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The Cho Dien zinc oxide ore composed mainly of hemimorphite and
smithsonite, exhibits poor floatability due to its highly oxidized surface and the
presence of iron oxyhydroxides. In this study, the Response Surface
Methodology (RSM) combined with a Box-Behnken Design (BBD) was
employed to optimize the interactive effects of three reagents (Tan-XS, Sep-X,
and Na,S) on the flotation performance of zinc oxide ore. Experiments were
conducted using a 3-L mechanical flotation cell, with a constant collector
dosage (fatty acid + kerosene = 4:1, 800 g/t) and without frother addition.

Quadratic regression models were developed for Zn grade and Zn recovery,
both exhibiting coefficients of determination (R* > 0.95), indicating excellent
agreement between predicted and experimental data. The models were
expressed in parabolic form to identify the response maxima. Multi-objective
optimization based on the composite desirability function (equal weighting)
identified the optimum reagent dosages as approximately 510 g/t Tan-XS,
495 g/t Sep-X, and 10,200 g/t Na,S, from which a flotation concentrate was
obtained containing about 30.5% Zn and achieving an overall zinc recovery of
approximately 79%, with a prediction error of less than 5%. The established
RSM-BBD models demonstrate reliable predictive capability and can serve as
a powerful tool for designing and optimizing flotation processes of refractory
zinc oxide ores in Vietham.
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Toi wu héa ché do thudc tuyén trong tuyén ndi quing kém oxit
mo Cho Dién bang phwong phap bé mat dap ng (RSM) va thiét

ké BOX-BEHNKEN
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Qudng kém oxit mé Cho Dién chita chii yéu cdc khodng vdt hemimorphit va
smithsonit, c¢é ddc tinh bé mdt bi oxy héa manh, gdy khé khdn cho qud trinh
tuyén noi. Trong nghién ciru nay, phuong phdp bé mdt ddp tng (RSM) két
hop thiét k& Box-Behnken dwoc dp dung nhdm t6i wu héa dnh hudng cia ba
loai thudc tuyén Tan-XS, Sep-X va Na,S dén hiéu qud tuyén néi Thi nghiém
dworc thuc hién trén mdy tuyén noi co giGi dung tich 3 L véi thude tdp hop c6
dinh la hén hop axit béo +ddu hda (ty 1é 4:1, chi phi 800 g/t).

Két qud mé hinh héa hoi quy bdc hai (R? > 0,95) cho thdy cdc phwong trinh
du bdo c6 dj chinh xdc cao, sai léch durdi 5% so véi gid tri thuc nghiém. Dang
phuong trinh dwoc chuyén vé dang parabol dé xdc dinh cuc dai ddp ting. Toi
wu héa da muc tiéu (trong s6 50-50 giita ham lwong va thuc thu) xdc dinh
dworc chi phi ti wu ctia Tan-XS ~ 510 g/t Sep-X ~ 495 g/t Na,S ~10.200 g/t
khi do thu dwoc qudng tinh c6 ham lwong Zn = 30,5% va thuc thu kém trong
qudng tinh ~79%. M6 hinh dwoc ddnh gid c6 khd ndng tmg dung cao doi voi
cdc logi qudng kém oxit kho tuyén tai Viét Nam.
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1. Mé dau

Quang kém oxit ngay cang tré thanh déi twong
dwoc nhiéu nha nghién ciru quan tim do trit lwgng
quang sunfua dang suy gidm trén pham vi toan cau
(Ejtemaei va nnk, 2014; Sun & Deng, 2025).
Nhung, tuyén néi quang kém oxit gdp nhiéu kho
khan do: (1) khodng vat c6 ich chu yéu & dang
hydrat nhw smithsonit va hemimorphit, (2) bé mat
khoang c6 tinh wa nwéc tw nhién, (3) cAp hat min
giau sét giy ndi co hoc, va (4) twong tic phirc tap
gitta thudc tAp hop axit béo véi cac ion trong bun
tuyén (Hosseini & Forssberg, 2006a; Bulatovic,
2010; Ejtemaei vannk, 2012; Deng va nnk, 2017).

Hé thubc tAp hop gdc axit béo da dwoc ung
dung ttr thip nién 1960, hoat dong theo co ché hinh
thanh 1é6p mudi hydrophobic héa bé mat khoang
oxit & pH kiém (Hosseini & Forssberg, 2006b;
Quast, 1999; Bulatovic, 2007). Dé ting hiéu qua
hdp phy, qua trinh sunfua héa bang Na,S thwong
dwoc 4p dung nham tao 16p ZnS nhan tao trén bé
mat khoang (Song va nnk, 2023). Tuy nhién, hiéu
qua ctia Na,S phu thudc nhiéu vao chi phi: néu qua
thap, bé mdt chwa sunfua héa hoan toan; néu qua
cao, xuat hién hién twong “dé chim” do sunfua dw
tao 16p hdp phu thitr cip, 1am suy gidm tinh ndi
(Fuerstenau va nnk, 1985; Onal va nnk, 2005;
Bulatovic, 2010).

Déi vii quang giau sét, sw hdp phu wu tién cta
slam min 1én bé mat khoang lam gidm dang ké hiéu
qua tuyén néi. Cac nghién ciru dién hinh chi da ra
rang trong mot s6 trudomg hop, cé thé tuyén hiéu
qua khong khir slam néu hé thudc diéu chinh va
phan tin dwoc lya chon hop ly (Laskowski, 2001;
Martins va nnk, 2010). Do d6, vai tr0 cla cic thuéc
diéu chinh bé mat nhw phin tan, dé chim va sunfua
hod tré nén quan trong (Liu va nnk, 2021; Chelgani
va nnk, 2024). Trong d6, cac polyphosphate hodc
silicate c6 kha nang tao 16p hdp phu wu tién trén
khoang tap giau Fe-Al, giip ting tinh chon riéng
cho hé axit béo-sunfua héa (Liao va nnk, 2022; Luo
va nnk, 2020).

Cac nghién clru t6i wu hoa tuyén ndi quang
kém oxit trudrc ddy cha yéu tip trung vao: (1) hon
hop thudc tip hop anion-cation (Khaleghi va nnk.,
2016), (2) hodc t6i wu thuc thu vao bién Na,S,
Na2CO3 va thubc de chim (Li va nnk, 2015), va (3)
hodc chi t6i wu mot chi tiéu cong nghé tuyén (vi du:
chi thu héi hodc chi ham lwong).

Tuy nhién, chwa c6 nghién ctru nao t6i vu dong
thoi hé 3 thudc diéu chinh (Sunfua hoa - Phin tan -
be chim) cho quing kém oxit giau sét khi tuyén noi
bang hon hop thudc tp hop axit béo + dau hod. Dic
biét, la quang kém oxit mo6 Cho Pién - noi dac trung
béi khodng vat xdm nhiém min, ham lwong Fe-
oxyhydroxide cao va ty 1é hat siéu min I6n. (Luan
va nnk, 2025)

Bén canh do, cac nghién ctru trén méi chi dirng
& t8i wu moOt muc tiéu, trong khi yéu cau thuc tién
tai nha may tuyén doi héi t6i wu dong thoi ham
lwong va thuc thu - vén c¢6 xu hwdng bién thién
ngwoc chiéu nhau. Viéc sir dung ham mong muén
tong hop (Desirability Function Aproach) trong
RSM cho phép gidi quyét bai toan t6i wu da muc tiéu
dong thoi, phu hop véi yéu ciu thiét ké théng s6
cong nghé & quy mo pilot va cong nghiép (Li va
nnk, 2015).

Tir nhimg co s& trén, nghién cttu nay dugc
thuc hién v6i ba muc tiéu chinh: (1) xay dung mé
hinh hoi quy bac hai mé ta dinh lwong anh huwdng
ctia Tan-XS, Sep-X va Na,S dén ham lwong va thuc
thu kém; (2) t6i wu héa déng thoi hai chi tiéu cong
nghé tuyén thong qua hAm mong mudn; va (3) dé
xudt ché do thuéc tuyén c6 kha nang tmg dung thuec
tién cho quing kém oxit phong héa manh tai mé
Cho bién.

Khoéang tréng nghién ctiu: (1) Chwa c6 nghién
clru t6i wu héa tuyén ndi quing kém oxit mé Cho
bién theo mé hinh RSM-BBD; (2) chwa c6 cong
trinh nao danh gia dinh lwong twong tac gitta Tan-
XS, Sep-X va Na,S va (3) chwa c6 phwong phap toi
wu ham lwong va thuc thu dong thoi cho hé thudc
axit béo - sunfua hoéa.

Nghién ciru nay lan dau tién: (1) Ung dung
RSM-BBD dé mé hinh hoa qua trinh tuyén néi
quang kém oxit mo Chg Pién; (2) toi vu dong thoi
3 yéu t6 Tan-XS - Sep-X - Na,S, thay vi t6i wu 1 hoic
2 yéu t0 nhuw cic nghién ciu trwde; va (3) ap dung
ham mong muén téng hop dé tim ving t6i wu da
muc tiéu (ham hrong + thuc thu) c6 kha nang ap
dung cho mo Cho Dién.

K&t qua nghién ctru c6 y nghia thuc tién cho
viéc hoan thién so d6 tuyén quang kém oxit ngheo,
giau sét ctia Viét Nam, trong béi canh ngudén quing
sunfua tai Viét Nam ngay cang suy gidm (Luan va
nnk, 2025).

2. Vat liéu va phwong phap nghién ciru

2.1. Mdu qudng va ddc diém khodng vit
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Thanh phin khodng vat cia miu nghién ctu
phirc tap, voi sy c6 mat cia khoang sét va cac
hydroxyt st Ia nguyén nhan chinh 1am giam kha
nang twong tac va tinh chon riéng giita khoang vat
kém véi thudc tip hop. Do db, viéc lwa chon va toi
uwu héa hé thuéc diéu chinh - sunfua hoa 1a yéu té
quyét dinh hiéu qua cla qua trinh tuyén ndi.

MAu quing nghién ctru dwogc ldy tai mé Cho
bién (Bic Kan), c6 ham lwong Zn 17,94%. Két qua
phan tich thanh phin khoing vit cho thdy mau
chta chi yéu smithsonit (30+32%) va
hemimorphit (15+17%), ngoai ra con c6 thach anh
(3+5%)), illit (2+4%), goethit (34+36%) va hematit
(5+7%). Thanh phan khoing vét chi tiét duoc trinh
bay trong Bang 1.

Bdng 1. Thanh phdn khodng vt mdu nghién ctiu.

Tén khoang vat Ty 1€ %
Hemimophit 15+17
Smithsonit 30+32
Canxit -
Thach anh 3+5
[llit 2+4
Gotit 34+36
Hematit 5+7

2.2. Thuéc tuyén siv dung

Thudc tAp hop dwoc st dung 1a hdn hop axit
béo va diu hda theo ty 1é 4:1, véi chi phi thudc
tuyén c6 dinh 800 g/t.

Ba yéu t8 duwoc chon dé khao sat tdi wu gom:
(1) Na,S (chat sunfua héa bé mit), (2) Tan-XS va
(3) Sep-X (chat diéu chinh bé mat). Trong d6 Sep-X
12 hén hop polyme tr nhién véi 50% tanin va Tan-
XS 1a bdt Bisufite chiét xudt tir cay keo Uc.

Cac thi nghiém tuyén ndi duoc thuc hién & pH
=9,5 diéu chinh bang Na:C0s, dong thoi st dung
NazSiO3 & chi phi c6 dinh 500 g/t dé dé chim cac
khoadng thach anh.

2.3. Thiét biva diéu kién tuyén néi

Thi nghiém dwoc tién hanh tuyén ndi 1 l[An
trén may tuyén néi co gidi dung tich 3 L & nong do
bun 25% ran va t6c do khudy 1200 vong/phut.
Thoi gian khudy tiép xtc bun quang véi thudc tip
hop 1a 5 phut, v&i NazS 1a 15 pht, con cac thude

khac 1a 3 phat. Thir tw cAp thudc: diéu chinh pH,
sunfua ho4, dé chim, phan tin va tip hop. Cac diéu
kién nay duwoc lwa chon dwa trén két qua khao sat
so' bd truéc d6 nham dadm bdo tinh 6n dinh cda bot
va mirc d6 phan tan thudc tuyén.

24. Quy hoach thwc nghiém Box-Behnken

Trong nghién ctru nay, st dung phin mém
Design-Expert 11 lam cong cu dé€ thiét 14p ma tran
quy hoach thuc nghiém, x Iy théng ké so liéu va
md hinh héa bé mit dip tng. MO hinh Box-
Behnken (BBD) véi ba yéu t6 duwoc lwa chon trong
thw vién thiét ké cla phdn mém, dé khao sat anh
huwong twong tac gitra cac bién doc 14p. Day la thiét
ké hiéu qua cho phép wéc lwong cac hé sé cia mo
hinh bAc hai v6i s lwong thi nghiém it hon so v&i
thiét k& tdm xoay ma van dam bao do chinh xac
thong ké (Montgomery, 2019).

Cac thong sb6 dau vao cho qua trinh thiét ké

bao gom:
Tan-XS (X1): 400 + 600 g/t
Sep-X (X2): 400 +600 g/t
Na,S (Xs): 7.500 + 12.500 g/t

Dua trén cac thiét 14p nay, phdn mém da tao ra
ma trdn ngiu nhién goém 15 thi nghiém, gom 12
diém giai thira va 3 diém tim dé danh gia sai s6 lap,
(Bang 2). Sau khi nhdp dit liéu thuc nghiém (Ham
lwong Zn - Y1 va Thuc thu Zn - Yz), phdn mém tw
dong thuc hién phan tich phwong sai (ANOVA),
kiém dinh d6 pht hop va xuit cac do thi 3D dé xac
dinh viing t6i wu.

3. Két qua va thao luin
3.1. M6 hinh héi quy bdc hai va ddnh gia dé phu
hop

Phuwong phap bé mat dap tmg (RSM) dwoc st
dung nhdm mo t4 dinh lwong anh hudng dong thoi
clia ba bién doc 1ap - Tan-XS (Xi), Sep-X (Xz) va
Na,S (X3) - Ién hai chi tieu cong nghé chinh 1a ham
lvong kém trong quang tinh (Y;) va thyc thu kém
(Y2). M8i quan hé gitta cic bién dwgc biéu dién
bang moé hinh hdi quy bac hai tong quat (phwong
trinh 1), bao gobm cac thanh phén tuyén tinh, bic hai
va twong tac, cho phép moé ta hinh dang bé mat dap
tmg phi tuyén dién hinh trong tuyén noi quing oxit
(Li va nnk, 2015; Khaleghi va nnk, 2016;
Montgomery, 2019).
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Bdng 2. Két qud thi nghiém.

TT Tan-XS (g/t) | Sep-X(g/t) | Na,S (g/t) Ham lwong Zn (%) Thuc thu Zn (%)
1 400,0 400,0 10000,0 24,71 56,99
2 600,0 400,0 10000,0 24,02 56,77
3 400,0 600,0 10000,0 24,89 54,81
4 600,0 600,0 10000,0 29,3 45,09
5 400,0 500,0 7500,0 18,37 52,52
6 600,0 500,0 7500,0 19,05 52,1
7 400,0 500,0 12500,0 33,28 32,7
8 600,0 500,0 12500,0 32,63 38,75
9 500,0 400,0 7500,0 17,08 74,16
10 500,0 600,0 7500,0 21,25 70,66
11 500,0 400,0 12500,0 29,17 51,72
12 500,0 600,0 12500,0 27,34 71,02
13 500,0 500,0 10000,0 30,14 81,52
14 500,0 500,0 10000,0 31,06 79,18
15 500,0 500,0 10000,0 30,88 80,94

k k Thuc thu Zn:
Y =8+ Zﬁixi +z.8iiXi2
i=1 i=1 (1) Y, = —666,.0647 + 2,54860X,

+ z Bij XiX; + ¢
i<j

Trong dé: B, - hé s6 chin; B; - biéu thi anh
hudng tuyén tinh cla timg yéu t6; B;; - hé s6 bac hai
phan anh do cong clia bé mét dap tmg; f3;; - thé hién
anh hudng twong tic gitta cac yéu t8; ¢ - sai s6 ngau
nhién.

Két qua x ly dir liéu thi nghiém cho thiy ca
hai ham dap Gng déu dwoc mo ta tét boi phwong
trinh hoi quy bac hai (phwong trinh 2 va 3), véi hé
s6 xac dinh R? > 0,95 - ngudmng thuong duoc xem la
chdp nhan dwoc d6i voi cac hé tuyén ndi da bién
(Wills & Finch, 2016).

Ham lugng Zn:

Y, = —183,7654 + 0,09628X,

+ 0,36029X, + 0,01701X;

+ 0,0001275X; X,

—-1,33x107°X, X,

-6x107°X,X (2)
243

—0,0001420X2

—0,0003543X7

—5,50x1077Xx2

+0,10621X, + 0,01949X,
—0,0002375X, X,

+ 6,46 X 107X, X,

+ 2,28 X 107°X, X, (3)
—0,0024999X7
—0,0002130X2

— 1,844 x 107°x2

Y nghia théng ké va do phi hop clia cic md
hinh hoi quy dwgc kiém dinh thong qua Phan tich
phuwong sai (ANOVA), v6i két qua chi tiét dwoc
trinh bay trong Bang 3 va 4.

So sanh gia tri thuc nghiém va dy doan cho
thdy sai léch nhé hon 5% d6i v6i cd ham lwong va
thuc thu, chimg t6 mo hinh c¢6 d6 tin cdy théng ké
du cao dé str dung trong phan tich t6i wu héa. Pay
cling 1a diéu kién quan trong dé md hinh RSM
khong chi dirng & mirc “khép dit liéu” ma con co y
nghia dw bio cho cic diéu kién ngoai diém thi
nghiém (Li va nnk, 2015).

Phén tich phuwong sai (ANOVA) cho thiy mé
hinh ¢4 y nghia thdng ké rit cao (p <0,01), trong do6
Na,S 13 yéu t0 dnh hwdng manh nhit dén cd Y; va
Y,, phut hop véi co ché kiém sodt mic do sunfua
héa bé mit khoang vat oxit (Onal va nnk, 2005;
Bulatovic, 2010).
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Bdng 3. Phdn tich phwong sai (ANOVA) cho mé hinh bdc hai ctia ham lwong Zn.

Ngudn bién thién Sum of squares dr Mean square F-value p-value
Model 384,36 9 42,71 12,8 0,0059
A - Tan-XS 1,76 1 1,76 0,53 0,5095
B - Sep-X 7,6 1 7,6 2,28 0,1915
C - Na,S 272,26 1 272,26 81,61 0,0001
AB 6,5 1 6,5 1,95 0,2215
AC 0,44 1 0,44 0,14 0,7307
BC 9 1 9 2,7 0,1614
A? 7,45 1 7,45 2,23 0,1953
B? 46,35 1 46,35 13,89 0,0136
c? 43,7 1 43,7 13,1 0,0152
Residual 16,68 5 3,34
Lack of Fit 16,21 3 5,4 22,72 0,0424
Pure Error 0,48 2 0,24
Téng do léch 401,04 14
Bdng 4. Phdn tich phwong sai (ANOVA) cho mé hinh bdc hai ctia thuc thu Zn.
Ngu6n bién thién Sum of squares dr Mean square F-value p-value
Model 3198,04 9 355,34 11,2 0,008
A - Tan-XS 2,34 1 2,34 0,74 0,3976
B - Sep-X 0,46 1 0,46 0,15 0,7046
C - Na,S 381,4 1 381,4 12,09 0,0179
AB 22,55 1 22,55 0,76 0,4356
AC 1,71 1 1,71 0,39 0,592
BC 129,9 1 129,9 4,09 0,0909
A? 2 307,54 1 2 307,54 72,72 0,0004
B? 16,76 1 16,76 0,53 0,5
c? 490,55 1 490,55 15,63 0,0111
Residual 158,66 5 31,73
Lack of Fit 155,71 3 51,9 31,37 0,0278
Pure Error 2,95 2 1,48
Téng do léch 3 356,71 14
C4c thanh phan bac hai (B? va C? véi Y; ; AZva Bdng 5. Cdc gid tri sai s6 ctia mé hinh.
C* v&i Yo) ¢6 p < 0,05, chimg t6 ¢ ham lwong va Sai s8 Ham lwong | Thuc thu
thuc thu déu biéu hién tinh phi tuyén 1 rét theo chi
ph.i thuéc tuyén - dé;: trung pcfla h}é thong bé mat co R® 0,358 0,953
giéi han hap phu va trang thai bdo hoa thudc (Liu R%aqj 0,884 0,868
va nnk, 2019). RZpred 0,351 0,256
Do phu hop ctia mo hinh dwoc danh gia thong .
Adeq Precision | 10,100 9,676

qua hé s6 R?; R%qj va R%pred. Cac gid tri ndy duoc cho
& Bang 5. Cac gia tri R2 déu lém hon 0,95 cho thiy
mo hinh gidi thich duoc trén 95% sw bién thién cia
dit liéu thuyc nghiém.

Mic du gia tri RZpred thip, nhung chi s6 Adeq
Precision > 9 clia ca hai ham muc tiéu xac nhan ty
1 tin hiéu/nhiéu cao di dé dinh hwémg khong gian
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thiét ké Dong thoi, két qud thuc nghiém kiém
chimg tai diém t6i wu do mo hinh dé xuit rat sat véi
gid tri dw doan (trinh bay tai muc 3.2). Cu thé, sai
léch thuc nghiém so véi dw doan chi & mic 3,2%
ddi véi ham lwong va 4,6% doi véi thue thu. Nhirng
dit liéu thuc t& nay cho thy, du R%red thdp, md hinh
van dat do tin ciy cao va hoat dong hiéu qua trong
viéc xac dinh viung khong gian t6i wu.

Cac d6 thi Hinh 1+4 minh hoa méi quan hé
gitta gia tri thuc va gia tri dw dodn, cling nhw hinh
dang bé mat dap umg ba chiéu cta hai chi tiéu ham
lwong va thyc thu. Hinh 1, 2 Mat dap img 3D mo ta
anh hwdng cta Tan-XS va Sep-X (v6i NagS =10 000
g/t) dén ham lwong va thuc thu; Hinh 3, 4 D06 thi so
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Hinh 1. P6 thi biéu dién sw phu thudc ctia ham
lwong Zn trong qudng tinh vao Tan-XS va Sep-X &
chi phi Na,S =10.000 g/t
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Hinh 3. DJ thi thé hién mdi quan hé giira
gid tri dw dodn va thuc t€' vé ham luong Zn trong
qudng tinh.

sanh giira gid tri dw doan - thyc té, thé hién sai léch
nho va xu hwéng twong quan tuyén tinh ro rang,

Phdn tich cdc db thi cho thdy:

Khi Tan-XS va Sep-X ting tir 400 1én 500 g/t,
ham lwong Zn ting 16 rét nho kha nang phan tan
6t va han ché hip phu ctia khodng sit. Tuy nhién,
& mic qua cao (=600 g/t), sw canh tranh hip phu
gitta Tan-XS va Sep-X gdy hién twong bé mat
khoang bi “bdo hoa thudc’, lam gidm nhe ham
luong va thyc thu (Liu va nnk, 2021; Chelgani va
nnk, 2024).

Na,S ¢6 anh hwdng phi tuyén manh: khi ting
tir 7.500 dén 10.000 g/t, thuc thu ting dang ké;
nhung néu vuot 12.000 g/t, lwong sunfua dw giy
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Hinh 2. D6 thi biéu dién sw phu thuéc ctia thuc thu
Zn trong qudng tinh vao Tan-XS va Sep-X & chi phi
Na,S =10.000 g/t
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Hinh 4. Do thi thé hién mdi quan hé giira
gid tri dw dodn va thuc t€ vé thuc thu Zn trong
qudng tinh.
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hién twong “deé chim” bé mat khoang, lam gidm tinh
ndi ctia khoang vat oxit kém (Onal va nnk, 2005).

Cac mat dap ung 3D (Hinh 1 va 2) cho thiy
hiéu Umg twong tac 16 rét gitta Tan-XS va Sep-X khi
Na,S c¢6 dinh & 10.000 g/t Ca ham lwong va thuc
thu déu ting dang ké trong vung 400-500 g/t,
chimg t6 sw két hop gitta hai chit diéu chinh nay
gitip On dinh 16p sunfua trén bé mat khoang vat
kém oxit, dong thoi han ché hién twong hip phu
canh tranh clia cac khoang tap (goethit va hematit)
thong qua co ché chelat héa va phan tan chon loc
(Luo va nnk, 2020; Somasundaran & Moudgil,
1988). Tuy nhién, khi nong do Tan-XS va Sep-X
vt 600 g/t, bé mit khoang xudt hién trang thai
“bdo hoa thudc” do mat d6 hdp phu qua cao, lam
giam nang luong bé mit ky nuéc va dan dén suy
gidm hiéu suit - hién twong da dwoc ghi nhin trong
tuyén no6i hemimorphit (Chelgani va nnk, 2024).

Anh hwéng phi tuyén ctia Na,S thé hién 16 trén
do thi dap ung: khi nong d6 tang tir 7500 — 10 000
g/t, hiéu suit thu hoéi ting nhanh nh¢ qua trinh
sunfua héa chuyén ti€p bé mat ZnCO; va Zn,Si,0
thanh ZnS sunfua hoéa. Tuy nhién, khi vwrot 12.000
g/t, sw du thira sunfua tao ra cac pha Zn(HS), va
H,SZnS hip phu ngwoc lai 1én bé mit, giy “de
chim” khoang vit va lam giam tinh néi (Bulatovic,
2010; Onal va nnk, 2005).

Hai d6 thi Dw doan - Thuc t€ (Hinh 3 va 4) cho
thdy cac diém dit liéu phian b gian theo dwong
thang, v6i sai léch nhé va khong xuit hién gia tri bat
thuomg. Piéu nay chimg t6 md hinh hoéi quy thu
duwoc khong chi khép tot véi div liéu ma con phan
anh ding xu huwdng vit Iy - hod hoc cta hé tuyén
noi, khong phai dang khép ndi suy thuén tiy thdng
ké.

Tir cic két qua trén cd thé rit ra: Na,S la tham
s6 diéu khién sunfua hoa bé mat, trong khi Tan-XS
va Sep-X dong vai tro diéu khién tinh chon riéng cla
thudc tip hop. Diéu ndy c6 y nghia quan trong khi
chuyén sang quy mo pilot, vi hé thong tuyén noi
quy mo 16n thuwong nhay véi dw lwgng sunfua va
nong do chit diéu chinh trong bun tuyén.

Tl cac phan tich trén, c6 thé xac dinh so bd
vung diéu kién toi wu tip trung quanh Tan-XS ~ 500
g/t, Sep-X ~ 500 g/t va Na,S ~ 10 000 g/t; diéu nay
duogc khang dinh rd hon trong biéu do6 hAm mong
mudn téng hop (Hinh 5), noi cd ham lwong va thue
thu cling dat gia tri cuc dai, gidi quyét bai toan toi
uu da muc tiéu thuwong gip trong ché bién khodng
san (Li va nnk, 2015).

600

Hinh 5. Do thi biéu dién ham mong muébn tdéng hop
D (¢ chi phi Na,S = 10.000 g/t).

32 Téi wu song song va kiém ching thwc
nghiém

Do ham lwong va thuc thu Zn thuwong bién
thién ngwoc chiéu nhau trong tuyén néi, viéc toi wu
héa chi mot chi tiéu riéng 1é sé dan dén két qua mat
cAn bang cong nghé. Do d6, phwong phap ham
mong mudn tong hop (Desirability Function
Approach) duoc st dung dé t6i wu dong thoi ca hai
dap tmg (Y4, Y2), trong d6 mdi dap tmg dwoc chuin
hoa vé thang d; € [0;1] (phwong trinh 4), véid; =1
ung véi két qua mong mudn nhit va d; = 0 twong
ung voi két qua khong chip nhin duwoc, kj thuit
nay da dwoc Derringer va Suich phat trién vao nim
1980. (Derringer va Suich, 1980; Djimtoingar va
nnk, 2022).

1

D=(dl-dV?. ... dvn)wetwer-twn 4)

Trong dé: w; 1a trong s6 clia tmg chi tiéu. Khi
D dat cyc dai, toan b cac ham muc tiéu dat trang
thai t6i wu cAn bang. Phuwong phap ndy dic biét hitru
ich d6i voi tuyén noi, noi ham lwgng va thuc thu
quang tinh thwomg bién thién nguoc chiéu nhau,
nhw da dwoc dé cip trong cac nghién ciru twong tw
st dung RSM (Li va nnk, 2015)

Trong nghién ctru nay, ca ham lwong Zn (Y;)
va thuc thu Zn (Y;) dwoc gan trong s6 bang nhau
(50-50). Khi d6, ham t6ng hop dwoc rit gon nhw
cong thic (5).

D = (d, - dy)z )
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Két qua t6i wu hoa (Hinh 5) cho thdy gia tri
ham mong muon tong hop D dat cuc dai (> 0,92) tai
b6 thong so:

Yéu to Gia tri tdi wu
Tan-XS =510 g/t
Sep-X ~495 g/t
Na,S ~10.200 g/t

Tai diéu kién nay, thu duoc quang tinh c¢6 ham
lwong Zn = 30,5% va thyc thu Zn = 79%, véi gia tri
ham mong muén téng hop D ~ 0,92.

Két qua thuc nghiém kiém chimg tai diém tdi
w (X, = 510;X, =495 g/t, X5 = 10.200 g/t),
thu dwgc ham lwong Zn dat 29,5% va thuc thu dat
75,4%. Sai 1éch thyc nghiém so véi gid tri dw dodn
lan lwot Khodng 3,2% déi véi ham lwong va 4,6%
doi voi thuce thu, trong do6 thuc thu nhay hon do phu
thubc truc ti€p vao mic do sunfua hdéa khodng vat
- phtt hop véi két luin vé vai tro quyét dinh cda ion
S?- trong viéc hinh thanh lép ky nuwéc gia dinh trén
bé mat oxit kém (Onal va nnk, 2005).

Hinh 5 minh hoa hiéu tng twong tac gitta Tan-
XS va Sep-X tai mitc c¢6 dinh Na,S (10.000 g/t). Két
qua cho thay trong khi Na,S 1a yéu t6 quyét dinh
“bién d§” cda thuc thu, thi cap déi Tan-XS va Sep-X
déng vai tro thiét 14p “tinh chon riéng” ctia viing curc
tri. Hién twong nay phu hop véi co ché bé mit:
Duéi 7.500 g/t Na,S, bé mat ZnCO; chwa sunfua
héa hoan toan din dén tinh ndi kém; Trén 12.000
g/t Na,S, lwong sunfua dw giy hap phu nguor, tao
16p Zn(HS), wa nwéc, dan dén hiéu tng “dé chim”.
Co ché nay da dwoc gidi thich chi tiét trong cc
nghién cltu co ban vé thudc tuyén (Bulatovic,
2010).

C4c 1at cat 4D theo Na,S (Hinh 6, 7) cho thdy
viing t3i wu 16 rét tp trung quanh 10.000 g/t &
mirc thdp hon (7.500 g/t), bé mat khoang chwa
duoc sunfua héa hoan toan; trong khi & mitc cao
hon (12.500 g/t), sunfua dw giy hién twong “de
chim”, lam suy gidm cd ham lwong va thuc thu. Piéu
nay phan anh ding co ché sunfua héa - hip phu
phan tir S>"/HS™ trén bé mit khoang vat va phi hop
v6i cac két qua da cong bd (Onal va nnk, 2005).

Diéu ndy chimg minh rdng ving tdi uu rong
nhung khong d6i ximg va mo hinh RSM-BBD
khong chi phu hop vé mat théng ké ma con phan
anh ding ban chit hip phu-sunfua hoéa cia hé
tuyén néi quang kém oxit. Do d6, két qua nghién
ciru mang lai y nghia thuc té: thay vi xac dinh mot
“diém toi wu duy nhit’, viing t8i wu méi 1a thong s6
gia tri d6i voi quy mo pilot hodc cong nghiép, vi hé
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Hinh 6. Biéu do ldt cdt 4D biéu dién sw phu thudc
ctia ham lugng kém trong qudng tinh vao chi phi
Tan-XS, Sep-X va Na:S.

tuyén noi thuc t€ ludn bién dong vé pH, do min,
ham lwong sét va ham lwong ion hoa tan.

Viéc két hop RSM - BBD véi ham mong muén
tong hop cho phép i wu héa song song hai muc
tiéu cong nghé quan trong, dong thoi xac dinh dwoc
ving van hanh an toan trong diéu kién bién dong
quang.



D6 Thi Nhw Quynh va nnk./Tap chi Khoa hoc Ky thudt Mé - Pia chdt 67 (3), 54 - 65 63

7 A - Lét cét 4D tai NazS = 7500 g/t

|

L5

Sep-X (g/t)
w
o
o
Thyc thu Zn (%)

475 500 525 550 575 600
Tan-XS (g/t)

7B- Lat cét 4D tai Na:S = 10000 g/t

80

525

Sep-X (g/t)
B Rl w
w ~ o
o w o
(=]
(%]
Thyc thu Zn (%)

IS
N
o

400 4
400 425 450 475 500 525 550 575
Tan-XS (g/t)

600

7 C- Lat cat 4D tai Na2S = 12500 g/t

v v v o
N @ ~ =3
o o v S

Sep-X (g/t)
w
o
o
'S
w
Thyc thu Zn (%)

475
450
42548
400

400 425 450 475 500 525 550 575 600
Tan-XS (g/t)

Hinh 7. Biéu do ldt cdt 4D biéu dién sw phu thuéc
ctia thuc thu kém trong qudng tinh vao chi phi
Tan-XS, Sep-X va Na:S.

B6 théng s6 Tan-XS ~ 500 g/t, Sep-X =~ 500 g/t
va Na,S ~ 10.000 g/t 1a cor s& kha thi dé trién khai
thir nghiém pilot cho quang kém oxit mé Cho Dién.

Két qua thu dwoc trong nghién clru nay (ham
lwong Zn = 30,5%, thuc thu = 79%) d6i véi quang
kém oxit phong héa manh mé Cho Pién cho thiy

hiéu qua tuyén noi dat dwoc cao hon nghién ciru
clia Martins va nnk (2010), noi thuc thu chi dat 72-
75% trong diéu kién tuyén khong khir slam bang
thuéc tdp hop dodecylamine. Diéu nay dic biét
dang chtl y vi mau nghién ctru chita nhiéu hat siéu
min, giau Khodng sét va chira nhiéu pha Fe-Al-Si,
von 1a nhitng yéu t6 giy bit loi cho qué trinh tuyén
noi.

So v6i nghién ctru cta Li va nnk (2015), noi
t8i wu hoa qua trinh tuyén bang RSM cho quing
oxit k&m c6 do sach khoang vat cao hon, thuc thu
chi dat duwgc 78+80% sau khi khir slam va phan cap
hat. Do d6, két qua 79% trong nghién ctru nay dwoc
thuc hién hoan toan khong khtr slam, chimg td vai
tro quyét dinh cta hé phoi hop Tan-XS + Sep-X
trong kiém soat phan tin va han ché bAm dinh bun
sét. Twong tw, nghién citu cda Khaleghi va nnk.
(2016) dat 82+85% thuc thu nhung véi hé hon
hop thudc tip hop anion-cation va quang c6 ham
lugng Fe-Al thdp hon nhiéu so véi mau Cho Dién.

Sw khic biét nay phan 4anh rd rang wu thé ctia
hé thu6c phin tan - dé chim (Sep-X , Tan-XS) két
hop sunfua hda chon loc trong viéc duy tri bé mat
khoang vit sunfua héa dang ZnS, ngay ca khi bun
tuyén chira lwong 1ém goethit, hematit va khoang
sét wa nwde. Kha nang duy tri d6 ky nwée 6n dinh &
cap hat min la yéu t6 quan trong gitip ting thuc thu
ma khong cin khir slam.

Két qua phan tich mé hinh héi quy ciing cho
thdy Na,S 12 yéu t8 chi phdi manh nhat, khang dinh
vai tro trung tim clia qua trinh sunfua héa bé mit.
Tuy nhién, sy 6n dinh cia qui trinh tuyén ndi
khong chi phu thudc vao cwdng dd sunfua héa, ma
con vao kha nang kiém soat hip phu canh tranh
thong qua cdp Tan-XS/Sep-X - diéu nay giai thich vi
sao chi tang Na,S don 1é (nhw trong cac nghién ctru
quéc t&) khong dem lai hiéu qua twong tr trén mau
nghién ctru.

Viéc dat 79% thuc thu Zn ma khong can khir
slam ching minh ring cong nghé tuyén ndi quiang
phong héa manh van cé thé dat hiéu qua cao, mién
12 hé thu6c tuyén duwoc thiét k€ dua trén ding ban
chat bé mat khodng vat, thay vi chi ting chi phi
thu6c tip hop nhw cic nghién ciru truyén thong.

So v&i nghién clru trong nwéc gin nhat (Luan
va nnk, 2015), nghién ctru nay khong chi dung lai
& xac dinh ché d6 hop 1y, ma tién xa hon bang cich
t0i wu hdéa song song hai tiéu chi (ham lwong - thue
thu) trén co’ s& mo hinh héa RSM-BBD, tir d6 xac
dinh khong chi mot diém t6i vu don 1é ma la mot
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ving diéu kién t6i wu c6 thé ap dung linh hoat trong
thue t€ van hanh.

Nhw vdy, nghién ciru nay 1a cong trinh dau tién
tai Viét Nam Gng dung t6i wu héa RSM-BBD cho
quang kém oxit mé Chg Dién khong khir slam,
chimg minh dwogc tinh kha thi cong nghé va tao co
s& khoa hoc dé thiét ké thi nghiém pilot & quy méb
xwdng tuyén.

4. Két luan

Nghién ctru da xay dung thanh céng mé hinh
hoi quy b4c hai mé td dnh hudng dong thoi clia ba
yéu t6 Tan-XS, Sep-X va Na,S dén qua trinh tuyén
noi quang kém oxit phong héa manh mo Cho bién.
Két qua phan tich ANOVA cho thdy mé hinh c6 y
nghia thong ké cao (p < 0,01), hé s6 xac dinh R?* >
0,95 va sai léch du doan dudi 5%, chimg t6 mé6 hinh
c6 kha nang mo phdéng dang tin ciy trong pham vi
khao sat.

Phan tich bé méat dap tng va t6i vu hda da muc
tiéu bang ham mong muén tdng hop xac dinh dwoc
ving diéu kién t0i wu tip trung quanh Tan-XS ~ 510
g/t, Sep-X ~495 g/t va Na,S ~10.200 g/t, tai dé dat
ham lwgng Zn = 30,5% va thuc thu = 79%. Két qua
kiém chimg thuc nghiém tai diém gan t8i wu cho
thdy sai léch < 5% so véi gia tri mé hinh dw doan,
khang dinh tinh phtt hop ctia md hinh RSM-BBD khi
ap dung cho quing tuyén thuc té.

biém noi bat ctia nghién ctu la chimg minh
duoc ring tuyén néi khong khir slam van dat hiéu
qua cao doi véi quang kém oxit giau sét - diéu trudc
day dworc coila bat loi cong nghé. Quing tinh trong
nghién ctru nay cé thuc thu dat 79% va ham lwong
kém dat 31%, cho thay hé thudc diéu chinh NazS +
Tan-XS + Sep-X dong vai trd quan trong trong kiém
soat phin tin bé mat va han ché hip phu canh
tranh cta khoang Fe-Al-Si.

Nghién ctru khong chi xac dinh mot gia tri t6i
uu don 1é, ma con khoanh viing dwoc dai diéu kién
cong nghé co6 thé vin hanh 6n dinh trong thuc té -
day 1a co s& quan trong dé chuyén tiép sang thi
nghiém pilot, dic biét trong bdi cdnh cic mé kém
oxit c6 dic trung quang nguyén khai thay déi theo
chiéu siu khai thac.

Két qua nghién ciru cho thiy tuyén néi quing
kém oxit mé Cho Dién c6 thé dat hiéu qua cao ngay
ca khi khong khir slam, néu kiém soat hop ly ba
thong s6 chinh Tan-XS, Sep-X va Na,S. Do d6, cin
trién khai thi nghiém quy mé pilot nhdm kiém
chimg dd 6n dinh ctia ving t6i wu trong diéu kién

van hanh lién tuc. Dic biét, cin theo ddi chat ché do
bién thién ham lwong sét theo mo khai thac, vi diy
12 yéu t6 anh hwdng truc ti€p dén chi phi Sep-X. Bén
canh d6, nén mé& rong khao sat dnh hwdng dong luc
bot va thudc tao bot (MIBC) trén cac loai mdy tuyén
khac nhau, nhit la TankCell va may co gi¢i dang
RCS, dé lwa chon ciu hinh thiét bi phu hop trwdc
khi nhdn rong & quy mo cong nghiép.
Pong gop cha tac gia

D6 Thi Nhw Quynh - viét ban thdo bai bao, thi
nghiém, phén tich va xi ly so liéu; Pham Van Luin
- phwong phép luin, viét ban thao, phan tich danh
gia so liéy, kiém ching, viét nhin xét, chinh stra va
bién tap; Lé Viét Ha - thuc hién cac thi nghiém
tuyén, gia cong va phan tich sd liéu.
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