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Abstract: The mineral flotation adsorption equilibrium model is a mathematical model to accurately describe ions/reagents adsorption
equilibrium involved in mineral flotation. It is the first time to realize quantitative affinity analysis between mineral surface sites and
flotation reagents. There is a lack of scientific explanation for the traditional flotation theory on the surface-active sites, and the
adsorption capacity and equilibrium state of flotation reagents are also difficult to clarify, making new reagent design mainly based on
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empirical methods such as trial-and-error method and compound method. Besides, if selective adsorption, as the core mechanism of
flotation, cannot be precisely predicted, the development of intelligent control on flotation process will be seriously limited. This study
discussed in detail the construction principle of the mineral flotation adsorption equilibrium model, taking two flotation systems of
hematite-quartz and diaspore-kaolinite as examples. The constants containing site density N,, protonation / deprotonation equilibrium
constants K,,/K,,and reagent adsorption constant K, can be deduced and verified successfully. Based on these constants, mineral
surface electricity and ions/reagents adsorption behavior can be forecasted. Furthermore, a kind of kernel algorithm about the mineral
flotation prediction system was created through Zeta potential tests and some other verification methods. Using this algorithm, the
preliminary and accurate prediction of reagent adsorption on each mineral surface at different conditions can reflect its floatability
trend to a certain extent, which helps to shorten the flotation technology development cycle. It is also of great significance in the study
of mineral surface reagent adsorption mechanisms, flotation reagent molecular design, and flotation process optimization and
intelligent control.

Keywords: mineral processing; flotation mechanism; mineral flotation adsorption equilibrium model; mineral floatability prediction;

characteristic constant in mineral flotation

|
T}
i

PR TR — AR IE N I B ARl Y
SRR, FEIEAT R B SR W 4 11 i EE LN
)z Az e Ho, PR SHIAE H
R IEFEVE R B R 18 0 B A AR o LR o 34
K, WEFRERI N “I0. M. IR ER A
WELEY] . ATRLEEAE . LAY IR AT 9
Bl H R 7 BAERE R, R 2550 e Bk KR
B WIRRESEOHEERA . TR M2 HTZ
k. SR, ARGEH0IF LR B Z X YR i F H
fr i Ahde. B, WIHETESE KR 2R, BT
WL I35 24 ) D W PR A T B 0 B G R S 1) 3R TR
AMe, AR AR R R Z UL WA R
ok 507 kAT, SRR Ty e TER R
% ik T 2R R AR & ZEAABOR AR
NN, B MEHIRIER . 0 RS EAT
RV, TR RAOT RIS TS0, &R
Wik LR EEER . BRI, ik T ZH AR
DR R ERE . R R B e, AE
HERf B AL IR 0 25 TR AR )R TR PR IR B AT
LR (% TES B, NS0 1 i
THRE AR, NPk T 2RI R s iRt
AT

R MR (FREL) NS
24T A R SR TR ST T “ A
RRU”, ERRT A AT %, Rk )
FRIIRE PR AR FEIASE s A1 R D R 0 2 030 18 0 1, AP 24
75 B T R LR W Ok S8 B HR 2570 51 M
B ATE RO PO 25 245 7500 7 W0 1 W B S 42
R, FIPARASRCE . T BB AR T

BOIERH, W W3R R AT 5 AR RAFAE AR
X, B EIFIEAR A RNARU” A
VR, BeAh, 2018 AFFR M “HERH N T T
27 OH AR R, TR TS L2 HE AR
“HEEME” BRI IER R Z IR AL, X —
W R A3 27 3 AT P A A TR V3 T2 AR Y
B R0 4 B P ORI B SR R A G
WA P A RS A Y, KRS IR A R A
T, &5 B R 48 A0 1 R S BT o0 1
REAR AR {H 15 b 8] ) 5 8 5 0% R A HH 11 S8
FAERMIGILE, RIBVTIE TR bR 2 2% 40 (8 B 2 F%
KB, AN A | A A 1 iR L 2R 22 Sk
K, B UK B B R 7 By ) k) 2 T AN L OE
M2 T, UK S DL A i BT 77 3% 24 50 7E
¥R T R BEPE WL PN I HLEE N ki, TR I 2
ANZW KRBT H s sm, HA— g ke
PEAIE B 1

IR R B ) R TS AL S VIR 2, (R 57F
IR LA R/ 58 B T B RUE RZH] /0 R
BHE R R I EAEE, SEEIAT LS 3 E 4
W= BN EMIRE T2hE AR ZE. Ak, &
SO I R YR AR R B T 24
FUR B P4l R AP AR B
IKARTAT . WP, AL AT )T 20 R A~ i A 2
DA AR IA 2570 03 T AR W02 TH I PR AL A TR IR B AT
Ny FRATH ) - 25T IR AR R I 0T IR R AE R
H, ARNAERL A LTI 3% T 20264 N IS0 3R T
(RIZG 7R AT S, DT e 3 245 70 5 0 42 ) e B
SRR AHOCBLRY (R e R, R b T
WETCRY B, (B2 5 g B A — 2 R E
WATTE J5 SR A b 5l N 2 (i i R AE R =

249



WFER M EMREE SN A : BHERTT YR E ST/ Z5HHE R B

ANWIE T FSEAR AR DR S SE I AR P N . IR AT
HESD RS HE AR L AR e, i B v 2 245 A
FIT k. LRI ik T2 ae i
SEIR LR L SC BB A

— B EEREAENTIES R RIRK
o

BEE e S S RIERT 7 BRI A AN iR AT
e, EORMEPERUE K T ILA YT FIE T
MLy 2ZHER%. SMrdiEe mmEsEE, 3
ESCES AR D ER YL RAL VSRR S VAU
A RS B DLRE R, T2 A R TG U7 ) AT
il ALGRIET FORGR ZIRAWETT . WA 4,
BRI M UL 3tk ks RIS RBARTE R 1%+
(PRI 8 I 3 AU T RE A 1 O L IR
Rkt . AR —BUR, R EECE A A it
PR, ST IR 1 B 12 R A A e 2 Bt
P, SCRER LT R LA A b B R R A . B
FIL4.0. T HRMSEME MG, Uiy
(R VSRS E RN TPAINEN €5 % SVSUPAT TP i
B2E " B BOR 3 35 2 RTEY,

E AR E, EET S5 AR AL
HHC 2 IR R R AL O A, IFIR R I 5
BT SKFAE T S AT 5. 1986 4R Hi ) (01
WEANPEET: PG HSEE) FW] TR 4 5
WAT AR A (FREBCAL AR SRt Tk
T e A7 PR 2 T LA iR B8 % 5 245 7504 Y S A A Y
HEBE 1 28 250 R I ALEE 7T DU RV R B R
NFER R G F AT RTT R, b T 2 H
FBGRIR AR IR S A B 55 i1k
[T, 225 B A B T i PR R
RS, EESL T SRR IS S5 A 5 e R Y
RAM, L T HBATNIT IR, T i A
e/t R 2 B

DN T AR B < S 1 T SR R [ A R ) I PR
FEMHLEEL, PN ARG P s R, @it
JS2 T 2 00 HL JR BEAR O R S R, IR
JiEE T R N B TR - TR IR A B
TAE DT HOR BT TS ORI R N
TH Y — AR G PR S ML A SN BEAL A 5 5 i
AL T AABRL 73 Bk R 25550 70 T A s e 1

250

HURFPERRBEC. eah, W FE R AR AL T e
JRAER T A TEIEER A BRI O,
AT HMNE SRR N ESRRMNE, Exi-4
HLBT — 4 T 50 A FH O 2 <6 Jas IR B AL f1) ) 52 T
HAT, AREAT AR RIEE 2, WREEBR
N S N Tl R v ol it
{1 [ YR T E TN, 24 FRIAE AT R T (14 R PR R A
(RS AL s RO A, AT T AR SR 78 75 12 L % 4R
N AT AT P o A SO S 3 P 7 0 A 2 RO VR BT
BT, fERALD i B B AT U F N, BT
HEBN LB o

= IR U B T EAR BY A SR R

(=) FpREEM A SR

W AR THIE PR s RITER W A 2 i) b 3 65 (1 3F
A A BRIE PR, By s iRasi &b
TCERRFAFRRERRRE . AR EF 5 [ i [F
— JEF ARG AL SN RIS TE A i, IR
HANFEIR M RIGERAUKIGEE )], B
W R 573 25770 2 TR AR ELAE T, SRR B
TR ZE 2SR, IR B . RS HERRATT
VIRV VEAL f S L, R T R T KA
JR S I AT S ) A

PLARER — A 98, ZKAHER AT — sl £ AN I
WZR A, RN T ISR, A
T A 24T B R K E AW 4, (B AR R
2 KA AR R A7 i =MOH. ( “=" KoK [l 44
MM, MAFORT) . T 3R E & E
AN TR R P (RN R 7 8 25 1 O B, AR s e 2 [ =
MOH; f#1=MO . =U& 47 JZ2 8] 1 T 2851 [F] G4 Ca**
Mg S5 BH &5 T RIS I E AT A 2, 5 K AU
TG TEAL =X, AR AT OB AE =X H

() w¥EM ARk diE

FEFRIEN, YRR 7> BT AR, E ek
GoV/\ O A (A E P =S U U N R 2 T B 1 D R A
XKD BT AEMREIR SR, AN
CORIRE L RTER R R ORI R, TR 2
GV IR . W AR R I e B R
T, 22 7 RO JZ A D A e 5 R BRI RS, A
O 7K PR B e 2 PR~ 147 S 28 e B4 AR A 15 1 i o



PETIEMEF 2023 F F25% 6 H

RIBFFAEARF A Ansl (D ), AN ERHE
PERM R IE R 7 CS5isTEAL f i R H
HIAREA R AT
o e I 5 T O P SRS S B AR
H' & Hi, [Ho ] =Ku[H]e S ()
W AR R A ST B 2 5 SR
=MOH +H},,<=MOH;
[ =MOH; | =K,,[ =MOH ][ H_,,] @
=MOH <=MO +H;,;

[=MO] =K, [=Mon][H;]" @
gia (D ",
[sMOHﬂ:KWﬁgiEMOHHHjé%i: @

K, [ EMOH][Hﬂe’%
[sMOJ:KwMKJENwHHHﬂ*a%z “

K,[ =MOH][H'] e ¥
JSONEIE R )~ 20 R AL HE A P AT SRR A
i P4, A
T[=MOH]=[=MOH] + [ =MO" | + [ =MOH; |

©)
(1] =100~ [n] - [wor]-
[=MO"]-[OH]

0,=[=MOH:] - [=MO]= S )

X (D~ 1, FifT “[)7 RN ZWHIKE, 5
A mol/L; KA N AFAE T 50 F TR 58w 4L,
FAA C/mol; ROVAUAHEL, 8.314 J/(mol'K); w, N
KM, BANV; TRMIIZHERE, 298.15 K;
o RN IR T FAT 25 B, SR N mol/Ls COLLHE
2%, FBALNF/mY SRR, B MmYe; akl
WIRIREE, A Ng/Ls.

T I A R B E A B A A TH A E A [H ]
(10™) IR EEAS A, TR bR P17 7 FE 5 AT AR
SHOERE, I AT — i AT H AT A
W RRFIE T 2, RT3 DL A o A R
M. ik, "3RI SFEN, (sites/nm®)P:

NfzﬂzhﬂﬂﬂﬁFA ©)

Sxax10
X (9 H, TEMOHPAN IR AL s E, mol/L;
N, R B AR A48 5 5 %0, 6.022x10% mol ™. &, 1K
U™ W22 T K AR 1 IR R AR 5 219 B T BRI,

BRSO e B NGRS 2 48 S R4 4
K, ANBEFE A B AL T AR AL

(=) FEIHUTIR P I Rz id 32
FRERON 2 9 B 7 RIS R, B B
TG BB B T 3 R R
=MOH+H"+ An"<=MAn+H,O (10)
=MOH + Cat*<=MOCat + H* (11)
WRBAS 7= P ASr, i~ 20 1) DB

[ =MAn] =K, K,[=MOH][H*][An ] =
Fy, (12)
K,[ =MOH;|[An"]e **

[=MOCat] =K ,'K,[ =MOH][H*] [Cat*] = (
P 13)
K,[=MO][Cat"]e *"

TSR K Al B B P, ANyl RR AN (NaOL) &5
+ k% (DDA) A:
[HOL] =K,,[OL"|[H'] (14)
[RNH, ] =K,,[RNH; ][H']" (15)
Lo ERAE /SR S TR
T[OL ]=[=MOL]+[HOL]+[OL"] (16)
T[RNH}]=[=MONH,R |+ [RNH, | +RNH; (17)
EN R A, BRI TS RV NI
F U R R B F BN fros . £ BB R,
PA pH FH 2457508 B FE AR N RN, 456 1A it
AR AL, AT TE B 24 70 W B s R ST o A
Y i 3 v R AE o B . R X Sl B ) A
AT ST Ak I R AR BB R s AL R E &
1K, FENTIRBN AL SO A IO SRR R
TV B 22 e e KA B 2 70 I B, TN 5 827 18 5 B
FARAR R T B LA, APk T2 A P I )
FA . DL— KAREE A — R AN TR I 7k R o, BAk
B 5T R 1 2 s o

M. R EHE S ERAE RO

(=) KR NFHERH R AN R BES
XA AR KA. mIEAEY
Ko o IEATIRER AL E, 33— RAIHER T
B R TSR E B s DL E A R SRR E
EEWAE ) CHIER IR ARBES A e SER S8 = N K (VAL
Rt 3 FR, B R R Dy E R YR

251



WFER M EMREE SN A : BHERTT YR E ST/ Z5HHE R B

R
OH-
H+
H,0
OH- H°
J AR Al - .
BT K AT

P BT 24551
M (OH); M (OH),

R HL A Al
6, ~[EMOH]-[EMO"]

W7
B § RS SRR S X R EE

[ W SRR TIN R E A : YRR A
‘ W AT :
SRR P, LB REN
W LS —) [ZAI0 H,]=K, [SAIO H][H e =1 -7 %zﬁif]v;(
R 2 [H],, [H'] CAIG=K.[= e AL B, K,
ZAIBHEOL ], [H] A0 TR IZAOHI T e i
25 LB B, T 2 T 245 70 W P P » z L
[=AIOL]=K[=AIO H,][OL Jewr
A 2R AT B 7y -
CSay,
o= =[=AI0 H}-[=AI0'] —
PR S
- _ _ U M) 4 iR 5 L
T[ZAIO H]=[ZAI0 H[+[=AIO H;]+[=AIO-+[=AIOL] : |
[H"],,=[=AIO H;[+{=AIOL]-{=AI0-]-[OH ] eikaediiia
[OL],,=[OL"] ~[OL-]-[HOL]=[=AIOL]
2L P -l
[H][OL-]=K,[HOL]
TP BN R plELEE PR A
SETIDATE — Ll e B e
T Ay e] i LR s
e RS HL T[=AIO HIxN NS HLANT TR 1 2R
—_———— COMLH 245 )
sxax10"* VAR BEE — AR AR R )

E2 #FFEIEREARFHERERTMRE

THI S 0 BT W B AR S 06 a, R B SR 0 (T
PEAL SO0 5T B e AT, ap D 4 IR S A
EEARE, IEM TR S SR, ARk
R T AR T A s A SRR, BT = pH
FAF TR AL A DL W AR B E . i
K3 (@, (). (o) AT, FEEpHAET &, S0

252

2 T F AP R D 46 S 7 25 =MOH ¥R FE & 3 B A,
B RS ET; fir IE IR -F A S =MOH; ¥k
FEBE pH ) FH i 3K, TE0 )% B S i 5 25
FAL R =MOIKEAHSE, BEEWRELSTE, S8IE
W % T AR A e TN T 2 B R A P e
A (LE3 ), KA A =X 75 %> pH



PETIERS 2023 4F £ 25% £ 6 Hf
0.2 0.5 0
- o &« -~~~ -~~~ " - - -~ =
0r B ~ T =
~ 1-10, 005} 12 7,
= 02} g = i g
=} = S —0.10 14 <
g 1-150  E . O
g & g o WMt E SR &
= 04F woom0IsE EMHE o
XK L ‘o _72_0@ X —~-i81OH+ 1-6 4
F 06 o WMALRME @ W -020r — .. =FeOH, e
= LA ~._ 2 = ~ RO =
= — -+ =FeOH," "~ o 425 H}% = _025F ~-.- 1-8 ;%
—08r ... =FeOH '~ - o
— - =FeO 030} Tl 110
71'0 1 1 1 1 1 1 73 0 1 1 1 1 1 1 1 1
7.5 8.0 8.5 9.0 9.5 10.0 105 11.07° 65 70 75 80 85 9.0 95 10.0 105
pH pH
(a) ARERA OFES
0.2 -2.5 2.0 -2
O - — - — s LT LT T LT LTSt 3
""" 130 - T - R
_ (U B T _ 1.5+ . Tomeaml] 14 7
= -7 43sE = el — s g
-— i WG [ A5 S > < s SNl T =
g -02F . ° gﬁ%*%ﬁ/ S g 10k LT 1S
g T WEE - 4-4.0 5 £ - : =)
= - - z P =AIOH =SiOH,"| £
04| - — =AIOH,~ - — =SiO-
204 e 145« X 0S¢ A0 g
b - Z 5| o mmasm p
& b T = = A 19 &
X 0.6 7 - -=AIOH . '—S-O]E = 0_—Mnﬁ %
=AIOH," ® 1 10 %
- —=AlO- 4-5.5 .
—0.8F . _0s5k
L L L L L L L L 1~ 760 L L L L L L L L 712
55 60 65 7.0 75 80 85 9.0 9.5 10.0 10.5 40 45 50 55 60 65 70 75 80
pH pH
(c) —IKBEEHA (d) meH

&3

JEH IR H IR LR, 55 5E=AI0H itk
Fe=SiOH fif s B EHAA R« ERR ST F Lh=
AIOH; =, =SiOH; MRk ML RFFRURKT, &
B RE SR B =SIOH M TLRE I B R IR 2 18
B 26 U PA=Si0~ N 3, B A #5235 =SiOH (1)
LR TFIRMEE RS KA. JIEfRA s S EHLE,
R 42 S A PERE, A SR pHUBE & L 2R LA A
(PZC). HE3MRH, R Ao, — /KA.
U A 4 N 7,824 1164 7.001. 3.95,
B 5 SCERIGE A TR0, fk, SRR AR
1 B FRAAT 93wl I 4y A i 45 6 3R TR AAE 5 5
BEATARRE, IR T X E 0 2% Hh ™ P2 11 R Bk
PR LA

B TR 28 i S ST BRI R B N, IR 1
Fli7m o ARAEH 105 M 2 H0n] 19 58 85 )5 142 % dh i b
MEIRE L, SR, e, — /KRR A IR AT
FBEFESY 5N 4.54~5.77 sites/mm?s 4.05~5.22 sites/nm’.

KR RS ST MRAEM LB D HIER

3.61~7.99 sites/nm?, 1] 3 1 W51 WAL 55 5 ¥ A
WEIX ] o S T U& A, i ] AL Si F2 A7 A 2
B E N 0.67~4.35 sites/nm®, 5 1 45 BAHKT
JZ 8] 7K A A7 B g A7 s P JE E H ST A e & (CEC)
WA, FUGEW TR R RS S A, &
TR E B AR IR A TR B, R TR
AR R W RE VAL S R ES 5, 4RI AT &
AT B2 T i AL S R 34 20 5 L A A
T, UG IXAEIER U M AR T RN FH

(Z) IR AAUGTIIR B & RE S E = E MR AT

YFER W) I e B E IR B ik T 2 AR
THRISRBEIAYY, AWM VR T VAL 535 245771
[ RIRANYE, A BEBS IR 1 2570 5™ ) & i
Z A EAF B, 38 n) Oy e S e R SR A T
B LAl . ST ARERET — 0 S AR R I
7R A 305 B 18 3R T PR 77 DDA, — KB AR A7 —

253



WFER M EMREE SN A : BHERTT YR E ST/ Z5HHE R B

e U R R 39 L Y 1) 9] S e R v SR gk AT
BT MR R R BT AR A A e L, R T
B0 B SR A AR A R R 2 . AT R
RIS NS T AN IR BT R
T ARG A A AL AR, B S 5 B BRI 2 )
RABEGHCALR N . Ph— KB — T ER BN IA RN
1, WSS BT AL S=A10H; 5 2574 H 1 e B
RE I E

=AlOH;+OL —=AI10L+H,0 logK =824 (18)
52 B L, HART WKL 55 25704 FH RP i
AR . 5K R B AR AL, R R 2
SEIRAT DL T AR 24 70 W B sk A2 & A 2 T AR AT —
FRE VAL SRR B 2 N R A O, (R X 24 71
W B I FEALER PRGNS Bk, AR THI [ A R
AT 1 24 750 A I R S S BB b Ak, AR
NG A R s ) vk R ] T ©
W45 Bk 2570 R AT 9, T UM K
T2 RE, DTSR IR R .

T R TN R

FER AR T KA B 200 B S N AL AT 2

P 7 e R B AT 3 ) oH 5, AT % 24 70U 4E
BN YRR A, AF IR G R IE 5 5
IR o 29 F7LE & W3R T BRHAT 9 () 22 e ot
FORFME M BRI, B VISR 5K,
TET S M PR TR bR o A A A5 R PR -2 A Y A T
TN S AL IR 25 7B 5, W AT I e BRI
NI IR AR G R 2, REB VD I L M )
AR R FEREM PR E ST ZRIRE
FEVRIRIRE, BT S 450 T ERL ik
Wbty SRS BRI A EAE SR, DA E LA
FAE 2 TN A SEPRIFIEAT N, SCRESCELE )] I
PR B HERR TN S S o EERFARERET — A e — K
A - @A RN FIEA R, AT AR L #)
IREH RN, 753 DDA Ml NaOL /£ &AM 1%
BT A SIREGH PRk SCIe AT MR, 45
W 4 FE 5 Fis o

TR R A S IR SR THURAAE 5 = i D P 1 VR &
WX} DDA [ W B 5 DL R A & T I3 3 R
WE4FTR, BEN A5 AR 8 5 0
101, 3:7811:9. 4 (). (d 1 (g FW,
MR AR A A Je T B EE R, AT DU T Hi il
MEE WX DDA 2 W b &5 i &4 DDA £ /R 8k

®1 BUYRERTXRIENFIEEEDONER

R VPUES KA SR T8 H logK 7 F% N (sites-nm™)
UiRERN =FeOH + H* »=FeOH? 7.51 4.50
=FeOH —»=FeO +H" -8.16 4.50
Y =SiOH +H* —»=SiOH; -1.10 5.30
=SiOH —»=Si0 +H* -7.71 5.30
— K ER A =AIOH + H* —»= AIOH} 531 7.96
=AlOH »=AlO +H* -8.70 7.96
Es =AIOH +H* —= AIOH} 5.61 1.44
=AlOH »=AIO +H* -9.41 1.44
=SiOH +H* —= SiOH} -1.10 1.44
=SiOH —=Si0 +H* -7.73 1.44
=X"+H >=XH 3.90 2.69

R2 FEBYCIER T MRERM R EHERE DGR

W) — 2550 R & W B I 80 5 2 T % logK
FREH" — DDA =FeOH + RNH; »= FeONH,R + H* 5.58
Fi#% DDA =SiOH + RNH; —»=SiONH,R + H" 6.76
—7Khf45 A —NaOL =AlOH+H"+OL —>=AIOL +H,0 13.55
U&7 —NaOL =AIOH +H*+OL —=AIOL +H,0 11.76
=SiOH +H"+OL —=SiOL + H,0 10.35

254



PETIEMEF 2023 F F25% 6 H

WA SR T % B TR R N =, 15 20 B 25
FEaE4 (b, (e (b Fim. ATLLEH, AN
o DDA 1 A7 5% 3% T (1) W Bt % Pz oz = T AR 2R
BT ERGEE, X LI DDA A RFINE A 3T
TS, SRME4 . (DL () . X
LU % 1 C BE T 00 24 700 W B % R R e A, T DAK
UL DDA TE B3 R 40 2% TH 1R W B AT S 5 7 34 [T Wi R
AR N — 8, RO YR T R IR =
A DATE — @ P2 bR IR AR AT W deth . Fom
AR ESCR SR bR . TEVRIE IR T 2 AT, FI A X i

257000 M P 5 R B et

WERIFS L2 W atrigs G, witE B g4iE
SN YRR 2 B H 5 kA R
Wt B 22 7 B R AN SF BT BB XS R 326 70 B85 1) e A 2 A
FH ST e Fi8 Fm JE AT 25 T30 o

T —KEEE A - SIS AR R, R EREN
45 X NaOL 43 BIAEAS R BCH b VR &8 (— /KA
BA: mBAE=1:2. 1:1. 2. 1) RIEPRHAT
AT T, R WE SR tHE TR R
FE—/KAEEE A L =0 A R T ) W B 2 A S 505
MAFEE R —80, — I KBEES A 2 WL Bt & v T A 1R 2%

gL o REHIEE
—— W PR ith 2%
6 paE 3
U

e

W B Y /(<1075 mol-L )
N

W B2 /(<106 mol-m ?)
N

NaOLW; 4% BAT ik bR
100
90}
80
£ 70}
6ol fi

Z sof o R
Y ) 40t
o TRERET % 30}
2+ 20F
/ 10}

8.00 0.02 0.64 0.I06 O.IOS 0.I10 0.12
WIHEDDA MK JE/(mmol-L")
(@) AIE: PRI =1 : LN B B

(()).00 0.02 0.04 0.06 0.68 0..10 0.12
PIEHEDDAK &E/(mmol- L)
(b) FYe: ARERA=1 = LB v P25 B

000 0.02 004 006 008 0.10 0.12
DDA ¥4 ¥k E/(mmol-L )
(o) AFE: M =1 1BFHGEIKER

10 10 100
[ o —~ 90
"T] 8r Né 8t 80+
T o R 3 < 70t
6 lﬂi@]‘;ﬁ%ﬂdﬁ%‘% < 6 @ 60 .
z i 7 Fidk = S0 L
= 4 =4 o A 2 401
% 5 % 30t
§ 2T E gl / 20¢

= 10F
000 002 004 006 008 010 0.12 800 0.02 004 006 0.08 0.10 0.12 800 0.02 004 006 008 0.10 0.12
DDA 1Ak B/ (mmol- L) DDA 47 BE/(mmol-L™) DDAFJ A BE/(mmol- L")
(o) FdE: AREeR™=3 : TIAG W B e (o) Fide: AHkH=3 © TRV I e (O FdE: ABel =3 : THHRIEIOR

10 10 100
~ _ 90}
= st ° = 8t sof
S | o RIHIRA E = 70}
L6 — WFTII i % < 6f # 60 e
X A = fi5E E[S s0f —o— R
@/4- AR 3&4- —o JRERA” 8 40}
¥ X ulEnys
= 2t = 2f / 20}

= 10F

(()).00 0.62 0.64 0.(.)6 0.68 0..10 0.12
DDAXJ U4 B /(mmol-L )
(@) AZE: FRERA=1 : O R B B2

800 0.02 0.04 0.06 0.08 0.10 0.12
DDA 4K 5/ (mmol-L™)
(h) 3% FARGAT=1 : iy Fif 5 J

(0).00 O.b2 O.b4 0.b6 0.b8 0.‘10 0.12
DDA A ¥ BE/(mmol-L )
) A R =1 : oAy EIf R

El4 AREILLBIFRAN MAZERAN - + IR R AR RFE R I8 IE

255



WFER M EMREE SN A : BHERTT YR E ST/ Z5HHE R B

i PN
2577 WS BV 5 A s B iR NaOL W fft %5 i BAEW Tk

1.0 100
ol ~ 81 ool
7208f g Tt 801
o o RIS S 6l = —IKBRA = 70f
2 0.6l — VRHHT 2 El e i ¥ ol
Ehe ’%ﬁ@%ﬁﬁ s | E o]
=l — RiRf < 4r '/ e AR
041 ) 40} — IR
é % 3r / g 30b —o— HIAT
= o02f g 2r / 20}
= s S— 10 -.Q\'_/P—_i—;§—'__§
0.0l _— T L S ol
00 02 04 06 08 10 1.2 00 02 04 06 08 10 12 00 02 04 06 08 10 12
NaOL¥]J 4K JB/(mmol- L) NaOL¥J #f ¥k J&/(mmol-L") NaOL#] 4K J&/(mmol- L)
(2) —KBEEEA : WUSA=1 - 2B MR (b) —REE4RAE . R =1 ¢ 20N IR BR 2 B2 (c) —7KBEERA : RIS A=1 : 2 Mk e
1.0 100
~O 90t
2% o e el KRG oF
- o W =1 —_— | —a— — 2] —" R [
e T, 201 o mir — S 70
g 0.6 5 M 60}
£ | kg S = ool
B, R éj: _ 2 ol e KB
02 = 20}
// Bl 10l yee—t "
0.0 : e 0 e S 0 — -
00 02 04 06 08 10 12 00 02 04 06 08 10 12 00 02 04 06 08 10 12
NaOL#] 45K BE/(mmol- L) NaOL¥J Uf ¥k J&/(mmol-L") NaOL#J 45K JB/(mmol- L)
(d) —ZRWERA . WIAAE=1 © IR EE (o) —/KEE4RA - WA =1 © 1y i 25 B2 () —7KBEERA . RUA=1 T mIkER
1.0 100
=8 90}
708 g7 - 80|
o o IRBH g op e —KEAT e £ 70¢
£ 0.6 — WM 2 < s| o WA . £ ool
= = 50}
B <4 ///// ! e BT
041 2 40} t
§ % 3r o % 30+ —— %“’%E
=02 =27 / 20}
! . 10F _,/V"'_—"’\-——o
0.0 : : P 0 : - : e 0 ; ; ; ; ;
00 02 04 06 08 10 12 00 02 04 06 08 10 12 00 02 04 06 08 10 12
NaOLHJ UK J&/(mmol-L") NaOLJ Uf K &/(mmol-L") NaOL#] ik /(mmol-L)

() —/RBEGHA : WUAL=2 IR (h) —KBEERAE . R =2 & LIk B2 S () —ARBEEEA : RIEA=2 ¢ L R
El5 AEFI—KEEB ARSI AR ST X B Y IR B U0 A2 7% 1 38 381

PER RS AT, FEFEF ARG A AN E g 5, B OGNE R R T R AT, DA
PR AN AT THFE S ERE, SRNES (o,  RBIWHZEFRRMIZFIRIE; %5006
(O, . NS EME TG EERS TRk s @M, W ariism R TE.
(b). () () ALK HL, ANF NaOL &M itk TEZHF RIS,

RS R B MR o, BT KA

FRESEEG. TR ECREHE N PREIEERE

(s WV 308 77 i b PR e [ AL 2R A v 04 1 [l A

R, RIS AR AR SRR Se (—) RER

B3 — /KA R, BEERAT T — /K TR AR R R T S 2 (1 [ S A T e, A
AL FE s, NaOL EZW T /KEEE AR M. LA R 5 TH 0 2 B8 R V7 3% V3 AL 2 R EE Dy 2
MRYE K S TS5 3R, FEmE X Sebam AR TTAE BhS A, 45 A KW IR SE MR 25 AR AR, B

256



PETIEMEF 2023 F F25% 6 H

KRR T AETFAR 2 b 1 3 1 7K A R AR
B S B R AT B A o AR - RIS AR
V2R e A B 7 240 AR ok A IR S RO R 4
AW T AR LR AR, 7 RS H R ZE e/t
WA R AR . PAFHI R BT R WS TR
RV TS SRR B A ZAER . © K
V- H B AT AR BT AR I R B BT, B A
J5 5 TR R B R B 70 M AR e B 7 At oL, 5t
Ja SRR 2GRk AT R @ KA AR )
SR T PR AR R A 2 R AT T AR AT, S R R
WA AAL SR A s, T i R i %
R (pHp,) SEHESH, O A sl & AR AT
s [ FRVRPAE 5 6, AR08 S L I 028 T e A7F b o e
LR R T A B R R R AR, I LR S
L s @) 33735 24 7R P s T8 5 SO TP
WO 53 5 25500 03 1 (B KR AN PERF AL, T ELULRS B H
It 5 kA 2R 22 5% A BT &
AFTILGFIRITT R © BUA T BICVE 7 H 45570 L TR
G A AL A RS DL, (R IR B S
S~V 8 5T A AT 24 R Al X % 2 0 W B
AL RISZ S, AT T T A2 2 44 2 rp R — 2477055t
B IR L s © 25 70INR PR 2 Pk [ UL
HRBERR, LR F EOV AT K T
e AR SRAMEAT N AR SR A T AR A, A28
R R VDN AYNAEL By = SR vl b
BEF PR 7B S .

(Z) HRRE

SRR T R AT I SRS WP s, (H
H B2 R8P 2 POl ST AR AL, SRR Y
TR HE T IT e KB AR, BEEEIR A S
2R (RS 3T 58 2 LB i e TN 28 4 1) RGBS FH 38 A
—ERE . UL, JESHE T LR T T AT L
e @ B0 08 24570 Bl 5 25 R R AR IR
RIS BEAT Goit 2 B IR, 1 B AN R 24557
BESRAT TR AR 1 TR, FEOR
FRASE (K BRI AR AT D AR T A
IR BRHAT A LRI R @ X THSEAR I 1
RFIEH RO AT 2 M SRR I, A Bl HL AL o A
SR AT (K2R T R A REAT AR G M T IR T
J1 A 7 i 2T A DR T LSO TR AR
I LA A IRIGAE . &5 & X AR ORS 40 251 1 o 24

FRVRE B Fe) 2 ] S A2 A8 B BEAT 3 A FNSGAIE s (D) X i 7Y
W7 SR R AL 2 AT U SEAR R DU ST AR K FE
B e, AEOREE TR BT R SERE, Itk
SEH B 2 N

710 24370 B B~ R A A ) A A N
SKEBOFTRL, IBERAET: © BT Y
AL P KRG AT s I 25 26 AF R
AN TRV 0 2 TH AR 5 6T WBE R 25 ) A L A28 P 2 A R AEE
S U IEAT N @ BACRAET YR
THIA7 55 24 00 B R SR AT, D AL 2470 E 0 AT
REH TRt R RN 2%, O H TS
e (BNAE S S a Rl kS S R (N AT K
PRIEAT; @ fERFHIER ERR )R, TR 4
W Ja AR . BHSTEE. T HRIK
B HRmAREEE R, B T AR G ik R 24
FR BERF 1L 551, AR PR B PR BT 3 K
(IR BRI AR TT A © 1l S A F0 2
IR ik T 2R R VL EZ A R 48, $Em
HER B BT, IR BRI TAT L GUET A e

i 25 M 527 B

ARSCA 2 AE L W B () ANTEAEAT A A 2 o SR s 55 28

Received date: December 24, 2022; Revised date: January 11, 2023
Corresponding author: Yue Tong is an associate professor from the
School of Minerals Processing and Bioengineering, Central South
University. His major research field is mineral flotation separation.
E-mail: yuetong@csu.edu.cn

Funding project: National Natural Science Foundation project (U1704252,
52104286)

Sk

[1]  ERJ3E. Pk TR E S R [C. L G+
R 2, 2014,
Yin W Z. Reform and optimization of flotation process [C].
Hefei: 2014 (The Fifth) China Mining Science and Technology
Conference, 2014.

[2]  MESE, R, BOURRK, & ZERT i TR 0] A &
&g (GEH ), 2018 (1):1-7.
Sun CY, Zhou J W, Jia M X, et al. Research on genetic mineral
processing engineering [J]. Nonferrous Metals (Mineral Process-
ing Section), 2018 (1): 1-7.

[3] Shean B J, Cilliers J J. A review of froth flotation control [J]. In-
ternational Journal of Mineral Processing, 2011, 100: 57-71.

[4]  SKUD, BeRAE, skobk e, S5, 522 il Ao Bt 2R 5 A VR Y RE 4
HEA [7]. 573R, 2021, 30(4): 129-134
Zhang Q, Rao M S, Zhang L L, et al. Intelligent control technol-
ogy of complex high-grade sulfur-oxygen mixed copper flotation [J].

257



WFER M EMREE SN A : BHERTT YR E ST/ Z5HHE R B

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

258

Mining & Metallurgy, 2021, 30(4): 129-134.

FB, RS AR R RGO SR ). A e
HE WIS, 2019, 40(5): 5-9.

Wang X, Zhao B S. Design and application of Intelligent control
system for copper flotation processes [J]. Nonferrous Metals Engi-
neering & Research, 2019, 40(5): 5-9.

Putz E, Cipriano A. Hybrid model predictive control for flotation
plants [J]. Minerals Engineering, 2015, 70: 26-35.

FLEETE. FE T S K 1 ke AR R A4 ) [D]. 4R P EET
AR A (22 A8 50), 2019.

Kong F M. Intelligent control of flotation process based on data-
driven [D]. Xuzhou: China University of Mining and Technology
(Master’s thesis), 2019.

B, PO, KK O RR AL IR MW ST S et (], o B AR,
2017, 43(10): 82-87.

Mao H, Hao Q. Research and design of Zhangjiamao intelligent
coal preparation plant [J]. China Coal, 2017, 43(10): 82-87.
FVEVE. BT AR ) AR S (M]. Kb AR kK
AR, 1986.

Wang D Z. Mineral flotation and reagent: principle and applica-
tion [M]. Changsha: Central South University Press, 1986.

MR te, wRak oAb 2 R (M), db5T: B2 H ARA, 2021.

Chen J H. Coordination chemistry of flotation [M]. Beijing: Sci-
ence Press, 2021.

Liu G Y, Xiao J J, Zhou D W, et al. A DFT study on the structure-
reactivity relationship of thiophosphorus acids as flotation collec-
tors with sulfide minerals: Implication of surface adsorption [J].
Colloids and Surfaces A: Physicochemical and Engineering Aspects,
2013 (434): 243-252.

Zhao G, Zhong H, Qiu X Y, et al. The DFT study of cyclohexyl
hydroxamic acid as a collector in scheelite flotation [J]. Minerals
Engineering, 2013 (49): 54-60.

Yang X L, Liu S, Liu G Y, et al. A DFT study on the structure-
reactivity relationship of aliphatic oxime derivatives as copper
chelating agents and malachite flotation collectors [J]. Journal of
Industrial and Engineering Chemistry, 2017 (46): 404—415.

MG, B, BAIE A, A5, 2R AU 7E B AR USRI
FH (00w A €4 8 24, 2009, 19: 1524-1532

Sun W, Yang F, Hu Y H, et al. Application of frontier orbital in
developing new collectors of chalcopyrite [J]. The Chinses Journal
of Nonferrous Metals, 2009, 19: 1524-1532.

Pan Z Z, Li W L, Fortner J D, et al. Measurement and surface
complexation modeling of U(VI) adsorption to engineered iron
oxide nanoparticles [J]. Environmental Science & Technology,
2017, 51(16): 9219-9226.

LiY, Zhao X P, Wu J T, et al. Surface complexation modeling of
divalent metal cation adsorption on birnessite [J]. Chemical Geol-
ogy, 2020, 551: 119774.

Sun Y B, Li Y. Application of surface complexation modeling on
adsorption of uranium at water-solid interface: A review [J]. Envi-
ronmental Pollution, 2021, 278: 116861.

RILIY, G245, 2, & B R - B -4 =ik &
MR 28 SRR IS [J]. #RBE4L 2, 2021, 40(2): 520-530.

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

WulJ T, Zeng AR, Li Q L, et al. Development of surface complex-
ation model of heavy metal-citric acid-goethite ternary system [J].
Environmental Chemistry, 2021, 40(2): 520-530.

Hiemstra T, Mia S, Duhaut P-B, et al. Natural and pyrogenic
humic acids at goethite and natural oxide surfaces interacting with
phosphate [J]. Environmental Science & Technology, 2013 (47):
9182-9189.

Goldberg S. Chemistry of the solid-water interface: Processes at
the mineral-water and particle-water interface in natural systems [J].
Geochimica et Cosmochimica Acta, 1992 (57): 205.

RRR. LY/ A SR ] R K R T 4 A
Wh5E [D]. BB AR (2418 30), 2019.

Qu C C. Surface complexation modeling of heavy metals binding
on soil mineral-organic composites [D]. Wuhan: Huazhong Agri-
cultural University (Doctoral dissertation), 2019.

Ramos M E, Emiroglu C, Garcia D, et al. Modeling the adsorption
of oxalate onto montmorillonite [J]. Langmuir, 2015 (31): 11825—
11834.

LiuY, Alessi D S, Flynn S L, et al. Acid-base properties of kaolin-
ite, montmorillonite and illite at marine ionic strength [J]. Chemi-
cal Geology, 2018 (483): 191-200.

B, T, BT, SR ORISR AR T 4 A BT AL (D).
IRERL A, 2014 (34): 1141-1149.

Huang L, Fang H W, Wang J Y, et al. Surface complexation model
for quartz sand particles [J]. Acta Scientiae Circumstantiae,
2014 (34): 1141-1149.

F WS /A - AR R S IR R
ZRE AT AL [D]. B0 #erpfoll ke (22 AL 0), 2015,
Wang N. Surface complexation modeling of Cd(II) adsorption on
montmorillonite/kaolinite-bacillus subtilis composites [D]. Wu-
han: Huazhong Agricultural University (Master’s thesis), 2015.
Karimzadeh L, Barthen R, Stockmann M, et al. Effect of glutamic
acid on copper sorption onto kaolinite-Batch experiments and surface
complexation modeling [J]. Chemosphere, 2017, 178: 277-281.
Jolstera R, Gunneriusson L, Forsling W. Adsorption and surface
complex modeling of silicates on maghemite in aqueous suspen-
sions [J]. Journal of Colloid and Interface Science, 2010, 342 (2):
493-498.

Yue T, Sun W, Hu Y H, et al. Mechanism of goethite precipitation
on magnetite and maghemite nanoparticles studied by surface
complexation/precipitation modeling [J]. Langmuir, 2018, 34(50):
15134-15142.

Kosmulski M. Compilation of PZC and IEP of sparingly soluble
metal oxides and hydroxides from literature [J]. Advances in
Colloid and Interface Science, 2009 (152): 14-25.

Tertre E, Castet S, Berger G, et al. Surface chemistry of kaolinite
and Na-montmorillonite in aqueous electrolyte solutions at 25 and
60 C: Experimental and modeling study [J]. Geochimica et Cos-
mochimica Acta, 2006 (70): 4579—4599.

Zhang N, Nguyen A V, Zhou C. A review of the surface features
and properties, surfactant adsorption and floatability of four key
minerals of diasporic bauxite resources [J]. Advances in Colloid
and Interface Science, 2018 (254): 56-75.



