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In this investigation, a cobalt-doped carbon aerogel (CoDA), serving as a Peroxymonosulfate activator, was 

synthesized from durian shell biomass to facilitate the treatment of wastewater containing Methylene Blue (MB). 

This study could solve the two problems which were durian residues and wastewater. Furthermore, the cobalt-

doped carbon aerogel derived from durian shell was a significant innovation in the corporate of these materials 

for degrading methyl blue. The synthesis employed a hydrothermal approach combined with impregnation and 

pyrolysis. The CoDA sample underwent comprehensive material analysis, including nitrogen physisorption for 

porous characterization, Powder X-ray diffraction (XRD) for material identification, and Scanning Electron 

Microscopy (SEM) for morphological examination. The catalyst, featuring cobalt active sites on a carbon aerogel 

support, exhibited remarkable efficiency in removing MB when activated with PMS. Under specific of conditions 

0.2g catalyst, 100 mL of a 50 ppm MB solution, and 375 mg/L PMS, the MB removal efficiency reached 76.4 % 

(equivalent to 300.61 mg MB per 1 g of catalyst) within 30 min of reaction. Additionally, the impact of anions (Cl-

, SO4
2-, CO3

2-, and PO4
3-) on the MB degradation process was investigated, revealing a reduction in removal 

efficiency across all cases. 

1. Introduction 

Dye wastewater has persistently posed a significant challenge, given its detrimental impact on the environment, 

ecological toxicity, and associated health risks (Han et al., 2020). Various methodologies have been proposed 

to address this issue, including coagulation, adsorption, and membrane separation (Hashem et al., 2020). Unlike 

approaches focused solely on capture, advanced oxidation processes (AOPs) have gained widespread use. 

AOPs stand out by not only capturing but also actively degrading dyes, transforming them into smaller molecular 

substances. This transformation enhances their biodegradability and facilitates a more effective removal rate 

(Giwa et al., 2021). Among them, sulfate radical (SO4•‾) or hydroxyl (OH•)- based AOPs are the most excellent 

and efficient for general organic pollutant degradation like organic dyes, surfactants, or pesticides (Ghauch et 

al., 2012; Kabdaşlı et al., 2015). In the hydroxyl radical comparison, SO4•‾ based AOPs become more attractive 

with the higher standard reduction potential (E0=2.5-3.1V to SO4•‾, E0=1.8-2.7V to OH•), the longer lifetime, 

the broader operating pH range, and do not generate the excessive sludge (Yang et al., 2019). The generated 

source of SO4•‾ is usually from Peroxymonosulfate (PMS) or Peroxydisulfate (PDS) activated by heat, ultraviolet 

light (UV), ultrasound, transition metal ions like Fe, Co, Mn, etc., or carbon-based materials (Geng et al., 2021). 

Herein, cobalt ion is one of the most effective candidates for activating PMS with the following radical generation 

reaction as Eq(1) (Anipsitakis et al., 2004): 

Co2+ + HSO5
- → Co3+ + SO4

●- + OH (1) 

The toxicity of cobalt ions is relatively high, is harmful to human health when it is disposed to the environment. 

Furthermore, the metal particles can agglomerate, causing the active site reduction and the practical application 

decrease (Yao et al., 2023). To minimize the cobalt leaching, the heterogenous catalyst properties such as high 

surface area and porosity carrier is essential (Hu et al., 2017).  
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method using BET PMI-201A from the USA. Before measurement, the samples underwent a vacuum process 

at 200 °C for 2 h to ensure optimal conditions for analysis. 

2.4 Catalytic activity 

Co-DA was meticulously ground into a powder. Subsequently, a degradation experiment was conducted in 600 

mL beaker glasses under continuous magnetic stirring. A predetermined quantity of the ground Co-DA and PMS 

was introduced into the solution to initiate the reaction. At specific time intervals, 1.25 mL of the reaction mixture 

was collected and subjected to filtration through 0.45 µm membranes. The filtered solution was then analyzed 

using a UV-VIS Shimadzu UV-1800 spectrophotometer, measuring absorbance at wavelengths of 640 nm for 

MB. The MB removal efficiency (H %) and the MB removal capacity (mg/g) were calculated according to Eq(2) 

and Eq(3), where C0, Ct (mg/L) are the initial MB concentration and at time t. V (mL) is the volume of MB used 

in the experiment and m is the mass of catalyst material (g). 
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3. Results and discussions 

3.1 Characterization of sample 

The XRD results of the DA and CoDA sample in the 2θ range of 10-80 ° were shown in Figure 1a. As can be 

seen there were two peak at 15 ° and 22 ° in the spectra of DA corresponded to the (1-10) and (200) planes of 

cellulose crystalline (Liu et al., 2018). After carbonation at 500°C, the peak of XRD pattern of CoDA disappeared 

at 15°, 22°. There was no characteristic peak of cobalt or its oxides in XRD spectra of CoDA, explained by the 

high dispersion and low loading of the metals. This result was consistent with the results of Geng et al (Geng et 

al., 2021). 

  

Figure 1: a) XRD results of DA and CoDA sample, b) Nitrogen physisorption of CoDA sample. 

The Nitrogen adsorption-desorption of CoDA and the average pore diameter are showed in Figure 1b. 

Accordingly, the nitrogen sorption curve had the type IV isotherm with the hysteresis loop from the P/P0 range 

of 0.6-0.99 due to capillary condensation, which belonged to the mesoporous materials (Donohue et al., 1998). 

The BJH pore size distribution in the smaller graph demonstrates that both micropores (d < 2 nm) and 

mesopores (d = 2 - 50 nm) appeared in CoDA which created the hierarchical porous structure. This structure 

can enhance the ROS store and delivery. These results can be confirmed again with the BET specific surface 

area was 243.41 m2/g while t-plot method gives the micropore surface area of 142.83 m2/g. To more specific, 

there were some research about the Co doped carbon or carbon aerogel that had the common surface area 

such as 329.27 m2/g (durian shell biochar) (Dung et al., 2024), 734.96 m2/g (durian shell carbon aerogel) (Y 

Wang et al., 2017), 237 m2/g (Graphene aerogels) (Chi et al., 2015), 102.13 m2/g (Mn/Co@N- poplar chip) (Lyu 

et al., 2024), 582.9768 m2/g Co3O4–Mn3O4@ACFs (Fu et al., 2023). According to the studies by Dinh and 

colleagues, as well as Babasaheb and colleagues, improving the adsorption sites of biomass after hydrothermal 

processing was based on the formation of inner pores (Cuong et al., 2021; Matsagar et al., 2021).  

The morphological difference between DA and CoDA samples could be recognized with SEM images of 5 µm 

and 50 µm magnification in Figure 2. Accordingly, the DA samples (Figure 2a, 2c) have the layer structure of 

aerogel made from durian shell with empty cavities and intertwined canals. Wang et al. (2017) reported that the 

(a) (b) 
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fresh durian shell showed a porous structure with a lot of stacked and curled up irregular flaky plant tissue, and 

the hydrothermal process could not damage this framework. Due to the volatile substance gaseous emission 

and the degradation of hemicellulose and cellulose, there was some small pore generation (Figure 2a, 2c) 

(Ameen et al., 2021). According to the research of Nguyen and et al., the biochar durian shell at 800oC had a 

diameter about 0.2 – 2 µm and smooth morphology (Dung et al., 2024). Moreover, the carbon aerogel in this 

study had a similar surface as the research of Wang et al., (2017) with cuboid shape and shrinkage in pore. 

These SEM images prove that the carbon aerogel has been successfully synthesized from durian shell – one 

of the waste biomass sources. In Figure 2b, 2d (CoDA) also had the layered and hierarchical like the DA with 

the narrowed space zones, which means the attendance of cobalt has covered a part of the holes on the surface 

of the aerogel, making the network denser. Moreover, the high-temperature carbonization also curves a flake 

skeleton, resulting in denser space cavities (Y Wang et al., 2017).  

 

Figure 2: The SEM image of DA scales up x 5000 times (a, c) and CoCA scales up x 5000 times (b, d) sample  

3.2 Effect of parameters on MB degradation 

The influence of catalyst quantity on the efficiency of MB treatment was investigated in the range of 0.1 - 0.4 

g/L, and the results are shown in Figure 3a. Without PMS, MB degradation was only the adsorption process, 

the efficiency smaller than 10 %. When the amount of PMS kept stable, there was an increase in catalyst 

concentration results in the removal efficiency. At 0.1 g/L, the treatment efficiency reached only 73 % after 30 

min. By increasing the catalyst concentration to 0.2 g/L and 0.4 g/L, the treatment efficiency reached 76 % after 

20 min and plateaued onwards. The exhaustion of available PMS can be predicted as the primary reason for 

the insufficient development in treatment efficiency when the concentration was higher than 0.4 g/L. An excess 

amount of catalyst used may not be financially viable. Therefore, the optimal concentration used for this 

contribution was 0.2 g/L, which was used further in many experiments. 

 

Figure 2: Effect of parameters to Methylene Blue adsorption: a) quantity of catalyst, b) quantity of PMS, c) pH 

(MB concentration: 50 ppm, stirring speed: 100 rpm, 100 mL of solution, room temperature) 

The impact of PMS concentration on the MB degradation of the CoDA/PMS system had been studied within the 

range of 125 – 750 mg/L. In Figure 3b, the removal efficiency of MB was enhanced as the PMS concentration 

increased from 125 – 375 mg/L but didn't change significantly when raised from 375 – 750 mg/L. Similarly, in 

the Fenton process, PMS acted as a supplier of the oxidative agent for degrading MB. When the PMS 

concentration was less than 375 mg/L, the treatment efficiency was only 42 % and 76 % with 125 mg/L and 250 

mg/L. As the PMS concentration increased from 375 – 750 mg/L, the treatment efficiency showed negligible 

change after 30 min, and this was due to the excessive amount of PMS. Hence, a PMS concentration of 375 

mg/L was considered appropriate. Besides, MB degradation with pH of 3, 8.1, and 11 was investigated in the 

same catalyst quantity of 0.2 g/L and MB concentration of 375 mg/L (Figure 3c). pH-value was adjusted with 

H2SO4 and NaOH solution. Accordingly, MB performance at pH of 3 and pH neutral has nonsignificant change 

(removal efficiency of more than 80 % after 30 min), which was also one of the advantages of oxidation PMS 

instead of the Fenton method. When the pH value increases to 11, there may be the OH- and HSO5
- competitive 

reaction with Co2+, making the MB removal reduction. The impact of initial concentrations of MB on degradation 

reactions is illustrated in Figure 4. As depicted in Figure 4a, the escalation in initial MB concentrations (50, 75, 

100, and 125 mg/L) corresponded to an increase in MB removal capacity, yielding values of 225.12, 297.06, 

(a) (b) 

(c) (d) 

(a) (b) (c) 
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300.61, and 325.84 mg/g. The positive correlation between the initial concentrations of these pollutants and 

their degradation performance, while maintaining a constant catalyst and PMS quantity, suggests that the 

material has not reached its maximum capacity. The higher concentration of wastewater allowed for increased 

contact with the catalyst surface, thereby enhancing the efficiency of catalyst utilization.  

  

Figure 3: The initial concentration impact of Methylene blue with conditions: 0.2 g of catalyst, stirring speed: 100 

rpm, 100 mL of solution, room temperature (a), Effect of the strange anion (Cl-, SO4
2-, CO3

2-, PO4
3-) to the MB 

removal efficiency 

Some common anions in wastewater such as Cl-, SO4
2-, CO3

2-, and PO4
3- were used to investigate the anion 

impact on the degradation process of MB. In particular, the removal efficiency of MB without anion was 89.53 

%. In the case of Cl-, SO4
2-, CO3

2-, and PO4
3-, the MB removal efficiency is in turn 80.1 %, 87.2 %, 61.24 %, and 

77.77 %. The appearance of these co-existing anions led to the decrease trend in the removal efficiency of MB. 

In general, the negative impact on the removal efficiency is mainly because of the appropriation of the generated 

ROS radicals by anions, especially the sulfate and hydroxyl radicals (J Wang et al., 2018) 

4. Conclusions 

This study successfully synthesized cobalt-doped carbon aerogel (CoDA) from the biomass waste of durian 

shells, providing an environmentally friendly approach for the wastewater treatment of Methylene Blue (MB). 

The durian shell was valorized into a catalysis material, solving two environmental problems: wastewater and 

solid waste. Characterization techniques such as X-ray diffraction (XRD), BET analysis, and scanning electron 

microscopy (SEM) have revealed the layered and hierarchical structure of the DA sample. The catalyst, featuring 

cobalt active sites supported by carbon aerogel, demonstrated notable efficiency in removing MB when activated 

with PMS. Optimal conditions were determined to be 0.2 g of catalyst, a 100 mL solution of 50 ppm MB, and 

375 mg/L PMS, resulting in a remarkable MB degradation performance of 76.4 % after 30 min of reaction 

(equivalent to 300.61 mg MB per 1 g of sample). Notably, the PMS activation with CoDA exhibited stable MB 

removal efficiency across a pH range from 3 to neutral, distinguishing it from the Fenton process that relies on 

hydroxyl radicals. 
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