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ABSTRACT

Introduction: Water pollution caused by dyes is a major problem as it is a toxic chemical that can cause  
chronic diseases when exposed to humans and aquatic habitats. Sulfate-based advanced oxidation process  
based on peroxydisulfate (PDS) has received a lot of attention recently for achieving color degradation  
in wastewater. Transition metal-based homogeneous/heterogeneous catalysts have shown to be a good  
alternative for the activation of persulfate. Nonetheless, this leads to significant secondary contamination due  
to metal leaching. Alternatively, nitrogen-doped biochar is a promising non-metal persulfate activator due  
to its lower cost and more environmentally friendly. Methods: Biochar from Palm Oil Mill Effluent (POME)  
sludge doped with nitrogen source of urea, ammonium chloride, and melamine was synthesized at a 700°C  
pyrolysis process and used to activate PDS. The nitrogen content of synthesized POME biochar was altered  
to ratios of 25:75, 50:50, and 75:25 respectively. Batch degradation experiments were then conducted to  
determine the feasibility of catalytic removal of methylene blue (MB) dye. Results: Based on experimental  
results, urea-doped biochar showed a greater MB removal compared to ammonium chloride and  
melamine-doped biochar. Besides that, higher nitrogen-to-biochar ratio increases the MB degradation  
significantly. A similar trend was demonstrated when a higher urea-doped biochar dosage was utilized. By  
utilizing 5.0 g of urea-doped biochar, a 100 ± 0.7% degradation of MB was achieved. Conclusion: This research  
provides an effective method to produce carbon-based catalysts from sludge recovery for activation of  
PDS, also enhancing the catalytic performance of biochar on MB dye removal by N-doping.
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INTRODUCTION

Due to rapid urbanization, a high number of toxic 
wastes are frequently discharged into the water. 
Synthetic dyes are one of the toxic wastes that can be 
found in wastewater. These dyes are widely utilized 
in many industries such as rubber, textiles, cosmetics, 
printing, and plastics. Water pollution caused by 
dyes is a great concern because it affects human and  
aquatic habitats even at a low concentration (1, 2). 

The presence of MB in water causes an increase  
in oxygen demand which then affects aquatic  
animals (2). It is estimated that over 700,000 tonnes  
of dyes are produced each year, mostly from the  
textile industries and about 2% of the dyes produced  
are discharged into the water systems (3). In the  
textile manufacturing process, methylene blue  
(MB) dye is widely used as a pH indicator and drug 
enhancer. However, only 5% of the MB dye is used  
and the remaining 95% is discharged as effluent (4).  
In recent years, various wastewater treatment  
technologies have emerged such as membrane 
separation (5), carbon adsorption (6), and advanced 
oxidation processes (AOP) (7) areused in wastewater 
treatment. 
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Among these methods, AOP is the most promising 
method for wastewater treatment as it works under 
extreme operating conditions, has lower costs, and are 
able to completely mineralize pollutants in the water 
(7). Strong oxidants such as hydroxyl radicals (OH-),  
sulfate radicals (SO

4
.-), superoxide anion radicals (O

2
.-),  

and singlet oxygen (1O
2
) are produced during AOP 

that destroy stubborn organic contaminants (8). This 
research focused on the AOP activation of sulfate 
radicals from peroxydisulfate (PDS). Due to their  
unique advantages, AOP based on sulfate radicals  
(SR-AOP) has progressively emerged (9). Sulfate  
radicals are thought to be more effective than  
hydroxyl radicals. Besides that, sulfate radicals have 
a higher half-life, higher oxidation potential, stronger 
selectivity, and are less affected by pH value compared 
to hydroxyl radicals (9).  PDS is efficient oxidants, 
however, they are not able to decompose most  
stubborn organic substrates due to their low oxidation 
potential. Therefore, activation is required to produce 
free-radical or non-radical reactive species with  
higher reactivity than the persulfate parent in  
the persulfate/nanocarbon system (10). Numerous  
activation techniques of radical species have been 
reported in previous studies (10-13). Radiation such  
as ultraviolet (UV), ultrasound (US), and gamma  
rays (14) have been shown to be effective in 
activating persulfate, although the latter is not widely  
used. 

Transition metal ions and metal oxides have been  
shown to be effective activators in activating PDS 
in degrading toxic and stubborn pollutants (12). In 
addition, organic and inorganic metal-containing 
linkers have also become an important precursor 
for preparing porous carbon materials for activating  
PDS (15). However, the use of this metal leads to the 
leaching of metal ions, limiting its applications (16). 
Therefore, a series of metal-free catalysts such as  
graphene oxide (GO), carbon nanotubes (CNT), 
and reduced graphene oxide (rGO) were developed  
to activate PDS (11, 17). These metal-free catalysts 
effectively avoid the problem of metal leaching; 
however, these metal-free catalysts lack sufficient 
active sites to break the O–O bond of PDS for radical 
generation, making the removal efficiency of organic 
contaminants not ideal (18). Therefore, carbon-based 
catalytic activation as a metal-free alternative yield 
excellent result (2, 3, 19). The main advantage of 
carbon-based materials is that they leave no residue 
in wastewater and can be reused many times before 
recovery is required (20). Biochar has emerged as a 
promising candidate to be used as a carbonaceous 
catalyst because it is environmentally friendly and 
sustainable (21). Nevertheless, the carbonaceous  
catalyst has limited application. To overcome this 
limitation, past studies have shown that doping 
heteroatoms such as sulfur (S), boron (B), nitrogen (N), 
and phosphorus (P) can enhance the catalytic activity  

of metal-free catalysts and decompose persistent  
organic pollutants (22). Comparing these heteroatoms, 
N-doped carbon materials have a large number of 
functional N groups and more vacancies, therefore 
exhibiting superior catalytic activity (23).

Currently, Malaysia is the world’s leading palm oil 
exporter and producer. This has caused significant 
problems as palm oil mills produce large amounts 
of palm oil mill effluent (POME) (24). However, 
few studies have shown that POME sludge can  
be converted to biochar in high yields by low-
temperature pyrolysis (25). Furthermore, another 
study also has proven that POME sludge can be 
utilised to produce solid char and liquid bio-oil  
using microwave-assisted pyrolysis (26). Therefore,  
N-doped POME sludge biochar has the potential  
to be used as a catalyst for the sulfate radical activator. 
This research aims to create an environmentally  
friendly activator that activates the sulfate radicals 
of PDS using natural resources. The aim of this study 
is also to produce low-cost nitrogen-doped biochar 
to catalyze the activation of PDS and determine the  
optimal conditions for the removal of MB. 

MATERIALS AND METHODS

Biochar Preparation
POME sludge samples were collected from Felda  
Jengka, Pahang, and were then kept in an airtight 
container. The POME sample was dried in the sunlight 
for a day before being cleaned with distilled water  
three times. The samples were then dried for 24 hours  
at a drying oven temperature of 105 °C (27). Pyrolysis 
was carried out in a furnace for 4 hours at 700°C  
at a rate of heating of 10°C/min and the biochar was 
ground and sieved to get a smaller size. The biochar  
was then placed in the desiccators and kept in an  
air-tight container.

N-Doped Preparation
The biochar was nitrogen-doped using three different 
sources: ammonium chloride, urea, and melamine. 
Three ratios of N-doped biochar were prepared: 25:75, 
50:50, and 75:25 respectively. 50 mL of ultrapure 
water was then poured into the mixture and was then 
placed into a 100 mL beaker. The solution was stirred 
for 8 hours. Then, the N-doped biochar was rinsed  
with distilled water three times and then oven-dried 
overnight at 60°C (28). The N-doped biochar was  
then heated to 350°C for 1 hour. The N-doped material 
was then taken from the furnace and allowed to  
cool until it reaches room temperature in the  
desiccator. Finally, the cooled N-doped sample was 
rinsed multiple times with distilled water and dried 
overnight at 60°C (21). After that, the dry N-doped 
material was stored in sealed glass bottles. This 
procedure was repeated for the remaining ratios of 
50:50 and 75:25. 
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Characterization of Sample
Fourier transform infrared spectroscopy (FTIR) analysis 
was conducted to determine the functional groups  
and chemical characteristics of the biochar. The sample 
was firstly ground into powder and dried overnight i 
n the drying oven to remove any remaining moisture. 
The sample was then mixed with a potassium bromide 
(KBr) pellet (Sigma Aldrich) in a ratio of 1:100 and  
left to dry in a drying oven for 3 hours. The sample was 
then pressed into a hydraulic presser to form a pellet 
form (19). It was then analyzed using an FTIR analyzer 
with a wavelength of 400 cm-1 to 4000 cm-1.

Batch Degradation Experiment
A 1000 mg/L MB stock solution was prepared in  
a 1-liter volumetric flask and altered to 3 different  
values: pH 3, pH 5, and pH 9. 250 mL conical flasks 
were prepared with MB solution alone (blank), MB 
and 100% biochar alone, MB and PDS alone, and  
MB, N-doped biochar and PDS alone. The conical  
flasks were closed and agitated for 180 minutes using  
an orbital shaker. The samples were withdrawn and 
filtered using a 0.45 µm syringe membrane filter.  
The reaction was then inhibited with the addition 
of 20 µL of methanol (29). The sample’s absorbance 
was determined using a UV-Vis Spectrophotometer 
(Perkin Elmer) adjusted to 650 nm. This experiment 
was replicated to obtain an accurate and precise  
value. The experiments were repeated with varying 
N-doped biochar dosages.

RESULTS  

Chemical Functional Group of Biochar by using FTIR 
analysis
The infrared spectra of absorption of the N-doped 
biochar samples were obtained using FTIR. FTIR 
was utilized to determine the functional group and  
chemical bonds of the POME biochar and N-doped 
biochar. A significant difference in peaks was observed 
before and after the N-doped process as illustrated  
in Fig. 1. Both POME biochar and N-doped POME 
biochar showed a peak at a wavelength of 3435  
to 3450 cm-1. Besides that, peaks at band 3000 to  
3500 cm-1 which are the secondary amines group  
were also observed in all samples. Referring to  
Fig. 1, the N-doped POME biochar also exhibit peaks 
indicative of nitro compounds between wavelengths  
of 1383 to 1460 cm-1. Besides that, wavelength  
peaks in the range of  1600 to 1700 cm-1 were also 
observed in the spectra of both raw POME biochar and 
nitrogen-doped biochar. 

Effect of different nitrogen source doped biochar on 
the Degradation of MB by PDS
Fig. 2 illustrates the degradation of MB by using three 
different sources of N-doped biochar: urea-doped, 
ammonium chloride-doped, and melamine-doped. 
Based on the three nitrogen sources used, urea-doped 

Fig. 1: The Fourier transform infrared spectroscopy (FTIR) 
spectrum for (a) urea-doped biochar, (b) ammonium  
chloride-doped biochar, (c) melamine-doped biochar 
ratio 25:75, 50:50, 75:25, and 100:0 (Biochar: Nitrogen 
source).

Fig. 2: Removal of methylene blue (MB) with different 
nitrogen sources [Experiment operating condition: MB 
initial concentration = 25 µM; Biochar dosage = 0.1 g; 
Initial pH = 3; PDS concentration = 6 mM; Pyrolysis 
temperature = 700 oC; Nitrogen: biochar ratio = 75:25].
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biochar showed the most significant MB removal 
compared to ammonium chloride-doped biochar 
and melamine-doped biochar. Compared to these 
three nitrogen sources, by utilizing a 75% ratio of 
urea-doped biochar, the removal of MB achieved the  
highest MB removal with a percentage of 80.2 ± 2% 
after 180 minutes of reaction. Meanwhile, the removal of  
MB achieved by utilizing ammonium-chloride-doped 
biochar and melamine-doped biochar after 180 minutes 
were 76.7 ± 1.9% and 68.4 ± 0.8% respectively. 
This may relate to the FTIR spectra, where the most 
significant peaks of nitro compounds were observed 
in urea-doped biochar compared to ammonium  
chloride-doped biochar and melamine-doped  
biochar. Therefore, urea-doped biochar was utilized for 
further degradation experiments. 

Effect of different nitrogen-doped ratios on the 
Degradation of MB by PDS
Fig. 3 illustrates the influence of nitrogen-doped 
biochar ratio on MB degradation. The nitrogen: biochar 
ratio employed in the experiment varies from 25 to 
75%. Based on the figure, the degradation of MB by 
utilizing 100% biochar only achieved a degradation  
of 24.4 ± 2%. The urea-doped biochar ratio at 75%  
results in the highest MB degradation of 76.6 ± 0.6%  
after 180 minutes of reaction. Meanwhile, the 
degradation of MB achieved by utilizing 25 and 50% 
urea-doped biochar were 71.3 ± 1.8% and 74.1 ± 0.8% 
respectively. 

Effect of different N-doped biochar dosages on the 
Degradation of MB by PDS
Fig. 5 illustrates the rate of MB degradation 
using various dosages of 100% biochar and 75%  
urea-doped biochar. Referring to the figure, it shows 
that increasing the biochar dosage from 0.1 g to  
5.0 g improves the efficiency of MB degradation 
significantly. The urea-doped biochar dosage at  
5.0 g results in the highest MB degradation of 100 ± 
0.7%, whereas 0.1 g and 1.0 g of urea-doped biochar 
achieved a degradation of 80.1 ± 2% and 98.4 ± 0.8% 
respectively after 180 minutes of reaction.

Fig. 3 : Removal of methylene blue (MB) with different  
urea-doped biochar ratio [Experiment operating  
condition: MB initial concentration = 25 µM;  
initial pH = 3; PDS concentration = 6 mM; Pyrolysis  
temperature = 700 oC; Biochar dosage = 0.1g].

Fig. 4 : Removal of methylene blue (MB) at different  
initial pH [Experiment operating condition: MB initial  
concentration = 25 µM; Biochar dosage = 0.1 g; PDS  
concentration = 6 mM; Pyrolysis temperature = 700 oC; 
Urea: biochar ratio = 75:25].

Fig. 5 : Removal of methylene blue (MB) at different  
biochar dosages [Experiment operating condition: MB 
initial concentration = 25 µM; initial pH = 3; PDS  
concentration = 6 mM; Pyrolysis temperature = 700 oC; 
Urea: biochar ratio = 75:25].

Effect of Initial pH on the Degradation of MB by PDS
Fig. 4 illustrates the degradation of MB by using PDS 
with the addition of 75% urea-doped biochar at  
three different pH of 3, 5, and 9. After 180 minutes 
of reaction, the MB degradation at pH 3 achieved  
up to 80.2 ± 2%, whereas at pH 5 and pH 9, the  
MB degradation decreases and achieved the removal 
of 68.5 ± 1.7% and 67.6 ± 0.9% respectively. Based  
on the results, the optimum pH for MB degradation  
is pH 3. 

DISCUSSION

The FTIR spectra demonstrated that both POME  
biochar and N-doped POME biochar showed a 
significant quantity of oxygen-containing functional 
groups, such as the O-H stretching at a wavelength 
of 3435 to 3450 cm-1 (30). This may be related to 
the moisture content of the biochar and hydroxyl 
functional group of hemicellulose, cellulose, and lignin 
(31). Peaks at band 3000 to 3500 cm-1 which are the 
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CONCLUSION

The biochar from POME sludge was prepared and 
was nitrogen-doped with three nitrogen sources: urea, 
ammonium chloride, and melamine with ratios of 25, 
50, and 75%. The N-doped biochar was utilized as a 
catalyst in PDS activation to enhance MB degradation. 
Based on experimental results, the nitrogen doping 
was successful by utilizing the three nitrogen sources, 
with 1.0 g of urea-doped biochar producing the highest 
MB degradation at 80.2 ± 2% after 180 minutes of  
reaction. Besides that, 5.0 g of 75% urea-doped biochar 
achieved 100 ± 0.7% degradation of MB after 180 
minutes of reaction. The increase in biochar dosage 
and biochar ratios also simultaneously increased the 
efficiency of MB degradation. It can be concluded  
that the addition of nitrogen species produced 
more active sites for PDS activation, simultaneously  
enhancing MB degradation. This work exhibits great 
potential in utilizing POME carbocatalyst incorporate 
with nitrogen precursor to enhance the activation of 
PDS to replaced metal-based catalyst. This green-
carbocatalyst is a scalable and cost-effective method 
to develop a sustainable low-cost catalyst and 
simultaneously reducing secondary contamination 
in wastewater due to metal leaching of metal-based 
catalysts.
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