100 mol L-1 KCl; T = 25 ºC; CSRFA = 93 mg L-1; 

Csol CdCl2 = 10-2 mol L-1). 

 

4. Conclusions 

 

The values of the proton dissociation and 

complexation constants with the divalent ions for 

each functional group were calculated and their 

values were very close to those of the literature. 

The functional group present in the highest 

quantity in the complexes was catechol, and it 

complexed with all the divalent ions, although to a 

greater extend with Cu(II). According to the results 

obtained by potentiometry, the reactivity series for 

the divalent ions and the SRFA is: Cu(II) >> Cd(II) 

> Zn(II). 
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1. Introduction  

 

The diclofenac (2-[2,6-

dichlorophenylamino]phenylacetate) is a 

pharmaceutical drug that can be used as a chemical 

ligand and has the coordinating ability for 

complexing several metal ions due to its carboxyl 

group. The studies of the stable metal complex can 

be used for different purposes, such as the 

obtaining metallic oxides to advanced materials 

(ceramics, glasses, among others) or to obtain new 

properties of application in biological functions1-4. 

Thus, the thermogravimetry is a valuable technique 

for studying the thermal behavior of solid-state 

compounds of metal complexes, which are 

essential to synthesize complexes in the desired 

stoichiometry in several applications. 

Recently, Kobelnik et al. reported the 

preparation and thermal characterization of a white 

powder of diclofenac-Sr and Ba compounds, which 

were evaluated by thermal analysis with two 

sample masses (2 and 5 mg). The activation energy 

of dehydration has the similar behavior, but the 

first and second thermal decomposition stages 

showed several values of activation energy5. 

Besides, compounds of aluminum and indium (III)6 

ABSTRACT: The preparation, characterization and thermal behavior 

of Mn(II)-diclofenac solid-state complex was investigated by 

simultaneous TG/DTA and DTG curves, DSC, X-ray powder 
diffraction (XRD) and scanning electron microscopy (SEM) 

techniques. The thermal evaluation was carried out with sample masses 

of 2 and 5 mg, with the purpose of comparing the values of activation 

energy regarding dehydration, monotropic phase transition and thermal 
decomposition in both samples mass. The DSC curves were obtained in 

opened and with crimped lids crucibles of aluminum under oxygen 

purge gas and static air (without purge gas). The DTA and DSC curves 

show an exothermic peak between 150-180 °C depending on heating 
rate, which can be attributed to the monotropic non-reversible reaction. 

The activation energy (Ea/kJ mol-1) to dehydration, the monotropic 

phase transition and the first thermal decomposition step were 

determined by Capela-Ribeiro nonlinear isoconversional method. The 
activation energy under oxygen dynamic purge gas shows lower values 

compared to those obtained under static air. 
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and cobalt (II)7 ions were also evaluated by thermal 

analysis with the aim of obtaining the activation 

energy by thermal decomposition and phase 

transition, respectively. In these previous studies5-

7, the activation energy was evaluated with several 

masses of sample and purge gases to comparison 

among them. 

Thus, as an extension of that works5-7, the aim 

of the current work is the study of the thermal 

behavior and obtaining the kinetics parameters to 

dehydration, phase transition, and thermal 

decomposition of Mn (II)-diclofenac complex 

(Mn(Diclof)2) in the solid-state. The investigations 

of the dehydration, the first thermal decomposition 

and a monotropic phase transition (exothermic 

reaction) of this complex were evaluated by 

thermogravimetry (TG), differential thermal 

analysis (DTA) and differential scanning 

calorimetry (DSC). In addition, to compare the 

thermal behavior obtained by TG and DSC curves, 

the analyses were carried out with two different 

sample sizes and under oxygen purge gas and static 

condition (without purge gas)4, 5. Nevertheless, the 

monotropic reaction stage (before and after this 

reaction) was also evaluated by X-ray powder 

diffraction (XRD) and scanning electron 

microscopy (SEM). Moreover, the calorimetric 

evaluation of the complex by DSC curves was 

carried out under two main conditions: samples in 

opened and crimped aluminum crucibles to obtain 

a comparison between the values of activation 

energy. 

 

1.1 Kinetic Parameters – Nonlinear 

isoconversional method 

 

The kinetic parameters to the thermal 

decomposition step of the complex were estimated 

by Capela-Ribeiro8 nonlinear isoconversional 

method, using 4th order rotational approximation of 

the temperature integral9. For a given conversion  

and a set of n experiments carried out at different 

heating rates i (i = 1.. n), the parameters 

activation energy, E, and the B term can be 

determined from Equation 1 minimizing the sum of 

squares to the plot of heating rate  to each   as 

function of the zi=103/RTi. (i = 1.. n) : 

 

𝑆(𝐸. 𝐵) =∑(𝛽𝑖 −
exp(𝐵 − 𝐸𝑧𝑖)

𝑧𝑖

𝐸3𝑧𝑖
3 + 14𝐸2𝑧𝑖

2 + 46𝐸𝑧𝑖 + 24

𝐸4𝑧𝑖
4 + 16𝐸3𝑧𝑖

3 + 72𝐸2𝑧𝑖
2 + 96𝐸𝑧𝑖 + 24

)

2𝑛

𝑖=1

(1) 

 

𝐵 = 𝑙𝑛 (
103𝐴

𝑅𝑔(𝛼)
)(2) 

 

where A is the pre-exponential factor, R is the gas constant, and g() represent the reaction mechanism.  

 

2. Experimental 

 

The experimental conditions to the preparation 

of Mn(Diclof)2 complex is like that previously 

described5-7. A stoichiometric mixing of Mn(II) 

chloride and potassium diclofenac aqueous 

soluitons was preapred with continuous stirring 

until total precipitation of the complex.  The 

precipitate was filtered and washed  with water up 

to the elimination of chloride ion. Then, the solid 

was dried at room temperature, macerated and 

stored in a desiccator over anhydrous calcium 

chloride up to constant mass. 

The thermal analysis was performed by 

simultaneous TG-DTG and DTA using a TA 

Instruments 2960 SDT, in the 30-400 °C 

temperature range in open alumina reference and 

sample pans under a dynamic nitrogen purge gas 

(flow rate: 100 mL min-1), heating rates of 5, 10 and 

20 °C min-1 and sample masses of 2 and 5 mg. The 

stoichiometry evaluation of the complex was 

obtained by TG curve, using a sample of 7.516 mg 

in an -Al2O3 crucible, with a heating rate of 20 ºC 

min-1 in synthetic air purge gas with a flow of 100 

mL min-1. The kinetic evaluation was carried out 

by Capela and Ribeiro method8, and the curves 

were obtained using heating rates of 5, 10 and 20 

ºC min-1 and sample masses of around 2 and 5 mg, 

following the ICTAC Kinetics Committee 

recommendation10. The phase transition was 

evaluated by DSC curves in a equipament from TA 

Instruments, DSC 2910 model, between 40 and 200 

°C, with heating rates of 5, 10 and 20 °C min-1, 

aluminum crucible, either open or with crimped 

lids, in oxygen purge gas (50 mL min-1) or static 

air. 
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The X-ray diffraction patterns (XRD) were 

performed in a Siemens D-500 X-ray 

diffractometer using CuK radiation ( = 1.54056 

Å) and settings of 40 kV and 30 mA. 

The morphology study of this complex was 

performed by SEM, using a JEOL Scanning 

Electron Microscope, model JSM-T-330A at an 

accelerating voltage of 20 kV. The sample was 

covered with a thin and uniform layer of gold, by 

sputtering, using a vacuum evaporator. 

 

3. Results and discussion 

 

3.1 Thermal behavior 

 

Simultaneous TG/DTG-DTA curves of 

hydrated Mn(Diclof)2 are shown in Figure 1. The 

TG curve of the complex shows that the first mass 

loss of 2.65 % between 30 and 118 ºC, which can 

be attributed to the loss of one water molecule, 

corresponds to the broad endothermic event in 

DTA curve. The peak is seen in DTA curve 

between 155 and 182 ºC, having a maximum at 172 

ºC, without corresponding mass loss in TG curve. 

Thus, the material was heated to a temperature 

immediately higher than the exothermic peak, 

rapidly cooled and then heated again to verify if 

this reaction is reversible or not, or if an oxidation 

reaction occurs. Based on the above information, 

the exothermic event was attributed to the 

monotropic phase transition. After heating up to 

182 ºC, this monotropic transition was evaluated by 

XRD (see below Figure 2C), where it is possible to 

observe the absence of diffraction lines, which can 

be attributed to a non-crystalline complex. 
 

 
Figure 1. Simultaneous TG/DTG and DTA curves of 

Mn(Diclof)2.H2O in synthetic air, sample mass of 7.516 

mg, heating rate of 20 ºC min-1 in -Al2O3 crucible. 

 

Besides, Figure 1 shows that the complex has 

loss mass in three steps between 233 and 693 ºC. 

The first step has a mass loss of 40.02 %, and it is 

remarkable the presence of a weak endothermic 

event at 258 ºC. The presence of only one small 

endothermic event was attributed to the 

simultaneous reactions, which occur due to the 

thermal equilibrium between the exothermic and 

endothermic processes. The second and third steps 

of thermal decomposition occur between 355 and 

693 ºC, and the mass loss is 47.23 %. For this 

process, two exothermic peaks were observed in 

DTA curve. The analysis of the final residue, after 

a total mass loss, is in agreement with the formation 

of Mn3O4, which was confirmed by XRD (residue 

of Mn3O4 from TG: 89.56 % (obtained); 89.67 % 

(calculated)). 

The XRD powder patterns of the complex are 

shown in Figure 2 (A-C). These analyses reveal 

that this complex may exist in three conditions: 

hydrated (Fig. 2A), dehydrated (Fig 2B) and after 

the monotropic reaction (Fig. 2C). On the other 

hand, when this analysis was made under nitrogen 

purge gas after the temperature interval of 182 ºC, 

(Figure 2 D) it was seen that under this condition 

the complex is also non-crystalline. SEM 

micrographs (Figure 3 A-C) show no significant 

difference in the morphology of the hydrated and 

dehydrated complex, and after the monotropic 

phase transition. 
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Figure 2. Characteristic parts of X-ray diffraction patterns 

before (A) and after (B) dehydration step and (C) after the 

monotropic phase transition. The Fig. 3D corresponding 

to analysis in nitrogen purge gas, after the monotropic 

phase transition. 
 

 
Figure 3. Scanning electron microscopy: (A) showing 

the Mn(Diclof)2.H2O complex; (B) showing the 

Mn(Diclof)2 complex after dehydration stage and (C) 

showing the Mn(Diclof)2 complex after the monotropic 

phase transition. 
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Figure 4 shows the TG/DTG curves for 2 mg of 

Mn(Dicl)2.H2O recorded in a nitrogen purge gas, 

which is an example of the set curves obtained to 

extract the kinetic parameters. The analyses with 5 

mg of the complex were not included due to the 

significant similarity with the curves in Figure 1 

(mass losses are the same: 2 mg = 78.01 % and 5 

mg = 78.30 %). These curves show that the mass 

loss occurs in two steps, being: 1 – the first mass 

loss attributed to the dehydration in a single stage 

in the range from 30 to 110 ºC and 2 – the thermal 

decomposition in the range between 190 and 290 

ºC. 
 

 
Figure 4. TG/DTG curves of Mn(Diclof)2.H2O, sample 

mass around 2 mg, under nitrogen purge gas in -

Al2O3 crucible. 

 

The DSC curves (Figures 5 and 6) show the 

monotropic phase transition in a static air and 

oxygen purge gas. Both open and crimped lids 

aluminum crucibles conditions show the same 

exothermic event between 140 and 180 ºC, which 

is in agreement with DTA curve, as observed in 

Figure 1. Another aspect seen on these curves is the 

difference of displacement in monotropic phase 

transition peaks under an oxygen purge gas (Figure 

5) when the mass of the sample was 5 mg. The 

peaks shift and became broader. However, under 

static condition (Figure 6), the peaks are very close 

to each other, for both masses of the sample, 

suggesting overlapping reactions. This fact shows 

that the alteration in the monotropic phase 

transition in this complex is due to the oxygen 

conductivity that is favored, while in static air, the 

reaction does not occur with the same velocity, 

leading to a broad peak. 

 

 
Figure 5. DSC curves in oxygen purge gas, sample mass 

around 2 mg (A) and 5 mg (B) in open and crimped lids 

aluminum crucibles. 

 

 
Figure 6. DSC curves in static condition (without purge 

gas), sample mass around 2 mg (A) and 5 mg (B) in open 

and crimped lids aluminum crucibles 

 

3.2 Kinetic behavior 

 

The kinetic evaluation of dehydration and 

thermal decomposition was carried out from three 

TG curves, with two masses and only in nitrogen 

purge gas. The kinetic evaluation was also 

performed by three DSC curves under oxygen 

purge gas and static condition (without purge gas)5-

7. 
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Figure 7 shows the plot of the heating rate () 

as a function of the 1000/RT, obtained from 

decomposition stage with mass of 2 mg (TG 

curves), which allows determining the adjustment 

of activation energy (Ea) for each fixed value of . 
 

 
Figure 7. Diagram of  versus conversion degree ( - 

50 %) in the decomposition step of 2 mg with the 

adjustment functions. 

 

3.2.1 Dehydration and decomposition stages  

 

The association between the activation energy 

(Ea) versus conversion degree () values from 

dehydration and decomposition stages are shown in 

Figure 8, and the values of activation energy are 

shown in Table 1. 

 

 
Figure 8. The calculated Ea/kJ mol-1 as a function of  

for the dehydration and decomposition processes. 

 

Table 1. Ea (kJ mol-1) and correlation coefficient (r) for the dehydration, thermal decomposition and 

monotropic phase transition 

sample mass *Ea *r  sample mass *Ea *r 

2 mg 

dehydration 
67.2  0.2 0.99127  2 mg 

Monotropic reaction 

(crimped lids) 

static condition 

198.56  

0.08 

0.99691 

5 mg 

dehydration 
77.29  0.06 0.99525  5 mg 

Monotropic reaction 

(crimped lids) 

static condition 

270.8  0.2 0.99835 

2 mg 

decomposition 
110.7  0.09 0.99810  2 mg 

Monotropic reaction 

(crimped lids) 

oxygen purge gas 

142.91  

0.03 

0.99995 

5 mg 

decomposition 
107.8  0.1 0.99716  5 mg 

Monotropic reaction 

(crimped lids) 

oxygen purge gas 

150.91  

0.06 

0.99813 
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2 mg 

Monotropic 

reaction (open) 

static condition 

213.56  

0.02 

0.99150  2 mg 

Monotropic reaction 

(open) 

oxygen purge gas 

118.21  

0.03 

0.99964 

5 mg 

Monotropic 

reaction (open) 

static condition 

218.74  

0.09 

0.99250  5 mg 

Monotropic reaction 

(open) 

oxygen purge gas 

125.37  

0.05 

0.99982 

*Average  

 

For the dehydration step, the samples showed a 

tendency to maintain the same behavior. In fact, as 

the water loss is relatively small, the adjustment of 

the temperatures of the TG curves gives very close 

results, and therefore, the activation energy values 

are similar. It occurs when the displacement of the 

TG or DTG curves is not observed with varying the 

temperature. 

For the thermal decomposition process, the 

activation energy has a similar behavior for both 

masses used, but in this case, there was the 

displacement of the TG curves, which shows that 

the amount of mass used makes no difference in the 

kinetic behavior. Also, as observed in DTG curves 

(Figure 4), the thermal decomposition, for each 

heating rate, occurs in only one step, that is, 

without apparent overlapping reactions. 

 

3.2.2 Monotropic phase transition step 

 

The average activation energy values for the 

monotropic phase transition under static and 

oxygen purge gases are shown in Table 1. Figure 9 

depicts the activation energy versus conversion 

degree (). 

As mentioned above about the behavior of DSC 

curves, the activation energy values under oxygen 

purge (Figure 9B) are smaller than in static 

condition (Figure 9A), but, show the same 

tendency in both conditions. This demonstrates that 

the kinetic reaction has the same behavior. In fact, 

the conductivity of the oxygen associate to the heat 

flow favors the reaction when compared to static 

air. This can be proved by the highest activation 

energy for this last condition using sample mass of 

2 mg or 5mg, open or crimped lids aluminum 

crucible. 

 
Figure 9, The calculated Ea/kJ mol-1 under static 

condition (without purge gas) (A) and oxygen purge gas 

(B) as a function of  for the monotropic phase 

transition 

 

4. Conclusions 

 

The thermal behavior of Mn(II)-diclofenac 

complex was studied with two sample masses as 

well as it was established the stoichiometry of this 

complex as Mn(Diclof)2.H2O. The thermal 

evaluation shows steps regarding dehydration, 

monotropic phase transition, and decomposition 

which could be evaluated from activation energy 

values. The results of activation energy for 

dehydration and decomposition steps showed that 
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both samples have similar behavior for the 

different sample masses used in the assays. The 

kinetic evaluation of monotropic phase transition 

showed that activation energy is dependent on the 

experimental conditions. The XRD patterns show 

the non-crystalline form and SEM micrograph 

indicate no significant change in the structure 

before thermal decomposition. 

 

5. Acknowledgments 

 

CAPES, IPT – Instituto de Pesquisas 

Tecnológicas do Estado de São Paulo by TG curves 

and we would like to thank the LME-IQ for the 

SEM facilities. 

 

 

6. References 

 

[1] Issa, R. M., Gaber, M., Al-Wakiel, N. A., 

Fathalla, S. K., Synthesis, Spectral, Thermal and 

Biological Studies of Mn(II), Co(II), Ni(II) and 

Cu(II) Complexes with 1-(((5-Mercapto-1H-1,2,4-

triazol-3-yl)imino)-methyl)naphthalene-2-ol, 

Chin. J. Chem. 30 (2012) 547-557. 

https://doi.org/10.1002/cjoc.201280004. 

 

[2] El-Ghamry, H. A., Sakai, K., Masaoka S, El-

Baradie, K.Y., Issa, R. M., Preparation, 

Characterization, Biological Activity and 3D 

Molecular Modeling of Mn(II), Co(II), Ni(II), 

Cu(II), Pd(II) and Ru(III) Complexes of Some 

Sulfadrug Schiff Bases, Chin. J. Chem. 30 (2012) 

881-890. https://doi.org/10.1002/cjoc.201280024. 

 

[3] Khalaji, A. D., Rad, S. M., Grivani, G., Rezaei, 

M., Gotoh, K., Ishida, H., Cobalt(III) Complex 

[CoL3] Derived from an Asymmetric Bidentate 

Schiff Base Ligand L (L=(5-Bromo-2-

hydroxybenzyl-2-furylmethyl)-imine): Synthesis, 

Characterization and Crystal Structure, Chin. J. 

Chem. 29 (2011) 1613-1622. 

https://doi.org/10.1002/cjoc.201190241. 

 

[4] Cong, C. J., Hong, J. H., Luo, S. T., Tao, H. B., 

Zhang, K. L., Kinetics of Thermal Decomposition 

of Zn1–xMnxC2O4·2H2O in Air, Chin.J. Chem. 

24 (2006) 499-503. 

https://doi.org/10.1002/cjoc.200690096. 

 

[5] Kobelnik, M., Cassimiro, D. L., Dias, D. S., 

Ribeiro, C. A., Crespi, M. S.,Thermal Behavior of 

Sr(II) and Ba(II)-Diclofenac Complexes in Solid 

State: Study of the Dehydration and Thermal 

Decomposition, J. Chin. Chem. 29 (2011) 2271-

2277. https://doi.org/10.1002/cjoc.201180391. 

 

[6] Kobelnik, M., Cassimiro, D. L., Almeida, A. E., 

Ribeiro, C. A., Crespi, M. S., Study of the thermal 

behavior of Al(III) and In(III)-diclofenac 

complexes in solid state, J. Therm. Anal. Cal. 105 

(2011) 415-419. https://doi.org/10.1007/s10973-

010-1266-y. 

 

[7] Kobelnik, M., Ribeiro, C. A., Dias, D. S., 

Almeida, S., Crespi, M. S., Capela, J. M. V., Study 

of the thermal behavior of the transition phase of 

Co(II)–diclofenac compound by non-isothermal 

method, J. Therm. Anal. Cal. 105 (2011) 467-471. 

https://doi.org/10.1007/s10973-010-1208-8. 

 

[8] Cassimiro, D. L., Ribeiro, C. A., Capela, J. M. 

V., Crespi, M. S., Capela, M. V., Kinetic 

parameters for thermal decomposition of 

supramolecular polymers derived from flunixin-

meglumine adducts, J. Therm.Anal. Calorim. 105 

(2011) 405–410. https://doi.org/10.1007/s10973-

010-1116-y. 

 

[9] Capela, J. M. V., Capela, M. V., Ribeiro, C. A., 

Rational approximations of the Arrhenius integral 

using Jacobi fractions and gaussian quadrature, J. 

Mathem. Chem. 45 (2009) 769–775. 

https://doi.org/10.1007/s10910-008-9381-8. 

 

[10] Vyazovkin. S., Chrissafis, K., Di Lorenzo, M. 

L., Koga, N., Pijolat, M., Roduitf, B., Sbirrazzuoli, 

N., Suñol, J. J., ICTAC Kinetics Committee 

recommendations for collecting experimental 

thermal analysis data for kinetic computations, 

Therm. Acta. 590 (2014) 1-23. 

https:/doi.org/10.1016/j.tca.2014.05.036. 

https://doi.org/10.26850/1678-4618eqj.v43.1.59-66
https://doi.org/10.1002/cjoc.201280004
https://doi.org/10.1002/cjoc.201280004
https://doi.org/10.1002/cjoc.201280004
https://doi.org/10.1002/cjoc.201280004
https://doi.org/10.1002/cjoc.201280004
https://doi.org/10.1002/cjoc.201280004
https://doi.org/10.1002/cjoc.201280004
https://doi.org/10.1002/cjoc.201280024
https://doi.org/10.1002/cjoc.201280024
https://doi.org/10.1002/cjoc.201280024
https://doi.org/10.1002/cjoc.201280024
https://doi.org/10.1002/cjoc.201280024
https://doi.org/10.1002/cjoc.201280024
https://doi.org/10.1002/cjoc.201280024
https://doi.org/10.1002/cjoc.201190241
https://doi.org/10.1002/cjoc.201190241
https://doi.org/10.1002/cjoc.201190241
https://doi.org/10.1002/cjoc.201190241
https://doi.org/10.1002/cjoc.201190241
https://doi.org/10.1002/cjoc.201190241
https://doi.org/10.1002/cjoc.201190241
https://doi.org/10.1002/cjoc.201190241
https://doi.org/10.1002/cjoc.200690096
https://doi.org/10.1002/cjoc.200690096
https://doi.org/10.1002/cjoc.200690096
https://doi.org/10.1002/cjoc.200690096
https://doi.org/10.1002/cjoc.200690096
https://doi.org/10.1002/cjoc.200690096
https://doi.org/10.1002/cjoc.201180391
https://doi.org/10.1002/cjoc.201180391
https://doi.org/10.1002/cjoc.201180391
https://doi.org/10.1002/cjoc.201180391
https://doi.org/10.1002/cjoc.201180391
https://doi.org/10.1002/cjoc.201180391
https://doi.org/10.1007/s10973-010-1266-y
https://doi.org/10.1007/s10973-010-1266-y
https://doi.org/10.1007/s10973-010-1266-y
https://doi.org/10.1007/s10973-010-1266-y
https://doi.org/10.1007/s10973-010-1266-y
https://doi.org/10.1007/s10973-010-1266-y
https://doi.org/10.1007/s10973-010-1208-8
https://doi.org/10.1007/s10973-010-1208-8
https://doi.org/10.1007/s10973-010-1208-8
https://doi.org/10.1007/s10973-010-1208-8
https://doi.org/10.1007/s10973-010-1208-8
https://doi.org/10.1007/s10973-010-1208-8
https://doi.org/10.1007/s10973-010-1116-y
https://doi.org/10.1007/s10973-010-1116-y
https://doi.org/10.1007/s10973-010-1116-y
https://doi.org/10.1007/s10973-010-1116-y
https://doi.org/10.1007/s10973-010-1116-y
https://doi.org/10.1007/s10973-010-1116-y
https://doi.org/10.1007/s10973-010-1116-y
https://doi.org/10.1007/s10910-008-9381-8
https://doi.org/10.1007/s10910-008-9381-8
https://doi.org/10.1007/s10910-008-9381-8
https://doi.org/10.1007/s10910-008-9381-8
https://doi.org/10.1007/s10910-008-9381-8
https://doi.org/10.1016/j.tca.2014.05.036
https://doi.org/10.1016/j.tca.2014.05.036
https://doi.org/10.1016/j.tca.2014.05.036
https://doi.org/10.1016/j.tca.2014.05.036
https://doi.org/10.1016/j.tca.2014.05.036
https://doi.org/10.1016/j.tca.2014.05.036
https://doi.org/10.1016/j.tca.2014.05.036

