
CHAPTER แ

THEORY

2.1 Mineral-Solution Interface [13]

The interfacial region  betw een  the mineral surface and solu tion  is 

marked by a d iscontinu ity  d ensity , com p osition , and structure o f  the tw o  phases.

A  mineral is m ade up o f  three d im ensional arrays o f  ions in a crystal structure and 

varieties o f  surface groups, w h ile  an aqueous solution  con sists o f  polar, w ater  

m o lecu les and chem ical e lem en ts. T h ese e lem en ts in natural w aters m ay be present 

in m any different form s such as cations, anions, neutral m o lecu les and com p lexes.

M ineral surfaces com m on ly  have a non-zero electrical charge, 

producing the electrostatic forces that can be m od ified  by the arrangem ent o f  w ater  

d ip o les and aqueous sp ec ies near the interface as ions accum ulate at the mineral 

surface to  preserve net electrical neutrality. A  net charge at the interface m ay a lso  

be produced by ch em ical reactions b etw een  ions in solu tion  and th o se  at the mineral 

surface. In m eta l(h yd r)oxid es, for exam ple, the oxy g en s at the interface m ay bind  

w ith protons in tw o  steps form ing OH ' and O H 2° ligands. T his can b e  w ritten as:

O '2 +  2 H *  <-> O H ' +  H + <-> O H 2° (1 )
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T h is m eans that the ox id e  surface m ay contain  O'2, OH" and O H 2° groups  

H yd roxyl group is  so  reactive that a proton m ay be accepted  from  the adjacent 

so lu tion  phase or rem oved  from  the m ineral surface by ch em ica l reaction s :

= X -O H  +  ET <-> = X -O H 2+ (2 )

= X -O H  +  OH' <-> sX -O ' +  H 20  (3 )

w h ere = X O H  is the surface hydroxyl group( X  represents a m etal ion  on  the surface  

form ing bond w ith  the surface hydroxyl groups and other ion s in the bulk  

structure). R eaction (2 ) sh ow s that the m eta l(h yd r)ox id es surface favors p ositive  

charge in acid so lu tion  w h ile  in basic  so lu tion  a proton m ay b e lost from  the 

hydroxyl group and the surface carries a n egative  charge as in reaction(3).

B eca u se  o f  th ese  reactions, mineral surface charge can ch an ge signs  

from  p o sitiv e  to n egative  w ith  increasing pH. The pH at w h ich  the m ineral surface  

charge b eco m es zero  is called  a point o f  zero charge (PZ C ) or p H p zc  At pH  low er  

than pHpzc va lu e mineral surface has a net p ositive  charge due to reactions such  as 

reaction (2 ) and for higher pH  the mineral has a net n egative  charge due to  reaction  

(3).

T he num ber o f  o xygen  atom s exp osed  at the m ineral surface  

and the charge on  the surface control the types o f  aqueous sp ec ies  that accum ulate  

on the m ineral surface and the ability to  exch an ge w ith  other ions in solution .
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2.2 Complexation at the Oxide - Solution Interface [13,301

There are varieties o f  chem ical reactions occuring  at the  

ox id e-so lu tion  interface. T h ese  reactions in v o lv e  uptake o f  sp ec ies  from  the 

aqueous solution phase in the presence o f  a mineral w h ich  are term ed sorption.

Sorption occurs by three p rocesses (F igure 2 .1 ). F irst, the 

form ation o f  a surface precipitate having a structure or com p osition  different from  

the host mineral. The secon d  p rocess is absorption or coprecipitation w h ereb y a 

chem ical sp ec ies  is rem oved from  the aqueous solu tion  and penetrates the crystal 

lattice o f  the mineral surface. The third p rocess is adsorption w h ereb y  chem ical 

sp ecies are taken up from  the solution  and are ch em ica lly  bound in a m on olayer at 

the ox id e  w ater interface. In th is study, adsorption reactions w ill be focused .

Sorption

Adsorption Absorption .Precipitation

Figure 2.1 R epresentation o f  the adsorption,absorption and precipitation

o f  Zn on  goeth ite  surface. A ll three processesare described  

by th e general term sorption.
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T h e adsorption takes p lace by reactions b etw een  the so lu te  sp ecies  

and the m ineral surface form ing surface com p lexation . There are tw o  types o f  

adsorption based on  atom ic arrangem ent and bonds form ed b etw een  so lu te  and 

o x id e  surface (F igu re 2 .2 ). T he first type is the inner-sphere co m p lex  w ith  ion ic  or 

cova len t bonds form ed. T h is kind o f  com p lex  has no w ater m o lecu les  p osition ed  

b etw een  the m ineral surface and the adsorbed sp ecies. The secon d  on e is th e outer- 

sphere co m p lex  w h ereb y  th e so lu te  sp ec ies  is  attached to  the m ineral surface by 

electrosta tic  interaction w ith  w ater m o lecu les located  b etw een  the m ineral and the 

so lu te  sp ecies.

F igure 2 .2  R epresentation o f  inner-sphere and outer-sphere  

com plexation .

T he am ount o f  adsorption depends prim arily on  the initial 

concentrations o f  adsorbate and adsorbent, surface area o f  m ineral, tem perature, 

pressure and the pH  o f  so lu tion  w h ich  is the m ost im portant factor con tro llin g  the 

adsorption. O ther factors w h ich  can affect the adsorption p rocesses are the ion ic  

strength o f  the so lu tion  and the extent o f  h yd ro lysis or com p lexation  o f  the metal

ions.
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In the o x id e-so lu tion  system , the mineral surface, metal ions and 

corr.plexing ligands (e  g. organic acids or anions) can interact in a num ber o f  w ays: 

(1 ) metal ions and ligan d s m ay com p ete  directly for surface sites; (2 )  m etal ions and 

ligands m ay in flu en ce each other indirectly by altering charges (electrostatic  

properties) at the o x id e-so lu tion  interface; (3 ) non-adsorbing or w eakly  adsorbing  

m etal-ligand co m p lex es  m ay be form ed in so lu tion , thereby reducing adsorption o f  

m etal ions; (4 ) m etal-ligand co m p lex es  m ay be adsorbed strongly on the surface  

(ternary surface co m p lex es), thereby enhancing  adsorption o f  m etal ions, ligands or 

both com pared to sin g le  sorbated system s.

2.3 Ferric (hydr)oxide ะ Goethite [6,21,30]

G oeth ite is a com m on  m ineral and abundant in so ils  that has long  

been know n as having large reactive surface area. In nature, it is d ecom p osed  from  

iron ore such as pyrite or siderite by the ox idation  reactions :

2 F eS 2 +  7.5Û2 +  4 H 20 <-> Fe 20  3 +  4H  2ร อ  4

Pyrite H em atite

or 2 F e C 0 3 +  0 .5 O 2 +  2H 2O Fe 2อ  3 +  2H  2อ อ 3

Siderite H em atite

then

Fe 20  3 +  H20 2FeO O H

H em atite G oethite
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G oeth ite  form s a reddish-brow n or ye llo w ish -b ro w n  surface coatin g  

on other less reactive m ineral during w eathering and hydrotherm al alteration. T he  

ph ysica l characteristics o f  go eth ite  are sum m erized in tab le 2.1.

T able 2.1 G oeth ite  characteristics

G oeth ite  property G oeth ite characteristics

C h em ical form ula a-F eO O H *

E m pirical form ula F e+3 O O H , -F eO H , =F eO H

C om p osition 62 .85%  F e, 36.1%  0 ,  1.13%  H
C rystal system O rthorhom bic
Crystal shape N eed les , laths

* T he a  d en otes hexagonal c lo se -p a ck in g  o f  0 ( H )  atom s

T he crystal o f  goeth ite  has a s ize  range o f  10 -100  nm  . H igh  

reso lu tion  tran sm ission  e lectron  m icroscop y  and X -ray line broadening sh ow  

dom inant crystal p lanes o f  goeth ite  on the surface to  be 110 and 021 as sh ow n  in 

figu re2 .3 . T h e lesser  extent p lanes are 100, 010 , and 001 .
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c  =  O xygen  •  =  F e •  =  H
z

Figure 2.3 A  is the 110 surfaces and B is the 021 surfaces.

(a) top v iew  o f  the surface atom s.

(b) slab v iew ed  perpendicular to  the z  direction.

From  the infrared sp ectroscop y data,the am photeric goeth ite  surfaces  

are lik e ly  to  be populated by three types o f  surface hydroxyl groups due to the 

surface o x y g en s b ein g  coordinated  to either one, tw o  or three iron atom s in the 

bulk. T his leads to  sin g ly , doubly , and triply coordinated groups, resp ectively . The  

sin g ly  coordinated  groups are the m ost reactive surface sites capable o f  u ndergoing  

protonation-deprotonation and com p lexation  reactions. W h ile , the d oubly  and triply  

coordinated  groups are thought to  be unreactive and inert. T h ese typ es o f  hydroxyl 

grou p s are show n in figure 2 .4 .
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F igure 2 .4  R epresentation o f  (A ) sin g ly , (B ) doubly, and(C ) triply

coordinated surface o xygen  atom  on goeth ite.
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2.4 Surface Complexation Models [ 14,29,30]

The adsorption reactions on mineral surface play an im portant role 

in con tro llin g  the concentrations o f  m ost reactive e lem en ts in so il and natural w ater  

system . In order to understand th ese  reactions in a m anner sim ilar to real natural 

system , various surface com p lexation  m od els (S C M s) have been d evelop ed  to  

describe ion adsorption behaviors on mineral surfaces. Surface com p lexation  

m odels provide m olecular descriptions o f  ion  adsorption u sin g  equilibrium  

approach d efin ing surface sp ec ies , chem ical reactions, m ass balances and charge  

balances.

A ll S C M s share at least four com m on characteristics [30], First, it is 

assum ed that mineral surfaces can b e described as a flat plane o f  surface hydroxyl 

sites. T o describe the reactions at th ese  sp ec ific  sites, for exam ple, the surface  

ion ization  reactions can be written as,

= X O f V  ^  sX O H 0 +  FT : K ]app (4 )

=X O H ° ^  = X O  +  H* : K 2app (5)

w here K iapp and K 2app are apparent equilibrium  constants.
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The second  assum ption is that the reactions at the mineral surfaces  

may be described u sin g  m ass law  equations, in other w ord, these reactions are 

assum ed to  be in a state o f  local equilibrium . For reactions (4 )  and (5 ), therefore the 

m ass law  equations can be written as,

Kapp _  { =  XOH K H }

1 ~ {= XOhJ }

Kapp _  {=  xo" }{h }
2 { =  XOH°}

(6)

(7)

w here { } represents an activ ity  o f  the species.

The third assum ption adopted in all SC M s is that variable charges on  

the m ineral surface are the direct results o f  ch em ical reactions occuring at the  

surface.

F inally , it is a lso  assum ed that the apparent equilibrium  constant o f  

such a m ass law  is the product o f  tw o  terms: a constant ‘in trinsic’ term  

corresponding to  the chem ical free energy o f  b ind in g  to  a sp ecific  surface site, and 

a variable ‘co u lo m b ic’ term corresponding to  the cou lom b ic  free energy o f  b inding  

contributed by the electrostatic charge at the surface. The surface charge is caused  

by the ion ization  o f  all surface sites, m ostly  by proton exch an ge reactions. The  

distinction  o f  intrinsic constant from  apparent constant using cou lom b ic  correction  

factor can be written as,
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K ,nt = K app exp
f AzF \\I ' 
, RT , (8 )

where Kint is the intrinsic equilibrium constant, Kapp is the apparent equilibrium 
constant, À Z  is the net change in charge of the surface species due to the adsorption 
reactions, F is the Faraday constant, V\) is the electrical potential of the surface, R is 
the gas constant, and T is the temperature. The mass law of reactions (4) and (5) 
can thus be separated as,

Kint =  — ,-X๐ H . exp(— FIJI / R ï) =  K app. e x p (-  F\ \ l  / R ï) (9 )
า xohT ) า

K'2nt =  - ไ * ^  - exP( -  f X V  เ RT)  =  K 2pp - e x p (-  FIJI / R ï) ( 10)

The surface complexation models differ in the number of layers that 
are used to represent surface charges, as well as the types of species that are 
permitted to adsorb in each layer, and the description of the electrical potential 
profile. Four models of the most commonly employed SCMs are Diffuse Double 
Layer Model, Constant Capacitance Model, Basic Stem Model, and Triple-Layer 
Model. These models will be discussed briefly.

In the Diffuse Double Layer and Constant Capacitance Models 
(figure 2.5), a single surface layer referred to as the 0-layer accepts all adsorbing 
ions including potential determining ions (H+ and OH' ). This is accompanied by a 
diffuse outer layer, called the d-layer. The difference between them is how they 
relate surface potential (vpo) to surface charge (Go).
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For the Diffuse Double Layer Model:

T°o - a u « Æ « ( ^ } ; (11)

For the Constant Capacitance Model :

1a0 = CVO'̂ T (12)
°1,u๐> (13)

where TCT0 is the total charge at O-layer, I is the ionic strength (mol/L), V|/0 is the

surface potential at 0-plane, A is the total surface area (m2/g), c  is the capacitance, 
CJO is the net surface charge density (C/m2), T is the temperature (K), F is the 
Faraday constant (96,485 c/mol) and R is the Gas constant (8.314 J/K-mol) .
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Figure 2.5 The schematic illustration of (A) Diffuse Double Layer 
Model and (B) Constant Capacitance Model.
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In the B asic Stern M odel (figu re 2 .6 ), the interface m odel is 

extended w ith  a charge free layer called  Stern layer . Stern layer is lim ited by tw o  

electrostatic p lanes w hich  can be treated as plate condenser. Protons are adsorbed in 

the surface plane called 0-p lane, w hereas the sp ec ific ia lly  adsorbing ion s can be 

located either 0-p lane or 1-plane. The electrostatic p lane at the head end o f  the 

d iffuse double layer is called  1-plane. The sum  o f  the charge in the tw o  electrostatic  

planes (ao+ (7i) is neutralized by the charge in the dou b le layer (Oddi) according to

Oo + ai = -Oddi (14)

The value o f  Vj/ddi in the S tem  m odel equals the potential at the 

outer plane (\y i). B ecau se the S tem  layer is free o f  charge, there is a linear  

relationship betw een  v|/0 , vpi and (To according to

Oo = Cstem(V|/0 - Vl) (15)

w here Csten, is the capacitance o f  the S tem  layer

T he surface potential (\|/o) can be related to  pH by N ern st’equation, 

recently used  and described in detail by Fokkink and L yk lem a [19 ] as :

P ZC -pH  =  loge.( —  VJ/ 0 )  (16)
RT

w here PZC is the point o f  zero  charge, lo g  e  =  0 .4 3 , and \\Jo is

the potential at the surface.
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Figure 2 .6  The schem atic illustration o f  B asic  S tem  M odel.

In the triple layer m od el(figu re2 .7 ), the adsorbing surface is  d efined  

by 2 layers : an inner 0-layer and a m iddle 1-layer. The outerm ost d iffu se  layer is 

referred to as the d-layer. Protons are located  in the surface plane(O -plane). M etal 

ions can be located  in either surface plane or in 1-plane. Ions in background  

electro ly te  are located  in 1-plane. A p p ly in g  the principle o f  electroneutrality , the 

sum  o f  the charge in th e three electrostatic p lanes (Go +  O i+  02 ) is com p en sated  by 

the charge o f  the d iffu se  double layer according to,

Go + Oi+ 02- -Oddi (1 7 )



ทอสมุ«กลา] สถานนา V,ยบรกาา 
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the relation betw een  the potentials and surface charge ( a 0) is

a 0 Cinner (M̂ 0~ M̂ l) (18)

(*0 CT] — Couler (V}/1 - \ \ f 2 ) (1 9 )

w here Cinner and Coûter are the Cf pacitance o f  the inner and outer layer, respectively .

F igure 2 .7  T he schem atic illustration o f  T riple Layer M odel
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2.5 Determ ination o f the E q u ilib riu m  Constant ะ Potentiometry

Potentiom etric Titration is the m ethod used to m easure the ch an ge in 

potential o f  the cell during titration. The resulting titration curve sh o w s the 

relation betw een  the vo lu m e o f  titrant and the m easured potential. T his m ethod has 

been used  for the determ ination o f  equilibrium  constants by m eans o f  the  

relationship b etw een  the m easured potentials and the concentrations o f  the sp ec ies  

in solution , the N ern st’s equation:

E =  E 0 -  In Q  ( 2 0  )n F

w here E is the m easured potential

E° is the standard potential at 25 °c
R is gas constant (8 .3  M Jk'1 m ol'1)

T is the absolute tem perature (K )

F is the Faraday constant (9 6 ,4 8 5  C m ol'1)

ท is the num ber o f  m o les o f  electron s in vo lved  

in the reaction

Q is the product concentrations o f  the sp ec ies  in

solution
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In this study, the g lass ca lom el e lectrod e is used for m easuring the 

concentration o f  free H  \  The N e m st’ร equation thus b eco m es,

E = E0 -  ~ - l n [h + ]

= E ° - ^ l n l o j l o g [ H  + ]

=  E +
RT In 10 pH ( 21 )

w hich  is a linear equation. For com p lex  system , h ow ever, a non linear equation o f  

N em st type is u sually  em p loyed  :

E = E° -r
V

RT, >
J
pH + a-jT + b H ( 22)

w here a, b is the correction factors

The concentrations o f  sp ec ies  in solu tion  and the protonation- 

deprotonation constants are related in the fo llo w in g  acid -base equilibria,

LH + H+ ^  lh ;

lh; + H+ ^  lh32+

LH(n-iH+ ^  LH”;,
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A nother w ay o f  exp ressin g  the equilibria relations can be show n as fo llo w s

LH + H' ^  l h ;

LH + 2H + ^  L H f

LH + nH + LH n + 
n + 1 P a n

_ [l h ;:,.
[l h J h +

(24 )

The K va lu es are called  step w ise  protonation constants and the p values called  the 

overall or cum ulative protonation constants. T he m ass balance equations for these  

equilibria can be expressed  as,

[L H ]t =  [LH ] +  [ l h ; ]  +  [L H 32+] + .. .  +  [L H “; j  and

[H ]t =  [H] +  [ l h ; ]+  2 [ L H f  ] +  . . . +  ท[ l h :;, ] (2 5 )

Sim ilarly, the concentrations o f  the sp ec ies  in so lu tion  and the 

stability constants for m eta l(M )-ligand(L H ) system  can be described by step w ise  or 

overall ligand additions as,

M  +  LH - X  M L + H + : K, -  พ

M L +  LH =?> M L 2 +  H + : K 2 =
^  2 [m l ] [ l h ]

[m l  ,1] [h * ]

'■ ๆ M L . ;  1] [LH ]
MLn.! +  LH MLn + H + (26)
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w here

M  +  LH M L  +  H +  : p,
[m l ][h -I
[m ][l ]

M  + 2 L H M L 2+ 2 L r  : p; [M lL H f

M  +  nLH
^ +nH: (27)

Pi =  K,

p 2 =  K ,.K 2

pn =  K ,.K 2 . . .K n

T he K va lu es are step w ise  stability constants and the p va lu es are the overall or 

cu m u lative  stab ility  constants. T he m ass balance equations for these equilibria can  

be exp ressed  as,

[L H ]t =  [LH] +  [M L] +  [M L2] +  ... +  [ML,,]

[ M ] t  =  [M ] +  [M L] +  [M L2] +  ... +  [ML,,] (28 )

In the com putation process, the [H +] are ca lcu lated  from the values 

o f  E  and E° according to  equation (2 2 ). T hese va lu es w ere  then used  in equations  

(2 4 )  and (2 7 ) to determ ine the equilibrium  constants and the sp ec ies  concentrations  

based  on  m ass balance equations (25)and (28).
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