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Abstract 

To eliminate caffeine, one of the most common pharmaceuticals and personal care 

products, from water, Oxone (peroxymonosulfate salt) was proposed to degrade 

caffeine. To accelerate the generation of sulfate radicals from Oxone, a magnetic 

cobalt/carbon nanocomposite (CCN) was prepared from a one-step carbonization of a 

cobalt-based Zeolitic Imidazolate Framework (ZIF-67). The resultant CCN exhibits 

immobilized cobalt and increased porosity, and can be magnetically manipulated. 

These characteristics make CCN a promising heterogeneous catalyst to activate 

Oxone for caffeine degradation. Factors affecting the caffeine degradation were 

investigated, including CCN loading, Oxone dosage, temperature, pH, surfactants, salt 

and inhibitors. Higher CCN loading, Oxone dosage and temperature greatly improved 

the caffeine degradation by CCN-activated Oxone. The acidic condition was also 

preferable over the basic condition for caffeine degradation. The addition of 

cetyltrimethylammonium bromide (CTAB) and NaCl both significantly hindered 

caffeine degradation because bromide from CTAB and chloride from NaCl scavenged 

sulfate radicals. Based on the effects of inhibitors (i.e., methanol and tert-butyl 

alcohol), the caffeine degradation by CCN-activated Oxone was considered to 

primarily involve sulfate radicals and, less commonly, hydroxyl radicals. The 

intermediates generated during the caffeine degradation were analyzed using GC-MS 

and a possible degradation pathway was proposed. CCN was also able to activate 

Oxone for caffeine degradation for multiple cycles without changing its catalytic 

activity. These features reveal that CCN is an effective and promising catalyst for 

activation of Oxone for the degradation of caffeine.  

 

Keywords: caffeine, Oxone, ZIF-67, cobalt, carbon 
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1. Introduction 

Because of the widespread use of pharmaceuticals and personal care products 

(PPCPs), the high concentration of PPCPs can be detected in sewage treatment plant 

(STP) effluents [1], surface water [2, 3], and even groundwater [4]. PPCPs in the 

environment may be highly resistant to natural degradation and potentially toxic, and 

leading to adverse effects on ecology and human health [5]. Therefore, it is necessary 

to remove PPCPs from water, including STP effluents. Among numerous PPCPs, 

caffeine is one of the most common pharmaceuticals owing to its extensive usage in 

food and beverage [6]. Caffeine is also a common medicine to treat headaches and 

migraines [7, 8]. Although caffeine can be metabolized by humans, disposal of coffee 

and caffeinated beverages constitutes a major source of caffeine in sewerage [9]. 

Because caffeine exhibits a high solubility (i.e., 37.5 g L−1 [10]), a low volatility and a 

high persistency to natural degradation, it can be easily found in STP influents and 

effluents, water supply and even drinking water [11].  

To date, a number of methods have been proposed to remove caffeine from water, 

including adsorption [12, 13], biological treatment [14] and Advanced Oxidation 

Processes (AOPs). AOPs are particularly preferable because they can satisfactorily 

degrade refractory and non-biodegradable organic contaminants in a relatively short 

time using highly reactive oxygenic species such as ozone, hydroxyl and sulfate 

radicals. Rosal et al. successfully demonstrated the use of ozone to degrade caffeine 

[15], whereas Klamerth et al. [16] and Trovó et al. [17] employed Fenton reactions to 

generate hydroxyl radicals for the degradation of caffeine. While ozone and Fenton 

reactions were shown to eliminate caffeine, AOPs involving sulfate radicals (e.g., 

SO4
•−) have also drawn great attention because sulfate radicals exhibit a high oxidation 

potential (2.5−3.1 V vs NHE) [18] and relatively long half-life periods (i.e., 30−40 µs) 
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[19, 20]. To obtain sulfate radicals, Oxone (i.e., potassium peroxymonosulfate salt) is 

increasingly used because it is commercially available and environmentally-friendly 

[21]. Nevertheless, catalysts are usually required in order to accelerate the generation 

of sulfate radicals from Oxone because of the slow self-activation of Oxone [21-28]. 

Generally, cobalt-based catalysts are considered as the most effective catalysts for the 

activation of Oxone [26, 28]. Therefore, Guo et al. used cobalt sulfate to activate 

Oxone for the degradation of caffeine [29]. However, the direct addition of cobalt 

ions may pose a risk in the event that cobalt ions cannot be recovered, remaining in 

aqueous solutions and leading to secondary contamination. To avoid the direct 

addition of cobalt ions, Qi et al. immobilized cobalt ions on a mesoporous silica 

support (i.e., MCM-41) [30, 31]. The immobilization technique indeed prevented the 

direct addition of cobalt to solutions; however the recovery of catalysts still remains 

as an issue, especially in a large-scale operation. Additionally, the preparation of such 

a mesoporous support (i.e., MCM-41) requires a long time because it involves 

hydrothermal processing. Therefore, development of an easy-to-recover and 

simple-to-prepare cobalt-based heterogeneous catalyst is desired.  

To this end, we proposed to obtain a cobalt-based catalyst derived from Zeolitic 

Imidazolate Frameworks (ZIFs). ZIFs represent a special class of Metal Organic 

Frameworks (MOFs) owing to their zeolitic structures [32] and exceptional stability 

[33]. As MOFs recently are used as precursors to prepare nanoporous metal oxides 

[34-36] and carbonaceous composites [37-43], ZIFs, consisting of metals and organic 

ligands, are considered as ideal precursors for preparation of metal/carbon hybrid 

materials.  
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In this study, a cobalt-based ZIF (i.e., ZIF-67) is selected and carbonized, 

because ZIF-67 can be simply prepared with a high yield in a relatively short time 

(e.g., 2-4 h) using water as a solvent at room temperature [44]. ZIF-67 was first 

reported by Yaghi et al. [45] in 2008, and it exhibits a sodalite topology, consisting of 

cobalt as the metal center and 2-methylimidazole (2-MIM) as the ligand.  

After a one-step carbonization, the cobalt content in ZIF-67 enables the 

resultant cobalt/carbon nanocomposite (CCN) to be controlled magnetically. The 

original hierarchical structure of ZIF-67 also renders CCN porous even after the 

carbonization. Therefore, the cobaltic, magnetic and porous CCN is a promising 

catalyst to activate Oxone for the degradation of caffeine.  

In this study, CCN was prepared via the direct carbonization of ZIF-67 crystals 

and its morphology was determined using scanning electronic microscopy (SEM). 

The chemical composition was characterized using X-ray diffraction (XRD), FT-IR, 

Raman spectroscopy and X-photoelectron spectroscopy (XPS). Physical properties, 

such as thermogravimetric (TG) analysis, surface area and porosity, and 

magnetization, were also determined. Factors influencing the caffeine degradation 

were examined, including CCN loading, Oxone dosage, temperature, pH, co-existing 

ions, salt and inhibitors. Intermediates generated during the degradation of caffeine 

using CCN-activated Oxone were also determined by GC-MS and a possible 

degradation pathway was proposed. To evaluate recyclability of CCN, a multi-cycle 

test of degradation of caffeine was conducted without regeneration treatments on 

CCN.   
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2. Experimental 

2.1 Materials 

Chemicals used in this study were commercially available and used without 

purification. Caffeine, 2-methylimidazole (2-MIM), Oxone (peroxymonosulfate 

content: 44.7 wt%), and sodium dodecyl sulfate (SDS) were obtained from 

Sigma-Aldrich (USA). Cobalt nitrate was purchased from Choneye Pure Chemicals 

(Taiwan). Methanol was purchased from Merck (Germany), whereas tert-butyl 

alcohol was obtained from Alfa Aesar (USA). Cetyltrimethylammonium bromide 

(CTAB) was purchased from Acros Organics (USA). Deionized (DI) water was 

prepared to less than 18 MOhm-cm. 

 

2.2 Preparation of Cobalt/Carbon Nanocomposite (CCN) 

CCN was prepared based on the scheme illustrated as Fig. 1a. First, ZIF-67 crystals 

were synthesized by coordinating Co(NO3)2 with 2-MIM [44]. In a typical synthesis, 

8 mmol of Co(NO3)2 was added to 100 mL of DI water and 32 mmol of 2-MIM was 

added to another 100 mL of DI water. Next, the cobalt solution was slowly poured 

into the solution of 2-MIM and the mixture was stirred at ambient temperature for 4 h. 

The precipitate was collected via centrifugation and washed thoroughly with DI water. 

The as-synthesized crystals were dried in a vacuum oven 100 °C for 8 h to obtain 

ZIF-67 crystals.       

    The resulting ZIF-67 crystals were placed into a tubular furnace and carbonized 

in nitrogen at 600 °C for 4 h to yield black-colored particles. These particles were 

then washed with ethanol thoroughly and oven-dried at 85 °C for 8 h to obtain the 

final product, CCN.  

 

Page 6 of 36Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



7 

 

2.3 Characterization of CCN 

Characteristics of CCN and its precursor, ZIF-67, were first determined using a 

field-emission SEM (Zeiss UltraPlus, Germany) to observe their morphologies. 

Crystallinities of CCN and ZIF-67 were measured using an X-ray diffractometer 

(Bruker D8 Discover, USA) with copper as an anode material (40 mA, 35 kV). IR 

spectroscopic analysis of CCN was conducted using a Fourier-Transform IR 

spectrometer (Horiba FT-730, Japan) with KBr pellets. 

    Raman spectroscopy was also employed to investigate composition of 

conjugated carbon in CCN using a Raman spectrometer (Tokyo Instruments Inc. 

Nanofinder, Japan). The cobalt content within CCN was further identified by X-ray 

Photoelectron Spectroscopy (XPS) with Versa Probe/Scanning ESCA Microprobe 

(PHI 5000, ULVAC-PHI, Inc., Japan). The magnetic property of CCN was 

determined by measuring magnetization under a varied magnetic field using a SQUID 

Vibrating Sample Magnetometer (Quantum Design MPMS, USA) at 27 °C. 

Thermogrametric (TG) analyses of CCN and ZIF-67 were obtained using a 

thermogravimetric analyzer (ISI TGA i1000, USA) at a heating rate of 20 °C min−1 

from 20 to 800 °C with nitrogen or air as a carrier gas. Surface area and porosity of 

CCN and its precursor, ZIF-67, were obtained by measuring their N2 

sorption/desorption isotherms after CCN and ZIF-67 were degassed at 120 °C for 24 h 

using a volumetric gas adsorption analyzer (Micromeritics ASAP 2020, USA).  

 

2.4 Elimination of Caffeine in water using Oxone activated by CCN 

Elimination of caffeine using Oxone was conducted by batch-type experiments. 

Typically, 50 mg of Oxone powder was added to 0.2 L of caffeine solution with an 

initial concentration (C0) of 50 mg L−1. Upon the dissolution of Oxone, 10 mg of 
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CCN was added to the caffeine solution and the mixture was maintained at a certain 

temperature using a digital temperature-controllable stirring plate. At pre-set times, 

samples aliquots were withdrawn from the batch reactor and the remaining 

concentration (Ct) at a given time was determined using a UV-Vis spectrophotometer 

at 275 nm (Hitachi U-2900 spectrometer). Total organic carbon (TOC) concentration 

of caffeine solutions during the degradation was determined by a total carbon analyzer 

(Shimadzu TOC-V, Japan) after quenching sample aliquots by sodium thiosulfate. To 

investigate roles of CCN and Oxone during the degradation, CCN loadings and 

Oxone dosages were varied: CCN loading was increased from 25 to 150 mg L−1 and 

Oxone dosage was increased from 25 to 250 mg L−1. The solution temperature was 

also changed from 20 to 40 °C to examine the effect of temperature and to determine 

the activation energy of caffeine degradation. In addition, the initial pH of solution 

was adjusted to 3, 7 and 10 to investigate caffeine degradation using CCN-activated 

Oxone under acidic, neutral and basic conditions, respectively. The pH for the 

unadjusted experiment was 3.5. The influence of co-existing surfactants was 

examined by adding a common cationic surfactant, CTAB, and a typical anionic 

surfactant, SDS, to caffeine solutions. The effect of salt was also investigated by 

adding different amounts of a common salt, NaCl, to caffeine solutions.  

    Two radical-scavengers, methanol and TBA, were added to caffeine solutions to 

examine their inhibitive effects on the degradation and to provide insights into the 

degradation mechanism using CCN-activated Oxone process. To evaluate whether 

CCN serves as a durable and re-usable catalyst to activate Oxone, the spent CCN was 

recovered and used directly in multiple cycles of degradation experiment without 

regeneration treatments. The intermediate products were identified by GC-MS 

(Thermo Scientific DSQ II, USA) with a DB-5MS capillary column (30 m × 0.25mm 
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× 0.25 µm). Sample aliquots of the degradation of caffeine were quenched by 

methanol and the degradation products were extracted by dichloromethane (20 mL). 

The recovered organic phases were then condensed to around 2 mL at 60 °C. During 

the analysis of GC-MS, a temperature program was used as follows. An initial 

temperature was set to 50 °C and increased to 200 °C at increments of 50 °C min−1 

and then held for 2 min. The temperature was then increased to 275 °C at increments 

of 30 °C min−1.  

 

3. Results and Discussion 

3.1 Characterization of CCN 

Before characterizing the morphology of CCN, it is necessary to determine the 

morphology of its precursor, ZIF-67. Fig. 1b shows a SEM image of ZIF-67 crystals 

which exhibited a well-defined sodalite structure with sharp edges and an average size 

of 682 (± 196) nm. The crystalline structure of ZIF-67 was also measured and is 

shown in the upper part of Fig. 2a. This structure can be readily indexed to the typical 

pattern of ZIF-67 [46], indicating that ZIF-67 crystals were well-developed. After the 

carbonization of ZIF-67, the morphology of the resultant CCN is displayed in Fig. 1c 

and the average size of CCN is 471 (± 134) nm. The original sodalite morphology of 

ZIF-67 had been concaved and shrunken due to the carbonization. Nevertheless, the 

edges of ZIF-67, although distorted, can still be observed in CCN. Fig. S1 reveals 

TEM images of CCN and its precursor, ZIF-67 (please see ESI†). It can be seen that 

before the carbonization, ZIF-67 exhibits very smooth morphology and no particles 

formed within ZIF-67 or on its surface. However, once ZIF-67 was carbonized to 

form CCN, small dark-colored cobalt oxide particles can be found quite evenly 

distributed within CCN, without significant aggregations. Fig. S1b also shows that 
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ZIF-67 crystals with different sizes can be converted to CCN particles which contain 

evenly-distributed cobalt oxide nanoparticles with an average size of 43 (± 12) nm. 

The crystalline structure of CCN is also shown in the lower part of Fig. 2a, in which 

no XRD pattern of ZIF-67 was preserved, indicating that ZIF-67 was transformed to 

another material. The XRD pattern of CCN can be indexed to cobalt oxide according 

to JCPDS card # 42-1467, indicating that cobalt oxide derived from ZIF-67 exhibited 

the spinel lattice structure. The average grain size of cobalt oxide is 4.6 nm based on 

the Debye-Scherrer equation using MDI Jade 5. 

The presence of cobalt oxide can be also confirmed using spectroscopic analyses. 

Fig. 2b shows an IR spectrum of CCN, in which peaks at 570 and 661 cm−1 can be 

attributed to the stretching vibrations of Co-O bond. In particular, the peak at 661 

cm−1 is considered the ABO3 form of cobalt oxide, in which A represents cobalt 

located in the tetrahedral position and B denotes cobalt in the octahedral position [47]. 

On the other hand, the peak at 570 cm−1 represents the BOB3 from of cobalt oxide in 

the spinel lattice. An additional peak at 1585 cm–1 can be assigned to the C-N bond 

derived from 2-MIM. Raman spectroscopic analysis (Fig. 2c) was also conducted to 

characterize CCN and a number of peaks at 192, 470, 510, 608 and 682 Raman shift 

(cm−1) were also attributed to the cobalt content of CCN [47]. The conjugated carbon 

of CCN was also revealed in the Raman spectra. The peaks at 1350 and 1590 Raman 

shift (cm−1) correspond to disordered structure carbon (i.e., the D band) and graphitic 

carbon (i.e., the G band) of CCN, respectively. Fig. 2d shows the Co 2p core-level 

XPS spectrum, which further reveals the cobalt species of CCN. The peaks at 780.2 

and 781.8 eV are considered as Co3+ and Co2+, respectively [48, 49], whereas the 

peaks at 786.3 and 804.8 eV can be attributed to the shake-up satellite peaks of Co2+ 
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[49]. In addition, nitrogen derived from 2-MIM was found to remain within CCN as 

the N 1s core-level XPS spectrum reveals in Fig. S2 (see ESI†).  

    The magnetization property of CCN was also evaluated. Fig. 3a shows the 

magnetization as a function of magnetic field; the magnetization approached a 

saturation of 45 emu g−1, indicating that CCN is a magnetic material. Fig. 3b 

demonstrates that CCN could be well-dispersed in water to form a stable suspension 

and CCN nanoparticles can be easily collected/recovered using an external magnet.  

The thermogravimetric (TG) analysis of CCN is seen in Fig. S3 (see ESI†), 

including the TG curve of ZIF-67. The TG curve of ZIF-67 in N2 started at 200 °C 

owing to the decomposition of 2-MIM [50]. The TG curve continued to decrease until 

500 °C and then remained stable at 20 wt% afterwards. This suggests that each gram 

of ZIF-67 can be converted to 0.2 g of CCN. Once ZIF-67 was converted to CCN, the 

thermal stability of CCN was quite stable and only slight weight loss was observed in 

CCN during the TG decomposition in N2 up to 800 °C. The TG decomposition of 

CCN in air was also examined and the weight decreased to 50 wt% after 250 °C, 

indicating that carbon accounted for around 50 wt% of the entire CCN.  

    To demonstrate the variation of the textural property from ZIF-67 to CCN, N2 

sorption and desorption isotherms of ZIF-67 and CCN are provided in Fig. S4a and 

Fig. S5a, respectively. While the isotherm curve of ZIF-67 is a typical IUPAC type I 

sorption, the isotherm curve of CCN represents a combination of the IUPAC type I 

and II sorption types. This suggests that ZIF-67 primarily exhibits micropores as 

revealed in Fig. S4b, whereas CCN might exhibit macroporous structures as shown in 

Fig. S5b. As a result, the BET surface area and porosity of CCN (i.e., 220 m2 g−1 and 

0.34 cm3 g−1, respectively) were much lower than those of ZIF-67 (i.e., 1717 m2 g−1 

and 0.7 cm3 g−1, respectively). Nevertheless, the pore size distribution of CCN (Fig. 
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S5b) reveals that CCN was comprised of mesopores with a small portion of 

micropores, indicating that the porosity of CCN remained even after carbonization.   

 

3.2 Elimination of caffeine in water by CCN-activated Oxone 

Since ZIF-8, an isostructural ZIF to ZIF-67, had been reported to adsorb caffeine in 

solutions [51], it was necessary to examine whether caffeine could be removed from 

water via adsorption prior to investigating the degradation of caffeine using 

CCN-activated Oxone. Fig. 4a shows the concentration of caffeine as a function of 

time in the presence of CCN alone, and no caffeine was removed, suggesting that 

CCN did not exhibit strong affinity toward caffeine. The elimination of caffeine in the 

presence of Oxone was shown in Fig. 4a. While Oxone alone was capable of 

eliminating caffeine, Ct/C0 did not approach 0.6 after 120 min. This suggests that 

Oxone alone was ineffective without activation by catalysts. Once CCN was added to 

the caffeine solution containing Oxone, Ct/C0 reached 0.2 in 60 min and approached 0 

in 120 min. The UV-Vis spectral variation of the caffeine solution (Fig. S6a, see ESI†) 

also reveals that caffeine was gradually eliminated from water. This indicates that the 

combination of CCN and Oxone significantly improved the degradation of caffeine.  

    Considering the existence of both Co3+ and Co2+ as revealed in the XPS analysis, 

either cation could react with Oxone to convert peroxymonosulfate anion (HSO5
‒) to 

sulfate radicals as illustrated in Fig. S7 according to the following equations 

(Eqs.(1)-(3)) [39, 52-57]: 

Co2+ + HSO5
‒ → Co3+ + SO4

•‒ + OH‒       (1) 

Co3+ + HSO5
‒ → Co2+ + SO5

•‒ + H+         (2) 

2 SO5
•‒ →2 SO4

•‒ + O2                        (3) 
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The high oxidation potential of SO4
•− (i.e., 2.5−3.1 V vs NHE) could attack caffeine, 

causing degradation and mineralization. This can be validated by a decrease of total 

organic carbon (TOC) concentration of the caffeine solution (Fig. S6b, see ESI†) 

during the degradation experiment.  

 

3.3 Effects of CCN loading and Oxone dosage on the elimination of caffeine 

CCN loading and Oxone dosage were varied to examine their respective effects on the 

elimination of caffeine. Fig. 4b shows degradation curves using CCN loadings of 25, 

50 and 150 mg L−1 while Oxone dosage was fixed at 250 mg L−1. A distinct trend can 

be observed: a higher CCN loading significantly accelerated the degradation kinetics. 

Another noteworthy observation is that even though CCN loading was as low as 25 

mg L−1, Ct/C0 still approached 0 in 120 min This indicates that CCN was a highly 

effective catalyst to activate Oxone. To quantitatively evaluate the enhancement in 

degradation kinetics at a higher CCN loading, the degradation kinetics was analyzed 

by a common rate law, the pseudo first order equation, as follows (Eq. (4)): 

0 1exp( )tC C k t= −      (4) 

where k1 is the first order rate constant of the degradation. While CCN loading was 

increased from 25 to 150 mg L−1, k1 changed from 0.0208 to 0.1000 min−1, almost a 

five-fold increase. This validates that a higher CCN loading substantially accelerated 

the degradation kinetics.  

    Fig. 4c shows the effect of Oxone dosage on the caffeine degradation. A higher 

Oxone dosage indeed improved the caffeine degradation as Ct/C0 almost reached 0 in 

60 min using Oxone = 250 mg L−1. The kinetics at a higher Oxone dosage was also 

accelerated. When Oxone was increased from 150 to 250 mg L−1, k1 rose from 0.0256 

to 0.0421 min−1. However, when Oxone = 25 mg L−1, Ct/C0 merely approached 0.6 
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and k1 became 0.0157 min−1, suggesting that a sufficient Oxone dosage was necessary 

to effectively degrade caffeine.   

 

3.4 Effects of temperature and pH on caffeine degradation 

The effect of temperature was also investigated by changing the temperature of 

caffeine solutions from 20 to 40 °C. When the temperature was increased from 20 to 

30 °C, the kinetics became much faster and Ct/C0 reached a lower value (Fig. 4d), 

indicating the positive effect of a higher temperature. The k1 value was also increased, 

from 0.0256 to 0.0520 min−1. Similarly, when temperature was increased to 40 °C, k1 

increased to 0.1364 min−1, demonstrating the remarkable effect of higher temperature 

on the degradation of contaminants as reported in previous studies [25].  

    Rate constants can typically be associated with temperature via the Arrhenius 

equation as follows (Eq.(5)): 

  

ln k1 = ln k – Ea/RT  (5) 

where Ea is the activation energy (kJ mol–1); k represents the 

temperature-independent factor (g mg–1 min–1); R is the universal gas constant; and T 

is the solution temperature in Kelvin (K). Thus, the activation energy of caffeine 

degradation using CCN-activated Oxone can be determined by the Arrhenius equation. 

To do so, a plot of 1/T versus ln k1 was drawn in Fig. S8 (see ESI†). One can observe 

that the data points of k1 values at different temperatures are well fitted by a linear 

regression with R2 = 0.993. Based on the slope of the fitting line, the activation energy 

was estimated to be 64.5 kJ mol–1. 

    The effect of pH was investigated by changing the initial pH of caffeine 

solutions to 3, 7 and 10, corresponding to acidic, neutral and basic conditions, 
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respectively. Degradation at the unadjusted initial pH (i.e., 3.5) was also included in 

Fig. 5a for comparison. The degradation of caffeine at pH = 3 was almost the same as 

that at the unadjusted pH. The k1 value obtained at pH = 3 was 0.0270 min−1 (Table 1), 

quite similar to k1 at the unadjusted pH (i.e., .0256 min−1). On the other hand, the 

caffeine degradation was slightly hindered when pH was raised to 7; Ct /C0 reached 

just 0.4 in 120 min and k1 was 0.0104 min−1. The adverse effect on the caffeine 

degradation was even more pronounced when pH was increased to 10. At pH = 10, Ct 

/C0 did not even reach 0.9 in 120 min with k1 = 0.0030 min −1. These results indicate 

that the caffeine degradation by CCN-activated Oxone was not significantly 

influenced under the acidic condition, possibly owing to the fact that Oxone is 

relatively stable at low pH [54]. Besides, Oxone is also considered as an acidic 

oxidant and thus the generation of SO4
•− can be also facilitated at low pH values [31]. 

This could be a possible reason for the slightly higher k1 obtained at pH = 3 (i.e., 

0.0270 min−1) than that obtained at the unadjusted pH (i.e., 0.0256 min−1). In contrast, 

Oxone under basic conditions was prone to decompose without producing sulfate 

radicals [54, 58, 59] and therefore decreased the degradation extent and kinetics. 

Another possibility is that the surface of CCN might be negatively-charged owing to 

the residence of hydroxyl ions under the basic condition. As a result, the contact 

between the negatively-charged CCN and SO5
●−, which is an efficient species for the 

generation of SO4
●−, might be limited. This could lead to a reduced yield of SO4

●− and 

less degradation of caffeine [31].  
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3.5 Effects of co-existing ions on caffeine degradation 

A number of studies have reported that caffeine and surfactants can be 

simultaneously detected in septic tank effluents [60], drinking water wells and 

groundwater [61]. Therefore, it is necessary to examine whether CCN-activated 

Oxone could be still capable of degrading caffeine in the presence of other 

contaminants, such as surfactants. Additionally, because wastewater typically also 

contain salts [62], the effect of different concentrations of salt on the degradation 

efficiency of CCN-activated Oxone was evaluated. Fig. 5b shows the caffeine 

degradation in the presences of two widely-employed surfactants, CTAB and SDS. 

When CTAB, a typical cationic surfactant, was added in the caffeine solution, Ct /C0 

slowly approached 0.5. Bromide-comprising CTAB has been proven to be a radical 

scavenger that react with sulfate radicals to form bromine radicals and bromate as 

follows (Eqs.(6)-(12)) [63, 64]: 

Br− + SO4
●‒ →Br● + SO4

2‒      
k = 3.5 ×109 M−1 s−1           (6) 

Br● + Br− → Br2
●−                

k = 1.2 ×1010 M−1 s−1          (7) 

Br2
●− + Br● → Br2

 + Br−         
k = 2.0 ×109 M−1 s−1           (8) 

Br2
●− + Br2

●− → Br2
 + 2Br−      

k = 1.9 ×109 M−1 s−1           (9) 

Br● + Br● → Br2             k = 1.0 ×109 M−1 s−1               (10) 

Br2 + H2O → HBrO + H+ + Br−  
k = 1.6 ×1010 M−1 s−1              (11) 

HBrO + SO4
●‒ → BrO3

−                                                   (12) 

    The degradation of caffeine was slightly affected in the presence of SDS, a 

typical anionic surfactant. SDS, consisting of a long alkyl chain, might also react with 

sulfate and hydroxyl radicals, thereby consuming a portion of the radicals generated 

from CCN-activated Oxone. It should be noted that the concentration of SDS added to 

the solution was equivalent to caffeine (i.e., 50 mg L−1). However, the decrease in the 
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degradation of caffeine was not significant, implying that CCN-activated Oxone 

exhibited a higher selectivity toward the degradation of caffeine over SDS.  

    The effect of salt was also investigated and is shown in Fig. 6a. NaCl was 

selected as a model salt which was added to caffeine solutions during the degradation. 

As the concentration of NaCl increased, the extent of caffeine degradation gradually 

decreased. Thus, the presence of NaCl inhibited the caffeine degradation. Similar to 

bromide ions, chloride ions could also react with SO4
●− to generate chlorine radicals 

and therefore the addition of NaCl might scavenge the sulfate radicals, thereby 

hindering the caffeine degradation as follows (Eqs.(13)-(14)) [31]: 

Cl− + SO4
●‒ →Cl● + SO4

2‒   
kf = 3.2 ×108 M−1 s−1; kr = 2.1 ×108 M−1 s−1   (13) 

Cl● + Cl− → Cl2
●−   

kf =7.8 ×109 M−1 s−1; kr = 5.7 ×104 M−1 s−1          (14) 

 

3.6 Effects of inhibitors on caffeine degradation 

A few radical scavengers were also evaluated for their inhibitive effects on the 

caffeine degradation by CCN-activated Oxone. Investigations of the inhibitive effect 

of particular scavengers could also provide insights into the mechanism for caffeine 

degradation. First, tert-butyl alcohol (TBA) was used as a probe reagent specifically 

for hydroxyl radicals (OH•). Fig. 6b shows that the caffeine degradation was affected 

as Ct /C0 approached around 0.1 in 120 min and k1 became 0.0415 min−1. This 

indicates that TBA slightly inhibited the caffeine degradation and the degradation 

mechanism seemed to involve hydroxyl radicals, which could be derived from a 

reaction between sulfate radicals and H2O as follows (Eq. (15))[65]: 

SO4
−• + H2O → SO4

2− + OH• + H+
   (15) 

Subsequently, methanol was used as an inhibitor since it is a probe reagent for both 

sulfate and hydroxyl radicals. In the presence of methanol (Fig. 6b), degradation was 
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substantially hindered; Ct /C0 did not reach 0.8 in 120 min and k1 decreased to a mere 

0.0011 min−1. This suggests that the degradation mechanism for caffeine by 

CCN-activated Oxone primarily involves sulfate radicals and, to a less extent, 

hydroxyl radicals. 

 

3.7 A proposed degradation pathway for caffeine by CCN-activated Oxone 

To further investigate the degradation pathway of caffeine using CCN-activated 

Oxone process, GC-MS was employed to determine the transformation of caffeine 

and possible intermediates during the degradation. Five intermediates were detected 

and shown as P1-P5 in Fig. S9 (see ESI†). The proposed caffeine degradation 

pathway by CCN-activated Oxone based on the detected intermediates is shown in 

Fig. 7. When caffeine was added to water, a hydroxylated form of caffeine might 

initially occur as C1 in Fig. 7 [15]. Subsequently, SO4•− and OH• could attack the C-N 

bond of the 5-member ring to prompt a ring-opening reaction, generating an 

intermediate P1. Via the further oxidation, P1 could be degraded to P2. Next, the C=C 

bond of caffeine could also be attacked by SO4•− and OH•, opening the six-member 

ring and leading to the formation of another intermediate, C2, consisting of two 

carbonyl groups with nitrogen functional groups. The carbonyl groups might be 

attacked by the radicals and detached from C2 to form P3, which was 

N-acetyl-N-methylacetamide (C5H9NO2) with a carbonyl group and a secondary 

amine group. P3 could be further oxidized and the methyl group of the secondary 

amine group was attacked to form P4. Starting from P4, a few intermediates might 

form simultaneously such as P5-1 and P5-2. P5-1 could be derived from P4 by 

transforming the carbonyl group to a methyl group. P5-2 might occur when the 
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methyl group was further oxidized and the primary amine group was oxidized and 

replaced by a hydroxyl group [30].  

 

3.8 The recyclability of CCN to activate Oxone 

As a heterogeneous catalyst, the recyclability of CCN for activating Oxone for the 

caffeine degradation is an important aspect. Thus, we conducted a multiple cycle test 

using CCN to activate Oxone for caffeine degradation. The used CCN was collected 

using a permanent magnet and added to the subsequent experiment without any 

regeneration treatments. Fig. 8 shows the efficiency of caffeine degradation for 5 

cycles; the efficiency remained almost the same over 5 cycles even though CCN was 

not regenerated. This indicates that CCN is a recyclable, stable and effective 

heterogeneous and magnetic catalyst for activating Oxone.  

 

4. Conclusions 

In this study, the magnetic cobalt/carbon nanocomposite (CCN) was prepared from 

the one-step carbonization of ZIF-67. CCN is characterized by immobilized cobalt, 

porosity and magnetic controllability; these features suggest that CCN is a promising 

heterogeneous catalyst to activate Oxone for the degradation of caffeine. Higher CCN 

loading, Oxone dosage and temperature were found to greatly improve the caffeine 

degradation by CCN-activated Oxone. The acidic condition was preferable over the 

basic condition for caffeine degradation. In addition, the presence of other 

contaminants, such as surfactants, may decrease the efficiency of CCN. Based on the 

effects of such inhibitors, caffeine degradation by CCN-activated Oxone primarily 

involves sulfate radicals as well as hydroxyl radicals to some extent. The 

intermediates generated during caffeine degradation were also analyzed and a possible 
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degradation pathway was proposed. CCN was also able to activate Oxone for caffeine 

degradation over multiple cycles without changing its catalytic activity. These 

findings reveal that CCN appears to be an effective and promising catalyst for 

activation of Oxone for the degradation of caffeine.  
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Table 1 Kinetic parameters derived from the pseudo first order rate law for the degradation 

of caffeine using CCN-activated Oxone under various conditions (C0 of caffeine 

was fixed to 50 mg L
−1

).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Conditions The pseudo first order rate law 

CCN  Oxone Temp. (°C) Additive pH k1 (min
−1

) R
2
 

25 250 20 − 4      0.0208 0.984 

50 250 20 − 4 0.0421 0.970 

150 250 20 − 4 0.1000 0.995 

50 25 20 − 4 0.0157 0.905 

50 150 20 − 4 0.0256 0.962 

50 150 30 − 4 0.0520 0.946 

50 150 40 − 4 0.1364 0.943 

50 150 20 − 3 0.0270 0.963 

50 150 20 − 7 0.0104 0.978 

50 150 20 − 10 0.0030 0.950 

50 150 20 CTAB = 50 mg L−1 4 0.0094 0.967 

50 150 20 SDS = 50 mg L−1 4 0.0430 0.970 

50 250 20 NaCl = 25 mg L
−1

 4 0.0290 0.985 

50 250 20 NaCl = 150 mg L−1 4 0.0175 0.970 

50 250 20 NaCl =250 mg L−1 4 0.0146 0.965 

50 250 20 MeOH = 5 wt% 4 0.0011 0.941 

50 250 20 TBA = 5 wt% 4 0.0415 0.981 
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Fig. 1. CCN derived from ZIF-67: a. synthesis scheme, b. morphology of ZIF-67 and c. 

morphology of CCN. The scale bar is 500 nm.  
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Fig. 2. Characteristics of CCN: a. XRD patterns of CCN and its precursor, ZIF-67, b. 

FT-IR spectrum of CCN, c. Raman spectrum of CCN and d. Co 2p XPS spectrum of CCN. 
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    Fig. 3. Magnetic properties of CCN: a. saturation magnetization at ambient temperature and 

b. pictures showing that CCN can be magnetically recovered from solutions using an 

external magnet.  
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Fig. 4. Elimination of caffeine in water: a. comparison between the adsorption to CCN, 

Oxone alone and CCN/Oxone system (CCN = 50 mg L
−1

, Oxone = 150 mg L
−1

, 20 °C) b. 

effect of CCN loading (Oxone = 250 mg L
−1

, 20 °C), c. effect of Oxone dosage (CCN = 50 

mg L
−1

, 20 °C), d. effect of temperature (CCN = 50 mg L
−1

, Oxone = 150 mg L
−1

).  
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Fig. 5. Effects of a. pH and b. co-existing surfactants on the elimination of caffeine (CCN = 

50 mg L
−1

, Oxone = 150 mg L
−1

, 20 °C).  
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Fig. 6. Effects of a. NaCl and b. inhibitors on the elimination of caffeine (CCN = 50 mg 

L
−1

, Oxone = 250 mg L
−1

, 20 °C).  
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      Fig. 7. A proposed degradation pathway of caffeine by CCN-activated Oxone. (P1)-(P5) are 

intermediates detected in this study using GC-MS.  
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Fig. 8. Recyclability of CCN to activate Oxone for the elimination of caffeine (CCN = 50 

mg L
−1

, Oxone = 250 mg L
−1

, 20 °C, reaction time = 120 min).  
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