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A B S T R A C T   

Biochar modification by metals and metal oxides is considered a practical approach for enhancing the adsorption 
capacity of anionic compounds such as phosphate (P). This study obtained paper mill sludge (PMS) biochar 
(PMSB) via a one-step process by pyrolyzing PMS waste containing ferric salt to remove anionic P from water. 
The ferric salt in the sludge was transformed into ferric oxide and zero-valent-iron (Fe0) in N2 atmosphere at 
pyrolysis temperatures ranging from 300 to 800 ◦C. The maximum adsorption (Qm) of the PMSBs for P ranged 
from 9.75 to 25.19 mg P/g. Adsorption is a spontaneous and endothermic process, which implies chemisorption. 
PMSB obtained at 800 ◦C (PMSB800) exhibited the best performance for P removal. Fe0 in PMSB800 plays a vital 
role in P removal via adsorption and coprecipitation, such as forming the ≡Fe–O–P ternary complex. Further-
more, the possible chemical precipitation of P by CaO decomposed from calcite (CaCO3; an additive of paper 
production that remains in PMS) may also contribute to the removal of P by PMSB800. Moreover, PMSBs can be 
easily separated magnetically from water after application and adsorption. This study achieved a waste-to-wealth 
strategy by turning waste PMS into a metal/metal oxide-embedded biochar with excellent P removal capability 
and simple magnetic separation properties via a one-step pyrolysis process.   

1. Introduction 

Phosphorus (P) is an essential element in all living organisms 
because of its importance in forming genetic materials, biological 
membranes, and energy-converting carriers (Marschner and Marschner, 
2012). However, the large-scale disturbance of P cycles in the environ-
ment caused by anthropogenic activity has led to the accumulation of P 
in the aquatic environment, causing eutrophication and threatening the 
health of ecosystems and human safety (Conley et al., 2009; Xia et al., 
2020). P is also considered the primary limiting nutrient for hydrophytes 
(Schindler, 1974). Thus, P reduction/control can inhibit eutrophication 
in lakes (Conley et al., 2009). In conventional wastewater treatment 
processes, biological methods, such as aerobic/oxic (A/O) processing by 
P-accumulating organisms (Oehmen et al., 2007), are commonly adop-
ted, and these organisms can store and release P in response to the pe-
riodic alternation of environmental conditions (Nielsen et al., 2019). In 

addition, the precipitation of P by metal or metal oxides is considered a 
supplementary method for P removal (Ye et al., 2017). 

The adsorption of P from water by biochar, a solid residue obtained 
from biomass pyrolysis, has been widely investigated over the past 
decade (Cui et al., 2016; Fang et al., 2014; Gong et al., 2017b; Jung 
et al., 2015). The surfaces and pores of biochar formed during biomass 
pyrolysis and the abundant functional groups on biochar are able to 
facilitate good adsorption performance (Ahmad et al., 2014). However, 
according to previously reported studies, the capability of unmodified 
biochars for P removal has varied greatly, with maximum P adsorption 
ranging from 1.37 to 193 mg P/g (Zhang et al., 2020a). Some biochars 
have a very weak affinity for P, which may be caused by the electrostatic 
repulsion between the negatively charged biochar surface and the 
anionic forms of P (Jung et al., 2015). Certain biochars may even release 
P into water rather than adsorb it (Cui et al., 2016). However, biochars 
with a high-P adsorption capacity have been observed (Fang et al., 
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2014). The mineral elements in both ionic and oxide forms could 
potentially play an indispensable role in the adsorption and removal of P 
from water (Yin et al., 2018). Zeng et al. (2013b) evaluated the P 
removal capacities of biochars obtained from phytoremediation plants 
and found that plant-derived biochar with higher magnesium (Mg) 
content has a higher P removal efficiency. Similarly, Yao et al. (2013b) 
observed that biochar pyrolyzed from Mg-enriched tomato leaves 
adsorbed a much higher amount of P. Jung et al. (2015) found that 
biochars with higher Ca/P or Mg/P ratios can have higher P adsorption 
capabilities because the divalent cation bridging effect is believed to be 
responsible for binding P on biochar. These findings led to a method for 
improving the P removal performance of biochar by modifying it with 
metals or metal oxides. For instance, MgO-modified biochar obtained by 
the pyrolysis of MgCl2 immersed in sugar beet tailing was found to have 
a much higher adsorption capacity for P (835 mg P/g) (Zhang et al., 
2012). Biochar modification with Mg and poly diallyl dimethyl ammo-
nium chloride (pDADMAC), resulted in ~100 times increase in P sorp-
tion (70.5–97.1 mg P/g for Mg-doped and pDADMAC biochars) 
compared to unmodified softwood and maple biochars (Wang et al., 
2020). The maximum adsorption capacity of sawdust biochar for P 
increased from 10.67 to 47.57 mg P/g after modification by lanthanum 
(La) (Wang et al., 2015). Al-doped biochars obtained from poultry 
manure and sugarcane straw also have extremely high P adsorption 
capacities of 702 and 759 mg P/g, respectively (Novais et al., 2018a). 

However, modification processes for biochar are costly, time- 
consuming, and potentially harmful to the environment due to the use 
of large quantities of chemicals. To circumvent these drawbacks, we 
hypothesized that biochar with high P adsorption capacity could be 
obtained via a one-step process based on the pyrolysis of waste biomass 
with high metal/metal oxide content, omitting the need for additional 
modification. In this study, paper mill sludge (PMS) containing iron ions 
(from flocculants used in paper mill wastewater treatment) and CaCO3 
(from additives used in paper production) was used as a feedstock to 
produce biochar via a one-step process. The objectives of this study were 
to 1) characterize the properties of PMS biochars, 2) evaluate adsorption 
capacities for P removal, and 3) reveal the possible mechanisms for P 
removal. The results obtained from this study may provide insight into 
the cost-effective use of industrial waste for pollution control. 

2. Material and methods 

2.1. Preparation of biochars derived from paper mill sludge 

In this study, PMS was obtained from the wastewater treatment plant 
of a paper production company in South Korea and used as a biochar 
feedstock. The PMS contained a significant amount of CaCO3 from the 
additives used in paper production and iron ions from the coagulant 
used during wastewater treatment. Ca (7.93%) and Fe (17.69%) content 
in the PMS at dry weight was determined by an Inductively Coupled 
Plasma Optical Emission Spectroscopy (ICP-OES, Agilent 720 ES) after 
acid digestion. The PMS was washed with tap water to remove dust and 
possible dissolved substances and then dried in an oven at 100 ◦C for 24 
h. The dried PMS was crushed using a triturator and stored for further 
use. The PMS powder was then placed in a crucible and pyrolyzed in a 
temperature-controlled muffle furnace equipped with a quartz cup 
reactor. The crucible was kept in a capped quartz cup throughout the 
entire pyrolysis process, and the quartz cup was filled with continuous 
gentle purging of N2 to create an O2-free environment. The heating rate 
was 10 ◦C/min, and the peak temperatures for the PMS biochars were 
300 ◦C, 500 ◦C, 700 ◦C, and 800 ◦C, which was maintained for 1 h and 
then the biochars were cooled to room temperature in the furnace. The 
PMSBs obtained at these temperatures are denoted as PMSB300, 
PMSB500, PMSB700, and PMSB800, respectively. 

2.2. Batch adsorption studies 

Potassium dihydrogen phosphate (KH2PO4) was used to prepare the 
P solution. A stock solution of 500 mg P/L KH2PO4 was prepared, and 
dilutions were prepared using distilled water. The exact concentrations 
of P in the test and control samples were determined after batch 
adsorption using the Chinese national environmental standard method 
(water quality-determination of total phosphorus-ammonium molyb-
date spectrophotometric method, GB 11893–89). 

Batch adsorption experiments were conducted by mixing different 
amounts of PMSBs (0.03 g, 0.04 g, 0.03 g, and 0.01 g for PMSB300, 
PMSB500, PMSB700, and PMSB800, respectively) with 20 mL of P so-
lution in 22-mL glass tubes with Teflon-lined caps. The pH of the solu-
tion was not further adjusted. For adsorption kinetics, the initial 
concentration of P was maintained at 20 mg P/L, and the mixtures of 
PMSB and P solution were shaken for 0.25, 0.5, 1, 2, 3, 4, 6, 8, 12, 16, 20, 
24, and 36 h at the temperature of 25 ± 0.5 ◦C at a speed of 150 rpm in a 
shaker incubator. The final solution was filtered using 0.22-μm hydro-
philic syringe filters, and the P concentrations in the leachate were 
analyzed. The P concentration differences between the samples with 
PMSBs and control samples without PMSBs were calculated to deter-
mine the amount of P adsorbed. To quantitatively compare the 
adsorption kinetics using different PMSBs, a pseudo-first-order (PFO) 
kinetic model (Lagergren, 1898) and pseudo-second-order (PSO) kinetic 
model (Ho, 1995; Ho and McKay, 1999) were employed, as described in 
Eqs. (1) and (2), respectively: 

Qt =Qe1
(
1 − e− k1 t) (1)  

Qt =
k2Q2

e2t
1 + k2Qe2t

(2)  

where, Qt is the adsorption amount of P (mg P/g) on PMSBs at time t. Qe1 
and Qe2 are the maximum adsorption amount estimated by the first and 
second-order kinetic models, respectively. k1 and k2 are the kinetic rate 
constants of the first and second-order kinetic models, respectively. 

For adsorption isotherms, the same amount of PMSB as in the kinetic 
experiments was used. P solutions at various concentrations (0, 4, 8, 12, 
16, 20, 24, 28, 32, 36, and 40 mg P/L) were mixed with the PMSBs in 22- 
mL glass tubes with Teflon-lined caps. All tubes were shaken at a tem-
perature of 25 ± 0.5 ◦C at a speed of 150 rpm in a shaker incubator for 
24 h. To describe the isotherm patterns of the PMSBs for P, the Langmuir 
adsorption model (Langmuir, 1918) and Freundlich adsorption model 
(Freundlich, 1906) were employed, as shown in Eqs. (3) and (4), 
respectively: 

Qe =
QmKLCe

1 + KLCe
(3)  

Qe = kFC1/n
e (4)  

where Qe is the equilibrium adsorption amount of P (mg P/g) at an 
aqueous equilibrium concentration of Ce (mg P/L), and Qm is the 
maximum adsorption amount of P (mg P/g) estimated by the Langmuir 
adsorption model. KL and KF are constants of the Langmuir and 
Freundlich model, respectively. 1/n represents the degree of nonline-
arity of the adsorption isotherm. 

To determine the influence of temperature on the adsorption of P by 
PMSB, PMSB800 was selected as the representative case due to its su-
perior performance. The adsorption isotherms were carried out as 
described earlier at temperatures of 5 ◦C, 15 ◦C, and 25 ◦C. 

2.3. Characterization of paper mill sludge biochars 

The morphologies of the PMSBs were observed using scanning 
electron microscopy (SEM, Hitachi SU8200, Japan) and transmission 
electron microscopy (TEM) with an energy dispersive spectrometer 
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(TEM-EDS, FEI Tecnai G2 F20, Netherlands). The surface area and pore 
volume of the PMSBs were analyzed using the N2 adsorption-desorption 
method using a surface area analyzer (Gemini 2390, USA). The X-ray 
diffraction (XRD) patterns of the samples were obtained using an XRD 
diffractometer (Bruker D8 Advance, Germany) at a working voltage and 
current of 40 kV and 40 mA, respectively, at a scanning speed of 5◦/min 
in the range of 5◦–90◦. The X-ray photoelectron spectroscopy (XPS) was 
obtained from an electron spectrometer (ESCALab220i-XL, VG Scienti-
fic, UK). 

3. Results and discussion 

3.1. Adsorption kinetics and isotherms 

3.1.1. Adsorption kinetics 
The kinetics of P adsorption by PMSBs are shown in Fig. 1. The 

adsorption amounts increased quickly in the first stage of adsorption due 
to the maximum concentration differences between the surface of the 
adsorbent (approximately 0) and the solution (initial concentration), 
which provided the greatest force for adsorption. With further increases 
in adsorption time, the adsorption amount increased slowly, and the 
kinetic curves gradually reached equilibrium. As shown in Fig. 1, the 
equilibrium times of PMSB300, PMSB500, and PMSB700 were less than 
4 h. However, PMSB800 took significantly longer (approximately 24 h) 
to reach equilibrium. 

A PFO and PSO kinetic model were employed in this study to 
describe the kinetic curves quantitatively, and the fitted parameters are 
listed in Table S1. Both models fit the kinetic data well, with correlation 
coefficients (R2) greater than 0.87. However, the PSO kinetic model 
performed better, with a significantly higher R2, indicating that chem-
ical adsorption occurred during the adsorption of P by PMSBs (Ho, 1995; 
Ho and McKay, 1999). At the same initial concentration of P (20 mg 
P/L), PMSB800 exhibited a significantly higher adsorption amount, 
despite having the lowest adsorption rate constants (shown as k1 and k2 
in Table S1). 

3.1.2. Adsorption isotherms 
The adsorption isotherms of P by PMSBs are shown in Fig. 2. All 

isotherms were significantly nonlinear, indicating surface-based 
adsorption. The Langmuir and Freundlich adsorption models were 
employed in this study, and the fitting parameters of these two models 
for the adsorption of P by PMSBs are provided in Table S2. The results 
demonstrate that PMSB800 had the highest adsorption capacity (25.19 

mg P/g), followed by PMSB700, PMSB 500, and PMSB300. Although the 
adsorption capacity of PMSB700 was slightly higher than PMSB500 and 
PMSB300 in the tested concentration range, the Langmuir model- 
estimated Qm values of PMSB700, PMSB500, and PMSB300 were all 
similar (9.75–11.44 mg P/g). Many biochars have a poor capacity for P 
removal from water (Cui et al., 2016; Gong et al., 2017a; Jung et al., 
2015) as the surfaces of biochars are generally negatively charged 
(Ahmad et al., 2014), which may lead to strong electrostatic repulsion 
between the biochar and the P anions, inhibiting the adsorption of P. In 
addition, biochar contains inherent P, which may be released in water 
(Hale et al., 2013; Park et al., 2015). As a result, the Qm of PMSB800 in 
this study was higher than most of the previously reported values for 
pristine biochar (Chandra et al., 2020; Zeng et al., 2013a; Zhou et al., 
2019). The possible reasons are discussed in Section 3.2. However, there 
have been a few high Qm values reported previously, some exceeding 
100 mg P/g (Fang et al., 2014; Gong et al., 2017a; Novais et al., 2018b). 

The enhanced adsorption capacity of biochar with increasing py-
rolysis temperature is generally associated with the increase in surface 
area (Chintala et al., 2013; Zeng et al., 2013a). Although the surface 
areas of PMSBs increased from 37.88 to 95.16 m2/g with an increase in 
pyrolysis temperature from 300 ◦C to 800 ◦C (Table S3), the increase in 
adsorption capacities was not linear. In particular, an increase in the 
surface areas of PMSBs pyrolyzed from 300 ◦C to 700 ◦C led to no sig-
nificant change in P adsorption amounts, as Qm values ranged from 9.75 
to 11.44 mg P/g. Other mechanisms are dominantly involved in the 
enhancement of P adsorption. Further characterization of the PMSBs 
was conducted to reveal other potential mechanisms, which are dis-
cussed in Section 3.2. 

3.1.3. Effect of ambient temperature on P adsorption by paper mill sludge 
biochars 

To investigate the influence of ambient temperature on P adsorption 
by PMSBs, PMSB800 was selected as a representative adsorbent owing 
to its superior performance for P adsorption. The adsorption isotherms 
at different temperatures are shown in Fig. 3. All isotherms were fitted 
using the Langmuir adsorption model, and the corresponding parame-
ters are listed in Table 1. The results revealed significant differences 
among the isotherms from 5 ◦C to 25 ◦C, with the increase in ambient 
temperature enhancing the Qm of PMSB800 markedly from 6.89 to 
25.19 mg P/g, indicating an endothermic adsorption process. 

Similar trends were found in investigations of P adsorption by corn 
biochar at 25 ◦C–45 ◦C (Fang et al., 2014) and of peanut shell biochar at 

Fig. 1. Adsorption kinetics of P adsorbed by PMSBs. The solid line is the PFO 
kinetic model-fitted curve, and the dotted line is the PSO kinetic model- 
fitted curve. 

Fig. 2. Adsorption isotherms of P by PMSBs. Solid lines represent the Langmuir 
adsorption model-fitted curves, while the dotted lines represent the Freundlich 
adsorption model-fitted curves. 
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10 ◦C–30 ◦C (Jung et al., 2015). The random thermal motion of ions may 
be enhanced by an increase in temperature, leading to a higher possi-
bility of collisions between P ions and the biochar surface (Kilic et al., 
2013; Wang et al., 2016). 

To further illustrate the influence of temperature on the adsorption 
of P by PMSB800, thermodynamic analysis was employed. Thermody-
namic parameters (Table 1) were obtained using the Van’t Hoff equation 
(Zhang et al., 2014; Zhu and Zhu, 2008), which can be described as: 

lnK = −
ΔH
RT

+
ΔS
R  

where K is the fitted adsorption coefficient of the Langmuir adsorption 
model, R is the ideal gas constant (8.314 × 10− 3 kJ/mol⋅K), and T is the 
temperature (K). ΔH and ΔS are the enthalpy and entropy changes in the 
adsorption process, respectively, and the Gibbs free energy change (ΔG) 

can be calculated as follows: 

ΔG=ΔH − TΔS 

The positive ΔH value indicates that P adsorption on PMSB800 is an 
endothermic process, meaning an increase in ambient temperature can 
promote P adsorption. ΔG was negative at all temperatures, implying 
that the adsorption was spontaneous. In addition, the ΔG values 
decreased with increased temperature, indicating that higher tempera-
tures are favorable for the adsorption of P on PMSB800 (Zhang et al., 
2014; Zhou et al., 2019; Zhu and Zhu, 2008). 

3.2. Characterization of paper mill sludge biochars 

3.2.1. Scanning electron microscopy and transmission electron microscopy 
observation 

The morphologies of the PMSBs were observed using SEM and TEM 
(Fig. 4). There was no significant pore structure in the PMSBs, which is 
in accordance with their low Brunauer–Emmett–Teller (BET) surface 
areas (37.88–95.16 m2/g). With an increase in pyrolysis temperature, 
crystal-like nanoparticle aggregates were found in PMSB500, PMSB700, 
and PMSB800. Yoon et al. (2017) explained that mineral aggregates 
formed after pyrolysis might block the pores in the biochar matrix. Thus, 
there was no significant increase in the number of micropores or mes-
opores with an increase in pyrolysis temperature. Similarly, Ruan et al. 
(2015) reported that a bentonite/hematite-embedded biochar has a 
small BET surface area. 

To further determine the structure and composition of the PMSBs, 
elemental mapping of PMSB800 by TEM-EDS was employed to identify 
its elemental composition and especially to account for the formed 
crystal-like aggregates. The results are shown in Fig. 5. The main ele-
ments in PMBS800 were Fe, Ca, C, and O. There was a higher density of 
Fe and O content in the crystal-like aggregates, indicating that the 
crystals might be Fe or Fe oxides. The Fe in the PMSBs was added as 
ferric salts during the paper mill wastewater treatment as a coagulant. 
The pyrolysis of PMS into PMSB in the N2 atmosphere provided a 
reducing atmosphere, and Fe ions were transformed into iron oxides 
(FeOx) or zero-valent-iron (ZVI, Fe0). Fe salts or Fe minerals, such as 
Fe3+, Fe2+, FeCO3, and Fe-rich red mud, have frequently been used as 
modification agents to produce metallic modified biochar to improve 
magnetic properties or contaminant adsorption capability (Cho et al., 
2019; Yoon et al., 2020; Yoon et al., 2017; Yoon et al., 2019a; Zhang 
et al., 2015). Thus, there is no modification process needed for the 
metal-enriched biochar produced via a one-step pyrolysis process in this 
study. It has been reported that the Mg/MgO coated biochar can 
significantly enhance the adsorption of P, and they speculated that 
higher point-of-zero-charges of Mg(OH)2/MgO (about 12) might cause 
positively charged biochar surface (Yao et al., 2013a). Therefore, the 

Fig. 3. Effect of temperature on the adsorption of P by PMSB800.  

Table 1 
Thermodynamic parameters of the adsorption of P by PMSB800 at different 
temperatures.  

T, K K, × 106 

L/kg 
Qm, mg 
P/g 

R2 ΔH, kJ/ 
mol 

ΔS, kJ/ 
mol⋅K 

ΔG, kJ/ 
mol 

278 0.284 6.89 0.9711 85.33 0.413 − 29.484 
288 2.180 10.20 0.9732 − 33.614 
298 3.324 25.19 0.9572 − 37.744  

Fig. 4. SEM and TEM images of PMSB300, PMSB500, PMSB700, and PMSB800.  
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FeOx- or Fe0-coated PMSB may hinder the negative charges on the bio-
char surface, reducing electrostatic repulsion and increasing the P 
adsorption capacity of the PMSBs. 

3.2.2. X-ray diffraction patterns of paper mill sludge biochars 
The XRD patterns of the PMSBs were scanned in the 2θ range of 

20◦–70◦ (Fig. 6). Peaks typically assigned to CaCO3 were found in the 
XRD patterns of PMSB300, PMSB500, and PMSB700 at 2θ = 29.4◦, 
47.1◦, and 48.5◦ (PDF#47–1743), respectively. CaCO3 is present in PMS 
as a filler in the papermaking process (Yoon et al., 2017). These peaks 

assigned to CaCO3 were hardly found in PMSB800, which could be 
attributed to the decomposition or crystallographic form transition of 
CaCO3 at 800 ◦C. A weak peak at 2θ = 32.2◦ could be recognized as CaO 
(PDF#99–0070). Wang et al. (2021) also observed that the XRD peak of 
CaO was weak in a calcium-containing porous biochar adsorbent. The 
presence of Ca on the surface was also confirmed by the TEM-EDS data 
(Fig. 5). It is likely that the CaCO3 decomposition product CaO was able 
to form a stable precipitate with P, which contributed to the significant 
enhancement of P removal by PMSB800. PMSB300 had typical peaks for 
Fe2O3 at 2θ = 30◦, 35.1◦, 43.7◦, 58.8◦, 63.3◦ (PDF#40–1139), which 
was transformed from the ferric salt in the PMS. When the pyrolysis 
temperature was increased to 500 ◦C, additional peaks were observed at 
2θ = 30◦, 35.2◦, 43◦, 57.2◦, and 62.7◦, which corresponded to Fe3O4 
(PDF#01–1111) (Yoon et al., 2017). The formation of Fe3O4 was also 
responsible for the magnetic properties of PMSB500, which facilitated 
the separation of the PMSBs. The peaks of Fe3O4 disappeared at a py-
rolysis temperature of 700 ◦C, and the new peaks at 2θ = 35.9◦, 41.7◦, 
60.5◦related to FeO (PDF#89–0687) were formed, indicating that a 
reduction of Fe3O4 occurred during pyrolysis. Furthermore, significant 
peaks were observed in PMSB800 at 2θ = 44.8◦ and 65.2◦, corre-
sponding to Fe0. It can be concluded that the ferric salt in the PMS was 
oxidized to Fe2O3 at the initial temperature up to approximately 300 ◦C, 
and then was reduced to lower-valent iron species (Fe3O4, FeO, Fe0) 
with further pyrolysis temperature increments from 500 to 800 ◦C. The 
pyrolysis of PMS in this study occurred in an O-limited environment 
with continuous N2 purging, producing reductive substances, such as 
syngas, including CH4, CO, and H2 (Cho et al., 2017; Choi et al., 2020; 
Yoon et al., 2019b). These syngas may provide a reductive environment 
and be responsible for transforming Fe from an oxidized state to a 
reduced form. The nanoscale ZVI Fe0 has excellent P removal efficiency 
(245.65 mg P/g) via adsorption and coprecipitation processes (Wen 
et al., 2014), which could explain the significantly higher P removal by 
PMSB800 in this study. 

Fig. 5. Elemental mapping of PMSB800 by TEM-EDS.  

Fig. 6. XRD patterns of PMSBs.  
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3.2.3. XPS spectra of paper mill sludge biochars 
To further elucidate the phosphate adsorption mechanisms of the 

PMSBs, PMSB800 (the best performing PMSB in this study) was analyzed 
by XPS before and after phosphate adsorption (Fig. 7). Compared with 
the pristine PMSB800 before adsorption (Fig. 7a), a new peak corre-
sponding to P 2p was observed in the wide-scan survey spectra of the 
used PMSB800, indicating successful phosphate loading onto this bio-
char (Ren et al., 2016). This result was confirmed via high-resolution 
XPS, where the spectra clearly show the presence of a P 2p peak after 
P adsorption (Fig. 7b). In the reacted PMSB800, the new peak at 133.5 
eV can be assigned to the adsorbed P, implying the formation of a Fe 
phosphate complex (such as FePO4) on the PMSB800 surface (Li et al., 
2019; Sleiman et al., 2016). This is consistent with previously reported 

results (Mallet et al., 2013). Fig. 7c and d shows the high-resolution 
spectra of the O 1s of the PMSBs before and after P adsorption, and 
three types of surface oxygen species could be identified. The peaks at 
the binding energies of ~529.9, ~531.5, and ~532.8 eV can be attrib-
uted to oxide-oxygen (O2− , i.e., Fe–O or Ca–O), a hydroxyl group (–OH, 
i.e., Fe–OH or P–OH), and adsorbed water (H2O), respectively (Yu et al., 
2020; Yu et al., 2019). Wang et al. (2021) suggested that the XPS peak at 
the binding energy of 529.9 eV was believed to be the O 1s in CaO, which 
was consistent with the hypothesis of this study. CaO was produced by 
the decomposition of CaCO3 in paper mill sludge. After the adsorption of 
P, the percentage of Fe–O decreased from 33.9% to 18.8%, while that of 
–OH increased from 54.6% to 62.5%, which is consistent with the results 
reported by Zhang et al. (2020b) and Wan et al. (2020). The increase in 

Fig. 7. High-resolution XPS spectra of PMSB800 before and after P adsorption. 
(a) Wide survey XPS spectra, (b) P 2p, (c, d) O 1s, and (e) Fe 2p. 
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–OH after P adsorption was believed to represent both –OH and P–O 
bonding to form Fe–O–P ternary complexation via ligand exchange on 
the PMSB800 surface (Wan et al., 2020; Zhang et al., 2020b), which 
promoted P removal. This specific adsorption can be described by the 
equation presented below (Eq. (5)). 

PMSB=Fe − OH +HxPO(3− x)−
4 +H+ ↔ ≡Fe − PO4 + H2O (5) 

Furthermore, after phosphate adsorption, the Fe 2p band (Fig. 7e) in 
the phosphate-loaded PMSB800 was quite similar to that of the fresh 
PMSB800, indicating that Fe was still present on the surface of PMSB800 
even after adsorption (Doliente et al., 2017). However, the Fe 2p2/3 
shifted from 710.3 to 710.9 eV, suggesting that ≡Fe–OH from PMSB800 
can contribute to phosphate sequestration by generating different 
oxidation states of Fe–PO4 complexation (Zhang et al., 2016). 

Summing up the above discussion, the two most likely mechanisms 
of P removal using PMSB800 are as follows. First, ferric oxides, such as 
FeO, the conversion of Fe0 to iron corrosion products, removed P by 
coprecipitation and adsorption (Wan et al., 2020). Second, the 
inner-sphere complexation played a dominant role, via ligand exchange, 
during the phosphate removal by forming Fe–O–P ternary complexes, 
such as Fe–PO4. These conclusions are in accord with the findings by 
Wen et al. (2014) that coprecipitation is one of the main mechanisms for 
the P by nanoscale zero-valent-iron. 

4. Conclusions 

In this study, PMSBs were obtained via one-step pyrolysis of waste 
PMS, and the potential for P removal from water was evaluated and 
characterized. PMS waste can be transformed into an effective adsorbent 
for P removal, with the highest temperature biochar PMSB800 having 
the greatest Qm for P. The reductive pyrolysis atmosphere transformed 
the ferric salt in the sludge into ferric oxide and Fe0 in the PMSBs, which 
facilitated the adsorption of P. The presence of Fe0 in PMSB800 played a 
significant role in the enhancement of P removal via adsorption and 
coprecipitation by providing complexation sites for P to form Fe–O–P 
ternary complexes. Furthermore, the CaO in PMSB800 (decomposed 
from CaCO3 at 800 ◦C) may also contribute to the significant enhance-
ment of Qm. The adsorption of P by PMSB800 is a spontaneous and 
endothermic process, meaning that an increase in ambient temperature 
promotes P adsorption. Moreover, the formation of Fe oxide and Fe0 

facilitated the magnetic separation of PMSB from water/wastewater. In 
conclusion, PMSB is a metal/metal oxide-embedded biochar with 
excellent P removal capability, with potential for simple magnetic sep-
aration, which is easily obtained from PMS waste via a one-step pyrol-
ysis process. 
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