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Experimental and mechanistic analysis of SO, preparation from pyrite reduction of

phosphogypsum in fluidized bed

TIAN Zhihua, MA Dong, WANG Qinhui, ZHANG Bin, XIE Guilin
(State Key Laboratory of Clean Energy Utilization, Zhejiang University, Hangzhou 310027, China)

Abstract: In order to convert as much as possible S in pyrite and phosphogypsum (PG) into SO,, effects of pyrite
addition and reaction temperature on PG decomposition were systematically investigated using fluidized bed com-
bined with thermogravimetric and thermodynamic calculations. The results show that the addition of pyrite decreases
PG decomposition temperature and increases PG decomposition ratio. The most probabilistic mechanism function of
the process is G(a)= 1-(1-a)"’, which indicates that the reaction is controlled by phase boundary. The opti-
mized reaction condition is 30% pyrite addition at 1 100 °C for 20 min, under which the PG decomposition ratio and
S0, yield are 99.95% and 95.95% , respectively. The by-product CaS was produced when the pyrite addition was
30% ~70% . When the addition was more than 70% , solid melt Ca,Fe,S;0, was produced. There are mainly two dif-
ferent mechanistic paths in this process according to different pyrite additions. This study enriches the process theory
of SO, preparation from reduced PG of pyrite.
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PG W] i B BRI 2 5 4 R i 0 b R K IR 9B A TR K 7 EE I R AR KRN AR S B
B I, PG YR AL H AT FE A A

KT B IR TR PG iR IR SO, , [ sk &P 85 95 U5, M T S 80 s oR FH > S0, T
FHFAEF=BRER, 1548 T G A, TR AR R (9 A 7 A . 85 76 45 Fh Tl Al i FH it 5 15 2
FAEE , B4 4 YR 4 Rk R AR K R AR T RS E A K K A B N S A
AL IR 3 SR AN AT UG R SR AR IR, 1 EL AT AR OR B S AR A R

FEPA F & R IR, Bk T 20x10° ¢, Horp B & A (8 ELER B e Bk T
35% RYEARE fif T 2x10°% () BEERE I EERAR FeS, , ME b FURHH TRRER Tl , Hops i
2 by 4 [E R RR B 1 40% ~50% . SR, Fifi 25 A7 itk 41 R 1) K REASE R Y, [ PN e 0 ) B 0 b i s ™
WRHIR . PR, T4 A SR 25 B R O i E O AT L AR 5 (038 5 1], Song 25 B T — R
MM AR PG 18 T2 % T ARG AR A A B SR A8 v i i AR R, T4 45 210 1Y
SO, SR H A ATHAL I, TS BB . X Fh 7 AT 40 R T BB m™ v (4 B U8 (] s
W T PG AR TTIER , Ak, (o SRV iR R, A TR ) R a1 SRR LA TR A
SH S0, BB

EFXFIZ T2 A BFSE B R AE PG R R 2% I A B BT A 40 S0y s Rl R 1k g s i) Bk
W5 PG i BRI T 4 K sh 128 0B 20 L SR 5T 25 200 Bk R PG Rl S JC R R T Rk
AN SO, BYAEFE , BEAMN IR T BL A% (9 Qe B Bk v I it 25 ) %o 7= W 4 ok 1 s i L R izt
MIHLER G Z RGEHL AT, PRI, A S 38 3 AR S5 30 45 G A A0 BT R ) 20 R RGO T ik
WIS IR E S st ] K R RIAR R PG Al SO, BEBAT A REm , fe e 45t T FE 9 )
MHLEL, AHFSE B 783 E AR 1 IR PG il %5 SO, M T2 BHE, N PG (1 IR s (AL A R 2 2%

2 ZEWRSHAE
21 ERREMAFE

HERHHCH = 8 1, PG B 2 g B T Aol 8 38 4 ) il 1R i 4, 3 BBORE AR IR T
0.075 mm [ F0RLE THEAE 105 CF T4 6 h, LU ES K, R G B EMRAF 2 . R AR
HET PG RIS HEAT IO R 00T, 45 SR Bl ange 1 MiZE 2 frs . Hi# 1 Al PG i BB AL 2E R N
CaO #1 S0, , WAME S H DA Si0, ALO, PO, F % i, 136 2 a0, 3 k9 v il 32 B4k 24 i)
Fe,0, Fl SO, &t 435k 53.77% F1 63.55% . RH X HHEATHL (XRD, Rigaku Ultimate 1V ) X4k T
PG FUBCBRA HEAT 053 4B FE RIS an el 1 Fs S BBy 5(°) »min™' o B &1 1 AT, PG Y 22
PIAA R CaSO,-0.5H,0 CaSO,-2H,0 Fil Si0,, B h Y ZR AR FE L FeS, RIEAAFLE,

®1 PG HIWZEAR w/%
Table 1 Chemical compositions of PG w/%
Si0, Al, 04 505 Fe, 0,4 CaO MgO K,0 Na, O P,05 F TiO, Water of crystallization
6.37 — 51.12 0.19 35.76 0.23 0.01 0.10 091 0.17 0.09 6.32

x2 EYTHLZER w/%
Table 2 Chemical compositions of pyrite w/%
Si0, AL, O, S0, Fe,0, Ca0 MgO K,0 Na, 0
5.77 0.04 61.55 30.77 1.73 1.87 0.14 0.07

22 ZWHRE

2 R/ NRISR R A R S B0 e BRI, P S N B R AR TE LR i &R LR RGN
FEHMISY . E AT LASE B E AR ) B U RS = W 43 B, IR B PO AR 1.5 m,
AR 50 mm FA 945 ROV . EARSEIS SRR AT L SR R BACKE A D45 S g 2 BB BT TR R AR
JE RS 2 SONE R HIHE  SERT AR I8 & B KA H 2 Lemin™ B, PRHE BN i P AT S5 8
Bopmide ™ IR FIRRE S, M PR B R S A RN 78 ol PRI ST O b A
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Fig.1 Results of mineral composition analysis
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Fig.2 Schematic diagram of a small fluidized bed reactor
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SREE A mﬁi T hETE, BB ER Table 3 Experimental conditions
,I.B ﬂﬁd—lﬁj E }iﬁ:\["f’?ﬂ:% ﬂ: ﬁﬁ l}%‘é le %/l Serial number Pyrite/PG ( Mass ratio) Temperature/C Reaction time/min
. . 1 0-0.8 1100 20
RS IR . o ?
HIFE A EHRE A4S T LS J5 224y 3 03 1100 5. 10, 15, 20

Bro 223 45 TR A T00,
23 HEmOHNE
S SE T WO EARRE S I GEAF . PG 1% 43 fff 5830 o A PR L L UE 15 %2 ( GB/T 5484—2012) Jf:
AR, SO, BE ¥ BE K M3 M A (MRU VARIO Plus) Il 5E , SO, - 249 B R JH 5 & &l 12
X (GCS-80) AT E , R XRD #4724 nlE . R HLEE (SEM, ZEISS Sigma 300) #F17
PEMIR MRS E . BAFEMEE 3 IRMEIEEdE i S B R (1) ~ (3) .
m, X x"cdso4
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A @oso, W PG TR % 3 m, FERLTRE g5 m P IR g5 %, o0, WIERHT CaSO, TR
TIE% 5 %, o, PRI CaSO, BYFTEIMEL, % 3 myy NFPHERT SO, Bl , g3 F WBRHERDL T A TATR
H,m’ min'; ¢, 4 SO, BRI, mg kg™ ; by, N SO, BIHCHR, % 5 mg_g, N CaSO, I FeS, H1H
S ALl SO, Wi g,
24 RERMANZFHE

KA HSC Chemistry 6.0 F4: rf (8 F-Ai A b, 58 F 55 A5 B ) #h B d5e /N SR B F 580 s o P 2
YA 2H B B TR A RNR SRR o ARIEHA B B I X - 2H B 5 W), 152 CaSO,
1 kmol, JE /15 0.1 MPa, IR & 800~1 200 °C , #4:0 F PG Wi M 0.05~1.25,

K I (TG, Netzsch STA 449 F3)-Jfii ( MS, QMS403Q ) e FHAGHA TR S . B 10 mg FF 5
A ALO, HHH AR Ar (99.99% ) Wi 4 #4740 mL-min™' . 43511k 10,15.20 °C - min™" ) T 3
RINL) 30 CHI#AE 1200 °C, K Kissinger-Akahira-Sunose ( KAS) JyF2F1 Flynn-Wall-Ozawa (FWO)
T FEHRL R N 1 B0 1 2 280, AR TR AL RE (E, ) FIHETHTE F(Ind) .

3 #BRE5iTiE
31 HmAFESH

SN B 7 ) R B AT A3 3k 34 7 2 3 A R AT DA 33X AN ASCRT DL T s vy 2 A5 T DA & A DA R R
S M TR ) %, TS T LTI S - I A LR, SRR IR PG i R P T i A O I HEA T
SYREFAHT, EEAAIE. (1) PCBKNL (2) PG MR A NV HN(3) = dks e, Ak
S A (4) ~ (16) -

(1) PG KR

CaSO, -2H,0 = CaS0,-0.5H,0 + 1.5H,0 (4)
CaS0,-0.5H,0 = CaSO, + 0.5H,0 (5)

(2) PG FITEERE" H 43 B
FeS, = 1/(1 —x)Fe,_ S+ (1 - 2x)/(2 - 2x)S,(g) (6)
2CaS0O, = 2Ca0 + 2S0, + O, (7)

(3) 7AREE

S,(g) + CaSO, = CaS + 2S0,(g) (8)
S,(g) + 4CaS0O, = 4Ca0 + 6S0,(g) (9)
6FeS + 5CaS0O, = 5CaS + 2Fe,0, + 6S0,(g) (10)
6FeS + 5.25CaS0O, = 5.25CaS + 3Fe,0, + 6S0,(g) (11)
2Fe,0, + 3CaSO, + CaS = 2Ca,Fe,05 + 480,(g) (12)
2Fe,0, + 4.75CaS0O, + 1.25CaS = 3Ca,Fe,0, + 6S0,(g) (13)
2FeS + 7CaS0, = Ca,Fe,0, + 5Ca0 + 950,(g) (14)
2FeS + 4CaS0O, = Ca,Fe, 05 + CaO + CaS + 550,(g) (15)
3CaS0, + CaS = 4Ca0 + 4S0,(g) (16)

25 BN A 75 A B B A BRI R A AR AL ] 3 TR (R4~R1.6 A3 (14) ~ (16) ), HIEI 3(a) ATLL
B AR R SRS , ZOKBRERES 1) A & Wik IR BE R 105~150 C, fiE 3(b) A, B8k A o0
BB AR BEZ) R 700 °C . CaSO, (1 [ 4 BEH S Ak 171200 °C, HHIE 3 (c) AT, BERAT
B fEF= S, F FeS 1] LI BAEHE CaSO, IR JFATFE , Shitt— 250 O N i 2514, SR A HSC x4t
BT ASRIERE DL K FeS, Fll CaSO, MBI L n( FeS,)/n( CaSO,) F A 77 My i 4 i, 45 L an i 4 fr
o FTLVE Y, n(FeS,)/n (CaSO, ) B ¥E I AN BE 1Y $2 = Y RE AR i CaSO, B9 43, TE n(FeS,)/n
(CaS0,) 4 0.05~0.25 B}, CaSO, HYILJF ™4 T2 K CaO Fl SO, CaS 7£ 800 ~1 000 °C H 472 B, 1
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Fig.3 Relationship between Gibbs free energy and temperature of each reaction
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I, IF HAR Y, Ca,Fe, 05 #1S0,, I, J¥f FeS, 1 CaSO, HH 1) S #44k 0 SO, T/ s/ EI P24 CaS )
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R T R IR PG R R AL, AT T AR SRR 5255 (10,15,20,30 °C +min”') .

A3 FWO 1 KAS 7315 T 800~1 100 °C N & HAL RN BN J12¢ 2580, FEALHE E, InAd FIHLER
PREL, DB /R A O . T E R IR PG — N 22 1Y 22 R R R A R JH v A 5 A< R [ e
I, PR AR ST e 2 LA UL 3l Ty A LB s T35 gk 4 R, Hodh B, BTG AERE, Ind
FRATR T, n ARFRIEEL, C(a) I EMESR DL R AL, £ (o) A EARSR LI R 5 —Fh ALK, I 7(a)
(b)) AAFIHGEZ T A TG-DTG #hk™ 18 7(c) Jy FWO J5iEiH 8 s il & ith4k,0.1~09 f05%
EEAL AR 0.0 BUBEHE T . B 7(d) b KAS Jriki B LA ihd:, S Em B e AR
FIEALRERFE AT T, A& 7(e) Fias, ATLAE H FWO B a5 fLAE A 234.26~322.17 kJ -mol ™', InA
h21.88~31.55, KAS M AGIHALAE N 225.06~320.18 kJ-mol ™", InA & 20.68~31.28, FWO %75 H 1G4k
REAN InA BE KT KAS 7, X2 IEAR G2 R IE, £, Al Ind #4773, A& 4532 E, Fl Ind 735
k1 263.04 kJ-mol ™ F124.59, MR A5 (1416 AL BE XA BE 75 1% AL A G FEAIG, PR e B A 6 0.5
RIX IS i, BT B 4 eR B0 R R0 45 1 i) AR DL eR 200 B 100 22 5%, an il 7 (f) Bow,
P(u)/P(uys) REFE LI AL . @G A5 T 38 0 5 PG i 2 1 S SR Bl
FERECH G(a)=1-(1-a) " FB RN 32 I B 2 R () 46 A% S At e
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Table 4 Typical mechanism functions of gas-solid phase reactions

Reaction model Nicknames G(a) fla)
Phase boundary-controlled reaction ( one-dimensional movement ) R1 et 1
Phase boundary-controlled reaction ( contracting area) R2 1-(1-a)? 2(1-a) 2
Phase boundary-controlled reaction ( contracting volume ) R3 1-(1-a)? 3(1-a)??
reaction stage RS 1-(1-a) * 4(1-a)**
Chemical reaction (level 2/3) R7 (1-a)™"? 2(1-a)*?
Power low P2/3 o*? 2/3a”?
First order F1 -In(1-a) (1-a)
One-dimensional diffusion D1 o 1/(2a)
Three-dimensional diffusion (Jander model) D3-1 [1-(1-a)? ]2 6(1-a)?[1-(1-a)'?]"?
Three-dimensional diffusion ( Ginstlinge-Brounshtein model ) D4 (1-2/3a)-(1-a) 3 (372)[1-(1-a) 173 ]!
Two-dimensional diffusion ( Valensi model ) Al [1-(1-a) 212 4(1-0) "’ [1-(1-a) 1/2]-1/2
Nucleation and growth ( Avrami Erofeev) n=1/2 A2 [-In(1-a)]"?] 2(1-a) [ -In(1-a) ]2
Nucleation and growth (Avrami Erofeev) n=2/3 A6 [-In(1-a)]%3 3/2(1-a)[ -In(1-a) 1
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Fig.7 Thermogravimetric curves at different heating rates

34 RWKER
340 BRI 5

K HTRACIR SEB0 B Se 5 88 T S N I X 7= M s i 52 ), S AR A 1100 °C, B0z B[] oy
20 min, Z5 UK 8 7R, B USR8 N A BT TR A R E sk, hE 8(a)
FI(b) AT Bl SRR B9 U & i 10% 5800 2= 30% , 43 R i 32.45% 34K 2= 99.95% , SO, WF
39.88% MG K 2 95.95% , SO, WO TR T 70k 32 1) Jit IR SOk 2 i 7~ £ 11 S, N FeS fig s PG
[ CaSO, ¥4k CaS [FIR R SO, HREHF S, AuTRETE 2S5 RN, Ir LT3 S0, IR IHAEE
IKF 100% . BEE EPA HARSE I, o3 R L F OSSR SO, WORAITF AR FEAR, X & T
PR3, S 30 PG BB JE S WiB i CaO B% 4k R CaS, CaSO, B GER LR SO, , AN T 1%
BRI, S ARESE AL SO, , I T3 SO, WCRFER . &l 8 (c) WM, BiAE BLER Ui B 10%
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Fig.8 Effects of pyrite addition on the reaction process

342 N EE A RE R

P23 [ R SRR AR A 30% , 2RI A 20 min , 4K SE 25 SR FE X = ) 24 B RS ), 45 R4 P 9
Jii . HE 9 (a) F(b) AL B IR EE 800 CFHm % 1 100 °C, 70 i 40.32% B4 2 99.95% , SO,
R Y 28.46% BTN A 95.95% B W TFHE IR HUAR HE T CaSO, % 4kk SO, M 9(c) I, B i
JEH 800 CHHEE] 1 100 °C, SO, MY BT BEHH 1 577 mg-kg™ FHE 2 7 301 mg-keg™', T H SO, Y
BEMOBAT LT, BB AR R, a2 B R A R K AT T XRD 43T, g5 SR anE
9(d) Fizn, ATLAFE L, 7E 800~900 C, F=4 W47 W i A CaS . Fe,0, Fll Feyo,S AUAFAENE 475 B ik 5
950 °C ,Ca,Fe,0, FFIRTE AL, BEEIRIELREETIRZE 1 000 °C, CaSO, MYIESH FE KA, EL CaS (1142
W, CaO FFHRKREIE N, Fe,0, \Feg oS #HE1L R Ca,Fe, 05, MEIEE] 1 100 C, CaS Fil CaSO, 7%
IR YR HAT CaO Fl Ca,Fe, 04, JE I R CaS 1E R N A ] =4, 15 56 7E 800 ~900 °C Kk
HIE R, Al SR R S5 A Fe oS Fll Fe, 0, FEE AR Z R 2 1 000 °C, CaS,CaSO, Fl Fe,0,
FeyoeS KA ETRRT BN, L T Ca,Fe, 04 F1S0,, PILOLILAY OB IEE R 1100 C
3.4.3 (] A9 52

FERE T E B TR N 30% , R SEIRE H 1 100 °C , 4kSE% 52 5 I ] %) 7= ) 28 S S ), 45
WA 10 Frzs, HE 10(a) F(b) ATHT, A SOV B F 5 min 2E4K 28 20 min, 73 f#55H 36.85% 34 i &
99.95% ,S0, WCHH 20.46% TN ZE 95.95% , 454G K 10(c) AT LLF Y, 7RV CaSO, #f 8 E0 1F i
(I EE =N CaS, Bl VISR ZE L | CaS  CaSO, KARFHER N, P24 T KA CaO, 3L CaS 52
K, WAMNEE T CaS0, 5 Fe, S KA N, R T KEHY) Ca,Fe,05,

VAN]SR s ) (R P= 464 T SEM A, 25 B & 11 frzR, ATRLE H FE 5 min J5 JEOREER
TR . MR NE 10 min J& , PPEHUJE AR RDRE AT i AR 2 RO R AL, 24N 15 min
J& YRR AR AT 58 AR . YRV 20 min S5, PR TR I 18 2 S BRI/ NEURL B g R UL
AH SR N T B e A B Oy IeF ) B K s o Pl A0 1) B R AT 90, e %, RS B



F395% 14 WG BT RNRIERBEE T R & SO, 0 55 AU 54T 127

100}
© 100} —
8
g sof " 80
g ~
% 60| T 60
g >
£ o
P 2 a0
el
O
*~ 10 20
0 L L L L ! L L 0 - - .
800 850 900 950 1000 1050 1100 850 900 950 1000 1050 1100
. Temperature/'C
Temperature/ C
(a) PG decomposition ratio (b) SO, yield
. 8000 [=—800 C 1000 °C #CaS0O, ¢Ca(OH), v CaO & Ca,Fe,0,¢CaS *Fe,0, AFe S
"o ——3850 C ——1050 C NS Y Y vy
=4 ——900 C £ Py < MIEY Y SN ¥ ¥ 1100C
£ 6000950 C . % MY Y Y S X BUEI
= 5 1000 C
g = LABSBAY & bo .
= 950C
£ 4000} g .
5 5 J_ A 2o .
2 = 500°C
3 B L sdehe e
* 13
12000 R 850C
w
kA peke  x .
0 ; 800°C
0 200 400 600 800 1000 1200 10 20 30 40 50 60 70 80
Time /s 20/(°)
(¢) SO, concentration with time (d) phase analysis of products
(19 IR EEXT S5 g 5 AR 1Y) 52 ]
Fig.9 Effects of temperature on the reaction process
% CaSO, #Ca(OH), ¥ CaO aCaFeO, oCaS
= 100f 100 3 c
2 < 5 v
£ 80r < 80r S A 0 A el A M ¥YYA
‘g " % sol z 20 min
Z T > 21a 0 ¢ A Yva
2 o 2 15 mi
s | E . min|
E 40 40 a4 !n,'t’l.y.mﬂf.@ YA .
3 10 min|
= 20 20 A "
&) A e Aol Ao vae
A ) . . ) 0 5 min
0 5 10 15 20 10 15 20 10 20 30 40 50 60 70 80
Time / min Time / min 20/(°)
(a) PG decomposition ratio (b) SO, yield (c) phase analysis of products

B 10 S0 )X Sz s 2 1) 52
Fig.10 Effects of reaction time on the reaction process

FeA PR R 3, g8 L OV TE] R 20 min, ZEILSAAE T PG WY S BERS 58 256 16°h SO, , 45 £
ZLLL CaO Fl Ca,Fe, 05 MIIEASFIE

K11 ARSI R 7164 SEM #1458
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