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Abstract--The sorption of Cu(II) was investigated on synthetic humus-kaolin complexes. Two groups of 
humic fractions were compared to investigate the effect of molar mass on the Cu(II) adsorption capacity. 
Another approach was to compare the capacities of humic acid (HA) and fulvic acid (FA) to adsorb 
Cu(ll). The adsorption capacity of fulvic acid on kaolin is smaller than that of humic acid. The adsorption 
behavior of fulvic acid on kaolin can be described by a Langmuir-type isotherm. However, the adsorption 
isotherm of humic acid on kaolin exhibits non-Langmuir behavior. The results showed the affinity of 
Cu(lI) on humic acid was greater than by fulvic acid. However, the affinity of Cu(II) adsorption by humic 
acid with large molar mass was equal to that by humic acid with small molar mass. A modified model 
incorporating a proton competition coefficient can differentiate the competitive effect from Cu(II) 
adsorption. A constant (Kin) independent of pH was derived from this model. HA Kaolin complex has 
a greater Cu(II) affinity constant that FA Kaolin complex according to models with either a single-site 
or a continuous distribution. 
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INTRODUCTION 

The composi t ion  of  na tura l  soil varies depending on 
geochemical  and  climatic environments .  Soils f rom 
varied sources have varied adsorp t ion  characteristics. 
The impor tance  of  organic mat te r  (humus)  is clearly 
recognized to be a major  factor  to control  the physi- 
cal and  chemical  propert ies  of  soils (Wershaw, 1993). 
Therefore,  it is difficult to compare  experimental  da ta  
f rom metal  adsorp t ion  in soils wi thout  control l ing the 
consistency of  organic coatings on the soil. The 
intensity of  metal  sorpt ion is dependent  on  the origin, 
the molar  mass (MM),  and the molecular  configur- 
at ion of  the humic coatings on the soil. As metal  
stability cons tants  differ by several orders of  magni-  
tude for the mass experimental  condi t ions  (Stevenson 
and  Fitch, 1986). 

The artificial p repara t ion  of  soil in order  to rep- 
resent a subst i tute  for general soil has been made  in 
the measurement  of  chemical adsorp t ion  in recent 
years. Prepara t ions  for this purpose include the ad- 
sorp t ion /coa t ing  method  (Kishi, 1988; M u r p h y  et al., 
1990) and the evapora t ion  method  (Rebhun  et al., 
1992). However,  work on the interact ions between 
hydrophob ic  organic compounds  and artificial soils 
has been limited. 

In this work, an a t tempt  has been made  to use 
commercial ly available substances to prepare  "syn-  
thet ic"  soils with known and  control led compo-  
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sitions, and  to replace na tura l  soil in the adsorp t ion  
experiment.  A known humic acid has been separated 
into two fractions according to the molecular  size. 
Humic  substances of  four varied mass or sources 
were coated into kaolin surfaces with adequate  
methods  in order to prepare  artificial humus -kao l i n  
complexes. Complexes conta in ing the same organic 
content  have been compared  for their  Cu(II) affinity. 
The compet i t ion  of  hydrogen ion and  the heterogen- 
eity of  humus -kao l in  surface is included in modell ing 
Cu(II)  adsorp t ion  in these systems. 

MODEL DEVELOPMENT 

The metal  ion becomes adsorbed on to  the soil 
surface, tha t  is, on to  a complex-forming group on the 
soil surface (mostly on to  organic coatings). Adsorp-  
t ion equilibria tha t  are in principle similar to oxide 
surfaces can describe the extent of  metal affinity to 
soil surfaces: 

S + H + = S-H (1) 

S + M  2+ = S  M or 

2S + M 2+ = 2S-M.  (2) 

After  metal  ions adsorb  on to  the solid surface, the 
surface site may be classified as unoccupied (free) site 
{S}, proton-occupied  {S-H}, and metal-occupied 
(S -M and 2S-M).  In fact, H + behaves as a competi-  
tive ion in this metallic adsorp t ion  system for a po- 
tentially active site. Hence, pH is a major  parameter  
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to control metallic adsorption. Equations (1) and (2) 
present metal ions and proton ions that compete for 
the free affinity site, S, which including 1:1 or 2:1 
binding type. In this scheme, we assume that one 
metal ion can occupy one site or two sites. 

According to equations (1) and (2), one can define 
the corresponding equilibrium constants, Kh (proton 
affinity) and Km (metal affinity) under assumption 
that the affinities of  hydrogen ion and metal ions 
toward all sites are identical: 

{S-H} 
K, - (3) {S-}[H] 

{S-M} 
K m - -  {S_}[M I. (4) 

Na + in a solid liquid system is excluded from the 
vicinity of  the adsorbent due to the Donnan potential 
and the inability of  Na ÷ to compete with proton and 
metal ions for the adsorption sites (Gamble et al., 
1983). Alkali metal ions form complex with few 
ligand (Tobin et al., 1984). As mentioned before, 
metal-binding sites in soil may be classified into three 
groups in a metal-soil  system: an unoccupied (free) 
site, a site occupied by metal, and a site occupied by 
a proton (Huang et al., 1991). Therefore, it is as- 
sumed that no cations other than M 2+ and H + can 
occupy the sites; the total number of  sites, F . . . .  is 
defined as 

rma x = {S-M} -I- {S-H} -I- {S-}. (5) 

Combining equations (3), (4) and (5) gives an 
adsorption model for a single-site as follows: 

1F i Kmi [ M ]  

{S M} = 1 + Km~[M ] + Khi[H ]" (6) 

According to a Scatchard plot (mass/law plot), i.e. 
{S-M}/[M] vs 
arranged as 

{S M} 

[M] 

{S-M}, equation (6) becomes re- 

{S M}Km 

1 + K h [ H  ] 

Fm,x Km 
4 - -  

1 + Kh[H] 
(7) 

The conditional stability constant K~,, is a function 
of proton concentration, i.e. K~ = Kin~1 + Kh[H]. 
The term 1 + Kh[H ] is called the proton competition 
coefficient. The proton stability constant, K h, can be 
derived from equation (8), as 

{S H} 
- -  - Kh{S-H} + KhFm~x. (8) 
[H + ] 

Organic coatings on soil consist of  adsorption sites 
of  several types• When a metal ion is introduced into 
the soil system, adsorption may occur at any site, 
either a mineral or an organic site. Those sites with 
high affinity for the metal ions become occupied first• 
In this case, the Scatchard plot of  equation (7) may 
not give a linear relationship; more than one linear 
relationship may occur• With the assumption that 
each specific site has a binding constant, K m, and with 
each corresponding capacity denoted F~, a split Lang- 
muir isotherm refers to separate linear isotherm 
regions representing distinct sites, which may be 
summed up into a single isotherm [equation (9)] as 

{ Fi Kmi[M] } 
{S-M} = Y 1 + Km~[MI + Kh,[H] " (9) 

When metal adsorption occurs at a constant pH, 
Kh, may be replaced by an apparent constant K~ that 
is obtained from the gradient of  the proton titration 
curve at a given proton concentration (pH). 

E X P E R I M E N T A L  

Preparation of humic and Juh, ic acid 

A humic acid concentrate (Na-salt from Aldrich Chemical 
Co., U.S.A.) was prepared by dissolving humic acid powder 
in pure water (Millipore Q-water), adjusted to pH 10 with 
NaOH (5 N). After stirring one hour, the solution was then 
filtered through 0.45-/1m filter paper. This procedure pre- 
sumably reduced the concentration of any dissolved metal 
impurities by alkaline precipitation of the metal hydroxide 
species. Chemical analysis of humic acid available from 
Aldrich performed by Narkis and Rebhun (1975) gave the 
composition as shown in Table 1. 

Humic acid in the concentrate was divided into two 
fractions by gel permeation chromatography (GPC) with 
Sephadex G-75 (medium, Pharmacia, Sweden) packed as a 
wet slurry in a 2•6-cm dia column of 40-cm length. The 
eluent (10 4 M NaCIO 4 solution adjusted to pH 7.0) flowed 

Table I. Chemical properties of  Aldrich's  humic acid and IHSS reference humic 
substances 

Humic  acid Soil humic acid Soil fulvic acid 
(Aldrich) (IHSS) (IHSS) 

18 25 Carboxyl C 
(19~165  ppm) 

Aromat ic  C 
(90- 165 ppm) 

Aliphatic C 
((~90 ppm) 

C 
H 
O 
N 
S 
P 

50 30 

22 31 

58.99 57.47 50.08 
3.95 3.75 3.98 

36.35 33.39 42.26 
0.60 4.14 2.66 
- -  0.41 0.62 
- -  0.32 0.05 

Unit  is in percentage. 
- - :  Data  not available. 
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at 24 ml/h. An aliquot (2 ml) of the concentrate was injected 
into the column and collected in two fractions, which were 2.0 - 
called the high and low molar mass of humic acid [Ha(H) 
and HA(L), respectively]. In addition to Na-salt of humic 1.6 - -  

acid, well characterized soil humic acid and soil fulvic acid 
obtained from the International Humic Substances Society g 1.2 - 
(IHSS) [represented as HA(S) and FA(S), respectively] were 
used without further purification. The distributions of car- 
bon functional groups and the elemental analysis of those 0.8 
humic and fulvic acid are also shown in Table 1. 

The quantities of humic acid were determined by the 0.4 
measurement of total organic carbon with a TOC analyzer I 
(Dohrmann DC-180). The adsorption experiment was con- 
ducted with kaolin of constant content (50 mg/100 ml) and 0 40 
the humic acid with varied content. 

Synthetic soil preparation Fig. 

Dissolved humic acid (Aldrich Chemicals), either large or 
small molar mass, resulted in partial flocculation at 
pH < 5.5. In order to prepare synthetic soil with two 
fractions of humic acid, a precalculated amount of HA(H) 
or HA(L) concentrate was added to a suspension of kaolin, 
and mixed on a hot plate. Following adjustment of the 
suspension to 5.5 with HC104, the suspension was evapor- 
ated to dryness on a vacuum rotary evaporator. The re- 
siduals crushed to a homogeneous brown powder were 
regarded as the "synthetic" soil. 

Another method to prepare synthetic soils was coating of 
humic [HA(S)] and fulvic acid [FA(S)] onto kaolin in a batch 
adsorption experiment. A parallel blank test was also con- 
ducted to assure the dissolved condition of humic acid 
during the adsorption experiment. In this experiment we 
found that the two acids maintained the dissolved condition 
about pH 5.5. According to the adsorption isotherm, it was 
possible to design an operation condition to acquire the 
same amount of organic substance coated on kaolin. "Syn- 
thetic" soils prepared according to this method are denoted 
HA(S)-kaolin and FA(S)-kaolin. After coating was com- 
pleted, the suspensions were centrifuged at 6000 rpm for 
10 min. The precipitates were collected, dried in an oven at 
45°C, and stored for further experiments. The organic 
content of this "synthetic" soils was then obtained accord- 
ing to its adsorption capacity. 

Adsorption of Cu(ll) onto humus kaolin complex 

The capacity of adsorption by Cu(lI) onto the hu- 
mus-kaolin complex was assayed by alkalimetric/metal 
titration with the increment of Cu(lI) loading (from 10 -6 M 
to 10 4 M) in the ionic strength solution (NaCIO4 to give 
I =0.01 M), distilled-deionized water and humic-kaolin 
solution. The pH was kept at 5.5 _+ 0.02 throughout the 
experiment with the addition of HCIO4 or NaOH. During 
pH adjustment, the sample was purged with N 2 gas to 
eliminate the carbonate effect in solution. The samples were 
then agitated in a temperature-controlled reaction cell 
(200 ml) at 25 + I°C. After addition of each increment of 
Cu(II) ion, at least 10 min passed to allow to obtain a stable 
electrode potential. 

R E S U L T S  AND D I S C U S S I O N  

Figure I illustrates the distribution of  molar  mass 
of  humic acid. The chromatogram shows a continu- 
ous distribution in the range of  isolation by Sephadex 
G-75 (MM. 3000-MM. 80000 g). However, it was 
reasonably successful in isolating compounds  having 
MM.  > 6 0 0 0 g  and those with MM.  between 3000 
and 6000 g. Two fractions are denoted according to 
MM.  of  humic acid to be large [HA(H)] or small 
[HA(L)]. The humic acid was found to be partially 
flocculated below pH 6.5. Therefore, "synthetic soil" 
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1. Fraction of Aldrich's humic acid on GPC with 
SephadexG-75. 

was prepared according to the evaporat ion method 
rather than the adsorption method.  The synthetic 
soils were prepared containing 1% of  organic matter. 

Adsorpt ion  isotherms of  IHSS reference humic 
acid [HA(S)] and fulvic acid [FA(S)] on kaolin are 
shown in Fig. 2. The adsorption behavior of  fulvic 
acid is described as an isotherm of  the Langmuir  type; 
it indicates that  fulvic acid was coated onto the kaolin 
as a monolayer  adsorption.  The adsorpt ion isotherm 
of  humic acid on kaolin exhibited a non-Langmuir  
behavior; this phenomenon  occurs since hydrophobic  
end of  dissolved humic acid can interact with that of  
adsorbed humic acid, thereby resulting in further 
adsorpt ion (Murphy et al., 1990). 

Figure 2 also shows that the adsorption capacity of  
fulvic acid on kaolin was smaller than humic acid at 
a small surface coverage. With increasing surface 
coverage, the adsorption strength of  humic acid 
decreased because of  the shielding effect from the 
coated humic acid on the neighboring site. After 
covering as a first layer on kaolin, humic acid then 
forms a second layer outside the first layer with the 
hydrophobic  interaction. Unlike humic acid, fulvic 
acid adsorbed onto kaolin according to Langmuir  
behavior to reach a maximum adsorption capacity. 
The "synthet ic" soils were then prepared according to 

g~ 
E 

L_ 

tO e - - e  H A ( S ) - K a o l i n  

O-- - O F A ( S ) - K a o l i n  
t3 

I I I I I I I I 
5 10 15 20 25 30 35 40 

Ce (mg-C/l) 

Fig. 2. Adsorption isotherms of IHSS reference humic acid 
and fulvic acid on the kaolin: HA(S), humic acid; FA(S), 

fulvic acid. 
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Fig. 3. The Scatchard plot for Cu(I1) affinity with kaolin, 
HA(S) kaolin complex, and FA(S)-kaolin complex. 
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Fig. 4. The relationship between K,~ I and {S Cu} of Cu(II) 
affinity with the HA(H)-kaolin complex and the 

HA(L) kaolin complex. 

adsorption isotherms. The intersection point of two 
isotherms was applied to design experimental con- 
ditions, so as to prepare an equal carbon amount of 
two organic on kaolin. After adsorption, HA(S)- and 
FA(S)-complexes were washed by using NaCIO4 
(0.01 M, 100ml). TOC of the washing reagent is 
< 1 ppm, which is near TOC value of the blank test. 
Hence humic substances adsorbed onto kaolin are 
not desorbed (washed out) by NaCIO4 solution 
(0.01 M). The organic content of those synthetic soils 
is calculated to be 0.43% from the data in Fig. 2. 

The approach of a Scatchard plot is the most 
popular method for graphical analysis of metal ad- 
sorption experiments. Adsorption of Cu(II) by four 
humus kaolin complexes was performed at a given 
pH and ionic strength. Typical adsorption data were 
analyzed by a Scatchard plot shown in Fig. 3. The 
concave-up curves of the Scatchard plots for HA(S) 
and FA(S) show that adsorption of the first metal ion 
has a greater apparent affinity than that of sub- 
sequent metal ions. A reasonable explanation is that 
the presence of multiple classes of sites or an electro- 
static effect causes this phenomenon (Stevenson and 
Chen, 1991). Figure 3 also shows a straight line of a 
Scatchard plot for Cu(II) affinity with kaolin, indicat- 
ing a homogeneous surface of kaolin. 

In order to describe the Cu(II) adsorption strength 
from this heterogeneous surface system, various val- 
ues of K~ were acquired from the slope of Scatchard 
plots at varied extents of Cu(II) binding. The re- 
lationships between K~ and {S-Cu} were arranged 
and plotted as illustrated in Figs 4 and 5. Hence, 
adsorption constants decrease with increasing extent 
of adsorption. These constants acquired from the plot 
involve functions of pH and surface coverage (i.e. 
they are not thermodynamic constants). The result 
also shows that adsorption behaviors of both 
HA(H)-kaolinite and HA(L) kaolinite are similar. 
However, the adsorption constants of HA(S) kaolin 
are significantly greater than FA(S) kaolin over the 
whole range of surface coverage. Non-linear re- 
gression (Wilkinson, 1988) was applied to generate 
the polynomial equations to relate log K~I to {S-Cu} 

(Table 2). These equations simply describe the change 
of adsorption energy, but failed to indicate the type 
of binding. For instance, monodentate binding of 
Cu(II) with a carboxyl group and a bidentate com- 
plex of Cu(II) with two carboxyl groups may occur 
simultaneously. 

Table 2 shows the Cu(II) affinity constant K~ or 
K~m~, maximum affinity capacity of pure kaolin and an 
organic-coated kaolin at a given condition. Only a 
single-site model was applied to describe the affinity 
of Cu(II) onto kaolin due to its homogeneous surface. 
Humic coatings of high molar mass [HA(H)] contain 
greater Cu(II) affinity capacity than humic coatings 
of low molar mass [HA(L)], but these affinity con- 
stants are almost equal. Hence both HA(H) and 
HA(L) containing similar functional groups result in 
an equal affinity constant; HA(H) contains a greater 
density of sites, thereby resulting in a greater maxi- 
mum affinity capacity. The affinity of Cu(II) toward 
an amino group is greater than toward a carboxyl 
or phenolic group, and the binding of Cu(II) toward 
phosphate groups is also significant (Motschi, 
1987; Motschi and McEvoy, 1985). According to the 
binding result (Table 2), the greater constant for 
adsorption of Cu(II) on HA(S)-kaolin than on 

8 F o ~ o  HAfS) -Kao l in  
O-  - O FA(S)-Kaol in  

7 

.~ 6 O ,o  

L oo~.~..~. 

4 ~ 0 0 0 . . . .  

3 /  I I I J [ I 
0 2.5 5 7.5 10 12.5 15 

{ S - C u }  ( H m o l / g )  

Fig. 5. The relationship between K[~ and IS Cu} of Cu(ll) 
affinity with the HA(S)-kaolin complex and the 

FA(S) kaolin complex. 
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Table 2. The analysis of Cu(II) adsorption constant for the humus-kaolin complex at pH 5.5 

Single-site model 
H u m u s - k a o l i n  
complexes  ['max log  K~, 

K a o l i n  13.064 4 .26  
H A ( H ) - k a o l i n  40.951 5 .12  
H A ( L ) - k a o l i n  32 .003  5 .185 
H A ( S ) - k a o l i n  31 .694  4.481 
F A ( S ~ k a o l i n  34 .852  4 .255  

C o n t i n u o u s  d i s t r i b u t i o n  m o d e l  

log  K~i  = . f (  v ) 

l og  K ~  7 .342  --  0 .1693  v + 0 .00426v  2 _ 0 . 0 0 0 0 4 5 6 5 v  3 
l o g  KCmi = 7.41 --  0.2242v + 0 .00802v  2 __ 0 .000122v  3 

l og  KCmi = 6 .89  --  0 .43v + 0 .02706v  ~0.0006612v 3 
log  KCmi = 5 .888  --  0 .1995v  + 0 .006381v  2 --  0 . 0 0 0 0 9 1 7 4 v  3 

F . . . .  ,umol /g ;  K ~ ,  ( M )  t v, # m o l - C u ( I I ) / g - c o m p l e x .  
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FA(S)-kaolin is a result of the contribution of nitro- 
gen and phosphate functional groups on humic acid. 
Fulvic acid contains a greater fraction of carboxyl or 
phenolic groups. However, the smaller Cu(II) affinity 
of oxygen functional groups than nitrogen and phos- 
phate functional groups, results in a lower Cu(II) 
affinity on kaolin coated with fulvic acid. Another 
evidence in the table indicates that the Cu(II) affinity 
of FA(S)-kaolin is almost equivalent to that of 
inorganic kaolin. It is because both surfaces abound 
with oxygen atoms. 

Potentiometric titration is a simple measure to 
describe interaction of protons and a solid surface. 
Figure 6 shows data from net proton adsorption 
calculated from the potentiometric titration data of 
both suspension and supernatant. The initial titration 
point was set about pH 7; at that pH the acidic 
groups may be assumed to be almost dissociated. 
Hence, the capacity of proton adsorption may be 
neglected at pH 7. The simple Langmuir isotherm 
may be used to describe the proton adsorption of 1 : 1 
type. Using nonlinear regression (NLR) with com- 
puter iteration, the total number of proton adsorp- 
tion sites and average proton adsorption constant 
were calculated at 45.92#mol/g and 4.146 (#M) -1 
for HA(S)-kaolin and at 200.98 (#mol/g and 
3.477#M)-~ for FA(S)-kaolin, respectively. The 
greater capacity to adsorb protons on the FA(S)- 
kaolin complex results from the abundant carboxyl 
and phenolic (~)H) groups in fulvic acid. The acidity 
constants of N -  and P-  ionizing groups are smaller 
than that of the carboxyl and phenolic functional 
group. Therefore, like the Cu(II) affinity, the greater 

content of N- and P-functional groups leads to 
increase proton affinity to humic acid relative to 
fulvic acid. The same trend of adsorption behavior 
for Cu(II) and H + on humus-kaolinite substance 
indicates their competition for adsorption on the 
same site. Further graphic analysis is necessary to 
describe proton adsorption on these heterogeneous 
surfaces. The proton affinity data of HA(S)- and 
FA(S)-complex were plotted according to the 
Scatchard plot (Fig. 6). Except for small surface 
coverage, for which the proton affinity of both sur- 
faces is large and independent of surface coverage. 
The graphic analysis demonstrates that a single-site 
Langmuir model applied to proton affinity produced 
a better fit than Cu(II) affinity. 

K~, listed in Table 2 is the adsorption constant at 
a specific pH. As mentioned, protons compete with 
Cu(II) ions for the same site. The modified model 
presented here incorporated a proton competition 
coefficient, which can differentiate the effect of com- 
petition from Cu(II) adsorption. Therefore, a con- 
stant (Kin) independent of pH may be derived from 
this model; the results are listed in Table 3. The 
HA(S)-kaolin complex has a greater Cu(II) affinity 
constant than FA(S)-kaolin complex for either a 
single-site model or a continuous distribution model. 
By means of these adsorption constants, from either 
model, one can predict the Cu(II) adsorption capacity 
over a diverse Cu(II) loading conditions at various 
pH values. However, the high molecular weight of 
humic acid has similar Cu(II) affinity as the low 
molecular weight of humic acid. It indicates that the 
molecular size of humic acid has no effect on the 
Cu(II) affinity. 

5 

7" 4 

3 
,-r 

I 2 

v 

m 

° [] H A ( S ) - K a o l i n  

- -  • F A ( S ) - K a o l i n  
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Fig. 6. The Scatchard plot for proton affinity with 
HA(S) kaolin complex and FA(S)-kaolin complex. 

C O N C L U S I O N S  

The adsorption capacity of fulvic acid on kaolin is 
smaller that of humic acid. The adsorption behavior 
of fulvic acid on kaolin can be described by a 
Langmuir-type isotherm (monolayer adsorption). 
However, the adsorption isotherm of humic acid on 
kaolin exhibits non-Langmuir behavior (multilayer 
adsorption). Various K~ values were derived from the 
slope of Scatchard plots at varied extent of Cu(II) 
binding. The results indicate that apparent adsorp- 
tion constants decrease with increasing extent of 
adsorption, and humic acid with a large molar mass 
has an affinity strength for Cu(II) similar to humic 
acid with a small molar mass.c acid with a large molar 
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Table 3. The Cu(ll) adsorption constant for the humus kaolin complex with the exclusion of pH effect 

Humus kaolin Single-site model Continuous distribution model 
complexes log K m log Kin,-.[(v ) 

HA(H) kaolin 5.154 log Kin, = 7.607 - 0.1693v + 0.00426v ? 0.00004565v 3 
HA(L} kaolin 5.217 log Kin, = 7.672 0.2242v + 0.00802v 2 - 0.000122v 3 
HA(S)- kaolin 4.500 log Km~ = 6.91 - 0.43v + 0.002706v 2 0.006612v ~ 
FA(S) kaolin 4.259 log Kmi - 5.892 0.1995v + 0.006381v ~ 0.000099924v 3 

K,~, (M) ~; v, F~mole-Cu(II)/g-complex. 

mass  can however  offer m o r e  affinity sites t han  humic  
acid with a small mo la r  mass.  Hence  the molecu la r  
size o f  humic  acid has an effect on  the m a x i m u m  
capaci ty  o f  Cu(II )  affinity apa r t  f rom the  s t reng th  o f  
affinity. 

The  results  also show tha t  adso rp t i on  behaviors  
o f  H A ( H ) - k a o l i n  and  H A ( L )  kaol in  are  similar.  
However ,  the a d s o r p t i o n  cons t an t s  o f  HA(S)  
kaol in  are  significantly grea te r  than  those  o f  
F A ( S ) - k a o l i n  over  the  whole  range o f  surface cover-  
age. Po lynomia l  equa t ion  re la t ing log K~ to {S Cu} 
s imply descr ibes  the var ia t ion  o f  a d s o r p t i o n  energy,  
but  p rov ides  no i n f o r m a t i o n  abou t  the type o f  b ind-  
ing. 

The  intr insic  p r o t o n  affinity o f  synthe t ic  soils is 
easily descr ibed wi th  a L a n g m u i r  i so the rm for a 
single-site model .  The  total  n u m b e r  o f  affinity sites 
and  the average  p r o t o n  affinity c o n s t a n t  were calcu- 
lated to be 45 .92/~mol /g  and  4.146 ( p M )  ~ for  
H A ( S ) - k a o l i n  and at 2 0 0 . 9 8 p m o l / g  and  3.477 
(/~M) 1 for  FA(S)  kaol in,  respectively.  The  s imilar  
t rend  o f  a d s o r p t i o n  behav io r  for Cu( l I )  and  H ~ on 
kaol in  humic  subs tance  indicates  tha t  they compe t e  
for a d s o r p t i o n  on the same site. Except  for  small  
surface coverage ,  the p r o t o n  affinity is i n d e p e n d e n t  o f  
surface coverage.  

A modi f i ed  mode l  i nco rpo ra t ing  a p r o t o n  compe-  
t i t ion coefficient can different ia te  the compet i t ive  
effect f rom Cu( l l )  adso rp t ion .  A cons t an t  (K,,~) inde- 
p e n d e n t  o f  p H  was der ived f i o m  this model .  
H A ( S ) - k a o l i n  complex  has a grea te r  Cu( l l )  affinity 
cons t a n t  t han  FA(S)  kaol in  complex  accord ing  to 
mode l s  with ei ther  a single-site or  a con t inuous  
d is t r ibut ion .  

Acknowledgements--This research was supported in part by 
Grant NSC 81-0410-E009-13 from the National Science 
Council, Republic of China. 

REFERENCES 

Gamble D. S., Schnitzer M., Kerndorff H. and Langford 
C. H. (1983) Multiple metal ion exchange equilibria with 
humic acid. Geochim. Cosmochim. Acta 47, 1311-1321. 

Huang C., Huang C. P. and Morhart A. L. (1991) Proton 
competition in Cu(ll) biosorption by fungal mycelia. War. 
Res. 25, 1365 1375. 

Kishi H. (1988) Soil substitutes for adsorption measurement 
of chemicals to soil. In Contaminated Soil '88 (Edited by 
Wolf K., Brink W. J. van den and Colon F. J.). Kluwer 
Academic, Hamburg, Germany. 

Motschi H. (1987) Aspects of the molecular structure sur- 
face complexes: spectroscopic investigations. In Aquatic 
Sur[ace Chemistry (Edited by Stumm W.). John Wiley & 
Sons, New York. 

Motschi H. and McEvoy J. (1985) Influence of metal/ 
adsorbate interactions on the adsorption of linear alkyl- 
benzene sulphonate to hydrous surfaces. Naturwis- 
senschq[ien 72, 654 657. 

Murphy E. M., Zachara J. M. and Smith S. C. (1990) 
Influence of mineral-bound humic substances on the 
sorption of hydrophobic organic compounds. Ent,irom 
Sci. Technol. 24, 814 816. 

Narkis N. and Rebhun M. (1975) The mechanism of 
flocculation processes in the presence of humic sub- 
stances. J. A W W A  67, 101 108. 

Rebhun M., Kalabo R., Grossman L., Manka J. and 
Rav-Acha C. (1992) Sorption of organic on clay and 
synthetic humic-clay complexes simulating aquifer pro- 
cesses. Wat. Res. 26, 79 84. 

Stevenson F. J. and Fitch A. (1986) Chemistry of complex- 
ation of metal ions with soil solution organic. In Inter- 
action ~/Soil Minerals with Natural Organic and Microbes 
(Edited by Huang P. M. and Schnilizer M.). Soil Science 
Society of  America, Madison, Wisc. 

Stevenson F. J. and Chen Y. (1991) Stability constants of 
copper(IIl)-humate complexes determined by modified 
potentiometric titration. Soil Sci. Soc. Am. J. 55, 
1586 1591. 

Tobin J. M., Copper D. G. and Neufeld R. J. (1984) Uptake 
of metal ions by Rhizopus arrhizus biomass. Appl. Etwi- 
ron. Microbial. 4, 821 829. 

Wershaw R. L. (1993) Model for humus in soil and sedi- 
ments. Enriron. Sci. Technol. 27, 814 ~ 816. 

Wilkinson L. (1988) SYSTAT:  The St'stem/or Statistics. 
SYSTAT Inc.. Evanston, IL  


