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Abstract
Large amounts of septic tank sludges from sanitation facilities are either landfilled or illegally dumped into the natural 
environment, leading to environmental pollution and waste of resources. This issue calls for advanced methods to recycle 
septic tank sludges such as sustainable adsorbents to recycle phosphorus, e.g., in agriculture, in the context of the circular 
economy. Here, we hypothesized that alkaline septic tank sludge biochar could be an efficient adsorbent to recycle phosphate 
from wastewater. We first prepared raw biochar by pyrolysis of septic tank sludge at 500 °C. Then, we prepared alkaline 
biochar by pyrolysis at 800 °C of mixtures of potassium hydroxide (KOH) and raw biochar at 3/1, 4/1 and 5/1 mass ratios. 
We studied biochar properties by scanning electron microscopy, X-ray diffraction and Fourier transform infrared spectros-
copy, and we quantified adsorption of phosphates by biochars. Results show that phosphate adsorption highly increases with 
KOH content, from 27.83 mg/g for the raw biochar to 42.51 mg/g for the 5/1 KOH-biochar. This trend is explained by the 
increase in biochar surface area from 64.214  m2/g for the raw biochar to 82.901  m2/g for the 5/1 KOH-biochar, and by the 
improvement of the structural properties and surface morphology of KOH-biochars. Overall, alkaline biochar appears as a 
promising adsorbent to recycle phosphates from wastewaters.
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Abbreviations
KOH-free (raw) biochar  Biochar obtained by pyroly-

sis of septic tank sludge at 
500 °C

3/1, 4/1, 5/1 KOH-biochars  Biochars prepared by pyroly-
sis of mixtures of potassium 
hydroxide and raw biochar at 
3/1, 4/1, or 5/1 mass ratios

SEM  Scanning electron 
microscope

XRD  X-ray diffractometry
FTIR  Fourier transform infrared

spectroscopy

BJH  Barrett–Joyner–Halenda
BET  Brunauer–Emmett–Teller 

method

Introduction

Approximately 2.7 billion people worldwide use pit latrines 
and septic tanks (Strande et al. 2014). The management of 
sludge from decentralized sewage treatment systems is a 
huge challenge, in particular in developing countries (Pan-
dey and Jenssen, 2015). Actually, only a small amount of 
septic tank sludge is used in agriculture, and high load of 
untreated septic tank sludge is landfilled with domestic 
waste or illegally dumped into rivers or open spaces, due to 
the lack of systematic treatment facilities, which seriously 
threatens the environment and public health (Krueger et al. 
2020).

Recycling of septic tank sludge is under active research. 
Methods such as gasification, hydrothermal carbonization 
and combustion are in development for the recycling of sep-
tic tank sludge (Recalde et al. 2018; Strande et al. 2017). For 
instance, biochar can be prepared using septic tank sludge 
as raw material (Bond et al. 2018). This biochar can be used 
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both as an adsorbent to recycle wastewater phosphorus and 
as a soil amendment to improve soil properties and seques-
ter carbon. Indeed, phosphorus is a major element for plant 
growth in aquatic systems (Bizsel and Uslu, 2000).

Excessive accumulation of phosphorus in natural waters 
causes serious environmental problems such as the prolifera-
tion of phytoplankton, causing a decrease in oxygen content 
of water bodies and, in turn, the deterioration of water qual-
ity and aquatic life. Due to the inefficient natural recovery 
of phosphorus, the temporary generation of precipitation in 
the sediment and then its release into the water body again 
leads to the enrichment of phosphorus in the water body and 
highly promotes eutrophication (Li et al. 2013). Eutrophica-
tion is a global environmental problem. Indeed, with rapid 
urbanization, industrialization and intensification of agricul-
tural production, the rate of nutrient input into water bodies 
has increased, highly accelerating eutrophication in water 
bodies (Cheng and Li, 2006). Furthermore, phosphorus is a 
non-renewable resource, and the over-exploitation of phos-
phorus resources by humans has led to a decrease in phos-
phorus resource stocks (Nguyen et al. 2016; Sheperd et al. 
2016, Ye et al. 2016, Omwene and Kobya. 2018; Xu et al. 
2019, Lei et al. 2020). Therefore, in the context of the cir-
cular economy, phosphorus recovery from wastewater could 
reduce environmental pollution and provide new options for 
the sustainable use of phosphorus resources (Huang et al. 
2017; Wang et al. 2020a).

The removal and recovery of phosphorus from wastewa-
ters require methods of low cost, high efficiency and con-
venient operation (Ahmad et al. 2014; Fang et al. 2015b; 
Guo et al. 2018). For instance, biochar produced by thermal 
decomposition of biomass is a promising adsorbent due to 
its abundant surface area with functional groups that can 
combine with aqueous chemicals (Sika and Hardie. 2014; 
Cha et al. 2016; Isa et al. 2022; Wang et al. 2022). Biochar 
from Typha latifolia, pine wood, peanut shells and corn 
stover have been used to remove phosphate from water, yet 
little is known on the use of biochar from septic tank sludge 
for phosphorus adsorption (Qiu and Duan. 2019; Wu et al. 
2019; Feng et al. 2017).

Biochar from septic tank sludge should be an efficient 
adsorbent to recover phosphorus from wastewater because 
this biochar contains magnesium and iron (Fang et  al. 
2015a). Moreover, alkaline treatment of biochar with potas-
sium hydroxide (KOH) facilitates the formation of pores, 
chemical functionalization, and increases the specific sur-
face area, thus improving the efficiency of biochar for phos-
phorus adsorption in wastewater (Wang et al. 2020b; Bashir 
et al. 2018; Liu et al. 2018). At an activation temperature 
of 400–600 °C, potassium hydroxide and carbon produce 
potassium carbonate at high temperatures. When the tem-
perature rises at more than 700 °C, KOH is gradually gener-
ated through three pathways: decomposition of potassium 

carbonate, reaction of potassium carbonate with carbon, and 
reaction of potassium with carbon dioxide (Lozano-Castelló 
et al. 2007). The gas generated during the activation process 
escapes from the carbon matrix and forms pores. The most 
important effect of the alkaline treatment with potassium 
hydroxide is the destruction of the carbon layer structure in 
the biomass. On the one hand, potassium hydroxide is able 
to react with functional groups at the edges of the aromatic 
lamellae, thus facilitating the formation of new aromatic 
hydrocarbons in the vertical direction of the carbon layer. 
On the other hand, potassium vapor diffuses between the 
aromatic lamellae, causing distortion and deformation of the 
carbon layer and creating new pores. The use of potassium 
hydroxide would also be beneficial to agriculture because 
potassium is a major plant nutrients and some acidic soils 
require alkaline treatment for better plant growth or pest 
inactivation. Therefore, here we studied the adsorption of 
phosphate with KOH-modified sludge biochar prepared by 
pyrolysis (Scheme S1).

Experimental

Instruments and reagents

Chemicals used such as potassium dihydrogen phosphate, 
sulfuric acid, sodium hydroxide, sodium molybdate, ascor-
bic acid and potassium persulfate were with chemical pure 
grade. Analyses were conducted using the following instru-
ments: THZ-98AB thermostatic oscillator, DHG-9145A 
blast drying oven and DZF-6021 vacuum drying oven 
(Shanghai Yiheng Scientific Instrument Co., LTD.); FE20 
pH meter and PL203 electronic balance from Mettler Toledo 
Instruments Shanghai Co., LTD.; SLG1100-60 tube furnace 
(Shanghai Shengli Test Instrument Co., LTD.); UV–visible 
spectrophotometer UV-2600 (Shimadzu, Japan); pore size 
analyzer 3H-2000 PS4 (Bestech China Instrument Co., 
LTD.).

Preparation of the modified biochar materials

Septic tank sludge to prepare biochar materials was obtained 
from the septic tank of a public toilet in Yangpu District, 
Shanghai China. The septic tank sludge is firstly cleaned 
with 1 mol/L hydrochloric acid for 1.5 h and then rinsed 
until neutrality and dried. Subsequently, 50 g of septic tank 
sludge was weighed in a quartz boat and inserted into a tubu-
lar furnace for 1 h pyrolysis under nitrogen atmosphere at 
500 °C. The obtained pyrolytic biochar sample is abbrevi-
ated as KOH-free biochar.

Modified biochar samples were prepared by grinding bio-
char to potassium hydroxide solid in a certain proportion 
(KOH/ biochar mass ratios of 3/1, 4/1 and 5/1 respectively), 



impregnated with pure water for 24 h and then dried in an 
oven at 85 °C. The KOH-biochar mixture is then pyrolyzed 
for 1.5 h in a tube furnace under nitrogen atmosphere at 
800 °C. After cooling to room temperature, the solid is 
finally neutralized by adding 1 M hydrochloric acid and 
then dried. The obtained modified biochar is abbreviated 
as 3/1 KOH-biochar, 4/1 KOH-biochar and 5/1 KOH-bio-
char respectively, according to the mass ratios of potassium 
hydroxide and biochar.

Characterization of biochar materials

Scanning electron microscope (SEM) was used to observe 
the microstructure of the sample surface, including pore 
structure and surface morphology, with magnification from 
50,000 to 200,000 times. Phase analysis of X-ray diffrac-
tion (XRD) was used to assess the crystalline structure, with 
diffraction angle ranging from 2° to 90°, the test speed of 
6°/min and scan step size of 0.02°. Scans are finally ana-
lyzed using the MDI Jade v6.5 software. Surface groups 
were qualitatively analyzed by the Fourier transform infra-
red spectroscopy (FTIR) from 500 to 4000  cm−1. For FTIR 
analysis, the sample is mashed into powder, mixed with KBr, 
tableted and then analyzed. Di-nitrogen  (N2) adsorption and 
desorption isotherms were measured by a specific surface 
area and pore size analyzer 3H-2000 PS4 Bayside, China. 
Mesopore volume and total pore volume were calculated 
using the Barrett–Joyner–Halenda (BJH) method for nitro-
gen adsorption at p/p0 of 0.98, while specific surface area 
was calculated using the Brunauer–Emmett–Teller method 
(BET).

Isothermal and kinetic adsorption experiments

Isothermal investigations: Approximately 0.1 g each of 
biochar samples was weighed and put into several 250-ml 
conical flasks, and afterward, 50 mL of potassium phosphate 
monobasic  (KH2PO4) solutions with concentrations of 10, 
25, 30, 40, 50, 75, 100, 150, and 200 mg/L was added. The 
flask was placed in a constant-temperature oscillating incu-
bator with a rotating speed of 180 rpm for 24 h at 30 °C. 
After oscillation, the supernatant was filtered through a 
0.45  µm microporous membrane. The concentration of 
phosphorus in the solution was determined by the ultravio-
let spectrophotometry at a 700 nm wavelength. The different 
concentrations of  KH2PO4 solution were made in triplicate.

Kinetic investigations: Approximately 0.1  g each of 
biochar samples was weighed and put into 250-ml conical 
flasks and 50 mL of  KH2PO4 solution with a concentration 
of 50 mg/L added in turn. The concentration of phosphorus 
in the solution was determined according to the same pro-
cedure. The supernatant samples of different time points of 
10, 30, 60, 120, 180, 240, 480, 600, 720, and 1440 min were 

filtered through a 0.45 µm microporous membrane respec-
tively. Three replicates were taken for different sampling 
times.

Isothermal and kinetic adsorption models

The Langmuir and Freundlich isothermal adsorption equa-
tions were used to fit the experimental data (Wu et al. 2020). 
Adsorption equations used are as follows:

Langmuir isothermal adsorption equation:

Freundlich isothermal adsorption equation:

where qe is the unit mass of adsorbent to achieve adsorp-
tion; Q is the maximum adsorption capacity, mg/g; Ce is the 
concentration of phosphorus at equilibrium, mg/L; KL, KF, 
and n are all constants.

The quasi-first-order kinetic equation and quasi-second-
order kinetic equation were used to fit the experimental data 
(Wu et al. 2020).

Quasi-first-order kinetic equations:

Quasi-second-order kinetic equations:

where qt is the adsorption capacity at time t, mg/g; qe refers 
to the adsorption capacity of adsorbent per unit mass when 
reaching adsorption equilibrium, mg/g; t is the adsorption 
time, min; K1 and K2 are the constants.

Results and discussion

We studied the adsorption of phosphates by KOH-modified 
septic tank sludge biochar. The following sections present 
biochar characterization, phosphate recovery by adsorption, 
and a comparison of phosphate adsorption performance with 
the literature.

Characterization of the prepared biochar materials

The microscopic morphology of biochar is shown in Fig. 1. 
The surface of KOH-free biochar is rough and granular, and 
the pore structure is concentrated on the surface. This may 
be due to the decomposition of mineral components in the 
sludge into particles attached to the surface of biochar. The 
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pore structure of KOH-biochar changed significantly and 
had a complex, porous and multilayer surface structure.

Comparing the surface morphologies of biochar before 
and after activation, found that the surface pore structure of 
KOH-biochar contains a large number of pore structures and 
a more uneven surface structure, which is due to the reaction 
between activator and biochar. Literature shows that such 
treatment removes ash from the surface of biochar, and that 
potassium hydroxide can react with biochar, embedding and 
penetrating the surface of biochar to form new pores, effec-
tively increasing the porosity of biochar (Koch and Dittmar 
2006; Stavropoulos et al. 2008). These pores may provide 
an entry for the migration of phosphate onto the active sites 
on KOH-biochar and the large specific surface area, thus 
contributing to the enhanced phosphate adsorption (Xu et al. 
2017). Comparison of biochar materials prepared under 
three different activation conditions revealed that the surface 
structure of KOH-biochar materials showed a small change, 

and therefore needs to be further investigated in conjunction 
with other characterization methods.

The FTIR spectra for different biochar samples are shown 
in Fig. 2a. The four biochar samples exhibit many absorp-
tion peaks at the range of 500 to 4000  cm−1. FTIR spec-
tra for the 3/1, 4/1 and 5/1 KOH-biochar are similar. The 
distinct absorption peaks around 3438  cm−1 are due to the 
hydroxyl groups –OH vibrations (Leng et al. 2015). The 
characteristic peak located around 1600  cm−1 is assigned as 
a –C=O stretching vibration (Zhang et al. 2019; Delgado-
Moreno et al. 2021). The peak at 1420  cm−1 represents the 
O–H bond of the carboxylic acid. And the absorption peak 
at 1000  cm−1 may be ascribed to C–H tensile vibration of 
substituted aromatic or ash (Ding et al. 2015). The intensity 
of the peaks of modified biochar increases considerably, 
which suggests that biochar could be successfully activated 
by potassium hydroxide. The presence of weak peaks in the 
spectrum at 500–600  cm−1 can be attributed to the stretching 

Fig. 1  Morphological structure of KOH-free biochar (a), 3/1 KOH-
biochar (b), 4/1 KOH-biochar (c), and 5/1 KOH-biochar (d), by 
scanning electron microscopy (SEM). Magnification from 50,000 to 
200,000 times, where 3/1 KOH-biochar: preparation of modified bio-

char with potassium hydroxide/biochar mass ratio of 3/1; 4/1 KOH-
biochar: preparation of modified biochar with potassium hydroxide/
biochar mass ratio of 4/1; 5/1 KOH-biochar: preparation of modified 
biochar with potassium hydroxide/biochar mass ratio of 5/1



vibrations of C–Cl of inorganic and organohalogen com-
pounds present in the raw sludge and biochar. The peak 
trend is similar throughout the spectrum, indicating that the 
chemical bonding in the biochar is not fundamentally altered 
before and after modification.

The nitrogen adsorption–desorption isotherms of biochar 
materials are shown in Fig. 2b. Results show that the varia-
tions of the specific surface area of biochar materials follow 
the variation of their adsorption capacity. The adsorption 
capacity of several KOH-biochar materials was signifi-
cantly higher than the KOH-free biochar. This is because 
potassium hydroxide modification can increase the specific 
surface area and pore size of biochar, providing space for 
nitrogen storage and thus improving the adsorption capacity 
of biochar (Bashir et al. 2018; Liu et al. 2018). However, a 
comparison of three KOH-biochar samples found that the 

adsorption trend and capacity were similar, which is due to 
the similarity of the principle of modifying biochar with dif-
ferent doses of the same activator. The pore size distribution 
curves of biochar materials are shown in Fig. 2c. It can be 
seen that biochar materials had a hierarchical pore structure. 
Moreover, the microporous area of KOH-biochar increased 
significantly, which indicated that the activation conditions 
had some influence on the pore size distribution of biochar. 
The specific parameters of the specific surface area and pore 
structure of biochar materials are summarized in Supple-
mentary Table S1. It can be seen that the specific surface 
area of KOH-biochar materials prepared under different acti-
vation conditions ranged from 77.228  m2/g to 85.024  m2/g, 
the average pore size ranged from 1.427 nm to 2.196 nm, 
and the total pore volume ranged from a minimum of 0.049 
 cm3/g to a maximum of 0.071  cm3/g. However, the final 

Fig. 2  a Fourier transform infrared spectroscopy (FTIR) of biochars at 500–4000  cm−1. b  N2 adsorption–desorption isotherms and c pore size 
distribution curves for the KOH-free biochar, the 3/1 w/w KOH-biochar, the 4/1 KOH-biochar and the 5/1 KOH-biochar, respectively



adsorption capacity of KOH-biochar materials with different 
amounts of activator varied. The specific surface area and 
pore structure parameters of 3/1 KOH-biochar, 4/1 KOH-
biochar and 5/1 KOH-biochar did not differ significantly, 
which indicated that increasing the KOH/ biochar mass ratio 
of activator to biochar had some effect on the specific sur-
face area, pore structure and adsorption performance of bio-
char, but the effect was independent to KOH-biochar ratios.

As shown in Table S1, the specific surface area and poros-
ity of the biochar changed with the activation conditions. 
When comparing the modified biochar with the unmodified 
biochar, it was found that the specific surface area of the 
modified biochar increased, indicating that during the activa-
tion process, the activator potassium hydroxide reacted with 
the constituent substances in the biochar and some of the 
substances on the surface of the biochar were decomposed, 
forming a multilayer complex surface structure and increas-
ing the specific surface area of the biochar. The increase 
in specific surface area contributes to the good adsorption 
performance of biochar samples on removal of pollutants 
(Rajapaksha et al. 2016).

Phosphate recovery from wastewater with alkaline 
potassium‑modified biochar materials

The adsorption behavior of biochar materials was exam-
ined by the Langmuir and Freundlich isotherm models 
(Fig. 3a,b), and the calculated parameters are given in Sup-
plementary Table S2. Results show that the Freundlich 
isotherms of KOH-free biochar and 3/1 KOH-biochar sam-
ples are more consistent with phosphate adsorption than 
the Langmuir isotherms, and the Langmuir isotherms of 
4/1 KOH-biochar and 5/1 KOH-biochar are more suitable 
for phosphate adsorption than the Freundlich isotherms. It 
implied that the multilayer adsorption was the main pathway 
to remove phosphate toward the heterogeneous surface of 
the KOH-free biochar and the 3/1 KOH-biochar samples, 
while the phosphate adsorption process of the 4/1 KOH-
biochar and the 5/1 KOH-biochar belongs to the monolayer 
chemisorption. The R2 values of the two models of the four 
biochar samples are very similar, so it is believed that the 
phosphate adsorption of biochar prepared is controlled by 
multiple processes and has high adsorption capacity.

By analyzing the adsorption effect of modified biochar 
on phosphate, we observe that the adsorption capacity of 
four biochar materials for phosphate was in the following 
order: 5/1 KOH-biochar > 4/1 KOH-biochar > 3/1 KOH-bio-
char > KOH-free biochar; the maximum adsorption capacity 
of the 5/1 KOH-biochar sample was fitted by the Langmuir 
equation as 42.51 mg/g, compared with 27.83 mg/g for the 
KOH-free biochar, 37.80 mg/g for the 3/1 KOH-biochar, 
and 41.59 mg/g for the 4/1 KOH-biochar. The adsorption 
performance of modified biochar materials was significantly 

increased compared to the pristine biochar, indicating that 
hydroxide provides additional adsorption sites and greater 
adsorption capacity than the pristine biochar. These results 
are in agreement with those of Prapagdee et al. (2014).

The adsorption kinetic curves of biochar materials are 
shown in Fig. 3c,d, and the best-fit parameters are given in 
Supplementary Table S3. Results show that for four biochar 
materials, the calculated correlation coefficient (R2) val-
ues by the quasi-second-order model were above 0.90 and 
higher than the R2 values calculated by the quasi-first-order 
model. Moreover, the calculated adsorption quantities (qe) 
by the quasi-second-order model were better fitted with the 
experimental data. Therefore, the adsorption process of bio-
char materials was well described by a quasi-second-order 
model, indicating that the adsorption process was affected 
by chemical interactions (Wang et al. 2019). It is reported 
that the chemical adsorption process for biochar plays a deci-
sive role in phosphate adsorption ability. Nutrients could 
be adsorbed on the surface pores and pass into the biochar; 
thus, the activity of biochar adsorption would gradually 
reduce (Xiong et al. 2017).

Performance comparison with reported modified 
biochar materials

To facilitate comparison with other reported phosphorus 
adsorbents, Table 1 summarizes the performance of other 
modified biochar materials used for phosphate removal from 
wastewater. The maximum adsorption capacity of the 5/1 
KOH-biochar sample was fitted by the Langmuir equation 
as 42.51 mg/g versus the KOH-free biochar as 27.83 mg/g, 
while the maximum adsorption capacities for the 3/1 and the 
4/1 KOH-biochar were 37.80 mg/g and 41.59 mg/g, respec-
tively. Except for some costly rare earth element modified 
biochar materials, potassium hydroxide-modified septic tank 
sludge biochar materials prepared in this study are compa-
rable to or even better than most of the previously reported 
phosphorus adsorbents (Feng et al. 2021; Li et al. 2020; 
Spataru et al. 2016). In addition, the septic tank sludge has 
the advantage of large annual production, wide availability 
and low cost, making potassium hydroxide-modified septic 
tank sludge-based biochar more feasible and competitive 
for resource recovery and economic use as a phosphorus 
adsorbent.

At present, there are few studies on the use of septic tank 
sludge for biochar preparation, and a large amount of sep-
tic tank sludge from sanitary facilities lacks systematic and 
standardized treatment, thus leading to environmental pol-
lution and resource waste, which requires advanced meth-
ods to recover septic tank sludge. Our research results show 
that the preparation of biochar by pyrolysis of septic tank 
sludge and its modification by alkaline treatment of biochar 
with a certain percentage of potassium hydroxide can lead 



to highly efficient phosphorus adsorbent. This treatment 
method can not only recycle septic tank sludge, reduce the 
unqualified treatment of septic tank sludge, but also recover 
phosphorus from wastewater. By comparing the adsorption 
effect of the three modified biochar materials, it was found 
that the adsorption effect of the 5/1 KOH-biochar and the 
4/1 KOH-biochar was significantly higher than that of the 
3/1 KOH-biochar, while the difference in adsorption effect 
between the 5/1 KOH-biochar and the 4/1 KOH-biochar 
was insignificant. Therefore, phosphorus removal/recovery 
in wastewater remediation using 4/1 KOH-biochar is more 
environmentally and economically feasible.

Conclusion

The preparation process of the septic tank sludge-based bio-
char is simple and easy to operate and has low operating 
costs. At higher temperatures, the surface of the septic tank 
sludge reacted more fully to obtain a richer surface structure. 
After further modifications, it was found that the surface 
area of the modified biochar increased from 64.214  m2/g 
(KOH-free) to 77.228  m2/g, 85.024  m2/g and 82.901  m2/g at 
KOH/ biochar mass ratios of 3/1, 4/1 and 5/1, respectively. 
And it was also found that the medium and large pores of 
the biochar were transformed into microporous structures, 
which had a positive effect on the removal of pollutants from 

Fig. 3  Phosphate adsorption isotherms using a Langmuir model 
and b Freundlich model and kinetic curves using; c quasi-first-order 
kinetic models and d quasi-second-order models for the KOH-free 
biochar, the 3/1 KOH-biochar, the 4/1 KOH-biochar and the 5/1 
KOH-biochar, respectively, where 3/1 KOH-biochar: preparation of 

modified biochar with potassium hydroxide/biochar mass ratio of 3/1; 
4/1 KOH-biochar: preparation of modified biochar with potassium 
hydroxide/biochar mass ratio of 4/1; 5/1 KOH-biochar: preparation of 
modified biochar with potassium hydroxide/biochar mass ratio of 5/1



the wastewater by the biochar. The adsorption capacity of 
four biochar materials for phosphate was in the following 
order of 5/1 KOH-biochar > 4/1 KOH-biochar > 3/1 KOH-
biochar > KOH-free biochar. The maximum adsorption 
capacity of 5/1 KOH-biochar reached 42.51 mg/g versus 
7.83 mg/g of the KOH-free biochar. In this study, the prepa-
ration of biochar by pyrolysis of septic tank sludge and alka-
line treatment with potassium hydroxide can yield highly 
efficient phosphorus adsorbent. This treatment can not only 
recycle the septic tank sludge, relieve the pressure of septic 
tank sludge treatment, but also it can effectively recover/
remove phosphorus from wastewater.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10311- 022- 01527-5.
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Scheme S1 Preparation of alkaline biochars from septic tank sludges for adsorption of phosphates in water. Phosphate-loaded 
biochar can then be used a soil amendment to fertilize plants and sequester carbon. 

Table S1 Specific surface area and pore structure parameters of biochars 

Samples 
Specific surface 

area (m2/g). 

Total pore 

volume 

(cm3/g) 

Aperture 

(nm) 

Average pore 

size (nm) 

KOH-free biochar 64.214 0.122 3.833 9.01 

3/1 KOH biochar 77.228 0.049 1.736 4.54 

4/1 KOH biochar 85.024 0.071 1.427 3.27 

5/1 KOH biochar 82.901 0.063 2.196 7.17 

Table S2 Fitting parameters of the phosphorus adsorption isotherms of different biochars 
Langmuir Freundlich 

Q K R2 k n R2 

KOH-free biochar 32.31 0.02 0.79 2.69 2.27 0.80 

3/1 KOH-biochar 55.04 0.01 0.86 1.81 1.74 0.88 

4/1 KOH-biochar 59.12 0.01 0.97 2.13 1.78 0.96 

5/1 KOH-biochar 62.03 0.01 0.97 2.01 1.74 0.95 

Table S3  Parameters of P adsorption kinetics. 

Quasi-first-order Quasi-second-order 
K1 Q1 R2 K2 Q2 R2 

KOH-free biochar 0.01 18.67 0.96 6.09 20.99 0.99 
3/1 KOH-biochar 0.01 18.25 0.90 6.02 20.71 0.96 
4/1 KOH-biochar 0.02 19.00 0.75 0.001 20.90 0.91 
5/1 KOH-biochar 0.02 19.47 0.75 0.001 21.29 0.90 

* Corresponding author ADD: 516, Jungong Road, 200093, Shanghai, China. Email: Liuhb@usst.edu.cn (H., Liu)
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