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A B S T R A C T

M ic r o - f lo ta t io n  studies w e re  p e rfo rm e d  w ith  c a s s ite r ite  to  

d e te rm in e  its  response to c o lle c tio n  by sodium  d od ecylsu lfon ate  

w h ile  in  the p rese n ce  of v a rio u s  in o rg an ic  sodium  s a lts . E le c t r o -  

k in e tic  data w e re  developed in  system s s im ila r  to those in  the  

f lo ta tio n  in ves tig a tio n s  and w as used in  the in te rp re ta t io n  of the  

re c o v e ry  ve rs u s  pH  data.

The p rese n ce  o f c e r ta in  in o rg an ic  sodium  salts  serves  to  

sh ift the z e ro  po in t of charge of c a s s ite r ite  to lo w e r p H  v a lu e s .

T h is  e le c tro k in e tic  e ffe c t is  re fle c te d  in  the flo ta tio n  b e h a v io r o f 

c a s s ite r ite ,  in d ic a tin g  th a t re c o v e ry  by sodium  dod ecylsu lfon ate  is  

e x tre m e ly  dependent on the m in e r a l ’ s surface  e le c tr ic a l c h a ra c te r ­

is t ic s .

The pK  of the sa lt an ion 's  conjugate ac id  app ears  to have an  

e ffe c t on th a t anion's ad so rp tio n  w h ich  m a n ife s ts  an in flu en ce  on the  

f lo ta tio n  response.

W hen c o lle c to r  dosages a re  of a s ta rv a tio n  le v e l ad s o rp tio n  

of su lfonate app ears  to be governed s o le ly  by co lum bic  a t tra c tio n .  

A d so rp tio n  of sulfonate a t h ig h e r co n cen tra tio n , h o w eve r, seem s to 

be a function  of m o re  than  s im p le  e le c tro s ta tic  fo rc e s .

i i i
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IN T R O D U C T IO N

The m in e ra l c a s s ite r ite  is con sid ered  to be the only im p o r ­

tan t source of tin . C o ncen tra tion  of th is  m in e ra l has been acco m p ­

lis h e d  p re d o m in a te ly  through g ra v ity  o p e ra tio n s , tak in g  advantage of 

c a s s ite r ite 's  re la t iv e ly  h igh sp ec ific  g ra v ity  and the low  o p era tin g  

cost of p ro cess in g .

H o w e v e r, due to the in e ffic ie n c y  of g ra v ity  opera tions in the  

f in e r  s ize  ran g es , the flo ta tio n  of c a s s ite r ite  has rece ive d  m uch  

in te re s t. A t f i r s t ,  f lo ta tio n  te s t w o rk  w as d ire c te d  to w ard  using  

soaps and fa tty  ac id  as c o lle c to rs  w ith  o le ic  ac id  d raw in g  the m ost 

s c ru tin y  (1 -5 ). M o re  rece n t studies investig a ted  the use of a lk y l -  

sulfonates ( 5 ,6 ,7 ) ,  a lk y l su lfates (5 -1 1 ), long chain am ines (6 ,3 c ),  

su lfosucc inam ate  (8, 12), phosphonic ac ids (3, 13, 14, 15, 16, 17), 

m ix tu re s  of o le ic  ac id  and phosphonic ac id  (9), a rs o n ic  acids  

(5, 17, 18, 19), h yd ro xam ic  acid  and h yd ro xam ate  (5, 7, 20) as c o lle c to rs  

fo r  c a s s ite r ite .  O f the above reag en ts , re s e a rc h e rs  have suggested  

th a t phosphonic ac id  and a rso n ic  acids a re  the best c o lle c to rs  to date  

w ith  a rs o n ic  acidsbeing the m o re  se lec tive  of the tw o. These f lo ta - 

t io n  studies w ith  a rso n ic  acid  and phosphonic acid  suggested that

1
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th e ir  ad so rp tio n  onto c a s s ite r ite  is sp e c ific .

Yap (21) in  h e r  study of o il phase e x tra c tio n  of c a s s ite r ite  

s lim e s  investig a ted  the e ffec t of the p resence  of d iffe re n t in o rg an ic  

sodium  sa lts , whose anions w e re  s im ila r  to the p o la r  groups of 

successfu l c a s s ite r ite  c o lle c to rs , on the surface  e le c tr ic a l c h a r ­

a c te r is t ic s  of c a s s ite r ite . The resu lts  o f these tes ts  showed th a t the  

p rese n ce  of N a H 2P 0 4, N a2H A s 0 4, N a H S 0 3, and N a2S 04 effected  

d ra m a tic  sh ifts  in  the z e ro  po in t of charge (Z P C ) of c a s s ite r ite  to  

lo w e r  p H  va lu es .

The o b jec tive  of th is  th es is  then was to d e lin eate  the e ffe c t of 

the p resen ces  of these in o rg an ic  sodium  salts on the f lo ta tio n  re c o v e ry  

of c a s s ite r ite  using sodium  dodecylsu lfonate  as a c o lle c to r .

T es ts  w e re  conducted in ves tig a tin g  the flo ta tio n  response of 

c a s s ite r ite  as a function  of pH , sa lt con cen tra tion  and c o lle c to r  

co n cen tra tio n . E le c tro k in e t ic  data fo r  the c a s s ite r i te -w a te r -  

sodium  sa lt system s and fo r  c a s s ite r ite -w a te r-d o d e c y ls u lfo n a te  

system  developed by Yap (21) w e re  used in the in te rp re ta tio n  of the  

f lo ta tio n  response cu rve s . The in ves tig a tio n  included the use of a 

m o d ifie d  H a llim o n d  tube so that the flo ta tio n  tests  could be conducted  

under r e la t iv e ly  p u re  and co n tro lle d  conditions.
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M A T E R IA L S  A N D  P R O C E D U R E S

The fo llo w in g  e x p e rim e n ta l m a te r ia ls  and m ethods w e re  

used in th is  in ves tig a tio n .

M a te r ia ls

M in e ra l  Sam ple

The c a s s ite r ite  used in  th is  study w as d e riv e d  f ro m  a j ig  

co n cen tra te  produced by M in a  P o lva  M ines of B o liv ia . The  

c a s s ite r ite  in  th is  sam ple was lib e ra te d  at the 100 m esh  s ize  w ith  

p y r ite  and q u a rtz  being the m a jo r  gangue constituents .

W a te r

The w a te r  used fo r  a l l  e x p e rim e n ta l w o rk  w as t r ip ly  d is t il le d  

and de ion ized  w ith  an  e le c t r ic a l  conductiv ity  of less  than 10 jLtmho. 

Reagents

R eagents used in  th is  in v e s tig a tio n  a re  d iscussed as

fo llo w s:

C o lle c to r:

Sodium  dodecylsu lfonate: A ld r ic h  C h e m ic a l 

C om pany >99%

3



T - 1 7 1 2 4

p H  C o n tro l Reagents:

P e rc h lo r ic  ac id : B a k e r A n a ly tic a l grade

Sodium  h yd ro x id e: B a k e r A n a ly tic a l grade

M o d if ie rs :

Sodium  p e rc h lo ra te : R eagent g rade

Sodium  su lfate : R eagent g rade

Sodium  d ihydrogen phosphate: R eagent g rade

Sodium  m onohydrogen a rsen ate : R eagent g rade

Sodium  b is u lfite : R eagent g rade

T h e  gas used fo r  flo ta tio n  was type T  n itro g e n  supplied by the L in d e  

C om pany. The gas w as p u r if ie d  by  passing  i t  th rough  a so lu tion  of 

p o tass iu m  h yd ro x id e , through a n h y d rite , and th rough  a s c o r ite  to  

rem o ve  w a te r  and C O z.

E q u ip m en t

The m ic ro -f lo ta t io n  studies w e re  conducted using a m o d ifie d  

H a llim o n d  tube (22, 23, 24). T h is  apparatus a llo w ed  flo ta tio n  of one 

g ra m  charges of p u re  m in e ra l  in  a system  fre e  fro m  m e ta ll ic  

com ponents and f ro th e r .

of p u r if ie d  gas a t a constant p re s s u re . Bubble d is p e rs io n  w as  

acco m p lish ed  by passing  p u r if ie d  n itro g e n  th rough  a f r i t te d  disk  

pos ition ed  in  the bottom  of the tube. The d isk  had an ave rag e  p o re  

s ize  of 6 0 -m ic ro n s .

The system  p e rm itte d  the in tro d u ctio n  of a constant volum e



T - 1 7 1 2 5

A  schem atic  of the m ic ro -f lo ta t io n  equ ipm ent set up, showing  

the app aratu s  associa ted  w ith  the opera tion  of the H a llim o n d  tube  

is p resen ted  in  F ig u re  1. A  photograph of the equ ipm ent layout is 

p rese n te d  in F ig u re  2 w ith  a close up photograph of the H a llim o n d  

tube shown in  F ig u re  3.

E le c tro k in e t ic  m eas u rem en ts  w ere  conducted using a Z e ta -  

m e te r  supplied by the Z e ta  M e te r  Inc. of New  Y o rk  (29).

P ro c e d u re s

C a s s ite r ite  Sam ple P re p a ra t io n

M ic ro s c o p ic  exa m in a tio n  of screen  fra c tio n s  produced fro m  

the  j ig  con cen tra te  showed 95% or g re a te r  lib e ra tio n  of the c a s s ite r ite  

o c c u rrin g  a t the 100- T y le r  m esh  s ize . T h is  d e te rm in a tio n  le d  to the  

s e lec tio n  of the -  100 + 150 m esh  size fra c tio n  of the j ig  con cen tra te  

fo r  m ic ro -f lo ta t io n  studies. Th is  s ize fra c tio n  was rem o ved  fro m  

th e  b u lk  sam ple and subjected to  a flo ta tio n  op era tio n  to rem o ve  any  

su lfides  p re s e n t. T h is  p ro c e d u re  was conducted using sodium  e th y l 

xan tha te  as c o lle c to r  w h ile  c a lc iu m  hydroxide was used to m a in ta in  

the  pulp a t a p H  of 9. 0.

A f te r  flo ta tio n  the c a s s ite r ite  p roduct was w ashed in  acetone, 

d r ie d , and subjected to a heavy liq u id  sep ara tio n , using ‘C le r ic i '  

so lu tion  a t a spec ific  g ra v ity  of 4 . 2, to  rem ove any q u a rtz  o r  

cas site  r ite -g a n g u e  m id d lin g s . The sink product fro m  the heavy
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F IG U R E  3

Photograph of M o d ified  H a lim ond  Tube
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liq u id  o p e ra tio n  was washed w ith  aceton e, d rie d  and cleaned  

m a g n e tic a lly  using a Reading la b o ra to ry  m agnetic  s e p a ra to r.

The nonm agnetic  f ra c tio n  was leached w ith  a n a ly tic a l grade  

co n cen tra ted  h y d ro c h lo r ic  ac id  fo r  ten  h o u rs , under re f lu x , to  

rem o ve  any re s id u a l su lfide  m in e ra liz a t io n  and re s id u a l p a r t ic u la te  

iro n . The leached  c a s s ite r ite  was washed w ith  con ductiv ity  w a te r  

u n til the w ash  solution  and f i l t r a te  had equal e le c tr ic a l co n d u c tiv ities . 

A fte r  w ashing  the m a te r ia l  w as d rie d  and stored in  sealed p la s tic  

v ia ls  fo r  f lo ta tio n  te s t w o rk .

M in e r a l  A n a ly s is

A  sam ple  of the p u r if ie d  -100  + 150 m esh screen  fra c tio n  w as  

subjected to x - r a y  d iffra c t io n  an a lys is  to c o n firm  m in e ra l s tru c tu re .  

T h e  d iffra c t io n  p a tte rn  produced fro m  sweeping betw een 28 ang les of 

10° and 100° m atched  the p a tte rn  d iscussed in the A S T M  card  f i le  

fo r  c a s s ite r ite .

M in e ra l  p u r ity  was d e te rm in e d  by a sem iq u an tita tive  

e m is s io n  sp ec tro g ra p h ic  scan of a sam ple of the p u r if ie d  screen  

f ra c tio n . R esu lts  of th is  an a lys is  a re  shown in  T a b le  1.
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T a b le  1 S p ectro graph ic  A n a ly s is  of -100+150 M  P u r if ie d  C a s s ite r ite  
S creen  F ra c t io n

E l em  ent A m ount, %

A1 0. 2

B 0. 5

Co < 0 .0 0 1

Cu 0 .0  1

Fe 2. 0

M n  < 0 .0 0 1

Si 0. 1

T i  < 1 .0

Sn > 7 0 .0

W 0. 2

V  0. 0 1

Z r  0 .0 1

Ca 0 .0  1

M g 0. 5
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F lo ta tio n  E x p e rim e n ts

The flo ta tio n  e x p e rim e n ts  w e re  conducted in  the fo llo w in g  

m a n n e r:

1. 300 m l of co n d u ctiv ity  w a te r  contain ing the designated  

sodium  sa lt of d e s ire d  con cen tra tio n  was p re p a re d  and  

adjusted  to a sp e c ific  pH  using p e rc h lo r ic  ac id  o r  

sodium  h yd ro x id e .

2. 50 m l  of so lu tion , d es crib e d  in step 1, was rem o ved  

and p laced  along w ith  1 g ra m  o fp rep ared  c a s s ite r ite  

sam ple  in  an 80 m l b e a k e r. The c a s s ite r ite  and  

solu tion  w e re  ag ita ted  by m eans of a m ag n e tic  s t i r r e r  

b a r  fo r  5 m in u te s .

3. A f te r  5 m in u te s , a sp ec ific  am ount of sodium  d o d e c y l­

su lfonate , in  so lu tion  w ith  the sam e c o n cen tra tio n  of 

sodium  sa lt as the so lu tion  d iscussed in  1, w as in t r o ­

duced into the 800 m l b e a k e r. The c a s s ite r ite  sam ple  

w as a llo w ed  to condition  w ith  the c o lle c to r  fo r  10 m in u te s . 

The p H  of the system  was m eas u red  a f te r  co n d itio n in g ; 

the  va lu e  obtained w as considered  flo ta tio n  pH.

4 . The re m a in in g  250 m l of th is  so lution d iscussed in  

step 1 w as bought up to d e s ire d  sulfonate s tren g th .

5. A f te r  condition ing , the c a s s ite r ite  sam ple and flo ta tio n  

solu tion  w e re  t ra n s fe r re d  to the m o d ifie d  H a llim o n d
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tube and 35 m l of p u r if ie d  n itro g en  w e re  passed through  

the pulp in 60 seconds. D u rin g  th is  t im e  the pulp was  

s t ir re d  m a g n e tic a lly  and the flo a ted  m a te r ia l  co llec ted  

in  the upper ch am b er.

6. The  f in a l p H  was reco rd ed  to check fo r  any excessive  

change.

7. The flo ta tio n  products  w ere  d r ie d  and w eighed, and the  

re c o v e r ie s  w ere  ca lcu la ted .

E le c tro k in e t ic  M easu re m e n ts

The m o b ility  of c a s s ite r ite  at va rio u s  pH  values in the  

p rese n ce  of N a H zP 0 4 and of N a2H A s04 at fixed  con cen tra tions was  

d e te rm in e d  by m eans of the z e ta -m e te r  a t 25 °C . The suspensions  

fo r  the m o b ility  m eas u rem en ts  w ere  p re p a re d  as fo llo w s:

1. A  w eighed am ount of c a s s ite r ite  was in troduced  

into a 5 0 -m l E r le n m e y e r  f la s k  and 1. 0 m l of w a te r  

w as added. The suspension was d isp erse d  fo r  1 

m in u te  in  an u ltra s o n ic  bath.

2. 39 m l o f known co n cen tra tio n  of the sodium  sa lt 

w as added and the p H  ad justed  by add ition  of H C 104 

o r N aO H .

3. The fla s k  was stoppered, im m e rs e d  in  a w a te r  bath  

of 25° ± 1°C and ag itated  by m eans of a m agnetic  

s t i r r e r  b a r fo r  15 m in .



A fte r  15 m in . a 5 to 10 m l a liq u o t of the suspension  

w as taken  fo r p H  d e te rm in a tio n .

The m o b ility  was d e te rm in e d  a f te r  20 m in  of 

a g ita tio n .

The z e ta -p o te n tia l was then d e te rm in e d  f ro m  the  

m o b ility  by m eans o f the H e lm h o lz -S m o lu c h o w s k i 

equation (29). U n der the conditions em ployed  the  

equation reduced to:

Z e ta -p o te n tia l = 12. 8 x  m o b ility  (m  vo lt)
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E X P E R IM E N T A L  R E S U L T S

P re s e n te d  in  th is  section  a re  the re s u lts  of f lo ta tio n  in v e s t i­

gations studying the effects  o f se lected  in o rg an ic  e le c tro ly te s  on the  

response of the c a s s ite r ite -s o d iu m  dod ecylsu lfonate  sys tem . These  

te s ts  w e re  d ire c te d  to w a rd  d e lin ea tin g  the re c o v e ry  of c a s s ite r ite  

as a function  of the fo llo w in g  p a ra m e te rs :

1. p H

2. In o rg an ic  e le c tro ly te  type

A . N aC 104

B . N aH 2P 0 4

C. N a2H A s 0 4

D. N a H S 0 3

E . N a 2S 04

3. In o rg an ic  e le c tro ly te  con cen tra tio n

4 . Sodium  dodecylsu lfonate  con cen tra tio n

A lso  p rese n te d  a re  som e e le c tro k in e tic  data fo r  the N a H 2P 0 4 

and N a 2H A s 0 4 sys tem s. An exp lan ation  of the re s u lts  fo llo w s .

14
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N a C lQ 4 System

The flo ta tio n  re c o v e ry  of c a s s ite r ite  as a function  of pH

—4 — 5fo r  c o lle c to r  con cen tra tions of 10 M  and 10 M  sulfonate in the

O
p rese n ce  of a fixed  N aC 104 m o la r ity  o f 10“ J is  depicted in  F ig u re  4 .

-4
F o r  a c o lle c to r  con cen tra tio n  of 10 M  com plete  f lo ta tio n  

is  observed  in  the acid  range up to a p H  va lue  o f 5. 5. A s  the pH  

is  in c re a s e d  above th is  value flo ta tio n  re c o v e ry  drops ra p id ly  

and goes to 0% at a pH  of 11.

-5W ith  a co n cen tra tio n  of 10 M  sulfonate in  th is  system  the  

f lo ta tio n  re c o v e ry  is  d ecreased  _ o ver the w hole p H  range. A t a 

p H  of 1. 0 c a s s ite r ite  re c o v e ry  is  only 82%, dropp ing  a lm o s t l in e a r ly  

to z e ro  a t a p H  va lu e  o f a p p ro x im a te ly  9. 0.

N a H ?P Q 4 System

A ) F lo ta tio n  R esults

The f lo ta tio n  response of c a s s ite r ite , as a function  of pH , fo r

-4  -3  -4  -5
10 M  sulfonate in  the p resen ce  o f 10 M , 10 M  and 10 M  N aH 2P 0 4

is  exp ressed  g ra p h ic a lly  in  F ig u re  5. A lso  shown in  th is  f ig u re  is

-5  -3th e  re c o v e ry  cu rve  fo r  10 M  sulfonate w hen in  so lu tion  w ith  10 M

N a H 2P 0 4.

-4F o r  a sulfonate con cen tra tio n  of 10 M  in  con junction  w ith  

-3
N a H 2P 0 4 a t a 10 M  le v e l com ple te  f lo ta tio n  is  on ly encountered  

below  p H  1. 8 . The re c o v e ry  cu rve  drops ra p id ly  as pH is



F ig u re  4 . R e c o v e ry  o f c a s s ite r ite  vs p H  fo r  va rio u s  con cen tra tions  
o f sodium  dod ecylsu lfonate  in  the p resen ce  of 1 0 “ ^M  
N a C IO 4.
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-4  -5
F ig u re  5. R e c o v e ry  of c a s s ite r ite  vs pH  fo r  10 M  and 10 M  

sodium  dod ecylsu lfonate  in  the p resen ce  of v a rio u s  
con cen tra tions  of N a H 2P 0 4.

X
Ql

O  O
CVJ —

% AH3A003U



T - 17 12 18

in c re a s e d  but began to f la tte n  in  slope when passing  th rough  n e u tra l  

pH . The cu rv e  continues to le v e l u n til reach ing  a b as ic  p H  of a p p ro x i­

m a te ly  12. 5, w h ere  the flo ta tio n  tre n d  changes and fa lls  to 0% a t  

p H  13.

W hen the sulfonate and N a H 2P 0 4 co n cen tra tions a re  both

-4
10 M , 100% flo ta tio n  is  observed  fro m  p H  3. 0 and b e lo w . A bove  

th is  va lu e  the curve  has a s im ila r  shape to the one d iscussed p r e ­

v io u s ly  but is  sh ifted  to the r ig h t. Both curves  becom e co inc iden t 

a t p H  11.

-5W ith  the N a H 2P 0 4 le v e l d ec reased  to 10 M  and sulfonate

-4c o n cen tra tio n  m a in ta in e d  at 10 M , the c a s s ite r ite  f lo ta tio n  response

c u rv e  takes  on a s im ila r  shape to the f i r s t  c a s s ite r ite -s u lfo n a te -N a C 1 0 4

c u rv e  d iscussed . C o m p lete  re c o v e ry  is exp erien ced  fo r  ac id  pH

va lu es  up to  4 . 5. A s the pH  is in c rease d  the cu rv e  drops l in e a r ly

and jo in s  the o th er two N a H 2P 0 4 cu rv e s , d iscussed p re v io u s ly , a t a

p H  v a lu e  of 12.

As shown in  F ig u re  5 flo ta tio n  is  e s s e n tia lly  c o m p le te ly

in h ib ite d  w hen the  sulfonate co n cen tra tio n  is  lo w e re d  to  10 M  and

-3N a H 2P 0 4 so lu tion  s trength  is m a in ta in ed  at 10 M .

C a s s ite r ite  flo ta tio n  re c o v e ry  as a function  of N a H 2P 0 4 co n -

_4
c e n tra tio n  fo r  a fixed  sulfonate add ition  of 10 M  and fo r  f ix e d  p H  

v a lu e s  of 5 , 7, and 9 is p resen ted  in  F ig u re  6 . As shown, th ese  

c u rve s  a re  g e n e ra lly  c o lin e a r, w ith  re c o v e ry  at any chosen



T -  17 12 19

F ig u re  6 . R e c o v e ry  of c a s s ite r ite  vs con cen tra tio n  of N aH 2P 0 4 
fo r  a fixe d  sodium  dodecylsu lfonate  co n cen tra tio n  at 
f ix e d  p H  va lu es .
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N a H 2P 0 4 co n cen tra tio n , h ighest fo r  pH 5 and d ecreas in g  w ith  

in c re a s in g  pH.

F o r  each p H  value re c o v e ry  drops ra p id ly  w hen the N a H 2P 0 4

-5  -4
co n cen tra tio n  is in c rease d  fro m  10 M  to 10 M . W hen in c re a s in g

-4  -3
the e le c tro ly te  co n cen tra tio n  f ro m  10 M  to 10 M  the re c o v e ry  fo r  

each cu rve  begins to approach a constant va lue.

B) E le c tro k in e t ic  R esu lts

The e ffe c t of va rio u s  co n cen tra tions of N aH 2P 0 4 on the

e le c tro p h o re tic  m o b ility  or on the ze ta  p o ten tia l o f c a s s ite r ite  is

shown in  F ig u re  7. These data w e re  d e te rm in e d  in the absence of

sulfonate. P res en ted  a lso  in  the f ig u re  a re  Yaps re s u lts  of a

-3
c a s s ite r ite  in  the p resence  of 10 M  N aC 104.

-3As dep ic ted , a N a H 2P 0 4 co n cen tra tio n  of 10 M  sh ifts  the

-4Z P C  to a pH  value of 2. 3. F o r  a con cen tra tio n  of 10 M  the Z P C

-5occurs  a t a p H  of 3. 4 , and fo r  10 M  the p H  of the Z P C  is 4 . 4 .

-5  -3
T h e  cu rve  fo r  10 M  N a H 2P 0 4 app ears  to co incide w ith  10 M

-4
N a C 10 4 cu rve  a t about p H  7. A t th is  sam e pH , ho w ever, the 10 M  

-3
and 10 M  curves  have m uch la r g e r  negative  e le c tro p h o re tic  m o ­

b i l i t ie s  o r  neg ative  ze ta  p o te n tia l values. These two curves  app ear to 

jo in  the 10 N aC 104 above p H  8 .
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F ig u re  7. E le c tro p h o re tic  m o b ility  and ze ta  p o ten tia l of 
c a s s ite r ite  vs pH  in  the p resen ce  of N aC 104 
and in  the p rese n ce  of vario u s  concentrations
of N a H 2P 0 4.
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N a 2H A  sQ4 System

A ) F lo ta tio n  R esults

F lo ta tio n  re c o v e ry  cu rves  o f c a s s ite r ite  as a function  of pH ,

-4  -3  -4  -5
fo r  10 M  sulfonate in the p rese n ce  of 10 M , 10 M , 10 M

Na2H A s 0 4 a re  p resen ted  in  F ig u re  8 . Shown also  in the f ig u re  is the

-5
c a s s ite r ite  re c o v e ry  response fo r  10 M  sulfonate w hen in  the  

-3
p rese n ce  o f 10 M  N a2H A s 0 4.

-4  -3F o r  10 M  sulfonate with 10 M  Na2HAs04 complete flotation

is  not encountered u n til a p H  of 1. 5 o r below  is obtained. Above a 

p H  of 1. 5 the curve  begins to d rop  and in c rease s  in  slope a f te r  

p assing  p H  2. I t  begins to f la tte n  a f te r  pH  4 but exp erien ces  a 

s lig h t dow nw ard in fle x io n  betw een pH  6 and p H  7. Above n e u tra l p H  

the re c o v e ry  shows on ly a s lig h t change u n til an a p p ro x im a te  p H  of

11 is reac h ed , when flo ta tio n  ag a in  d ecreases going to z e ro  a t pH  12. 2.

-4  -4
W hen 10 M  sulfonate and 10 M  N a2H A sQ 4 a re  p re s e n t, 100%

flo ta tio n  is  observed fo r  p H  va lu es  up to 2. 3. A f te r  passing  th is  va lue

the  response is  s im ila r  to the p re v io u s ly  d iscussed N a2H A s 0 4 sys tem

w ith  the cu rve  sh ifted  s lig h tly  to the r ig h t and co inc id ing  a t a pH  o f

10.
-5F o r  a N a 2H A s 0 4 co n cen tra tio n  of 10 M  and a m a in ta in e d  

-4
su lfonate  le v e l of 10 M  com ple te  c a s s ite r ite  f lo ta tio n  is  exp erien ced  

fo r  ac id  p H  va lues  o f 4 . 1 and below . Above th is  p H  po in t the cu rve  

drops l in e a r ly  and jo in s  the two curves  discussed above at a p H
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F ig u re  8 .
-4  -5

R e c o v e ry  of c a s s ite r ite  vs pH  fo r  10 M  and 10 M
sodium  dodecylsu lfonate  in  the presence  of v a rio u s  
con cen tra tions of N a 2H A s 0 4.
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v a lu e  of 11.

- 5
W ith  sulfonate co n cen tra tio n  lo w e re d  to 10 M  and the

_3
N a 2H A s 0 4 le v e l m a in ta in e d  at 10 M  flo ta tio n  is  e x tre m e ly  d ep ressed .

A t a pH  of 1 .0  a re c o v e ry  of on ly 30% is re a liz e d . F r o m  th is  p o in t

the cu rve  drops in  a l in e a r  fash ion  to z e ro  a t p H  6 . 0.

F lo ta tio n  re c o v e ry  of c a s s ite r ite  as a functio n  o f Na2H A s 0 4

-4
co n cen tra tio n  fo r  a fixed  su lfonate s treng th  o f 10 M  and fo r  fixe d  

p H  va lues  of 5, 7, and 9 a re  p resen ted  as F ig u re  9. These curves  

show s im ila r  c h a ra c te r is t ic s  to the ones produced fo r  N a H 2P 0 4.

F o r  the chosen sulfonate le v e l re c o v e ry  is h ighest a t p H  5 d ec re as in g  

w hen going to w a rd  p H  9. Th is is tru e  fo r  a l l  the N a2H A s 0 4 c o n c e n tra ­

t io n  shown. A s the N a 2H A s 0 4 content is in c rease d  the th re e  pH  

c u rves  f la tte n  in  slope, tend ing  to w a rd  a constant re c o v e ry  v a lu e .

B) E le c tro k in e t ic  R esu lts

-5  -4  -3The e ffe c t of 10 M , 10 M  and 10 M  co n cen tra tions o f

N a 2H A s 0 4 on the e le c tro k in e tic  c h a ra c te r is t ic s  o f c a s s ite r ite  a re  

p rese n te d  in  F ig u re  10. A s in  the NaH2P 0 4 sys tem  these e le c tro ­

p h o re tic  m o b ility  o r ze ta  p o te n tia l curves w e re  d e te rm in e d  in  the

_3
absence of su lfonate. Y a p ’ s data fo r  10 M  N aC 10 4 a re  a lso  

p rese n te d .

-3
The p H  of the Z P C  fo r  10 M  N a 2H A s 0 4 was not d e te rm in e d

but e x tra p o la tio n  of the cu rve  in d ica tes  an a p p ro x im a te  va lue  of 1. 5.

-4  -5
F o r  10 M  N a2H A s 0 4 the Z P C  occurs at a pH  of 2 .4  and fo r  10 M
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F ig u re  9. R e c o v e ry  of c a s s ite r ite  vs co n cen tra tio n  of N a 2H A s 0 4 
fo r  a fixed  sod ium  dod ecylsu lfonate  co n cen tra tio n  at 
fixe d  pH  va lu es .

x

CO

inCL

X

02$inoo co
% AU3A003H

ro CM

O
CO
<
XCVIo



E
LE

C
TR

O
P

H
O

R
E

TI
C

 
M

O
B

IL
IT

Y 
U

/s
ec

 
pe

r 
vo

lt/
cm

)

T - 17 12 26

F ig u re  10. E le c tro p h o re tic  m o b ility  and ze ta  p o te n tia l of
c a s s ite r ite  vs pH  in  the p resen ce  of N aC 104 and in  
the  p resen ce  of v a rio u s  con cen tra tions of N a2H A s 0 4.
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th e  p H  of the Z P C  is 4. 2.

-5  . -3The 10 M  cu rve  becam e co inc ident w ith  Yap*s 10 M

N a C 10 4 c u rve  a t pH  6 . H o w ever a t th is  p H  va lue  N a2H A s 0 4 concen- 

-4  -3
tra tio n s  of 10 M  and 10 M  produced s ig n ific a n tly  la r g e r  neg ative  

m o b ilit ie s  o r negative  ze ta  p o ten tia ls .

N aH S Q 3 System

The flo ta tio n  re c o v e ry  versu s  pH  curves  fo r  c a s s ite r ite  in

-3  -4  -5
so lu tion  w ith  10 M  N a H S 0 3 w ith  10 M  and w ith  10 M  sulfonate

a re  shown in  F ig u re  11.

-4
F o r  an  ad d itio n  of 10 M  sulfonate com ple te  f lo ta tio n  ceases  

w hen th e  p H  is  in c rease d  above 3. 8 . R eco very  drops ra p id ly  a f te r  

th is  va lue  but shows a le v e lin g  in  slope when going th ro u g h  pH  7. 

A bove n e u tra l p H  the re c o v e ry  again  drops ra p id ly  fo r  in c re a s in g  

a lk a lin ity ,  going to z e ro  about p H  11. 5.

_5
W hen the sulfonate le v e l is low ered  to 10 M ,  w h ile  m a in -

-3
ta in in g  the N a H S 0 3 co n cen tra tio n  a t 10 M , flo ta tio n  is dep ressed  

but extends o v e r a w ide p H  range .

N a 2SQ4 System

The flo ta tio n  re c o v e ry  c h a ra c te r is t ic  of c a s s ite r ite  in  a

-4  -3
so lu tion  of 10 M  sulfonate and 10 M  N a 2S 04 is shown

g ra p h ic a lly  in  F ig u re  12.
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F ig u re  11. R e co ve ry  of c a s s ite r ite  vs pH  fo r  v a rio u s  c o n c e n tra ­
tions of sodium  dodecylsu lfonate  in  the p rese n ce  of 
N a H S 0 3.
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F ig u re  12. R e c o v e ry  of c a s s ite r ite  vs p H  fo r  sodium  
dod ecylsu lfonate  in  the p rese n ce  of N a 2S 04.
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R eco ve ry  of 100% is  on ly found fo r  p H  va lues  of 3 o r below . 

In c re a s in g  p H  above th is  causes d ecreased  flo ta tio n  w ith  the curve  

going to  ze ro  about pH  11. 4. It  is im p o rta n t to note the d iffe re n c e  

in  the shape of th is  cu rve  as com pared  to those fo r  the o ther  

in o rg a n ic  e lec tro ly tesd iscu ssed  p re v io u s ly .

C om posite  R e c o v e ry  V e rs u s  p H  C urves

C om posite  re c o v e ry  v e rs u s  p H  curves  of c a s s ite r ite  f lo ta tio n

a r e  p rese n te d  as F ig u re s  13, and 14. F ig u re  13 shows the response

-4  -3
fo r  10 M  sulfonate in  the p rese n ce  of 10 M  sodium  sa lts  of C104 ,

H 2P 0 4 » H A s 0 4~, H S 0 3 , and S 04~~. F ig u re  14 p re s e n ts  the

-5c a s s ite r ite  f lo ta tio n  response fo r  10 M  sulfonate in  conjunction  

-3
w ith  10 M  con cen tra tions  of th e  a fo rem en tio n ed  sodium  sa lts .
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-4
F ig u re  13. R e c o v e ry  of c a s s ite r ite  vs pH  fo r  10 M  sodium  

d od ecylsu lfonate  in the p rese n ce  of the v a rio u s  
in o rg an ic  sodium  sa lts .
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F ig u re  14. R e c o v e ry  of c a s s ite r ite  vs p H  fo r  10 M  sodium  
dodecylsu lfonate  in  the p rese n ce  of the va rio u s  
in o rg an ic  sodium  sa lts .
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G E N E R A L  D ISC U SSIO N

To understand  the e ffe c t o f the in o rg an ic  sod ium  sa lts  on the  

f lo ta tio n  of c a s s ite r ite  by sodium  dodecylsu lfonate  a d iscu ss io n  of the  

m in e ra l's  c ry s ta llin e  s tru c tu re  and the m in era l's  su rface  c h a ra c te r is t ic  

in  a w a te r  m e d iu m  is  w a rra n te d .

C a s s ite r ite  C ry s ta l S tru c tu re

T h e  c a s s ite r ite  fo rm  of t in  and oxygen atom s is  co n s id ered  to  

have a r u t ile - ty p e  s tru c tu re . F o r  th is  m in e ra l the oxygen atom s a re  

a rra n g e d  o c ta h e d ra lly , en te rin g  in  coo rd ina te  bonding w ith  the t in  ( IV )  

ca tio n .

In  th is  la tt ic e  each a to m  o f t in  is  surrounded b y  6 a tom s o f  

oxygen (co o rd in atio n  num ber 6 ) and each a to m  o f oxygen is  surroun ded  

by 3 atom s of tin . A  sch em atic  o f th is  a rra n g e m e n t is  shown in  the  

fo llo w in g  fig u re .

33
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O Sn atom  

O O xygen atom

F ig u re  15. C ry s ta l s tru c tu re  o f c a s s ite r ite

C a s s ite r ite  S urface  C h a ra c te r is t ic s  
in  a W a te r  M e d iu m __________________

W hen an oxide m in e ra l  is p laced  in  an aqueous m e d iu m  a

ch arg e  d is tr ib u tio n  is estab lished  in  the fo rm  of an e le c tro c h e m ic a l

double la y e r  (25). The c re a tio n  of an  e le c t r ic a l  b ias  on the surface

of c a s s ite r ite ,  and its  c h a ra c te r is t ic s , w i l l  be the sub ject of th is

sec tion  of th e  th e s is .

G e n e ra lly , the charg e  of an oxide su rface  is  d ic ta te d  by the

aqueous co n cen tra tio n s  of hydrogen and h y d ro x y l ions. P a rk s  and

D e B ru y n (2 5 ) suggested th a t the ch arg e  p ro p e rty  of an  oxide-aqueous

in te r fa c e  is es tab lish ed  by a two step m echan ism ;

1. S u rface  h y d ra tio n , fo llo w ed  by

2. D is s o c ia tio n  of the su rface  h yd ro x id e .

T h is  su rface  h y d ra tio n  is  due to the a tte m p t of exposed surface  

atom s to s ta b lize  th e ir  charg e  balance by com pletin g  th e ir
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co o rd in a tio n  re q u ire m e n ts . F o r  a cation  th is  is  acco m p lish ed  by  

a ttra c tin g  an O H “ ion o r H zO m o le c u le . F o r  an exposed anion p u l l ­

ing of a H *  p ro ton  fu lf i l ls  its  co o rd in a tio n  re q u ire m e n ts . In  e ith e r  

case the net re s u lt  is  th a t the su rface  is  covered  by a h y d ro x y l la y e r  

w ith  the cation  b u rie d  below .

F o llo w in g  th is  a rg u m en t i t  can be concluded th a t su rface  

ch arg e  is estab lished  by ad so rp tio n  of H *  o r  O H " ions. T h is  approach  

can find  support in  the c a s s ite r ite -w a te r  system .

W hen c a s s ite r ite  is ground, the n ew ly  fra c tu re d  su rfaces  w i l l  

show t in  and oxygen atom s w ith  incom plete  co o rd in a tio n . A c co rd in g  

to  th e ir  p o la r ity  these unstab le s ites  w i l l  be sa tu ra ted  w ith  h y d ro x y l 

ions or w ith  p ro to n s . The net re s u lt ,  aga in , is  th a t the c a s s ite r ite  

s u rface  is covered  by a h yd ro x id e  la y e r .

C ib u lka  and Dobias (26) suggested th a t the c ry s ta l su rface  of 

c a s s ite r ite ,  w hen in  the p rese n ce  of w a te r , has the fo llo w in g  

s tru c tu re .

O H

Sn

O H

T h e  in fra re d  sp ec tra  of w a te r-w e tte d  c a s s ite r ite  shows the p rese n ce  

of an O H  band w hich  supports the above hypothesis.

Studies by E d w ard  and E w e rs  (27) a lso  propo sed the exis tence
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of the above surface  schem e, w ith  the am p h o te ric  d isso c ia tio n  of 

th is  un it g iv ing  r is e  to  the charge c h a ra c te r  o f the exposed p o rtio n  of 

the c a s s ite r ite . T h is  d is s o c ia tio n  is expressed  s c h e m a tic a lly  as 

fo llo w s :

Sn^+ o r  Sn+
/

(1) (2) (3) (4) (5)

1 O H o-

Sn £ Sn o r Sn

/ 1 Y
O H O H O H

O

O'

Z P C
D e c re a s in g  In c re a s in g

p H  p H

T h is  ap p ro ach  is  con s is ten t w ith  the e le c tro k in e tic  p ro p e rtie s  of 

c a s s ite r ite  and has been accepted by m an y  in ves tig a tin g  the sam e a re a .  

H o w e v e r, Yap (21) has suggested th a t the exis tence of s tru c tu re s  1 and 

2 in  an aqueous phase is  suspect. The existence of 5 -c o o rd in a te d  t in  is  

not supported even in  a so lu tion  w h ere  s ta b iliz a tio n  by s tru c tu re  t r a n s ­

fo rm a tio n  is  p o s s ib le . T h is  tra n s fo rm a tio n  of the tin 's  s tru c tu re  to

\  I , \  I 2+
Sn o r  Sn is h ig h ly  u n lik e ly  as i t

Y | \
O H

w ould in vo lve  too m uch bond d is to rtio n  re q u ir in g  a v e r y  h igh a c tiv a tio n  

en erg y . T h e re fo re  i t  is  m o re  c re d ib le  that su rface  s tru c tu re  consis t

° f  I O H  . O H ,+
\  \  I/

Sn o r Sn in  ac id  so lutions.
/ | \  /  | \

1 o h 2+ 1 o h 2+
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F o r  d iffe re n t p H  va lues  then , the c a s s ite r ite -w a te r  in te r -  

fa c ia l e q u ilib r iu m  can be w r it te n  as fo llow s:

, oh2+ , oh2+ ^  , oh  o- N| o-
Sn7 2 Sn ^ Sri £  Sn 2  Sn
/ | \  / l v  / | x / l x ~I OH2+ I oh  I oh  1 oh  O-

Z P C
d ec re as in g  p H  in c re a s in g  pH

T h is  schem e has been proposed  b y  both Yap (21) and B la z y , D eG ou l,

and Houot (28).

A  com m on equation used to  exp ress  the su rface  p o te n tia l

(>£o ) in  te rm s  o f the co n cen tra tio n  o r  a c t iv ity  of the p o s itiv e

p o te n tia l d e te rm in in g  ion (a^j+) is  shown below

a +HT -  R T  
* 0  TP

(aH+)Zpc

w h e re  R , T , and F  a re  the gas constant, absolu te te m p e ra tu re , and the

^ P C
F a ra d a y  constant, re s p e c tiv e ly  and (a^j+) is  th e  a c t iv ity  of H"*~

a t the z e ro  p o in t of charg e .

The corresp o n d in g  exp re ss io n  fo r  the s u r fa c e  ch arg e  (crs) is

CTs = F  ( I h + " To H - )

w h ere  P"denotes ad so rp tio n  d e n s itie s .
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E ffe c t  of In o rg an ic  Sodium  Salts on the  
S u rface  E le c t r ic a l  P ro p e r tie s  of C a s s ite r ite

H ingston , et a l (30) have shown th a t m in e ra ls  w hich  

exp e rie n c e  sp e c ific  ad so rp tio n  of anions have th e ir  Z P C  sh ifted  to 

lo w e r  p H  v a lu e s . In ves tig a tio n s  dea ling  w ith  c a s s ite r ite  have shown 

s im ila r  re s u lts .

Yap (21) studied the e le c tro p h o re tic  m o b ility  of c a s s ite r ite

as a functio n  of p H  in  the p re s e n c e  of 1 0 N a C l, N aC 104, N a N 0 3,

N a H 2P 0 4, N a2 H A s 0 4, N a H S 0 3, and N a2S 04. T e s t re s u lts  showed N a C l,

N a C 104 and N a N 0 3 to  be in d iffe re n t e le c tro ly te s  hav ing  no e ffe c t on

the  m in e ra l’s Z P C . H o w ev er the presence  of N a H 2P 0 4, N a2H A s 0 4,

N a 2S04 and N a H S 0 3 produced an obvious d ec re ase  in  the p H  of the

Z P C , in d ica tin g  some type of spec ific  ad s o rp tio n  m e c h a n is m . Y a p f s

re s u lts  fo r  1 0 con cen tra tions  of N aC 104, N a H S 0 3 and o f N a2S 04

-3
a re  shown in  F ig u re  16, a lso  shown a re  the 10 M  cu rve s  fo r  

N a H 2P 0 4 and N a 2H A s 0 4 taken  fro m  F ig u re s  7 and 10. The la t te r  two  

cu rve s  w i l l  be d iscussed in  the fo llo w in g  th e s is  section . The re s u lts  

shown in  F ig u re  16 in d ic a te  the e ffe c t o f the in o rg an ic  sa lts  on the p H  

of the Z P C  in  N a2H A s 0 4 > N a H 2P 0 4 > N a H S 0 3 and N a2S 04.

Both H ingston (30) and Yap (21) have proposed m ech an ism s  

of an ion  ad so rp tio n  onto oxide m in e ra l  su rface s . H ings ton 's  

app ro ach  invo lves  ligand  exchange of su rface  groups w ith  anions in  

so lu tion , w h ile  Y ap 's  m ethod dea ls  w ith  an a c id -b a s e  re a c tio n
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F ig u re  16. E le c tro p h o re tic  m o b ility  and ze ta  p o te n tia l of 
c a s s ite r ite  vs p H  in  the p resen ce  of the vario u s  
in o rg an ic  sodium  sa lts .

10 M
51.0

o NaCI04-YAP 
m NaHS03 -Y A P ’ 

□  Na2S04 -YAP  

O NaH2P04-C0X 
A  NqoHAsOa-COX

38.4

25.6

12.8

- 12.8

-2 -25.6

-3 -38.4

-4 -51.0

-5

pH

ZE
TA

 
PO

TE
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Between the s u rface  protons and anion sp e c ie s . A n exam p le  o f 

K in g s to n 's  m e c h a n is tic  app ro ach  using H 2P 0 4“ a d s o rp tio n  onto 

cas s ite  r i te  is  shown as fo llo w s .

Sn H Sn+
t O  ^ p - o H

-Q

H
O

o h

-o

A  s c h e m a tic  o f Y a p 's  m ethod  using H 2PO J as the  ad so rb ed  

specie  is  shown h e r e .

Ns*f
8

T S o 'h

I o-P-H  /  o

H

H ° X ° -

\  ‘  /
Sn H H

1

I ° \  HI. o - P K  P + HoO
|</ _o » o_
|Hv-^ O

Both m e c h a n is m s , h o w e v e r, a g re e  th a t th is  a d s o rp tio n  o f anions ta k e

p lace  in  the  S te rn  la y e r .
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D ISC U S SIO N  O F  R E S U L T S

T h is  p o rtio n  of the th e s is  w i l l  d iscuss both the  f lo ta tio n  and 

the  e le c tro k in e tic  re s u lts  produced in  the d iffe re n t sa lt system s. 

E ach  sys tem  w i l l  be d iscussed independently  as fo llo w s:

N a C lQ 4 System

Study o f c a s s ite r ite b  ze ta  p o te n tia l w ith  10“3jy[ N aC 104 by  

Yap (21) in d ic a ted  th a t the an ion  has e s s e n tia lly  no e ffe c t on the  

m in e r a l ’s Z P C . The flo ta tio n  c u rv e  in  F ig u re  4 , page 16 ,shows th a t  

d e v ia tio n  fro m  100% flo ta tio n  occurs  at an a p p ro x im ate  pH  of 5. 5. 

T h e  Z P C  o f the cas s ite  r ite  used in  th is  e x p e rim e n ta l w o rk  was not 

d e te rm in e d . H o w e v e r, in  F ig u re  4 the re s u lts  of Z a m b ra n a 's  (7) 

study o f c a s s ite r ite  in  an a lm o s t id e n tic a l system  a re  o verlayed  and  

show d e v ia tio n  fro m  com plete  f lo ta tio n  a t about p H  6.

Z a m b ra n a  (7) d e te rm in e d  the Z P C  of h is  c a s s ite r ite  to  be 

a p p ro x im a te ly  p H  6 by e le c tro p h e r ic t ic  m e a s u re m e n ts . Since the  

c a s s ite r ite  used in  th is  study gave id e n tic a l re s u lts , w ith  the  

f lo ta tio n  c u rv e  sh ifted  s lig h tly  to the le f t ,  i t  w as fe lt  ju s tif ie d  to 

assum e the Z P C  of th is  sam ple to be around p H  5. 5.

F o llo w in g  th is  a rg u m en t i t  can be seen fro m  F ig u re  4 that

41
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f lo ta tio n  re c o v e ry  of c a s s ite r ite  above the Z P C  in th is  system  is  

s te a d ily  reduced w ith in c re a s in g  p H . H o w ever, i t  should be noted f ro m  

F ig u re  4 , that s ig n ifican t flo ta tio n  re c o v e ry  is observed  fo r  10"^M  

sulfonate at p H  values c o n s id e rab ly  above the Z P C . S light re c o v e r ie s  

a re  observed  even fo r  1 0 -^ M . S im ila r  b e h av io r w as found by B la z y  

et a l  (28) fo r  10-5 M  and o th er co n cen tra tions when studying d iffe re n t  

sam ples of c a s s ite r ite .

I f  these re s u lts  a re  com pared  to o th e rs , fo r  exa m p le , Iw a s a k i 

et a l*s  data on geothite (31), then one is fo rc e d  to conclude th a t a d s o rp ­

tio n  o f sulfonate onto c a s s ite r ite  is not governed s o le ly  by e le c tro s ta tic  

fo rc e s , as was also  postu lated  by B la z y  et a l (2 8 ).

T he e ffe c t of the  su rface  p o te n tia l on the f lo ta tio n  of c a s s ite r ite  

w ith  the sulfonate m a y  be b e tte r  expressed  by a f ig u re  showing both  

the ze ta  p o ten tia l vs p H  cu rve  and the re c o v e ry  vs p H  c u rv e . Such a 

d ia g ra m  fo r  the 10“ J M  in  N aC 104 system  is p resen ted  in  F ig u re  17.

I t  can be seen fro m  F ig u re  17 th a t, 100% flo ta tio n  re c o v e ry  is  only  

ach ieved  when p o s itiv e  va lu es  of the ze ta  p o te n tia l a r e  obtained . 

Im m e d ia te ly  the zeta  p o ten tia l becom es n eg a tive , the f lo ta tio n  

re c o v e ry  is reduced.

N a H 2PQ 4 System

The flo ta tio n  re c o v e r ie s  shown in  F ig u re  5 fo r  d iffe re n t con­

c e n tra tio n s  of sulfonate and sodium  hydrogen phosphate have been
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F ig u re  17. R e c o v e ry  of c a s s ite r ite  vs p H  fo r  sodium  dode- 
cylsu lfo n ate  in  the p resen ce  of N aC 104 and ze ta  
p o ten tia l o f c a s s ite r ite  vs pH  in  the p resen ce  of N aC 104.

(auj) "lVHN310d V13Z

x
CL

% AU3A003H
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d e s c rib e d  in  a p rev io u s  section.

F o r  the phosphate in  aqueous solution  the fo llo w in g  e q u ilib r ia

app ly .

N a H 2P 0 4 4* N a + + H 2P 0 4“

H 3P 0 4 ?  H 2P 0 4“ + H+ p K 4 = 2. 15

H 2P 0 4-  4> H P 0 4= + H + p K 2 = 7. 2

H P 0 4= ^ P 0 4= + H + p K 3 = 12 .6

T h u s , in  the p H  range 2. 15 < p H  < 1 . 2  the p red o m in an t  

phosphate species is H 2P 0 4" and H P 0 4“ in  the range 1 .2  < p H  < 12. 6.

In  Hingston's (30) w o rk  on orthophosphate ad sorp tion  onto goeth ite  as 

a functio n  of pH , a d isco n tin u ity  in  the am ount adsorbed  was o b served  

a t each p K  v a lu e .

The re s u lts  in  F ig u re  5 show a d iffe re n tly  shaped cu rve  fo r  

10"^ M  and 10“ ^M  com pared  to 10~^M  N aC 104. The fla tte n in g  of the  

cu rves  seem s to  occur a t p H  = p K 2, in d ica tin g  a change fro m  H2P 0 4” 

to  H P 0 4~ as the p red o m in an t species.

In  Hingston's w o rk  the ad so rp tio n  of phosphate w as co n tin u a lly  

in c re a s in g  w ith  d ec re as in g  pH , and was independent of ion ic  s tren g th .

T h is  ion ic  s treng th  e ffe c t is in  g e n e ra l a g re e m e n t w ith  the  

p lo ts  shown in  F ig u re s  5 and 6, w h ere  the f lo ta tio n  re c o v e ry  becam e  

independent of phosphate co n cen tra tio n  above 10“^ M  and above p H  ^ 8 .

I t  can a lso  be seen fro m  the e le c tro k in e tic  data in F ig u re  7 th a t the  

ze ta  p o te n tia l becam e independent of co n cen tra tio n  fo r  > 1 0 " ^ M  a t p H  > 8 .
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The e ffe c t of the e le c tro k in e tic  p ro p e rtie s  on the flo ta tio n

re c o v e ry  can be c le a r ly  shown in  F ig u re  18 w h ere  both re c o v e ry  and

ze ta  p o te n tia l a re  p lo tted  as a function  of pH . The ze ta  p o ten tia l a t

p H  7 fo r  10 N a H 2P 0 4 is shown to have a n eg ative  va lu e  of 29. 4

m v . H o w ev er, a t th is  sam e p H  the 1 0 and 10_3jy[ cu rves  show

s ig n ific a n tly  la r g e r  n eg ative  ze ta  p o ten tia l va lues . T h is  la rg e

d iffe re n c e  is  a lso  m an ife s te d  in  the flo ta tio n  re c o v e ry  cu rve s .

-5A s shown the 10 M  N a H 2P 0 4 flo ta tio n  cu rve  is  o f a s im ila r  

-3
shape to the 10 M  N aC 104 w ith  d ev ia tio n  fro m  com ple te  f lo ta tio n

—5
o c c u rrin g  a t p H  4. 5. A t p H  7 the 10 M  N a H 2P 0 4 cu rve  ind icates  a

-4  -3
re c o v e ry  of 75%. F o r  10 M  and 10 M  N a H 2P 0 4 a t th is  sam e pH  

re c o v e r ie s  a re  shown to be only 30% and 23%, re s p e c tiv e ly . Y e t, 

re g a rd le s s  o f the dep ressed  condition  of flo ta tio n  as the ze ta  p o ten tia l 

becom es less  n eg ative , re c o v e ry  is  enhanced, going to 100% as the  

su rface  becom es p o s itiv e , as was seen in  the p e rc h lo ra te  system .

Th u s , even though H ingstons re s u lts  in d ic a te  s tro n g e r  

a d s o rp tio n  of phosphate at lo w e r p H  va lu es , the f lo ta tio n  appears to 

be governed s o le ly  by the charge c h a ra c te r is t ic s  of the in te rfa c e .

I t  was seen in  F ig u re  5 th a t m a in ta in in g  the N a H 2P 0 4 concen-

-3  -5
tra t io n  a t 10 M  and d ecreas in g  the c o lle c to r  co n cen tra tio n  to 10 M

in h ib ited  flo ta tio n  a lm o s t co m p le te ly . Thus it  ap p ears  th a t w ith  a

s ta rv a tio n  quan tity  of c o lle c to r  (often used fo r  m a x im u m  s e le c tiv ity )

th a t is  below  the co n cen tra tio n  a t w hich h e m i-m ic e lle s  fo rm  (32)
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F ig u re  18. R e co ve ry  of c a s s ite r ite  vs pH  fo r  sodium  dodecylsu lfonate  
in  the p resen ce  of v a rio u s  con cen tra tions of N a H 2P 0 4 and 
ze ta  p o te n tia l o f c a s s ite r ite  vs pH  in the p rese n ce  of 

v a rio u s  con cen tra tions of N a H 2P 0 4.
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and thus governed so le ly  by e le c tro s ta tic  fo rc e s , the s m a ll am ount of 

c o lle c to r  adsorbed does not produce a s u ffic ie n tly  hydrophobic  

s u rface  fo r  f lo ta tio n  to occur.

Na?HA s P 4 System

The flo ta tio n  re c o v e r ie s  fo r  d iffe re n t con cen tra tions  of Na2HAs 0 4 

and sulfonate have been d iscussed in  th is  e x p e rim e n ta l re s u lts  section  

and a re  shown in  F ig u re  8.

The fo llo w in g  e q u ilib r ia  app ly  fo r  a rs e n a te  in  an aqueous  

solution:

H3As04 H+ + H2As04- pK 2. 3

H2A s04~ ^ H+ + HAs04= pK 6. 8

HAs04= £ H+ + As04= pK 11.6

In  th is  system  then, in  the pH  range 2. 3 < pH  < 6. 8 the  p red o m in an t

species is H 2A s 0 4“ and H A s 0 4~ in  the range 6. 8 < p H  <11. 6.

As in  the N a H 2P 0 4 sys tem , the re s u lts  fo r  10 M  and 10“^ M

N a 2H A s0 4, p resen ted  in F ig u re  8 , show a d if fe re n t ly  shaped cu rve

-3
w hen co m p ared  to 10 M  N a C l0 4. The curves  ap p ear to f la tte n  a t  

the p H  co rrespond ing  to a rs e n a te h  second pK , suggesting a t ra n s fe r  

of the p red o m in an t species fro m  H2A s 0 4" to H A s 0 4~.

R e c o v e ry  curves  shown in  F ig u re s  8 and 9 e x h ib it the  sam e  

ion ic  s treng th  independence as the N aH 2P 0 4 cu rv e s . As dep ic ted , 

the flo ta tio n  re c o v e ry  becom es independent o f a rs e n a te  co n cen tra tio n
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-4
above 10 M  and pH  «  8. 0.

A  p lo t of both ze ta  p o te n tia l and flo ta tio n  re c o v e ry  a re

shown in  F ig u re  19. As in  the N a H 2P 0 4 system  c o rre la tio n s  a re

seen betw een the ze ta  p o te n tia l cu rves  and the flo ta tio n  re c o v e ry

-5
c u rv e s . F o r  th is  sys tem , F ig u re  10 shows th a t the 10 M

_3
N a 2H A s 0 4 cu rve  co incides w ith  10 M  N aC 104 cu rve  a t pH  6,

w h ich  corresponds to a n eg ative  ze ta  p o ten tia l of 16. 6 m v . A t th is  

-4  -3
sam e pH  the 10 M  and 10 M  N a2H A s 0 4 curves  have n eg ative  va lu es

o f 30. 7 and 4 7 .4 ,  re s p e c tiv e ly . Inspec tion  of the flo ta tio n  re c o v e ry

-5
c u rve s  a lso  shows la rg e  re c o v e ry  d iffe re n c e  betw een the  10 M  cu rve  

-4  -3
and the 10 M  and 10 M  curves  a t the pH  va lu e  o f 6.

—5
F o r  10 M  N a 2H A s 0 4 the re c o v e ry  a t the  sub ject p H  w as

-4  -3
is  85%. A t th is  sam e p H  the 10 M  and 10 M  cu rve s  e xp erien ce

re c o v e r ie s  of only 33% and 25%, re s p e c tiv e ly .

H o w ev er, as in  the tw o p re v io u s ly  d iscussed system s,

re g a rd le s s  of the studied e le c tro ly te  s tren g th , co m p le te  f lo ta tio n  is

re a liz e d  on ly when p o s itiv e  ze ta  p o te n tia l values a re  obtained. These

data suggested th a t even though the c a s s ite r ite  w as exp e rie n c in g

ad s o rp tio n  of a rs e n a te  species, as its  surface  charg e  becam e less

n eg ative  re c o v e ry  was enhanced.

As shown in  F ig u re  8, f lo ta tio n  is  s e v e re ly  d ep ressed  when

-5
the  sulfonate co n cen tra tio n  is  lo w e re d  to 10 M  and the N a2H A s 0 4 is  

-3
m a in ta in e d  a t 10 M . As d iscussed fo r  the s im ila r  s itu a tion  in  the
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F ig u re  19. R e c o v e ry  of c a s s ite r ite  vs p H  fo r  sodium  dodecylsu lfonate  
in  the p resen ce  of v a rio u s  con cen tra tio n s  of N a 2H A s 0 4 and 
ze ta  p o ten tia l of c a s s ite r ite  vs pH  in  the p rese n ce  of 
v a rio u s  con cen tra tions of N a2H A s 0 4.
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N a H 2P 0 4 sys tem , i t  app ears  th a t th is  low  dosage of c o lle c to r  does 

not produce sulfonate ad so rp tio n  to the extent s u ffic ie n t fo r  flo ta tio n .

N aH S Q 3 System

F ig u re  11, on page 29 shows the e ffec t of H S 0 3 on flo ta tio n  

re c o v e ry . F o r  H S 0 3~ in  an aqueous solution  the fo llo w in g  e q u ilib r ia  

app ly .

H 2S 0 3 H + + H S 0 3“ p K j = 1. 8

HSOs- H + + SOs= p K 2 = 6. 9

Thus in  the p H  range 1. 8 <pH <6. 9 the m a in  species is H S 0 3 .

A bove p H  6. 9 the species S 0 3~ p red o m in a tes .

-4Inspec tion  of cu rve  fo r  10 M  sulfonate shows a d iffe re n t  

shape than the cu rve  produced in  the N aC 104 sys tem  under 

s im ila r  conditions. The re c o v e ry  exp erien ces  a fla tte n in g  as the  

c u rv e  passes th rough  the p H  correspond ing  a p p ro x im a te ly  to p K 2.

A t  th is  pK  species p red o m in an ce  is  t ra n s fe r re d  f ro m  H S 0 3 to  S 0 3“ .

The e ffe c t of e le c tro k in e tic  p ro p e rtie s  on the f lo ta tio n  

re c o v e ry  is  shown in  F ig u re  20. These p lo ts  of ze ta  p o te n tia l and 

f lo ta tio n  re c o v e ry  d em o n stra te  a s im ila r  b e h av io r to the two p r e ­

v io u s ly  d iscussed sa lt sys tem s. As the surface  p o te n tia l becom es  

less  negative  re c o v e ry  im p ro v e s . As the p o te n tia l passes into the 

p o s itiv e  reg io n  100% flo ta tio n  re c o v e ry  is  obtained.

Thus even though in  the ac id  range w h ere  the c a s s ite r ite  is
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F ig u re  20. R e c o v e ry  o f c a s s ite r ite  vs p H  fo r  sodium  d o d ecylsu lfon ate  
in  the p rese n ce  o f N aH SO s and ze ta  p o te n tia l of c a s s ite r ite  
vs p H  in  the p rese n ce  of N a H S 0 3.
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p ro b a b ly  exp erien c in g  H S 0 3 adsorp tion , f lo ta tio n  re c o v e ry  appears

to be p r im a r i ly  a function  of surface  p o ten tia l.

-5  -3R e c o v e ry  fo r  10 M  sulfonate in  the p resen ce  of 10 M

N aH SO s is  shown in  F ig u re  11. F lo ta tio n  is dep ressed  but extends

o v e r a w id e r  p H  range than  the s im ila r  s ituations in  the N a H 2P 0 4

and the N a2HA^D4 system s. Study of the e ffe c t of N a H S 0 3 on the

ze ta  p o te n tia l in  F ig u re  16 shows that th is  an ion  produces a less

n eg ative  su rface  in the ac id  p H  range than e ith e r  N a H 2P 0 4 o r  a

N a 2H A s 0 4. T h is  lo w e r n eg ative  ze ta  p o te n tia l seem s to p e rm it

m o re  ad so rp tio n  of c o lle c to r  over a w id e r  p H  ran g e , thus producing

h ig h e r  re c o v e ry  w ith  f lo ta tio n  extended to about p H  10. 5.

N a 2SO .̂ System

F lo ta tio n  in  the N a2S 04 system  has been d iscussed  in a

p re v io u s  section  w ith  the re c o v e ry  curve  shown in F ig u re  12.

F o r  an aqueous solution  of su lfate  the fo llo w in g  e q u ilib r ia

a r e  in  e ffec t:

H2S 04 £  H S 0 4" + H +

H S 0 4- 4* S 04= + H+ p K 2 1. 9

T h e re fo re  above pH  2. 0 the p red o m in a te  su lfa te  species is S 04 .

_3
Study of the cu rve  produced in  the p rese n ce  of 10 M  

N a 2S 04 shows that is  s im ila r  in  shape to the N aC 104 c u rv e . No  

f la tte n in g  of the cu rve  is observed  as in the p re v io u s ly  d iscussed
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N a H 2P 0 4, N a2H A s 0 4, and N aH SO s system s.

T h is  fa c t suggests th a t the conjugate acid's pK  has some 

e ffe c t on the ad so rp tio n  of th e  an ion  and thus a subsequent e ffe c t  

on flo ta tio n .

H o w ever the flo ta tio n  b eh av io r w ith  re s p e c t to  e le c tro k in e tic  

c h a ra c te r is t ic s  is  s im ila r  to  the o ther sa lt sys tem s. A s  shown in  

F ig u re  21 re c o v e ry  is dependent upon su rface  charg e  w ith  com ple te  

f lo ta tio n  re a liz e d  only when the c a s s ite r ite  takes  on a p o s itiv e  

p o te n tia l.
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S U M M A R Y  A N D  C O N C LU S IO N S

The te s t re s u lts  p rese n te d  fo r  a l l  d iscussed system s in d ic a te  

th a t f lo ta tio n  re c o v e ry  of c a s s ite r ite  by sodium  dodecylsu lfonate  is  

e x tre m e ly  dependent upon e le c tro k in e tic  c h a ra c te r is t ic s . T h is  

dependency is  shown d ra m a tic a lly  in  F ig u re  22 w h ere  re c o v e ry  is  

p lo tted  as a function  of e le c tro p h o re tic  m o b ility  fo r  10“ M  concen­

tra tio n s  of the vario u s  e le c tro ly te s . As dep icted  com plete  flo ta tio n  

is  not re a liz e d  in  each sys tem  u n til the c a s s ite r ite  su rface  takes on 

a p o s itiv e  m o b ility . F ig u re  22 also suggests that the re la t iv e  d e p re s ­

sive e ffe c t of the d iffe re n t sodium  salts  is  N a 2H A s 0 4 > N a H 2P 0 4 > 

N a H S 0 3 > N a 2S 0 4.

I t  is  also in te re s tin g  to note th a t 10“ ^M  co n cen tra tio n  o f 

N a H 2P 0 4 and N a2H A s 0 4 have about the sam e dep ress ing  e ffe c t as

3
10" M  con centra tions of N aH S O s and N a2S 0 4. T h is  in d ic a te s  that 

phosphate and a rse n a te  anions have a v e ry  strong a ff in ity  fo r  c a s s i­

te r ite  w h ich  supports the fa c t th a t phosphonic and a rs o n ic  acids have  

been con sid ered  the best c o lle c to rs  fo r  th is  m in e r a l.

Studies in  the N a H 2P 0 4 and in  the N a2H A s 0 4 system s showed

5 4th at in c re a s in g  the sa lt so lu tion  s treng th  fro m  10" M  to 10“ M

55
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F ig u r e  22. R e c o v e ry  of c a s s ite r ite  vs e le c tro p h o re tic  m o b il i ty  fo r  
th e  v a r io u s  in o rg a n ic  s a lt  sys tem s (e le c tro p h o re t ic  data  
d e te rm in e d  in  the absence of sod ium  d o d ec y ls u lfo n a te , 
re c o v e ry  data fo r  lO '^ M  sodium  d o d ecy lsu lfo n a te  in  the  
p re s e n c e  of 10 M  con cen tra tio n s  of the  v a r io u s  in o rg a n ic  
sod ium  s a lts ).
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produced a s ig n ifican t d ep re ss ive  e ffec t upon flo ta tio n  re c o v e ry  in

the n e u tra l pH  range. R esu lts  in these two system s also  ind icated

th at re c o v e ry  becam e independent of e le c tro ly te  con cen tra tio n  

-4
>10 M  at pH  values a p p ro x im a te ly  >8.

-3
F lo ta tio n  cu rves  fo r  10 M  concentrations fo r  a l l  of the

subject sa lts , except N a2S 04, exh ib ited  a d iffe re n t shape than the

-3
cu rv e  developed fo r  10 M  N a C 104. C u rves  fo r  N a H 2P 0 4, N a2H A s 0 4 

and N a H S 0 3 a l l  exp erien ced  a fla tte n in g  w hen passing th rough  the pH  

value  a p p ro x im a te ly  correspond ing  to th e ir  conjugat'e ac ids second 

pK .

T h is  cu rve  fla tte n in g  suggested that the pK of the a n io n ’ s

ac id  has a strong in fluence on the anions ad sorp tion , and thus a subse

quent e ffe c t on flo ta tio n . Th is  p ro p o sa l is supported by inspec tion  of 

_3
the 10 M  N a2S 04 cu rve . In  the pH  range of d e p a rtu re  fro m  100%

flo ta tio n  the p lo t does not pass th rough any pH  values correspond ing

to  a pK  fo r  N a 2S 0 4's conjugate ac id . The curve  shows no fla tte n in g

in  slope, d ev ia tin g  fro m  com plete  flo ta tio n  in a m an n e r s im ila r  to  

_310 M  N aC 104 system .

_5
W hen c o lle c to r  add itions a re  of s ta rv a tio n  q u an tities  (10 M  

o r le s s ), below  the concentra tions a t w hich h e m i-m ic e lls  fo rm ,  

c o lle c tio n  app ears  to be govern  s o le ly  by e le c tro s ta tic  fo rc e s . The  

s m a ll am ount of adsorbed c o lle c to r  does not produce a s u ffic ie n tly  

hydrophobic surface  fo r  s ig n ifican t flo ta tio n  to occur. F o r  h ig h er
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c o lle c to r  dosages (10 M  o r g re a te r )  the ad so rp tio n  of sulfonate  

onto c a s s ite r ite  does not ap p ear to be a function  of only e le c t r o ­

s ta tic  in te ra c tio n s .
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