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Abstract; A technique consisting of acid leaching, oxidative precipitation for impurity removal, and solvent extraction
was adopted to effectively separate and recover nickel from high-nickel electroplating sludge,, and then high-purity nickel
sulfate hexahydrate was prepared. Firstly, the sludge was leached with sulfuric acid, and most of nickel, copper, iron
and aluminum in the sludge were leached out in the leachate; then, hydrogen peroxide was added to the leachate for
oxidation and precipitation to remove iron therein, and the suitable endpoint pH value was 3; after that, sodium sulfide
with an appropriate excess coefficient of 1.2 was added to remove impurities therein, resulting in the precipitation rates of
Fe and Cu reaching 99.43% and 98.13% respectively; by adjusting the pH value of the precipitated solution, nickel
hydroxide was precipitated and then dissolved with sulfuric acid into nickel sulfate solution, which was extracted with
P204 for deep removal of impurities. As a result, the secondary extraction rates of Cu, Fe and Al were up to 98.41%,
99.99% and 95.15% respectively, and the extraction rate of Ni was just 9.4%. The obtained raffinate was subjected to
evaporation concentration, followed by cooling crystallization, and a nickel sulfate hexahydrate with purity exceeding
99.95% was finally prepared.
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high-nickel electroplating sludge
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Fig.2 Influence of sulfuric acid dosage on leaching rates

of Ni, Cu, Fe and Al

2.1.2 EHiRBE e
BRI 200 mL/kg G2 HUFE] 2 h 25 0F T, B4
T LEXT Ni Cu Fe Al ¥ 1 (1 20, 25 540 & 3

Fizn . P 3 Al W FE XS Ni Al Cu #2 H 35 i §5
/N, BEE W U3 R, Ni BT Cu 32 HE SR IR 2R R TR AL
K- WA FEHER, AL TR R AT T, Fe 32 HI AR 12
BT RS, BRI Hn] DL siR R pH A
HIT Fe 5 Ni #950B, (ELIR] I s 5 B0R AR BUE I,
JRERAL BRI, N, FE PR UETS M RCR B AT T, W)
I PO R, TS EA TS ERRRER R LR 3 1,

< = 2.0
100 [ ] i %
r 3 1 {15
S 99
S~
¥ 10
5 oE
’ 98 I- —8—Ni
——Cu —0.5
—a—Fe
—v—Al
—o—pH{E
97 1 1 1 1 1 0
1:1 2:1 3:1 4:1 5:1
0 B

B3 EIERS Ni,Cu Fe Al 2 HEHHM
Fig.3 Influence of liquid-solid ratio on leaching rates

of Ni, Cu, Fe and Al

ped Rl DA

TRl 200 mL/kg R 3 14500 1, B4 T
BT X Ni | Cu Fe AL 2 H 3R 1520 45 40 & 4
B, mE 4 mTAL ARZ AR Ni Cu Fe 32 H %
FEARLRFEAAS ; AL TR 3R B 25 12 H s ] 39 fin e 3 s
AR BHETE KT 1 h 5, Al R RETRE,
B EEE RS REERNES S N 40 B
BORAL NG R R, S EMGRRIZ HEEY 1 h,

2.1.3

100 1 ] y M 2
I h il =
i h
S 9
~
#
=
s
98- —a—Ni
—e—Cu
——Fe
—¥—Al
97 1 1 1 1 1
0.5 1.0 1.5 2.0 2.5
R /h

B4 RHBEST Ni CuFe Al iR HERFM
Fig.4 Influence of leaching time on leaching rates

of Ni, Cu, Fe and Al

2.1.4 ZHREACEHEE
TEBR IR FH & 200 mL/kg & [E HE 3:1 32 HESE 1 h
AL T, S8R 15 Ve Ni Cu Fe (Al 32 H R 435



55 1 )

PRI, G5 R R TS YR B AN 20 B 5 B R AL B ] A AT 89

999.84% 99.39% .97.37% .99.60% , 3= i # XRD 43
Fras &l 5 pis ., ERALSAE T, Ni Cu, Fe Al 45
KSR R g RE RS R Sio, Mg A, b
AR 515 R PSS ST AR Y e

(] ® SiO,
& P
[ ]
*
[ ] [ 79
L AL s
Y00 T Y ) A A
1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90
20/(°)

BS5 MUFHETHRERRHEXRD BiE
Fig.5 XRD pattern of sulfuric acid leaching residue

under optimized condition

2.2 TMiEkRZ
221 BALRIERE

DIRALSAF T BRI T AR e A T T E PR 4%
RIS, Dhad S S0 R AR i A e AR Y
12 pH AE, W 4 LRI UL vE B Uk &, FEL 4
AT R E 2.5 R NRTE 0.5 h S0 T, 55T
JVEZ 5, pH B 4% 4 JE UTTE R 52, 245 5 & 6 f
o HIIE 6 FIAHI Fe DIVERKEA DIVEL S pH (EIG %S
BEMEAAFREAAE . B 0 R A A FIE R R 5
AR =R LN pH (R 3 B, Fe YTITER A 96.03% , 4k
SEFHEUIIEA 5, pH {H, Fe ULIERFRETE 95% 154, UL
TEZH pH (BRI, Ni Cu F1 AL TTTE R AR, UTTE
205 pH i 3 9% 4 I, Ni Cu FI Al JTUTE R 5T
o, SRR DTIEZ ST pH (EH N, Al BT TE L & A AL R
JREAR I H 5 3R 43 7K 43, 1 B K 4w A 3 ek 3 1 T8 =X

100

80
X 60 —=—Ni
- —e—Cu
ﬁ —a—Fe
’D"S 40 —v—Al

20+

Ul 1 1 1 1
2.0 2.5 3.0 35 4.0
pHIE

Blo L pH EX Ni,Cu Fe Al TUEEK M
Fig.6 Influence of precipitation end point pH on precipitation rates

of Ni, Cu, Fe and Al

SEAAY S KA TR IRAY Ni Fl Cu B DUTE R R K,
Bk Ni S AGCIEB R | 38 A UTRE L S pH (AN 3.
222 BALRIE 4R

FIABRACERRR 292 i ) Cu, FE RN TE] 1 h 5%
P, 58T Na,S i REO6 Ni Al Cu ULIER RN,
ERE 7 s, HE T BT, Cu UUTEFBEE Na,S i
HERFGE TGN, Na,S i ZECH 1.0 B, Na,S 7£ 2
Nt 2 A U AL ST DTE AL, Na,S
R RS E 1.2 B, Cu UUIERIEE] T 99.57% , 4k4k
BTN Na,S F &, Ni JU3ESR ETF, IEE MY Na,S i R
Bom 1.2, EEEMET, 20t A AL UTTE bk 2k Fai 1k
i 12 B Ni | Cu  Fe Al SRR BE 4351 H 26.57 .1.60
3.53.5.16 ¢/L [ % 24.82 0.03.0.02.1.97 ¢/L,Cu .Fe,
Al JTTER 914 98.13% 99.43% 61.82% , N 6.59%
() Ni tHE AUTTE . 38 3 800k T 0 R Bk RN e £k B3k 4 AT LA
AR B IR R ) Fe Cu JH45 Al

100 [
80
N —a—Ni
S 60 |-
> ——Cu
%
2 wf
B .—./——‘/.
oF % 1 1 1
0.8 1.0 1.2 14

Na, SRR
Bl 7 Na,STTEZRHX Ni F Cu iiE X
Fig.7 Influence of excess coefficient of Na,S on precipitation rates

of Ni and Cu

223 ARfRITIE
FEUTTERR AR 12 R pH (8 2 as s P, LU 78
U Ni A RIS AL V8 T8I, SONEIRHIE] 1 h 450
T, pH {ELX) Ni Fl Al JLEER 2 AN 8 s, Il 8
AlHLBEE pH (ETF R, AL DLIE R FEAIL, Ni JUjE R 20
SRS R FE AN AR (7 a3, pH T2 13 B, Ni Ui e
23R F] 99.99% , Al TTTEFEAL 1.09% , Ni | Al 73 B 3501
By, SEALBRUTE RS B pH (o 13, BT
JEMY Ni(OH), /K¥EJT Ni,Cu Fe Al 4 J& Ji 20 5oy
Wk 48.00% .1.38% 0.17% 2.11%
23 ERRERZ

Ni(OH), FIGR R fff Jo B 7 W AR o 2 BRI 2 i
W, HH Ni Cu Fe Al 4@ BTtk 243510 22.02 ,0.63
0.08.0.97 g/L, LA P204 J#E U] . 260% 7 513 S #i B
FIEATIR AL



90 7R

T 545 %

100
80
—&—Ni
° —o—Al
60
@
=2 40f
20
OF I I I 1
9 10 11 12 13
pH{H
B8 pHEXT Nif0 Al i RN
Fig.8 Influence of pH value on precipitation rates of Ni and Al
231 2AFEHP®

EHNR pH (R 4 A BN BE (IR FR 70880 30% |
HAKME(0/A)2: 1 FEBFE] 5 min 204 F, 2 ALF
XF Ni,Cu,Fe Al ZEBCRGFZMANE 9 i, HE 9 nf
1 BERE A BOR B ARG Cu Ni Al ZEHUR ) 2 )
T T Fe ZEBUR IR L AEREAE 95% LU L B K
e, RRIBAEREM T Fe  Cu AR ZEBUG R H
Al 5 Ni sy B, PRI, AR IR T 5E 25 Bk AL AT
BRI ES MR, BARER 30% 0, KERS) Fe
Hl Cu ©LENHEAA I, ACH 19.64% 1) Ni i AHHL
o R RS 30%.,

100 — -3
80
—=—Ni
——Cu
R - —A—Fe
g 60 —¥—Al
g wf
20
0 1 1 1 1 1
20 30 40 50 60
B/ %
9  BALEIF Ni CuFe Al ZEENRAZME
Fig.9 Influence of saponification rate on extraction rates

of Ni, Cu, Fe and Al

2.3.2 Tk pH L6 H R

APGIATR L 30% 24038 30% Jh/KAHIL (0/A)
2:1 ZEHCRE] 5 min 2508 T, 28 H0W pH (B X Ni | Cu,
Fe Al ZZBCRASZI AN 10 Frs, & 10 /%0, pH {5
2.0 B}, Fe ZEHURE 3K 2% = 7K F, Cu  Ni, Al ZEHUR
XA Z JE Bt pH (3G N, Fe ZXBUCRAEFFRRE
Cu Ni Al ZZBCRFFZE F T, pH {H 3.5~4.0 B}, Cu %
B BT 25 24 80% , Al #% BRI N % 2 40% , Ni

HEBCRAEFFTE 25% /2 . I Ni 542 C R Y0 5
R, ZEAZ RS BAERCRM B8R EH
() pH {EYE A 3.5~4.0,

100
—a—Ni
80 ——Cu
—a— Fe
—v—Al
S 60
S~
3
g wf
20
01
1.0 1.5 2.0 2.5 3.0 35 4.0
pHE
B 10 ZE87i% pH &Y Ni Cu Fe Al ZENEHISMN

Fig. 10 Influence of pH value of pre-extraction solution on

extraction rates of Ni, Cu, Fe and Al

233 FERAGLHH

TN pH H 4 28 BURA B 73 51 30% | 2k %
30% FEHUTE] 5 min 545 T, 0/7A AHILXS Ni Cu Fe,
Al ZEBCRAGFEmNE 11 fiR, mE 1, & 428
AHCRBEE O/A FH GG i 522 30 638 0 /5 T A e 1Y
A 1/1 B, Fe B Cu 28 BUEGA B I (H | 4k S1 1
JIAH HEIHAS 2 2 3 TH X W Pl 4 Ja I AR R AL %
BORAEAR LIS N3] 2/1 J5 BEARIEAAL . LR HEA
BUSCR AN T2 AR GBI O/A MR 271,

100 & x
[

;/H_Q/i

—a—Ni

"

80

—o—Cu
—a—Fe

—

0

60

FEWA /%

40

1 1 1 1
12 11 2/1 3/1
FEHUH LL(O/A)

0/A $HEE3E Ni,Cu,Fe Al ZEBUR A RN
Influence of O/A ratio on extraction rates

of Ni, Cu, Fe and Al

B 11
Fig. 11

2.3.4 FRAACKH TR

7 pH {H 4 2ALR 30% FEHL O/ A FH L 2/1 BIAE
P25 T X AR BT IREA T G BRI AR B, A U Ni
Cu Fe Al 43 J& BT #4312 19.95 ¢/1.,0.01 g/L,
0.01 mg/L.0.047 g/L, Cu Fe Al ZEBUR 43555 T
98.41% .99.99% .95.15% , Ni ZHUHRAL 9.4% , LM T



55 1 )

FEIRTE, G5 R TS YR B 20 B S B R AL T A5 BT 91

Ni 52401 4 Jm MR BE 43 15
2.4 WERIRFIE

2k AR IR BE SR 4% A R B S VR LE B il ) T 3
AR B WRAR S T S R . 7E 100 C
AR TR R K vk 4 10 1 v BN 4 i s 14 3
BRIER AR i M4, Hovh Ni| Fe | Cu, Al J5 &t 53 8043 0
22.03% .0.001 9% .0.019% .0.023% , BREREL MK XRD
EIE A 12 o i A R B A e, 15 A HE il 2
W 45 ff ™ R A SR B R R . R 22005
5 B A4l B KT 99.95%

® NiSO, 6H,0

[ ] [ )
?.J??H..l

1 1 1 1 1 1 1
0 10 20 30 40 50 60 70

260/(%)
B 12 ZHSEMERE XRD Eik
Fig. 12 XRD pattern of crystalline nickel sulfate

1
80 90

3 %5

1) HBESREIRIZ H LA R b 30 1,
TRlR & 200 mL/kg 32 HIHE] 1 h, B Ni Cu Fe (Al
2SR 99.84% 99.39% 97.37% .99.60%

2) UUTEBRARMAL SRR - S AU o R 3 P Ay ¢
& pH (E2H 3 B AL DTVE BRI R A Al it i R4 1.2 2
R UTVE pH {8 13, it FALDITE AR ALDTVE , Cu Fe
HALTTTERS HAE] T 98.13% .99.43% F1 61.82%
AR ER B Fe Cu K4 Al,

3) P204 ZEBURERR 24 %04 0 . pH H 4 2
163 30% FBL O/A AL 2/1, LA F R R A BUS
Cu Fe Al ZBCRHIAE] T 98.41% .99.99% 95.15%,
ST Ni 5AERTRE B, BRARERA R
WAR-RHNEE i ARSI T 99.95% 75K G IRER

£ 2 3Lk ( References) :

(1] 383 BEPARBRI B HBORDITE (1], B HIE SRR
2024,5(2) :5-7.
GUO Cheng. Research on treatment and reuse technology of electro-
plating wastewater[ J ]. Leather Manufacture and Environmental Tech-
nology, 2024,5(2) :5-7.

[2] LUO ZJ, HONG Y X, QU L L, et al. Decomplexation of copper

(4]

(5]

[10]

[11]

[12]

[13]

complexes from synthetic and real electroplating wastewater by alka-
line-thermal synergistic activation of persulfate and stabilization of
generated sludge by Fe;0, coating[ J]. Chemical Engineering Jour-
nal, 2024 ,484.149323.
LIU G B, WEI C H, LIU T, et al. Electroplating wastewater treat-
ment and resource recovery via a hybrid process of stepwise alkaliza-
tion, Fenton, and chlorination[ J]. Separation and Purification Tech-
nology, 2024,339.126658.
PSS X FH. 4 4 IR ALK T8 B AT L)), 40
fE SRR, 2023,4(21) 12527,
ZHOU Tingting, LIU Zixi. Study on treatment of electroplating
waslewaler containing heavy metals[ J]. Leather Manufacture and En-
vironmental Technology, 2023,4(21) :25-27.
TR/ S YUE/ W MR AR P R K o 4 R AL PP BT[] AL T
BT, 2022,48(9) :47-48.
GUO Xiaoyi. Application of precipitation/adsorption method in heavy
metal treatment of electroplating wastewater[ J]. Chemical Engineering
Design Communications, 2022,48(9) ;47-48.
TERHE. ABBOKAL RS BEIE ()], IIZRAE T, 2021,50(22) ;
77-79.
LIANG Zhicong. Treatment and research progress of electroplating
wastewater[ J . Shandong Chemical Industry, 2021,50(22) ;77-79.
Verma B, Balomajumder C. Hexavalent chromium reduction from real
electroplating wastewater by chemical precipitation[ J]. Bulletin of the
Chemical Society of Ethiopia, 2020,34(1) :67-74.
LIU Y,DING W W, ZHANG Y Z, et al. A comparative study of nick-
el (I1) removal from electroplating wastewater by pre-precipitation
combined with Fenton-precipitation or Fenton-like-precipitation [ ] ].
Desalination and Water Treatment, 2020,182.220-224.
LU H W, YU S. Spatio-temporal variational characteristics analysis of
heavy metals pollution in water of the typical northern rivers, China[]].
Journal of Hydrology, 2018,559:787-793.
FE R IE Y 4 53% (2021 4R[0) [1]. e N RL R = 55 Be
iz, 2021(4) :18-46.
National List of Hazardous Wastes (2021) [ J]. Gazette of the State
Council of the People’s Republic of China, 2021(4) :18-46.
RAER WIS, FMr , 55 FLSETS Y BT IR A AL BEE AR IR MK
L], HEERE SHOR 2023 46 (3T 1) :184-191.
ZHU Jiatian, LAI Xiapeng, SUN Pan, et al. The status and develop-
ment trend of electroplating sludge resource treatment technology| J |.
Environmental Science & Technology, 2023,46(S1) ;184-191.
BRI WCIE R - A ST S S Ak B i v B 9 S
PR TR )]. s EATIR, 2023,39(6) :27-32.
WANG Chen. The comprehensive utilization process of copper-con-
tainingelectroplating sludge and copper-containing materials by oxy-
gen-enriched side-blown submerged combustionsmelting and oxygen
bottom blown continuously converting[ J]. Sustainable Mining and
Metallurgy, 2023,39(6) :27-32.
JEARBE ik, AT Ve T A 1 A B B SRR [ T].
JUARAET., 2023,50(4) ;135-136.
ZHOU Huayun, LU Fan. Recycling technology of valuable metals
from electroplating sludge by bioleaching process [ J]. Guangdong
Chemical Industry, 2023,50(4) :135-136.
(AT 102 51)



102 L] T 545 &
(9] AEART, X238, X0 55 A7, 45, B Rk i I 44 il 4% 7 vk BF 9T WA 4, 2022,41(4) :355-358.
LI, Wik TR, 2022,42(3) ;92-95. ZHAN Jin, LI Peng. Removal of ferric from nickel sulfide ore
REN Xiangyu, LIU Shaokui, LIU Yongqi, et al. Technical progress leachate using phosphate[ J]. Hydrometallurgy of China, 2022,
in preparation of iron phosphate precursor[ J]. Mining and Metallurgi- 41(4) :355-358.
cal Engineering, 2022,42(3) :92-95. [13]  WASE. BREE BN IR -1 AL U ) 4 W 19 4 R S S TL B 4 F
[10] JGHELL,KER BHES. BRI 0D USRI TS IR 1 FID]. Kb IR, 2024,
AR 1], AL TR 2021,40(11) :6378-6384. HU Meishi. Preparation of FePO, and mixed hydroxide of nickel and
SHI Chunhong, ZHANG Xiling, YANG Chunxue, et al. Selective cobalt from Ni-Co-Fe powder by leaching-purification-precipitation
separation of Cr-Fe-Ni by phosphate precipition from stainless steel [D]. Changsha: Central South University, 2024.
pickling sludge leaching solution [ J]. Chemical Industry and Engi- [14] HG/T 4701—2021. EEZMH%EZE%E[ S].
neering Progress, 2021,40(11) :6378-6384. HG/T 4701—2021. Iron Phosphate for Battery[ S].
[11] ¥, 0o 28 ke 45 BRRRERDOVE I R B R 1 240 AT [T ]
HrE A (04 B 24, 2018,28(3) 1637-643. SRR 41 £, sk, F3, 5. 44807 RiRrk R ABRSH &
XIAO Chao, ZENG Li, LI Yibing, et al. Thermodynamic analysis on BER[J]. Ak T4, 2025,45(1) :97-102.
removing iron by phosphate precipitation[ J|. The Chinese Journal of HU Meishi, CHEN Jing, LUO Jun, et al. Purification of nickel-cobalt-iron
Nonferrous Metals, 2018,28(3) :637-643. rich leachate and preparation of iron phosphate[ J]. Mining and Metallurgical
[12] W4 Z5M5. HBERREE B A= Bl T R P55 [ ]. Engineering, 2025,45(1) :97-102.

(B35 91 51)

[14]

[15]

[16]

ZHENG J Y, ZHENG Z Q, LI L, et al. Acid-leaching mechanism of
electroplating sludge: based on a comprehensive analysis of heavy-
metal occurrence and the dynamic evolution of coexisting mineral
phases[ J]. Environmental science and pollution research internation-
al, 2023,30(53) :113600-113608.

SALHI. Recovery of nickel and copper from metal finishing hydroxide
sludges by ammoniacal leaching[ J]. Mineral Processing and Extrac-
tive Metallurgy, 2010,119(3) :147-152.

R FEAME T AR VAR AR IR A3 B R R RN (Y F T BUIR B
JER[T]. P EA AaER, 2023,33(6) :1957-1971.

SONG Qiang, TONG Xiong, XIE Xian, et al. Research status and
prospect of separation and extraction of nickel and cobalt by solvent

extraction J |. The Chinese Journal of Nonferrous Metals, 2023,33(6) :

1957-1971.

TyEH A5, LG, 55 BAL P204 P507 X it B8 & BRI K
BB TRBUWERERTL[J]. AR, 2023,52(24) :27-28.

MA Yuxiang, LI Ling, WANG Haiyu, et al. Study on nickel extrac-

[17]

tion properties from electroplating wastewater by saponified P204 and

P507[J]. Shandong Chemical Industry, 2023,52(24) :27-28.

SIRAARS: B x4, SR, 5. SRBILTRPRGS B 5K
BAR R EATL)]. &k TAE, 2025,45(1) :86-91.

JIAO Aobo, LIU Mudan, LYU Xianjin, et al. Separation of nickel from
high-nickel electroplating sludge and preparation of nickel sulfate [ J].
Mining and Metallurgical Engineering, 2025,45(1) :86-91.

(455 96 1)

[10]

[11]

[12]

[13]

[14]

[15]

GUO W, WU J, LIU X, et al. Raman and X-ray photoelectron spec-
troscopy study on the influence of La,0; on the melt structure of
Si0,-Ca0-Al,0;-MgO[ J]. Ceramics International, 2022,48(18):
25933-25939.

MCMILLAN P. A Raman spectroscopic study of glasses in the system
Ca0-MgO-SiO, [ J]. American Mineralogist, 1984,69 .645-659.
MYSEN B O, FRANTZ J D. Raman spectroscopy of silicate melts at
magmatic temperatures; Na,0-Si0, , K,0-Si0, and Li, 0-SiO, bina-
ry compositions in the temperature range 25~1475 “C[J]. Chemical
Geology, 1992,96.321-332.

MYSEN B O, FRANTZ J D. Structure of silicate melts at high temper-
ature: In-situ measurements in the system BaO-SiO, to 1 669 “C[J].
American Mineralogist, 1993,78.:699-709.

LI Q, YANG S, ZHANG Y, et al. Effects of MgO, Na,O, and
B,0; on the viscosity and structure of Cr,0;-bearing CaO-Si0,-
Al, O, slags[ J]. ISIJ International , 2017,57(4) :689-696.
TERE RIS 30,5 BRI AL PERE X BT R IT R

SM[)]. BT, 2022,38(3) :20-25.

LI Qiangian, WU Ting, YANG Wen, et al. Effect of basicity on physi-
cochemical properties and phosphorus migration of refined slag[J].
Steelmaking, 2022,38(3) :20-25.

FAN L, LIU C, JIANG M. Viscosity and its correlation to the ionic
structure of Ca0-Al,05-B,0; slags with various La, 05 additions[J].
Metallurgical and Materials Transactions B, 2022,53(2) :1295-1307.
[17] WANG Z, SOHN I. Influence of the Al,05/Si0, mass ratio and gas
composition on the viscous behavior and structure of Cr-containing

stainless steel slags[ J]. Ceramics International, 2020,46:903-912.

SIAARS ARAT S, F XM, kA, F. = LHE Ca0-Si0,-A1,0;5-
Ce0,-La, 0, EZ A IS LMY Hral)]. &6 T4, 2025,45(1)
92-96.

ZHAO Fuheng, XIN Wenbin, DENG Yongchun, et al. Effect of binary
basicity on viscosity and structure of Ca0-Si0,-Al,05-Ce0,-La, 0, slag[ J].
Mining and Metallurgical Engineering, 2025,45(1) :92-96.



