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Abstract.  Sewage sludge, a major byproduct of municipal wastewater treatment, presents both environmental 
challenges and resource utilization opportunities. In this study, biochars were prepared from sewage sludge at 
pyrolysis temperatures ranging from 400°C to 800°C and evaluated for their adsorption performance in removing 
dissolved organic carbon (DOC), chemical oxygen demand (COD), total nitrogen (TN), and total phosphorus (TP) 
from secondary effluent. The physicochemical properties of the biochars were characterized using Brunauer–
Emmett–Teller (BET) surface area analysis, Fourier transform infrared spectroscopy (FT-IR), field-emission 
scanning electron microscopy (FE-SEM), and elemental analysis. The results showed that higher pyrolysis 
temperatures significantly increased surface area and pore development. Although surface functional groups 
decreased with increasing pyrolysis temperature, the adsorption capacities improved overall. The biochar produced at 
800°C (BC800) exhibited the highest removal efficiency for organic contaminants, while the biochar produced at 
500°C (BC500) showed the best performance for phosphorus removal. To assess energy efficiency, the energy-
normalized adsorption capacity (ENAC) was introduced. Although the biochar produced at 700°C (BC700) 
exhibited the highest ENAC values for COD and TN, the choice of an appropriate pyrolysis temperature that 
balances removal efficiency and energy performance is crucial. These findings highlight the importance of pyrolysis 
temperature in tailoring both the adsorption and energy performance of sewage sludge biochar. This study provides 
theoretical and practical insights into the use of thermally optimized biochar for sustainable wastewater treatment 
applications. 
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1. Introduction 
 

Sewage sludge is typically separated through physical, chemical, or biological treatment 

processes, such as sedimentation in primary or secondary clarifiers. Recently, global sewage 

sludge production has continuously increased, due toaccelerated urbanization, enhanced 

wastewater treatment capacity, stricter environmental regulations, and industrial development. In 

2022, the total production of sewage sludge in Europe reached 4.1 million tons, marking a 33% 
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increase compared with 2011 [1]. In China, sewage sludge production increased from 54.27 to 

74.36 million tons, with an annual growth rate of 4.6% [31]. In 2021, South Korea's wastewater 

treatment plants produced 4.52 million tons of sludge, with 1.51 million tons treated in-house 

through recycling and other methods and 2.28 million tons outsourced for external treatment.  

There are various methods for treating sewage sludge. Traditional methods include incineration, 

landfilling, and composting, the most common of which are the incineration of dried sludge and 

landfilling [2]. For instance, in the European Union (EU), there are different approaches to the 

disposal or reuse of sewage sludge, including landfill, agricultural use, composting and other 

applications, and incineration. In 2018, landfills accounted for 6% of sludge disposal in the EU; 

agricultural use for 35%; composting and other applications for 12%; and incineration for 37% [3]. 

However, these approaches tend to generate secondary pollution [4]. Incineration offers 

advantages in terms of volume reduction and energy recovery from sewage sludge. Despite these 

advantages, incineration also poses significant environmental risks, including emissions of sulfur 

oxides (SOₓ), nitrogen oxides (NOₓ), and the formation of toxic compounds such as dioxins and 

furans. Furthermore, the resulting incineration ash often contains elevated levels of heavy metals, 

necessitating careful handling and disposal [5]. In the case of composting, the heavy metals 

present in the sludge are a primary problem. 

Biochar is a solid, carbon-rich product produced through pyrolysis, in which organic materials 

(such as crop residues, wood, and sludge) are thermally decomposed under oxygen-limited or 

oxygen-free conditions [6, 7]. Its abundance of functional groups and porous structure make it a 

commonly used adsorbent in wastewater treatment. Biochar is more cost-effective than commonly 

used commercial activated carbon. 

The removal of nitrogen and phosphorus during wastewater treatment is critical because 

excessive nitrogen and phosphorus discharges drive eutrophication, which refers to the over-

enrichment of water bodies that causes algal blooms, oxygen depletion, and ecosystem degradation 

[8, 9]. Modern treatment plants often implement nitrogen removal through biological nitrification-

denitrification and phosphorus removal via chemical precipitation or adsorption, aiming not only 

to prevent environmental harm but also to recover valuable nutrients for reuse [10]. Numerous 

studies have demonstrated that adsorption-based technologies can effectively remove residual 

organic matter, nitrogen, and phosphorus from wastewater. For instance, granular activated carbon 

(GAC) adsorption has achieved high removal efficiencies for dissolved organic carbon (up to 

94.59%) and total nitrogen (up to 80.75%) in graywater treatment, showing a strong affinity for 

nitrogen-containing organic compounds [11]. Similarly, mesoporous titanium oxide has shown a 

high phosphate adsorption capacity (50.4 mg/g) in real wastewater, with performance governed by 

pH- and temperature-dependent mechanisms, indicating its potential for both efficient phosphorus 

removal and resource recovery. These findings underscore the importance of adsorption as a 

technically effective and versatile approach to target multiple contaminants in complex wastewater 

matrices [12]. 

Pan et al. [13] reported that the modified biogas residue biochar (BR-N) achieved maximum 

adsorption capacities of 64.12 mg/g for nitrate and 34.40 mg P/g for phosphate, demonstrating 

excellent adsorption performance. Zhao et al. [14] found that ZnCl₂-modified pulp sludge biochar 

(Zn₂PT350-700) reached a maximum adsorption capacity of 590.20 mg/g for methylene blue 

(MB). However, research utilizing sewage sludge as a feedstock for biochar production is 

relatively limited [15]. Sewage sludge biochar can be used onsite in wastewater plants, which can 

reduce the disposal cost of the plant and improve the circular economy of wastewater treatment 

policy. Sewage sludge is a complex and unstable organic waste, and the biochar produced at 
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Table 1. The results of the primary component analysis of the dried sludge 

Category Dried Sludge 

Moisture (%) 8.7 

Ash (%) 48.5 

Combustible Matter (%) 51.5 

Particle Size < 10 nm > 99.5 

Particle Size < 4.75 nm 98.5 

Particle Size < 2.36 nm 87.9 

Particle Size < 1.18 nm 68.1 

 
Table 2. The results of the primary component analysis of the dried sludge 

Parameter Value(mg/L) 

Suspended solids (SS) 1.67 

Dissolved organic carbon (DOC) 5.76 

Chemical oxygen demand (COD) 20.0 

Total nitrogen (TN) 13.3 

Total phosphorus (TP) 3.34 

pH 6.83 

 

 

different pyrolysis temperatures exhibits varying pore structures and surface areas [10, 16]. This 

indicates that temperature condition selection is crucial for the production of biochar through 

pyrolysis. 

In this study, sewage sludge biochar was produced at different temperatures, followed by 

characterization and adsorption experiments. The effects of temperature conditions on biochar 

adsorption capacity are analyzed. Furthermore, the energy used for pyrolysis is normalized to the 

adsorption capacity. This study explores the potential of reusing sewage sludge as a raw material 

for adsorbents in wastewater treatment, providing wastewater treatment plants with a more 

environmentally friendly and economically valuable method of sewage sludge disposal. 

 
 
2. Methods and materials 
 

2.1 Experimental materials 
 

The dried sludge used to produce the biochar in this study was obtained from the Tancheon 

Water Reclamation Center. The primary composition analysis of the dried sludge from the Tancheon 

Center is shown in Table 1 at the Tancheon Center. Sludge generated during the wastewater 

treatment process was first thickened to reduce its volume. It was then further reduced and 

stabilized by anaerobic digestion. Subsequently, the digested sludge was dewatered to a moisture 

content below 80% and further reduced to below 10% using drying equipment. The secondary 

treated effluent used in this study was collected from the Tancheon Water Reclamation Center. 

The water quality characteristics of the secondary treated effluent are summarized in Table 2. 
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2.2 Production of sludge-based biochar 
 
Biochar was prepared through established protocols as follows [17, 18]. First, the dried sludge 

was ground in a mortar for 5 to 10 minutes and sieved through a #200 mesh to ensure a uniform 

particle size. The resulting sludge powder was then subjected to pyrolysis in a muffle furnace at 

400°C, 500°C, 600°C, 700°C, and 800°C under oxygen-free conditions. These temperatures are 

commonly used in the literature to investigate the thermal transformation behavior of sludge and 

biomass into biochar and to assess temperature-dependent changes in physicochemical properties 

[19, 18]. 

Nitrogen gas was injected for 15 min before heating and maintained during the 90-minute 

pyrolysis to maintain an inert atmosphere following standard procedures [17]. After cooling to 

room temperature, the biochar was washed several times with distilled water, oven-dried at 110°C 

for 24 h, and stored in conical tubes in a desiccator until further analysis. 

 
2.3 Characteristic of biochar 
 
To evaluate the properties of the sewage sludge biochar produced at different temperatures, the 

pore structure was analyzed using a Brunauer-Emmett-Teller (BET) surface area analyzer, the 

surface morphology was observed using field-emission scanning electron microscopy (FE-SEM), 

and the functional groups on the biochar surface were identified using Fourier-transform infrared 

spectroscopy (FT-IR). Additionally, the elemental composition of the biochar was determined 

using an elemental analyzer (EA) to calculate the H/C, O/C, and (O+N)/C atomic ratios, which 

reflect the degree of aromatization, polarity, and surface reactivity of the biochar. 

Elemental analysis was conducted using an elemental analyzer (FlashSmart, Thermo Fisher 

Scientific, USA). For CHNS analysis, a small amount of powdered sample (2–3 mg) was placed 

into a tin capsule and combusted at a high temperature in the presence of oxygen. The resulting 

gases (CO₂, H₂O, N₂, and SO₂) were separated and quantified using a thermal conductivity 

detector. For oxygen analysis, a separate sample was pyrolyzed in a helium atmosphere. The 

results were used to calculate the atomic ratios by converting the mass percentages into molar 

units based on the atomic weights. 

Fourier transform infrared spectroscopy (FT-IR, Nicolet iS10, Thermo Fisher, USA) has been 

widely used for the qualitative analysis of surface functional groups. FT-IR was conducted to 

identify the surface characteristics of the produced biochar. Biochar was prepared using the pellet 

method, in which the sample and KBr were mixed in a ratio of 1:100, thoroughly ground, and 

homogenized. The mixed sample was then compressed into a translucent pellet using a powder 

press. The analysis was performed with the KBr pellet as the background, scanning 32 times over 

the range of 400-4000 cm⁻¹. 

The FE-SEM analysis method is as follows: a small amount of the powdered sample was 

evenly attached to a carbon tape, and the carbon tape with the attached sample was fixed to a metal 

plate for analysis. Before the analysis, the sample was coated with Pt using a device. The analysis 

was conducted using an FE-SEM (SU8010, Hitachi, Japan), and the surface of the biochar was 

examined at magnifications of 100,000x.  

The pore structure and specific surface area of the sewage sludge biochar were analyzed using 

a BET specific surface area analyzer (model ASAP2460M, from MICROMERITICS (USA)). To 

determine the physical properties of biochar, such as specific surface area, pore size distribution, 

and pore volume, a BET analysis was performed after pre-treating 0.5 to 1 g of biochar at 150°C 
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for 2 hours. The specific surface area was calculated by adsorbing N2 gas onto the activated carbon 

surface and measuring the amount of adsorbed nitrogen gas. The total pore volume was 

determined from the intercept value of the t-plot linear graph based on the volume of liquid 

nitrogen at a relative pressure (p/p0) of 0.99 over time. 

 
2.4 Adsorption experiments 
 
The adsorption experiment was conducted using secondary treated water from the Tancheon 

Water Reclamation Center. A relatively high biochar dosage was applied to ensure detectable and 

reproducible removal performance in the secondary effluent matrix, where low target concentrations 

and competitive background constituents may otherwise mask adsorption differences among the 

biochars. The experiment was carried out by adding biochar at dosages of 1, 5, and 10 g/L into 150 

mL glass bottles containing 40 mL of secondary treated water. The glass bottles, sealed at the 

opening, were placed on a shaking table and allowed to react at 25°C for 24 hours. After the 

reaction, the biochar was removed by filtering the solution through a 0.45 μm syringe filter. The 

filtered solution was then analyzed for COD, DOC, TN, and TP to evaluate the removal rate of 

each parameter. DOC was measured using a TOC analyzer (SIEVERS, 5310C, USA), whereas 

COD, TN, and TP were measured using HACH analytical kits with a spectrophotometer (HACH, 

DR6000, USA). 

The removal rate is calculated using the following Eq. (1): 

𝑅(%) =
𝐶0 − 𝐶𝑒

𝐶0
× 100 

𝐶0  =  initial concentration of the contaminant 
𝐶𝑒  = concentration of the contaminant after treatment 

(1) 

The adsorption capacity (Q, mg/g) was calculated using Eq. (2): 

𝑄 = (𝐶0 − 𝐶𝑒) × 𝑉/𝑚 
Q = Adsorption capacity (mg/g) of biochar 

𝐶0 = Initial concentration of the pollutant in the solution (mg/L) 

𝐶𝑒 = Equilibrium concentration after adsorption (mg/L) 

V = Volume of the solution (L) 

m = Mass of biochar used (g) 

(2) 

The specific surface area (SSA, m²/g) of the biochar was determined using the Brunauer–

Emmett–Teller (BET) nitrogen adsorption method. The adsorption ratio (mg/m²), which reflects 

the adsorption efficiency per unit surface area, was calculated using Eq. (3): 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑅𝑎𝑡𝑖𝑜 = 𝑄/𝑆𝑆𝐴  

Q = Adsorption capacity (mg/g) 

SSA = Specific surface area of biochar (m²/g) 

(3) 

This method effectively evaluates the influence of the biochar surface area on the removal 

efficiency of contaminants, providing a theoretical basis for optimizing the biochar structure and 

enhancing its adsorption performance. 

The specific energy consumption (SEC) during biochar production was calculated to evaluate 

the energy efficiency of the pyrolysis process. The SEC was defined as the total energy input per 
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unit mass of biochar produced according to Eq. (4): 

𝑆𝐸𝐶 =
𝑃 ⋅ 𝑡

𝑚
 

P = the rated power of the furnace (kW) 

t = the total pyrolysis time (h) 

m = the mass of biochar obtained after pyrolysis (kg) 

(4) 

This approach enables a comparative evaluation of the energy input requirements across different 

pyrolysis conditions and biochar modification processes. The energy-normalized adsorption 

capacity (ENAC) was calculated to evaluate the energy-performance trade-off of the biochar. 

ENAC is defined as the equilibrium adsorption capacity per unit energy consumption during 

biochar production, where the energy consumption is estimated using the nominal (average) 

furnace power multiplied by the total operating time, according to Eq. (5): 

𝐸𝑁𝐴𝐶 =
𝑄

𝑆𝐸𝐶
 (5) 

 

 

3. Results and discussion 
 
3.1 Results of the biochar characterization analysis 
 
3.1.1 Functional groups evaluation 
The surface functional groups of the sewage sludge and biochars produced at different 

pyrolysis temperatures were identified using Fourier transform infrared (FT-IR) spectroscopy, as 

shown in Fig. 1. Raw sludge was included as a baseline spectrum to capture pyrolysis-induced 

changes in the functional group composition. A broad peak around 3400 cm⁻¹ corresponds to O–H 

stretching vibrations, indicating the presence of hydroxyl groups. This peak was prominent in the 

raw sludge but significantly weakened as the pyrolysis temperature increased, especially above 

600°C, suggesting progressive dehydration and thermal decomposition of surface –OH groups at 

elevated temperatures. 

The peak observed around 2350-2400 cm⁻¹ in the FT-IR spectra can be assigned to the 

asymmetric stretching of CO₂, which is commonly attributed to ambient CO₂ in the optical path 

and/or physically adsorbed CO₂ on porous carbonaceous materials. The more apparent signal in 

the biochars may be related to the enhanced pore development and increased surface area after 

pyrolysis, which can facilitate CO₂ retention during sample handling and measurement. 

The peak observed around 1620 cm⁻¹ is attributed to C=C stretching vibrations of aromatic 

structures and/or conjugated C=O vibrations in carbonyl-containing groups. This band became 

more pronounced in BC500 and the higher-temperature biochars (600-700°C), indicating the 

formation of more condensed aromatic domains during pyrolysis. The region near 1000-1100 cm⁻¹ 

is associated with Si–O stretching and P–O-related vibrations, which appeared prominently in the 

sludge and persisted in the biochars, though the intensity gradually declined with temperature, 

suggesting the transformation of mineral-associated components and/or reduced contribution from 

labile inorganic species [20]. 

Overall, the FT-IR spectra demonstrated that as the pyrolysis temperature increased, most labile 

oxygen-containing functional groups (e.g., –OH and –COOH) progressively decomposed, while  
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Figure 1. FT-IR spectra of sewage sludge and biochars produced at different pyrolysis temperatures 

 

 

the aromatic structures were enhanced. Compared to the raw sludge, the biochars showed a clear 

loss of polar functional groups and an increase in aromaticity, with BC500 representing a 

transitional condition in which aromaticity was enhanced while certain surface functionalities 

remained detectable. 

 

3.1.2 Surface morphology 
The FE-SEM images showed a clear trend; as the pyrolysis temperature increased, the surface 

pores of the biochar became smaller and more numerous. At 400 °C, the structure was relatively 

intact, with few large pores. Upon heating to 500–600 °C, micro- and mesopores emerge extensively, 

indicating effective devolatilization and pore formation. At higher temperatures (700-800 °C), the 

remaining pore diameters shrank further, whereas the total pore volume increased, consistent with 

sintering and wall collapse processes that refine and densify the matrix. 

Rabiee et al. [21] reported that high-temperature pyrolysis breaks down primary walls to yield 

more micropores and that pore sizes tend to narrow under excessive thermal treatment owing to 

structural shrinkage or closure. 

 
3.1.3 Specific surface area 
The specific surface area of sludge biochar increases significantly with rising pyrolysis 

temperatures, from approximately 29.58 m²/g at 400°C to nearly 88.06 m²/g at 800°C. This 

suggests that higher temperatures promote pore development and enhance biochar adsorption 

capacity. Therefore, increasing the pyrolysis temperature is an effective strategy to improve the 

adsorption capacity of sludge biochar. 

Further insight into the pore characteristics is provided by the pore size distribution curves (Fig. 

3(b)). All the biochar samples primarily exhibited mesoporous structures (2-50 nm), with a notable 

shift in pore volume and diameter as the temperature increased. The pore diameter slightly decreased 

at higher temperatures, indicating narrower pores, and the overall pore volume, particularly in the 

micropore and small mesopore ranges, increased substantially, especially for BC-800. This implies 
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(a) BC400 (b) BC500 

  
(c) BC600 (d) BC700 

 
(e) BC800 

Figure 2. FE-SEM images (×50,000) of sludge-derived biochars produced at different pyrolysis temperatures 

 

 

that higher pyrolysis temperatures not only enhance the surface area but also result in more 

abundant and finer pores, which may offer more adsorption sites and improved pollutant 

interaction. 

Overall, the combination of the BET surface area and pore distribution results demonstrates 

that increasing the pyrolysis temperature is an effective strategy for improving the structural 

properties of sludge biochar. The enhanced porosity and specific surface area achieved at 700-

800°C suggest better accessibility and interaction potential with target contaminants, thus laying 

the structural foundation for improved adsorption capacity. 
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(a) (b) 

Figure 3. BET analysis of sludge-derived biochars produced at different pyrolysis temperatures. (a): specific 

surface area; (b): pore size distribution curves 

 
Table 3. Averaged pore size and total pore volume of biochars 

Biochar Averaged pore size(nm) Total pore volume(cm3/g) 

BC400 7.32 0.054 

BC500 10.90 0.046 

BC600 5.90 0.054 

BC700 5.53 0.060 

BC800 5.07 0.111 

 

 
3.1.4 Elemental analysis 
Elemental analysis (CHNS–O) was conducted to investigate the compositional changes in the 

sewage sludge biochar produced at different pyrolysis temperatures. The results of the elemental 

analyses are presented in Table 4. As the pyrolysis temperature increased from 400 °C to 800 °C, 

distinct trends in elemental composition were observed. 

The hydrogen content decreased significantly from 4.66% in the raw sludge to 0.45% in the 

oxygen content decreased from 26.31% to 8.86%, which can be attributed to the decomposition of 

oxygen-containing functional groups, such as carboxyl, hydroxyl, and carbonyl, via decarboxylation 

and dehydration reactions. The carbon content initially increased and reached its maximum 

(23.61%) in BC500, reflecting enhanced carbon condensation, before decreasing slightly at higher 

temperatures owing to potential carbon loss as a volatile species. The nitrogen content decreased 

gradually from 4.40% to 1.33%, suggesting the partial retention of nitrogen functionalities, which 

may play a role in surface reactivity. The sulfur content remained relatively stable across all 

samples, indicating its possible incorporation into thermally stable mineral forms. 

The H/C, O/C, and (O + N)/C atomic ratios were calculated to further characterize the degree 

of aromatization and polarity of the biochar. The H/C ratio decreased markedly from 2.07 in the 

sludge to 0.29 in BC800, indicating a progressive transformation from aliphatic to aromatic carbon 

structures with increasing temperature. Interestingly, BC500 exhibited a slightly higher H/C ratio 

(0.87) than BC400 (0.77), suggesting the retention of hydrogen-rich moieties, such as hydroxyl or  
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Table 4. Elemental composition of biochar at different pyrolysis temperatures 

Sample N(%) C(%) H(%) S(%) O(%) H/C O/C (O+N)/C 

BC400 2.99 17.15 1.12 0.934 16.48 0.77 0.72 0.87 

BC500 3.60 23.61 1.74 0.981 14.72 0.87 0.46 0.59 

BC600 2.21 19.5 0.64 1.09 12.32 0.39 0.47 0.57 

BC700 1.94 19.34 0.56 1.09 11.67 0.34 0.45 0.53 

BC800 1.33 18.29 0.45 1.19 8.86 0.29 0.36 0.42 

 

 

amine groups, under moderate pyrolysis conditions. The O/C and (O + N)/C ratios followed a 

consistent decreasing trend, reflecting the loss of polar functional groups and an overall decline in 

surface hydrophilicity. 

These results imply that although BC400 possesses a higher overall O/C ratio, BC500 may 

contain a higher proportion of chemically accessible and metal-reactive functionalities. This 

interpretation is further supported by the FTIR results, where BC500 exhibits a higher band 

intensity in the C=C (aromatic/olefinic) region (~1600 cm⁻¹), indicating a relatively stronger 

aromatic carbon structure under moderate pyrolysis conditions. The moderately elevated H/C ratio 

in BC500 indicates the presence of labile hydrogen-containing groups that are beneficial for metal 

ion coordination.  

Previous studies have highlighted the role of the H/C and O/C ratios as indicators of biochar 

reactivity and sorption performance. Xiao et al. [22] reported that intermediate H/C values are 

associated with optimal adsorption behavior for aromatic organic pollutants owing to the 

coexistence of an aromatic backbone and active functional groups in biochar. Furthermore, Zhang 

et al. [23] confirmed that excessive carbonization at high temperatures (above 600 °C) leads to 

diminished adsorption efficiency due to the loss of reactive sites despite increased stability. 

 
3.2 Integrated assessment of adsorption performance and energy efficiency of sludge-

derived biochar at different pyrolysis temperatures 
 
3.2.1 Surface-area-normalized adsorption ratio and its relation to H/C ratio 
The adsorption ratio (normalized by specific surface area) and ENAC (normalized by biochar 

mass and pyrolysis energy input) were analyzed separately because these two metrics represent 

different normalization bases and therefore should not be directly compared to assess the effect of 

pyrolysis temperature. As shown in Fig. 4, the surface-area-normalized adsorption ratio provides 

insight into the intrinsic adsorption efficiency per unit surface area across different biochars. The 

adsorption ratio for COD was highest at 500°C, indicating more efficient surface adsorption at this 

temperature. For DOC, adsorption ratios were relatively uniform across 500-700°C but dropped 

sharply at 800°C, suggesting reduced surface functionality and/or limited accessibility of adsorption 

sites under excessive carbonization. In the case of TN and TP, the adsorption ratio peaked at 

500°C and subsequently declined, implying that moderate pyrolysis conditions better preserved 

adsorption-active sites relevant to nitrogen and phosphorus uptake. Notably, the H/C atomic ratio 

exhibited a trend consistent with the adsorption ratio, indicating that the preserved hydrogen-

containing surface functionalities under moderate pyrolysis conditions may contribute to enhanced 

adsorption interactions. The H/C ratio, which is often used as an indicator of aromaticity and 

surface polarity, decreased sharply with increasing pyrolysis temperature. A relatively higher H/C  
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Figure 4. Comparison of adsorption ratios for various pollutants by sludge biochars produced at different 

pyrolysis temperatures 

 

 

Figure 5. Comparison of energy-normalized adsorption capacities (ENAC) of sludge biochars produced at 

different pyrolysis temperatures for various pollutants 

 

 

ratio at 500°C suggests the presence of hydrogenated surface moieties that can facilitate adsorption 

via electrostatic interactions and hydrogen bonding, thereby improving adsorption efficiency when 

normalized by surface area.  

 
3.2.2 Energy-normalized adsorption performance 
As shown in Fig. 5, the energy-normalized adsorption capacity (ENAC) evaluates the adsorption 

performance from an energy-efficiency perspective, reflecting the contaminant removal per unit 

energy consumption during biochar production and use. The results showed that BC-700 (700°C) 

exhibited the highest ENAC for COD, reaching over 70 mg/kWh, indicating superior energy 

efficiency in removing organic contaminants. For TN, BC-700 also demonstrated a notably higher 
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ENAC than the other temperatures, suggesting a favorable nitrogen removal performance under an 

energy-efficient regime. In contrast, ENAC values for TP remained relatively low at 400°C, 

600°C, 700°C, and 800°C, implying that phosphorus removal is generally less energy-efficient 

except at 500°C. DOC removal peaked at 400°C and 500°C and then declined as the pyrolysis 

temperature increased.  

Overall, the ENAC highlights that BC-700 is advantageous for COD and TN removal when 

energy efficiency is prioritized, whereas BC-500 provides higher adsorption ratios for TP and TN 

when the surface-area-normalized adsorption effectiveness is considered. Importantly, these two 

outcomes reflect different evaluation criteria rather than a direct one-to-one correspondence. 
 
3.3 Adsorption results of sewage sludge biochar on secondary treated water 
 
As the biochar dosage increased, the removal efficiency of each pollutant improved; however, 

the rate of improvement gradually decreased at higher dosages. Regarding TN removal, the 

maximum removal efficiency was 19% at a dosage of 1 g/L, whereas increasing the dosage to 10 

g/L resulted in only an additional 12% improvement, indicating a diminishing return trend likely 

associated with progressive site saturation. 

For TP removal, temperature-dependent differences were not distinct under the investigated 

conditions. Notably, the TP removal behavior differed from that of DOC, COD, and TN, 

suggesting that phosphate uptake by sludge-derived biochar was not governed by pore structure 

development alone. Unlike organic contaminants, phosphate removal is often strongly influenced 

by ash interactions, particularly in sludge-derived biochars containing abundant inorganic 

constituents. In this study, the EDS results confirmed the presence of ash-associated elements, and 

Fe was strongly detected in the intermediate-temperature biochars (BC500–BC700, 18–19 wt%), 

whereas much lower Fe signals were observed in BC400 (5.4 wt%) and BC800 (0.8 wt%). This 

indicates that TP removal may involve Fe-associated mechanisms, such as inner-sphere surface 

complexation, exchange of iron oxide/hydroxide phases, and precipitation of Fe–P species, which 

have been widely reported as the dominant pathways for phosphate immobilization on Fe-bearing 

biochars [24-26]. Therefore, the distinct TP trend is likely related to the availability and 

accessibility of mineral-associated reactive sites rather than to surface-area-driven adsorption 

alone. 

The overall performance trend appeared to be inconsistent with the elemental analysis results, 

which showed that increasing the pyrolysis temperature led to decreased H/C, O/C, and (O + N)/C 

ratios, implying reduced surface polarity and fewer reactive functional groups. Although FT-IR 

and elemental analyses indicated a progressive loss of oxygen- and nitrogen-containing functional 

groups with increasing pyrolysis temperature, the concurrent increase in the BET-specific surface 

area and pore volume provides quantitatively enhanced accessible adsorption sites, which may 

partially offset the reduction in surface reactivity and contribute to the observed adsorption 

performance. In particular, the BET surface area increased markedly from 24 m²/g (BC400) to 98 

m²/g (BC800), indicating substantial pore development at elevated temperatures. Barszcz et al. 

[27] reported that higher pyrolysis temperatures promote micropore formation, thereby enhancing 

the adsorption capacity despite reduced surface functionality, whereas Chatterjee et al. [28] further 

confirmed that thermally induced surface area enlargement can improve pollutant capture in 

aqueous systems. 

In addition, although zeta potential measurements of BC400–BC700 at the secondary effluent 

pH were not available in this study, the literature provides quantitative context for how pyrolysis  
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Figure 6. Comparison of removal rate for pollutants by sludge biochars at different pyrolysis temperatures 

and dosage(a): DOC (b): COD (c): TP (d): TN 

 

 

temperature and sludge-related feedstocks can influence surface charge under near-neutral 

conditions. Xu et al. [29] showed that at pH ≈ 6.83, biochar nanoparticles prepared at higher 

pyrolysis temperatures exhibit less negative ζ-potentials (i.e., ζ increases toward 0), with 

representative values around ~−25 mV for several biomass-derived biochars at this pH. Shi et al. 

[30] further reported that an anaerobic granular sludge-based biochar produced at 650 °C exhibited 

a ζ-potential of approximately −14.8 mV at pH ≈ 6.83, indicating that sludge-derived biochars can 

present relatively weaker negative surface charge under comparable pH conditions. These results 

suggest that electrostatic interactions may vary with pyrolysis temperature and feedstock. Under 

secondary effluent conditions, a substantial fraction of organics and nutrients is present as 

negatively charged species or contains anionic functional groups, therefore a shift of biochar 

surface charge toward less negative values with increasing pyrolysis temperature could strengthen 

electrostatic attraction and contribute to the generally improved removal performance across DOC, 

COD, TN, and TP. 

Overall, these results suggest that the adsorption behavior of sludge-derived biochar is 

governed by a trade-off between surface chemistry and pore structure evolution, whereas TP 
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removal may also depend on mineral-associated components and ash-related reactive sites, and the 

relative contribution of each factor may vary depending on the target pollutant. 

 

 
4. Conclusions 
 

This study evaluated the adsorption performance of sewage sludge-derived biochar produced at 

five different pyrolysis temperatures (400-800°C) for the treatment of secondary effluent. The 

physicochemical properties of the biochar were characterized using BET, FT-IR, FE-SEM, and 

elemental analysis (CHNS–O), and their relationship with adsorption efficiency and energy 

consumption was systematically examined. 

With increasing pyrolysis temperature, the biochar exhibited enhanced pore development and 

specific surface area, leading to improved adsorption of DOC, COD, and TN. Although the surface 

functional groups, such as hydroxyl and carboxyl, decreased at higher temperatures, the adsorption 

capacity was not significantly impaired. On the contrary, BC800 achieved the highest DOC 

(72.5%) and COD (49.8%) removal efficiencies, whereas BC500 showed superior TP removal 

(44.1%). These findings highlight that physical properties, particularly surface area and porosity, 

play a dominant role in the adsorption performance at elevated pyrolysis temperatures. 

The energy-normalized adsorption capacity (ENAC) was used to assess the energy efficiency. 

BC-700 exhibited the highest ENAC for COD and TN, exceeding 70 mg/kWh and 20 mg/kWh, 

respectively, indicating excellent energy-to-performance conversion. Although 500°C initially 

showed the best balance between surface chemistry and adsorption efficiency, ENAC analysis 

revealed that 700°C is more favorable when both adsorption capacity and energy consumption are 

considered. The TP removal remained relatively inefficient at all temperatures, suggesting that 

phosphorus removal may require alternative strategies or additional modifications. 

In conclusion, the pyrolysis temperature is a key parameter governing both the adsorption 

performance and energy efficiency of sewage sludge biochar. Although biochars produced at 

moderate temperatures (500°C) offer chemical functionality, those fabricated at higher temperatures 

(>700°C) exhibit superior performance when assessed in terms of energy-adjusted adsorption 

capacity. This study demonstrates the potential of thermally tuned sludge biochar as an effective 

and sustainable adsorbent for wastewater treatment and provides practical guidance for temperature 

selection in biochar production. 
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