





Fig.3 Picture of Fe/C balls (Tetsu-sumi dango)

Fig.4 Picture of Tamura’s pearl farm
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A A ) EBAERLT, KELEO ZAGigkA 4 &2 AL
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Fig.6 Picture of spent Fe/C balls
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Fine particle separation technique using froth

Eishi KUSAKA?

*Graduate School of Energy Science, Kyoto University

= FiEEE (1) 1@
Flotation (1) —
Abstract

Flotation is a selective separation process by attaching hydrophobic particles to rising air
bubbles to form a particle-rich froth layer on the pulp surface, which flows over the cell.
Hydrophilic particles are unable to attach to the bubbles and settle to the bottom of the flotation cell
to be discharged. Flotation has been the useful technique of the mineral industry for a century and
more and has significantly been developed into many other fields, such as deinking, wastewater
treatment, and separation of organisms including plastics, proteins, etc. This article reviews the
fundamental aspects of flotation and the interactions among them.

Key words: froth flotation, foam flotation, bubble, solid-solid separation
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Wi EARSTHEE) , TRUERELE] (flotation) 7 & & R
A, M NI EE um LT 10 pm A2 DL E Ok
AR R A A HET A RS LTHREBLTE . i
FRA RIS T 5 &, TEARK T O KRR T
AL, JKEBIUT S WBZKPED BRI Z Va2 A1 G
SE TR EBET 2 51k LS50, BETHIERAR
F I O ST HMBERITART, Hikh%E, anA
K- Ry, - B, IR - B TR
L, BRx 2 AR O IREF O AR A 2 L, FRITEN
FNOSEICET DRSO G LISMAAERY A Sh
R BAEHETHRREICEKATND.

KT LRy FRG 2HEEDA (BJESAIY)
EERDOTINE NS T ERRERIICA LTI Y, Ak
ROGBESF T 0w AFIHENTE, BEEE LT
B & 72 AR 72 FFFIE 1860 412 55 [E > W. Haynes
EoTimofRbicmaE vz miziEk (oil
flotation %) (2375 (Table | Z/) . Z DM T
IXERNEROFPIICE EEV REARBBERTH 2 &
W7o 7208, 1900 FERIC 7 - Tl v IcK a4 A
W5 Z & THLER R b QN AL L SRS T v 7 L
7o 2 SN TESERDMBEFRAICRIE L, 20 tHHt o &
FELZTEIe, L LAans, il T b ek
%, HER D DT EH IR OFEE, ik D DL - RS
B EORBICHL R OND K512, Z ORI 235
FTHHAM G ML STRATE Y, NEOA )RR
L OFCThb L, BERBZORBERIZHELLTHD
F 7RI E Lo T W AE £ TOHMFT,
FEEE EORBRREMNCHD L bbb,
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Table 1 Important steps in the evolution in flotation'

Year Inventor Invention

Table 2 Important steps in flotation in

e #5 il N
1860 Haynes Usefulness of differences in wettability of 1901 (1.34) FE R TGN R > & — 2 T
minerals by water and oil. L)
1886 Everson Acidulated pulps desirable. 1909 (B 42) [ | R 2 — R
1902 Froment, Potter &  Gas as a buoyant medium. (BER®EL) , 77—
Delprat MNHIFRIEIZ LY Pb/Zn D
1905 Schwartz Sodium sulfide to recover oxidized oyHE _ _
base-metal minerals. 1909 (W] 42) BAESE LI Cu FEAIZDNTHR Y ¥ —ik
; P p & B el
1906 Sulman, Picard & Reduced amount of oil; introduction of — —
Ballot gas by violent agitation. 1914 Ok 3) SR ﬁufﬂf!{gﬁ;; MS g
— oA
1909 Greenway, Sulman & Soluble frothing agent. = RO —— =
Higgins 1915 (K 4) EEFSRIL {1:%%&374 Af) Cu m%
- - 1916 (K 5) SRR MS BRI A Bl L TR
1913 Bradford Copper sulfate as activator for sphalerite. BRI BRI
1913 Bradford Sulfur dioxide to depress sphalerite. 1916 (K 5) R - BUEGE L | MS BUIyEsepglc X 5 iRk
1921 Perkins Specific organic collectors. FEHR B AR
1921 +oveenenes Alkaline circuits. 1916 (K 5) ARRASL L (&’;;{;J%g?%@&ﬂq
1922 Sheridan & Griswold Cyanides to depress sphalerite and pyrite. o7 O~ © ERURT EEAN A LR RER
1924 Keller Xanthate. 1917 (K 6 HGEL | MS TUFR 6 X gl LBE
1925 coveveeees Soaps for flotation of non-metallics. BHAG  (FE R85
1918 (kK 7) H SEgEl BREAER (733) SRR
AU 1920 (K 9) Al E {REAIEE, AT A AZxFL
AARIZ I8 2 FiA DRI ARG B 2R 8 E AR LT {Eﬁ'ﬁ@i@%iﬁﬂ%
DX, 1910 FA%, 72 b BUFs T % AV 7= L Ok 1928 (1H 3) L L W OEER, ARl
4 44 (E REEZ0N)
ARBGSNTHLEND Z & RFRIZARD (Table 2 TR T T80 CuPb TEEATE
S LR, %@ AT, A S OFLILIZ 3 Tk Chf 1 810)
» S Ay AT " 1934 (1 9) SR THEEOEA
SRR IR MS TEFEG A J TS ARBTIEA DA = 1938 (4 13) BRI | BRI Cu ORI
hqmwﬁ_ﬁﬂ%Mﬁﬁ¥ﬁtﬁéifﬁﬁﬁﬁﬁﬁ A

e LTI 90 £E1FE i T2 ES TIL Z OREICE; -
TR E a2 L N Y v F T TR N B D WDITHREEUK
SEARIEATEDO AR OGP A 2R DB X 1T L.

3. EFEORE

FEREE, BVIELICAR DD, Fig | O X5 7pMEEE
FAN T TRE AR 1 O K MERRIRIR P ICTE 28 A L, K ETH
FUE < WBIOK P O [ (AR 7 2 Yl AT 35 &8 CF BBk
L5 THY, WAIAET LGN EEGR S DHH
fiickhsd. Lo, “BUKE" Lo Sk
—U— RPEERERZH L LI D. 22Tl
ﬁ@@%$%&ﬁ@ﬂomfﬁ@k%%ﬁ%ﬁm%%%

AT 5.
REFEHIZLIHMFOZFEN Fig. 2lo-Ehb L 91,
*@r(méiﬁi)®ﬁﬁm% SIS UKL E
A ERICE > CWDHIGE, RiraEhstksed5
7]0)2%@'}%7] () IC X D% 513 2nry, sing, THEEND.
Z ZTCOEEEREFmOEAA OkAlOME) ThDH. it
WAE <, EEARAFEIEL LT, RFoOKEICHKmE
TR LD 2 DO FEALFER ST A — 2 BHBLL
TWDHRIZHD. BHFEOREK OK) OREENIFRETE
PEAI (H2ik OFFUAND) % VT H K 50~70 mN/m D FipH
(A EGHEBEE 22 K SIFIER L) o, [ GUT
1% 0~90° OFIFAT) Bl AR E WEEIZ LT ET
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Fig. 1

Liquid

Flotation test machine of agitation type

Vapor

V22

Solid

2r

Fig.2 Bearing capacity of liquid surface
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W] EW D EHEIIRBUC: D, L LR L, BEICIE
BT TH L ZEITEIETHRY. ZOFEITR
WZHBIND,

SHADME L EMA  Fig. 3()D & 9 IZKIBDERE A~
DR ET B 54 QWAL RIS 7= 0 OB BT R L F—41k
AGy,,, B x 5. BHOREL R L-5E,

AGgy ) =7s—(rs +71) [1]

THEIND. ZTIT, o lFBEKAOERT R LF— (JH
—RARmEET)) , yg WFEEAERT, p i FRRE
s (R L ORMmES) THD. 22T, s, 7
BEOy, ENm' ORI EA L, BLEFEHZ 0 Dz x
NX—LRERULKRTE Um?) THDHIEICEEShV.
WO EBRIZIB T, rg BE W g 13392 EHIE
RV TH Y, [1RIZT D & 2D AG,,, 1£F
BREICIREARATRECH D L IR A 52, B—K—K 3
RO O BWEBZBET 5H L AG,,, (XFERIC
REFREL 72 5.

AN BRI A U7t O P22, Fig. 3(b)D £ 9
12, E—R—iE 3R ETORE (FHE) EHO# A
WAL,

Vs =7VsL+7Lc0s0, [2] (Young »=X)

TRIND. 0, 1T (vapor) FIZH 1T HiA L OfFE A
KX T 28MATH D, 11N ERIEENTT D &

AGgy ), = (Vs —Vst) + 71 =7 (cosf, 1) [3]

BB, FEWFRERNEE CRIBETE S, BIRERD
RV, (cosd,—1)<0 THHDT, BI)FHIE kEH
FROBEA 2 72T BRI TR CRRFTRECTH D) &)
FEEmICET D,
WAE Wettability : 4, B & RIKSEATERECH: L C
WD —A%EE %, Z ORIk EE SRR T & B
OIZEF AR LT, bbb, WIKOMNE
ft5F (W) #%&x%. Fig. 3BV T vapor & liquid
AN Z CTRAZWIC LA OB mESH -0 0
e e Y [t 1< s RS
Wo=7rs Ty 7s [4] (Dupré D)
2] ERAL T,

W, =y, (1+cos,) [5]1 (Young- Dupré M)

RIKDOEEEMLE I W, =2y, THDHOT, [1REEEHEZ
LERDEHITIRD.

AGgy,, =W, =W, [6]

a c

Fowkes (2 &0, W, (3R HEIIEMT 20 RIS Lz
WS ODDRGITHEITEL LIRS TND L
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TRbb,
Wo =Wl W AW e ]

VR d 1% London 7318 1, h 13/KFEREARTI, e lTEFEN
H#EHET. &5, Laskowski & Kitchener’ 132 = R /L
X—DRRDLBUKIEE W DL Do E RT3
Z L R ERR E R ORI A A S e VR
FTRTHKMETH B Lt Cna. i, HRIck
W CEHEEA L ST BUKPERE R A YRl 35 S 51213
WORIANC L v Z OB CAER SN KBS 5
WIS RTIREERZ D, o, NEI O RALKERE B
AKIL) A KB IA T T Bl ks S5 2 & CARDOFRHEBE
M2 PEBR L, #JEMICRIE DM E ICE R 7RI 2 7E D
HyEE9 2B T S, UL, BEORESTIE
B TR U5 2 &1L, BISGRIICTR ORI 3R IO K
TEEEWTHILICRDN, R0 X oI, KOsy
FRS172 82 EE L2 2 7 v R R OE IR THE 4
RESNTND Z LBV T ENTHh D, &
7o, IR D, KIAO VI 2 A iR
(i — s CIEBEBA T h 2 I — KSR 3
KR EDOZNLED H/IE L2 0 AGy,, OkHiziT
2 11 O [ R~ F 5RO H B L —21k) 23k
ISR oD b, Fe, <A 7 n T LR
D KD BRI E G b LTeER O A Fiko K5 72
sV DREACENE & A LIS L 725 2 & (R,
0, MREL RDEMEGRM &~ A 7 0 /R T NVZEROEE
< 72 DUSIEMEEELT 2) 2 LIS HERE L.

Liquid ¥
v
| Solid |
(b) 7L
Vapor

6 Liquid

s : Solid >7SL

Fig. 3 Schematic representation of (a) bubble-solid

adhesion process and (b) balance of y, 75, and y;.

REERIY



100 T T T
80+ E
S
~ 60F il
=
3 r 1
s
g 40F —4—PS 1
o 3 —»—PC ]
—e—PET
20¢ —a— PMMA 3
o 1 9 1 1 1 1 1 1 1 1
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Liquid surface tension (mN/m)

Fig. 4 Floatability of plastics vs. liquid surface tension’®

4. HUIPEE

NI &, y o Earvie—AT5, Thbh
W ORE A Z(L EE 5 2 LI & VR T O E /BN AT
REL R DFSTmICET D, ZOZ BRI LI-mRae i
VIR LR, T AT v 7 O A EEO IEREIRTZEIC
JERAEN TS,

Fig. 4 [ZTAWV DRI CERSAEIE — K% BT OFIG TR
B) OERMEHEFTET T AT v 7 O EROERE R
Li2bDThHhE. REENPMETTDETTAT IO
FERLELIKTL, HIREENEIL T CTERICR
5. ZOFREBESIMEITESRFEEN L EEN, ERAUT
DOEMESEE AT DIRIRIITERITEmN D (Ehe)
LWH ZEEEWT S, Fig 4 lorahd X oz, A
DR OFmESMEE 312 mN m' ICERETDHZEICK
D, PS GRYZAF L) —PC (KU H—R%x—F) BE
FIAF v i LEME PET-PMMA (727 VL) RE
TIAF I FEEMITEE R GHFCE A2 2R LT
W5, LRRAET T AF v 7 OSBRI O R R
NOHE DI TR CE D [~ ] 1220 T
IR,

5. FEA
5.1 F## (flotation reagent)

A CIREN R RIFE O TITZHZ &R LT
B, FEOXDBRBNIHA /2 — A Th > T, FEREITIE
LdE, FR{LEE e & CIEERm RO D THLLE - 7= SR e
EERSHEO R LT HEONREETHD. LER-T,
H & 3 2 EAR 2 BIRBIC BOK LS 21T O S mis
PEF (U & FR97) BN, Eha@shT 2% o
RIEDRIMARAI K L 720 TNVD. ZZTIEEI Vol
PRI ORI DWW T B RER T 5.
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5.2 j2;a%&l (frother)

EVAANTIRE VNS BT LB IR TIRE A TR S
HHHMCTHEHAIND. BANTITHZARVEZTERKR S
H, BIAANPEH SN D LN D ENHI BDOTH
5. A& O T V21— (—O0H), 7 F(—C=0), =AT
JU(—COOR), #/VA »E(—COOH), — B0 S Al
TR EOLEGER BN BTS2, AR D S
TAbE LRI S d, ERG 037 L B R A — /L (terpineol)
T2/ U, Al R4 —/(cineol) TH % —41 U iH
T ENRbH D, LFHRERE LT, OXMM, OIRRET
%, OINEEN BN L, @pH IR E 72 & ok
BACTFIE L7 Z &, @KR~OEMENEELE TH D =
ERERFEFOND O
53 4ER#El (dispersant)

ST TS RO B A e R D H Y CfE
MAanhsd. ThaKcIed<35) EARDLWE
ThY, aaA FRPTE I 0BALIZERETHD.
BIR O NI LR TH D . e LD i
BHIRDBFBLL T L E O O THRMEEIITALOOEE
LTI D KT A RY Y RSO LA 4,
D SMA SRR, [F7 4, HDHVIE, PR &
PR &3 ks 7R LSRN G 1 &5 L7120,
WABEREREL LTV THHENHL DO THD.

5.4 FHURAE (collector)

FHUAI CCHRIC & 0 8RR & Ril s D) 1Rk EE (R
{bk#HH) LBUKE (Fhekk=KIEi) /72 Mo
FETEVERIC, kK@l ZWas L O & BUkPEic 35
HyclER Shs, gk Lz g, 22y hue—Ld5%
D, Thbb, ZELE-KAHEHRSELHOT
HY, FRIZE > TR D EERAEO—-STHSH. HA
SHEDG G, LS T DRMSITEERAE L, IRAaIYS
TR RWVEITITRE L e W ) RO H 5
b DDIBEDLAE DHEEIRED . I E LT, &Kid
RELL LT TR LRI A D L) L Eh, Zo
b a A ML AL o CEEE D, HIGE OH]
ELT, FALSEOMASEECH W B, LR AE &
FATL2V = (TAXAXT 2 NFUEE) b
O, WENRRAEEFRT 26D E LT, TAFLEE
b oA A UEREIEER] (T XTI, TFL
TRREHE, TR ANKRUBIERE) , oA LA v
MRt (alR) o7 X VR Y, OfmEs b
WM Z RIS 2 IEA A MR mEIETER 2R &, SR
RAEWILEYRIREND. LER->T, HROMED D
VMBI IV TSGR 1263 2 g PR I
FIOBAYE & 2 OVERIBERE ORI B 2 b D3 EH I L
AN
* > 47— I (xanthate)’ : xanthate & [IHCF Y 2 viED
WEEEWRT D “xanthos” IPHLHKTHHLDOTH LN,
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Table 3  List of xanthates

Xanthate Formula

Sodium ethyl C,H,0CS,Na

Sodium isopropyl  (CH,), CHOCS,Na
Sodium isobutyl (CH;),CHCH,0CS,Na
Sodium sec-butyl  (C,H,)(CH,)CHOCS,Na
Sodium amyl C,H,,0CS,Na
Potassium amyl C,H,,0CS.,K

(L& BRI 19 AP B ARSI TEY, L—a 0
BFEHEAT & LTA T HRIABE T, FROSEFT
1Z1924 12 Keller i kD F A B AL ENT-DODBHEE Y
T, ZTOMEDRE . FHILRES) D & & 6 HAJE Offb
FLOFRICB O TRERMICHER RN X Tholz. 7L
a—)L TR D BEKEEY), TRALIRFEN DRI
fEpZ L T&E 5.

C,H,, OH+MOH +CS, —C,H,,,0CS,M+H,0 [8]

22T, niX2 (ethyl) ~5 (amyl) OHPATHY, M I

FAWD T HVIZEY Na£7/215K Tdh 5 (Table 3 B ).

Fr—hrAF4r (X) Enfliog&REA 4 MY &K
I L, KRR AL Z BT 5.

M X — MX, K,=[M"]XT [9]

TF AV — PO pK,fE (logK,) & LT Zn TIHf
%, Pb T 16~17, Cu T24~25, Ni CI2~137pL &7
0, WALMERIE CORMLBAERDORILL 22> TN D,
—T7, BIBA A XT VDY R CRE IR A TR
FTHDOT, Porb— A AU LIRS 5.

MX,+nOH = M(OH), +nX, [X] =constant  [10]
[OH]

Z ORI Barsky O BEGR & FEEH, KB LI X 2 il
BHFNCB S e iR % 5.2 5 & & b, B Rz h
LIEEN A& SR> T 72,

5.5 jEMEH(activator) & HIHIH(depressant)

TEPEA & mRANI TR EORMR 2O T—HE L Ttk %
A3, WEME (0D AR R E SRS L, EIH RS
B D WA R et () 32 BR CER &L 5.
TEPEAN AN B CrBEm G S AL 7o §EM OV IE 2187 S &
ZHMTHWAEALHS. LENR-T, FORMENIEG
PEITHIGE & 0 b PPERER S D 7 — AL\, &
PEF - BIfIFI OIS A E LT, o '— hpg
BT DHNEMAL, BACR D& BRI X HIEMEL,
TTATF v JRRICBT DAY (READ WXk 5
SRR i 72 &, o B 3B S AN R & =5 1%
L2 ORIE L ERBERE ORI EE RN b,
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T T T T T T

ol —®—10*MNaCl |
—4— 10° M NaCl

20 + g
—®— 102 M NaCl

-20 - b

ZETA POTENTIAL (mV)
o

40 - 1
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. .

100 *——o &

g
S 80 B
&
w
8 60
8 L 4
|
o
z L 4
& 40
=
'<5 0 —=e— C,,H,;SO,Na
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0 1
0 2 4 6 8 10 12 14

Fig. 5 (a) Zeta potential of goethite at three levels of NaCl
addition and (b) its flotation recovery in the presence of 10~

M anionic and cationic collector, as a function of pH

6. EthoFR

Z T, Bk GGEBkE gL 0 Et) &
T DA O RN 72 FIE W TR AT 5

Bl e O &Y A~ 2SKERE(=M-OH) Dk
RETHETHONEBRTH D, Z ORMEABCWIRE —
HHREROSIZ L0 K TIRRD & 5 (iS5,

=M-OH+H' <>=M-OH;  (EiEm) [11]

=M-OH+OH «<>=M-0 +H,0 (7L UMD [12]

KFA A HY) L AKEEE A A > (OH) DS Z D (i g —
WIERIRERE L, Thbb, BAREA A & LTHE
AL, KiTORMER, A A AERHIH O A5 RS,
L7278 > TR ORI O Foiill pH 2R ET 5.

Fig. 5(a) 1F—fl& LT3R L LT NaCl i & 251k
SHIGHEOTF = A & ($HEk8E) O¥— 4B % pH
O E L TORT S Kb and ko, ¥—2EN
X pH IC k> TE{LL (H'E OHIXZ —H A b OBk
EAAX L ELTERL) , FEARpHO6.7 THDHZ &
D FEMEIREE 2N % &8 — 2 BALOHHE D
INEL T DD, BRZEBOEMICEID DO THS.
[ U7 =W A b & O CERROMRERZ RIE Lk R %
Fig. 5(b) (27”9, pH 6.7 LL FOREMEFEIR T 72 67—
A FAIEICHE L TWD pH EIE TlZa A A o PEFHI A
THDH KT IIVEEEED, pH 6.7 LLEDOT V7 U Pk
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T bbb —H A RPAITHEL TV pH s8I TIX
A A HEHINAI D BT 2T I DN RANCER LT
WD T ENGND. 7B, pH 12 UL ETRIERRE v ff
T ERDDIZRFTINNT I NS T & 7220 A HE
ALz Thb,

Fig. 6 13, AEEZ T NF)LT I UEEEEHE TS 58
B, MWBESET VR T S v OBUKIED RE A Tl x
ZAL ST THEREDORRE LT Ty hLZBLDOTH
%% ZOKEY, REFDEL RDITE L0 IKHEER
BT RNE LI D 2 E RSN D . ZTAUTEIKIEN
DAF L H(—CHy,—) 1 mol &7z OWAEH BRIV
F—DETHLELND LD THDLN, TORILKERLD
TWRTTHERE (X IRV ERRESRTWE) 23R SRR
WHELTWAZ L EZRTHLOTHD.

L RERES, oA BRYE O EERICRE T 5 A o & ENC
DNTIRARZZN, THED LT T —A/ LT A X IIVOER{EY
R Bk 2 v A RGOSR TT O BRCITHE 2%
ICRETT 2 FETH D Z & 21T D,

100

80F

60f

40+

20+

FLOTATION RECOVERY (%)

8 7 6 5 -4 3
log (CONCENTRATION, M)

Fig. 6 Effect of hydrocarbon chain length on the flotation
recovery of quartz in the presence of alkylamine
acetate at natural pH
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7. B#Ic

FRIRO FEALT A B U CrpilEs Bk o 268 LS H o
T DONWTIRAR T, RO ENT D720 T
BER—VIZOl 5 HREN S OH, RONMKE TS
NEMMTHZ EIFBO THEECH D, L Lanb,
NP LERAIILODTAHAII LT H V=T DOEHE
DFIETITRITENTH S.
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