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Fig.2 Schematic diagram of the isothermal

reduction experimental apparatus
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Table 4 Linear fitting results of different kinetic models
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Fig.4 Linear fitting of different reduction

é 4‘1 é é 1‘0 1‘2 1‘4 1‘6 1‘8 2‘0 2‘2 2‘4 2‘6 2‘8
fisf (] /min
ARV R i Bl ) 2 B R A S
(FAL ] ~ BRIV )

kinetic models (model [ ~model IV)

BELRR 10 1A 2 T 19 4 Mk, S B304 T AL 3 M L 4
1, X — BURAE L JUR 1 <6 J AR A 174 L 5 i v
PENIESE (B 7, 58 A X Z o AR ) o

nk
I

=)

(Y]

" y=1.02325-0.9944/T
64l R=09939

784 66 68 70 72 74 76 78 80
T/10* K
B5 Ink5 TR
Fig.5 Relationship between Ink and 7'

L2/%
g 3

40 I L il I i}
1000 1050 1100 1150 1200 1250
R/

6 I BN BRI 4 R AL AR B R
Fig.6 Influence of temperature on the

metallization rate of pellets

7 & JRLERHAIRY SEM [&]
Fig.7 SEM images of the metallized pellets

Xof i J i R BR TR A T WA 43 B, A5 SR A& 8 i
No HEI8 AT, 1000 ~ 1100 °C B )5S ik 4]
H S R (W R AOASE A , T BRI IR A% 14 T G
AR FEARTE T 1200 CiBJ 5 A £ R 48
Bk A g R bR B X SRR 4 TR AL 4
BrAHAF Gro DRI, 4 i A 1 T R 5 R A Al i DY)
I JFIEEE A 1200 C



AR5+ I — PR VBRI 5 BRI AR )5 50 ) 2 5 - 167 -

2025 4 12 45 6 1) A
#5i0, aFe wFe O, ¢Fe O, ® Fe SiO,
* ‘ i
1250 C Los vt l :‘X
+1
1200 C A* + i !
+
1150 C L*®.* vl J\ & ‘g
1100C g . o 50 L *
TESTNTN T P Y
A
100%e Lo ddler LR 2k

1 1 1 1 1 | 1 1 | 1 1 | 1 |
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
20

B8 itk s YA

Fig.8 Phases after reduction of copper slag

3.4 HBEERKHTERBBEORE SN

LGt GA S5 T2 32 B8 1 ) AR AR Rk 4
AR R, = b DRI S5 R 0 F 00 1 L fig
i FE 90 ~ 120 kJ-mol ™', EFE K 45 L EL W B Ak 5
AR Hh 1k 22 1k A BRI £7 (Fe,Si0, ) B4R, 5
Si0, JE LB I 454, A e, RBUE ML L Z
MELATEAR A S A T gl Il . 2 o i kb e A
1o LR TR KRB L 5 AL S R, R e AR
) CO H, S PSR AT T 155 T2 50 ~
100 °C A3 B2 X 18] P Il Fe,Si0, 43 5 Fe Ao
ARSI AR R LG AL RE A 82. 67 k] -mol ',
BESCHR FP AR R A FR R BRATE A T W, 2% 0 2418 o ]
AR RFAR SN fE 22 TR THA R TR MRS 1
SRk F [0 206 e AS (SRR AR A T R 410 1 o T A A £
B, Ji5 S w0 B A R T A R A 2 5 [
B, R AL 20 0 WAL A P, v Dl T A e 7 9
WK HERL . 2553 J12F (REFRE RORBE Rk 25 , 24K
SRRl i A D5 T B 5 s I ) T e L R
ST, A G RACAR AL T AT — 25 IR B
Rz,

4 g

B HRE  TABR OB 1 TR R 1 Si0, 3
A G M LRI AR [ WAL, A 5 B 2
PRSI ) 3 A 4K T DEANS 46 T -
PR £ BRI SR R Sk B, 9365 S 18 )
SEOVHT, AL F HEEE

1) S O 24 4 BRI B3 et R
B 4 S A SRS O ( Ginstling - Brush-

tein ) B, 26 PE U5 15 2 R LT L BE y 82. 67 kI/

mol , B ARERA/ BERAH DL AR FIAAR R B 8 A, ik

H S P SR R A e RO LS R AR RE 22 77 1T FY

AR
2)7E 1000 ~ 1200 °C [X[a] Y, il s AR 9 0 52 45

FRIEI 5 Bl 7105 858, 1200 °C AR

30 min B3k 78.3% , Bk P 3= ZEW) AN 4 Bk L A o

R gAYy . il S 1200 °C O D) A A

A T AL B 3238 St/ S BRI A e B, S ECR R

PEARIEAT T [ o
3) iZET % R PR AL E AR AR A CO JH, 5 1<

TR, 58 LR AR A L, AR R AT AEAR 50 ~ 100 C

MU T AT i B R AL 22 IR L PR B 5

R AN 8T ARRH I AR R HE R, ik P AR T o i

R B FalURH 60 B3 R UL 1) XU, Ay e B B kR

Mifn 2T IRt TR AR B8 A

E=3UN

[1] HUANOSTA-GUTIERREZ T, DANTAS R F, RAMIREZ-
ZAMORA RM, et al. Evaluation of copper slag to catalyze
advanced oxidation processes for the removal of phenol in water
[J]. Journal of Hazardous Materials, 2012, 213 325 —330.

[2] CHEN M S, HAN Z R, WANG L Z. Recovery of Valuable Metals
from Copper Slag by Hydrometallurgy [ J ]. Advanced Materials
Research, 2012, 402 .35 —40.

[3] LEMOUGNA P N, YLINIEMI J, ADESANYA E, et al. Reuse of
copper slag in high-strength building ceramics containing
spodumene tailings as fluxing agent [ J]. Minerals Engineering,
2020, 155 106448.

[4] PHIRIT C, SINGH P, NIKOLOSKI AN . The potential for copper
slag waste as a resource for a circular economy: A review-Part Il
[J]. Minerals Engineering, 2021, 172(2 -3) :107150.

[5]  Z=, B, X7 . Cu it A BEE AR BUR S B[ T ] . e
& M A 4,2021,41(03) 1289 -293.

LI Shuai, KANG Zeshuang, LIU Wanchao. Current Status and
Prospects of Cu Slag Processing Technology [ J]. Special Casting
& Nonferrous Alloys, 2021, 41(03) :289 —293.

[6] MESHRAM P, PRAKASH U, BHAGAT L, et al. Processing of
Waste Copper Converter Slag Using Organic Acids for Extraction of
Copper, Nickel, and Cobalt[ J]. Minerals, 2020, 10(3) ; 290.

[7] MIN C,DMITRY S,PEKKA T, et al. Recovery of Metals from
Copper Smelting Slag Using Coke and Biochar [ J]. Journal of
Sustainable Metallurgy, 2024, 10 (1) : 360 —374. .

[8] LONG H, MENG Q, CHUN T, et al. Preparation of metallic iron
powder from copper slag by carbothermic reduction and magnetic
separation[ J]. Canadian Metallurgical Quarterly, 2016, 55(3) :
338 —344.

[9] YALONG L, QINGFENG L, BOWEN S, et al. Value-added

utilization of silicon and iron in copper smelting slag [ J].



- 168 - ¥ A G LA RIS

Separation Science and Technology, 2022, 57 (16): 2662 - [16] BAOJING Z, TINGAN Z,ZHIHE D . A Thermodynamic and
2674. Experimental Assessment of the Recovery of Copper, Iron, Zinc,

[10] ZHANWEI H, XIAOJUN H, KUO-CHIH C. Synergetic and Lead from Copper Slag [ J]. Minerals, 2022, 12 (5):
modification of industrial basic oxygen furnace slag and copper 496 —-496.
slag for efficient iron recovery [ J ]. Process Safety and [17] WANG J P, ERDENEBOLD U. A Study on Reduction of Copper
Environmental Protection, 2022, 165 487 —495. Smelting Slag by Carbon for Recycling into Metal Values and

[11] DANKWAH J R, KOSHY P, SAHA-CHAUDHURY N M, et al. Cement Raw Material[ J]. Sustainability, 2020, 12(4) . 1421.
Reduction of FeO in EAF Steelmaking Slag by Metallurgical Coke [18] QU G, WEI Y, LI B, et al. Distribution of copper and iron
and Waste Plastics Blends[ J]. Isij International, 2011, 51(3) : components with hydrogen reduction of copper slag [ J]. Journal
498 -507. of Alloys and Compounds, 2020, 824 153910 - 153910.

[12] HOU S,WEI Y,LI B, et al. Cleaner recycling of iron from waste [19] GINSTLING A M, BROUNSHTEIN B I. Concerning the diffusion
copper slag by using walnut shell char as green reductant [ J]. kinetics of reactions in spherical particles[ J]. J. Appl. Chem.
Journal of Cleaner Production, 2019, 217 423 —431. USSR, 1950, 23(12): 1327 - 1338.

[13] MANSURI I, KHANNA R, SAHAJWALLA V . Recycling [20] PRAKASH S, RAY H S. Prediction of reduction kinetics of iron
Carbonaceous Industrial/ Commercial Waste as a Carbon Resource ore under fluctuating temperature conditions [ J ]. ISIJ
in Iron and Steelmaking[ J]. steel research international, 2017, International , 1990, 30(3); 183 —191.

88(6). [21] i Y BUKZETRA LRI &S RIPIRID]. B

[14] ZHOU S, WEI Y, LI B, et al. Cleaner recycling of iron from B K2, 2013,
waste copper slag by using walnut shell char as green reductant CAI Haiyan. Study on Syngas Production via Catalytic
[J]. Journal of Cleaner Production, 2019, 217 423 -431. Gasification of Biomass Using Steam [ D]. Huazhong University

[15] SETHI A’ S, MAHOBIA G S, SINHA O P . Reduction behavior of Science and Technology, 2013.
of iron ore pellets with addition of plastics along with conventional [22] RAO Y K. The kinetics of reduction of hematite by carbon[ J].
reducing agents [ J ]. JOURNAL OF METALLURGY AND Metallurgical Transactions, 1971, 2(5) . 1439 —1447.

MATERIALS SCIENCE, 2015, 57(3).

Isothermal reduction kinetics of copper slag-waste plastic composite pellets
LI Jun', JU Yanmei', SUN Mu®
(1. Guangxi Vocational & Technical Institute of Industry, Nanning 530001, China;
2. Northeastern University , Shenyang 110057, China)

Abstract; To tackle the difficulty of cost-effective iron recovery from copper slag, where iron predominantly occurs
as iron olivine intimately bound with SiO, , pyrolyzed waste-plastic char was adopted as the reductant. The char was
blended with copper slag to form composite pellets, which were subjected to isothermal thermogravimetric tests at 1
000 ~ 1250 °C. During reduction the char supplies both solid carbon and in-situ-generated CO and H, ; the real-
time mass loss of the pellets was recorded and converted to the reduction fraction. The results show that: the
reduction course follows a three-dimensional gas-diffusion mechanism ( Ginstling-Brushtein model ) , yielding an
apparent activation energy of 82. 67 kJ mol "' ; the metallization rate rises sharply with temperature between 1 000
and 1200 °C, reaching 78.3% after holding at 1 200 “C for 30 min; further heating produces liquid phases that
block porosity and slightly decrease the metallization degree; compared with conventional coke reduction, an
equivalent metallization rate can be achieved at temperatures 50 ~ 100 °C lower, indicating that the * dual-
reductant” effect of the plastic char lowers the energy barrier, shortens holding time and mitigates high-temperature
sintering/ encapsulation. Overall, carbothermic reduction of copper slag with pyrolyzed waste-plastic char enhances
iron recovery, cuts fuel consumption and CO, emissions, and enables the co-valorization of two solid wastes. The
kinetic parameters obtained provide a data basis for industrial furnace optimization, continuous feeding and
subsequent magnetic-separation process design. Future work will evaluate char quality variability and pilot-scale
feasibility to advance the industrial application of this low-carbon recovery route.

Key words: copper slag; iron olivine; carbothermic reduction; pyrolyzed waste-plastic char; apparent activation

energy ; metallization rate; kinetic analysis



