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Table S1 Benefits and drawbacks of different techniques for P recovery and removal

Techniques Advantages Disadvantages Refs.

Adsorption  less costly, rapid, and extremely effective 
 Reduced disposal issues as a result of little 

sludge/waste formation
 Possibility of recovery of adsorbed 

phosphate
 Variety of adsorbents available
 Reusability of adsorbent
 Low-concentration phosphate removal

 Foreign ion interference with 
adsorption

 Low selectivity

1-5

Chemical precipitation  Easy to setup 
 Reliable and flexible
 A well-established procedure
 Easy to implement and operate.
 Can achieve high P removal

 Slow reaction 
 Produce additional amount of 

sludge
 High chemical consumption
 Require continuous 

neutralization of the Effluent
 Low efficiency for dilute P 

solutions
 Difficult to recover bonded P 

recovery 

6-8

Biological processes  Less chemicals required
 Less expensive method
 Low waste production
 Effective in removing of amounts of P

 Need a source of carbon and 
nitrogen

 Ineffective with low 
concentrations of phosphate

 Expensive infrastructure

2, 9-11

Membrane filtration  Highly effective
 Less waste production 
 pH sensitive 
 possible recovery of phosphate 

 Expensive 
 Require extensive pretreatment 
 Less selective in the presence of 

interfering anions

5, 12

Crystallization  Recyclable
 Low nitrogen loss
 Possible to utilize struvite as a fertilizer 

directly

 Heavy metal can coprecipitate at 
times.

 Slow process
 High production costs for struvite

13, 14

Ion Exchange  Effective for low phosphate concentration 
 Less waste production 

 Regeneration cost is high 
 Disposal of waste/sludge is 

difficult
 Need a significant quantity of 

resins.
 Lifetime of resin is limited
 Regeneration requires significant 

amount of Chemicals

15, 16
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Table S2 Absorbent materials for P removal and recovery

Materials Examples Refs.

Minerals Hydroxy-aluminum (Al) pillared, zeolites, calcite, tourmaline, 
opoka, bentonite, bentonite, dolomite, sepiolite, gibbsite, La-
modified

17-26

Industrial byproducts Slag, including fly ash, modified steel slag, bottom ash, sludge, red 
mud, iron oxide (Fe2O3) tailing skin split waste, and alum sludge 

27-37

Natural materials Rice, marble dust, soil, and sawdust 38-42

Building waste Bricks, cement which rich in calcium (Ca), magnesium (Mg), Al, Fe 43

Composites Casium (Ce)− zirconium (Zr) binary oxide, Fe−manganese (Mn) 
binary oxide, Fe−copper (Cu) binary oxide, tertiary-metal Fe−Mg−Al 
composites, Fe−titanium (Ti) bimetal oxide, Fe−Zr binary oxide

44-54

Nanoparticles (NPs) Zirconium oxide (ZrO2) NPs, ferrihydrite (Fe10O14(OH)2·nH2O) NPs 11, 16, 55-58

Magnetic adsorbents Magnetic Ca, magnetic Fe3O4@C@ZrO2, amine functionalized 
silicamagnetite, Mg modified iron oxide

56, 59-61

Polymeric adsorbents Polypropylene-g-N,N-dimethylamino ethyl methacrylate, chitosan, 
Duolite C 466

62-66

Metal oxide/hydroxide Bayoxide (B33), lanthanum hydroxide (La(OH)3), aluminum oxide 
(Al2O3) 

7, 67-69

Carbonaceous materials 
(Modified and unmodified)

Activated carbon, metal-doped activated carbon, graphene oxide 
(GO), carbon nanotubes (CNTs), graphite, graphite oxide, graphene, 
charcoal, carbon nanofibers, biochar and its derivatives,

11, 55, 70-78

Bioadsorbents Wood particles, oyster shell, fruit juice residue, eucalyptus, palm 
fiber, wheat residue, okara

4, 8, 41, 42, 52, 79-85

Fig.S1 Schematic representation of phosphate adsorption mechanisms via ion-exchange.



Fig.S2 Schematic representation of phosphate adsorption mechanisms via ligand exchange.

Fig.S3 Schematic representation of phosphate adsorption mechanisms via H-bonding.

 

Fig.S4 Schematic representation of phosphate adsorption mechanisms via surface precipitation.



Fig.S5 Chemical structure of cellulose.

Fig. S6 Chemical structure of (a) Chitin (< 50% acetylated) and (b) Chitosan (< 50% acetylated).

Fig.S7 Chemical structure of (a) amylose and (b) amylopectin.



Fig.S8 Chemical structures of (a) β-D-mannuronic acid, (b) α-L-guluronic acid, and (c) alginate.

References: 

1. B. Wu, J. Wan, Y. Zhang, B. Pan and I. M. C. Lo, Environ. Sci. Technol., 2020, 54, 50-66.
2. H. Bacelo, A. M. A. Pintor, S. C. R. Santos, R. A. R. Boaventura and C. M. S. Botelho, Chem. Eng. J., 2020, 381, 122566.
3. Q. He, H. Zhao, Z. Teng, Y. Wang, M. Li and M. R. Hoffmann, Chemosphere, 2022, 303, 134987.
4. Y. Qin, H. Li, S. Ma, K. Li, X. Zhang, D. Hou, X. Zheng, C. Wang, P. Lyu, S. Xu and W. Zhang, Sci. Rep., 2022, 12, 617.
5. S. Pap, H. Zhang, A. Bogdan, D. T. Elsby, S. W. Gibb, B. Bremner and M. A. Taggart, Water Res., 2023, 228, 119369.
6. Y. Pu, J. Yu, T. Tao and L. Zhu, Desalin. Water Treat., 2019, 154, 219-224.
7. J. Xie, Y. Lin, C. Li, D. Wu and H. Kong, Powder Technol., 2015, 269, 351-357.
8. Y. Yu, R. Wu and M. Clark, J. Colloid Interface Sci., 2010, 350, 538-543.
9. W. Huang, Y. Zhang and D. Li, J. Environ. Manage., 2017, 193, 470-482.
10. P. Loganathan, S. Vigneswaran, J. Kandasamy and N. S. Bolan, Crit. Rev. Environ. Sci. Technol., 2014, 44, 847-907.
11. Y. Su, H. Cui, Q. Li, S. Gao and J. K. Shang, Water Res., 2013, 47, 5018-5026.
12. S. Hube, M. Eskafi, K. F. Hrafnkelsdóttir, B. Bjarnadóttir, M. Á. Bjarnadóttir, S. Axelsdóttir and B. Wu, Sci. Total 

Environ., 2020, 710, 136375.
13. X. Hao, C. Wang, M. C. M. van Loosdrecht and Y. Hu, Environ. Sci. Technol., 2013, 47, 4965-4966.
14. Y. Liu, S. Kumar, J.-H. Kwag and C. Ra,J. Chem. Technol. Biotechnol., 2013, 88, 181-189.
15. C. Novillo, D. Guaya, A. Allen-Perkins Avendaño, C. Armijos, J. L. Cortina and I. Cota, Fuel, 2014, 138, 72-79.
16. S. Adil and J.-O. Kim, Chemosphere, 2023, 313, 137629.
17. G. Li, D. Chen, W. Zhao and X. Zhang, J. Environ. Chem. Eng., 2015, 3, 515-522.
18. D. Guaya, C. Valderrama, A. Farran, C. Armijos and J. L. Cortina, Chem. Eng. J., 2015, 271, 204-213.
19. T. Fan, M. Wang, X. Wang, Y. Chen, S. Wang, H. Zhan, X. Chen, A. Lu, S. Zha and H. Du, Adsorpt. Sci. Technol., 2021, 

2021, 4158151.
20. E. Kumar, A. Bhatnagar, W. Hogland, M. Marques and M. Sillanpää, Chem. Eng. J., 2014, 241, 443-456.
21. L.-g. Yan, Y.-y. Xu, H.-q. Yu, X.-d. Xin, Q. Wei and B. Du,J. Hazard. Mater., 2010, 179, 244-250.
22. M. A. Grace, M. G. Healy and E. Clifford, Sci. Total Environ., 2015, 518-519, 491-497.
23. A. E. Johnston and I. R. Richards, Soil Use Manage., 2003, 19, 45-49.
24. I. Perassi and L. Borgnino, Geoderma, 2014, 232-234, 600-608.
25. H. Yin, M. Kong and C. Fan, Water Res., 2013, 47, 4247-4258.
26. A. X. Tan, E. Michalski, J. Ilavsky and Y. S. Jun, ACS ES&T Eng., 2021, 1, 1553-1564.
27. L. Zeng, X. Li and J. Liu, Water Res., 2004, 38, 1318-1326.
28. Y. Wang and D. Sun, Korean J. Chem. Eng., 2015, 32, 1323-1326.



29. S. G. Lu, S. Q. Bai, L. Zhu and H. D. Shan, J Hazard Mater, 2009, 161, 95-101.
30. Y. Zhao, Q. Yue, Q. Li, X. Xu, Z. Yang, X. Wang, B. Gao and H. Yu, Chem. Eng. J., 2012, 193-194, 161-168.
31. Y. Yang, Y. Q. Zhao, A. O. Babatunde, L. Wang, Y. X. Ren and Y. Han, Sep. Purif. Technol., 2006, 51, 193-200.
32. A. Iizuka, T. Sasaki, T. Hongo, M. Honma, Y. Hayakawa, A. Yamasaki and Y. Yanagisawa, Ind. Eng. Chem. Res., 2012, 51, 

11266-11273.
33. J. Yu, W. Liang, L. Wang, F. Li, Y. Zou and H. Wang, J. Environ. Sci., 2015, 31, 81-88.
34. Y. Li, C. Liu, Z. Luan, X. Peng, C. Zhu, Z. Chen, Z. Zhang, J. Fan and Z. Jia, J. Hazard. Mater., 2006, 137, 374-383.
35. K. S. Hashim, H. M. Ewadh, A. A. Muhsin, S. L. Zubaidi, P. Kot, M. Muradov, M. Aljefery and R. Al-Khaddar, Water Sci. 

Technol., 2020, 83, 77-89.
36. X. Huang, X. Liao and B. Shi, J. Hazard. Mater., 2009, 166, 1261-1265.
37. M. Zhao, X. Li, J.-x. Yu, F. Li, L. Guo, G. Song, C. Xiao, F. Zhou, R. Chi and G. Feng, J. Environ. Manage., 2024, 367, 

122064.
38. M. Du, Y. Zhang, Z. Wang, M. Lv, A. Tang, Y. Yu, X. Qu, Z. Chen, Q. Wen and A. Li, Chem. Eng. J., 2022, 442, 136147.
39. H. Liang, J. Liu, Y. Wei and X. Guo, J. Environ. Sci., 2010, 22, 15-22.
40. O. Eljamal, J. Okawauchi, K. Hiramatsu and M. Harada, Environ. Earth Sci., 2013, 68, 859-863.
41. N. Amin, M. A. Mokhter, N. Salamun and W. M. A. Wan Mahmood, Membranes, 2021, 11.
42. C. Xu, R. Liu, Q. Tang, Y. Hou, L. Chen and Q. Wang, Water, 2023, 15, 3087.
43. C. Jia, Y. Dai, C. Wu, Z. Wu and W. Liang, 2013.
44. Y. Yu and J. Paul Chen, J. Colloid Interface Sci., 2015, 445, 303-311.
45. G. Li, S. Gao, G. Zhang and X. Zhang, Chem. Eng. J., 2014, 235, 124-131.
46. Z. Ren, L. Shao and G. Zhang, Water Air Soil Pollut., 2012, 223, 4221-4231.
47. Y. Su, W. Yang, W. Sun, Q. Li and J. K. Shang, Chem. Eng. J., 2015, 268, 270-279.
48. J. Lu, D. Liu, J. Hao, G. Zhang and B. Lu, Chem. Eng. Res. Des., 2015, 93, 652-661.
49. F. Long, J.-L. Gong, G.-M. Zeng, L. Chen, X.-Y. Wang, J.-H. Deng, Q.-Y. Niu, H.-Y. Zhang and X.-R. Zhang, Chem. Eng. J., 

2011, 171, 448-455.
50. S. Noorin, T. Paul, A. Ghosh, J.-J. Yee and S. H. Park, Water Environ. Res., 2024, 96, e11137.
51. J. Lin, S. He, X. Wang, H. Zhang and Y. Zhan, Colloids Surf. A Physicochem. Eng. Asp., 2019, 561, 301-314.
52. N. El-Maghrabi, M. Fawzy and A. E. D. Mahmoud, ACS Omega, 2022, 7, 45386-45402.
53. X. Li, Y. Xie, F. Jiang, B. Wang, Q. Hu, Y. Tang, T. Luo and T. Wu, The Sci. Total Environ., 2020, 709, 136123.
54. F. Li, J. Jin, Z. Shen, H. Ji, M. Yang and Y. Yin, J. Hazard. Mater., 2020, 388, 121734.
55. J. Antelo, F. Arce and S. Fiol, Chem. Geol., 2015, 410, 53-62.
56. M. Pan, J. Su, L. Tang, Z. Hu and X. Huang, Minerals, 2023, 13, 293.
57. T. Taweekarn, W. Wongniramaikul, P. Roop-o, W. Towanlong and A. Choodum, Molecules, 2024, 29, 228.
58. C. Alewell, B. Ringeval, C. Ballabio, D. A. Robinson, P. Panagos and P. Borrelli, Nat. Commun., 2020, 11, 4546.
59. C. Han, J. Lalley, N. Iyanna and M. N. Nadagouda, Mater. Chem. Phys., 2017, 198, 115-124.
60. C. S. Chiou, Y. F. Lin, H. W. Chen, C. C. Chang and S. H. Chang, J. Nanosci. Nanotechnol., 2015, 15, 2850-2857.
61. W. Wang, H. Zhang, L. Zhang, H. Wan, S. Zheng and Z. Xu, Colloids Surf. A Physicochem. Eng. Asp., 2015, 469, 100-106.
62. A. Sowmya and S. Meenakshi, Environ. Prog. Sustain. Energy, 2015, 34, 146-154.
63. S. Fierro, M. del Pilar Sánchez-Saavedra and C. Copalcúa, Bioresour. Technol., 2008, 99, 1274-1279.
64. M. F. Abou Taleb, G. A. Mahmoud, S. M. Elsigeny and E.-S. A. Hegazy,J. Hazard. Mater., 2008, 159, 372-379.
65. J. Wei, X. Meng, X. Wen and Y. Song, J. Environ. Sci., 2020, 87, 123-132.
66. Y. Min, Z. Wang, J. Su, A. Ali, T. Huang and W. Yang, Environmental Research, 2023, 224, 115476.
67. J. Xie, Z. Wang, S. Lu, D. Wu, Z. Zhang and H. Kong, Chem. Eng. J., 2014, 254, 163-170.
68. J. Lalley, C. Han, X. Li, D. D. Dionysiou and M. N. Nadagouda, Chem. Eng. J., 2016, 284, 1386-1396.
69. N. Deng, J. Hu, L. Zhang, C. Ni, Q. Zhang and X. Huang, Chem. Eng. J., 2024, 502, 158097.
70. J. Liu, L. Wan, L. Zhang and Q. Zhou, J. Colloid Interface Sci., 2011, 364, 490-496.
71. H. Qiu, L. Lv, B.-c. Pan, Q.-j. Zhang, W.-m. Zhang and Q.-x. Zhang, Journal of Zhejiang University-SCIENCE A, 2009, 10, 

716-724.
72. L. Zhang, Q. Zhou, J. Liu, N. Chang, L. Wan and J. Chen, Chem. Eng. J., 2012, 185-186, 160-167.
73. Q. Zhou, X. Wang, J. Liu and L. Zhang, Chem. Eng. J., 2012, 200-202, 619-626.
74. S. Verma and M. N. Nadagouda, ACS Omega, 2021, 6, 4119-4125.
75. I. W. Almanassra, G. McKay, V. Kochkodan, M. Ali Atieh and T. Al-Ansari, Chem. Eng. J., 2021, 409, 128211.
76. M. Zhang, G. Song, D. L. Gelardi, L. Huang, E. Khan, O. Mašek, S. J. Parikh and Y. S. Ok, Water Res., 2020, 186, 116303.
77. J. Zhang, X. Bu, Z. Huang, C. Wu and X. Xie, Front. Plant Sci., 2024, 15.
78. X. Luo, D. Wang, Y. Liu, Y. Qiu, J. Zheng, G. Xia, A. Elbeltagi and D. Chi, Front. Plant Sci., 2024, 15.
79. T. A. H. Nguyen, H. H. Ngo, W. S. Guo, J. Zhang, S. Liang, D. J. Lee, P. D. Nguyen and X. T. Bui, Bioresour. Technol., 2014, 

169, 750-762.
80. D. Yadav, M. Kapur, P. Kumar and M. K. Mondal, Process Saf. Environ. Prot., 2015, 94, 402-409.



81. Z. Zhu, H. Zeng, Y. Zhu, F. Yang, H. Zhu, H. Qin and W. Wei, Sep. Purif. Technol., 2013, 117, 124-130.
82. T. A. H. Nguyen, H. H. Ngo, W. S. Guo, T. Q. Pham, F. M. Li, T. V. Nguyen and X. T. Bui, Sci. Total Environ., 2015, 523, 

40-49.
83. T. L. Eberhardt and S.-H. Min, Bioresour. Technol., 2008, 99, 626-630.
84. X. Xu, B. Gao, W. Wang, Q. Yue, Y. Wang and S. Ni, Colloids Surf. B Biointerfaces, 2009, 70, 46-52.
85. S. Ji, F. Zhang, P. Yao, C. Li, M. Faheem, Q. Feng, M. Chen and B. Wang, Environ. Sci. Pollut. Res. 2023, 30, 82532-

82546.


