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Abstract. In this study, effects of temperatures (117-683°C) and heating 
rates (1.9-23.1 °C/min) on pH and specific surface area (SSA) of biochar 
produced from the pyrolysis of spent activated carbon (SAC) were 
investigated. Experiments were designed based on the Central Composite 
Design (CCD) technique. Results showed that the highest pH and SSA of 
11.24 and 998 m2/g were obtained under the temperature and heating rate of 
683°C and 12.5 °C/min, respectively. These pH and SSA values were found 
to be 28% and 18% higher than those of the unprocessed SAC. The pH and 
SSA values achieved were found to be in the same range as those capable of 
increasing biogas production from different feedstocks in the literature. 

1 Introduction 

Since the year 2014, there has been an increasing trend towards using biochar to improve the 
efficiency of anaerobic digestion (AD). Biochar is a carbon-based material capable of 
absorbing toxins in anaerobic digestion systems [1]. It also has a porous structure that allows 
microorganisms to grow [2]. Previous research indicated that when the appropriate amount 
of biochar was utilized, the addition of biochar can help increase the efficiency of biogas 
production by improving system stability and enhances microorganism growth [1, 3, 4].  

In Thailand, many industrial enterprises have used activated carbon in their water supply 
production. After exhausted, the spent activated carbon (SAC) needs to be disposed of in 
accordance with the Department of Industrial Works regulations, which can be a considerable 
financial burden for the factory. Thanks to its high specific surface area, porosity and 
necessary surface functionalization [5], the activated carbon has the potential to be used to 
increase the efficiency of the biogas production process. Regeneration of the spent activated 
carbon, therefore, offers an opportunity to reuse industrial waste and is in line with the Bio-
Circular-Green Economic (BCG) model craved by the Thai government. Biochar produced 
from the spent activated carbon is expected to be superior to those produced from the raw 
biomass in terms of its electrical conductivity, absorbency, and specific surface area. These 
characteristics of biochar have been reported to improve the anaerobic digestion process by 
a) increasing the pH buffer capacity, b) increasing the microbial surface area, c) stimulating 
diet, and d) absorbing potentially toxic compounds [6]. 
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Biochar can be produced by thermochemical processes, namely pyrolysis, gasification, 
and hydrothermal carbonization [7]. All three processes have differences in temperature, hold 
time, and heating rate. Of all processes, pyrolysis - a heating process in the absence of oxygen 
[2], is considered as the most efficient ones [7]. The typical temperature for pyrolysis to 
produce biochar is in the range of 300–900°C which was found to affect biochar properties 
and yield. The specific surface area (SSA) and pH of the biochar increased as the pyrolysis 
temperature increased. In addition, faster heating rate and pyrolysis volatilization speed 
helped raise the SSA and pH of biochar [8]. Nevertheless, effects of temperature and heating 
rate on biochar characteristics, i.e. SSA and pH, depended on different factors, such as ranges 
of temperature and heating rate and biomass characteristics. Ahmad et al., reported that 
biochar produced from peanut shells at temperatures of 300 and 700°C had pH of 7.8 and 
10.6 and a SSA of 3.1 m2/g and 448.2 m2/g, respectively [9]. However, under similar 
temperatures, the SSAs obtained from poultry litter (3.9 m2/g and 50.9 m2/g at 350 and 
700°C, respectively) were much lesser, especially at the higher temperature, while pHs were 
in the same range (pH = 8.7 and 10.3 at 350 and 700°C, respectively) as those reported by 
Cantrell et al. [10]. As SSA and pH have been reported to be among the most significant 
factors facilitating anaerobic digestion, it is, therefore, essential to determine the suitable 
temperature and heating rate specifically for each biomass so that the maximum SSA and pH 
can be obtained. 

This work aimed to determine the suitable temperature and heating rate for biochar 
production from the spent activated carbon. The biochar was prepared under pyrolysis 
conditions at temperatures and heating rates of 117-683°C and 1.9-23.1 °C/min. Experiments 
were designed using the Central Composite Design (CCD) with SSA and pH as the response. 
Characteristics of produced biochar were also compared to those used for anaerobic digestion 
enhancement in the literature. 

2 Materials and methods  

2.1 Biochar preparation 

Samples of SAC were obtained from a beverage factory in Lampang, Thailand. To prepare 
biochar, SAC was placed in a crucible and pyrolyzed in a furnace at the temperature and 
heating rate determined by Response Surface Methodology (RSM) and Central Composite 
Design (CCD) (Table 1). To ensure complete oxygen elimination, nitrogen gas at the flow 
rate of 150 mL/min was injected into the furnace chamber throughout the process. The 
temperature was raised at the desired heating rate until reaching the pre-determined level and 
held at that temperature for 2 h before cooling. The prepared biochar samples were, then, 
homogenized and sieved before characterization. The biochar samples with sizes of <1.70-
0.60 mm were taken to measure pH, while those with sizes of <0.15 mm were used to 
determine the SSA. 

2.2 Experimental design 

Experiments were designed based on the CCD technique using Minitab 21 software. Levels 
of temperature and heating rate studied are presented in Table 1. The pH and SSA were used 
as the response of the experiment. Experiments at each condition were done in duplicate, 
while those at center points (Level 0 in Table 1) were conducted in three replications. In total, 

2

E3S Web of Conferences 437, 03001 (2023)
IConGEET2023

https://doi.org/10.1051/e3sconf/202343703001



 
 
 
 
 
there were 22 experiments conducted in this study. In addition, pH and SSA of the 
unprocessed SAC were measured in duplicate and referred to as the control sample. 

2.3 Analytical methods 

The pH of biochar was measured using a pH meter (F-71(LAQUA), HORIBA Advanced 
Techno Co., Ltd., Kyoto, Japan) at a biochar to deionized water ratio of 1:10 (w/v). Before 
measuring the pH, the biochar sample was mixed and stirred for 5 minutes [11]. The 
Brunauer-Emmett-Teller (BET) (Autosorb 1 MP, Anton Paar QuantaTec Inc., Florida, USA) 
method with nitrogen gas was applied to identify the SSA. 

Table 1. Factors and factor levels designed by the CCD experiment. 

Factors Units Level 
-𝛼𝛼 -1 0 +1 +𝛼𝛼 

Temperature °C 117 200 400 600 683 
Heating rate °C/min 1.9 5 12.5 20 23.1 

3 Results and Discussion 
Effects of temperatures and heating rates on biochar characteristics, i.e. pH and SSA, using 
SAC as a feedstock can be described as follows: 

3.1 pH  

When pyrolysis was performed at temperatures ranging from 117 to 400°C, pH was found to 
be in the range of 7.78–9.48 (Fig. 1a). At temperatures higher than 600°C, pH was greater 
than 10. The highest pH (11.24) was 28% higher than that of the control sample and obtained 
under the temperature and heating rate of 683°C and 12.5 °C /min. It was found that pH of 
the biochar produced from SAC increased significantly with the increase of temperature (p 
= 0.000). While pH of biochar was found to be increased with the increase of temperatures, 
maximum pH was detected at the heating rate of 12.5 °C /min, which was in the middle of 
the studied range. At the temperature ≥ 683°C, the highest level of pH could be attained when 
the heating rate was ≥10°C /min (Fig. 1a). From the multiple regression analysis of the 
experimental data (Table 2), pH of the biochar could be predicted using Equation (1), which 
combined all significant independent variables in terms of uncoded (real) values. 

Table 2. Regression analysis of pH from biochar production from SAC. 

*p-values are presented as the rounded number to three decimal places. 

Term Standard error coefficient T-value p-value* 
Constant 0.064 144.16 0.000 
A-Temperature 0.039 29.93 0.000 
B-Heating rate 0.039 5.71 0.000 
A2 0.047 3.54 0.003 
B2 0.047 -0.94 0.361 
AB 0.055 1.04 0.315 

R-squared = 98.34% 
Adjust R-squared = 97.82% 
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pH = 7.152 - 0.002297Temperature + 0.02971Heating rate + 0.000004(Temperature)2     (1) 
 

where pH = pH of biochar, Temperature = pyrolysis temperature, °C and Heating rate = 
pyrolysis heating rate, °C/min. 

 
The alkalinity and pH of biochar increased linearly as the pyrolysis temperature was 

raised [1]. Biochar alkalinity is caused by the conversion of carbon dioxide (CO2) to 
bicarbonate (HCO3

-) or carbonate (CO3
2-). At high alkalinity level, pH of the biochar is 

increased [12]. Increase of biochar’s pHs at higher temperatures found in this current study 
was in line with those reported in previous works using different types of raw materials. 
Kończak et al. [13] reported that biochar production from sewage sludge at temperature of 
500, 600 and 700°C with heating rate 10 °C/min had pH of 9.4, 12.1 and 12.4 and a SSA of 
69.7 m2/g, 75.5 m2/g and 89.2 m2/g, respectively. Likewise, Liu et al. [14] reported that 
biochar from branch of pecan tree had pH of 6.1 and 10.2 under pyrolysis temperatures of 
300 and 600°C, respectively. While the structural alkalinities of biochar were reported to be 
influenced by the heating rate; the faster heating rate, the higher alkalinities [15], the highest 
pH of biochar from SAC was detected at the middle point (12.5 °C/min) of studied heating 
rate range (1.9-23.1 °C/min). It was possible that, under pyrolysis conditions, conversion of 
CO2 to HCO3

- or CO3
2- for SAC was already completed at the heating rate of 12.5 °C/min. 

Similar results were found when heating rates from 10-50 °C/min did not have a significant 
effect on pH for the pyrolysis of safflower seed press cake [16]. It needs to be mentioned, 
however, that prediction of biochar alkalinity using only pyrolysis parameters might not be 
straightforward as biochar alkalinity could arise from complex interactions during production 
[17]. Level of pH achieved from SAC in this current studied was within the range found to 
enhance AD. Wei et al. reported increase of cumulative methane production (by 8.6–17.8%) 
from the primary sludge with the addition of biochar (produced from the pyrolysis of corn 
stover at 600°C) having pH of 10.1±0.4. It was reported that the pH of the biochar-added 
reactor was 8.1–8.7, which was higher than that of the non-biochar added one (pH = 7.3) [4]. 
The addition of biochar significantly helped to reduce the methane production lag time and 
enhance methane production rate with increasing organic load [18]. 

3.2 Specific surface area 

The range of SSA obtained was between 790-998 m2/g (Fig. 1b). The highest SSA (998 m2/g) 
was derived under a temperature and heating rate of 683°C and 12.5 °C/min. This SSA was 
found to be 18% higher than that of the control sample. While SSA was found to be increased 
significantly with increased temperature (p = 0.004), the heating rate did not significantly 
affect SSA (p = 0.470). From the multiple regression analysis of the experimental data (Table 
3), SSA of the biochar could be calculated using Equation (2). 
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Table 3. Regression analysis of SSA from biochar production from SAC. 

*p-values are presented as the rounded number to three decimal places. 

 
SSA = 893.6 – 0.495Temperature + 2.08Heating rate + 0.000840(Temperature)2  

                    - 0.028(Heating rate)2 – 0.00105(Temperature)(Heating rate)                        (2) 
 

where SSA = Specific surface area, m2/g and Temperature = pyrolysis temperature, °C 
 
It needs to be stated that to increase the R2 level of the model, all terms needed to be 

included in Equation (2). Unlike that of pH, accuracy of the model for SSA prediction did 
not as high. This variation was partly contributed by higher degree of deviation of SSA 
obtained from the duplicated samples. The degradation of organic matter and the formation 
of micropores caused an increase in SSA and porosity when the pyrolysis temperature was 
increased [8]. Higher pyrolysis temperatures enhanced the formation of micropores by 
reducing volatile matter, which increased pore volume and SSA [14]. Chatterjee et al. [19] 
reported that biochar feedstock and pyrolysis temperature had significant effects on surface 
area when biochar obtained from corn stover at temperature of 500 and 600 °C had SSAs of 
96 m2/g and 284 m2/g, respectively. On the other hand, the heating rate had a significant 
effect on the biochar produced from fast pyrolysis (Temperature at 600-1,000°C, heating rate 
10-1,000 °C/min and hold time 0.5-5 s.) [20]. However, low heating rates (5-20 °C/min) 
resulted in slow volatile matter release, which caused a higher volatile matter composition in 
biochar [21]. At high heating rates (> 1000 °C/min), biochar had lower surface area due to 
fast depolymerization at the surface of biochar produced from banana pseudo-stem at 500°C 
from slow pyrolysis and fast pyrolysis (SSA = 1.078 m2/g and 0.638 m2/g, respectively) [21]. 
Insignificant effects of the heating rate on SSA found in this current study could partly be the 
result of low heating rates utilized. 

 
 

Term Standard error coefficient T-value p-value* 
Constant 16.0 52.81 0.000 
A-Temperature 9.81 3.33 0.004 
B-Heating rate 9.81 0.74 0.470 
A2 11.7 2.87 0.011 
B2 11.7 -0.13 0.895 
AB 13.9 -0.11 0.911 

R-squared = 56.71% 
Adjust R-squared = 43.18% 
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Fig. 1. Contour Plot of pH (a) and SSA (b) versus temperature and heating rate. 

3.3 Comparisons of biochar characteristics for AD improvement  

Enhancement of AD by biochar addition has been reported in previous studies (Table 4). 
Compared to those achieved from different types of biomass used as the raw material for 
biochar production, maximum pH and SSA of biochar produced from SAC in this current 
study were noticeably more superior. As both pH and SSA are among the most important 
characteristics for AD enhancement, biochar produced from SAC could be expected to have 
positive effects on AD performance. Considering that the temperature and heating rate 
required for SAC were in the similar ranges as those used for other types of biomass, SAC 
could be regarded as the high potential raw material for producing biochar needed for AD 
facilitation. 

Table 4. Application of biochar for AD system. 

Bio- 
mass 

Pyrolysis 
Tempera-
ture (°C) 

Heating 
rate 
(°C/min) pH 

Specific 
surface 
area  
(m2/g) 

Biochar 
dosage  

Sub- 
strate 

AD  
performance Ref. 

Corn  
stover 600 - 10.1 302.6 1.82 g/g 

TS 
Sewage 
sludge 

- Methane 
production 
increased 
8.6-17.8% 

 [4] 

Syca-
more 
saw- 
dust 

550 10 9.5 276.67 4% of 
TS 

Waste 
water 
and 
swine 
manure 

- Maximum 
methane 
production 
was 217.99 
mg/g VS 

 [22] 

Cow 
manu-
re 

500 1.7 8.5 112.6 10 g/L Beer 
lees 

- Maximum 
methane 
production 
456.8 mg/g 
VS 
- Short lag 
time 

 [23] 

Fruit 
wood 550 - 9.8 211 5%TSS 

Dry 
chicken 
manure 

- Increase of 
12% 
methane 
production 

 [24] 
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Cotton 
wood 700 - 10.1 13.97 8 g/L Corn-

stalk 

- Microbial 
abundance 
had increase 

 [25] 

Cattle 
manu-
re 

550 - 10.4 3.28 5% Rape 
straw 

- Biogas 
yield and 
average 
methane 
content 
increased 
obviously 

 [26] 

Spent 
Acti-
vated 
Car-
bon 

683 12.5 11.2 998 - - - This 
study 

4 Conclusion 
Biochar preparation from the pyrolysis of SAC was investigated in this study. The maximum 
pH (11.24) and SSA (998 m2/g) of biochar were achieved at high temperatures (683°C) and 
a moderate heating rate (12.5 °C/min). Temperature was found to significantly affect pH and 
SSA whereas effects of increased heating rate on pH was less pronounced and even not 
significantly detected for SSA. Characteristics of produced biochar from SAC were expected 
to enhance AD performance, which is the main focus of further studies. 
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