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Theoretical study on potentiometric analysis applied to oxidation
control of wet desulfurization slurry
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Abstract: Oxidation reduction potential (ORP) analysis method has been gradually used in the field of limestone-
gypsum wet desulfurization slurry oxidation control, but there is a lack of corresponding theoretical research. In
this paper, firstly, the standard electrode potentials of each pair in the slurry oxidation process, E®(O2(ag))/H20 and
E%(S(VI)/S(1V)), were obtained based on density functional theory and acid dissociation equilibrium calculation;
and the standard electromotive force of each reaction was calculated. Then, based on the main reaction of slurry
oxidation, 2HSO3+0,—2H*+2S04?", the theoretical calculation model of the electromotive force of the reaction
system was established by the Nernst equation. It was found that the measured ORP of the electromotive force of
the reaction system was quite different from that by theoretical calculation, which meant the Nernst equation was
not suitable for the slurry oxidation system. Finally, a good multivariate linear fitting relationship between the
measured ORP, pH, In(c(Ca?*)), In(c(HSO3")) and In(c(02)) was established by the stepwise regression. The results
indicated that the process of slurry oxidation was not only related to the single indicator of ORP, but also controlled
by pH, calcium ion and dissolved oxygen concentration. When ORP is used as the oxidation control indicator of
wet desulfurization slurry, the influence of pH, calcium ion and dissolved oxygen concentration should be taken
into account at the same time.

Key words: wet desulfurization; slurry oxidation control; potential analysis method; Nernst equation; stepwise
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L 2021 4F, KL BN A BN 12.9 14 kW,
215 BOR BN RN 55%. £ KA 8IS
SR TR R, BB RCR . &N MRS
ori, TTEZMATRERESR) W T2, E8K
MR ER A 5 92%0L E0-6, 7R T2, M
S SO, W Wie B I 35 st W st B 1R A IR A

(CaCO3) FIBIHAEHENIKH KB+, FEENEK
tRAEH FRESEWNK, BEAER ™Y
(CaS04 2H20) . Hi AN T2 BRI S M 72
RBLEZRIR, 02 25 BRI 75 e NS SRR 2K
e BSA KA TEE S A MER Mn, Fe. Co
25, WRREAE N M2, Fedt. CoPZEfEM SN &
£, BEHBUEASEAEFETS, A RFRIEEZ O
TEBE R BURE I IR . IR AMA TS, T
TR k& il =, 2 51 A KA AR R, A2 B CSS
(calcium sulfate and sulfite) 35, FliEAEME T
B LK AMESE R . 2 e Tl E RS,
TR sh A e o, Heib ke &, Wm R KAk
FRMERESE N, WA S AR, AR A R
S206% J¢ S206%, FELR A S Pl &R0,

FLASE 3 BT v LA 2 S FE b 1) L Bl 3R R Skt 366
T Nernst J7 R I8 &4 45 VA AL 2 FRITB IR H,
B, BRI AR 2 532 B 1) g ke 100,
FEL AN 3 T V25 1 T 9 0 A R A A 42 ) 7 T %) v FH
F= By o R R AR SR LA (ORPD, FF DA
1 W B E AR AR TR E AR, Bk
IR BB A, DURIEAE ST . ORP
I, AT REAMRDS: ORP . NI
STl E AR . FEHI I ORP 7EA LG
W, AT RIFIIEMIRE T, A SR
TR 2R 2 &, B I AR BRARRF Ho? ik )58 Hy 505,
I 7R A R bT HA 20240, s A ) 42 it i e 2 AR I
A PR k2 AT () ELAR G AL, A IR 35 B8 2% B Ui [
122, 5T E AR Nernst 5 FEBEAT 20T, WK
A HIN 22 pH {5 ORP X%, @i 7T
R AR TG ER 7 A, A3 R R A IS ATE pH E
45~6,50 CoAFT, K ORP K& By il 100~
300 mv/[23-25,

H AT, EFX BT 7 BTk 2E B a S A t g il o
MRt 2 B T RO 5T, B EUb . ALy
BTy FEAS S5 Bl Nernst J5 F2, 383 HLA K/ s gk
R A5 PRI P RIS o R T 488 Ji7 S BE , Nernst 757
FEAE FH T B I ) 422 57 e S0 0 i~ 467 1 ] 3 v
Xf, HHAFFE Nernst 72, X TR AIAGEEE
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AR JF P T AN T I FLXE, Nernst 77 FEANEH
ASOR B TR S S0, ERH AR 2% i E ki
FEIATHRAFFT, I8 s s SR HE Bl 38 () S
PR SAE WI A Nernst J5 F 2 7538 T 22 8 Ak
K&, @ ORP 5K EHISHAL, Jy
ORP Fi b B FH T~ i A A 428 i i R 4 pE 30 (4
R
1 REE5IHE
11 FEZRERITE
AR E P AT AR Gauss FEF AT, 1T
B9 100 kPa (hRiEARAS ). 298.15 K, 1L H#
FEiZ RELS (DFT) H1f) B3LYP BR%L, ¥AFIBAL %
H SMD [axUE AR KA R . T AT 556
TR ARER BT R SR, ARSI
AR E A S A0 B AR I T RE R
JURIRAL 585 A3 M 1E 6-31G(d)FE 4 Nidk4r, A%
SITANTT B B S RE T AR 6-311++G(d,p) 2k
KT N EAT LAIRAS B ks B2 1 1 R 261,
HATHTEH G Ae R () FAT A
G =& + Georr Q)
X e AHLTRER, Jmol, H1 8 A RETH SRS Goorr
A E AR E R, Jmol, HERS MRS
7E DFT TSRS RIS M P 575, T FH 188
PVAARIE T KA G S AR AR IR SS, AT Tk
2 RS RIS AR A A EUR IR AR R B B
A& AG%soivation P 34518 :0(2) TH 5 3K A5 «
AGonvation=AG aq~AG gas+7 911.5 2)
i AGOa AR AEHE T BARE &5 47 1 B Ae,
Jmol;  AGPges AESAESAR KA T bR A1 B 2
HHfg, Jmol; &Iy A/ IE T /KT JE An S A8 4k,
(G AT
12 RWHBERAZE
SEES 5T DASSUE HOBR AL 5 R 2 7 il
JE Nernst 7 2. SEIREE WA 1 PR, SCIRRREw
2 ffime il (25 C) 44T, B 3509 £ET
IKBINGEM, et B T-1E 148 HE4% A 700 r/min 7853
PibE, JERREEE AR (1~5 Lmin), M/ &
CaS0s3 4/2H,0(90%F iz T 771 D F1 0.1 mol/L H2SO04
W bR, ] pH EAE 4.5~5.5 Z[H],
Fe7e oy OB R E 5 oy i i 5 0 pH Ot
(METTLER TOLEDO, InLab Expert GO-ISM). fi
#REULIEF A, (ORP) MM G Tk itk
TR BE, BM-PHB0025) K i fift Ll 52 4%
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(HACH, HQ30D) Z3ilisih s M pH fE. ORP
J R4 (DOD fH, FTill ORP B AiZ J B Ak 2 Hizh)
A SZIE . HSOs 5 CaSOs 412H,0 b7 A B
CaSO4 ITIE M HaS0s, H2SOz KA il B4 1% HSOs
SO3%, HpSOs. HSO3 . SOz & rH S(IV)EIR,
TR pH AT 4% H2S0s. HSOs™. SOs? 7+
WA RO L], HAE SRR N R A A . 7ESE
gerh, FERIN CaS0s 4/2H,0 B, HaSO, 157 HLis4k
FasE g » WBEFRHER 10 mL A4 0 5 mL 0.05 mol/L
WK, Frsedidk, N5 min 5, LL0.1 mol/L BRAL
T B B0 S A RS, AR R R) TH L R
H SOIV)IREE, ShEU S RIS E o ke A A
TR CaSOs 4/2H,0 S S A Hff) CaSOs B4, J
IS N A FH A Sk i e AT I i

110

9 8

I 3| 111

g L LV L]
12 o Y Y 13

1—{EIREE PR 22—k 3—HiT: 4—Fhf; 5—AF;
6—imit; T—EAME; 8—pH EAHIME; 9—ORP Hifk;
10— A 11, 12, 13— fE#E M ML,
1 X%k
Fig.1 Experimental setup
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Fig.2 Experimental process

c(S(IV))=([c(12) V(12)-1/2 €(Na2S203) V(Na:S203)])/Vo

3)
AP o(S(IV)) A HaSO3. HSO3 ™. SO32 Mk,
mol/L; c(l2) AL E, mol/L; V(1) AL ARF,
mL; c(NazS203) 4 NazS203 ¥ &£, mol/L; V(Na2S203)
N NapS:03 M EARAL, mL; Vo AR A
F, mL.

FUSTB, 4B TR R (@) — K (L)
g

c(H*) = 10-PH (4)
FH 7K A B ST % Z R
¢(OH) = Kwlc(H*) )

BrE HREE R, HSOs. HSOsz . SO:2 2 6] 2
HSOs . SO Z [8] R B i o RN
¢(S0s%) = c(S(IV))/((1+c(H")/Kar) €(H*)/Kaz+1) (6)

c(HSO3) = c(H*) €(S0=2 )/Kaz @)
¢(H2S03) = ¢(H*) €(HSO3)/Kas )
c(HSO4) = c(H*) €(SOs2)/Kz2' 9)
HRHE CaSOg [T IE “F- 1l ] %0l
c(S04%) = Kgplc(Ca?t) (10)

MR YRR 2 2 A
c(H*) + 2¢(Ca?*) = 2¢(S03%) + ¢(HSO3")

+2¢(S04%) + ¢(HSO4)+ ¢(OH") (11)
HH: ¢(HY). ¢(OH"). ¢(H2S03) ¢(HSO3)- ¢(SO3%)-
c(HSO4)+ ¢(S042)~ c(Ca2*) sy HINTE H H*. OH-,
H,SOs. HSO3 ™. 80327\ HSO4 - 50427\ C&2+E<J%2§y
mol/L; Kw~ Ksp Karv Kaa X K273 51108 25 “CHJ7K
MBS TR H. CaSO4 W FERHH. H2S0s —2
N P17 e 5 0. HS O FE P J87 At 25 7 4. ELAAR
ALECIN I

F 125 CHRBXMBRMTEREER

Tab.1 Equilibrium dissociation constants of related
substances at 25 C

KEsF  CaSOs¥% TR B E A Ka
Mg ERER H2S03 H,S0s — % HSO4~
Kw Ksp — R fiA B
1024 7.1X105  1.23X10°2 5.6 108 1.02 X102
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2 HR5 W

AR A B IIE B L2 R A
TR RN +4 B (S(IV)) FEEE T
AL Jy+6 et (S(VI)).

2H,S03 + Oy — 4H* + 2S0,2 (12)

2HSO3 + Oy — 2H* + 25042 (13)

25032 + 0 — 25042 (14)

2H,S03 + O — 2H* + 2HSO4 (15)

2HSO3z + O2 — 2HSO4~ (16)

25032 + Oz + 2H* — 2HSO4 (17)
IR R 2 AN R S R

1EM%: Oy + 4H* + 4e — 2H,0 (18)

fitl: 2S(IV) + 2H,0 —4e — 2S(VI) + nH*  (19)
MR 2S(IV)+ 02 — 2S(VI) + (n—4)H* (20)
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s n NANE S(IV) S(VI)FAL I A AR S B 52 frr =
AR HY R IR H
AR 5N ) A o FL 2 F4 T JE O 2 ) e I
I O RIS 7 FELAR FR A (B R . B O2/H20. S(VI)/
S>IV) P B FLAARL, AR 2 (21) AT SRAG R E AL
T FE 5 S B B FRL B
E%r = E9O2(aq)/H20) — EXS(VINS(IV))  (21)
2.1 E%(O2(aq)/H20)it &
PRYEFRAE LR LA (R (298.15 KD AL AT 3RH Oof
HoO HLXT J2 SO#%1H2SO3 HE X [P ARHE FEAR LB A :
0a(g)+4H*+4e—2H,0, E% =1.229 V  (22)
80427"'4H++287—>H2803+2H20,
E(SO42/H2S03)=0.172 V (23)
AN T, AN BN
FRARL, PR Ak A 7 LA fRAH R, 7%
FE AN AR e T VRAH B 55 A 28 A ) F Al H
(A p=AlT s
Oy(g)+4H*+4e—2H0  ArG'n  (24)
O2(g)—02(aq) AG%olvation (25)
Oy(ag)+4H*+4e—2H,0  AnG%,y  (26)
A : Ar Gy AGPsolvation 22 ArGPm 73 7 A O2(g)/H20
HL S s BT AR P AR A BT AR AR . RS
TR RS HE A AR B TRE. O2(aq)/H20 HLXS
S NI AR A AR AE 5 AT BHBEAE,  J/mol.
3(24)—(26) T i 5 A1 W 3 B RE AR 2 A A7 1
WIFRHR:
ArlGem:Ar_gGem—AGesolvation (27)
K AnGPm=-z.FE®(O2(aq)/H20), z1 N Mt FEH
RS H T2 22=4 F N5 4L, 96 485 C/mol s
E®(O2(aq)/H20) MR Oa(aq)/H20 X I hrifE HE AR
HAIAE ;s Ar oGOm=—21FE® ¢; it Gauss 27 FI %
FEiZ BRI SRAE . 3R 2 NA SR HEVE M B tHRETHE
T AR AR SR SR A KA R 1 AR 0 E AR -
%2 SRESMBEFKEPSHETEBENE
(298.15 K. 100kPa)  #ifi: J/mol

Tab.2 Gibbs free energy of oxygen in the gas and water
phases (298.15 K, 100 kPa)

o R e AT E AT A H A
- KIER

v -394 824 679.8 -39895.2 -394 864 575.0

R A -394 833 006.1 -39879.4 -394 872 885.5

h©2). RENATE: EARUER R E b
AG%gation=—399.1 J/mol;  Oz(aq)/H.0 Hi %t fz o it 74
AR E 75 A 37 B AE AR AnGPm=—473 920.9 J/mol;

O2(aq)/H20 X ) 45 #E i A 1oL A2 E°(O2(aq)/H20)=
AnGPn/-21F=1.228 V.,

E%(O2(aq)/H20)5 E*(O2(g)/H20)AH Lk, {L FEA% T
0.001 V, FHIEH MM B i RExT ARk B H A
E®(O2(aq)/H20) FI 52 MmN
2.2 EXS(VI)/S(IV))it &

EX(S(VI)/S(IV)) % SO421H,SOs FaXT I At F
ML E S H2SOs. HSO4 i B3t 5 i) 5 A 0
HAE AT IF R . HSOs . SOs% 73l HoS03 48—
P “HREERER, SO.2 I i T sRMRAR HSO4
fifb 1 T A

H2SO3—H*+HSO3™  AnGissociation  (28)

HSO3;—H*+S032~ Ar2GO%issociation (29)

HSOs —H*+S042  AnGissociation (30)

SOsZ +4H*+2e —H,S03+H,0  AG%,  (31)

fQEP: ArlGedissociation\ ArZGedissociation\ ArZ’Gedissociation%

78 HaSOs [ — . 2 e HSO4 fifE B8 bR HE 5 A

Wi E BEE, J/mol; AnGPn A SO42/H,SOs LX)
Pt AT i AR, Jimol.

2 i 20 o o 1B 5 AT B B e BE AR AT AR R 2K (32)

TH5E, 298.15 KRR BT H B Ka {3 3.

ArGPissociation= —RTINKZ’ (32)
A R AUAEHEE, 8314 JK/mol; T NiREE,
298.15 K.,

% 3298.15 K FER R R T #IH
Tab.3 Acid dissociation equilibrium constant at 298.15 K

H2S03

i U U HSO,”
N7 M e,
T@fﬁ? " 1.23%102 5.6x108 1.02x102

R HE 30 (28)—(31), 1A4H 298.15 K I FRfE =
P RO 4.
F< 4298.15 K BIER R B AT E 4L

Tab.4 Calculation method and result of S(VI)/S(1V) electric
pair standard electrode potential

S(VI/S(IV) HEAR =
Ar3GOrm=Ar2GOm+Ar Glissociation
3042’/HSO3’ Ar2G9m=7ZzFES(SO42’/H2303) 0.115
Ar3G®m=-2,FE*(SO4*/HSO3)
- - A AG9m=Ar3GSm+Ar2Gedissocia{ion
2 2- T |
S042/S05 MG DFEVSOL 1508 0.155
- ArSG9m=ArZG9m+Ar2Gedissociation
HSO4/H,S0s MG 2 FEN(HSO, /H800) 0.113
- _ ArGG9m=ArSG9m+Ar1Gedissociation
HSO,/HS0 ArsG*m=—2:FE®(HSOs/HSO5") 0.056
HS04/S0z2 Ar1GOn=AreG mtAr2Glissociation _0.214

ArrGPn=-2,FE*(HSO4/S05%)
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HR4E BT 15 E®(O2(aq)/H20) A H1 2 (21) il 5% )
NibRAEH BN, SRR 5. MW= BE AT,
AR R N AR UE ALER /N, I IR RE R, 5
O2(aq)/H20 HUXTZH B 1) JiR B i AR B 3k oR, 5
AR R - I8 b & S S v FL B B AT
M1, HoSO3. HSO3 . SO 5 Oy i E il HSO4 1)
3 T HE R SO

*=5 BRWIEFE R ERAE RN
Tab.5 Standard electromotive force for each redox reaction

AL IR S BE E%r/V
2H,S03+0,—4H+2S04% 1.056
2HSO3+0,—2H*+2S04* 1.113
25032 +0,—2504% 1.383
2H2S03+0,—2H*+2HSO4~ 1.115
2HSO3+0,—2HSO4~ 1172
2S03%+0+2H*—2HSO4~ 1.442

2.3 Nernst 772 K30 I0IE
S R SRS 25 C, 54| pH {ETE 4.5~5.5
B, S(IV)FEZELL HSOs 77E, S(VI)FZELL SO 4+
1E o R P HSOs 1E AU S SAE R F &N SO4%
(2HSO3 +0,—2H*+2S04%), 3 T Z L F2 1) Nernst 77
FEN:
EMF:EGMF—RT/ZF
In(c3(H*) €2(SO4*)/ (c3(HSO3") €(02))) (33)
R, Ca?tl SO42 CA YT -1, 3 (33)
A AR A
Eme= E%me—RT/zF In(c?(H*) Ksp?)/(c?(HSO3) -
c?(Ca?*) €(02))) (34)
AP E%we=1.113V; z=4.
ANJF] CaS0z 4/2H,0 5 HoSO4 VS INE SR
IS S g R 6, THAEAH Edve HH0(34) K i

F6 RWRITEHER
Tab.6 Experimental and calculation results

W FE/(mmol L) B /mV
K O oxn
1 5.26 8.837 1.561 0.168 196 1113.080
2 4.63 8.830 1.577 0.215 193 1113.063
3 5.04 39448 74.126 0.225 169 1113.145
4 5.03 40.609 76.545 2.969%102 195 1113.132
5 5.2 40.563 75.852 1.563x102 196 1113.000
6 5.15 40.026 74.951 0.227 191 1113.000

AUSAE 25 COKFRIEAI R B FEZSN 7.3 mg/L
(0.228 mmol/L), SEG 4 AR Ft 1 R MR & A
TARE TEMM LR . Rk 6 i, LI
MR 2 FLEh A STE ORP S5t 544 Ewe M2
g, FH] Nernst HFEAEH %8R MR R
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L Z P [BHE 5 M 9 ORP 5 Ca?* \HSO5
T FRAIR IS RN B pH 2 R &R, [\
R 7, HLAEA A (35).
ORP=5 139.87-10.42 pH+2 245.33 In(c(Ca2"))
—878.10 In(c(HSO3))+5.29 In(c(02)) (35)

R 7 BSEVAEER
Tab.7 Stepwise regression results

ZH FH R2 p F
pH -10.42
In(c(Ca?*)) 224533
In(c(HSO3Y)) -878.10 0.997 0.035 452.658
In(c(02)) 5.29
R 5139.87

7 ATAT, Nernst 772 BAS Fod H THZ L
NARZ, (HAEFHSLNE ORP 5 pH 1H .
In(c(Ca?*)).In(c(HSO3)) 2% In(c(Oz)) I H R 1 40k
K% (R2=0.997, p=0.035), MR EMIRT
e 25 T I8 I VA HR T B R R R IR FEEAT VP . K
AR, P AR IR 3h T il Ak,
TBAH ORI SRR FE UG B RBUR 22, iR
B ERANWTAL R, SRR AR R Bk P v, A T4
ABGEEFURES o FHIZAE RAZE R0, WHRER EhA
X5 ORP 2%, [FIIAZ pH {E. 858 7R K i
SRR ZEE R EIRT R, HAT{X L ORP /EH
S HERE TR AR T T B XU (428 i SR T A R
7 [T B SHEIEE pH B 95 155 A I AR R BE (R B

34 &

VNSV DU iRt o = RS M a1 D S K VAV VRS
I FH T Fi A 2 A A A 1) () B R AR AT I 9T . R
TR RS R TR R, AR T RIA
A3 2 v 2% FR AR HE HL R FRAE,  E9(O2(aq)/H20) &
EOS(VI/IS(IV)), H 3R T 35 I B[R ARE LBl 35

1) BRI FENT E%(O2(aq)/H20) HI 5 i
/Ny HaSOz. HSOz™. SO 5 Oy [ wiE it HSO4 )
3T SO4% s

2) EIE R RS pH E, AL T N
N HSOs AN S04, F18:T Nernst 2R %
A 2 HL BN A BB T AR AL . S S AR R HEN S
H ORP SZIMA 5 HIR TH5AE Eme AHZERIK, Nernst
TIFEAEH T IZEMR R,

3) 52l ORP 5 pH {A. In(c(Ca?*))- In(c(HSO3"))
J In(c(O2)) REFIIIAE R RFTH, FBEAMBFEAL
5 ORP HABFRA K, [FINSZ pH {H. F55 T JIA iR
W], DL ORP M i Fa ez FE AR
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