
CHAPTER IV

ANALYSIS OF DATA

4.1 Determination of Dried Weight per Volume of Goethite 
Suspensions

The experim ental data o f  dried w eigh t and vo lu m e o f  goeth ite  

su sp en sion s are show n in table 4 .1 .

Table 4.1 The experim ental data o f  dried w eight and volu m e o f  

goeth ite  suspension

N o. V o lu m e o f  goeth ite Dried w eigh t A verage

suspension  (cm 3) goeth ite (g ) (g )

1 1 .0 0 1 0 . 0 1 0 .0 2 4 1  0 .0 0 2
0 .023  1 0 .0 0 2

2 1 .0 0 1 0 . 0 1 0 .0 2 2 1 0 . 0 0 2

3 2 . 0 0 1  0 . 0 2 0 .0 3 7 1 0 .0 0 2
0 .0 4 0 1 0 .0 0 2

4 2 .0 0 1 0 . 0 2 0 .0 4 2 1  0 .0 0 2

5 3 .0 0 1 0 .0 3 0 .0 6 0 1 0 .0 0 2
0 .0 6 2  1 0 . 0 0 2

6 3 .0 0 1 0 .0 3 0 .0 6 3 1 0 .0 0 2

7 5 .0 0 1 0 .0 1 0 . 1 0 0 1 0 . 0 0 2

0 .0 9 9  1  0 .002
8 5 .0 0 1 0 .0 1 0 .0 9 8 1 0 .0 0 2
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A  plot betw een  vo lu m e and dried w eigh t o f  goeth ite  g iv e s  a 

linear relationship as sh ow n  in figure 4.1.

Figure 4.1 The relation b etw een  dried w eigh t (g ) and volu m e o f  

goeth ite suspension  (cm 3).

The w eigh t o f  goeth ite  in 1 L o f  goeth ite  suspension  can be  

calcu lated  u sin g  linear relationship : y =  0 .0 1 9 2 x  + 0 .0 0 3 1 .T his g iv es dried w eigh t  

per vo lu m e o f  goeth ite  suspension  to  be 0 .0 2 0  ±  0 .0 0 2  g  /cm 3 or 20  g  /L.

4.2 Determination of the Standard Electrode Potential (E°)

The electrode fitting program w as used to  evaluate the standard 

electrod e potential (E °) from  the calibration data obtained in the experim ental 

section  3.5 .1  (A ppendix  C). The non- linear N ern st’s equation, equation (2 2 ), i.e .,

E  =  E ° + In 10 jp H  +  a -j-p- + b [tr  ] w as used in the program. T he values o f  the
V
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Standard electro d e potential (E °) and the correction factors a,b obtained from  

several calibrations w ere  found to  be in the fo llo w in g  ranges:

Standard potential (E°) =  3 8 0 .0  to 4 0 1 .3  mV  

C orrection factor a =  -7695 .1  to  3 7 0 5 2

C orrection factor b =  -0 .1 2  X 10 ' 2 to -0 .33  X 10 ' 2

4.3 Determination of the Equilibrium Constants

T he equilibrium  constants w ere  determ ined by a non- linear least 

square m ethod using  Superquad program. The com putational procedure com prises: 

firstly , the assum ption  on  the equilibrium  m odel o f  the system  w h ich  accounts for 

the experim ental observations. T his m odel is sp ecified  by a set o f  sto ich iom etry  for 

each  sp ec ies  form ed. In th is study, the active surface hydroxyl groups acts as a 

ligand  that can take up and release hydrogen ions (FT) and form s surface com p lexes  

w ith  m etal ion s and anions. It’s usually  assum ed that on ly  a s in g ly  group (= X O H ) is 

in v o lv ed  in the surface com p lexation  reactions.

T he m od el o f  acid /b ase equilibria in v o lv in g  surface hydroxyl 

grou p s can be expressed  in a general form  as:

a =X O H  +  b H +<-> (—XOH)a H bb+ (29 )

F or co m p lex  equilibria, the m odel in v o lv e s  = X O H , H +. M 2" 

and L2' exp ressed  an a logou sly  as,

a=XOH + bH* + cM2+ <-> (=XOH)aHhMc(b,2i;) (30)
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a(= X O H ) +  b(I-T) +  c(M 2+) +  d(L2') <-> (= X O H )aHbMcLd (b+2c'2d)+ (31 )

w here a ,b ,c  and d are the m ole  ratio o f  ligand,proton,m etal and anion, respectively .

S econ d ly , the experim ental data o f  the m easured potentials, the total concentrations  

o f  m etal, ligan d (goeth ite),p roton  and titrant, together w ith  the va lu es o f  E° and Kw 

are used as the input for the program (A ppendix D ). T his a llo w s the concentrations 

o f  sp ec ies  includ in g  proton to  be calculated from  estim ated  va lu es o f  stability  

constants (P ) based on  m ass balance equations (2 4 )-(2 8 ). F inally , the potential o f  

so lu tion  at each titration point can be obtained from  the va lu es o f  E° and [H +] 

according to  equation (22 ). The standard deviation b etw een  this set o f  E values and 

the experim ental set w ere  evaluated. The “optim isation” procedure o f  the program  

m in im izes th is standard deviation  to  find the best fit va lu es o f  the param eters (P , E°, 

K„ and concentrations o f  m etal, ligand, proton and titrant). T he degree o f  

co n fid en ce  for the results is statistically  determ ined in term s o f  chi-square va lue  

w h ich  should b e less than 12.60. The results o f  the best fit are obtained from  the  

output o f  the program (A p p en d ix  E).

T £ ๐ ^ G6>ธ''ะ) X
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4.3.1 Acid / Base Equilibrium Constants of Goethite

F o llo w in g  the ab ove procedure, acid-base equilibrium  o f  goeth ite  

w as found to  be

=F eO H  <-> =F eO ‘ +  H + ; log  Pi*. 1 (32 )

=F eO H  +  H + <-> =F eO H 2+ ; lo g  p ”i (3 3 )

The va lu es o f  logPi"1., and log  pj“i ,  the intrinsic equilibrium  constant, 

defined  by equation ( 8 ) w ere obtained from  the analysis, as sh ow n  in table4.2.

T able 4 .2  A cid -b ase  equilibrium  constants o f  goeth ite  surface w ith  

varying ion ic strengths o f  NaNCE m edium . M o le  ratio 

o f  goeth ite  : H + =  1:1, E° = 4 4 0 .0  m V and Kw =  -1 3 .7 7 .

Ionic strength (M ) log pr, log p;n;

0 . 0 0 1 -9.20 ±0.07 5.83 ±0.07

0.005 - 9 .2 3  ±0.1* 6.22 ± 0 . r

0.010 -9.i7 ± 0  r 6.02 +  0.1*

0.100 -9.85 ±0.06 6.83 ±0.05

0.500 -8.95 ±0.03 6.30 ±0.03

* The result includes tile insignificant figure as a sm all number in the 
second decim al place to a llow  for detailed consideration
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The results from table 4 .2  sh ow  that log  Pi"' 1 va lu es vary w ithin the 

range - 9 .8 5  to  -8 .9 5  w h ile  the va lu es o f  logPi"i vary w ithin  the range 5.83 to 6 .83. 

The va lu es o f  lo g  Pi", and logPi"i for 0 .0 1 0 , 0 .005  and 0 .001  M  NaNC >3 w ere m ore

or less  the sam e w ithin  experim ental error with the average values o f  -9 .2+ 0 .1  and 

6 .0 + 0 .2 , respectively .

4.3.2 Complex Stability Constants

4.3.2.1 The System of Goethite(sFeOH) - H+- Cu24

T he best fit o f  data w as found w ith  the com p lex  m odel 

o f  the fo llo w in g  equilibria:

=F eO H  +  C u24 <-> =F eO H C u2t , log  p;°; 1 (3 4 )

sF e O H  +  Cu2+ =FeOCu* + FT ; lo g  p ;n‘ 11 (35 )

= F eO H  +  Cu2+ +  H 2 o  ^FeO C uO H  +  2H ' ; lo g  pj” 1 21 (3 6 )

Cu2+ +  H 20  <r> C u O H 1 +  H ‘ ; log  p;n; 11 (3 7 )

The values o f  log  p “''11. log  Pi" ' 11 and log  Pi'“ 21 obtained from the

analysis are show n in table4 3
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Table 4.3 Complex stability constants of Cu2+ on goethite surface with

varying ionic strengths of NaNOî medium.E° = 440.0 mV ,

Ionic strength (M ) log pr;,, log p :*,, log P^.,

0 . 0 0 1 n.f. 1.27 +  0.03 -7 .9 6  +  0.03

0 .005 5 .6 7  ± 0 .0 5 0 .5 5 + 0 .0 3 -7 .75  +  0 .04

0.010 5 . 9 g ± 0 . f 0.81 ± 0 .0 4 -5 .3 7  +  0 .08

0.100 4.5o ± 0 .1 * 0.9+0.4** -7.23 ± 0 .1 *

0 .5 0 0 4 . 8 7  +  0.1* 0.9+0.4** - 6 .6 + 0 . 1 2 **

* The result includes the insignificant figure as a sm all number in the
second decim al place to allow  for detailed consideration  

** F ixed  reference value in the calculations [7 .2 6 ]  
n.f. : not found

The results from  table 4 .3  sh ow  that the values o f  lo g  pj" 1 vary 

w ithin the range 4 .5 0  to 5 .98 , except for the unfound value in 0.001 M NaNC>3 . The 

va lu es o f  lo g  p j ^ v a r y  w ith in  the range 0.81 to 1.27. This value increases w ith

increasing ion ic  strength from  0 .0 0 5  to 0 .5 0 0  M NaNC>3 . The values o f  log  pj" 21 

vary w ith in  the range - 5 .3 7  to -7 .9 6 .  The low er value o f  log  p j" ,, in 0 .005  M 

NaNC>3 w as exp ected  for higher va lu es o f  log  Pi" , . Sim ilar reason can account for 

the higher value o f  log  pj"1., 1 in 0 . 0 0 1  M NaNCh w hen log  pj" , w as not found
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4.3.2.2 The System of Goethite(sFeOH) - BT- Zn2+

T he fo llo w in g  com p lex  equilibria w a s found for the best

fit o f  data.

2= F eO H  +  Z n2+ <r+ (= F eO H ) 2 Zn2+ ; lo g  p ''£011 (3 8 )

= F eO H  +  Zn2+ <-» =F eO Z n+ +  F f  ; lo g  1 (3 9 )

= F eO H  +  Z n2+ +  2 H 20  = F eO Z n (O H )2’ + 3 H + ; lo g  p “!_3 1 (4 0 )

Z n2+ +  2H 20  <-> Z n(O H )2+  2 H + ; lo g  P 0m‘. 2 1  (4 1 )

The va lu es o f  lo g  p “'01, log  Pi". 111 and lo g  pj"^ 1 obtained from  

the an a lysis are sh ow n  in table 4 .4 .
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Table 4.4 Complex stability constants of Zn2+ on goethite surface with

varying ionic strengths of NaNC>3 medium.E° = 440.0 mV ,

Ionic strength (M ) log PS,, log PS 1., log PÏU,

0 . 0 0 1 8.63 ± 0 .0 7 -2 .5 6 + 0 .0 4 -1 7 .9 6  ± 0 .0 4

0 .005 8 .0 s ± 0 . 1 * -2 .9 6  ± 0 .0 5 -1 7 .8 8  ± 0 .0 6

0 . 0 1 0 9.21 ± 0 .0 9 - 2 . 0  ± 0 .2 8 " -18.20+0.14**

0 . 1 0 0 8 .8 o±0 . r -2 .1 9  ± 0 .0 5 -1 7 .5 3  ± 0 .0 8

0 .5 0 0 8 .7 ,± 0 .r -1 .8 7  ± 0 .0 6 -1 6 .3 5 ± 0 .0 8

* The result includes the insignificant figure as a sm all number in the second
decim al place to allow  for detailed consideration  

** F ixed  reference value in the calculations [7 ,2 6 ]

The results from tab le4 .4  sh ow  that the values o f  lo g  p '" ‘01  vary 

w ithin the range 8 .05 to  9 .21. The va lu es o f  log  pj”‘ 11 vary w ithin the range 

-1 .8 7  to  -2 .9 6 .  The average value o f  lo g  pj" 1 , 1 w as found to  be -2 .0 5 ± 0 .1 5  in 0 .0 1 0  

to 0 .5 0 0  M N aN O î. The values o f  lo g  Pi", 1 vary w ithin the range -1 6 .3 5  to -1 8 .2 0 .  

T he va lu e o f  lo g  P jo 1 increases w ith  decreasing ion ic  strength from  0 .5 0 0  to 0 .0 1 0  

M N aN O .3 w h ile  the va lue o f  log  Pi" 1 , 1 decreases in this range.
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4.3.2.3 The System of Goethite(sFeOH) - H+- Cu2+- SO42"

The best fit of data was found for the complex model with 
addition of the following equilibria:

sFeOH + Cu2+ + S042- <-> =FeOHCuS04 ; log P”* 111 (42)

=FeOH + Cu2~ + S042' <-» =FeOCuS04‘ + H+ ; log p“‘1111 (43)

sFeOH + Cu2̂  + S042 + H2 o  =Fe0Cu0HS042' + 2H4 ; log P“' 21111 (44)

The values of log p1”Ô11, log Pi"11111 and log p '1"'_211 obtained 

from the analysis are shown in table 4.5.

Table 4.5 Complex stability constants of Cu2+-S042~ on goethite surface
with varying ionic strengths of NaNOa medium. E° = 440.0 mV, 

Kw = -13.77 and log Po'.11 * = -8.12[7,26].

Ionic strength (M) log Pr;.u log pr',.น log p;u,2.1.,

0.005 13.00t0.06 8.5o±0. r 2.4510.09

0.010 13.14+0.05 8.4a±0.r 1.7510.04

0.100 13.7210.04 8.9510.09 1.68+0.06
0.500 l i .o to .r 6.0010.09 2.2310.06

* The result includes the insignificant figure as a small number in the second

decimal place to allow for detailed consideration 

** Fixed reference value in the calculations 17.261
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The results from table 4.5 show that the values of log Pi”! 11 vary 

within the range 11.0 tol3.72. This value increases with increasing ionic strength 
from 0.005 M to 0.100 M NaNC>3 .The values of log Pi”!111 vary within the range

6.0 to 8.95 while the values of log p|“!211 vary within the range 1.68 to 2.45. The 

lowest values of log p|“! 11 and p 1“!111 were found in 0.500 M NaNOî while the 

highest values were found in 0.100 M NaNOî-The values of log Pi”! 11 and 

log Pi”!, 11 for 0.010 and 0.005 M NaNC>3 were more or less the same within 

experimental error.

4.3.2.4 The System of Goethite(sFeOH) - H+- Zn2+- S 0 42

The best fit of data was found for the complex model 
with addition of the following equilibria:

2(=FeOH) + Zn24 + S042' <-» (=FeOH)2 Zn S04 ; log p“'011 (45)

=FeOH + Zn2++ S042" sFeOZn SOT + H4 ; log Pi”!, 11 (46)

sFeOH + Zn24 + S042' + 2H20  <-> =FeOZn(OH)2 S043 +3H4 ; log Pi”!, 11 (47)

The values of log P‘2"‘011, log Pi"!, 11 and log Pi”!, 11 obtained from

the analysis are shown in table 4.6.
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K\v = -13.77 and log p£ ‘. 211 * = -17.10[7,26],

Table 4.6 Complex stability constants of Zn2+-SC>42" on goethite surface with
varying ionic strengths of NaNOî medium. E° = 440.0 mV ,

Ionic strength( M ) lo g  p ? 0 ,น lo g  Pt-M ,1 log  P î* 3,u

0 .005 1 8 .0 0± 0 .07 1 2 .9 o ± 0 .r -2 .5 0 + 0 .0 6

0 . 0 1 0 2 0 .2 5 ± 0 .0 8 13.08+0.1* -2 .5 3 + 0 .0 6

0 . 1 0 0 1 9 .5 0 ± 0 .0 9 1 2 .6 4 + 0 . 1 * -2 .5 4 + 0 .0 8

0 .5 0 0 18 .2 0 ± 0 .0 7 11.72+0.1* -2 .5 0 + 0 .0 6

* The result includes tire insignificant figure as a small number in the second 

decimal place to allow for detailed consideration

The results from table 4.6 show that the values of log pi?‘01, 1 vary

within the range 18.00 to 20.25.This value increases with decreasing ionic strength 
from 0.500 to 0.010 M NaNC>3 . The values of log Pi”!, 11 vary within the range

11.72 tol3.08. The average value of log Pi”1.,, 1 was found to be 12.85±0.25 in 

0.005 to 0.100 M NaNC>3 . The values of log pj”1, 11 vary within the range -2.50 to 

-2.54. The average value of log Pi* 3111, was found to be -2.52±0.02 in 0.005 to 

0.500 M NaNÛ3 . This value decreases with increasing ionic strength from 0.005 to
0.100 MNaNOj.
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4. 4 Adsorption Simulation

T o sim ulate the surface com plexation  equilibria o f  Cu2+and Z n2+ on  

goeth ite  in an aqueous system , a chem ical equilibrium  m od elin g  program, M IN E Q L  

w as used. T his program  is capable o f  calcu lating aqueous spéciation , solid  phase  

saturation states, precipitation -  d isso lu tion , and adsorption. T he procedure for solv ing  

ch em ica l equilibrium  problem s in v o lv es  5 sim ple steps : (1 ) se lection  o f  the chem ical 

com p on en ts that w ill d efin e  the system  ; ( 2 ) creation o f  ch em ical sp ec ies  from  these  

com p on en ts (th is step m ay include scanning a database o f  therm odynam ic constants or 

creating n ew  sp ec ies ) ; (3 ) setting the total concentration o f  individual com ponents. (4 )  

running the calcu lation  ( this step m ay include setting ion ic  strength 5 tem perature or 

surface com p lexation  options ) ; (5 ) v iew in g  and extracting output data (th is step may 

in clu d e creating graphics p lots, specia lized  reports or saving data as file s  for use in 

other softw are ) .T hese procedures are sum m arized in F igure 4 .2 .

F igure 4 .2  The flo w  chart o f  the procedure for chem ical equilibrium  m od elin g
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There are three options o f  surface com p lexation  m odel in M1NEQL: 

T w o-L ayer M odel (D iffu se  D ou b le  Layer M od el), Constant C apacitance M odel, and 

Triple L ayer M od el. The details o f  th ese  m odels are described in section  2 .4 .

In this w ork , the Constant C apacitance M od el (C C M ) w as used to  

sim ulate the adsorption behavior o f  C u2+ and Z n2+ on goeth ite  surface. T his m odel has 

the advantage b ecau se it assum es that the interaction o f  electro ly te  w ith  surface is 

n eg lig ib le  or constant. T herefore, there is on ly  on e potential ( \\I0 ) that is calculated  

from  the net surface charge density (do )  and the capacitance o f  the surface layer (C ) as 

in equation (1 3 ), i.e .,

Vo

Substituting v| / 0  into the N ernstian equation (1 6 ) g iv es,

PZC — pH — log e
(  F a ,  'N

VR T c J
(4 8 )

The surface charge density,Go. can be calcu lated  from  the m easured pH  

and the v o lu m e o f  acid /base added at each data point (A ppendix  F) u sin g  equation  

(4 9 ) ,i.e .,

Surface C harge D en sity  (G o ) =  (F /A S ) (C A- C B- [H ] - [O H  ]) (4 9 )

w here F is the faraday constant, A is the sp ec ific  surface area(m 2 g '') , ร is the solid  

concentration (g d n f3), and c . \  is the m olar concentration o f  added acid and C b o f  

added base. The m olar concentrations o f  H and OH" are obtained from the pH
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m easurem ents. The surface charge density  as a function o f  pH  calcu lated  from  equation  

(4 9 ) are show n in figure 4 .3 . The resulting curves for fiv e  io n ic  strengths co in cid e  at 

pH 7 .0  ±  0.1 ,the PZC value.

F igure 4.3 Surface charge density as a function o f  pH calculated from  

equation (4 9 )  for various ion ic  strengths o f  N aN O j.

The capacitance, c , can thus b e obtained from  the slop e o f  the plot o f  

the PZ C -pH  valu es against surface charge density,c?0 ,o f  goeth ite. T hese va lu es for the 

system  in 0 .0 0 1 , 0 .0 0 5 , 0 .0 1 0 , 0 .1 0 0  and 0 .5 0 0  M  NaNC>3 (A ppendix  G ) are tabulated

in table 4 .7 .
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T able 4 .7  The va lu es o f  capacitance for the system  in 0 .0 0 1 , 0 .0 0 5 ,0 .0 1 0 , 0 .1 0 0  

and 0 .5 0 0  M  N a N 0 3

Ionic strength (M ) C apacitance (C /m 2)

0 . 0 0 1 0 .5 0  ±  0 .18

0 .005 0 .45  ± 0 .1 2

0 . 0 1 0 0 .5 4  +  0 .23

0 . 1 0 0 0 .6 4  ± 0 .1 1

0 .500 0 .8 0  ± 0 . 0 2

O ther input parameters required in the program  are the surface 

com p lexation  reactions, equilibrium  constants(obtained  from  section  4 .3 . lan d  4 .3 .2 ) ,  

total concentrations o f  the com ponents, surface area (m 2/g ) , so lid  concentrations (g /L ), 

the ion ic  strength o f  so lu tio n s (M ), the pH range and the num ber o f  titration points.

T he outputs o f  M IN E Q L  g iv e  the distribution diagram s o f  the surface 

co m p lex  sp ec ies on  goeth ite  as show n in figures 4 .4 -4 .2 3 . U sin g  the input parameters 

o f  L ovgren  et al. [7 ,26 ] for the sam e system , the distribution d iagram s o f  Cu2" and Zn2* 

in 0 .1 0 0  M  N a N 0 3 w ere prepared and show n in figures 4 .9  and 4 .15 .
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4.4.1 The System of Goethite(sFeOH) - H+- Cu2+

T he sp ec ies  distribution diagram s from  the sim ulation  o f  C u2+ surface  

com p lex  sy stem s sh o w  that the form ations o f  each co m p lex  sp ec ies in f iv e  different 

io n ic  strengths h ave the sam e pattern (figures 4 .4 -4 .8 ). The adsorption o f  free C u ^ o n  

goeth ite  started b e lo w  pH ~4. In the acid ic range, the major surface sp ec ies  w as  

sF eO C u~ and the m inor sp ec ies w ere =F eO H C u2+ and dF eO C uO H  The concentration  

o f  = F eO C u ! w a s in creasingly  high up to about 60%  at pH ~ 6 , except in 0 .010M  

NaNC>3 , w here the m axim um  concentration o f  ๗ FeOCu+ w as found to  be about 30%  at 

pH ~5. The concentration o f  this sp ec ies  decreases s lo w ly  ab ove pH~7. A  sm all extent

o f  sF eO H C u 2 ‘(~4% ) could be seen  on ly  in 0 .0 1 0  and 0 .0 0 5  M N aN O } (figures 4 .6  and 

4 .7 )  probably due to  slightly  higher log  (3 values obtained from  the an alysis (table 4 .3 ). 

A b o v e  pH ~7, the concentration o f  =FeO C uO H  sp ecies b eco m es in creasingly  high  

(> 50% ) and the adsorption o f  Cu2* w as com p lete  at p H '7 . The protonated- 

deprotonated sp ecies o f  goeth ite  apparently disappeared in this system . T he results o f  

the sim ulation  for the Cu2' com p lex  system s sh ow  that varying the va lu es o f  the 

capacitance has in sign ifican t effect on the sp ecies distribution in different ionic  

strengths. From L ovgren ’s w ork (figure 4 .9 ), the nondeprotonated sp ecies, sF eO H C u 21 

dom inates w ith  the m axim um  concentration o f  about 40% at pH ~5 w h ile  our results 

(figure 4 .5 )  sh ow ed  that this sp ec ies  w as not found. The m axim um  concentration o f  

^F eO C u sp ec ies  o f  the tw o  diagram s appeared at the sam e p H (~  6 ) but the percentage
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(4.5+0.1).

of the formation obtained in this work was higher. The discrepancies could be due to

the higher literature value of log Pi"o,i (8.8+0.20) than that obtained in this work

Figure 4.4 The distribution diagram of Cu2+ in 0.500 M NaN03

Figure 4.5 The distribution diagram of Cu2+ in 0.100 M NaNCF
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Figure 4.6 The distribution diagram of Cu in 0.010 M NaNO
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Figure 4.9 The distribution diagram o f Cu2+ in 0.100 M NaN03[7]

2
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4.4.2 The System of Goethite(๗ eOH) - HT - Zn2+

T he sp ec ies  distribution diagram s o f  the Z n2+ surface co m p lex  system s  

in f iv e  io n ic  strengths sh ow ed  sim ilar pattern (figures 4 .1 0 -4 .1 4 ) . T he adsorption o f  

free Z n2" o n  goeth ite  started at p H ~4 by the form ation o f  the nondeprotonated sp ecies  

(= F eO H )2Z n2+ and the deprotonated sp ec ies ๗?eO Z n+. (sF e O H )2 Z n2+ sp ecies are 

form ed in the pH  range 5-8  w ith  the m axim um  concentration o f  about 10-20%  at 

pH ~ 6 . A b o v e  p H ~ 7, ๗  eO Z n+ sp ec ies  b eco m es dom inating (about 40 -50% ) in 

0 .5 0 0 ,0 .1 0 0 , and 0 .0 1 0  M  NaNC >3 w h ile  in 0 .0 0 5  and 0 .001  M  N a N O î, the form ation o f

=  FeOZi<OH ) 2 is m ore favored. T he hydrolyzed  sp ec ies 3  FeO Zr(O H ) 2 appeared at

pH ~ 6  and b ecam e increasingly  h igh  (> 50% ) above p H ~ 8 . T he adsorption o f  Z n2+ w as  

com p lete  at p H ~ 8 . A s w ith  C u2+ co m p lex  system s, the protonated and deprotonated  

sp ec ies  w ere  again not found in Z n2+ com p lex  system  and the variation o f  the  

capacitance has in sign ifican t e ffec t on  th e sp ecies distribution in d ifferent ion ic  

strengths. From  L ovgren ’s w ork  (figu re 4 .1 5 ) , the (๗ 'eO H )2Z n2+ sp ec ies  w ere found to  

b e predom inantly form ed w ith  the m axim um  concentration  o f  about 50% at pH ~7.5  

w h ile  it w a s o n ly  10% at p H ~ 6.5  from  our results (figure 4 .1 1 ) .T he m axim um  

concentration  o f  ๗ eO Z n+ sp ecies o f  the tw o  diagram s w a s found at the sam e p H (~ 7 .8 )  

but the percentage o f  the form ation obtained in th is w ork  w a s higher. The

d iscrep an cies cou ld  b e  due to  the sligh tly  low er va lu e  o f  lo g  0 2 0̂ , 1  obtained in this 

w o r k (  8 .8± 0 .1 )th an  the literature va lu e( 10 .7 ± 0 .17 ).
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Figure 4.10 The distribution diagram of Zn2+ in 0.500 M NaN03

Figure 4.11 The distribution diagram o f Zn2+ in 0.100 M NaN03

4
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pH

Figure 4.12 The distribution diagram of Zn2+ in 0.010 M NaN03

Figure 4.13 The distribution diagram o f Zn2+ in 0.005 M NaN03
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Figure 4.14 The distribution diagram of In *  in 0.001 M NaN03

Figure 4.15 The d is tribu tion  d iagram  o f Zn2* in 0 .100 M N aN 03[2 6 ]

3
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4.4.3 The System of Goethite(=FeOH) - ET- Cu2+- SO42'

From  th e sim ulation diagram s o f  the Cu2+- SO 4 2' com p lex  system s  

(figu res 4 .1 6 -4 .1 9 ) , the form ation o f  surface com p lex  sp ec ies  in 0 .1 0 0 , 0 .0 1 0  and

0 .0 0 5  M  N a N 0 3 sh ow ed  the sam e characteristics. H o w ever , sp ecies distribution in

0 .5 0 0  M  N a N 0 3 w as m arkedly different. In the acid ic range, the nondeprotonated  

sp ec ies  = F eO H C u S 0 4  are predom inantly form ed in 0 .1 0 0 ,0 .0 1 0 ,and 0 .0 0 5  M  N a N 0 3 

and the m axim um  concentration  o f  about 80%  w as found at pH ~3, except in 0 .5 0 0  M  

NaNC >3 w here the m axim um  concentration w as on ly  30%  at pH ~4. T he deprotonated  

co m p lex  sp ec ies  sF eO C u S C V  b ecom es m ore important ab ove pH ~5 and the m axim um  

concentration  o f  about 50%  w as found in 0 .1 0 0 ,0 .0 1 0 ,and 0 .0 0 5  M  N a N 0 3. The low er  

concentration  o f  sF eO C u S C V  (~  10% ) w as observed in 0 .5 0 0  M  N a N 0 3 due to  the 

preferential form ation o f  = F eO H C u S 0 4 at pH ~4. The hydrolyzed  sp ec ies  

s F e 0 C u 0 H S 0 42’ are in itially  form ed at pH ~4 in 0 .5 0 0  and 0 .0 0 5  M  N a N 0 3 and at 

pH ~5 in 0 .1 0 0  and 0 .0 1 0  M  N a N 0 3. The concentration o f  th is sp ec ies  w as increasingly  

high  up to  about 80%  above pH ~7. A  sm all extent o f  =F eO H C u2+ sp ec ies  (~ 2 -4% ) w as  

found in O.OlOand 0 .0 0 5  M  N a N 0 3. In 0 .5 0 0 ,0 .1 0 0 , and 0 .0 1 0  M  N a N 0 3, a  small 

quantity o f  the deprotonated com p lex  sp ec ies sF eO C u + (~ 4 -5% ) w a s a lso  observed. In 

com parison  to  the system  o f  goeth ite  (= F eO H )-H +-C u2t (sec tio n 4 .4 .1 ), the introduction  

o f  s o ^ ” ion  thus seem s to  prom ote adsorption o f  Cu2+ ion  on  goeth ite  surface in 0 .1 0 0  

to  0 .0 0 5  M  N a N 0 3 excep t in 0 .5 0 0  M  N a N 0 3 w here lesser  e ffec t w as observed.
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Figure 4.16 The distribution diagram of Cu2+-S042 surface complexes system 
in 0.500 M NaN03

Figure 4.17 The distribution diagram of Cu2+-S0̂ 2 surface complexes system 
in 0.100 M NaN03
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Figure 4.18 The distribution diagram of Cu2+-S042 sirfaœ complexes system 
in 0.010 M NaN03

Figure 4.19 The distribution diagram of Cu2+-S042'surfiace complexes system
in 0.005 M NaN03
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4.4.4 The System of Goethite(=FeOH) - IT1- Zn2+- SO42

The species distribution diagrams of the Zn2+- SO42' complex systems 

in four ionic strengths showed the same pattem(figures 4.20-4.23). For pH>4, less than 

20% of free Zn2+ ion was found in the system and a decrease o f the initial 
concentration of free Zn2+ with ionic strength from 0.500 to 0.005 M NaN03 was also 

observed Only two dominating surface complex species, i.e., sFeOZnSO/f and 

=FeOZn(OH)2 ร O43' , were found in this system. In acidic range, =FeOZnS04' species 
are predominantly formed and the maximum concentrations o f about 90% in 0.500 M 
NaN03 and about 100% in 0.100, 0.010 and 0.005 M NaNC>3 were reached at pH~5. 
The concentration of this species decreases slowly above pH~5 and the hydrolyzed 

species ๗Fe0 Zn(0 H)2S043~ was initially formed at pH~5 in 0.500 M NaN03 and at

pH~5 5 in 0.100 to 0.005 M NaNC>3. This species dominates above pH~7 and is the 

only species found in the basic range. In comparison to the system of goethite(sFeOH) 
- FT - Zn2+ (section4.4.2), adsorption of Zn2+ ion on goethite surface in the presence of 

SO 4" ion occurred at lower pH with higher tendency of adsorption.
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Figure 4.20 The distribution diagram of Zn2*-S042"surface complexes system 
in 0.500 M NaN03

Figure 4.21 The distribution diagram of Zn2+-S042 surface complexes system
in 0.100 M NaN03
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Figure 4.22 The distribution diagram of Zn2+-SO,2'surface complexes system 
in 0.010 M NaN03

Figure 4.23 The distribution diagram of Zn2+-SO,2surface complexes system
in 0.005 M NaNOj
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