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Abstract：This paper describes the behavior of phosphorus during the gasification of 17 

dewatered sewage sludge in supercritical water with an alkaline additive. Dewatered 18 

sewage sludge was treated in the autoclave at 400 °C for 30 min. Without additives, 19 

phosphorus is enriched in solid residue. The phosphorus transferred from the solid 20 

residue to the liquid product and the phosphorus content in the liquid product 21 

increased from 41.0 mg/L to 2214.5 mg/L in the presence of 2 wt% -8 wt% alkaline 22 

additive. The pathway of phosphorus under the catalytic condition is proposed. 23 

Analysis of the distribution of phosphorus forms in the solid residue and XRD results 24 

indicate that the alkaline additive combines with solid phase phosphate to form 25 

analcime and kalsilite, which releases phosphate into the liquid phase. The 26 

concentration of phosphorus in the liquid product of supercritical water gasification 27 

with the alkaline additive was close to that obtained by chemical extraction.  28 

Key Words: dewatered sewage sludge, phosphorus, supercritical water, alkaline 29 

additive, Olsen phosphorus, dissolve reactive phosphorus 30 

 31 

1. Introduction 32 

Phosphorus is an essential element for all life forms and it is estimated that the 33 

remaining accessible reserves of phosphate rock on the earth will run out in 50 years, 34 

if the growth of demand for fertilizers remains at 3% per year 1. For this reason, the 35 

recovery of phosphorus is very necessary. Dewatered sewage sludge (DSS) is an 36 

inevitable by-product of sewage treatment. It is difficult to dispose of, and is a source 37 

of environmental pollution risks because of its high moisture content and complex 38 
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organic components. However, due to the large amount of phosphorus enriched in 39 

sludge during the sewage treatment process 2, it has a high phosphorus recovery 40 

potential. 41 

Supercritical water gasification (SCWG) of sewage sludge has been receiving 42 

widespread attention in recent years 3, because it is a method that can decompose 43 

pollutants in sewage sludge and, at the same time, produce syngas (hydrogen, 44 

methane, carbon monoxide and so on), a clean energy resource 4. However, DSS 45 

contains many macromolecular substances such as lignin and humus, which inhibit 46 

gasification to some degree. In addition, the reaction conditions of SCWG are harsh, 47 

requiring a significant amount of energy for the water to reach a supercritical state. 48 

Thus, it is difficult to justify the high cost of operation if the only product obtained 49 

from the process is syngas. However, if large amounts of phosphorus can be 50 

recovered simultaneously with syngas, then the product value of SCWG of DSS will 51 

be improved effectively.  52 

To achieve high phosphorus recovery from DSS, it is necessary to study the regulation 53 

of the transformation of phosphorus during the gasification of DSS in supercritical 54 

water. In our previous work 5, the DSS was treated in autoclave at a reaction 55 

temperature of 400-500 °C without adding a catalyst. The organic phosphorus in the 56 

sludge was almost completely converted into inorganic phosphorus after the reaction, 57 

yielding a large amount of phosphorus that reached 20 mg/g in the solid residue . 58 

Other scholars have carried out experiments using different temperatures and types of 59 

reactors. For example, Feng et al. 6 reported that non-apatite inorganic phosphorus in 60 
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sewage sludge tended to be converted into apatite phosphorus with the increase in pH 61 

after hydrothermal treatment at temperatures ranging from 220 °C to 240 °C；62 

Amrullah and Matsumura7 used a continuous reactor to gasify sludge at 500-600 °C 63 

and established the reaction kinetics of phosphorus transformation. They found that 64 

organic phosphorus in the liquid products are converted into inorganic phosphorus 65 

within 5-10 seconds, and this conversion process proceeds according to first order 66 

reaction kinetics. In addition, the recovery of phosphorus from other types of biomass 67 

has also been reported. Zhang et al.8 analyzed the distribution of phosphorus in the 68 

product of SCWG of cyanobacteria from Taihu Lake and found that even though 69 

solids comprise only 3.85% of cyanobacteria, approximately 80% of the phosphorus 70 

reside in the solid residues and approximately 75% of the phosphorus is combined 71 

with calcium. Alkaline additives are a form of homogeneous catalyst that are widely 72 

used in hydrothermal gasification, as they can improve hydrogen production 9. Chen 73 

et al. 10, employing algae mud and four alkaline additives in supercritical water at 74 

250-400 °C, found the phosphorus enriched in the solid residues was transferred to 75 

the liquid products under the influence of alkaline additives, but the mechanism of 76 

this phenomenon was not discussed. 77 

Therefore, knowledge based on the current research rests on two common areas of 78 

understanding. The first is that after hydrothermal treatment, organic phosphorus will 79 

be converted into inorganic phosphorus. The second is that inorganic phosphorus is 80 

mainly enriched in the solid phase products after hydrothermal treatment. However, 81 

the regulation of phosphorus transformation and the pathway it takes under catalytic 82 
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conditions in the SCWG of DSS are still poorly understood. In this work, Na2CO3 and 83 

K2CO3 were used as homogeneous alkaline catalysts to further study (1) the 84 

transformation of phosphorus during sludge gasification in supercritical water and (2) 85 

the effects of alkali additives on phosphorus behavior and the mechanism involved in 86 

such effects. Based on our results, we propose a strategy for the recovery of 87 

phosphorus from gasification products of DSS in supercritical water. 88 

2. Material and Method 89 

2.1 Material. The DSS samples were collected from a sewage treatment plant in 90 

Nanjing, China, and refrigerated at a temperature below 4 °C. The properties of the 91 

DSS are shown in Table 1. Moisture content was measured by differential weight after 92 

drying overnight in a 105 °C oven. Then, a certain amount of dried DSS was burned 93 

in muffle furnace at 550 °C for 4 hour to obtain the organic matter content. 94 

[Insert Table 1 here] 95 

Two alkali additives, Na2CO3 and K2CO3, were purchased from Sinopharm 96 

Chemical Reagent Co., Ltd. 97 

2.2 Experimental procedures. The experiments were performed in a batch 98 

autoclave purchased from the Songling Chemical Instrument Co. (China), and has 99 

been described in detail in a previous study 11. In the experiments, 41.1 g DSS and 100 

different amount alkaline additives were added to the reactor (containing 33 mL water, 101 

ensuring that the pressure reached 23 MPa at 400 °C), and then the reactor was placed 102 

into a salt bath furnace for heating. When the temperature reached 400 °C, it was held 103 

30 minutes, then the reactor was removed and cooled rapidly to room temperature 104 
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under a fan.  105 

2.3 Separation and analysis of products. After the completion of the reaction, 106 

the products were separated using a process of separation that was described in our 107 

previous paper 12. Liquid products and solid residues were obtained after separation. 108 

Total phosphorus, composed of dissolved reactive phosphorus in the liquid product, 109 

and Olsen phosphorus in the solid residue, were determined by GB/T11893-1989 and 110 

HJ704-2014, respectively, and were measured by an ultraviolet spectrophotometer 111 

(UV2450; Shimadzu, Japan). The continuous chemical extraction method 13 was used 112 

to determine the total phosphorus content and the phosphorus form in the solid 113 

residue. Furthermore, phase analysis of the solid residues was carried out using X-ray 114 

diffraction (X’ATR, ARL, Switzerland). 115 

3. Result 116 

3.1 Effect of alkaline additive on the distribution of phosphorus. The total 117 

phosphorus content in the liquid products produced with different amounts alkaline 118 

additives in the reaction is shown in Fig. 1, and the distribution of total phosphorus in 119 

the solid residues and the liquid products is shown in Fig. 2. All experiments were 120 

repeated three times and the results are presented with standard deviations. 121 

Without alkaline additives, the content of phosphorus in the liquid product was very 122 

low (41.0 mg/L) with 98.9% of phosphorus concentrated in the solid residue. This 123 

result is consistent with previously reported experimental results. After adding 2 124 

wt%-8 wt% alkaline additives, the phosphorus content of the liquid products 125 

increased significantly when the alkaline additive was above 4 wt%. The increase in 126 
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phosphorus content of the liquid phase is due to the transfer of phosphorus from the 127 

solid residue to the liquid product. The proportion of phosphorus in the liquid product 128 

reached 10.1% to 55.7% with the addition of alkaline additive (4 wt% to 8 wt%); and 129 

the phosphorus in the liquid product reached the highest concentration of 2214.5 mg/L 130 

when 8 wt% K2CO3 was added. This level is 54 times higher than that achieved 131 

without an alkaline additive. 132 

In addition, when we compared the effect of the same amount of different basic 133 

additives (Na2CO3 and K2CO3) on the liquid phase phosphorus content, we found that 134 

potassium salt was more effective than sodium salt in promoting the transformation of 135 

phosphorus from the solid to the liquid phase. This shows that the types of alkali 136 

metals also have an effect on the behavior of phosphorus in SCW. How alkali metals 137 

affect the transformation of phosphorus will be discussed in section 4.1. 138 

 [Insert Figure 1 here] 139 

 [Insert Figure 2 here] 140 

3.2 Effect of alkaline additive on the form of phosphorus in the solid residue. 141 

Phosphorus in the solid residue exists in either organic or inorganic forms. The 142 

inorganic phosphorus includes exchangeable phosphorus (Ex-P), aluminum-combined 143 

phosphorus (Al-P), iron-combined phosphorus (Fe-P), occluded phosphate (Oc-P), 144 

self-ecological phosphorite and debris phosphorus. Self-ecological phosphorite and 145 

debris phosphorus both belong to calcium-combined phosphorus (Ca-P). The 146 

respective contents of the various forms of phosphorus in dry raw sludge and solid 147 

residues after SCWG with different alkaline additives were determined. The results 148 
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are shown in Fig. 3. In the raw sludge, phosphorus was mainly in the form of 149 

inorganic phosphorus, and the content of organic phosphorus was only0.14 mg/g. The 150 

value we obtained for the content of organic phosphorus in raw sludge is lower than 151 

values measured by other scholars 5, 7, which may be mainly due to the difference in 152 

sludge properties and sewage treatment processes. Therefore, due to the much low 153 

content of organic phosphorus, we think that the change of organic phosphorus in our 154 

experiment condition is not the main pathway of transformation of phosphorus during 155 

SCWG of DSS. However, before and after the reaction, the change of organic 156 

phosphorus content was consistent with the results of previous studies. After the 157 

reaction, the content of organic phosphorus decreased gradually, regardless of whether 158 

alkali catalysts were added or not. After supercritical water gasification, the content of 159 

Ca-P in the solid residues increased significantly. The source for this increase in Ca-P 160 

is likely the transformation of other forms of phosphorus in the solid phase (mainly 161 

Al-P and Fe-P). However, we also found that the levels of reduction of the other 162 

forms of phosphorus were lower than the increases in Ca-P, indicating that 163 

water-soluble phosphate radicals are also combined with Ca2+ and then concentrated 164 

in the solid residue at the same time. 165 

After adding alkaline additive, phosphorus begins to transfer from the solid residue to 166 

the liquid product, reflected by an obvious decrease in the phosphorus level of the 167 

former. This is due to the combination of carbonate in alkaline additives with calcium, 168 

which produces a more stable calcium carbonate, because the different types of alkali 169 

metals do not significantly affect the reduction of Ca-P. However, when K2CO3 was 170 
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added, the decrease in Al-P was more obvious compared to the situation when 171 

Na2CO3 was added. This may be due to the fact that compared to sodium ions, 172 

potassium ions combine with more aluminum. For this reason, the solid residues 173 

obtained by the experiments with different types of alkaline additives were further 174 

analyzed by X-ray diffraction, and the results are shown in Fig. 4. 175 

Quartz (SiO2) was mainly detected in raw sludge and in the solid residues without 176 

alkaline additive. When Na2CO3 was added, the sodium ions combined with 177 

aluminum ions and SiO2 to form analcime (NaAlSi2O6). On the other hand, when 178 

K2CO3 was added, the potassium ions combined with aluminum ions and SiO2 to 179 

form kalsilite (KAlSiO4). Aluminum ions tend to combine with alkali metal ions, and 180 

the phosphate ions that were originally bound to the aluminum ions are released into 181 

liquid products. The results of XRD indicate that the reduction of Al-P is related to the 182 

addition of alkali metal ions. Moreover, the addition of K2CO3 is related to a weaker 183 

detection peak signal of SiO2 compared to the addition of Na2CO3. This confirms our 184 

previous speculation that the potassium salt can more effectively combine with 185 

aluminum ions, resulting in a greater release of phosphate ions from Al-P. 186 

[Insert figure 3 here] 187 

[Insert figure 4 here] 188 

3.3 Effect of alkaline additive on the Olsen phosphorus and dissolved 189 

reactive phosphorus. Olsen-phosphorus (Olsen-P, is the result of available 190 

phosphorus determination by sodium bicarbonate extraction method) in solid residues 191 

and dissolved reactive phosphorus (DRP) n liquid products are forms of phosphorus 192 

that can be directly utilized by plants or easily extracted by chemical reagents. 193 
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Therefore, the contents of these forms of phosphorus are very important for 194 

subsequent phosphorus recovery and utilization. 195 

The concentration of Olsen-P in the solid residue after adding different alkaline 196 

additives is shown in Fig. 5 (a). The red line in the figure represents the content of 197 

Olsen-P (455.42 ug/g) measured from dried raw sludge before the reaction. After 198 

SCWG, the Olsen-P in the solid residue rose, indicating that phosphorus in the solid 199 

residue was transformed into another form during SCWG, and the new forms of 200 

phosphorus were more easily and directly utilized or extracted. The concentration of 201 

Olsen-P decreased gradually with the addition of alkaline additive, which is mainly 202 

caused by the decrease in the total phosphorus content in the solid residue. 203 

Fig. 5 (b) shows the concentration of DRP and the ratio of DRP to total phosphorus in 204 

the liquid product after the addition of different amounts of alkaline additive. DRP is 205 

operationally defined as the colorimetrically detected orthophosphate and various 206 

ion-pairs with contributions from organophosphorus compounds and inorganic 207 

polyphosphates that are hydrolyzed to reactive phosphate during the analytical 208 

procedure 14. The addition of alkaline additive increased the ratio of DRP in liquid 209 

products, reaching 830.0 mg/L and 2006 mg/L, respectively, when Na2CO3 and 210 

K2CO3 were added at a concentration of 8 wt%. These concentrations are much higher 211 

than those achieved without Na2CO3 (21.6 mg/L). In addition, when the alkaline 212 

additive was added at a concentration of 2 wt%, although the resulting concentration 213 

of DRP was low, its proportion relative to total phosphorus in the liquid product 214 

increased significantly. This shows that when Na2CO3 and K2CO3 were added at a 215 
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concentration of 2 wt%, the proportion of active phosphorus in liquid phase increased 216 

significantly, indicating that the addition of alkaline additive can promote the release 217 

of phosphorus from the solid to the liquid phase, and that this released phosphorus 218 

basically exists in the form of DRP, such as phosphate. Comparing the results from 219 

the two alkaline additives, the concentration of DRP was higher when K2CO3 was 220 

added, which is consistent with the experimental results described in Section 3.1. 221 

[Insert figure 5 here] 222 

4. Discussion 223 

4.1 Transformation pathway of phosphorus during catalytic gasification of 224 

sludge in supercritical water. Based on our experimental data and the research 225 

results of other scholars5, 15, 16, the possible transformation pathways of phosphorus in 226 

SCWG of DSS are summarized below: 227 

a, Conversion of phosphorus without alkaline additive addition 228 

Without an alkaline additive, phosphorus was enriched in the solid residue, and the 229 

content of phosphorus in the liquid product was very low. Under these conditions, the 230 

transformation of phosphorus occurs through the different form phosphorus in the 231 

solid phase as shown in equation 1.  232 

X-P + Ca2+ → X3+ + Ca-P, X=Al or Fe (1) 

Our experimental results also indicate that some phosphorus is transferred from the 233 

liquid product to the solid residue (as showed in equation 2), which is mainly due to 234 

the combination of phosphate ions and calcium in the liquid phase to form Ca-P. 235 

2 (HmPO4)m-3 + (3-m)Ca2+ → Ca-P, m=0,1,2 (2) 
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b, Conversion of phosphorus with alkaline additive addition 236 

In the presence of alkaline additives, the transformation of phosphorus occurs not 237 

only in the solid phase, but also between solid and liquid phases. The conversion of 238 

phosphorus in the solid residue follows the same pathway that operates without 239 

alkaline additives; and the pathway between solid and liquid phases mainly follows 240 

two routes: 241 

In the first, as shown in equation 3,   the phosphorus that was originally combined 242 

with calcium releases into liquid product under action with alkaline additive 243 

Ca-P → Ca2+ + (HmPO4)m-3, m=0,1,2 (3) 

In the second route, as showed in equation 4, alkali metal ions combine with Al to 244 

form analcime or kalsilite; and phosphorus, which was originally combined with 245 

aluminum, is released into the liquid phase. 246 

M+ + Al-P + SiO2 → MAlSixOy + (HmPO4)m-3, m=0,1,2; x=1,2; y=4,6 (4) 

A summary of all the above pathways is presented in Figure 6. 247 

[Insert figure 6 here] 248 

In the previous results, we found that potassium salts were more effective than sodium 249 

salts in promoting the phosphorus from the solid residue to the liquid phase. Fig. 7 250 

shows the phosphorus balance with different alkali additives. It is worth noting that 251 

potassium salt can promote the transformation of Al-P and Ca-P to liquid phase more 252 

than sodium salt. The promotion of Al-P by potassium salts can be explained by XRD 253 

results, but the mechanism of potassium salt promoting Ca-p transformation is 254 

difficult to explain with data at present. This may be attributable to the promotion of 255 
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the dissolution of hydroxyapatite under the action of potassium salts17. Besides,  the 256 

addition of alkaline additive may directly inhibit the formation of Ca-P due to the low 257 

content of Ca-P in raw sludge. 258 

[Insert figure 7 here] 259 

4.2 Phosphorus recovery and utilization analysis. The SCWG, as well as other 260 

hydrothermal treatments, of DSS results in phosphorus becoming enriched in solid 261 

residues. This type of phosphorus is often difficult to utilize directly (e.g. as 262 

phosphorus fertilizer), because of the complex properties of DSS itself. For example, 263 

DSS contains a variety of pollutants that may be effectively degraded by SCWG but 264 

are still associated with some environmental risks. Therefore, the common method of 265 

phosphorus recovery is by extracting from solid residues, followed by further 266 

recycling. For example, Acelas et al. 18 used oxalic acid and sulfuric acid to extract the 267 

solid residues from sewage sludge gasified in supercritical water at 400-600 °C for 8 268 

hours. This process recovered between 80% to 95.5% of the phosphorus. Yu et al. 19 269 

combined the hydrothermal pretreatment of sludge with the Magnesium Ammonium 270 

Phosphate (MAP) Precipitation method to recover the phosphorus in sewage sludge; 271 

this resulted in the recovery of 91.6% of the phosphorus.  272 

The first step in these recovery methods is the transfer of phosphorus enriched in the 273 

solid phase to the liquid phase by extraction. During this process, a large amount of 274 

extracting agent, often strong acid-based, is typically consumed. This is not 275 

compatible with subsequent processes such as the MAP methods that often require an 276 

alkaline environment. In this study, we found that alkaline additives can effectively 277 
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promote the transfer of phosphorus from solid residues to liquid products. The liquid 278 

products containing high concentrations of phosphorus can be directly used in 279 

subsequent processes without extraction, which greatly simplifies the process and 280 

reduces the cost associated with the use of chemical reagents.  281 

Similar experimental results have been found in the SCWG of algae mud, however, 282 

the phosphorus content of algae mud is much lower than that of DSS. Using different 283 

types of alkaline additives, the highest concentration of phosphorus in liquid products 284 

obtained from algae mud was only 599 mg/L, which is only a quarter that of the liquid 285 

products of DSS gasification under the same conditions. Ekpo et al. 20 used a variety 286 

of chemical reagents to extract hydrothermally treated products of pig manure. The 287 

maximum phosphorus concentration in the extract reached 2200 mg/L, a standard that 288 

was reached during the SCWG of DSS with an alkaline additive. 289 

5. Conclusion  290 

The behavior of phosphorus during sludge catalytic gasification with alkaline additvie 291 

in SCW were studied. Without an alkaline additive, the dominant reaction process is 292 

the conversion of different forms of phosphorus in solid phase, and 98.9% of the 293 

phosphorus enrich in the solid residues. Adding an alkaline additive can effectively 294 

promote the transfer of phosphorus from the solid phase to the liquid phase. Alkaline 295 

additives combine with Ca2+ and Al3+ to form calcium carbonate, analcime and 296 

kalsilite, and the phosphorus that was originally combined with Ca2+ or Al3+ is 297 

released to the liquid phase in the form of phosphate. The highest content of 298 

phosphorus in the liquid product reached 2214.5 mg/L, which is equivalent to the 299 
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yield of other phosphorus recovery methods by chemical extraction. Direct production 300 

of liquid products with a high phosphorus concentration can simplify the exaction 301 

steps during subsequent phosphorus recovery. Therefore, the recovery of phosphorus 302 

from municipal sewage sludge by supercritical water gasification has great potential. 303 

 304 

Author information 305 

Corresponding Author 306 

* Tel: +86 18652070980; Fax: +025 83787800; E-mail: zhuweiteam.hhu@gmail.com 307 

ORCID 308 

Wei Zhu: 0000-0002-2907-6020 309 

Chenyu Wang: 0000-0002-8458-3252 310 

Note 311 

The authors declare no competing financial interest. 312 

 313 

Acknowledgements 314 

This research was supported by the Fundamental Research Funds for the Central 315 

Universities (2017B654X14), the Postgraduate Research & Practice Innovation 316 

Program of Jiangsu Province (KYCX17_0483), the National Science and Technology 317 

Major Project of the Ministry of Science and Technology of China 318 

(2017ZX07603-003-04). Wang C.Y thanks the China Scholarship Council (CSC) for 319 

financial aid.  320 

Page 15 of 27

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16 
 

References 321 

1. Xiaodi Hao; Chongchen Wang; Mark C.M. von Loosdrecht; Hu, Y., Looking 322 

Beyond Struvite for P-Recovery. Environmental Science & Technology 2013, 47, (10), 323 

4965-4966. 324 

2. Blöcher, C.; Niewersch, C.; Melin, T., Phosphorus recovery from sewage sludge 325 

with a hybrid process of low pressure wet oxidation and nanofiltration. Water 326 

Research 2012, 46, (6), 2009-2019. 327 

3. Kruse, A., Supercritical water gasification. Biofuels, Bioproducts and Biorefining 328 

2008, 2, (5), 415-437. 329 

4. Qian, L.; Wang, S.; Xu, D.; Guo, Y.; Tang, X.; Wang, L., Treatment of municipal 330 

sewage sludge in supercritical water: A review. Water Research 2016, 89, 118-131. 331 

5. Zhu, W.; Xu, Z. R.; Li, L.; He, C., The behavior of phosphorus in sub- and 332 

super-critical water gasification of sewage sludge. Chemical Engineering Journal 333 

2011, 171, (1), 190-196. 334 

6. Feng, Y. H.; Ma, K. Y.; Yu, T. C.; Bai, S. C.; Pei, D.; Bai, T.; Zhang, Q.; Yin, L. J.; 335 

Hu, Y. Y.; Chen, D. Z., Phosphorus Transformation in Hydrothermal Pretreatment and 336 

Steam Gasification of Sewage Sludge. Energy & Fuels 2018, 32, (8), 8545-8551. 337 

7. Amrullah, A.; Matsumura, Y., Supercritical water gasification of sewage sludge in 338 

continuous reactor. Bioresource technology 2018, 249, 276-283. 339 

8. Zhang, H. W.; Zhang, X. M., Phase behavior and stabilization of phosphorus in 340 

sub-and supercritical water gasification of cyanobacteria. Journal of Supercritical 341 

Fluids 2017, 130, 40-46. 342 

Page 16 of 27

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



17 
 

9. Guo, Y.; Wang, S. Z.; Xu, D. H.; Gong, Y. M.; Ma, H. H.; Tang, X. Y., Review of 343 

catalytic supercritical water gasification for hydrogen production from biomass. 344 

Renewable and Sustainable Energy Reviews 2010, 14, (1), 334-343. 345 

10. Chen, C.; Zhu, W.; Wang, C.; Zhang, H.; Lin, N., Transformation of Phosphorus 346 

during Sub- and Supercritical Water Gasification of Dewatered Cyanobacteria and 347 

One-step Phosphorus Recovery. The Journal of Supercritical Fluids 2018. 348 

11. Gong, M.; Zhu, W.; Xu, Z.; Zhang, H.; Yang, H., Influence of sludge properties 349 

on the direct gasification of dewatered sewage sludge in supercritical water. 350 

Renewable Energy 2014, 66, 605-611. 351 

12. Xu, Z.; Zhu, W.; Li, M., Influence of moisture content on the direct gasification 352 

of dewatered sludge via supercritical water. International Journal of Hydrogen 353 

Energy 2012, 37, (8), 6527-6535. 354 

13. Ruttenberg, K. C., Reassessment of the oceanic residence time of phosphorus. 355 

Chemical Geology 1993, 107, (3), 405-409. 356 

14. House, W. A.; Denison, F. H.; Armitage, P. D., Comparison of the uptake of 357 

inorganic phosphorus to a suspended and steam bed sediment. Water Research 1995, 358 

29, (3), 767-779. 359 

15. Petzet, S.; Peplinski, B.; Cornel, P., On wet chemical phosphorus recovery from 360 

sewage sludge ash by acidic or alkaline leaching and an optimized combination of 361 

both. Water Research 2012, 46, (12), 3769-3780. 362 

16. Xu, Y.; Yang, F.; Zhang, L.; Wang, X.; Sun, Y.; Liu, Q.; Qian, G., Migration and 363 

transformation of phosphorus in municipal sludge by the hydrothermal treatment and 364 

Page 17 of 27

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



18 
 

its directional adjustment. Waste management (New York, N.Y.) 2018, 81, 196-201. 365 

17. Makinen, K. K.; Soderling, E., Solubility of calcium salts, enamel, and 366 

hydroxyapatite in aqueous solutions of simple carbohydrates. Calcified tissue 367 

international 1984, 36, (1), 64-71. 368 

18. Acelas, N. Y.; Lopez, D. P.; Brilman, D. W. F.; Kersten, S. R. A.; Kootstra, A. M. 369 

J., Supercritical water gasification of sewage sludge: Gas production and phosphorus 370 

recovery. Bioresource technology 2014, 174, 167-175. 371 

19. Yu, Y.; Lei, Z. F.; Yuan, T.; Jiang, Y.; Chen, N.; Feng, C. P.; Shimizu, K.; Zhang, 372 

Z. Y., Simultaneous phosphorus and nitrogen recovery from anaerobically digested 373 

sludge using a hybrid system coupling hydrothermal pretreatment with MAP 374 

precipitation. Bioresource technology 2017, 243, 634-640. 375 

20. Ekpo, U.; Ross, A. B.; Camargo-Valero, M. A.; Fletcher, L. A., Influence of pH 376 

on hydrothermal treatment of swine manure: Impact on extraction of nitrogen and 377 

phosphorus in process water. Bioresource technology 2016, 214, 637-644. 378 

379 

Page 18 of 27

ACS Paragon Plus Environment

Energy & Fuels

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19 
 

Figure captions 380 

Figure 1 Effect of the amount of alkaline additive on the phosphorus content of the 381 

liquid product, 400 °C, 30 min. 382 

Figure 2 Distribution of total phosphorus in solid residue (S-TP) and liquid product 383 

(L-TP), 400 °C, 30 min.  384 

Figure Effect of the amount of (a) Na2CO3 (b) K2CO3 on phosphorus form in solid 385 

residue, 400 °C, 30 min. 386 

Figure 4 XRD patterns of (1) raw dry sludge and solid residue (2) without additive (3) 387 

with 4 wt% Na2CO3 (4) with 4 wt% K2CO3, 400 °C, 30 min. 388 

Figure 5 (a) Olsen phosphorus (Olsen-P) content of the solid residue and (b) amount 389 

and proportion of dissolved reactive phosphorus (DRP) in the liquid product, 400 °C, 390 

30 min. 391 

Figure 6 Proposed pathway of phosphorus transformation in the supercritical water 392 

gasification of sewage sludge with alkaline additive, M+ represents the Na+ or K+, 393 

m=0,1,2. 394 

Figure 7 Phosphorus balance in liquid product (L-TP) and solid residue with different 395 

alkaline additive, additive amount 4wt%. 396 
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Tables 397 

Table 1. Properties of the tested dewatered sewage sludge. 

Moisture 

content 

(wt%) 

Organic 

matter 

(wt%)a 

Ash 

(wt%)a 

Ultimate analysis (wt%)a 

HHV 

(MJ/kg)c 

treatment 

process C H N S Ob 

80.3 40.8 59.2 19.5 3.7 3.18 0.17 14.25 9.45 
domestic 

sewage 

a On an air-dried basis 

b By difference (O% = 100% - Ash% - C% - H% - N% - S%) 

c Higher heating value (HHV) calculated by the Dulong Formula: HHV(KJ/kg) = 0.3393C + 

1.443(H - O/8) + 0.0927S + 0.01494N 

 398 
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Figure 2 402 
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Figure 3 404 
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Figure 4 408 
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Figure 5 410 
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Figure 6 413 
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Figure 7 415 
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