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Research progress of phosphogypsum-based backfill technology

CHEN Qiusong, WU Aixiang™

School of Resources and Safety Engineering, University of Science and Technology Beijing, Beijing 100083, China

DCorresponding author, E-mail: wuaixiang@126.com

ABSTRACT China, a major producer of phosphogypsum, encounters significant environmental challenges owing to its accumulation.
Employing phosphogypsum-based backfill is an effective solution for the safe and efficient mining of bulk solid waste from phosphate
ores. It aligns with national ecological goals and promotes sustainable green mining practices. This method holds great potential for
widespread application in China, where rapid advancements and significant scientific and technological achievements have been made.
This paper systematically explores phosphogypsum-related progress, examining material characteristics, filling preparation processes,
filling performance, filling pollution risks, and control strategies. (1) A quantitative analysis of relevant research results and policy trends
has revealed a growing interest in phosphogypsum-based backfill, with an increasing number of technical papers and patents published
annually. The rapid development of phosphogypsum-based backfill is closely linked to policy guidance. Since 2017, policies have
explicitly encouraged the application of phosphogypsum in filling underground gob spaces. Phosphogypsum waste as a filling material
for underground goaf is a general trend. (2) The study collated the chemical composition and physical properties of phosphogypsum
from different regions, both domestically and internationally. It analyzed the types of cementitious materials, the theoretical optimal
stoichiometric composition range, and summarized the factors and evolutionary mechanisms influencing the rheological and mechanical
properties of phosphogypsum-based backfill. Typically, phosphogypsum appears gray-black or gray-white, with a pH value ranging from
1.2 to 6. Its main chemical components are CaO, SO;, and SiO,, and domestic phosphogypsum generally contains lower fluorine levels,
ranging between 0.5% and 1.5%, compared to foreign samples. In addition to traditional factors such as slurry concentration, lime—sand
ratio, and admixture, the composition and particle size of phosphogypsum, pretreatment methods, ambient temperature, and stirring time

significantly affect its rheological properties. The development of hydration products plays a decisive role in the strength of
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phosphogypsum-based backfill. Common hydration products include calcium silicate hydrate (C—S—H) gel, calcium aluminate hydrate
(C-A-H) gel, AFt, calcite, and calcium hydroxide (Ca(OH),). (3) The potential environmental pollution risk of phosphogypsum-based
backfill was evaluated, and the existing phosphogypsum pretreatment technology and toxic element fixation mechanism were
summarized. In the backfill system, hydration products interact with harmful impurities, thereby stabilizing and fixing toxic substances.
This stabilization process occurs through mechanisms such as adsorption, physical encapsulation, chemical precipitation, and ion
replacement. Pretreatment technologies for phosphogypsum are classified into physical, chemical, and thermal methods. (4) Future
efforts in phosphogypsum-based backfill should prioritize long-term safety and environmental sustainability. This involves focusing on
pretreatment, middle, and back-end treatments to overcome theoretical and technical challenges associated with eco-friendly
applications. Research should be directed toward three key areas: advancing pretreatment technologies, optimizing target materials, and

enhancing in situ monitoring techniques. The aim is to showcase the development achievements of phosphogypsum-based backfill and

provide valuable references and insights for its large-scale application and future research efforts.

KEY WORDS phosphogypsum-based backfill; cemented paste backfill; cemented backfill; green mine; phosphogypsum
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Fig.1  Yield changes of phosphate rock and phosphogypsum: (a) phosphate rock production by country in 2022; (b) phosphogypsum production and

utilization in China
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Table 1 Physical properties of phosphogypsum
Gs/(gm™)  k/(cm-s™) W% pH dgo dsg ds dio Cu Cc
2.67x107-
1.62-3.3 294 % 10 8-30 1.2-6 20.5-102.41 13-58.33 5.5-54.78 1.5-19.4 3.34-5.28 1.09-1.51

Notes: Gs, volumetric weight; k, permeability coefficient; W,, humidity; dgg, dso, d3 and d,, the particle sizes corresponding to the cumulative mass
content of 60%, 50%, 30%, and 10% in the particle size composition curve, respectively; Cu, uniformity coefficient; Cc, curvature coefficient.
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Fig.10 Factors affecting the rheological properties of phosphogypsum slurry(Modified from Ref.[80, 82, 88, 91]): (a) Zeta potential of slurry containing

different sulfate concentrations; (b) SEM images of slurry containing different particle sizes; (¢) SEM images of pretreated phosphogypsum by washing;

(d) phosphogypsum slurry floc at different temperatures
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Fig.11 Backfill strength using different phosphogypsum concentrations and admixtures
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Fig.12 Factors affecting the strength of phosphogypsum-based backfill
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Table 3 Content of heavy metals and rare earth elements in phosphogypsum

Element Ti Cr Ni Cu Zn As Se
Mass fraction/10° 26-470 1.6-75 1.7-250 2-195 4-315 1.0-42 0.5-75

Element Sr Y Zr Cd Ba Hg Ce
Mass fraction/10°° 10-1118 2-156 10-110 0.8-40 20-236 0.005-10 21-143
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Table 4 Chemical reaction formula for the pretreatment of phosphogypsum using the neutralization method

Method Chemical reaction equation Effect Reference
Ca0 +2F +H,0 — CaF, | +20H" Soluble phosphorus and partially soluble
CaO fluorine can be removed, but eutectic [136-138]
3Ca0+P20s +3H20 — Ca3(PO4); | +3H20 phosphorus cannot be removed
CgHgO7 + 3NaF — Na3CgHs07 + 3HF
C.HO 2C6HgO7 +3NaySiFs — 2Na3;C¢Hs07 + 3H3SiF Soluble fluorine, insoluble fluorine, and [128, 139]
oo 2C¢HgO7 +3CaF; — Ca3(C¢Hs07)s + 6HF precipitated phosphorus can be removed ’
2C¢HgO7 + Ca3(P04)2 - Ca3(C6H507)2 +2H3PO4
Ca3 (PO4)2 + HzSO4 - 2C3HP04 + CaSO4
Caz(POy4), +2H2S04 — Ca(H2PO4)s +2CaS04 Soluble phosphorus, soluble fluorine, and
Ca3(POy), +3H2S04 — 2H3 POy +3CaS0y4 eutectic phosphorus can be removed, while
H,S0O,4 2 dihydrous phosphogypsum is dehydrated and [140]

CaHPO,4 -2H,0+ H;S04 — CaSO4 + H3PO4 +2H,0
Cas(PO4)F + 5H,SO4 + 10H,0 — 3H3PO4 + 5CaSOy4 - 2H, O + HF
Can + HzSO4 - CaSO4 +2HF

transformed into semi-hydrous
phosphogypsum
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