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A B S T R A C T   

Porphyrins are an important class of ligands with a tremendous ability to capture metal ions closely related to the 
rich coordination chemistry of porphyrins. Herein we use this characteristic to develop silica gel grafted de
rivatives for water remediation applications. Therefore, two porphyrin derivatives, one with three and the other 
with four mercaptopyridyl units were grafted on silica gel functionalized with 3-aminopropyltriethoxysilane. The 
new adsorbents Si3PyS and Si4PyS were characterized using a suitable set of techniques confirming the covalent 
attachment of the porphyrins to the silica surface. Additionally, microscopy and N2 adsorption analysis 
confirmed the structural integrity and preservation of the mesoporous structure of Si during surface modifica
tion. The results show that both hybrid materials exhibit good chemical and thermal stability and an outstanding 
Cu2+ removal capability, with a chemical adsorption capacity of 176.32 mg g–1 and 184.16 mg g–1, respectively. 
These materials have also been used in real water and industrial wastewater samples with minimal interference 
in their adsorption capabilities. Density Functional Theory calculations were performed to confirm the good 
performance of the hybrid materials Si3PyS and Si4PyS towards metal ions. The functionalization of silica 
surface with porphyrin-based ligands bearing additional binding motifs drastically improves the adsorption 
capability of the new hybrids towards metal ions. The presence of pyridyl units brings a meaningful advantage, 
since both porphyrin core and appended pyridyl groups are able of binding Cu2+ ions with high affinity, 
contributing to the enhancement of the chelating features of the adsorbents prepared when compared with other 
ligands supported in silica-based materials.   

1. Introduction 

Nowadays, the appearance of a large panoply of contaminants of 
emerging concern (e.g. personal care products, hormones, pharmaceu
tically active compounds or industrial chemicals where are included 
hazardous metal ions) in residual water prompted the scientific com
munity to develop advanced treatment processes to remove them in 
wastewater plants [1–5]. In particular, in industrial areas, pollution by 
hazardous metal ions has turned out one of the major threats to the 
environment as well as public health, since they are not biodegradable, 
and consequently their accumulation in the environment can reach 
hazardous concentrations levels [6]. Long-term exposure to potentially 
toxic metals ions, such as Cu2+, Pb2+, Cd2+, and Zn2+ are being 

associated with liver and kidney damage, reduction in hemoglobin 
formation, hypertension, testicular atrophy diseases or itching, lung 
cancer, memory or concentration problems, kidney failure, and nervous 
diseases [7–9]. 

Hazardous metal ions are released into the environment either by 
industrial activity or as natural deposits present in the Earth crust [10]. 
Industrial activities related to mining, metal fishing, plating, storage 
batteries and semiconductors are, among others, the major sources for 
the release of heavy metals into the wastewater. Advanced wastewater 
treatment processes are essential for removing residual pollutants that 
remain in wastewater after primary and biological treatment, including 
hazardous metal ions that microorganisms are unable to degrade. 
Removal of hazardous metal ions is a crucial step that must be 
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performed before water release. This is necessary to ensure the safety 
and cleanliness of the wastewater before it is discharged into the envi
ronment or reused for other purposes. Therefore, in recent years, the 
removal of hazardous metals from natural waters and wastewater is 
attracting increasing attention from the scientific community. 
Numerous methods and techniques have been developed to address this 
issue, including adsorption [11], reverse osmosis [12], flotation [13], 
coagulation [14], ion exchange [15], chemical precipitation [16] and 
membrane filtration [17]. However, these techniques have several dis
advantages, such as high operation costs, the use of a larger amount of 
chemicals, high sludge production, and secondary pollution [18,19]. 
Among the various remediation options, those based on material 
adsorption capabilities are recognized as the most promising for the 
removal of metals and micro-pollutants from natural and wastewater 
[20]. In fact, adsorption techniques are highly regarded due to their high 
efficiency, simplicity, low cost, and low environmental impact [21,22]. 
Hence, a variety of adsorbents like clay [23], activated carbon [24], 
zeolite [25], bentonite [26], graphene oxide [27], and cellulose [28] 
were applied to eliminate hazardous metal ions from aquatic systems. 
Among these adsorbents, mesoporous materials such as functional silica 
gel has gained considerable attention and owns its popularity to its high 
specific surface area, large pore size, low cost, feasibility, high thermal 
and mechanical stability, and low toxicity [29–32]. In addition, due to 
its high specific surface area (usually over 300 m2 g–1) [33], tailored 
pore shapes and sizes, silica hybrid materials have already found 
application in the removal of hazardous metal ions [34], catalysis 
[35–37], and sensors [38]. In this context, the combination of meso
porous silicas with the porphyrin coordination chemistry can increase 
the adsorption capabilities of these materials and enhance specificity 
[39–45]. Indeed, the nitrogen atoms in the tetrapyrrolic core, due to 
their solid electron-donor properties, can act as ligand sites to attract 
metal ions and consequently allow their sensing or elimination with 
high efficiency [46,47]. Hence, the remarkable interest in 
porphyrin-functionalized silica hybrid materials is justified by their 
main characteristics, such as biocompatibility and high chemical resis
tance [48,49]. The multiple reuse and easy separation are the major 
benefits brought by these materials and can be combined with other 
treatments in a multi-barrier treatment line [50]. 

Density Functional Theory (DFT) calculations can explain relevant 
concepts and challenges found in different fields of chemistry [51–53], 
biology [54,55], and material sciences [56–58]. In line with this, DFT 
calculations have recently shown very good efficiency in understanding, 
interpreting, and predicting the behavior of a wide range of molecular 
properties involving metal coordination [59–67]. 

In this work, we describe the synthesis and the adsorption efficacy 
towards hazardous metal ions of two-novel inorganic-organic hybrid 
materials Si3PyS and Si4PyS, prepared by the functionalization of silica 
gel with porphyrin ligands substituted with three and four mercapto
pyridyl units. The adsorption ability of the new hybrids with extra 
chelating units besides the porphyrin inner core was evaluated towards 
Cu2+, Pb2+, Cd2+ and Zn2+ ions in aqueous solutions. In this selection, 
we consider that these metal ions are common hazardous pollutants 
introduced into natural waters from different industries including those 
related to textiles, leather tanning, electroplating and metal finishing 
processes. Furthermore, the effects of pH, shaking time, kinetics, ther
modynamic properties, selectivity, regeneration, and the application to 
real water were measured and discussed in detail. The electronic prop
erties of Si3PyS and Si4PyS were investigated using DFT-B3LYP cal
culations, and the energies and the coordination sites of the materials 
with the hazardous metal ions were also evaluated. 

2. Materials and methods 

2.1. Synthesis of ligands L1 and L2 

The porphyrins 5-(pentafluorophenyl)-10,15,20-tris(2,3,5,6- 

tetrafluoro-4-(pyridin-4-ylthio)phenyl)porphyrin (L1) and 5,10,15,20- 
tetrakis(2,3,5,6-tetrafluoro-4-(pyridin-4-ylthio)-phenyl)porphyrin (L2) 
were obtained from 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin 
according with procedures reported in the literature [68–71]. 

2.2. Synthesis of 3-aminopropyl silica (SiPn) 

Silica gel (Merck; 70–230 mesh, 60 Å) was activated before use by 
heating it at 120 ◦C for 24 h. Activated silica-gel (30 g) was dispersed in 
dried toluene (200 mL) in a two necked round bottom flask and refluxed 
with magnetic stirring under nitrogen atmosphere for 2 h. Subsequently, 
3-aminopropyltrimethoxysilane (13 mL) was gradually added into the 
solution and refluxed for 24 h. The final product was filtered and washed 
sequentially with toluene and ethanol. The resulting solid was purified 
by Soxhlet extraction with a mixture of ethanol and dichloromethane 
(1:1) for 12 h, to remove the remain silylating agent [34,72]. Finally, the 
3-aminopropylsilica (SiPn) was dried under vacuum at 40 ◦C for 24 h. 
The yield of 3-aminopropyl group grafted on the silica gel surface was 
58%. 

2.3. Synthesis of the inorganic-organic hybrids Si3PyS and Si4PyS 

The preparation of Si3PyS and Si4PyS, involved the reflux in dry 
DMF (60 mL) of 3-aminopropylsilica prepared in the previous step 
(SiPn) (3 g) with porphyrin ligands L1 or L2 (ca. 200 mg) under nitrogen 
atmosphere during 48 h. Thereafter, the mixtures were allowed to cool 
to room temperature and the solids were filtered and transferred to a 
Soxhlet extraction apparatus for sequential reflux-extraction using DMF, 
ethanol and dichloromethane. UV–Vis analysis of the solutions resulting 
from the washing process did not show the presence of the free ligands 
L1 or L2 confirming their quantitative attachment to SiPn. The final 
materials Si3PyS and Si4PyS were dried under vacuum at 40 ◦C for 1 h. 

2.4. Batch adsorption experiments 

Batch experiments were performed in order to evaluate the impact of 
the contact time, pH and temperature in the adsorption process. 
Adsorption experiments were conducted under standard conditions, 
which were determined based on the effects of the adsorbent dose and 
concentration (data not shown). In the experiment, 10 mg of either 
Si3PyS or Si4PyS was stirred in 10 mL of an aqueous solution containing 
200 mg L-1 of each metal salt [Cu(NO3)2⋅3H2O, Pb(NO3)2⋅6H2O, Cd 
(NO3)2⋅6H2O, and Zn(NO3)2⋅6H2O] in 50 mL flasks at room tempera
ture. The pH values of the Cu2+, Pb2+, Zn2+, and Cd2+ solutions were 
adjusted from 1 to 7 using diluted aqueous HCl or NaOH solutions. The 
effect of contact time was studied from 5 to 120 min at 25 ◦C and the 
optimum pH. The adsorption thermodynamics were investigated at 
different temperatures (25, 35, and 45 ◦C) for 30 min at optimum pH. 
After the removal of hazardous metal ions, the solid phase was separated 
by filtration using a 0.45 µm nylon membrane. The concentration of 
each metal ion was determined by atomic absorption measurements, 
and Eq. (1) was used to calculate the metal uptake in mg per unit mass of 
adsorbent: 

qe = (C0 − Ce) ×
V
m

(1)  

where qe (mg g–1) is the adsorption amount, C0 (mg L-1) is the initial 
concentration, Ce (mg L–1) is the final equilibrium concentration, V (L) is 
the volume of the solution, and m (g) represents the weight of the 
adsorbent. 

These studies were not conducted with the ligands L1 or L2 before 
immobilization on SiPn because of their low solubility in water, which 
results in insoluble aggregates. 
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2.5. General remarks 

13C solid Nuclear Magnetic Resonance (NMR) spectra were recorded 
on a Bruker Avance III 400 spectrometer. Scanning electron microscopy 
(SEM - Hitachi S4100 equipped with energy dispersion spectroscopy) 
was used to characterize the silica particles. Brunauer–Emmett–Teller 
(BET)/Barrett–Joyner–Halenda (BJH) determination of the specific 
surface area and pore size distribution was achieved by using a Micro
meritics Gemini 2380 surface area analyser with ca. 50 mg weight. 
Elemental analyses were performed on a LECO CHNS-932 apparatus. 
Attenuated Total Reflectance Transmission Fourier Transform Infrared 
(ATR-FTIR) spectra were registered on an FT Mattson 7000 galaxy series 
spectrophotometer. The nitrogen adsorption-desorption was obtained 
by means of a Thermoquest Sorpsomatic 1990 analyser. Solid UV–Vis 
absorption spectra in the spectral range 350–800 nm were registered 
using a JASCO V-560 spectrophotometer (JASCO International Co., Ltd., 
Tokyo, Japan). The mass loss determinations were performed in 90:10 
oxygen/nitrogen atmosphere on a TGA Q50 V6.7 Build 203 instrument, 
at a heating rate of 10 ◦C min− 1. Atomic absorption measurements were 
performed at the University of Oujda, Morocco using a Spectra Varian A. 
A. 400 spectrophotometer. All the chemicals and solvents were of 
analytical grade and were used without further purification. 

2.6. Computational details 

The geometries of Si3PyS and Si4PyS were optimized using 
Gaussian 09 software [73] with the B3LYP approach [74] at the 6–31 G 
(d,p) basis set [75]. The surface analysis of the molecular electrostatic 
potential (MESP) have been carried out using MultiWFN [76] and VMD 
Software [77]. 

3. Results and discussion 

3.1. Ligand synthesis 

The ligands 5-(pentafluorophenyl)-10,15,20-tris(2,3,5,6-tetrafluoro- 
4-(pyridin-4-ylthio)phenyl)porphyrin (L1) and 5,10,15,20-tetrakis 
(2,3,5,6-tetrafluoro-4-(pyridin-4-ylthio)-phenyl)porphyrin (L2) were 
synthesized from 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin ac
cording to a procedure previously reported in the literature [68–71]. 
The one pot synthesis was achieved via controlled nucleophilic aromatic 
substitution of three and four p-fluorine atoms from the starting scaffold 
(5,10,15,20-tetrakis(pentafluorophenyl)porphyrin) with 4 equivalents 
of 4-mercaptopyridine in the presence of diethylamine. Silica gel col
umn chromatography with 5% MeOH/DCM was used to separate L1 
from L2. 

The synthetic route to the new adsorbents is summarized in Scheme 
1 and the first step involved the reaction of activated silica gel with 3- 

Scheme 1. Synthetic route to prepare the inorganic-organic hybrid materials Si3PyS and Si4PyS.  
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aminopropyltrimethoxysilane in dry toluene in order to introduce 
pendant amino groups on the silica surface [6]. The second step involved 
the reaction of the amino-functionalized silica with L1 or L2 in refluxing 
DMF for 48 h under a N2 atmosphere. After this period, and a careful 
removal of any non-immobilized ligand by using a Soxhlet extraction in 
the presence of suitable solvents, the new chelating sorbent materials 
Si3PyS and Si4PyS were isolated as brown powders (Scheme 1). It is 
worth mentioning that porphyrin-based ligands L1 and L2 were suc
cessfully attached to the silica particles surface SiPn in almost quanti
tative yields. This was confirmed by the absence of porphyrin 
characteristic bands in the UV–Vis spectra of the organic solvents used to 
wash the new materials after the immobilization processes. 

The attachments proposed were based on the reactivity in solution of 
5,10,15,20-tetrakis(pentafluorophenyl)porphyrin with nucleophiles 
[78]. These reactions occur in a stepwise manner, with the para fluorine 
atoms being the first to be substituted. Therefore, we believe that for 
Si3PyS, the attachment to the silica surface via an amino bond occurred 
at the pentafluorophenyl ring non-substituted with pyridyl units. For 
Si4PyS, the attachment at the meta position was proposed considering 
that this position is less subjected to steric hindrance effects than the 
ortho positions because of the proximity of the porphyrinic core. 
Although, the possibility to occur di-substitution cannot be eliminated in 
both systems, we believe that the mono-substitution is the main process 
considering the diluted conditions used to do the ligand immobilization 
and the steric hindrance on porphyrins already linked to the silica 
surface. 

3.2. Material characterization 

3.2.1. Elemental analysis 
The elemental analysis of carbon and nitrogen in SiPn allowed the 

identification of the relative percentages of the new elements introduced 
on the silica surface (Table 1). Thus, the SiPn microanalysis (%C = 5.03 
and %N = 1.63) confirmed that the majority of the three methoxy 
groups were substituted by silanol. Considering the 13C NMR analysis 
(vide infra Section 3.2.6) there are two distinct types of aminopropyl 
moieties fixation on the silica surface, bonds just with silanol groups and 
to a lesser extent involving a methoxy group (ratio of ca. 11:1). In 
addition, a further increase in the percentage of these elements was 
observed in the Si3PyS and Si4PyS materials. Accordingly, the C/N 
ratio is more significant than in SiPn, meaning that porphyrin ligands 
were successfully immobilized onto the silica surface throughout 
nucleophilic substitution reaction of fluorine atoms by the amino 
groups. In addition, Table 1 lists the grafting amount (A), in millimoles 
and milligrams of ligand per gram of silica, and the coverage of the silica 
surface was evaluated according to the Berendsen and Golan equation 
[79]. 

3.2.2. FTIR 
The chemical modifications performed on the silica-gel materials 

were evaluated by FTIR spectroscopy (Fig. 1). The silica-gel alone (Si) 
exhibits the characteristic broad and intense bands attributed to the 
SiO–H stretching vibration at 3462 cm-1 and a band attributed to Si–OH, 
at 1638 cm-1 [6]. The intense bands at 1096 cm-1 and 972 cm-1 resulted 
from Si–O–Si stretching and Si-O vibrations [80]. By comparison the 
SiPn spectrum shows the expected peaks at 2979 cm-1 and 1563 cm-1 

corresponding to ѵ(C–H) and ѵ(NH2) stretching vibrations ascribed to 
the newly introduced 3-aminopropylsilane moiety [81]. Consequently, 
the spectra of Si3PyS and Si4PyS materials reveal a band at 1541 cm-1 

attributed to the vibration of the N-H bond of the secondary amine, and 
the appearance of new characteristic bands around 1647 cm-1, 
1469 cm-1 and 555 cm-1 results from the ѵ(C––N), ѵ(C––C) and ѵ(C-S) 
vibrations of the porphyrins L1 and L2. These bands indicate the covalent 
successful grafting of these derivatives onto the silica-gel. 

3.2.3. UV–Visible 
The UV–Vis spectra of L1 and L2 both in liquid (recorded in DMSO at 

298 K) and solid state are depicted in Fig. 2A and B. The comparison of 
the solid-state UV–vis spectra of both ligands L1 and L2, and inorganic- 
organic hybrid materials Si3PyS and Si4PyS, exhibits the typical 
UV–Vis features of meso-tetraarylporphyrins with a strong Soret band at 
416 (L1) and 421 (L2) nm followed by weaker absorption Q bands 
ranging from 509 to 678 nm (Fig. 2A). In comparison with the liquid 
state UV–Vis, the typical bands of L1 and L2 appear slightly red-shifted 
ca. 3 nm and the Soret band is much broader in the solid-state UV–Vis. 

The analysis of the diffuse reflectance UV–Vis spectra of Si3PyS and 
Si4PyS confirms the successful grafting of L1 and L2 at the silica particle 
and the concomitant attainment of the intended inorganic-organic hy
brids. The solid-state UV–Vis spectra of the hybrids Si3PyS and Si4PyS 
show a Soret band 5 nm blue-shift in the solid-state UV–Vis spectra of 
the corresponding free ligand, with absorption maxima at 414 and 
419 nm, respectively. In contrast, a 6 nm red-shift in the Q-bands region 
was observed after the immobilization of L1 and L2. 

3.2.4. XRD analysis 
Fig. 3 shows the XRD patterns of free silica Si, 3-aminoproyl-silica 

SiPn, Si3PyS and Si4PyS. In both hybrids, the peak of diffraction 
(110) shows a step decrease of intensity when compared with Si or SiPn 
indicating that the incorporation of organic groups affected the structure 
of the pores. Additionally, a relatively broad diffraction peak at low 2θ 
was observed after grafting the organic moieties on silica gel surface. 
Furthermore, the reduction in peak intensity can be ascribed to the 
decline in silica content following immobilization. The increase in 
porphyrin concentration (mmol g-1), which can cause a decrease in the 
silica content within the structure, may lead to a reduction in intensity. 
This is agreement with the successful modification of silica gel by the 
organic ligands. 

3.2.5. Scanning electron micrographs 
Fig. 4a-d compares the scanning electron microscopy (SEM) images 

Table 1 
Elemental analysis of SiPn, Si3PyS and Si4PyS.  

Sample % C % N Ratio 
C/N 

A (mmol of 
Ligand/g 
silica) 

A (mg of 
Ligand/g 
silica) 

Coverage 
degree (μmol 
m-2) 

SiPn  5.03  1.63  3.09 - - - 
Si3PyS  8.44  1.45  5.82 0.0482 60.16 3.52 
Si4PyS  9.47  1.52  6.23 0.0578 76.31 4.47  

Fig. 1. FT-IR Spectra of silica-gel (Si), 3-aminopropylsilica (SiPn), and of the 
hybrids Si3PyS and Si4PyS. 
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recorded for the non-functionalized silica Si, the amino-functionalized 
silica SiPn and silica-based hybrids Si3PyS and Si4PyS. From the 
morphological analysis, it was possible to observe a significant decrease 
in the silica-based particle size after their functionalization with L1 and 
L2. The higher amount of organic components leads to partial aggre
gation of inorganic-organic hybrid particles. 

Also, a significant increase of the surface roughness is noticeable in 
the functionalized Si3PyS and Si4PyS hybrid materials when compared 
with Si and SiPn whose surfaces are much smoother. This morphology 
was confirmed by the analysis of magnified Si3PyS and Si4PyS particles 
using SEM and scanning transmission electron microscopy (STEM), 
which are very sensitive to variations in the surface structure (Fig. 4e-h). 

It is worth emphasizing that rough surfaces generally exhibited 
better metal cation adsorption features [82]. The roughness displayed 
by the inorganic-organic hybrid materials Si3PyS and Si4PyS is also an 
indication of a successful grafting of the porphyrin-based ligands L1 and 
L2 onto the silica surface. 

3.2.6. 13C NMR solid state 
The novel hybrid materials Si3PyS and Si4PyS were also charac

terized by solid state 13C NMR spectroscopy and the resulting spectra are 
shown in Fig. 5; for comparison the spectrum of SiPn is also depicted in 
the same figure. The signals observed for 3-aminopropylsilica SiPn at δ 
9.8, δ 23.1 and δ 42.8 ppm were assigned to the resonances of the propyl 
carbon Si-CH2, -CH2- and N-CH2, respectively. The peak at δ 48.05 ppm 
may be attributed to the carbon resonance of some methanol (resulting 
from the hydrolysis of 3-aminopropyltrimethoxysilane) adsorbed on the 
SiPn. The signal at δ 51.1 ppm was assigned to the resonance of the non- 
substituted methoxy carbon (–OCH3) in which the pendant aminopropyl 
arm is linked by only two silanol bonds (represent less than 10%) [83]. 
For the materials Si3PyS and Si4PyS, the signals of silica backbone are 
accompanied with new signals appearing between δ 109.1 and δ 
164.1 ppm corresponding to the resonance of the aromatic carbons of 
the porphyrinic entities. 

3.2.7. TGA analysis and thermal stability 
The thermal stabilities of the final materials Si3PyS and Si4PyS were 

determined by thermogravimetric analysis and the results were 
compared with those obtained for Si and SiPn (Fig. 6). The first loss of 
2.75% observed for free silica (Si) in the range between 25 and 110 ºC is 

Fig. 2. (A) Absorption spectra of L1 and L2 in DMSO at 298 K ([L1] = [L2] = 3 x 10-6 M) and (B) solid-state UV–vis spectra of Si3PyS and Si4PyS (solid lines) and of 
ligands L1 and L2 (short dashed lines). 

Fig. 3. X-ray diffraction patterns of free silica Si, aminopropyl-silica SiPn and 
the materials Si3PyS and Si4PyS. 
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attributed to the release of physiosorbed water molecules and the second 
loss of 0.89% from 110 to 800 ºC to the condensation of silanol groups 
bonded to the surface [84,85]. The 3-aminopropyl-silica (SiPn) presents 
an additional weight loss, after the drainage of physically adsorbed 
water, mainly due to the presence of the extra organic arm. The final 
materials Si3PyS and Si4PyS, also showed an increase of mass loss due 
to the decomposition of the porphyrin immobilized on the surface of 
silica gel, with condensation of the remaining silanol groups. This in
crease in mass loss reflects the high amount of the anchored organic 

groups. 

3.2.8. Surface properties 
Fig. 7 shows the nitrogen adsorption–desorption isotherms for SiPn, 

Si3PyS and Si4PyS, which are of type IV and clearly indicate meso
porous features. The volume adsorbed on silica increased steeply at a 
relative pressure of P/P0 ~ 0.7, which represents capillary condensation 
of nitrogen within the uniform mesoporous structure. The inflection 
position is shifted towards lower relative pressures and nitrogen volume 

Fig. 4. SEM images of free silica Si (a), SiPn (b), Si3PyS (c), and Si4PyS (d) at x300 magnification. SEM (e and f) and STEM images of Si3PyS (g) and Si4PyS (h) at 
an x300K magnification. 
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decreases with functionalization [86]. The density of the pendant groups 
covalently attached to the inorganic silica backbone changes the original 
characteristics of the surface. Thus, the initial specific surface area (SBET) 
of 434.65 ± 4.61 m2 g− 1 (Si) decreases as the immobilization takes 
place to give 328.75 ± 5.56 m2 g− 1 (SiPn). A decrease in SBET is mainly 
due to the presence of the organic moieties that can block the access 
nitrogen to the silica base. On the other hand, we observed that Si3PyS 
and Si4PyS, has a supplementary decrease BET surface area as addi
tional groups immobilization takes place to give 259.82 ± 12.97 m2 g− 1 

and 222.97 ± 1.89 m2 g− 1, respectively. In addition, the average pore 
size 46.358 Å (SiPn), 57.488 Å (Si3PyS) and 63.199 Å (Si4PyS) 
increased after the modification as a result of clogging in the smaller 
pores. It can be inferred that the surface roughness has increased, as 
evidenced by SEM imaging, or to the pore plugging of the support by the 
ligand. The changed surface area in Si3PyS and Si4PyS, are therefore 
attributable to the grafted of porphyrin ligands where the presence of 
the extra mercaptopyridyl unit in Si4PyS in the fluorophenyl linkage 
unit is probably responsible by a slightly less effective blockage of the 
mesopores of the silica-gel. This difference in the unit linkage is 

corroborated by the thermogravimetric analysis where an extra weight 
loss (ca 10%) at higher temperatures is observed for Si3PyS when 
compared with Si4PyS (Fig. 6). 

3.3. Adsorption studies 

3.3.1. pH effect 
The influence of pH on the adsorption of Cu2+, Pb2+, Zn2+ and Cd2+

by Si3PyS and Si4PyS was investigated in the range from 1 to 7 and the 
results presented in Fig. 8 show that removal of the metals increases with 
the increase in solution pH. The maximum removal of Cu2+, Pb2+, Zn2+

and Cd2+ was observed at a pH values between 6 and 7. At lower pH 
values, the retention of hazardous metal ions by the functionalized silica 
(Si3PyS and Si4PyS) is not significant since the porphyrinic receptor 
must be almost entirely in its protonated form and a low interaction or 
strong electronic repulsion forces occur between the donor atoms and 
the metal ions. At neutral pH, the contribution of the cationic forms is 
less significant, favouring the interactions between the non-protonated 

Fig. 5. Solid 13C NMR spectra of SiPn, Si3PyS and Si4PyS.  

Fig. 6. Thermogravimetric curves of free silica Si, SiPn, Si3PyS and Si4PyS.  Fig. 7. Nitrogen adsorption–desorption isotherm plots of SiPn, Si3PyS 
and Si4PyS. 
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donor atoms and the metal ions, which enhances the chelation and 
adsorption of metal ions. At a pH higher than 7, the retention of metal 
ions decreased due to the hydrolysis of metal ions affording the corre
sponding hydroxides (M(OH)2). Indeed, pH = 6 is the optimum pH for 
the maximum sorption of Cu2+, Pb 2+, Zn2+ and Cd2+ (vide infra  
Table 2). 

3.3.2. Effect of contact time and adsorption kinetics 
A rapid adsorption time helps to reduce capital and costs, particu

larly in natural waters where the metal ions content is low. Therefore, 
the contact time was investigated in a range from 5 to 30 min at room 
temperature (25 ◦C), using the best conditions previously established 
(10 mg of adsorbent, metal concentrations of C0 = 200 mg L− 1 and pH =
6). The effect of the contact time on the extraction of Cu2+, Pb2+, Zn2+, 
and Cd2+ by Si3PyS and Si4PyS is shown in Fig. 9. In both cases a rapid 
increase of their adsorption capacity is noticed in the first 5 min of 
contact and, in general, the equilibrium is reached at 10–15 min. Such 
fast kinetics will benefit highly efficient metal adsorption. 

To better understand adsorption kinetics of Si3PyS and Si4PyS, 
mathematical kinetic models such as the pseudo-first-order and pseudo- 
second order kinetic models [87–90] were applied to the experimental 
data. The nonlinear form of the pseudo-first order kinetic mathematical 

expression and of the nonlinear form pseudo-second-order model are 
expressed by Eqs. (2) and (3): 

qt = qe
[
1 − e− K1 t] (2)  

qt =
k2q2

e t
1 + k2qet

(3)  

where qe (mg g− 1) and qt (mg g− 1) are the equilibrium adsorption 
amount and the adsorption capacity over a period of time, and k1 
(min− 1) is the rate constant of the first order adsorption while k2 (g mg− 1 

min− 1) is the pseudo-second-order adsorption rate constant. 
The results are presented in Fig. 9 and the fitting parameters of the 

two models are listed in Table 2. A fine analysis suggests that the pseudo- 
second-order model is more suitable for describing the kinetic adsorp
tion process of Cu2+, Pb2+, Zn2+ and Cd2+. This phenomenon can be 
explained by the availability of active sites on the surface of Si3PyS and 
Si4PyS adsorbents, which become occupied at 25 min by metal cations. 
Furthermore, the results obtained from this model indicate that a 
chemisorption mechanism, involving complexation reaction shared be
tween the adsorbate and adsorbent is the more effective adsorption 
pathway. 

Fig. 8. Effect of pH on the adsorption of metal ions on Si3PyS and Si4PyS. (Experimental conditions: C0 = 200 mg L− 1 in each case, tcontact = 30 min and T = 25 ◦C).  

Table 2 
Kinetics of metal ions removal by Si3PyS and Si4PyS.  

Materials Metal ions qe, exp 
(mg g− 1) 

Pseudo-first-order Pseudo-second-order 

qe, cal 
(mg g− 1) 

k1 

(min− 1) 
R2 qe, cal 

(mg g− 1) 
k2 

(g mg− 1 min− 1) 
R2 

Si3PyS Cu+2  176.32 171.789 ± 1.867 0.537 ± 0.077  0.996 177.477 ± 1.901 0.009 ± 0.002  0.998 
Pb+2  127.18 123.492 ± 1.716 0.435 ± 0.057  0.993 129.787 ± 1.496 0.008 ± 0.001  0.998 
Zn+2  112.08 110.895 ± 0.591 0.457 ± 0.024  0.999 115.253 ± 0.276 0.011 ± 0.001  0.999 
Cd+2  73.84 72.722 ± 0.566 0.415 ± 0.029  0.998 76.332 ± 0.224 0.011 ± 0.001  0.999 

Si4PyS Cu+2  184.16 181.819 ± 1.195 0.570 ± 0.055  0.998 186.501 ± 0.779 0.011 ± 0.001  0.999 
Pb+2  132.16 130.527 ± 0.888 0.488 ± 0.037  0.998 135.164 ± 0.322 0.011 ± 0.001  0.999 
Zn+2  112.07 111.64 ± 0.475 0.871 ± 0.164  0.999 111.961 ± 0.816 0.146 ± 0.179  0.999 
Cd+2  84.54 82.415 ± 0.854 0.534 ± 0.072  0.996 85.158 ± 0.798 0.020 ± 0.003  0.998  
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3.3.3. Thermodynamic modeling 
Thermodynamic parameters are crucial for determining the sponta

neity of an adsorption process. The thermodynamic of metal ions sorp
tion onto Si3PyS and Si4PyS from aqueous solution were studied 
between 25 and 45 ◦C, the Standard Gibbs free energy changes (ΔG0), 
enthalpy change (ΔH0), and entropy change (ΔS0) were determined 
using the following equations [91]: 

Kd =
C0− Ce

Ce
×

V
m

(4)   

ΔG=ΔH-TΔS                                                                                 (5) 

ln Kd =
− ΔH
RT

+
ΔS
R

(6)  

where R (8.314 J mol− 1 K− 1) is the gas constant, M (g mol− 1) is the 
molar mass, T (K) is the temperature, Kd is the distribution coefficient, 
C0 (mg L− 1) is the initial concentration of metal ion, and Ce (mg L− 1) is 
the equilibrium concentration of metal ion, V is the volume of solution 
and m (g) is the dosage of sorbents. 

The results are shown in Fig. 10 and the values of various 

thermodynamic parameters obtained for the adsorption process of each 
hybrid for different hazardous metal cations are summarized in Table 3. 
The positive values of ΔH0 indicate an endothermic adsorption process 
leading to a temperature increase that promote metal cation (Cu2+, 
Pb2+, Zn2+ and Cd2+) adsorption by Si3PyS and Si4PyS. In addition, 
positive ΔS0 values reveal an increased randomness at the solid–solution 

Fig. 9. Pseudo-first-order (PFO) and pseudo-second-order (PSO) models fit for the adsorption of Cu2+, Pb2+, Zn2+ and Cd2+ by Si3PyS (left) and Si4PyS (right) 
(experimental conditions: V = 10 mL, m = 10 mg of adsorbent, C0 = 200 mg L− 1 in each case and T = 25 ◦C). 

Fig. 10. Temperature effect on the sorption of metal ions by Si3PyS and Si4PyS (Experimental conditions: t = 30 min, pH = 6, C0 = 200 mg L− 1 in each case and 
adsorption dose: V =10 mL, m = 10 mg of Si3PyS and Si4PyS). 

Table 3 
Values of various thermodynamic parameters for adsorption of heavy metals on 
Si3PyS and Si4PyS.  

Materials Metal 
ions 

ΔH◦

(kJ 
mol− 1) 

ΔS◦

(J K− 1 

mol− 1) 

ΔG◦ (kJ mol− 1) 

299.15 309.15 319.15 

Si3PyS Cu2+ 11.31  45.71 -2.366 -2.823 -3.280 
Pb2+ 13.50  47.93 -0.839 -1.318 -1.797 
Zn2+ 11.16  38.97 -0.493 -0.884 -1.274 
Cd2+ 13.12  54.41 -3.151 -3.695 -4.239 

Si4PyS Cu2+ 8.374  38.768 -3.22 -3.60 -3.99 
Pb2+ 7.097  31.316 -2.26 -2.58 -2.89 
Zn2+ 6.662  28.875 -1.97 -2.26 -2.55 
Cd2+ 6.878  35.860 -3.84 -4.20 -4.56  
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interface during the adsorption processes while negative values of ΔG0 

indicate a spontaneous process where the adsorption is thermodynam
ically favorable. Furthermore, the ΔG0 values of the Si4PyS material are 
lower than those of Si3PyS, which may be due to the presence of an 
additional mercaptopyridine that facilitates the coordination of Cu2+

ions. 

3.3.4. Selectivity 
The assays to evaluate the selectivity of Si3PyS or Si4PyS towards 

the different metals were performed in aqueous solutions containing the 
mixed Cu2+, Pb2+, Zn2+, Cd2+ quaternary system at the optimal con
centration for each metal ions; all these experiments were performed 
under batch conditions at room temperature and at the optimal pH. The 
results illustrated in Fig. 11, show that both materials (Si3PyS and 
Si4PyS) exhibit an excellent Cu2+ adsorption and affinity. However, the 
extraction efficiency seemed to decrease when compared to the values 
obtained in the absence of foreign metal ions (see Table 2). The high 
affinity towards Cu2+ may be linked to the small hydrated ionic radius of 
Cu2+ when compared to other hazardous metal ions with higher hy
drated ionic radii since the active sites are more difficult to reach. 
However, the remarkable selectivity toward Cu2+ favors these materials 
as promising adsorbent, for the removal of Cu2+ from aqueous solutions 
containing competing ions. 

3.3.5. Extraction of hazardous metal in natural real water and industrial 
wastewater samples 

This study was performed to evaluate the capability of Si3PyS and 
Si4PyS on the removal of Cu2+, Pb2+, Zn2+ and Cd2+ in real conditions. 
The water samples used in this study were collected from the Moulouya 
River (Morocco) to represent natural water, and from the Industrial 
Zone of Oujda (Morocco) to represent industrial wastewater. All samples 
were collected under standard conditions (polyethylene bottle, filtered 
through a 0.45 µm nylon membrane and used without storage). The 
applicability of Si3PyS and Si4PyS in copper removal was determined 
using the batch method by mixing 10 mg of the adsorbent with 10 mL of 
the samples at room temperature. To the natural real water samples, free 
of Cu2+ ions, we have added this metal ion at a concentration of 
10 mg L− 1. Analyses were performed in duplicate for each sample. The 
results illustrated in Table 4 shows that the organic matter and alkali 
metals, which naturally exist in natural water or industrial wastewater, 
do not interfere with the materials extraction capabilities towards Cu2+. 

3.3.6. Renewability 
Both adsorbents Si3PyS and Si4PyS were easily regenerated by 

washing them with an acidic solution for a few minutes (5 − 10 mL of 
6 N HCl per g of support). The regenerated solids presented good sta
bility and could be reused several times without decreasing its extraction 
efficiency. The stability of the organic groups onto the solid surface was 
also confirmed by TGA (Fig. 12), with no distinct changes in the sorbent 
material after five cycles of utilization. Moreover, the materials are 
found to be stable after five cycles of adsorption-desorption, with no 
significant change in the percentages of adsorption, which remained 
around 98% in each cycle (Table 5). This information highlights the 
potential of these materials to be used repeatedly for the removal of 
Cu2+ ions without significant loss of their adsorption capacity or 
stability. 

3.3.7. Adsorption mechanism 
The sorption efficiency of Si3PyS and Si4PyS towards the different 

metal ions can be explained by their coordination with the nitrogen 
atoms present either at the inner core of the macrocycle but also at the 
pendant mercaptopyridyl units. The results showed that the presence of 
the extra ligands was particularly relevant for improving the sorption 
performance of the starting scaffold 5,10,15,20-tetrakis(pentafluoro
phenyl)porphyrin towards Cu2+. In the literature, this metal ion pre
fers to be coordinated by four donor atoms [92]. Therefore, peripheral 
donor nitrogen moieties, as well as nitrogens at the porphyrin inner core 
are the responsible on the coordination of Cu2+ [93]. Interesting, this 

Fig. 11. Foreign metal ions effect on Cu2+ removal using Si3PyS and Si4PyS.  

Table 4 
Experimental data obtained from adsorption assays to remove hazardous metal 
ions from natural real water samples and industrial wastewaters.  

Samples Metal ions Cfound ± 0.05 (mg L− 1) Adsorption 
capacity (mg g− 1) 

Si3PyS Si4PyS 

Moulouya River Cu2+ 7.51 5.70 6.00 
Cd2+ 0.313 0.274 0.290 
Pb2+ 0.979 0.320 0.380 
Zn2+ N.D. - - 

Industrial wastewater Cu2+ 47.52 47.09 47.14 
Cd2+ 0.52 0.44 0.49 
Pb2+ 1.11 0.67 0.89 
Zn2+ 39.47 39.41 39.31 

Cfound is the initial metal contents in river water determined by atomic ab
sorption measurements. N.D. – not detectable. 
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sorption capacity by the inorganic-organic sorbent Si4PyS is higher 
when compared to the one displayed by the analog Si3PyS 
(184.16 mg g− 1 vs 176.32 mg g− 1, respectively). This may be attributed 
to the reinforcement of the Cu2+ complexation ability of the porphyrin 
macrocycle when is decorated with four mercaptopyridine units instead 
of three of these units (Fig. 13). 

3.3.8. Comparison with alternative adsorbents 
Table 6 shows the adsorption of Cu2+ by other adsorbents reported in 

the literature. Both porphyrin-silica adsorbents described in this work 
show an improved adsorption capability. The remarkable affinity for 
Cu2+ adsorption of inorganic-organic hybrids Si3PyS and Si4PyS 
compared to the other adsorbents described in the literature is high
lighted by their ability to adsorb approximately more 29–32% than the 
silica-supported sorbent based on the starting scaffold 5,10,15,20-tetra
kis(pentafluorophenyl)porphyrin reported by our group and 99.6% 
more than 4-amino-2-mercaptopyrimidine. 

The absorption capability of both inorganic-organic hybrids, along 
with the improvements attained in recent years concerning the synthesis 
of meso-tetraarylporphyrins with more efficient preparation methods 
and higher yields, emphasizes the potential of this family of materials. 
To make the application economically viable on a higher scale, it is 
required to gather the knowledge of multidisciplinary teams capable of 
optimizing the synthesis and modification of this type of derivatives 
with adequate binding motifs aiming to increase their removal features. 
In fact, this study shows that the use of cheap supports, such as silica gel 
functionalized with porphyrin-based ligands, has a high potential to be 

Fig. 12. Thermogravimetric curves of adsorbents Si3PyS and Si4PyS before and after five cycles of regeneration.  

Table 5 
Adsorption-desorption cycles of hybrid materials towards Cu2+.  

Cycles Cu2+ adsorption capacity (mg g-1) % of efficiency between cycles 

Si3PyS Si4PyS Si3PyS Si4PyS 

1  175.98  184.05 100 100 
2  175.16  184.00 99.5 100 
3  173.80  183.23 98.8 99.6 
4  173.62  182.83 98.6 99.3 
5  173.32  182.56 98.5 99.1  

Fig. 13. Schematic representation of the proposed binding mode to attain Cu(II) complexes formed on the surface of Si3PyS and Si4PyS.  
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explored as adsorbents. The quantitative attachment of porphyrinic li
gands on the silica surface allowed the formation of new organic- 
inorganic hybrids with excellent removal capabilities, when compared 
with other adsorbents, high stability, excellent reuse efficiencies over
coming the costs associated with ligand preparation. 

3.4. Frontier molecular orbitals analysis 

Frontier Molecular orbitals (FMO), namely Highest Occupied Mo
lecular Orbital (HOMO) and Lowest Unoccupied Molecular Orbital 
(LUMO) can give important information about the reactivity of different 
chemical systems; in general a high reactivity is associated to molecules 
with smaller energy gap between both FMO [ΔE (HOMO-LUMO)] 
[114–116]. Fig. 14a shows a HOMO-LUMO plot of Si3PyS and Si4PyS 
and the calculated energies. By analyzing the HOMO→LUMO transition 
in terms of electron density is noticeable, that for Si3PyS, this transition 
involves a charge transfer from and to the same pyrrolic type rings, 
while for Si4PyS, the electronic charge transfer occurs from the extra 
substituted trifluorophenyl unit to the pyrrole-type units. The energy 
gaps of Si3PyS and Si4PyS are close to each other (2.252 eV and 
2.193 eV respectively) although the slightly lower gap for Si4PyS agrees 
with its, in general, somewhat better extraction capability towards the 
metal ions (Cu2+, Pb2+ and Cd2+). 

3.5. Molecular electrostatic potential (MESP) minima analysis 

Molecular electrostatic potential (MESP) is a very useful descriptor 
for predicting chemical reactive sites. Quantitative analysis of the mo
lecular surface shows the extreme points of the electrostatic potential, 
known as local minima and maxima points, which indicate the nucleo
philic (electron-rich) and electrophilic (electron-poor) sites of a mole
cule. Fig. 14b and c shows the local minima points calculated for Si3PyS 
and Si4PyS, after a geometric optimization by DFT using the B3LYP- 
6–31 G(d,p) method, as green spheres with the corresponding calculated 

values. As expected, both hybrids show the presence of two minima 
points located at the inner of the porphyrinic cavity formed by the four- 
coordinating nitrogen of the pyrrole-type units with the values of 
(− 78.96 and − 78.82 kcal mol–1) and (− 76.54 and − 76.81 kcal mol–1) 
for Si3PyS and Si4PyS respectively. The distances separating these 
minima from the N-pyrrole units have been calculated and show values 
ranging from 2.06 Å and 2.20 Å (see Fig. 14d); these values represent 
the approximate lengths of the coordination bonds and are more suitable 
for Cu2+ than for Pb2+ which has a longer ionic radius. Interesting, the 
other minima surrounding the structure of the studied materials have a 
symmetrical distribution of values for Si4PyS (− 34.57, − 35.10, − 36.76 
and − 34.51 kcal mol–1) and non-symmetrical distribution values for 
Si3PyS (− 35.45, − 35.10, − 34.88 and − 10.38 ~ − 13.94 kcal mol–1). 
This can be a symptom of the higher stability of the metallic complexes 
formed by Si4PyS and can explain its slightly improved extractive ef
ficiency towards Cu2+ when compared to the Si3PyS hybrid. In addition, 
the electron-rich sites around the structure of the studied materials can 
explain the much better efficiency of both hybrids when compared with 
the starting scaffold 5,10,15,20-tetrakis(pentafluorophenyl)porphyrin. 
The other points not represented have low enough energies to attract the 
electronic clouds towards it. 

4. Conclusions 

The new hybrids Si3PyS and Si4PyS constituted by functionalized 
silica gel covalently linked to highly chelating porphyrins have been 
successfully synthesized via a simple heterogeneous procedure. Their 
characterization using adequate techniques confirmed the structural 
integrity and the preservation of the mesoporous structure of Si after the 
covalent attachment of the porphyrins. The two new adsorbents dis
played excellent adsorption capacities towards Cu2+, Pb2+, Zn2+ and 
Cd2+ compared to several reported sorbents. The highest adsorption 
capacities of the sorbents Si3PyS and Si4PyS were observed for Cu2+

attaining values of 176.32 mg g–1 and 184.15 mg g–1, respectively. A pH 
of 6 is the optimal pH for the maximum uptake of metal ions. In addition, 
the adsorption equilibrium can be reached up to 15 min, suggesting 
rapid external diffusion and surface adsorption. The adsorption kinetics 
fit into the pseudo-second-order model and shows the homogeneous 
characteristics. The comparison of different isotherm models indicated 
that the Langmuir model gave the best fit to the experimental data. The 
thermodynamic parameters agree with an endothermic and spontaneous 
process. These materials present a high selectivity for Cu2+ compared to 
other metal ions and their application for the extraction of metals from 
natural waters (Moulouya Rivers) and industrial wastewater (Industrial 
zone of Oujda, Morocco) was reliable. The adsorbents can be regener
ated several times without loss of organic moiety on the surface of silica 
gel and without losing their remarkable efficiency in the removal of 
metal cations. Thus, it can be concluded that Si3PyS and Si4PyS are an 
effective, alternative, and low-cost adsorbents synthons for the quanti
tative removal of heavy metals, especially Cu2+, from aqueous solutions 
and wastewater. DFT calculations carried out clearly explain the 
enhanced reactivity of Si4PyS for the extraction of metal cations. 
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sitória (CDL-CTTRI-048-88-ARH/2018 and CDL-CTTRI-168-89-ARH/ 
2018, respectively). The authors extend their appreciation to the PPR2- 

Table 6 
Comparison of Si3PyS and Si4PyS performances with some recently reported 
sorbents for Cu2+ adsorption.  

Sorbents Ref. Adsorption 
capacity 
(mg g− 1) 

5-(Pentafluorophenyl)-10,15,20-tris(2,3,5,6- 
tetrafluoro-4-(pyridin-4-ylthio)phenyl)porphyrin 
(Si3PyS) 

This 
work 

176.32 

5,10,15,20-Tetrakis(2,3,5,6-tetrafluoro-4-(pyridin-4- 
ylthio)phenyl)porphyrin (Si4PyS) 

This 
work 

184.16 

5,10,15,20-Tetrakis(pentafluorophenyl)porphyrin [83] 125.17 
β-Ketoenol-bipyridine [94] 131.82 
Pyridylpyrazole-β-ketoenol [95] 63.05 
β-Keto-enol bis-heterocycle [96] 27.35 
Pyridine-2,6-dicarbaldehyde [97] 120.65 
1-(Furan-2-yl)imine [98] 77.48 
Bis(pyrazole)butane [99] 20.24 
(2Z)-1-(1,5-Dimethyl-1H-pyrazol-3-yl)-3-hydroxybut- 

2-en-1-one 
[100] 71.43 

β-Keto-enol-bisfuran [101] 44.10 
β-Ketoenol-pyridine-furan [102] 32.15 
Schiff base tailed silatranes [80] 13.15 
Stearic acid [103] 63.87 
N-[3-(trimethoxysilyl)propyl]ethylene-diamine 

(TPED) 
[104] 27.22 

Brazilian Orchid Tree [105] 8.89 
Corn Leaf Powder [106] 5.65 
4-Amino-2-mercaptopyrimidine [107] 0.76 
p-Morpholinomethylcalix[4]arene bonded silica [108] 1.652 
Polyhexamethylene guanidine-Arsenazo I [109] 3.812 
2,3-Dihydroxybenzaldehyde [110] 6.04 
3-(2-Aminoethylamino)propyldimethoxymethylsilane [111] 74.69 
N,N-bis(thiophen-1-ylmethyl)amine [112] 51.14 
5-Nitrothiophene-2-carbaldehyde [113] 67.56  

C. El Abiad et al.                                                                                                                                                                                                                               



Journal of Environmental Chemical Engineering 11 (2023) 110097

13

MESRSFC-CNRST-P10 project (Morocco) for the financial support. 

CRediT authorship contribution statement 

Chahrazad El Abiad: Investigation, Writing – original draft. Smaail 
Radi: Conceptualization, Writing – review & editing, Supervision. 
Mohamed El Massaoudi: Methodology, Formal analysis, Writing – re
view & editing. Morad Lamsayah: Investigation, Writing – original 
draft. Flávio Figueira: Investigation, Formal analysis, Writing – review 
& editing. Maria A. F. Faustino: Validation, Writing – review & editing 
M. Graça P.M.S. Neves: Writing – review & editing, Supervision. Nuno 
M.M. Moura: Investigation, Methodology, Formal analysis, Writing – 
review & editing. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

The authors acknowledge to University of Aveiro, to FCT/MCTES, 
and to the Portuguese NMR Network. NMM Moura and F Figueira thanks 
FCT (Fundação para a Ciência e Tecnologia) for funding through pro
gram DL 57/2016 – Norma transitória (CDL-CTTRI-048-88-ARH/2018 
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