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Abstract

Using copper smelting tailing slag from a copper smelter as raw material, experimental investigations
on iron recovery were conducted through a high-temperature carbothermic reduction process. The
effects of carbon dosage, CaO and CaF: flux additions, reduction temperature, and holding time on
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the iron recovery rate, metallic iron grade, and slag-iron separation behavior were systematically ex-
amined. In addition, the physicochemical properties and potential resource utilization of the reduced
slag were analyzed. The results indicate that insufficient carbon addition leads to incomplete reduc-
tion, whereas excessive carbon promotes the dispersed precipitation of metallic iron. Additional CaO
showed limited improvement in iron recovery performance, while CaF: addition effectively enhanced
melt fluidity and significantly increased the iron recovery rate. Increasing the carbothermic reduction
temperature of copper slag from 1380°C to 1460°C markedly promoted both the reduction reaction
and slag-iron separation process. Under the optimum conditions of 12 wt% carbon addition, 10 wt%
Ca0, 10 wt% CaFz, and holding at 1420°C for 80 min, the iron recovery rate reached 89.73%, the me-
tallic iron grade reached 87.72%, and the total iron content in the residual slag decreased to 5.61%.
Under these conditions, metallic iron aggregated into dense bulk phases with a distinct slag-iron in-
terface, while the residual slag mainly consisted of a homogeneous silicate glass matrix. Its chemical
composition exhibited certain similarities to silicate material systems such as foamed ceramics, ce-
ment, and glass-ceramics, demonstrating potential value for resource utilization.
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1. 51§

i 2 A KB I R A ) AR R S, AR 1R 2R 2.2~3.0 t HiliE . il 2 TR
BRI RR SRR, AV AEHE R OIS 5000 Jimf, KEMEFAN S H TR, 6] 5E7E XL -5k E
VB R R 4 B 1, X i 358 5 K AR I R AR R AR [ 1] (2] H A8 v 1 Ak B 7 =047 DA g R HEAT
% SAR P INME A4 1218 9 3, BEAAR TR R BIR (3] A BRIRE VSR E , VA 2 8k & il 1E 35%~48%
Z 1], FEEELVRMINE AT (FeaSiOs) RN (FesO4)TE RAELE, J&—Fh BA B s I B 1 sk AL — IR B IR
[4]

BRI h Bk B RIS, BUA T SR WL SR IR R A T . e, R DR R AR A
VeSS H S lcn s A, BRICRIE R BAC; M, Sl HGe BRL R 1 Bk A ey ELRIE IR N
eRY, BB B SR IR R A, AR IR B U R A B R 0[5 [6]. BT HRE AT
RE UM A WEERD MBS S ML AP, H BRI 5 O BEIADRE, SBW YL K
Z BRI A EBOR[7]. FIRNEA S Si0, & & FERREh LS SR sE, GBI IS mm . SRR
Ko BRBEGRAEIE LR T #8 5 ROIF A, S I IR BAE” LR, BRHIER EICER 8]
PRI, B T SRR 5 B R o R P i i 2 M S i s e, R IR ORI, SEBLmRROL IR
5 R BRI, CRONHRRRRIIE JFH kTl A N <8 i AL 9] [10]

HETAHSCHT 7t 2 b TR miL IR R 8O — T2 5L, 4 TIE R i e 22 4 . A zh
PER & RREIAT N Z MR F R R AL, FEE I EIR LI 7B IE iR, EfE Rk
GRECHT Y > B RCR A IRAE IR . RIS, BUA T2 S Tk BRI, X5k R B AR R
FAREAS L, ANAFH A B AR B IR AL S A A 1] [12]

HT b, ASCUAEADT TN 5, R 100 g ZhasE, KRG EABRME. CaO AN,
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CaF, WS INEE s S N B K ORI IR 1) 5 1 225 P A e ol IFE AR A AR B A Al $RBRR L ¥R Ak Fe &
BRI AT N, JF45 A SEM-EDS N REAL A T, ek n A R R . il
sy S5 S 7K R S R IR A AT b PR 8 SR USRI T 5 RV BEAT WD R, D B s Rk S B A B R AL
A PR SE I8 K -

2. SWENSEE
2.1. SEIS R

SOt FARVE B [ A SEARVA IR, SKELIN 7.8%, SRR, M. BEANE 100 H &M . &5
SR S0 = Al S IR JE A5 B0 BBk, HSRE K T 95%. SEIRd #2 A &AM N7 CaO 1 CaFa,
A ARG, HALRE 5l E T 98%H 98.5%.

RS 1 2 B L R 1 TR

Table 1. Chemical composition of copper slag

=1 AENERSE

Fe Si Al Ca Mg Zn K Na Pb Cu

37.255 15.185 2.460 1.610 1.235 1.075 0.905 0.720 0.166 0.127

B 1 T, SVESEEEEIA 37.255%, Si & E 15.185%, [z S A Sk, EREkr
E s B Ak S A B A VR R VRN s 15.185% ) & k&, [ it HY L ARV AR R DARERR Sh 450 N 1 5.
Hi7 ) XRD BEREME 1 Fs.

Fe,SiO,: PDF#01-070-1861
Fe,0,: PDF#03-065-3107

Intersity (a.u.)

m].h.h. J.J M;‘A_
el ll...... | T
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Figure 1. Phase composition analysis of copper slag

1. $EEMIRBER ST
B 1 AT, A A R AR N AT (FeSiOq) FIRE RN (Fes0,), AN G &)@, SEE LI
SEREIR S BT
2.2, SRS AZE

PGS SRR T 2 B85 08 XD-1700VCB REFHAR mi,  He i s S B anla] 2 fos . REFHAR P A B A
A O3 A A B DU AR AR AR A A R oT . 3RO AS e 22 ST RO RIS T - 3 vt
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Figure 2. Cross-sectional view of the experimental apparatus

Bl 2. i REREE

SEIG R R/ N AN B IR AN, KOS HIRIE NN E R 54, PTG B B AR Ak, 18T Tt
TR PR, INTT A R SN 5 MR TE =il 2 A T R AR = AR PR R . [RIR, 7EHPRR B S
M KA R SCHE R, —J7 TH R S I 5 0 R B B ek 5 BUR 2 Oy, S — D7 @ e TR B, ff
FAE T e X A, AT R IR SR R FA i B2 3 50 1 5 S 36 45 SR P A e M

S B I S IS S IR T VR I R

1) FH TR 7 AR 100 g Hri# 500 BT & 1Y) CaO. CaF, Ay, RASIFE i J5 A 52 2 i
TR AT B

2) FHHFRIEFREN SRR, 0 HIEREAN mi; FD 5 NI R (D65 x @55 x 100 mm)iik
EZ K5 N EHIR(D85 x @75 x 120 mm)P, FRNEEEBEH, FHEZE 1000°CH H A BRERAVE

3) AFEAE b R Ak S I A AT SRR B S FE AR T I AR A S SR IR (] o 24 B P8 i e s
BIVEM A S, KR, NIRRT NI B R SR B IR R iR .

4) T RFRRER A G/ SIS YR ST &, 108 m o BTSSR BRI 3 N 2R T
HATRRIEH, RER LB B R TUBURL S K5y, FHLRREA m x, BRI TE; FIHIRTF 3
W, ST IR R Rk, IdRREASERE; A EE PRI R G E, IR E
NEGBRT R, HERER T E S SRR E AN E SRR m e

23, SHTMR A&

K X SR T 6t i E R 4k 24 523 s SR ICP-OES 243 i JE Ak 2508k S AT, KM 0 us
K SEM-EDS 401 BB S5 o R A . b 577 A i B S i Bl (D, Rk
e RQ)HE, b R%034.32 4 100 g B 48k FE S E.

My = My — My — My — My O
My X Oy

S 2

¢ 34.32 @
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3. SRS
3.1. B EXREREMRNF M

AT T B AR AR R ORI 1420°C, 9236 ] 80 min, & A 100g, CaO
Yj CaF, [MAAMNR IS 10 g, SRR AR &, SO IE 5 5 BT &R Bk f AL . 4 ek &
i R GE B IS TSV R T A S BRI N 5 2 TR, AT BRIGE IR 5 T2k B 3 o 18 3 B .

Table 2. Effect of carbon addition on reduction

2. AEX R MR

5 C HE/% Bbg/g BrEkiE/g Tk /g
1 3 7.324 _
2 6 16.271 -
3 9 24765 1.845 1.603
4 12 27.209 1.749 2315
5 15 26.660 1.810 3.497
lE=) C &% Bt fr/% R /% # 4 Fe 8/%
1 3 76.61 19.15 28.76
2 6 81.61 47.62 21.73
3 9 83.37 78.56 10.97
4 12 84.07 86.50 7.19
5 15 84.39 86.49 7.13

3.0 cm

3.3cm

Figure 3. Effect of carbon addition on the morphology
3. A E TR KR RFN

H7e 2 W LLE H, BRI N 3%, HVERRGE TR FE UG, Bl Bk & Bk, Bl &
7 7.324 g (3 (1)), BMAIN 76.61%, “FIHREEN 19.15%, FHFER: 4 Fe 24 28.76%. Mok
T, BEFAL. CO FEBAR, SPMTTERA PR B, Emkh b EITH5RE, N
% BGHOIR 45 8 2k T IR A3 B IR B
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TR EIGINZE 6%, BT BkHUi &8 16.271 g (4 3 (2)), Bk L AIERER 243700 81.61%H11 47.62%:
LR 3% AL, BRIV EIGIN T 8.947 g, REREIEE T 28.47%, #EH4: Fe BFFIKE 21.73%.
Yk RGN A 9%IN, AV R PIL SIS Pk B 24.765 g (K13 (3)), [FIRTUEES 1.845 ¢
BRERAN 1.603 g VK, BRI AR BN 83.37%1 78.56%, SHREN 6%HAHLL, $REFRE
30.94%, ¥4 Fe R E KA 10.97%. WAAHET, @RS EIHE R 3815 IKk3) /1387, FeO
) & JBBREL LN R . CaO-CaF, & RTEUMLIR & T O & — B ahtt, WA 15 5 S R AR, e
E Fe T B IR RS BSIEBAPRESKA, RERSTITE SRR, HHEERE K
& Fe &, (H/DBERERE TR0 H IR B 4 )8 2k A s 28 i PRI B — e R 4 K

PR IE I AR 2 2 12%F0 15%0, S iR HAGE 7 5 Fr S 2k U =53 8 27.209 ¢ (513 (4)
H126.660 g (3 (5)), RN HIUWCEES] 1.749 g A1 1.810 g 2Tk M 2.315 g A1 3.497 g 17Ky . i RRHGE 5
JE AR AL 53 5 84.07%A1 84.39%, FRELZ 7371108 86.50%F1 86.49%, WH14x Fe &4 AN 7.19%41
7.13%. ScHEN 9% L, $eekZei i s B TRE . MG JE RN O ATE R, fegkE
TR SEBHAN 7 RS BE TR & =380, AOMAE s 5 807 s e, & 5 4
BB AT FEERER S A A SN kR T B AR A K

3.2. 7RI CaO F$FEIR IR AR

AATHEIE CaO WRINEXT A S ER SR RE o [5E SCIS IR FE 1420°C, SEERf (] 80 min, I &EA
100 g, EJRFERHEA 12%, CaF, INIIEN 10 g, (EANEFESMNAIN CaO H B HMHE, 24 CaO ¥
o2 X S i A TS T SR R I AT s Bk R R R B AR TR S TSR R R A R
SERNFE 3 PR, AERAGE R 5 TR SRS 4 Fos .

e 3 AfLAEH, FERRAIRH SN 12%. CaFo NI 10% 46 T, B CaO SIS,
A B TG IS A TR AR AR A AR BN AR

Table 3. Effect of CaO addition on reduction
= 3. CaO ¥ & BRI RIS

75 CaO Jfi /g PR/g PRk /g H g
1 0 27.388 3.616 2.667
2 5 27.531 2.351 2.952
3 10 26.684 2.669 2.840
4 15 27.489 2.422 2.190
5 20 26.557 2.227 2.105
e CaO Jfift/g B/ % PR A/ % 4 Fe &/%
1 0 77.74 85.76 9.11
2 5 82.16 86.30 7.88
3 10 83.04 86.06 7.45
4 15 81.61 87.00 6.62
5 20 83.01 85.57 6.81

DOI: 10.12677/meng.2026.133013 109 BE TR


https://doi.org/10.12677/meng.2026.133013

i

3
A—.
3.4 cm 3.3 cm 3.0 cm
S —————< —_—
3.6 cm 3.0 cm

Figure 4. Effect of CaO addition on the morphology
[El 4. CaO AEXIE R KRR M0

KA CaO B, FTfSEkbh &N 27.388 g (4 4 (1)), FIRUES] 3.616 g BERA 2.667 g 754, B
REFIHRER R 5N 77.74%H1 85.76%, W4 Fe B4 9.11%.

2 CaO WINEA 5%H 10%}, il i UL J5 5 s S i &2 il v 27.531 g (K 4 (2))F1 26.684 (]
4(3) g, BRI TR A 82.16%H1 83.04%, HEKFE 717N 86.30%1 86.06%, BAMIN CaO s A H
i, B4 Fe B ECE 7.88%M1 7.45%.

1 CaO N INEHE— DI IN A 15%F0 20% 8, it &5 718 27.489 g (14 4 (4)) R 26.557 g (14 4(5)),
BRI 5N 81.61%F1 83.01%, HEEKZF 514 87.00%F1 85.57%, £ 15%I %k i i i 4 Fe &4
A 6.62%A1 6.81%.

FIH Factsage #4124 S AEH 1K) Viscosity BT 1420°C R, AU# N 0~20 g CaO 57F 10 g CaF, 3
fitli 1 28 CaO R0 (14 7 b A S Ak R R AT 0 FE RSSO B, R AR & R 4] 5 i

33

—a— CaO Effect
—o— CaO-CaF, Combined Effect

—_ = =N
N L o —
T T T T

Viscosity/10 Pas

0 1 L L 1 L L L

0.0 2.5 5.0 7.5 10.0 12.5 150 17.5 200
CaO Addition/g

Figure 5. Effect of CaO addition on viscosity
5. CaO A EXFERIFMN
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B S iTLLEH, 1420°CHHET, BiFE CaO MNINEH 0 3INE 20 g, PR R IARE B3 B2 Fp st
NEEEass . Hrp, U CaO I, ZiFEH 0.323 Pass f# 2% 0.146 Pass, FRRIEFERIAE; Mi7E 10 g CaF, Jk
fih E4kSEH N CaO B, K RFEEANH 0.088 Pass 2125 % 0.071 Pars, L& T V4%, i8] CaO REiEidIT
AR Si-O-Si fEFRERIN A S5 . PRRIG ARG E, U\Tfﬁﬁkfﬁﬁﬁ-‘%iﬁ}#ﬁﬂﬁéﬁffﬁ?ﬁiﬂ'ﬁ GHITF Fe M

R RS R, R & R B IE % . RIS 157“ f CaF, O E PR RR R XA T, 4k
SN CaO X MM ERA R, Bk HxE Jf'?l'ﬁﬁ\ FERRACBOR AT &, (R I N /INIE
5.

3.3. 7RI CaF, xR &R KW RN

AATHIT CaF, WIS A& S 2R SR B2 o [ SEESIR S 1420°C, SEERH[A] 80 min, HlVE= N
100 g, EJEFIHHEN 12%, CaO HANRINE N 10g, FEHE DRI CaFy OB HHE, 20 CaF, iR
o2 X S B R TS BT SR R AT R B 2R R R B A T S TS A R Rk A R
g 4 FR, BB RRRGE R S BT AR SR I & 6 TR .

Table 4. Effect of CaF> addition on reduction
Fz 4. CaF2 X R RZ RO

P CaF, Jfi /g P i/g BRikit/g g
1 0 22233 2.337 2.801
2 5 25.666 2.171 2.808
3 10 26.684 2.669 2.840
4 15 29216 1.196 2.362
5 20 28.270 0.997 3.064
F5 CaF, Jii fit/g BRim /% SEITRERE /Y% R4 Fe B/%
1 0 85.08 75.87 13.66
2 5 81.41 80.87 10.63
3 10 83.04 86.06 7.45
4 15 82.70 88.36 5.89
5 20 85.58 87.87 5.72

ey

3.5cm 3.6 cm

Figure 6. Effect of CaF2 addition on the morphology
Bl 6. CaF: 23T R AT HF T
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He 4 WLLEH, TR IR N 12%. CaO MNINEN 10%%&4F T, B CaF, I INE s, 4
AL R RSB D 1 5

RIS CaFy I, FTfSkdeii BN 22.233 g (4 6 (1)), [FINFILEES] 2.337 g BRERAT 2.801 g 1747, ko
LRI 85.08%A1 75.87%, W14 Fe BN 13.66%.

2 CaFo IS EN 5%H1 10%0,  Hil i ik FHAGE S5 5 TS 2R & 53 IS I 22 25.666 ¢ (51 6 (2))F1 26.684
g (6 (3), FIEERSFHEETUAKR. MM 0HN 81.41%F1 83.04%, FEEFILHEE 80.87%F1
86.06%, BRI CaFy 4> HIHER 4.99%A1 10.19%, #h4: Fe BIFKE 10.63%H 7.45%, 535 B
3.03%H1 6.21%.

2 CaF, IS I EE— I A 15%F0 20%H, A ik 0L 7 5 P2k Pum &40 8 29.216 g (] 6 (4))
H128.270 g (141 6 (5)), Hrt 15%H ik 25 KA BRER & 2 NS 1.196 g F10.997 g, Tk 437K 2.362
g M1 3.064 go Bkithrar il 82.70%H1 85.58%, #EEkF 737108 88.36% M 87.87%, WHith4: Fe it —H %
2 5.89%F1 5.72%.

FIH Factsage #4721 H B ) Viscosity BEH 1420°C R, AN 0~20 g CaF, 51E 10 g CaO %
fill | 2538 CaF WS 0 & 1 PR P g 5 A4 R dEAT B BEAADLTHAR, R AR A & 7 Fow

33

30 —#— (CaF, Effect
—o— (aF -CaO Combined Effect

Viscosity/102 Pa's

0.0 2.5 5.0 7.5 100 125 150 17.5  20.0
CaO Addition/g

Figure 7. Effect of CaF2 addition on viscosity
7. CaF> FRE X FERIF/NT

HE 7 iTRUEH, 1420C4 T, BifE CaF ISR 0 BGINZ 20 g, (AN CaF, 14 R 11 AR B
1 0.323 Pa-s {2 E &ML A 0.047 Pass; 7E 10 g CaO JEAli 4RSI IN CaF, I, PR RBEEHH 0.213 Pas %
% 0.047 Pass, BAARFFETIEEY, HEMEE T BN CaO KR . UM CaF, X PRI IR R E &
BRI A N B . 3 EEE F 95 Si-O-Si REMRH MR 45Ky,  BRARIA R SR & FE 2 it A
TERL, MBS R AL A6 EE, Itk Fe iE R 5 R JF R N, $2 = PR 2R 238 H PR AR 7R R Feo [FINT,
CaF, 5 CaO hIRIMEHET R — D IR ICI AR, (&R PR REK R, WA BRERIRERTH . 24
CaF, it —BHniG, RREMWIFETERBTEMA, BIARE FREERZE, ER5S 5 SimcCkE
FRaE.
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3.4. im BN R BRI R A RN

AR FEOR ULt BN HRVE SRR AR IO REM o [ 52 PR AN 5] 80 min, VAR 100 g, 38 B5HAR &Y
12%, CaO M CaF, S IIEIIN 10 g, BARSEIGHR L, HOH A R RGE IR Fir /5 SR Bk (i b ARV Bk
ZE AR ANE SR 5 T R T B B BRI RN AN 5 PR, SRR GE R 5 Fr A3 Sk BaE Biin 14 8 s .

3.2 cm 3.5cm 3.5cm

—

3.5 cm 3.7 cm

Figure 8. Effect of temperature on the morphology
E 8. IRE TR Sk IR

Table 5. Effect of temperature on reduction

5. IRENR AR

Fr5 B/ C Bbk/g Beiit/g TFhiE/g
1 1380 25.239 2.353 2.908
2 1400 27.209 1.455 2.163
3 1420 27.636 1.749 2315
4 1440 28.821 1.326 2.155
5 1460 28.917 0.825 2.050
Fr5 /I C B fi/% FIGPRERER /% 14 Fe /%
1 1380 78.40 78.92 10.80
2 1400 81.49 81.19 9.83
3 1420 84.07 86.50 7.19
4 1440 86.50 87.21 6.90
5 1460 87.72 89.73 5.61

e 5 ifLAEH, 7EREFIIKA RN 12%. CaO 5 CaF, I INEIIN 10%. FREE]4 80 min £+
T, FEERIEH 1380°CTHE A 1460°C, A ik HGE J5 3R FF 4L 158

MR 1380 C T A 1420°CHF, BB s 25.239 g (41 8 (1)HINA 27.636 g (& 8 (4)), HINZ
240 g; BRI 78.40%FEH 4 84.07%; FEERFH 78.92% 2 42 86.50%, P 7.58%; EHI4 Fe EH
10.80%P& K ZE 7.19%, F#K 3.61%, FHIIE R N B 5nik.
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MR B TR R 1460°CHE, BRERFTEIINZE 28.917 g (1 8 (5)), #2 1380°CHEINL 3.68 g; #kEk
HH 2.353 g FRAIKE 0.825 g Bk hideimE 87.72%; HREKZFEIE A 89.73%, K 1380°CHEMZ) 10.81%; &
4 Fe KA 5.61%, % 1380°C KL 5.19%.

BRI TR, KRB FIRE) 1158, FeO MG BEEALEMTE Sy, RN SRt m Stk %
RiE CO Ap, #m T FHIERIEZE . Fe fEMAH - 1Y BUL R Re )1 3808, 1k R i 2 BRAL IUE D
AR AR I . SRR TEARR BE A R Rl . SRR S UTRE, BRERIREOIT s, HotRek i =1
o, RIS & SRR R &, A TR AR Fe & BB (k.

3.5. GRIEETE X $RE R BRI

IR ST LR TR H v PR Bk SR s o [ 2 SEIR IR N 1420°C, Hil & 100 g, 187 71k F &=
N 12%, CaO I CaF, iNINEIIHN 10 g, SULPRIGN ], MR b J7 5 4 Jm gk n) i Ar . i ik
ST B A JE i BT RE TRk & B UN 2% 6 FiR, B R AGE IR 5 T A 3 an 1 9 Fiaw

B 6 ATLLEH, TEEIRFIHAEAN 12%. CaO 5 CaF, iNINEIIN 10%. HEAN 1420 C 44T,
BE & SRR 8] F 20 min ZEKZE 100 min, 477 B HGE JEURCR G 1 55 5 TP AL

Table 6. Effect of holding time on reduction
= 6. FRIBATE)N R LAY FZAE

75 B/ C /g Ik E/g Th /g

1 20 -

2 30 14.533 1.654 5.282
3 40 20.814 4.103 4.748
4 50 22.910 2.833 3.773
5 60 24.417 2.530 3.334
6 70 25.885 2.320 2.722
7 80 27.636 1.455 2.163
8 90 28.196 1.180 1.821
9 100 29.317 0.418 1.475

lhac BEE/IC B/ % PR /% 4 Fe B/%

1 20 - - 31.27
2 30 68.84 44.55 24.14
3 40 80.66 71.55 14.06
4 50 79.15 73.57 13.34
5 60 82.95 78.73 7.45
6 70 83.17 83.15 7.40
7 80 84.07 86.50 7.19
8 90 83.74 86.51 7.18
9 100 82.76 86.62 6.98
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Figure 9. Effect of holding time on the morphology
E 9. RiBFEIXIE R KT SRS

MLRIRIS A] 9 20 min B, RSB B SR, £ 2 RAEESMEIIE 9 (1), BRI E
BRREK A, RER A2, 2WHEREEEREEILIEEN, Bh 4 Fe EREIA 31.27%. Z%F&M4 TR
LM ANTEE R B, A4S CO AL, Fe /5bA FeO BiREMR #i I RAEAE, RN BAIE K RRHIE 4R
BRR SERUEAZ S KR, DRI A WL 52 21 B SR AT H

RIS B B 30 min ZE4K A2 60 min B, BRERFIEH 14.533 g (8 9 Q)04 24.417 g (K 9 (5)), H
%y 9.88 g: BhiAn AL HT 68.84%4 H 2 82.95%; TRELF M 44.55% it m & 78.73%, i 34.18%; 4 Fe
& HH 24.14% 5K E 7.45%, K 16.69%. UL CO 73 iR EHEZ) FeO RRELIL R (EMRFEREIEA T, Fe?'
Bt SRR R BB AZ S R R FIP T, IRERR B S B Fe PURPEK.

ORI (B3 — P AE K A 100 min (B 9 ()i, BRERBTEEINE 29.317 g, # 30 min $ N2 14.78 g;
BRERH 1.654 g BRIKE 0.418 g, 15K H1 5.282 g BRIRAE 1.475 g5 FRBRILEZE 86.62%, % 60 min {45
%] 7.89%, T+ 4 Fe E[FE 6.98%, BLHaLE . LA RIE R N T #2475, FeO AR,
SNBRE) ) R PR, FEURNLE RIS, I B R R A AL i oy S ], RN S B R E.
KRGV IR 5E T Fe B lbia TS, RILEZEAM N AR 80 min NN T ZESH.

3.6. BBV S EREUFIR S

TERRATIZ AT H 55 23 B RIS T 4% RS AT 0 2 SO 485 4 B e IRAFIR St R AR T WAL
T REPESE—ESEN SiOy. CaO. ALOs, HALH NS 2 MiERR £ T RMA R B —EH 1)
P, R R A — B SRR R 103 . RN IR SR RS e S FIRE, AT RS R AR
AL EERES, KA SEM-EDS X HAOIE S & B Ie 3 A AR AEREAT 708, JF&5& XRF Rl 4 2R,
Sty MR SRS B TV AR R R AT ST LG, WD ER T 4 A R v T R S ) A e
PR ERAPRL I 1) B2 R A R T AT 1
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R

[ 52 SR UG 1] 80 min, SZGIREA 1420°C, RN 100 g, (EAE IR IN—E &1 CaO Ml CaF,,
I e 4 2 0 JER B ) e, TS B A SR S 36 7 N3 7 s, FhrR 1~3 4100 1420°C 735 80 min, 414 K

1460°C {5, 80 min.

Table 7. Microscopic morphology experiment
7. WRRIRTEE LI 5 R

C H#/g CaO ¥ INi/g CaF, i In /g
1 3 0 0
2 12 10 0
3 12 0 10
4 12 10 10

RV BRAIE JEUR P RIS 10 AT 11 . 5B ETRS H T L BB S A B b
AT S 0 EDS 047, 45N 8 TR

Figure 10. Macroscopic appearance of residual slag

10. BERMFSR

Table 8. EDS analysis results
% 8. EDS 45 R

TLER G/ %
T HAIYIAE
O Si Ca Fe Al
A 39.19 25.73 2.94 21.96 -
1 B 27.75 - - 60.53 9.44
C 41.18 22.60 3.46 23.44 -
A 40.01 - - - 59.99
2 B 52.79 21.88 10.06 - 13.25
C 24.08 23.34 17.12 23.82 9.47
A 20.95 29.32 28.86 - 19.28
’ B 38.59 20.13 9.88 8.32 13.51
A 38.21 23.42 16.97 - 19.19
! B 31.61 15.56 12.37 - 11.99
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Figure 11. Microstructure of residual slag

11. BEHMRER

%7 W 4 HFER O BIRERIETFEZ) AR AR CaO AN CaFay Ak S5 B PUFf 7 1.«

I 10 5K 11 wran, EESE, DULERE SR & R 78 40 OB IA) S8 A Rl 7 B A AT 9. B IR 30
NAREKHET, FE2REEYOR, Wb Mo i Bk = DEmeis, O iR DL 26 [ 2 s 16 m
RERE, RIEBARCEA; RN CaO I, ¥ R4 ARSI B IS4kt B D BCh T3, RIPER
CRANBRB SRR E, MAMERFG IR RN CaF, WA R BEAZE N BERE, Ry sa(H 1y
SIVERZE, IR B IR S A MR E AL s M RARAE N, FEi RRa 6 H A A BB
LW el —, RIS R PSR, YA R CSL IR s S R T AR .

7 8 TR, &k R 2 Rt — PARIE SO R A RRIE & S B AR AR 0 L SRS A KT,
SRR HEC, SAMR Fe 5 O JLEAFAAE, JHAERE—E SitEk, KW Fe FELIEAERR 1 50 FeO B
EE T, RIESRML B

AN CaO B, Fefgrt il Cay Siv Al ZJunamfF, RIBRIT Fe 5 Siv Ca [RINAEAE, N
T ERAH DL R A R TR R T SAFAE , U TR R 1S A A (RS R S AKCE 4R s AN CaFa
B, Bk Ca 5 Si i3S, RWNKERS RGN, JIBRH Fe & &K H E0BURES, W
B B N A S5 PR, (IPEMR R AR N R AR e S IE

SRR N AT, FAAFEH Cay Siv Al & O MR, RATIZIBI R Fe & &£ RMRL, RFKCIEALL
SR ANT H I NBA T35, TR F BN e R SR A

RBINTTHI T, Fe REUIBERBBEANSHEETRREEWT, FEURERVEIR 5T
CaO FIMMAME A REER SRR AR T, S UM MBS B IR Sh 4% 4k, (EAEARIRE &1 P24 A0 CaFs
IR RIS AR A B, AP GRS, (2 TRa i & S 80EEmAH 7 #G 1Mi7E CaO 5 CaF, B
FWEFATN, IS Smsh i se e, M i . Patudfe & R F AR UL R T, A3k
1335 R 8 VA G540 5 = U B & R A

9 AR SR PE B RS RIE SRR MR R KR RO ki B SRR T B R LR

Table 9. Chemical composition comparison for residual slag utilization

#9. EEMAMS MR

N FERSEE%
ks R4
SiO2 CaO Fe203 ALO3 MgO
1 YR 34.01 21.49 8.03 26.45 2.99
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HR =
2 KA E 40.2 15.98 - 8.2 0.1
3 KV HCE 56.23 10.8 9.00 - 1.25
4 Tl i B 7S 38.73 31.18 1.92 24.17

H 7 8 H R PR EARMA R AT UG Y, H S i HOE 7 5 R 1) K 7 A Si0s CaO+ AlLOs
J FerOs, KR T MR L2 oo rERR SRR R, TR 5 R IAPEE  7KU8 Bk it B 35 4 Tl B IR
HA — @A o, B SiO) &N 34.01%, 5 R EERARH40.2%) J A0k 3% 35 SRR (38.73%)
R, VRN EEMRILRENY; CaO SN 21.49%, T RKIGKE S ER 2 m, 5T
B AT s b I B O MO M R BN 1 s ALOs S RIAE 26.45%, WIS M T R IEMIEIER, 5505 s FoR
(24.17%) 3, WiV A BT 45 M e se RE AN FAE B8 W3R m AR MU S S Fae . ik
4b, BT FeO5 &8N 8.03%, S/KVEHCARLH 1) FerOs & 8(9.00%) 4501, BE vl 1 MK e A & b Bk i i
RSy, RN LM & S S R R &R R — e WIS AR (A .

=T B, R BARTE R th ) LA — & 2 5, (BRI E A A R B B
wtk. B 5 RN R A R AE Si0,-CaO-ALOs 4R - B S m A UE, 178 /K Y44 2 o U ]
VERRER . 8RR Sk A IE SRR VB e SRR . DRk, AL SR A FE AT, ARk n R R — 2
RERR SR AR R R T 71, AR AR RIS T BB A KR S5 7 1A IR SR T iR 5% .

4. &g

1) BEE I JFE B B 3% i 2 12%, 4 Ak A TR AR P 35 25 1 5, SRR 1H 19.15%38 51 22 86.50%,
B4 Fe B H 28.76% K 7.19%. CaO WIMMEIIINZE 15%H), ek ik 2] 87.00%; CaF, IsiN&E
M 0% & 15%K), HEEFRH 75.87%IE £ 88.36%, 4 Fe ffl 13.66% 4K E 5.89%. 45 H KM,
HE IR YOI BRI JFE NG S, 15 I S50 SRR B YR DIAR DG . & S0 I F B R 48 =
PR ZRICJFEIRE) 7, 1 CaO 5 CaF, WE i T RERR Sh I 28 2540 . PRARAA BN P A oA AR AR 0T, i3k Fe
M RSO S I R R 4 8, Horh CaF X B Mk R sh MR sk 3 B AR F o & .

2) BEEIRIEH 1380°CTHEZE 1460°C, $RERH 78.92%H & 89.73%, 4 Fe il 10.80% 41K
2 5.61%; BEAE CRUGET A 20 min ZE4K % 100 min, $28k3EH 44.55% 52 2 86.62%, #EH 4> Fe T H 24%
FARZEZ) 7%, il 508 Y R ORI BT [F) R 2 2 9 A A v R PG I 2, [ 1 R T v % e 2 B[]
K, JERFEREREAC. WUELLEIGE N, SJBENTE 5L RISV, 814 RIE M 52 BRA% 5 W) s
BRI BUEAS, T SEBUE IR 5 4 B P [ 5k .

3) WSk R Rl 34.01% Si02 21.49% CaO. 26.45% AlLO; & 8.03% Fe,O0s 4%, 5k iEM
B B POK IR A T EMA R B A B m A A, RIS R 47 iRERR SRR RIS 77, mTER
EEHPPRIE R JFOR,  SCOLARTE B R AR

TEIR MR, AT T RBI SRR N SEM-EDS B0 43 #1684 7 BT 15 8
MARBE— IR XRD PAHA T 1R BRIV S SEBR A R AR, CAR R AT 7R 5 SR AT T
i,

SE K
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