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Materials 

Text S1: 

High molar mass chitosan (deacetylated chitin or poly(D-glucosamine)); (av. MW =342,500 

g mol-1) was supplied by Sigma-Aldrich and used as a bioorganic phase for the bio-

nanocomposite synthesis. 

All chemicals used in this work were analytical grade. Co(NO3)2·6H2O was supplied by 

Centrohem Belgrade, while tartrazine and Oxone® (potassium peroxymonosulfate, 

KHSO5·0.5KHSO4·0.5K2SO4) were supplied by Sigma Aldrich and used as received. 

Chitosan solution was prepared by the addition of 12.8 g of chitosan into 0.500 dm3 of 1% 

(v/v) acetic acid and stirred until it was completely dissolved. After the pH value was 

adjusted to 4.6–5, the chitosan solution was slowly added dropwise into a 2% clay suspension 

(5.0 g clay in 0.250 dm3 bidistilled water) and stirred at room temperature for 48 h. The 

obtained sample was centrifuged, air-dried at 50°C, and grounded to powder and denoted as 

Ch-S. 

Methods of characterization 

Text S2: 

The characterization included determination of investigated samples were checked for their 

carbon and nitrogen contents using a CHNS-O, Vario EL III device, Elementar 

Analysensysteme GmbH, Hanau, Germany. 

X-ray powder diffraction (XRPD) patterns of the samples were obtained using a Rigaku 

SmartLab automatic multipurpose X-ray diffractometer (with a low background Si sample 

holder support; 1D D/teX 250 Ultra detector in XRF mode) and Cu anode (λ=0.1542 nm). 

The scanning rate in the applied 2 range from 2 ° to 75 ° was 3 °min-1.  



FTIR spectra of the investigated samples were registered using a Thermo Nicolet 6700 FT -IR 

Spectrophotometer. The KBr pressed disc technique (4 mg of sample and 400 mg of KBr) 

was used. 

Low temperature nitrogen adsorption–desorption isotherms of the samples were determined 

using a Sorptomatic 1990 Thermo Finnigan at −196°C. The samples were outgassed at 80°C 

for 2 h and subsequently at 200°C for 16 h. The obtained isotherms were analyzed applying 

various models included in the ADP Ver. 5.1. software. The specific surface area, SBET, was 

calculated according to the Brunauer, Emmett and Teller method (Rouquerol et al., 1999). 

The mesopore volume was calculated according to the Barrett, Joyner and Halenda method 

(Webb and Orr, 1997). The Dubinin–Radushkevich method was used for the calculation of 

the micropore volume, Vmic(Dubinin, 1974). 

The structure and the morphology of the selected samples were analyzed by the High-

Resolution Transmission Electron Microscopy (HR-TEM), using a FEI Talos F200X 

microscope, at 200 keV. An energy dispersive X-ray spectroscopy (EDX) system attached to 

the HR-TEM apparatus operating in the Scanning Transmission (STEM) mode was used for 

the analysis of the chemical composition of the samples. The sample for the HR-TEM 

examination was prepared using the standard procedure where the solid powder was first 

dispersed into ethanol and then a drop of the suspension was placed on a carbon-coated 

copper grid, and then which was allowed to dry in air.  

The X-ray photoelectron spectroscopy (XPS) analyses were performed using a SPECS 

System with an XP50M X-ray source for a Focus 500 and PHOIBOS 100 energy analyzer 

using a monochromatic Al Kα X-ray source (1486.74 eV) at 12.5 kV and 12 mA. The survey 

XPS spectrum was recorded at the constant pass energy of 40 eV, energy step of 0.5 eV, and 

dwell time of 0.2 s, while the high resolution XPS spectra of the corresponding lines were 

taken at the pass energy of 20 eV, energy step of 0.1 eV and dwell time of 2 s.  

The content of cobalt in the investigated catalysts and the extent of the cobalt leaching during 

the catalytic tests, were determined using the Inductively Coupled Plasma Optical Emission 

Spectrometry (ICP–OES). The Co concentrations were determined using an iCAP 6500 Duo 

ICP (Thermo Fisher Scientific, Cambridge, United Kingdom) and analyzed with the iTEVA 

operational software. Prior to the analyses, the solid samples were submitted to the 

microwave assisted acid digestion (ETHOS1, Advanced Microwave Digestion System) while 

the supernatant solutions obtained after the catalytic tests were acidified with 20 µL of 

concentrated HNO3. Cobalt solutions were prepared using the Multi-Element Plasma 

Standard Solution 4, Specpure® (Alfa Aesar GmbH and Co KG, Germany) in order to obtain 

the calibration curve. Cobalt concentration was measured at the emission wavelength Co II 

228.616 nm. For each sample, the measurement was carried out in triplicate. The relative 

standard deviation was lower than 0.5%.  

Results of characterization 

FTIR analysis 



 

Fig. S1. The FTIR spectra of smectite (S)-1, chitosan film Ch -2, and nanocomposite 

chitosan-smectite Ch-S - 3, where Q stands for quartz. 

Text S3:  

The FTIR spectrum of S (Fig. S1, curve 1) dominantly exhibited the vibration bands 

characteristic for smectite. The broad band at about 3630 cm-1 was assigned to the stretching 

vibrations of structural hydroxyl groups of smectite (Banković et al., 2013). The stretching 

and bending O–H vibrations in water molecules are related to two bands at 3420 cm-1, and 

1641 cm-1, respectively (Madejová et al., 1994; Madejová and Komadel, 2001). The band at 

1034 cm-1 can be ascribed to ν(Si–O–Si) while the corresponding deformation vibration was 

observed at 696 cm-1. The characteristic bending vibrations of Al–O–Al, Al–O–Mg and Al–

O–Fe were observed at (913, 879, and 836) cm-1, respectively. The band at 524 cm-1 was 

attributed to the Al–O–Si bending vibration in the octahedral sheet (Madejová et al., 1998; 

Madejová and Komadel, 2001; Madejová et al., 2009). In the region of 430 cm-1 – 420 cm-1 

there are bands attributed to the deformation Si–O–Si vibrations of the amorphic smectite 

phase. Along with the bands originated from the smectite, the bands characteristic for quartz 

– Q (798 cm-1and 779 cm-1) (Gates et al., 2002) are present. The spectrum of chitosan film 

(Fig. S1, curve 2) exhibited the broad band at about 3420 cm-1 originated from the stretching 

O–H vibrations. This band was overlapped with two bands originated from the asymmetric 

and symmetric stretching vibrations of N–H, which, according to the literature (Chagas et al., 

2020), should be positioned in the wavenumber region from 3340 cm-1 – 3370 cm-1. The 

stretching symmetric and asymmetric C–H vibrations were present at 2912 cm-1 and 2852 

cm-1, respectively. The corresponding bending vibrations of C–H are present at 1420 cm-1 

and 1323 cm-1 (Jin et al., 2018). The broad band in the region from 1650 cm-1 – 1620 cm-1 

represents overlapped bands originated from the  ν(C=O) stretching of amide in N–acetyl 

groups and of O–H bending vibrations. The N–H bending vibrations (from the–NH2 group) 

are positioned at the wavenumber of 1556 cm-1, while the bands at 1384 cm-1 and 1260 cm-1 

are associated with the C–N vibrations in the amide group and the vibrations between 



nitrogen and carbon from the pyranose ring, respectively (Jin et al., 2018). The bands at 1155 

cm-1, 1076 cm-1 and 1029 cm-1 correspond to the C–O–C stretching vibrations (Darder et al., 

2003; Kumirska et al., 2010). 

The spectrum of the Ch-S (Fig. S1, curve 3) represents the combination of bands 

characteristic for both chitosan and smectite. The band originated from the ν(C=O) stretching 

amide vibration in the N-acetyl groups is detected at 1646 cm-1. The N–H bending vibrations 

in the spectrum of Ch–S is shifted to 1536 cm-1, indicating the electrostatic interaction of free 

ammonium groups of chitosan with negatively charged sites of smectite (Darder et al., 2003). 

Furthermore, the low intensity bands originated from the C–N vibrations at 1384 cm-1 and 

1260 cm-1 are also present in the spectrum of the Ch-S nanocomposite. However, the bands 

registered in the spectrum of the chitosan film at 1420 cm-1 and 1323 cm-1, corresponding to 

the C–H bending vibrations, are not visible in the spectrum of the Ch-S nanocomposite 

probably because of both, overlapping with bands originating from the smectite and their low 

intensity. 

Pore size distribution 

Text S4 

In the Fig. S2 the integral and differential pore size distribution (PSD) curves for the 

mesoporous region (pore diameters from 2 nm - 50 nm) of catalysts are presented. The PSD 

were calculated from the desorption branches using the BJH model. For comparison purpose 

the PSD curve of the sample carbonized at 400C prepared without impregnation with cobalt 

(cCh-S-400) is also given.  

 

Fig. S2. Integral and differential pore size distribution curves of the catalysts. 

The mesopore cumulative distribution curves of all catalysts are similar to each other and 

differ only in the intensity. The similarities in the shapes of the curves are a consequence of 

the similarities of the pores present in the catalyst. In accordance with that, the differential 

PSD curves differ very little. Their main characteristic is the existence of two maxima. 



Observed from the side of larger pore diameters (Dp), the first maximum is located at about 

(5.6±0.1) nm. This maximum has low intensity and was asymmetric toward larger Dp having 

a constant decrease up to about 20 nm. The second peak is located at the position slightly 

below 4 nm and is a consequence of the measurement conditions (use of N2 at a temperature 

of 77 K). The appearance of this peak is associated with the collapse of N2 condensate that 

exists in pores smaller than the nominally detected diameter. In the literature, the appearance 

of this peak on the PSD curve is associated with cavitation-controlled evaporation (Thommes 

et al., 2015)   so-called "tensile strength effect" (Groen et al., 2003), and it cannot be used for 

validly determining the diameter of the pores. This does not mean that pores in the material 

below this diameter do not exist, but their diameter width is certainly smaller than the value 

determined by this false peak on the PSD curve. Indeed, the N2 measurements showed the 

presence of certain micropore content in all catalyst samples (Table 1). The presence of this 

artificial peak can also be observed in PSD of the material without cobalt carbonized at 400ºC 

(cCh-S-400), although it is significantly less intense. Overall, the results of the PSD analysis 

in the mesoporous region indicated the existence of the same class of pores in all catalysts, 

with the only difference in the value of integral volume of each class of mesopores.  



EDX analysis 

   

   

   

Fig S3. EDX elemental mapping images of Si, Al, Fe, Mg, O, N, Co, N and C on Co/cCh-S-

500 sample. 



XPS analysis 

 

Fig. S4. Wide survey of XPS spectrum of Co/cCh-S-500 catalyst. 

Catalytic tests 

Influence of the presence of cobalt on the catalytic activity 

Text S5: 

The comparison of the effect of pure Oxone®, Oxone® activated with cCh-S-400 and Co/cC-

S-400 on the tartrazine decolorization versus time is presented in Fig. S5. 

 

Fig. S5. Decolorization of tartrazine with different catalysts monitored at 426 nm (mcat=10.0 

mg, V0= 0.200 dm-3, 0= 50.0 mg dm-3; 0.130 mmol of Oxone®  

        at 30°C and pHi without adjustment). 

For the cobalt containing catalyst, the decolorization was already almost complete (98%) 

after 30 min of the reaction. On the other hand, under the investigated conditions in the 



referent Oxone®/tartrazine and cCh-S-400/ Oxone®/tartrazine systems, the decolorization of 

the dye was below 1% even after 60 min of the reaction. It is thus unambiguously concluded 

the presence of cobalt as the catalytically active species is necessary for the catalytic 

activation of Oxone®, and consequently the dye degradation.  

The effect of the homogeneous reaction 

Text S6: 

In order to investigate the possible effect of the homogeneous reaction on the catalytic 

process an additional catalytic test was conducted. The same experimental conditions were 

applied as in the case of the heterogeneous reaction. The catalyst in these experiments was 

cobalt ion in the same concentrations as those determined for the cobalt ions leached into the 

solutions after 60 min of the heterogeneous reactions (Fig. S6).  

 

Fig. S6. Contribution of the leached Co2+ ions to overall tartrazin degradation  

 (V0= 0.200 dm-3, 0= 50.0 mg dm-3; 0.130 mmol of Oxone®; T=30°C and pHi without 

adjustment). 

The degrees of the homogeneous reaction in overall catalytic process were 87%, 57%, 72% 

and 83% for the leached cobalt ion concentrations of 313 µg dm-3, 70 µg dm-3, 53 µg dm-3and 

50 µg dm-3, respectively.  

It must be emphasized that the real contribution of the homogeneous reaction in the Co/cCh-

S-T/PMS systems was smaller than in the simulated experimental conditions because the 

Co2+ continuously leached from the catalyst during the reaction and only after 60 min it 

reached the investigated concentration. 



Contribution of the carbonaceous material  

Text S5: 

In order for the beneficial contribution of the carbonaceous material incorporated into the 

synthetized samples to the degradation of tartrazine solution to be investigated, a control test 

was performed. The catalytic degradation of tartrazine using a catalyst synthetized without 

chitosan and carbonized at 500°C (Co/S-500) was investigated (Fig. S7), and compared with 

its chitosan-loaded counterpart (Co/cCh-S-500).  

 

Fig. S7. Comparison of decolorization of tartrazine for Co/S-500 and Co/cCh-S-500 at 426 

nm (mcat=10.0 mg, V0= 0.200 dm-3, 0= 50.0 mg dm-3; 0.130 mmol of Oxone® at 30°C 

and pHi without adjustment). 

After 60 min of the reaction with Co/S-500 the decolorization of tartrazine solution was 83% 

in comparison to 98% obtained for the Co/cCh-S-500 sample. The degradation rate was 

significantly lower for the Co/S-500 sample in comparison with that for Co/cCh-S-500. This 

result confirmed the beneficial effect that the carbonaceous material had on the catalytic 

performance, which has already been discussed in the literature.  

Text S8: 

Wang et al., (2016) found that sp2 hybridized structures, oxygen-containing functional groups 

(C=O), along with defective sites of the carbonaceous phase definitely contributes to the 

PMS activation. Besides, there is a synergistic effect between the carbonaceous phase and the 

cobalt active sites in the process of the electron transfer. Finally, the presence of various 

oxygen-containing functional groups of the carbonaceous matrix increases the interaction of 

the catalytic sites with the organic target molecule enhancing their exposure to the activated 

PMS (Hou et al, 2021; Zhou et al, 2020). To investigate the chemical state of carbon in the 

Co/cCh-S-500 catalyst high resolution spectra of C were registered (Fig. S8).  



 

Fig. S8. High resolution C 1s XPS spectrum of Co/cCh-S-500. 

The core level C 1s spectra of the Co/cCh-S-500 catalyst exhibited two peaks with the 

binding energies at 284.8 and 286.7 eV, corresponding to sp2 C and C-O, respectively (Gao et 

al., 2015). Hence, the FTIR and XPS spectra of Co/cCh-S-500 confirmed the presence of the 

C=O functional groups and sp2 carbons hybridized structures. Therefore, the authors assumed 

that the role and mechanism of the carbonaceous phase in the catalytic activity of Co/cCh-S-

500 might be similar to those discussed in the literature. 

The effect of pH on catalytic process 

Text S9: 

The initial pH of an aqueous solution (pHi) is another parameter that has significant impact 

on the degradation of the organic contaminants in it. A broad range of pHi values (2.0–11.0) 

was considered here in order for the effect of pH on the PMS activation using Co/cCh-S-500 

in the tartrazine degradation to be studied (Fig. 9a). The unadjusted initial pH value of 

pHi=3.7 was included in this graph. 



 

 

Fig. S9. Influence of pHi on decolorization of tartrazine solution at 426 nm:  

 a) after 5 min of degradation and b) change of pH of solution during tartrazine 

degradation (mcat=10.0 mg, V0= 0.200 dm-3, 0= 50.0 mg dm-3; 0.130 mmol of 

Oxone®; T=30°C). 

In the pHi range between 3.7 and 9, the degradation after 60 min of the reaction was above 

90%, but the rate of the reaction was different for different pHi. This effect was best visible 

for shorter reaction times i.e., 5 min of the reaction (Fig. S9a). The high degree of the 

tartrazine solution decolorization using the Co/cCh-S-500 catalyst was obtained in the 

initially weak acidic/alkaline and neutral environment. On the other hand, strongly acidic and 

strongly alkaline initial environments were not conducive for tartrazine degradation. Similar 

trends were observed in other studies (Lin and Lin, 2018; Li et al., 2022). The maximum of 

the tartrazine decolorization was reached at pHi = 7, being 80% at the 5th minute of the 

reaction. The obtained results confirmed that the Co/cCh-S-500 catalyst is applicable with 

high efficiency in the wide range of initial pH values. 



The changes in pH during the catalytic reaction were investigated and the results are 

presented in Fig. S9b. As shown in Fig. S9b, when the pHi was in the range from 6–9, the pH 

of the solution dropped significantly during the catalytic reaction. A possible explanation for 

these results can be found in the work of Popadić et al. (2021). They proposed a mechanism 

of pH dependent tartrazine catalytic degradation in the presence of Oxone® and found that the 

formation of benzenesulfonic acid derivatives in the solution during the decolorization 

reaction was observed along with the formation of the HSO4ˉ anion (Popadić et al., 2021). 

The existence of these species can affect the change in the pH values during the catalytic 

reaction. On the other hand, for pH i = 2.0 and 11.0, the pH values during the reaction were 

almost constant. The absence of changes in the pH value during the reaction corroborates the 

negligible degree of decolorization of tartrazine at these pH values (Fig. S9a). As a 

consequence, the best results of tartrazine degradation were registered for pHi =7. Therefore, 

the further investigation was performed at this pH i value.  

XPS analysis of Co/cCh-S-500 catalyst after the first catalytic run 

 

Fig. S10. High resolution Co 2p XPS spectrum of Co/cCh-S-500 after the first catalytic run. 



References in the Supplementary material 

Banković, P., Milutinović-Nikolić, A., Mojović, Z., Jović-Jovičić, N., Perović, M., 

Spasojević, V., Jovanović, D., 2013. Synthesis and characterization of bentonites rich in 

beidellite with incorporated Al or Al–Fe oxide pillars. Microporous Mesoporous Mater. 

165, 247–256. https://doi.org/10.1016/j.micromeso.2012.08.029. 

Chagas, J.A.O., Crispim, G.O., Pinto, B.P., San Gil, R.A.S., Mota, C.J.A., 2020. 

Synthesis, Characterization, and CO2 Uptake of Adsorbents Prepared by Hydrothermal 

Carbonization of Chitosan. ACS Omega 5, 29520–29529. 

https://doi.org/10.1021/acsomega.0c04470. 

Darder, M., Colilla, M., Ruiz-Hitzky, E., 2003. Biopolymer−Clay Nanocomposites Based 

on Chitosan Intercalated in Montmorillonite. Chem. Mater.15. 

https://doi.org/10.1021/cm0343047. 

Dubinin, M.M., 1974. On physical feasibility of Brunauer's micropore analysis method. J. 

Colloid Interface Sci. 46, 351–356. https://doi.org/10.1016/0021-9797(74)90044-7. 

Gao, Y., Chen, X., Zhang, J., Yan, N., 2015. Chitin-Derived Mesoporous, Nitrogen-

Containing Carbon for Heavy-Metal Removal and Styrene Epoxidation. Chempluschem 

80. https://doi.org/10.1002/cplu.201500293. 

Gates, W.P., Anderson, J.S., Raven, M.D., Churchman, G.J., 2002. Mineralogy of a 

bentonite from Miles, Queensland, Australia and characterisation of its acid activation 

products. Appl. Clay Sci. 20, 189–197. https://doi.org/10.1016/S0169-1317(01)00072-2. 
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