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Abstract 18 

Recovery of phosphorus (P) from incinerated sewage sludge ash (ISSA) by biochar is 19 

an attractive solution for mitigating the P scarcity and transferring waste to resources. 20 

This work used Mg/Ca-modified biochars to take up P from the acid-extract from 21 

ISSA at low pH (<2), which simplified the previous P recycling process. The 22 

hypothesis is to produce a P-enriched post-sorption biochar that can be directly 23 

applied as a P fertilizer. Wastes of peanut shell and sugarcane bagasse were used to 24 

synthesize Mg/Ca-modified biochars at pyrolysis temperatures of 450 oC, 700 oC and 25 

850 oC. Preliminary results indicated Mg-modified sugarcane bagasse biochar 26 

pyrolysed at 700 oC produced optimal P-absorption. This biochar was positively 27 

charged and had a high specific surface area (1440 m2/g), consistent with a layered 28 

porous structure. The optimal biochar showed rapid adsorption of P which could be 29 

described by the pseudo-second-order model. Successful adsorption of P from the 30 

acid-extract by the optimal biochar was mainly due to chemical precipitation and its 31 

adsorption capacity is 129.79 mg P/g biochar.  32 

 33 

Keywords: fertilizer; phosphorus; sewage sludge ash; biochars; peanut shells 34 
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1. Introduction 35 

 36 

Large amounts of sewage sludge are produced worldwide every year and they 37 

are dominantly agriculture applied and landfilled worldwide (Christodoulou & 38 

Stamatelatou, 2016; Lundin et al., 2004). To be specific, in China, approximately 39 

landfilled and agriculture take up 31.03% and 44.83%, respectively (Wang et al., 2006; 40 

Xu et al., 2014). However, using of the sewage sludge as fertilizers is increasingly 41 

inhibited around the world due to their potential impact to the environment. 42 

Incineration of sewage sludge is becoming more popular especially in developed 43 

cities due to its better pollution control and potentials for volume reduction, landfill 44 

capacity saving and energy recovery (Lundin et al., 2004). The Hong Kong 45 

Government has constructed a sewage sludge treatment facility (T·Park) that can 46 

incinerate maximum 2,000 tons of dewatered sludge per day. Recently, the T·Park 47 

incinerates about 1500 tons of sludge per day and generates about 150 tons of 48 

incinerated sewage sludge ash (ISSA), which is currently disposed of to landfill 49 

(T·Park, 2018). Previous studies have shown that Hong Kong ISSA contains 35 g/kg 50 

of phosphorus (P), which is one of the three main inorganic nutrients used in 51 

industrial fertilizers that are essential for plant growth (P, N and K) (Cui et al., 2016; 52 

Fang et al., 2018b). Meanwhile, P recovery from ISSA is more feasible than that from 53 

sewage sludge due to P is dominantly in the form of organic-P (Cieślik & Konieczka, 54 

2017; Tarayre et al., 2016). It is well known that economically extractable P reserves 55 

are essentially finite because they form over geological timescales. Consequently, the 56 

recovery of P from ISSA for use in fertilizers is a central objective of this study as part 57 

of the attempt to develop a circular economy for P.  58 

Previous studies by the authors have developed an effective extraction method to 59 

obtain a P-rich acid-extract from ISSA (Fang et al., 2018a). The acid-extract needs 60 

further treatment prior to any application as a P-fertilizer due to the low P 61 

concentration and high acidity. 62 

Biochar is a carbonaceous adsorbent characterized by high porosity, specific 63 

surface area and certain surface functional groups ( Li et al., 2019; Yang et al., 2018). 64 
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Biochar can be used as a soil conditioner to retain and progressively release nutrients, 65 

improve soil fertility, increase seed germination rates, plant growth and crop yields 66 

(Glaser et al., 2002). An additional advantage of biochars compared to inorganic 67 

fertilizers is that their non-carbonized fraction may interact with soil contaminants, 68 

thereby improving the properties of soil (Ahmad et al., 2014).  69 

The surface of biochar is negatively charged and has a low oxyanion removal 70 

capacity (Li et al., 2018; Xu et al., 2011; Yao et al., 2011). P is usually present as an 71 

oxyanion (e.g. PO4
3-, HPO4

2-, H2PO4
-, depending on the pH) and the P adsorption 72 

capacity of biochar must be improved by modification with metal cations like Mg2+, 73 

Ca2+, Fe3+ or Al3+ (Chen et al., 2011; Fang et al., 2015; Le Leuch & Bandosz, 2007; 74 

Zhang & Gao, 2013). Oxyanion removal is governed by positively charged sites 75 

formed by protonation of metal oxides in the metal-biochar composite (Li et al., 2018). 76 

Biochars modified with Mg can induce Mg-P particles formation on the surface of the 77 

biochars (Fang et al., 2014; Li et al., 2017; Yao et al., 2013) while that with Ca forms 78 

brushite (CaHPO4·2H2O) (Antunes et al., 2017; Marshall et al., 2017; Zhang et al., 79 

2012). Additionally, both Mg and Ca are essential elements for plant growth (Yao et 80 

al., 2013). Therefore Ca and Mg were used in this study to enhance P adsorption on 81 

the biochars. 82 

The pyrolysis temperature has a major influence on the porosity of the formed 83 

biochar. Numerous meso-pores (between 2~ 50 nm) are generated when the pyrolysis 84 

temperature is below 500 oC but these tend to collapse above 600 oC (Fang et al., 85 

2014; Liu et al., 2018; Tang et al., 2013). Increasing the pyrolysis temperature 86 

changes the mesopore distribution from ordered to disordered, increasing the specific 87 

surface area and the number of organic functional groups (Fang et al., 2014). Higher 88 

pyrolysis temperatures can produce biochars with enhanced physical action and 89 

reduce the interference from coexisting ions on P adsorption (Fang et al., 2014). 90 

Pyrolysis temperature of around 700 oC was reported to form biochars with higher 91 

aromaticity and lower polarities which improved sorption (Ahmad et al., 2012; 92 

Ahmad et al., 2014; Uchimiya et al., 2010b). Based on the above, pyrolysis 93 

temperatures of 450 oC, 700 oC and 850 oC were used in this study to determine the 94 
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most effective biochar for P-absorption. 95 

The acid-extracts from ISSA are usually strongly acidic (pH<2). However, 96 

information is currently lacking in P-adsorption by biochar from acidic solutions. It is 97 

necessary to investigate P absorption under such acidic conditions because P can 98 

precipitate with metal(loid)s (Al, Fe, Ca, etc.) when the solution pH > 2 (Fang et al., 99 

2018a).  100 

Peanut shells (Ps) and sugarcane bagasse (Sc) are produced as municipal wastes 101 

from food processing in China. Biochars based on these materials have been reported 102 

to have promising P-adsorption capabilities (Xue et al., 2012; Zhang et al., 2012).  103 

The overall objective of this study is to investigate how P rich acid extract from 104 

ISSA can be used to produce an effective biochar-based P-fertilizer. The P-extracts 105 

from ISSA by a 2-step acid-extraction procedure was used based on our previous 106 

study (Fang et al., 2018a). Experiments were performed to determine the optimal 107 

biochar production conditions and the optimal pH for P adsorption onto the biochar. 108 

The adsorption mechanisms were investigated using adsorption kinetic and isotherm 109 

models combined with spectroscopic and microscopic analysis (X-ray diffraction 110 

(XRD), scanning electron microscopy with energy dispersive X-ray spectroscopy 111 

(SEM-EDX) and Fourier transform infrared (FTIR)). 112 

 113 

2. Materials and Methods 114 

 115 

2.1 Preparation of biochars 116 

Peanut shells (Ps) and sugarcane bagasse (Sc) were obtained from a food factory 117 

in Shenzhen, China. Prior to use they were thoroughly washed in deionized (DI) water, 118 

oven-dried at 105 oC overnight and milled to pass through a 2 mm sieve. 119 

Solutions of MgCl2 and CaCl2 were prepared by dissolving 40 g of MgCl2·6H2O 120 

and 50 g of CaCl2·2H2O (AR Grade, Fischer Scientific) separately in 60 mL of DI 121 

water (Fang et al., 2014; Zhang et al., 2012). The biomass samples were modified by 122 

soaking them in the prepared solutions for 1 h (mass to volume ratio of 1:3). The 123 
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modified biochars were separated by using a vacuum filter with Whatman No. 42 124 

filter papers and then oven-dried at 105 oC until achieving constant mass. The Mg/Ca 125 

modified biomass samples were then pyrolysed at 450 oC, 700 oC or 850 oC for 1 hour 126 

in an inert N2 atmosphere. Samples were heated to the target temperatures at a heating 127 

rate of 10 oC/min and N2 (99.9 vol. % purity) flow rate of 11 L/min was maintained in 128 

order to remove the pyrolysis off-gasses. The biochars formed were ball milled and 129 

sealed in vacuum desiccators prior to carrying out the absorption tests.  130 

The biochars produced were labelled based on the biomass (Ps/Sc) used, the 131 

modifying solution (MgCl2/CaCl2) and the pyrolysis temperature (450, 700 and 850 132 

oC). For example, Ps modified by CaCl2 at 450 oC was labelled PsC450. Sc modified 133 

by MgCl2 at 700 oC was labelled ScM700. 134 

 135 

2.2 Production of P-extract 136 

The ISSA used in this study was collected from T·Park, Hong Kong, which has 137 

been characterized in our previous studies and shown in Table S1 (Supplementary File) 138 

(Fang et al., 2018b; Li et al., 2017). And the P-extracts used in this study was 139 

produced from a 2-step leaching method using sampled ISSA under optimized 140 

conditions, as described in detail in previous studies (Fang et al., 2018a). In short, this 141 

2-step leaching method involved pre-treatment of ISSA with 0.02 M EDTA at a liquid 142 

to solid ratio of 20:1 for 120 min followed by extraction with 0.2 M H2SO4 for 143 

120-min. 144 

The P-extract compositions are shown in Table 1, which contains P together with 145 

metal(loid)s. This 2-step leaching method produced an extract with reduced levels of 146 

contamination compared to other methods (Fang et al., 2018a). 147 

 148 

2.3 Characteristics of biochars 149 

The zeta potential of the biochars was determined (Brookhaven Instruments, 150 

Holtsville, NY) (Johnson et al., 1996). The organic functional groups on the biochars 151 

surfaces before and after adsorption were determined by FTIR analysis (Nicolet 152 

Nexus 410) in the range 4000-400 cm-1. The pH of the biochars was evaluated at a 153 



 

 7 / 20 
 

mass ratio of of 1:5 (dry sample: distilled water) by a pH meter (PHS-3C, LEICI). The 154 

surface area of the biochar was measured using the Brunauer-Emmett-Teller (BET) 155 

method using N2 adsorption over a range of relative pressures (P/P0) from 0.06 to 0.3. 156 

The crystalline phases in the ball-milled biochars were analyzed by using XRD (10-80 157 

o) (Rigaku Smartlab, Japan). The surface morphology and chemical compositions of 158 

the biochars before and after adsorption were examined using a Tescan-vega3 159 

SEM-EDX.  160 

In addition, the biochars produced by the optimal modification method were 161 

measured by an elemental analyzer (Elementar vario EL) for C, H and N. The total P 162 

and metal(loid)s concentrations of the optimal biochar before and after sorption were 163 

measured after aqua-regia digestion. The P concentrations were measured using a 164 

spectrophotometer and the metal(loid)s were measured using inductively coupled 165 

plasma optical emission spectroscopy (ICP-OES, Spectoblue FMX 36), as in previous 166 

work (Fang et al., 2018b). And the limit of detection (LOD) of concerned metal(loid)s 167 

was shown in Table S2 (Supplementary file).  168 

 169 

2.4 Selection of the optimal adsorbent 170 

The effect of biomass type, pretreatment method and pyrolysis temperature of 171 

biochars on P removal from the acid-extract was studied using ten different biochars 172 

(Ps700, PsM700, PsC450, PsC700, PsC850, Sc700, ScM450, ScM700, ScM850 and 173 

ScC700). Two replicates were carried out for each test and additional replicates were 174 

performed whenever the deviation was higher than 5%. To avoid the influencing 175 

effect of P-extract characteristics and increase the effect of the biochar types on P 176 

adsorption, the P-extract was diluted 4 times and adjusted to pH 2 prior to the 177 

absorption tests. 178 

A mixture of 0.1 g of biochar and 10 mL of P-extract was continuously agitated 179 

using an end-to-end shaker at room temperature (23±2 oC) for 24 h. The mixture was 180 

then centrifuged at 4000 rpm for 5 min and the supernatant was filtered through a 0.45 181 

µm mixed cellulose ester membrane filter prior to P and metal(loid)s analysis by 182 

ICP-OES.  183 
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The removal capacity (Qe in mg-P/g dry biochar) of P and meta(loid)s was 184 

calculated using Eq. (1): 185 

�� =
������	


�
                                                   (1) 186 

where, C0 (mg/L) is the initial concentration of P or metal(loid)s in the P-extract 187 

before adsorption, Ce (mg/L) is the equilibrium concentration of P or metal(loid)s in 188 

the P-extract after adsorption, V (L) is the volume of P-extract and m (g) is the mass 189 

of biochar used.  190 

 191 

2.5 Adsorption tests 192 

 193 

(a) Effect of initial pH on P-extract 194 

Based on the results in Table 2, biochars of PsM700 and ScM700 were selected 195 

as the optimal P adsorbents and they were used in the absorption tests carried out at 196 

room temperature. The 4 times diluted P-extracts with different pH (1, 1.3, 1.6 and 2) 197 

were used to evaluate the effect of pH on P adsorption. The pH of the extract was 198 

adjusted by adding either 1 M NaOH or HCl. Transformation between different forms 199 

of phosphate (H3PO4, H2PO4
- and HPO4

2-) in the pH range studied was assessed using 200 

Visual Minteq 3.1. The supernatants were collected after 24 h of absorption for P and 201 

metal(loid)s analysis. 202 

 203 

(b) Kinetic adsorption 204 

The P-extract was diluted 4 times and adjusted to pH 2. The absorption process 205 

was the same as in the batch sorption experiments except that the solution samples 206 

were collected after adsorption for 5, 10, 20, 40, 60, 80, 120, 240, 360, and 720 min. 207 

Three common models were used to fit the experimental data. These were the 208 

pseudo-first-order, pseudo-second-order and intra-particle-diffusion (IPD) models 209 

(Kołodyńska et al., 2012). These are described by Eqs. (2), (3) and (4) respectively. 210 

ln��� − ��	 = ln�� − ���																																																																																									�2	                                                   211 

�

��
=

�

����
� +

�

��
																																																																																																																	�3	                                                               212 
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�� = ����
�.� +  																																																																																																													�4	                                213 

where, Qe (mg/g) is the P adsorption capacity at equilibrium; Qt (mg/g) represents the 214 

P uptake at time t; K1 (min-1), K2 (g·mg-1min-1) and Kid (mg·g-1min-1/2) are rate 215 

constants, C is the intercept. 216 

 217 

(c) Adsorption isotherms analysis 218 

Adsorption isotherms were obtained using a range of different concentrations 219 

(3-5800 mg/L) of the P-extract. To obtain higher concentration of P-extract compared 220 

with the alluded P-extract, 2.5 g of ISSA was dissolved in 20 mL of acid. While a 221 

lower concentration of P-extract was produced by dilution. Supernatants were 222 

collected after 24 h of absorption.  223 

Langmuir, Freundlich and Sips models (Eqs. (5), (6) and (7) respectively) were 224 

applied to fit the adsorption isotherm data: 225 

�� =
�"�#��

�$�#��
																																																																																																																�5	                                                            226 

�� = �& �
�/(																																																																																																														�6	                                                             227 

�� =
�*�+ �

�/(

1 + �+ �
�/(

																																																																																																										�7	 

where, Qe (mg/g) and Ce (mg/L) are the adsorbed capacity of the biochars and the 228 

concentration of P-extracts at equilibrium, respectively; KL (L/mg), KF ((L/mg)1/n) and 229 

Ks ((L/mg)1/n) are constants in these three models and n is the heterogeneity factor.  230 

 231 

3. Results and discussion 232 

 233 

3.1 Biochar optimization 234 

The characteristics of the biochar (surface metal deposit, functional group and 235 

pH) determined the adsorption capacity for anions, oxyanions or cations. The 236 

modification method and pyrolysis temperature of biochar were selected based on 237 

previous studies (Ahmad et al., 2012; Ahmad et al., 2014; Antunes et al., 2017; Fang 238 
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et al., 2014; Li et al., 2017; Marshall et al., 2017; Uchimiya et al., 2010b; Yao et al., 239 

2013; Zhang et al., 2012). The optimal P absorption biochar was obtained by 240 

comparing biochars produced from two kinds of biomass (Sc and Ps), two kinds of 241 

modification methods (MgCl2 and CaCl2) and three pyrolysis temperatures (450, 700 242 

and 850 oC). 243 

 244 

3.1.1 Characteristics of produced biochars 245 

As shown in Fig.1a and 1b, the MgO was produced in the biochars treated with 246 

MgCl2 (in range of 30- 80 o), while for the biochars treated with CaCl2 (in range of 247 

10-60 o), the CaO was formed only under 850 oC. This is because degradation of 248 

Mg(OH)Cl occurred with further transformation into MgO in the temperature range of 249 

450-650 oC (Zhang et al., 2012). However, the thermal stability of CaCl2 is higher 250 

than MgCl2 and the formation of CaO requires pyrolysis temperatures greater than 251 

850 oC (Rathod & Banerjee, 2013; Tyagi & Buddhi, 2008). In addition, higher 252 

pyrolysis temperatures caused crystallization of the biochars. 253 

The FTIR data (as shown in Fig. 1c) detected peaks at wavenumbers of 3400 (O-H 254 

stretching), 1613 (C=O stretching), 1373 (C=C aromatic ring modes), 1130 (C-O 255 

stretching), 1057 (aliphatic C-O-C) and 850 cm-1 (C-Cl bending). Both biomasses 256 

were polymer-rich materials and formed biochars had many hydroxyl and aliphatic 257 

groups (Lonappan et al., 2018). The C=C peak intensities were increased after the 258 

modification of MgCl2/CaCl2. Impregnation with Mg slightly increased the peaks for 259 

O-H stretching which might be attributed to the change in orientation of the O-H 260 

groups induced by Mg (Wang & Wang, 2007). Organic functional C-H groups and 261 

C-Cl groups were detected at the pyrolysis temperature of 700 oC and these could 262 

enhance the P adsorption (Fang et al., 2014). 263 

Treatment with CaCl2 and MgCl2 significantly enhanced the porous structure and 264 

biochar surface properties which increased the pH and zeta potential as shown in 265 

Table 2 (e.g. comparing the results of Ps700 with PsM700 and PsC700). The pyrolysis 266 

caused decomposition of organics and the remaining metal oxides led to an increase in 267 

the pH (Ps700 from 9.4 to 9.9 and Sc700 from 6.5 to 10.3) (Jung et al., 2016a). 268 
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Impregnation with Mg produced positively charged surfaces on the biochar while that 269 

with Ca was still slightly negative charged (increased from strong negative charged to 270 

slightly negative charged), as shown by their zeta potential values. Both of the 271 

modifications dramatically increased the BET values and pore volumes of the 272 

produced biochars. To be specific, treatment with MgCl2 resulted in even higher BET 273 

surface areas (+33% and +1340% for PsM700 and ScM700 respectively) and higher 274 

pore volumes (+19% and +877% for PsM700 and ScM700 respectively) than the 275 

equivalent CaCl2 treated biochar. The superior properties of MgCl2 loaded biochar are 276 

related to the activation effect of MgCl2 hydrates (Zhang et al., 2012), while the 277 

favorable properties of Sc-based biochar are due to the consistent layered porous 278 

structure as shown in Fig. 2.  279 

 The BET value and pore volume of the biochars were increased from 450 to 280 

700 oC and decreased from 700 to 850 oC. This was resulted from increasing 281 

decomposition of the biochar causing greater exposure of the underlying layers and 282 

volatilization of HCl which produced more pores as the temperature was increased 283 

from 450 to 700 oC (Jung et al., 2016a). At higher pyrolysis temperatures (>700 oC) 284 

the pore structure formed started to collapse. A pyrolysis temperature of 700 oC was 285 

therefore considered to be optimal. 286 

In summary, the amendment by MgCl2 and pyrolysis at 700 oC resulted in the 287 

optimization of the biochar’s physicochemical properties for P adsorption. 288 

Consequently, subsequent experiments for P adsorption used biochars ScM700 and 289 

PsM700 as the adsorbents. 290 

 291 

3.1.2 P adsorption efficiency of biochars 292 

The adsorption of P from the P-extract by the biochars is shown in Fig. 3. As 293 

could be expected from the results reported in section 3.1.1, amendment with MgCl2 294 

significantly enhanced the P absorption capacity of the biochars, with the highest 295 

removal associated with those had the highest BET surface areas and pore volumes. 296 

Absorption efficiency of P to these biochars were high (>80%) in acidic solutions 297 

(pH<2) and comparable to those in weak acidic solutions (Cui et al., 2016). With the 298 
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presence of SO4
2- and other anions, the biochar modified with MgCl2 showed high 299 

selectivity to P. Because phosphate absorption is through the formation of inner sphere 300 

complexes with oxides and hydroxides, while the absorption of SO4
2- and other 301 

cations is through outer-sphere complexes which could not interfere with P absorption 302 

(Cui et al., 2016; Loganathan et al., 2014; Sarkar et al., 2011; Yang et al., 2018).  303 

Meanwhile, the co-adsorption of metal(loid)s is shown in Fig. 3b. The biochars 304 

impregnated with Mg absorbed a number of metal(loid)s from the P-extract 305 

synergistically with their P adsorption. Massive dissolution of Mg/Ca from the Mg/Ca 306 

modified biochars occurred, thus their concentrations are not shown. This implied the 307 

significant effect of ion-exchange occurred in the adsorption process. For comparison, 308 

it is worth noting that, through the same amendment method, biochars produced from 309 

the biomass of Sc can adsorb more divalent metal ions while those from the biomass 310 

of Ps adsorb more of trivalent metal ions. This can be related to their different 311 

compositions, as shown in the total digestion results in Table 5, which compared 312 

biochars of ScM700 and PsM700 before and after adsorption. As shown, except for 313 

the massive presence of Mg and K, Fe was dominant in ScM700 while Ca was 314 

dominant in PsM700 before absorption. This also explained why no absorption of Fe 315 

was found by the Sc-based biochar. Thus, the occurrence of metal(loid)s or ligand 316 

exchange was inferred during absorption, which agreed with previous findings that 317 

metal(loid)s or ligands exchange played an important role in metal(loid)s absorption 318 

(Cui et al., 2016; Uchimiya et al., 2010a). Because many undesirable metal(loid)s are 319 

present in the divalent form, especially Zn and Cu, the difference in adsorption 320 

behavior favors ScM700 over PsM700 in P absorption from the complex acid-extracts 321 

(Donatello, 2009). 322 

 323 

3.2 Effect of initial pH of P-extract on P removal 324 

The pH value of the acid-extract controls P adsorption onto the biochar by 325 

altering the surface charge of the biochar and P-speciation in the extract (Yao et al., 326 

2013). The co-precipitation of P with metal(loid)s (e.g. Al, Fe, Ca, etc.) occurs when 327 

adjusting the pH of the P-extract to greater than 2. Only at a pH less than 2 is P freely 328 
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available to interact with the biochar surface, which is supported by the P extraction 329 

results from ISSA (Donatello, 2009; Fang et al., 2018a). Consequently, P absorption 330 

on the biochars from the extracts in the pH range of 1 - 2 was studied. In this pH 331 

range, H+ was ionized from H3PO4 and induced the formation of H2PO4
- as confirmed 332 

in the simulated data from Minteq (in Supplementary Information, Fig. S1).  333 

As shown in Fig. 4, as the extract pH values increased from pH 1 to 1.6, P 334 

adsorption by the biochar also increased. At pH 1, phosphate mainly existed as H3PO4 335 

in the P-extract. For phosphate to interact with the charged (positive zeta potential) 336 

biochar surfaces, it is necessary for them to have a partial negative charge. As the 337 

acidic extract interacted with the alkaline biochar, the aqueous environment would 338 

become less acidic (final equilibrium pH of around 6 – 7 was observed). As a result, 339 

the increasing in P adsorption was related to the increased ionization of H2PO4
- as the 340 

pH increased. In comparison, the P absorption efficiency of ScM700 was higher than 341 

PsM700 under the same conditions.  342 

The metal(loid)s removal ratio by the biochars in the pH range studies is shown 343 

in Fig. 4. The higher the pH of the P-extract was, the more metal(loid)s were adsorbed 344 

by the two kinds of absorption system (Kołodyńska et al., 2012). Therefore, this can 345 

be explained by the greater competition between the generally cationic metalloid ions 346 

and H+ ions in solution. The absorption ratio of these two biochars was at the lowest 347 

at pH 1, and slowly increased till pH 1.6 and reached the highest at pH 2. Therefore, 348 

the P-extract with a lower pH produced biochars with reduced metal(loid)s. In 349 

comparison, biochar ScM700 had the advantage of absorbing P-extract at a low pH 350 

(1-1.6). This can be explained by the chelating of metal(loid)s with EDTA that might 351 

be easier to be captured by the porous media like ScM700. 352 

To obtain high P recovery and relatively less metal(loid)s on ScM700 for using 353 

as a P-fertilizer, the P-extract with an initial pH of 1.6 is recommended as the 354 

optimum balance between the increased P adsorption and the limited metal(loid)s 355 

adsorption. 356 

 357 

3.3 Adsorption kinetics 358 
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As shown in Fig. 5a, the adsorption kinetics of the two kinds of biochars from 359 

the P-extract were a two-stage absorption process, which consisted of a rapid initial 360 

adsorption phase of a very short duration (around 34mg/g within a few minutes), and 361 

a slow/steady adsorption phase (around 35 mg/g during the first 100 minutes). While 362 

both biochars achieved the similar total P adsorption, and the absorption of the 363 

ScM700 material was even more rapid during the initial phase than the PsM700 364 

material that had a lower BET surface area. In the second stage, intra-particle 365 

diffusion might impede further P absorption. Because the reduction of P content in 366 

solution and the exhaustion of adsorption sites on the biochar, the absorption arrived 367 

at an equilibrium (Jung et al., 2015; Karaca et al., 2004).  368 

Both of the absorption processes were further studied by fitting with three kinetic 369 

models separately. The pseudo-first-order model could not fit these absorption process 370 

(coefficient of determination-R2 was lower than 0.5), thus was not shown. However, 371 

the absorption of P from the P-extract could be well fitted by the pseudo-second-order 372 

model (Table 3). And the fitted adsorption rate for ScM700 was higher than that for 373 

PsM700. Thus, P absorption was majorly controlled by chemical 374 

reaction/chemisorption, which was consistent with other previous findings (Liu, 2008; 375 

Smith et al., 2016).  376 

 377 

3.4 Adsorption isotherms 378 

The results of P adsorption isotherms are shown in Fig. 5b and c. When Ce is 379 

lower than 85 mg/L, there is a large capacity of biochar available for P absorption. As 380 

the Ce approaches around 260mg/L, the available P adsorption capacity begins to 381 

become saturated and reaches a steady state.  382 

The absorption by both biochars closely fitted the Sips model but did not fit so 383 

well with the Langmuir model and showed even poorer agreement with the 384 

predictions according to the Freundlich model (Table 4). The best fitting by the Sips 385 

model suggested that the P absorption process was a multiple process, which was 386 

similar to the findings of previous research (Jung et al., 2015; Jung et al., 2016b; Xu 387 

et al., 2018). The limited fit with the Langmuir equation suggests that one of these 388 
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processes is a monolayer adsorption (Dai et al., 2014). According to the prediction of 389 

Sips model, the Qm of ScM700 was 129.79 mg P/g biochar while the PsM700 was 390 

111.80 mg P/g biochar. This further identified the higher adsorption capacity of 391 

ScM700 compared with PsM700.  392 

 393 

3.5 Characteristics of the P-laden biochars and adsorption mechanism 394 

As aforementioned, ScM700 was deemed as the optimal P adsorption biochar, 395 

thus its elemental composition and characteristics were analyzed by XRD, FTIR, 396 

SEM/EDX both before and after P adsorption.  397 

As shown in Fig. 6, the XRD results verified the co-precipitation of P with Mg, 398 

Ca, Fe and Al on ScM700, which were consistent with the EDX analysis in Fig. 7, and 399 

also agreed with the previously implied chemisorption of P adsorption. The FTIR 400 

detected an obvious newly formed peak at 1100 cm-1, which was attributed to 401 

hydro-phosphate (-HPO4). In addition, the –OH at 3400 cm-1 was significantly 402 

decreased mostly due to the deprotonation during the adsorption of ions from the 403 

P-extract. As seen from the images in Fig. 7, the consistent thin flaked structure of 404 

ScM700 before adsorption (Fig. 2) was laden with small globular-like precipitates on 405 

the surface which were mainly consisted of Ca, Mg, Al, P and K. The EDX analysis 406 

indicated that the molar ratio of P/Mg was about 3, which was much higher than that 407 

of Mg3(PO4)2•8H2O (0.67), implying the P was co-precipitated with other elements 408 

apart from Mg and/or adsorbed to the charge surface sites. 409 

The elemental composition of the post-sorption biochars was assessed by ICP 410 

analysis and the results are shown in Table 5. The acceptance criterion for P-fertilizers 411 

in China only limits the contents of As, Cd, Pb, Cr and Hg, which were not detected in 412 

the post-sorption biochars. For Cu and Zn, their concentrations in the post-sorption 413 

biochar were far lower than the fertilizer limits reported in Germany (Herzel et al., 414 

2016) and Switzerland (Franz, 2008). As such, the P-rich ScM700 could be 415 

considered as an efficient and environmentally friendly P-fertilizer. 416 

 417 
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4. Conclusions 418 

The results showed that the Sc-based biochar modified by MgCl2 and pyrolysis 419 

at 700 oC had the optimal effect for P adsorption, due to its positive charged surface, 420 

relatively higher surface area (1440 m2/g) and pore volume (1.6 cm3/g). The Sips 421 

model could best fit the adsorption isotherm data and the estimated adsorption 422 

capacity of ScM700 to P in the acid-extract of ISSA was 130 mg/g biochar. 423 

Adsorption kinetics generally followed a pseudo-second-order model, which 424 

suggested that the P adsorption was dominantly controlled by chemical reaction 425 

(precipitation). To obtain a post-sorption biochar of high P purity, the initial pH of the 426 

acid-extract should be fixed at around 1.6. The adsorption of P from the acid-extract 427 

by the Mg-modified biochar was mainly attributed to the chemical precipitation of 428 

P-Mg, P-Ca, P-Al and P-Fe. The P-enriched biochar produced has potential to be a 429 

highly effective P-fertilizer because it contained abundant plant nutrients and little 430 

metal(loid)s. However, a complete agronomic evaluation of the P fertilizer produced 431 

under different soil and climatic conditions on various crops still needs to be assessed 432 

in further work. 433 

 434 
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Table 1. Characteristics of the P-extract 
 pH Concentration of major metal(loid)s (mg/L) Concentration of minor 

metal(loid)s (µg/L) 

Zeta 

potential 

P-extract 1.1 Ca (2658.02), P (1282.14), Al (819.07), Mg 

(3.23), Fe (3.61), Zn (0.32), Cu (0.14), Mn 

(0.09) 

As (10.61), Ni (10.83), Pb 

(10.22), Cr (1.31) 

-1.29 

 

 

 

 

 

 
Table 2. Characteristics of ten kinds of biochars 
Sample Zeta 

potential 

 (mV) 

pH BET 

(m2/g) 

Pore 

volume 

(cm3/g) 

Sample Zeta 

potential 

 (mV) 

pH BET 

(m2/g) 

Pore 

volume 

(cm3/g) 

Ps700 -22.73 9.4 7.9 0.009 Sc700 -4.78 6.5 9.1 0.008 

PsM700 5.76 9.9 120.6 0.109 ScC700 -0.45 10.3 100.2 0.161 

PsC450 -2.97 10.0 6.1 0.030 ScM450 15.55 9.5 40.6 0.031 

PsC700 -1.70 10.1 90.2 0.091 ScM700 26.25 9.6 1440.4 1.574 

PsC850 -0.52 10.5 74.3 0.072 ScM850 2.85 9.8 228.74 0.243 

 



 

Table 3 Adsorption kinetic parameters of P 

 

 

 Pseudo-second-order  Intra-particle-diffusion 

K2 

(g/(mg·min) 

Qe (mg/g) R2 Kid    

(mg·g-1min-1/2) 

C (mg/g) R2 

SCM700  0.140 30.57 0.894  0.039 29.87 0.375 

PSM700  0.049 30.41 0.962  0.106 28.50 0.455 

 

 
Table 4 Adsorption isotherm parameters of P 

Biochar Freundlich  Langmuir   Sips 

KF 

(L/g) 

1/n R2 KL*10-2 

(L/g)1/n 

Qm 

(mg/g) 

R2 Ks 

(L/g)1/n 

1/n Qm 

(mg/g) 

R2 

ScM700 12.205 0.295 0.867  0.850 133.89 0.982  0.003 1.233 129.79 0.982 

PsM700 10.432 0.296 0.824  0.710 118.42 0.941  0.004 1.142 111.80 0.945 



Table 5 Total concentration of elements in post-sorption biochars（mg/g） 
 

` K N P C H Al Ca Cu Fe Mg Mn Sr Zn Se Na Sn 

ScM700-bef 53.62 3.70 - 390.13 25.77 1.92 4.19 - 53.62 602.03 - - - - 1.29 - 

PsM700-bef 31.01 8.45 - 450.14 21.50 19.05 21.54 - 4.96 551.12 - - - - 1.29 - 

ScM700-aft 3.58 - 34.92 - - 17.82 16.49 0.12 0.58 47.42 0.15 0.13 0.31 0.06 9.72 0.23 

PsM700-aft 4.01 - 31.40 - - 27.54 3.08 0.09 6.46 32.85 0.11 0.07 0.21 0.07 5.83 0.06 

Fertilizer limitation           

German  - - - - - - 5.00 - - - - 1.50 - - - 

Swiss  - - - - - - 0.40 - - - - 1.30 - - - 

Ps: ‘bef’ represents before absorption; ‘aft’ represents after absorption. 
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Fig. 1. XRD and FTIR spectra of biochars (a: XRD of biochars modified by MgCl2; b: 
XRD of biochars modified by CaCl2; c: FTIR of biochars)  

 
Fig. 2. SEM-EDX analysis of biochars modified by MgCl2 (a: PsM700; b: ScM700) 
  
Fig. 3. Absorption results of various biochars (a: P; b: metal(loid)s) 
 
Fig. 4. Effect of initial pH of the P-extract on adsorption by ScM700 and PsM700 ( a 
and b: P and metal(loid)s adsorption by ScM700 and PsM700, respectively) 
  
Fig. 5. Kinetic adsorption and adsorption isotherm analysis of P removal from the 
P-extract (a: Kinetic adsorption; b and c: adsorption isotherm analysis of ScM700 and 
PsM700, respectively) 
 
Fig. 6. XRD and FTIR spectra of ScM700 before and after absorption (a: XRD; b: 
FTIR) 
 
Fig. 7. SEM-EDX analysis of ScM700 after sorption (a: SEM-EDX; b: elements 
mapping of carbon, oxygen, magnesium, and phosphorus using EDX on SEM). 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 



 

 

 

Fig. 1. XRD and FTIR spectra of biochars (a: XRD of biochars modified by MgCl2; b: 
XRD of biochars modified by CaCl2; c: FTIR of biochars) 

 

 

 

Fig. 2. SEM-EDX analysis of biochars modified by MgCl2 (a, PsM700; b, ScM700)  
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Fig. 3. Absorption results of various biochars (a: P; b: metal(loid)s)  
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Fig. 4. Effect of initial pH of the P-extract on adsorption by ScM700 and PsM700 (a 
and b: P and metal(loid)s adsorption by ScM700 and PsM700, respectively) 
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Fig. 5. Kinetic adsorption and adsorption isotherm analysis of P removal from the 
P-extract (a: Kinetic adsorption; b and c: adsorption isotherm analysis of ScM700 and 
PsM700, respectively) 

 
 
 
 
 
 



 

Fig. 6. XRD and FTIR spectra of ScM700 before and after absorption (a: XRD; b: 
FTIR) 

 
 

 

 
Fig. 7. SEM-EDX analysis of ScM700 after sorption (a: SEM-EDX; b: elements 
mapping of carbon, oxygen, magnesium, and P using EDX on SEM) 
 



Highlights: 

• P adsorption by Mg/Ca-modified biochar from acid extract of ISSA is 

investigated 

• Biochar with high porosity and P absorption efficiency is produced 

• Adsorption mechanism of P by the optimal biochar is uncovered 

• The produced P-rich biochar can be used as P fertilizer 


