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Abstract

Phosphogypsum is a kind of industrial waste produced in the process of wet production of phos-
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phoric acid, and its large amount of stockpiling not only occupies land resources, but also causes pol-
lution to the environment. In order to improve the resource utilisation of phosphogypsum, this paper
reviews the application of inorganic and organic curing agents in phosphogypsum curing and their
mechanism of action. Inorganic curing agents, including cement, lime and composite curing agents,
fill pores and enhance the mechanical properties and water resistance of phosphogypsum, mainly
through the generation of hydration products such as calcium alumina (AFt), hydrated calcium sili-
cate (C-S-H) and hydrated calcium aluminate (C-A-H). Organic curing agents such as unsaturated pol-
yester resins (UPR), epoxy resins and sodium polyacrylate improve the microstructure and stability
of phosphogypsum through the formation of a polymer three-dimensional cross-linked mesh struc-
ture or electrostatic repulsion. This paper analyses in detail the effects of different curing agent ra-
tios and types on the compressive strength, tensile strength and microstructure of phosphogypsum,
and summarizes the action mechanism of various curing agents, which provides a theoretical basis
and technical support for the resourceful use of phosphogypsum.
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T A B VR A P R N FITHE R — P TR 324, H 3 B R g — KB ER 5 (CaS04-2H20),  [R]H
T TEYERIRE . ALY 4 E R AR T P geit, 2023 ARk E A e AR & 8100 Ji M, [F] LG
WK 5.2%; AR RIAF] 4500 J, B 2022 SERINT 620 Ji, ALK T 16.0%; LRI HRIE E
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Figure 1. Number of articles related to phosphogypsum and curing agent in CNKI and SCI
1.CNKI 5 sCI #iEER S#ATE . BHfFEEAXIXER

10 ym

Figure 2. SEM photographs of PG specimens before and after 28 d of curing: (a) Uncured phosphogypsum; (b) Phosphogyp-
sum cured; (c) Phosphogypsum cured with 1.5% sodium silicate; (d) enlarged area in picture (c) [7]

2. ElLAIfE 28 d BOBEAE (PG)IAFHI SEM BB : () REIWHAE; (b) MABELME; () £ 1L5%RERMAIRE

AEBELE; (d) ElC)FMARMXE]
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Chen 25 [8]fif R 1 #R 1R =45 (CsAVEK TR B AL A B TR IPER], SR A CaA tiab A 8 L [ 14 2% 3¢
VIR B BHPSC) 1 TAEVERE . s B AR AR AR E P [9]-[11]. 7E PSC H15I N CeA Ja, FHH/KA FEK
H HG MIOKAREAT, C-A-S-H), TiH ¥ (K13 AR £ FE AR Bk M /K AL IR BT b g 29[ 12]-[14], 7E Ca?*R1SO;
PIXCE R K AR T G C-A-H AT AFt BEIR[15], a1 3. CsA 51 AT (1) (2) [16]% s
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H A PR NAE /KA B AR BT, 3 PSC S5 B INEE, M5 i ) 2 M RE AR E 1 -

Figure 3. Simulation of the mechanism of CsA acting on PSCs
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Figure 4. Microscopic morphology of LSP with different lime contents: (a) Phosphogypsum; (b) Lime content 4%; (c) Lime
content 6%; (d) Lime content 8% [19]
4. AEVBREE LSP MM H: (2) MAE; (b) AKRIE 4%; () ARIE 6%; (d) AKREE 8% [19]

mCa(OH), +SiO, +nH,0 — mCa0-SiO, -nH,0 (3)

Zhang %5 [20142 Hl i B EAN IR ER /0@ iR S T RRILBE A, Bk, SRR, 2R
JE RN BGHAT AL, K. SRAR AL RV Cas(POa)sF . AT B BR AL THAL R () B A 46y 175°C 4k
FE 30 4340, IF H AT KA 80°C THAL TR i 47 B AE VR EL 1:1 A 4648 T 4E5F 30 404 ] DLA 2 AR 4% 5

2.3. EEEHLH
Li 5[21]°R F§ BRM (£E7K ¥ 25 R T2 rhodad va it o s W AR 25 B LA T 7 A ) — e A4 kL),
Xt PG 1 POY A F-iH TR e thALEE . 45K, 24 PG A BRM [ME &Ly 100:2, [HiLLH 4:1, #£iE

FE N 30°C 444 R M 24 h i, [EACEE IR W pH (N 8.12, FambaE N 99.78%. L, PG
ff1 POS A1l F- 1 H D Cas(POs)sF SR E 5, 4 e

Ca® +2F —CaF, | (4)

5Ca’* +F +3PO} — Ca,(PO,),F ®)

Ca* +PO; +H,0 — CaPO, (OH) 4 +OH" (6)

3Ca*" +3POj +4H,0 — Ca,P,0, -2H,0 | +CaPO, (OH) J +30H" @)
2Ca* +S0; +PO} +5H,0 — CaSO, -Ca(PO,0H)-4H,0 | +OH" ®)

AP 225 BT A RERAD)FT B RH BRI R ), F RSN CaO. AlOsz. SiO,, KHIHL
WA 7 S T Bl EAGS R N, BACEEA B RS A g e, HBEFRP R IME, [E
FIEBERRAR . BB T IO ANFE 4, o AR e B LA B 4 52 46 0% =B 4K

Huang %5 [23]1# F A &AL BE /K JE (MOC) Al NaHCO; [k PG, FF4H T HOMALHIRER, il 5 fios.
PG TEMOLEE R RIUNBCIR Ak, LIRSS PERLS, 11 MOC KAL/E I F= A 2 b ik, 22 S8 B 1)
s iARLER . [FIR A NaHCOg HEAT AL 2R AL 1T LAAR U MOC T /K PR3 225 R il i, I RETE i — 2 TE e T
BRI AL JZ . H A1 MOC Al NaHCO3 il {8 PG HIMMOML 25 4 BE 35, /K Ak 3 R vh JE R IR = 4 F
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Figure 5. MOC and NaHCOs curing PG mechanism diagrams

5. MOC #1 NaHCO3 E1 PG #1I2[E

Shen Z5[24] 4% T —FP4NiE - BHEK - BEA B AR, BAERC OIS SRR L2 111, B
B HE N 2.5%, N CoS /K 4k SR A2 B Ca(OH),, C-S-H 1 AFt, By AT 41 8 1 5 Ca(OH),
NEAE S C-S-H AT AFt, X 87K AL =0 Rk 457507 AR

Ma S5 [25] AR« ARURAN 8 EZ R, BIBSMAK A R E AT, & T A E - ARE -
B EAREME, FR, SEMEREAE I B AR K EE, FERFONBEAAE PR
(SO it SAKALF WL, ARHE EAARIE Y AL CaZt. Si*VAfR, AREZ K C-(A)-S-H, MIilifz
o TR R R

Wu S5 [26 R MO VE il A B B, JRI A G S8 45 KW, fEHiH 77 300 MPa.  [E {4
[f] 3dv 7K 5% BRAER LR &8N 1%, J12E M RERIB K PR RS IR T NI R I B A P AR R 7K
PRI SR R R 7E T AUAE FA 51 R B A B SN INF 22 O8, BT DR IR 7 A&
w2 T B A B AR AR N, O R B AL, SN TR .

Chen 25[271K B & & ALEB(PACYE N EZE LT, PAC RS RBEIFLIR A Sy a1k fE, AT
T A€ B A A o [ B A2 [ 2 S 7 T R A - PAC BRI T mf2 FERIK TRk A, S5
g KA = A

3. BHLEE N
3.1. A TAFSREERAE(UPR)

AN AN SRR IR (UPR) 2 B 5 FH (1 — b A P I, — R B AN A0 — e BRI VAT — e B Bl AN — ot
B AR e R MR, WA MBI =1, BARErsh. Sl E4mE.

UPR W] 78 MBh 457, SEABAE ZMMFLER, SHEERA T (A LRSS, ik [ AR R 2 it 7
G R LI S BB, AR BRI R 2 = GRS TR IR 5 A A5 [T Ak ik P SR S B, RIS A B
JE 3 E[28]. Habib Z£[29] &K Bli& 4 UPR £ B 48 M UM A 8 /125 Re, e RPihiss il 18.7 MPa,
K RARIE 0.46%, (HY 7 St 33.30%00, Hhuhismf < SURIFEC. ABWT5E[30]8H 1 UPR. %L H
TR [T AR AN S S PR A R R U i A B AT AR [k . EAH R RGPS AR R AL B R, At
JEEFERE UPR B ERIGINEEA RIS, I HREFRP IR, HbUsmEm S8, 2 UPR $&

DOI: 10.12677/ms.2025.159193 1819 FHER2


https://doi.org/10.12677/ms.2025.159193

(GRS

N 50%FE4 A 3d, 7.d 28 d PSR i ol iA E] 36.7, 38.7, 39.8 MPa. [AIFE, [E4LFIHIfHEHE
2520 UPR BRI [R][31] -

P/ “amsg

Figure 6. SEM patterns of UPR doped 40% cured bodies at 28 d age: (a) 0.4% methyl ethyl ketone peroxide curing agent; (b)
0.8% methy| ethyl ketone peroxide curing agent; (c) 1.2% methyl ethyl ketone peroxide curing agent [28]

6. UPR 2 40%BYE L i 28d it HA SEM [Eli% : (a) 0.4% T E LR ZEHE L3 ; (b) 0.8%iL E R ZEREIL; (c) 1.2%
B E AR ZERE L 57[28]

H1 ] 6(b) AT %A, I AL T ZBAE L2 0.8%0 , X452 G5 /055, /KA B A RTE S )= Th e,
WAL GV RS , A3 N B0 BRI AR S 1, Ud W B R AR [T A ROR AL TIAE %] 6(a) R 6(c) w52
B KA B AR TR AESLIE T, ARSI HUMGREEAR, 238 U b R & A2 AL 2
M 51 4 75 e £E45 50 0.8%

3.2. FEMAEA

IS SR [ A7) P A O N P A0 = HUBRO IR« SIS H - PR S A e A B 5 PR
R AR P S [32], AN SCISH VR P4 S I A PR o Bt B A ER R 4551

WP 7 Firas, An ZE[33]0F TR BPA S R AE 1A & v 1 BHRFEFLER, [RIIN C-S-H iz th RE A5 78 FLIR
I HARNAD B R PR L 4 w] {2 R £ M SE NS Ak, SR B (s AN IE . Kowalska 45 [3418 7 A& HL ik
B RRLR A E— € R B mFesE,  m U A IR s S s B a B 2 8 A ELAE

+1-_Polyesterfi

Figure 7. With epoxy resin participation system [33]
E 7. S AEE LA R[33]

AT EE AR [35 K F I T B AR KT L () 5 ik il 2 e b B s, 247K K EE N 60%, # kA 0.8%.
ELFA 0.4%. J/KFIN 0.2%. £F4E RN 0.3%I, FR9 28 KRIUFE M EPIITRE N 2.3 MPa, “F#J#i
JE 58 2 fES 1A 3 5.3 MPa.

3.3. RABEMNARARRE KRS S BT
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3 3 3 A 7 FARAE R AR K AT A 7 A T A TR B [36] . RERR K R F ARG 4 70 R e s W B
KE, AT SEILRE A Ak RO 58 K371

RIS T a5 KERHR K, Mardani-Aghabaglou £5[38] & Flix B #2 1 m] DAY I £ 85 11 8
WORLZR T, PR AR, B BR S, $EEI5IE. Zhou SE[39]HF AR I M I NI IR M & & 0.2%
i, TEOPR PR 5 B A B E, 525 AL, 3 d &R T BR BT 5 B nT 480 10.3%, 7 d #8A]
0 13.1%, FR/KMERE N 5.7%.

AR R SR [A0V FC T R IR AN R R /K e RIs K 5] il i s s T B B JE 3EDRL(OICPS) A WL TE AL
BEBMA], KIIE 0.2%FK IR BRI OICPS 1&F: 7 d W& I 8 Jo M BR 41 K 98 B2 5e 1814 31| 5.37 MPa.

1 8(a) il EI AR KGR A OICPS il bRy 7 d J5, C-S-H B EZEL4RIR, MBA 0.2%
RNEIRIN G 4R C-S-H SR AL AR BIREEM, 32 25 N 0] 5 5 A M FR B /K At i 47 FL ) —C OO~
5l IE HLY CaZ il Mg+ S5 1 2% B I RUK e P2 028 4RE — 2 [41], 427 T /K V8 TR A TE ) BRPT S 58 5
WA B S/KJRIE KRR R BRI N, AR b B ARt A —Fi B A 38 I K A 1 1) AR =4, ARt
TEIE B PI/KAEAE T AT A BOH M B B IO FLIR 450, B 3R TR B s 8, b 3 o I ) 0
FE[42]

Figure 8. SEM of OICPS specimens: (a) OICPS specimens without sodium polyacrylate for 7 d; (b) OICPS specimens with
0.2% sodium polyacrylate for 7 d [40]

8. OICPS M HI SEM: (a) KRIZRABELT OICPS INHAREFRIF 7 d; (b) # 0.2%RAHELT OICPS R Hirf
Fr4P 7 .d [40]

4. g

ARG T ICHURIE UG 2 B A 707 Bl 5 AR e P 7 2R ) [ 700 2% 75 AR 3
FHFt .

(1) EHLE LT

Wt THLER, WKV A A BT AAE T HE AR, R 2. AR
1% HECAEFIHLED 2t K ALJR FE4E BR C-S-H AFt. C-A-H Z5BHR 1, H70FLIR T st B 1 45 )
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