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Abstract: As the output of the stainless steel is increasing year by

Organic phase

year, the waste acid produced by pickling the stainless steel is also

increasing year by year. The waste sulfuric acid solution discharged

The simulated solution
by pickling the stainless steel contains a large amount of free acid.
Loaded phase

According to the acid recycling process developed by our research
group, the free acid concentration in the waste acid can increase to

obtain the regenerated sulfuric acid while quite effectively recovering

these valuable metal ions in the waste acid. In this work, the

H,S0,

technology of recovering sulfuric acid from the stainless steel pickling
waste solution by the solvent extraction was studied, aiming at the problems of high concentration of regenerated
sulfuric acid in the stainless steel pickling waste solution, high consumption of neutralization treatment reagent, large
amount of waste residue, and so on. It was found that the organic system of 40% (volume fraction, the same below)
tris-2-ethylhexylamine (TEHA)+50% isomeric tridecyl alcohol+10% Exxsol D110 was the optimal composition. The
extraction rate of sulfuric acid increased with the increased concentration of TEHA. With the temperature increasing
of the extraction, the extraction rate of sulfuric acid decreased, indicating that the extraction reaction was exothermic
reaction and the enthalpy (AH) of the extraction reaction was calculated as —7.5708 kJ/mol. McCabe-Thiele diagrams
were drawn according to the distribution curves of the extraction and the stripping. Under the condition of 30 ‘C and
A/O=1:2, the extraction rate of sulfuric acid could reach 79.8% by 3 stages (theoretical). Using the deionized water as
the stripping agent, the stripping rate of sulfuric acid could reach 85.5% after 3 (theoretical) stages at 30 °C and
A/O=1:1. The kinetics of the extraction and stripping was very fast and the phase separation was rapid at the same time,
which can perfectly meet the requirements of industrial continuous production.
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KRB B HAERR. S5 ABNER R AR RS R ERF AR . R BRI, BT T A IR EL
LR N R e P R T8 WER R, BHUER 40%(IRF 5 0 = (2- 4.5 O3 I (TEHA)+50% 57 #4 + = BE+10%
Exxsol D110 &AL, BRFRFEINEFE TEHA W EER AN Th sy, Bl B Th s AR BRI, R ZEIUR RONTBR SRE,  TH5
FRAREUR B AH=—7.5708 kJ/mol. MR4EZEHUR i 243 lic it 2253 | 221 T McCabe-Thiele &, 7£30°C. MLt A/O=1:2 % F, &
I3 IR AR, BBRNAERREIE 79.8%LL by RAKMERZEER], ££30°C. L A/O=1:1 4T, &id 3 HEIR)RE, W

PRI AR TTIE 85.5%. M. RAZNZAR, I HIRGE, A 2 TlES A 20K
KR VEFIFERG AEMREER: =Q-oE O FEMMR: k¥
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MIAEEANR, F5 B RRDE R A ANR T & 8 A
EBA, BRI, &JREIERERE HY, RRUSRIRE
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AN GRS R R I T o KR e R, —
MERIR W E N 100~150 g/L. SCHR[7,814RiE T BRI 4L
PR T2, "B EER T 90% UL 1 Fe(IDJE MR IR
WRRTIE, AR A Mn(ID)F1 Ni(ID) % BRI
DUVE, MR TUOEE, ERPRSEREES FIRE KR
MRS, B BRI ET &, S 7R R 1 A
FRA 5 BRI AT A6 IR [0 BB SE T7, Am kb
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MR IEAT /I AC R, DAAERR & B8 IR B P . AR R
A SEIR AR BIRRVE T 208, 73 (1 P AE BRI E —
200~250 g/L, HH LS AR SR 584 I EE A 10~30 g/L

XEHS: 1009-606X(2020)09-1025-10

FEER, WEELIN 10 g/L () Fe(Il), WEZ1 M 30 g/L [
Cr(IIN) M2 /DR FEZ1H 5 g/L [F) Mn(11). BT 20 AR
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PR, EAESNAE, ERMEER WA Z 1)
MH . Agrawal SEMILL 35%(AF1%L, TIA) Alamine
336( =3 FE ) +10% 7 28 WE+55% JE I 2 HUAR 2008 4K
BRI RBRIEAT IR T, R T AN, B
BRI 21 90%, 1HRAEZFEAF] 30%, LTtk
iz ; Manaa Z£ 558 T Alamine 336+TBP 44 £ [Fi —
FALER A P R = AR R IR R, B 1) IR 2 e B
BIEE, BHRFERIET] 00%LL L, HERERFEE
60~70 ‘CSZHL, 534, TBP SERZAF T 5 MMk, M
. B, Alamine 336 A 5 A #H [F) 45 04 I B HUA R I
REPRME, LA TMAG R o o Bl s ZEHER I R, 17 %
W8 TAER B AL T TEHA[=(- L3 O )
fZ 148 % Alamine 336 [FIWEBR BP0 H HER .
Gottliebsen 21101435 L TEHA F1 Cyanex 923 AAEEL)
WEFE T 4 PR P R R 1 RS, R o A L 5 Bt e ) 2
I IREIA 80% L b, H USRIV E N 120 g/L LA E,
{H TEHA ZEHUAE R B AR T Cyanex 923 £ 5, H. Cyanex
923 A, AFIT TN . Haghshenas 2517141 EL
47 TEHA M1 Cyanex 923 2 B A & A AT UL 2
R, 5 Cyanex 923 M, TEHA ZEHUA R [FIHRER AT 75
RPA D, HEER R . 2% 080, TEHA NEEHL
P ER F 7K P R () [ HEA T SE R 7T, BRI 1D el Wi e
KT 90%, 7= EEHAL 120 g/Ls Agrawal Z51L
TEHA A E D0 £ A 7= i 2 A HE t 1 IR R 1A T S 56
T, MRIIEREL 90%, —RXAEZEGT 50%. Mk
LRMR S TEHA LS5 M1 = 57 2 i NI R Tk 5
N 110 g/L FIATESLR R AL B, ZEEUS 1)
LB B BRI E N 5.25 g/L, pH I & 2.3, A
B THLEEER . (HRZETE 60 C T, AR T T
kst . Kesieme PV RGRAL | TEHA ZEHUAR R AE ]
W E BB ER P 1 BOR, el TRE A IE T TEHA+L -3¢
FEfR R, AH 1-SEREKIE R, RN 1.2 g/L(25C),
DRI G 7 FH I FR IR 26 K, A iy, FLARVRTE 35 A v
WEFE, GG IR BRI

SR ZRERREERC . KPR, HLEBR IR SCRE 53 AR
RORLF, PRty & o 1 P AR AR IE IR 7722230 AR AR
KB E AR+ =R 150, /gt
T TEHA 550+ =Rk 2006 AN EE AN IR e 1 v 7 AE
FRIIRLHT, THBR T BEET R M sG . fifk T TEHA+
SRR RRERURER G T 240, B8R T AFEKR
() 3 AR L o T 6 AN R AN et 7 A 1) PR B R VA VR T )5
BRI R BRI, W T TEHA ZEEUE R VIS R,
RGN TR T Z RN T 5

2.1 I 5R&

SHO AR R AR S ) 2EL RS | B4 P AR RN . T
il 25 B . B BT %5 1 FeSO4-7H20, Cra(SOs)s-xHO I
MnSO, % 2 B /KRR B ER I, A i siuRt
BRI IR 1 .

® 1 NERBTARRLR AR S
Table 1 Composition of the simulated solution of
the stainless steel pickling
Element H,S04 Fe?* Cr3* Mn%*
Concentration/(g/L) 257.43 10 30 5

AR R I H]: B —=(2-£3 O ) I(TEHA,
I T IR AR A R A B )R = e (i R
T AR A PR W1 )42 BT 75 L A8 2% T, Fl) ol 4 BV T
i B ) 43 i) Dl 3 v AR 36 P M 05 R W ) Exxsol
D110(>98%/lalike, i AR A PR A 7)) Ak,
R (30% 75 & A T0% AR I VR &4, RS
T A R ).

S8 o BT A HLRFFI(TEHA, Exxsol D110 2 44+
S IO T, A EE>98%, Sei AT
Halith . THLRFI R ER « FeSO4- TH20, Cra(S04)3-xH,0,
MnSOj, MgSOs & NaOH A1 4l, T Ak 5424k
FIAF, SEAKNEE K.

2.2 SLWHE

2.2.1 FREEHL

¥ B WUAH 5 N5 0 IR e AL HUURL R 4 BT 75 AH EE (A/O)
BT 300 mL AN, SRRSO & X E iR R
Vi (i BEWBVE Fl+1 C, S In iR SEs A O,
VPR % 2N 300 t/min, PR ATIE]) 10 min, FHE, £F
AN S KA B2 MG, BUEE R 0 I 5E B R A
ME B TIREE, IR &S TR T

E:Cm_CmR

x100% (1)

m

Hrh, E NBRIR (S8 2 1) AR (%), Co NAERUR N
HIZKH PR R (B S 8 1) R (/L) Cor NAEEL
SN A AR P R R (B i 1) B IR (/L) o

222 BRAE

¥ LB AT WA 5 25 88 7 /K (O RE W) % BT % AH L
(AJO)E T 300 mL AN, SREHASEIBBN & XlE
BIRG e, ARG E AN 300 r/min, HRGHTE 10
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min, &, FEAYVESKME S, BUEER S
T RRERIR &8 5 TR, MRA SR E T AR
THER:

Cn
S= C—’L x100% 2)

mO

o, S MBI (S B ) IR (%), Cmo NIREEX
JSZ R AT HUAR P R (B 8 1) IR S (/L) G N
SR N Ja 7K A PR (B ) R SR (/L) 3
@M, Co AT HI T2t 5

Co=C,—C,. 3

TR AR B (B ) it /220 D 1S =4 s :
_G

b=z @)

HH, Co, Ca 53 AIAAWIAHFIZK A R ER A FE (g/L) -
TR 1 [RUCR
R=ExS (5)

223 FEW-RE 1%

R AN 77252 9250 S 50 mL ARHERE E T 250 mL
Fetrrh, ARG 1L A LL(A/O) A 1:3 B LRI R B pf 218
BN 150 mL AU 3R A LR RE P9 AR Bz fl T~ A2
AR AP A . SR )5 B HD2004W FE S HEHL( i)
IRAXERA PR B X b TR A I O AT B, T
PFEE AN 450 t/min, FEFERPFFARTEES, 43 507E 0.5, 1,
2,5,10,20 130 min B, HURAFES 10mL. FEREHE
Al B AR, EUKRE 20 S0 5 R R VR R 4 B T
&,

S ZEF F12E 9 4 100 mL 255 7K E T 250 mL
Fetrrh, SR JE 1L A LL(A/O) A 2:1 B LRI [ B pf i 2218
I 50 mL AN, HARSLE P IREIR IS /)% .

2.3 DA

2.3.1 7KAH PR R R B 1 N

B 10 mL 258 F/KE T 100 mL B#F A, A 20
mL 0.1 mol/L EDTA. 0.05 mol/L MgSO, ##7, FH 2
mol/L NaOH 5§, H,SO, /& ¥ 1A % iR % pH H % 6.50,
SR 0.5 mL Fpillke, FPRE R NaOH brEia i
(0.100 mol/L)¥# %€ , pH 1E[F1i F 6.50 B i 2 £ £, 1
E R E L PHB-4 BF5 50 pH 1 E#EACRRFAX
A PR A T pH 24K . HRHE NaOH AriE v 1)
THFEE T E AR AR R R FE
2.3.2 KA G B IR B I

S EBEFACK AR R R GG IR EE, /)5 H
Optima 5300DV R & 55 55 14 B - RSB (&

[l Pekin-Elmer 2 =) E 73 H7 & <5 J& B8 1 I
3 ZERGi®

3.1 ERLR P RER AV ZEEL
3.1.1 AEEUT) TEHA ¥ X A R 26 B 2 1 52 il

TEHA & —Fr g5 2 0GR, EZEBUEFEH 5 HaSO4
s AH LR EAIM, HERRKRAEDOLRE 53
FAE — 5 B R RCREY, N R R

H,S0,+A+20 = (H,SO,)AO, (6)

X, A NWFE TEHA 47, O NIFEES T,
(H2S04)A0; N H,S0, 5 TEHA FIEERHIZEEY), L
RIZ AN

ERBULFE P T A IEM, SR =H, B
FERE LSt . R, 4% 7F TEHA R R FnA K%
TEEVE M, R =M. R Kesieme 2RV
T 1-2EEAE AR R, (A5 [E R 1-BEKE
PER, WP E, AR T Tl BE AR =
BEVE ARSI, RN TEHA R 1 R ZEHUL
R NHEE TEHA IWREEXAUENE R 2 B 2 1) 5
M, [ B B2 S A 1 = R AR [ b A R 7R 0 A et 2
SRR IR, R DL R =R A EUA RAE 30°C
A/O=1:1 5 FIRAT RIS, 45 Rl 1 R

(1) ZEHUAR 1: TEHA+RM+ =8, InfagsH,
1 10%~60% (T F 7330, T [F) VG N 2% TEHA KRB,
HAE TEHA W< FEAR A FH Sl = BEb e AR AR 2 100%.

(2) #HK %R 2. TEHA+40% 5 1)+ = ¥ +Exxsol
D110, [l 58T = BEKE N 40%, 1E 10%~60%70 [
P AR TEHA ¥ %, R4 TEHA % 5 4816 ] Exxsol D110
HFEE 100%.

(3) AEUAZ 3: TEHA+40% 544 = B+, [
SE TR ZEEIRFE N 40%, 1E 10%~60% ;30 Fl Y o 248
TEHA K%, R4 TEHA ABARLH Bmh i %
100%.

HHE 1 AR, X SR AERUA R, BRI AR Y
B TEHA ¥ 2 ()34 RT3 K, 2R AR 32 244% TEHA %
B0, B TEHA WREERIIN, S 546 RN TEHA 4
THSEM, IR 2 M RERUA B IR RR . 2
(OB S5, A RIZE S Y)(HS04)A0, 1
%, MRAMURWIN, fEMF TEHA KE R, AFEARA
R AERCE TR EEAR 2>ZERAR 1
>EERUAR 3, R+ =BT 3810 TEHA R ER
PR, B —E M FAZEIRIEH, 5 Kesieme 2R iE
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MIREE 25 R — 80 Ak R A IR MR CERUA R 1)
B, FRAERUSANUAEREEE R, A NS, Seu o Lgk
g, HERFHEA X ZEHUA R 200> & Exxsol D110
VERFEF) B B PR o SRBRI FE R B, ST EUA R
2 FIZEEBUAR 3, MAHGH TEHA WREMKT 20%0,
MUY 2, I =40, FTREZ M T TEHA 584 &K
MIZEAEY) b TEHA s Bl =, 58RIz [a]
Tk I3 K& R o 11724 TEHA WK =T 30%I0, 7
AR R W RO B B . Rk, FEEUER R
2(TEHA+40% 514+ = [ F & /> E MR ik &,
[ 2R 2 o TEHA WE F KT 30%.

XFREEUAR 2, 24 TEHA 3RIEZ B 30%H K2 40%
B, MRADCRME 22.8% M EEINE 36.8%, 4kLkifh K
TEHA KJE, BRIIZERCRIRNGE . X TRERUAR 3,
¥ TEHA #KEH 30%EKE 50%0, BRIAIR H
19.6%HH I N3 35.3%, #kLRHEK TEHA WKIE, BRI
FEEUR I K228 . MR TEHA WREERS, FEEUA R 2 X%
PRI ZE BRI T2 U R 3, TRIUEAS RIS B AR 71
ST B AR B AN [F],  Exxsol D110 J9ig 7 1 (& &
>98%) KA REF, I N 70%A8 B A 30% 75 7 & (1)
RGBSR, R IIIR AR L TR A MR 77 B8 A
T4 TEHA X8R 1 2 UCR -

T 40% TEHA ¥ (14K & 2 #1 50% TEHA #FE
Mk & 3 X IR BRI ZE AN K, TR TE 5 SRt 7T
H [RGBl T I A A 2R TE 2R BRI s 2 v (1 Atk vk
e, HAEEORIE AR A EUA R

40 °
./l

Extraction rate/%
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Fig.1 Effect of TEHA concentration on sulfuric acid extraction

3.1.2 S =R R AR R A HL R Y 52 )
£ 30°C. ML A/O=1:1 M TR FiR LA 244,
IEFELL N MR R TARLES, AR WE 2 iR,
(1) ZEHUEAR A: 40% TEHA+R #)+ = FF+Exxsol

D110,

(2) ZEUAZ B: 50% TEHA+S: M+ =W+ .

HHPE 2 P, XTI AR RERUA R, BRI ZEE Y
b S = R BE RGO OK, B EL 10%~50% ) 57
R ZRERHA R P BRI T AL, ZERCRJ LN 0, 4
Fik—PUESL T M+ =FEX TEHA RERREA —&
PRI ZE IR o B i = EER B R 0, X(6) A
A RS, BREEBCRRI. 250+ =R E>20%HH,
FE ST =BER BTN, ZEBUA R A XTHRER AL B 5
FHEIAER B. M5+ = BIR R CERUA R A,
<20%; FEHUAR B, <10%) &AM »)E, HIL=
o

S TFRERAR A, 50T =BREEH 10%35 K2
50%I), BRERMIARUERH 29.8%Z BT E 39.7%. 1M
WFREIUAR B, T+ =EER R, BRER AR
&K, BRAEEURALH 32.3%(10% 57 M+ =E) i k&
36.1%(50% A4+ =), M 2 iTLAE H, dEBFEFEUA
ARA, T =R KT 20%, 3RS AR BEHL
R, HHASMBORL, A= SRR, Y
T =EEREE N S0%EF, FEEUAR A ZEEUGRR S A
MU B LT, o A FE (<S5 min), 2 AHRCREF, HR
FREIAEBUEHE 5, [Fit, 40% TEHA+50%5 #4)+ = %
+10% Exxsol D110 s b FIZEHUA 2R 4R

40 - -
X / ’—4 a—4
) A///‘
& 30 e
]
.S
51
g
5 20 -
Extraction system
—e— A
10 - —A—B
| L | L | L | L | L
10 20 30 40 50 60

Isomeric tri-decyl alcohol volume concentration/%

B2 SRty I ) B R 2 ) B2 )
Fig.2 Effect of isomeric tri-decyl alcohol concentration on
sulfuric acid extraction

3.1.3 AH X FR A U R 52

30°C F R M 40% TEHA+50% 5 #) + = F# +10%
Exxsol D110 MR R, FEHLL A/O X BALERE i
TR ZE B e, 45 5l 3 B i LAE H, Bl A/O
TN, AHUAEAR B, BRERZEREI K. 24 A/O H
2:1 AR 13, BRMZEREH 18.6% M I N2
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20 %

74.0%, DEELIR/NMHEEE 1:5 B, BRER A BRI A LR 5
AR, TR A B R BRI T B, R B KAH TR AR BRI
A, FRIVASERNAS A IR A . IR RE A 20 i i e
HH R M DLRE 56 4, X AT AR T A SN AR 4w
BT aER, SEMAEIEM, Rl T ERIZER.

1.0
v\v_b

80 - 09
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Fig.3 Effect of A/O ratio on sulfuric acid extraction

4 A/O=1:4 I, FHAHPAEBERIIIKE R 48.1
g/L, BB T4 )@ B T 5 R AR ELAE A, B R 0 AU
KA, A RRR BRI ME LA AR B e 4. Rk, B
ZHFEWG, ERWHFRIREFIAR S2g/L, LHIRIKRAE
HYff] McCabe-Thiele X%, W&l 4 Frox. wJLUEH,
K H 40% TEHA+50% 5714+ =E#+10% Exxsol D110, £
30°C. MHEL A/O=1:2 4 F, #ig bodid 3 2L, i
BRI AL MR ATIA 79.8% LA b, REEE /KA A BRI 5 P4 A1
F 52 gL LLF, fsEcH MU ERER IR EE R T 103
g/LIC,y = ChEW, 1V,) » FeH, E NI T IR AL
B, ValVo NEIWRHKIET A/O H].

a

= 100 o .

é | /

S [ ]

E 80 / !

L

5, ;

5 60

£ . J

£ 4 ¢ 2

E I

i=1

151 20 A/O=1:2

o 0 13 | . | . | . | . |
ga. 0 50 100 150 200 250

H,SO, concentration in aqueous phase/(g/L)

Kl 4 Hfie iR A 3L McCabe-Thiele &
Fig.4 McCabe-Thiele diagram for determining sulfuric acid
extraction stage

3.1.4 iR PR IR A E AR IR 5 )

TP AT AR e R R, [ B A A R PRSP Al AR
¥al. £ A/JO=1:3 K 40% TEHA+50% 57+ =%
+10% Exxsol D110 FHUA R, =5 00 X AR R i
BB gem, 5 S B, aLLEH, BEiR
FEF S, BRERAERCRBEG, WA H 30°CHZE 70°C, i
FRAEHUR H 74.0% FFEE 66.6%, = IR AT 2
G RE, R = I (20~30 C) il /E A AR B B 2%
£,

MRPEVEREE KRR T2, TRRRAERUR B AH 7]
()5

= +C
2.303RT

logD

(M

A, R ONERRSAARHE H[8.314 J/(mol-K)], D Ny 5
B, TRLXNREK), CREER. (W5 HA®R):

1000
logD=——A4+C (8)
T
N I:F' ’
_ —AH 9)
2303R
1.0
80 v ]
- [~e 409 g
N 5}
= 0t ¥\°\. 3z
g —. 1 £
=] r Q
£ 408 S
g o0r 2
=407 =
50 - \ a
e 0.6
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Temperature/ C

5 TR R A HL S

Fig.5 Effect of temperature on sulfuric acid extraction

HR 8 525645 SR 2241 1ogD-1000/T HiZk, tn & 6 iz

A LLEH, 1000/T 5 logD 2 —REMK R, KFILFH(©9)
A NE 6 HERIREE, AH L@ N

AH =-2303RA (10)

X, RIEK 4=0.3954, Zi5H AH=-7.5708 kJ/mol, 5
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Table 2 Reused organic assessment for the extraction rate and stripping rate of sulfuric acid and metal ions

Element H,S04 Fe?* Cr3* Mn?2*

Extraction rate/% 1 39.7 0.33 0.15 0.22
2 39.6 0.33 0.13 0.22

3 39.6 0.32 0.14 0.24

Stripping rate/% 1 63.3 100 100 100
2 62.7 100 100 100

3 63.3 100 100 100

Regenerated H2SO4 from stainless steel pickling

l

Filtration to remove solid particles ———>  Solid particles
i
Vv
H2S0s extraction with THEA system Recycled to steel smelter
<
Organic
Raffinate circulation
! H,SO, stripping with water

. \L
Subjected to metal recovery

Recovered H2SO4 solution

A\
Recycled to pickling stage

BT A AN A B R A [ Wi s i ) T 2

Fig.11 Suggested concept process flowsheet for the recovery of regenerated sulfuric acid delivered from stainless steel pickling
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