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ABSTRACT 

Metal cation adsorption is the predominant chemical 

mechanism governing the attenuation of toxic metal movement in 

soils. Clay minerals are the prImary adsorbent surfaces in soils 

due to their ubiquitous nature and large reactive surface area. 

This study examined the the relative affinity of the metals 

cadmIum, nickel and zInc for the clay minerals kaolini te and 

montmorillonite. The Influence which different minerai adsorbents 

and different complexing ligands in solutIon have on the 

adsorption of metal ions was assessed using the Hard-Soft 

Acid-Base Principle as a theoretical framework for predicting the 

max imum extent of adsorpt i on and rate of adsorpt ion. The HSAB 

principle is that hard bases prefer to complex hard acIds and soft 

bases prefer to complex soft acids. 

The hypothesis that initiated these investigations was 

that the hard-soft character of mineral surfaces Is due to their 

surface functIonal groups and can be measured using metal cation 

adsorption selectIvIty experiments where pH and complex ion 

formation are controlled. 

When comp I ex Ion format inn 1 n aqueous so I uti on was 

minImized (i.e. in Ca(CI04)2)' adsorption decreased in the order 

of decreasing softness; Cd > Zn > Nl for both clay minerals. 
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Montmor il jon i te behaved as a sl i ght I y harder Lewi s base than 

kaolinite, sorbing the harder Ni and Zn ions to a greater extent 

than Cd, although both minerals behaved as soft Lewis bases. 

In the presence of chloride and sulfate ligands, 

adsorpt Ion sequences changed and ref I ected resu I ts from typ I ca I 

soil solution studies. In some cases the adsorption sequences can 

be explained using the HSAB principle together with computer 

speciation data and this approach merits further consideration and 

research. 

AdsorptIon over time and calculated adsorption rate 

constants were generally consistent with equi Ilbrlum seJectivi ty 

data. Adsorption rates decreased in the order Cd > Zn > NI In 

Ca(Cl04>2 for both clay minerals. The adsorption curves reflect a 

two-step adsorption process involving a rapid exchange-type 

reaction followed by a much slower adsorption involving diffusion 

into the crystal or alteration of the surface through the 

formation of a new solid phase involving the adsorbed ions. 



CHAPTER 1 

INTRODUCTION 

The adsorption of metal cations on natural materials has 

been of interest to researchers for years as environmental 

pollution concerns among the general public continue to grow. 

The selectIon of suitable sItes for nuclear waste Isolation, 

industrial discharge to streams, landfill leachate movement, 

fallout and precipitatIon from air and the direct application of 

toxic elements to soils as sewage sludge and wastewaters are ever 

increasin'g. To estimate the magnitude of the hazard posed by 

these elements, it is Important to study the processes and factors 

which control their movement from the soil surface through the 

soil profIle and underlying geologic material to groundwater and 

surface water supplies. 

The soil Is a complex and dynamic system involving complex 

physical, biological and chemical reactions. Soils are variable 

both areally and vertically. It is this variability, coupled with 

the complexity of the above reactions which complicates the 

prediction of the fate of heavy metals In solis. It should be 

noted that soils themselves contain natural levels of toxic trace 

metals and these native levels mayor may not contribute to 

groundwater or surface water pollution depending on the natural 

1 
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physIcal, geologic and chemical cyclIng processes which take place 

In a particular solI. DIsturbances by man, while not necessarily 

adding additional toxIc metals to the system, may accelerate the 

leaching and cyclIng of elements thus promoting the pollution of 

water supplies. Time Is also a factor whIch must be consIdered in 

any predIctIve modelling scheme. Ions exchanged or adsorbed on 

soil colloids may desorb or re-exchange as the soil-water 

environment changes. These changes can occur via unnatural 

additIons to the soil, such as waste dIsposal, or via natural 

changes such as weathering. 

Attenuation and mobIlIty are two terms commonly used to 

describe cation movement In soi Is. Attenuation is descrIbed as 

"the soil's capacity for retaInIng a solute and the rate at which 

the solute is immobIlIzed by the soilll (Fuller,1977). Related to 

thIs concept is that of mobilIty whIch Is "the ease with which a 

specific element becomes dIstrIbuted vertically in soil and/or 

weathered geologic parent materIals as a function of the rate and 

direction of movement of soil solution or leachates from waste 

deposited in or on the solI" (Fuller,1977). The mobility of a 

solute is determIned by the solI's attenuation capacity which is 

determined by many factors. These factors are: physical factors 

slJch as texture or particle size distribution, structure and pore 

sl ze dl str ibut i on, temperature and the soi I water status; 

biological factors such as microbial processes involving 



oxIdation-reduction reactIons, and the mIneralIzation and 

immobIlIzation of elements; and chemIcal factors such as the 

hydrogen Ion actIvity (pH), concentratIon of metal catIons, 

complexlng ligands and solid sorbent surfaces in solution, and 

sorption reactIons which Include precIpitatIon, adsorption, and 

ion exchange. Of these three factors, this research is primarily 

concerned with the chemIcal factors whIch contrIbute to metal ion 

mobility. 

The predominant chemical mechanism governing the 

attenuation of metal ions in soils is adsorption on mineral and 

organic surfaces. Adsorption may be defined as the II adhesion, in 

an extremely thin layer of gas molecules, dissolved substances or 

I iquids, to the surface of sol ids wi th which they are in contact II 

eEl I is and Knezek,1972)' Specific adsorption is the case which, 

upon adsorption, less than equivalent amounts of other cations are 

released. This has been shown to occur for many metal ions 

(Forbes et al,1976). The difference between specific adsorption 

and precipitation is mainly that adsorption is a two dImensional 

process whereas precIpitation Is three dimensional. Precipitation 

forms well defined solid phases, whereas adsorption can have a 

number of react ion products. These are: crysta I growth and/or 

diffusion into the solid phase, the formation of a stable surface 

compound or the heterogeneous nucleation of a new solid phase. In 

general, adsorption reactions are consIdered in terms of a stable 
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surface compound In equilibrIa with the solution. Hydrous oxides 

of Iron, manganese and aluminum demonstrate specific adsorption 

capac it i es for meta I Ions due to I arge surf ace areas and the 

postulated presence of specific distinct types of surface sites 

with varying affinity for adsorbed ions (Benjamin,1980). 

A significant influence to the adsorption of metal ions is 

complex ion formation in solution. Both i norgan i c and organ i c 

complexing ligands are present in soil solutions and can 

significantly affect metal cation adsorptIon and the surface 

propert I es of adsorben ts. Meta I -II gand comp I exes can form in 

solution and not sorb, decreasing the potential adsorption 

compared to a ligand-free system, or the metal-ligand complex may 

adsorb and contribute to greater removal of the metal from 

solution. Another possibil ity Is that the ligand may adsorb to 

the surface and alter the electrical properties of the surface and 

as a resu It either enhance or retard adsorpt i on of the meta I 

cation. 1nese differences are experimentally hard to dIstinguish 

but are Important considerations in assessing relative affinities 

and k I net I c di fferences in adsorpt Ion react ions. It is a I so 

possible to treat the adsorbent surface as a complexing ligand. 

The adsorption of free metals thus creates a metal-ligand complex 

and the adsorption of a metal-ligand complex creates a mixed 

metal-I igand complex. Finally, even the terms "fr~e" and 
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"complexed" are open to interpretation as metals are usually 

present in solution as aquo complexes. 

This study examined the relative affinity of the metals 

cadmium, nickel and zinc for the clay minerals kaolinite and 

montmorilloni teo 

and di fferent 

The influence which dIfferent mineral adsorbents 

complexing ligands In solution have on the 

selectivity sequence is assessed utilizing the Hard-Soft Acid Base 

Principle as a theoretical framework for predicting the maximum 

extent of adsorption and the rate of adsorption. A computer 

model, MINEQL, is used to describe the metal distribution between 

the solid and solution phases and speciation of chemical 

components of the clay-metal equilibrium. 

The HSAB principle simply stated is that hard acids prefer 

to complex hard bases and soft acids prefer to complex soft bases. 

As + Bs -- AsBs 

Ah + Bh -- AhBh 

The hypothesis of this research is that the hard-soft character of 

mineral surfaces is due to their surface functional groups and can 

be measured using metal cation adsorption selectivity experiments 

where pH and complex ion formation are controlled. 



CHAPTER 2 

LITERATURE RBVIEW 

Hard-Soft Acid-Base Theory 

The Pr I nc i pie of Hard and Sof t Lew is Ac i ds and Bases 

(HSAB) was first proposed by Ralph G. Pearson at Northwestern 

University in 1963. The HSAB principle simply stated is that hard 

acids prefer to complex hard bases and soft acids prefer to 

complex soft bases (Pearson,1963). AccordIng to G. N. Lewis, a 

base is an atom, molecule or ion which has at least one pair of 

va I ence electrons wh i ch are not a I ready shared and an ac i dis a 

similar uni t which has a vacant orbi tal In which a pair of 

electrons can be accomodated (Pearson,1968>. Most ca t ions are 

acids and most anions are bases. When the two react, an acid-base 

complex can be formed. All metal atoms or ions are Lewis acids 

and are usually coordinated to several bases or ligands. The 

formation product may be a complex ion or an inorganic compound. 

Inorganic and organic compounds as solid, liquid, gas or in 

so I uti on are examp I es of ac i d-base comp I exes and the hard-sof t 

character of the acid and base components has been qualitatively 

determined. 

Hard acids are generally small In size, have high 

electronegativity, low polarizability and do not contain unshared 

6 
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pairs of electrons in their valence shell. Soft acids are 

generally large in size, have low electronegativity, high 

polarizability and contain unshared pairs of electrons in their 

valence shell. Polarlzabillty Is the ability of a species ' 

electron cloud to become distorted in the presence of an eletric 

field. The polarizability of acId and base units is used to 

correlate hard and soft character wIth whether bonds formed 

between those ~nits will be ionic or covalent. The term hard 

describes graphically those cases where the electrons or orbitals 

remain localized on the reacting species (low polarizability) and 

the acid and base tend to form ionic bonds, whereas the term soft 

graphically describes those cases where the orbitals on the 

reactants are easily distorted and mixed together and the species 

form covalent bonds (Jensen,1974). Obviously the above criteria 

are extremes and a continuum is actually formed by the many acids 

and bases. Table 1. is a partial listing of hard, borderline and 

soft Lewis acids and bases (Pearson,1968). Many cations important 

to plant nutrition are In the hard acId category while many of the 

enVironmentally hazardous metal cations are in the borderline and 

soft catego~ies, Even within categories there is a continuum with 

some harder or softer than others. M i sono (1967) proposed a 

numerical scale for evaluating the relative hardness or softness 

based primarily on charge, size and ionization potential. Table 2 

lists some acids and bases along with their Misono "softness" 



Table 1. 

Classification of Ha~d and 50ft Acids and Bases 

Hard Agids 

H+ , Li+, Na+, K+, Cst 

Mg2+ , Ca2+, 5r2+, Ba2+ 

Cr3+, Mn2+, Fe3+, A13+ 

Co3+. 5i4+ 

Bgr;:ger;:J in~ ~~ig~ 

Fe2+, Co2+, W 2+ 1 , Cu2+ 

Zn2+ , 5n2+, Pb2+ 

5QH ~cig~ 

Cut, Cd2+, Hg+, Hg2+ 

Hard Bases 

H20, OH-, 02-

C032-, N03-

P043-, 5°42-

CIO" F-4 ' 

Bor;:derJine Bases 

N02-, 50l-

50ft Bases 

8 
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Table 2. 

Misono Softness Values 
for Lewis Acids In Aqueous Solution 

Oxlgation State 
+1 +2 +3 

Li 0.36 Mg 0.87 AI 0.70 

K 0.92 Ca 1.62 Fe 2.37 

Na 0.93 Sr 2.08 La 2.45 

Rb 2.27 Zn 2.34 Co 2.56 

Cs 2.73 Ba 2.62 Cr 2.70 

Cu 3.45 Nl 2.82 Ti 3.23 

TI 3.78 Cu 2.89 Au 3.90 

Ag 3.99 Mn 3.03 

Au 5.95 Cd 3.04 

Fe 3.09 

Sn 3.17 

Hg 4.25 
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values. These values are derived from the following equation: 

Y = 10 (In/ln+1)(rl/n1/2) 

where ri is the Ionic radius of the metal ion, n its formal 

charge, and I the ionization potential with Y being the "softness" 

value. A second attempt to predict hardness and softness by 

K I opman (1968) uses a quan tum mechan i ca I approach. Both have 

inconsistencies when compared with experimental data and are not 

totally reliable. 

The principle's importance is that it can be used to 

understand a I arge array of chemi ca I phenomena inc I ud i ng 

solubility relationships, solution equilibria, charge tranfer 

complexes and metal atom and metal surface behavior 

(Pearson, 1968). The possibilIty of HSAB theory as a predictive 

tool for adsorption selectIvity in soil solutions comes from the 

awareness of different mineral adsorbents having varying 

preferences for metal cations. When these studies are analyzed 

from the perspect i ve of HSAB theory, there are some i ndl ca t ions 

that some mineral surfaces behave as soft or hard bases relative 

to other surfaces or even water molecules in solution. Evans 

(1980) concluded that goethite is "hard" from experiments 

compar I ng the surface charge densl ty/pH funct Ions of CO2-free 

goethIte suspended in NaI and NaCI solutions. Chloride ion was 

more surface active and more specifically adsorbed than the softer 

iodide. This approach of using acids or bases with distinctly 
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different hard-soft character is utilized in the present study. 

By measuring adsorption and determining whether the mineral 

surface reacts more favorably with the hard or soft species, one 

can assign a relative IIsoftness U strength to the mineral as weI I 

as postulate which surface functional groups are the most 

selective sites for adsorption. Sullivan;s (1977) review article 

showed that soil exchange surfaces In general behave as soft bases 

relative to water which is a very hard base. This is consistent 

with the Hofmeister series where adsorption selectivity decreases 

in the order 

Cs > K > Na > Li 

for monovalent cations. and for divalent cations the order is 

Ba > Sr > Ca > Mg 

when reacted with soil clays (Stumm and Morgan,1981). This is the 

order of decreasing softness. The suggestion then is that with 

soil clays classified as relatively soft bases, the HSAB principle 

would predict that softer cations will replace harder cathms. 

Data indicates that this may only be true of metals in the same 

oxidation state and even then there are discrepencies, most 

notably with the transition elements, such as the Cd, Ni and Zn 

Ions studied here. 
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SelectIvity Sequences of Metal Adsorption 

Many researchers have reported Nselectlvity sequences II for 

metal ions or "replaceability series" based on experimental 

adsorption data. Forbes et al (1974) assIgned the following order 

to adsorpt I on by goeth i te (FeOOH): Cd < Co < Zn < Pb < Cu wI th 

adsorption increasing with increasing pH. Here, the softer Cd has 

less afinity than the harder catIons Cu and Zn. Benjamin and 

Leckie (1980) found adsorption to Increase in the order Cd < Zn < 

Cu < Pb on amorphous iron oxyhydroxide (Fe203 * H20(am». Again 

the harder cations show preference for the iron oxide surface. 

Biddappa et al (1981) found selectivIty in the order Ni < Cd <Zn < 

Cu < Pb for solIs dominated by volcanIc parent material in Japan. 

Here no c I ear trends are oDservab lew i th respect to sof tness 

character, but of course the adsorbent material is mixed and 

variable. TI I ler and Brummer (1984) found a relative sorption 

affinity sequence of Cd < Ni < Zn for soils dominated by iron 

oxide parent material. For soils dominated by 2:1 clay minerals 

the sequence was Cd = Ni «Zn. McKenzie (1980) found selectivity 

to follow the order Ni < Co < Zn < Cu < Pb for hematite (Fe203) 

and for goethite the same except for Cu having greater preference 

than Pb. This is simIlar to the order found by others for iron 

oxides. In silicates, Stuanes (1976) found the selectivity Qrder 

for albite and labradorIte to be Hg < Mn < Cd < Zn. For kaolinite 

, montmor i lIon i te and vermi cu lite, the order was Hg < Cd < Mn < 
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Zn. ThIs Is the order of Increasing hardness wIth the exception of 

Mn. Table 3 summarizes the studies where selectivity sequences are 

proposed based on exper iment.'i) ev i dence. A) though there ar~ 

inconsistencIes among the studies, the harder metal cations 

reflect an adsorption preference indIcatIng that iron oxides may 

be classIfied as relatively hard bases. Unfortunately many 

studIes neglect to study the effects of complex ion formation in 

aqueous solution on adsoJ:"ption. This is obviously a concern in 

adsorption studIes using soils as the adsorbents or where the 

background electrolyte used may comp 1 ex with the meta I sunder 

study. 

The experimental factors which influence selectivity order 

are metal cation concentratIon, solutIon 

concentration of complexing lIgands, cation 

pH, presence and 

charge and solid 

concentration. The factors of the reactants are eiectronegativity, 

hydration radIus and energy, polarizabillty, surface charge 

density of adsorbent and the physIcal and chemical nature ot the 

clay surface. 

Bivalent metal cation adsorption data obtained over a 

range of pH values, where initial metal molar concentrations are 

equal and the same amount of adsorbent Is suspended In the same 
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Table 3. 

Selectivity Sequences for adsorption of heavy metals on various 
mineral adsorbents. 

Sequence Adsorbent Reference 

Pb > Zn > Cd Fe gel Gadde,'74 

Zn > Cd > Hg Fe gel Brun i nx , , 75 

Cu > Pb > Zn > Co > Cd FeOOH Forbes, '76 

Cu > Pb ) Zn > Co > Ni FeOOH McKenz 1 e, '80 

Pb > Cu > Zn > Co > Ni Fe203 McKenz ie, '80 

Pb > Cu > Zn > Cd Fe203 Benjamin, '80 

Pb > Zn > Cd Mn02 Gadde, '74 

Zn > Cu > Co > Mn > Ni SI gel Vydra,'79 

Cu > Zn > Nl > Co > Cd Al gel KInnIburgh, '76 

Zn > Cd > Mn > Hg albite Stuanes,'76 

Zn > Cd > Mn > Hg labradorite Stuanes,'76 

Zn > Mn > Cd > Hg kaolinIte Stuanes,'76 

Zn > Mn > Cd > Hg mon tmor 1 I I on i t e Stuanes, '70 
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background electrolyte and concentration, has been shown to be 

empirically described by the following equation (Kinniburgh et aI, 

1982) : 

In D = a + bpH 

where a and b are constant parameters determined experimentally, 

and D is a distributIon ratio of fraction of metal sorbed to 

fraction of metal in solution. A plot of InD versus pH Is called 

a Kurbatov plot. The pH at which D =1 is where SO% of the metal 

is sorbed and SO% remains in solution and Is designated pHSO' and 

from the above equat ion pHSO = -alb (Kinniburgh and Jackson, 

1981>. The pHSO va lues determi ned exper imenta 11 yin the above 

manner are a re I at i ve measure of the se 1 ect i v I ty of an adsobent 

for a particular series of bIvalent metal cations, the smaller the 

pHSO the more selective the adsorbent for the metal cation 

(Sposi to, 1984>-

Table 4 lists several studies where pHSO values were used 

to assess the relative selectivity of an adsorbent for a series of 

metal cations. I n the case of the i ron ox ides, there is aga in 

evidence of these surfaces behaving a~ "hard" LewL bases, wi th 

aff i nit y decreasi ng from the border line ac ids Zn and Co to the 

softer Cd. In the case of the clays, the series is opposite to 

what would be expected from studies of monovalent cation 

selectivity (Heald et al,1964;Shainberg and Kemper,1967)' The 

selectivity of monovalent cations for montmori Iionite and other 
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Table 4. 

Comparison of specific adsorption of heavy metals by means of 
pH50 values. 

Selectivity Adsorbent pHfiQ values 

Zn » Cd > Ni 2: 1 clays * 4.5,6.0,6.8 

Zn » Ni = Cd 2: 1 clays * 4.5,6.7,6.9 

Zn > Ni > Cd FeOOH * 5.3,6.0,6.2 

Cu > Zn > Co > Cd FeOOH '@ 5.2,7.0,7.4,7.7 

Cu > Zn > Co > Nl FeOOH # 4.5,5.4,5.8,6.0 

Pb > Cu > Zn > Cd Fe203 
.. 4.0,5.2,6.3,6.5 

* CM] = 5 x 10-6M and in O.OlM Ca(N03)2' 
'@ CM] = 3.2 x lO-5M and In 0.075M NaN03. 
# CM] = 1.0 x 10-4M and in O.lM KN03 . 
- CM] = 5.0 x 10-7M and in O.lM NaN03• 

Reference 

Tl I I er,' 84 

Ti I ler, '84 

Ti I I er, '84 

Forbes, '76 

McKenz ie, '80 

Benjamin, '81 
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clay minerals increases with increasing ionic radii and 

polarizabi llty which fol lows the order' of Increasing softness. 

Stuanes (1976) postulated that the stability of chlorIde and 

hydroxIde complexes In the suspensIons affected the selectIvity. 

Hg and Cd form chloro complexes to a signifigant extent, while Zn 

occurs maInly as the aquated dIvalent Ion under the conditions 

studied. 

Complex Ion Formation/Effects on Adsorption 

The amount of metal sorbed by a clay depends on several 

factors, 1n particular pH and the nature and concentration of 

ligands present In solution (Farrah and Plckerlng,1977; Cavallaro 

and McBr i de, 1978; Hahne and Kroontje, 1973; Egozy, 1980; Barrow et 

a I ,1981 ) • Adsorpt Ion increases wIth i ncreas i ng pH regard I ess of 

solutIon composItIon, IndIcatIng pH to be the domInant controlling 

mechanism. 

Comp I ex i ng ligands can effect the extent of adsorpt ion 

eIther posItively or negatively depending on the particular ligand 

and metal. For cadmium, CdCI+ and CdS04 species are less strongly 

sorbed than Cd2+ (Garcia-MIragaya and Page, 1976; Egozy,1980; 

Benjami nand Leck Ie, 1982). Mattigod et al (1979) showed less 

nickel adsorption irl CaS04 versus Ca(N03)2 solutions. Bol I and 

(1970) showed that zinc adsorption was greater from chloride 

solutions than from perchlorate and Forbes (1973) and Forbes et al 

(1976) showed zinc adsorption to be greater from chloride than 
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nitrate solutions. Figure 1, adapted from Sposito (1984) outlines 

the possible interactions between metal, ligand and adsorbent in a 

soil system. The diagram emphasIzes the compet i tion between 

adsorbent and complexing ligand for the metal and in this way 

gives credence to the idea of the adsorbent surface functioning as 

a ligand itself complexing with the metal 

In solution. 

Adsorbent Effects 

All the above indicate not only the importance of the 

particular background electrolyte used in experiments, but also 

the complexity of factors affecting adsorption of metal ions in 

soil solutions where many different complexing ligands are present 

and in varying amounts. Ajding to the complexity is the presence 

of numerous different adsorbents. These Include the mdiW clay 

minerals such as kaolinite, montmorillonite, and chlorite as well 

as iron, manganese and aluminum oxides. All offer different 

chemical and physical environments for adsorption of metal ions. 

Two properties of the adsorbent in particular which may 

affect adsorption are surface area and the isoelectric point (IEP) 

of the solid. Ihe IEP is defined as the solution pH at which the 

sol id/solution Interface has a net zero charge. At pH values 

above the IEP, the surface has a net negative charge, while at pH 

values below the IEP, the surface has a net positive charge. Thus 

at solution pH values below the IEP, adsorption of positIvely 
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Figure 1. Interactions in an aqueous metal-ligand-surface 

system. 



20 

charged metal ions is significantly less because most metal 

adsorbate species are positively charged. Table 5 lists the IEP 

values and surface areas of selected mineral substrates (Harding 

and Hea I y , 1979) . 

Surface area is also important in determinIng the effect 

of different adsorbents on adsorption of metal cations. 

It is, however, difficult to distinguish the physical effect of 

surface area from electro-chemical differences in adsorbing sites 

from one adsorbent to another. In dealing with a specific 

adsorbent however, as surface area increases, adsorption increases 

in a manner similar to that of increasing pH. Vuceta and Morgan 

(1978) demonstrated the effect of surface area on metal adsorption 

using Si02 as the adsorbent. As surface area increased, 

adsorption increased. Likewise, increasing pH increased metal 

adsorption on Si02 (Harding and Healy, 1979). When surface area 

or the availability of surface sites for adsorption is limiting, 

adsorption density approached a maximum which in turn depends on 

the pH of the solution and adsorbent present (Benjamin and 

Leck ie, 1982) . 

Heavy meta Is a I so show spec if i cit y of adsorpt i 011 for 

par t i cu I ar adsorben t s. Brummer et a 1 (1983) showed adsorpt i on 

capac it i es for 2n increased in the order CaC03 « benton i te « 

humic acid < Fe-oxide = AI-oxide < Mn02. Differences in surface 

area were determined to be of minor importance due to experimental 
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Table 5. 

Isoelectric poInts and surface area of selected mineral 
adsorbents. 

Adsorbent Isoelectric point Surface area 

Titanium dioxIde 5.8 16.0 

Copper oxide 31.6 

Manganese oxide 7.2 4.1 

Iron oxide 8.7 4'-.7 

Si I i ca 2.1 5.0 

Kaolinite 2.8 6.1 * 
Montmori Iloni te 4.0 305.0 * 

# Expressed as m2/g. 
* As determined in this study. 
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design; chemical and mineralogical composition were the 

determining factors. Tiller et al (1994) showed Ni to have a 

greater relative affinity for kaolInite dominated soils as opposed 

to soils dominated by 2:1 clay mInerals. Reid and McDuffie (1990) 

showed Cd adsorption preference In the following order: kaolinite 

< illite < montmorIllonite. Garcia-Miragaya and Page (1995), 

using signifigantly lower metal concentrations than Reid and 

McDuffie, showed Cd preferred kaolinIte over montmorillonite. 

ThIs indicates that metals not only have different affInitIes for 

different mi~eral adsorbents, but that the metal concentration 

also affects the affinity sequences. 

IdentificatIon of Adsorption SItes 

Egozy (1990) concluded In a study of Cd and Co adsorption 

that montmorillonite has two distinct types of adsorption sites. 

One exhibited simple ion-exchange equilibria and the other 

adsorption behavior similar to that on hydrous aluminum and iron 

oxides where pH has a great effect and adsorbability is high even 

from concentrated (1M) electrolyte solutIon. Farrah and Pickering 

(1976) also postulated a dual sIte theory based on Cu adsorption 

on kaolinite. One site is the posItive site of the kaolin edges 

which sorb hydroxyl Ions and coordinate Cu ions. The other site is 

the negatively charged sites on the mineral faces where divalent 

Cu is directly sorbed. If one considers the clay as a ligand. 

then the two sites represent a mixed metal-ligand complex and 
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simple metal-l igand complex. Dav I sand Leck i e (1978) proposed 

that adsorption occurs as a monohydroxo complex on the mineral 

surface or by the formation of a bidentate surface complex. They 

measured Pb adsorpt i on on amorphous I ron oxyhydrox i de. They 

concluded that the primary mechanIsm was the formatIon of ~urface 

complexes with hydrolyzed metal ions rather than the adsorption of 

Pb2+ to two adjacent ligand groups on the surface. Kaibasi et al 

(!977) in studying Zn adsorption on iron and aluminum oxides 

postu I ated spec if i c and nonspeci f Ic adsorpt i on. Spec if i c 

adsorption was the adsorption of Zn2+ and release of two H+ ions 

for each mole of Zn adsorbed and nonspecific adsorption was the 

adsorption of ZnCI+ or other univalent Zn complex ions and 

the release of one H+ ion for each mole of Zn adsorbed. 

KInetic Approach to Metal Cation Adsorption 

A thermodynamic equilibrIum approach to the study of metal 

adsorptIon provides information about the final state of a system 

in comparison to an initIal nonequi librium state (Zasoski ,1978), 

It is difficult to propose how that equilibrium or 

quasi-equilibrium state was reached. With a kInetic approach, 

details of ongoing changes to the system are avaIlable and 

conclusions may be drawn concerning reaction pathways and 

mechanisms. Reaction order and rate constants can provide 

information about reactIon mechanisms and the nature of the 

adsorbent surface and Its propert iea (Ar i ngh ier i, 1985), Finall y 
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it is of interest to compare equilibrium and kinetic data. Since 

the two approaches are theoretically complementary, results should 

also provide complementary information about reaction mechanisms 

and the nature of the adsorbing surface. 

Bunzyl et al (1976), found adsorption selectivity in the 

This is the order of 

decreasing softness. They also concluded that hal f times of 

adsorption or the time at which half of the equilibrium Is 

attained, decreased with increasing amount of metal added. This 

is characteristic for all lon-exchange processes controlled by 

film diffusion and thus they determined that film diffusion was 

the rate-limiting step in the adsorption reaction. Sal im and 

Cooksey (1980> also concluded that film diffusion was the 

rate-I imiting step In the adsorption of lead on river-mud. Fi 1m 

diffusion is the transport of a cation through a thin film of 

external solution surrrounding an adsorbent particle driven by a 

concentration gradient. They concluded that adsorption proceeded 

from this step to the diffusion of the adsorbate into pores of the 

adsorbent or /intraparticle diffusion/; with the subsequent actual 

adsorption onto surfaces of the adsorbent. If film diffusion is 

rate-limiting, agitation of the suspension should increase the 

rate of adsorption and this was also found to be the case for the 

adsorption of lead on river-mud. 



Characteristics and Properties of Metals 

Cadmium 

Cadmium is a toxic heavy metal which is used in a variety 

of products. Almost all cadmium is obtained as a by-product from 

the treatment of zinc, copper and lead ores. Most exposure Is of 

an occupational nature, involving workers In battery 

manufacturing, electroplating, metal fabrication, photographic, 

rubber and aircraft industries. It is used in many types of 

solder, in phosphors for TV tubes. and as a barrier to cor.trol 

atomic fission. Cadmium Is released Into the air during the 

smelting of other metals and from incineration of 

cadmium-containing products such as rubber tires. 

Drinking water. foods grown on high cadmium soils. seafood 

and the inhalation of cadmium fumes are the chief sources of human 

cadmium intake. Appreciable quantities are found in coffee. tea, 

peanuts, and cigarette tobacco (Burgess.1973)' It produces acute 

health effects when inhaled or ingested at high concentrations. 

From epidemiological and experimental studies, kidneys are the 

organ most affected by long-term low-level exposure to cadmium. 

In addition to kidney damage, cadmium also contributes to 

cardio-vascular disease, chronic renal disease and lung disease. 

In Japdn, a chronic form of cadmium poisoning called "itai-itai" 

or ouch ouch disease was caused by the pollution of river water by 

25 



a cadmium mine. In addition to kidney damage individuals 

developed extreme pain in their joints and bones and softening of 

bones leading to spontaneous multiple fractures (Burgess,1973). 

Nickel 

Almost 30% of all nickel is obtained from pentlandite and 

pyrrhotite of the Sudbury region of Ontario, Canada. It is used 

in the product i on of sta I n less stee I and var i ous a I loys and in 

mak I ng n i cke 1 stee I for armor p I ate and burgl ar-proof vau Its. 

Nickel plating is often used as a protective coating for other 

metals and nickel is also a catalyst for hydrogenating vegetable 

oils. The most toxic form of nickel is nickel carbonyl, formed by 

reactions of nickel with hot carbon monoxide. Workers in nickel 

refineries, are prone to developing lung cancer and cancer of the 

nose and sinus (Burgess,1973). The presence of nickel in tobacco, 

possibly released as nickel carbonyl, may signlfigantly contribute 

to the carcinogenic potential of cigarette smoke. Found in coal 

and petroleum, it is present in air in varying quantIties from 

combustion of these products. 

Zinc 

The principal ores of zinc are sphalerite or blende 

(sulfide), smithsonite (carbonate), calamine (silicate), and 

frankl inite (zinc, manganese, iron oxide). The metal is used to 

form numerous alloys with other metals such as brass, nickel 

26 



27 

silver, bronze, soft solder and aluminum solder. Large amounts of 

zInc are used to produce die castings for the automotive, 

electrical and hardware industries. Zinc is also used to 

galvanize other metals to prevent corrosion. ZInc oxide is 

widely used in the manufacture of paints, rubber products, 

cosmetics, pharmaceutIcals, plastics, batteries and electrical 

equipment. Zinc sulfide is used In making luminous dials, x-ray 

and TV screens, and fluorescent lights. It is an essential 

element In the growth and development of animals and humans, but 

can be toxic in large amounts. Inhalation of ZnO can cause a 

disorder known as the oxide shakes. 

Table 6 Is a partial list of chemical and physical 

properties of Cd, NI and Zn. 



Table 6. 

Properties of Cd, Ni and 2n (arranged according to decreasing 
softness) • 

Electro- Polar- Ionic Atomic Ionization 
Element negativity izability Radi i Weight Potential 

Cd 1.46 1.15 92 112.40 8.99 

Zn 1.66 0.50 74 65.37 9.39 

Ni 1. 75 69 58.71 7.64 

Electronegativity is according to Allred and Rochow (1958). 
Polarizability is in units of 10-24 cm3 (Phillips and 
Wi 1 Iiams, 1 965) . 
Ionic radii for Cd2+, Ni 2+ and 2n2+ is in units of pm 
(Huheey ,1978). 
Atomic weights are those adopted by the International Union of 
Pure and Applied Chemistry at its 1969 meeting and are based on a 
relative atomic mass of C12 = 12. 
Ionization potential are in units of electron volts (Weast,1985). 
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CHAPTER 3 

MATERIAL AND METHODS 

Materials 

All glassware and polyethylene bottles were acid rinsed 

with 0.1M nitric acid made from double distilled concentrated 

nitric acid. A kaol inite sample was obtained from the Georgia 

Kaolin Company and a montmorillonite <Texas bentonite) sample from 

the Clay Minerals Society at the University of Missouri. The 

water used was distilled-deionized wat~r. 

Preparation of Clay Suspensions 

The < 2 urn fraction of kaolinite and montmorillonite 

were separated by sedimentation (Day,1965). The clay samples were 

oven-dried and 50.0 g weighed into 250 ml polyethylene wide-mouth 

bot ties. To these was added 150 m I of 0 .5M Cat-.J03. These were 

thouroughly shaken on a mechanical shaker to suspend and mix the 

clays. The samples were then centrIfuged, decanted and the 

supernatent discarded. This was repeated 5 times and then finally 

mixed with 150 ml distilled-deionized water, centrifuged and the 

supernatent discarded. The samples were weighed to determine the 

moisture content of the samples. The moist clay was then added to 

1 liter Pyrex distilling flasks made to 0.01M in CaCI04, CaCI 2, or 
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CaS04' The pH of the suspensions was adjusted to 5.5, 6.5, or 7.5 

with 1M NaOH or 1M HN03 over a period of 48 hours. This was 

determined to be the time required for stabilization of suspension 

pH. The pH of the suspensi ons was determi ned by a Beckman 

Electromate pH meter equipped with a Beckman glass/calomel 

electrode pair. The suspension was continuously stirred with a 

Teflon-coated stirring rod driven by a magnetic stirring unit. 

The reaction vessel was kept in a water bath at 25C plus or minus 

1C throughout the experiment. The suspensions were continuously 

purged with nitrogen gas to exclude carbon dioxide. 

Equilibrium Sorption Experiment 

After the 48 hour suspension pH stabilization period, 10 

ml of 10-4M metal as Cd(N03)2,Nl<N03)2' or Zn(N03 )2 was added 

bringing solution volume to 1000 ml and the time noted. The pH 

was continually adjusted to remain stable at 5.5, 6.5, or 7.5 

through addition of 1M NaOH via buret. During this time 

temperature remained constant and carbon dioxide was excluded as 

previously described. Preliminary experiments indicated that 

sorption equi I ibrium was attained within 24 to 48 hours, so 48 

hours was dec i ded upon as the appropr i ate react ion time per i od. 

At 48 hours, 10 ml of suspension was extracted wi th a minipet 

glass syringe and transferred to a 50 ml polyethylene centrifuge 

tube and centrifuged at 15,000 RPM (Sorvall Model SS-3) for 20 

minutes to separate the sol id phase. The supernatent was then 
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decanted and stored for analysis to determine by difference the 

amount of metal sorbed. Triplicate samples were taken for all 

metals at 48 hours after metal addition and reported results are 

the average. 

Kinetics of Cation Sorption 

Metal addition, pH and temperature adjustment. and carbon 

dioxide exclusion were performed as for equi I ibrium experiments. 

Upon addition of the Cd2+,Ni 2+ and Zn2+ ion. 10 ml was taken at 

1.3,10.30 and 90 minutes and at 5.24 and 48 hours with a minipet 

glass syringe. For the first 3 time intervals the 10 ml 

suspensi on extracts were f i I tered through # 44 Whatman f i Iter 

paper and the filtrate saved for analysis. Weighing of filter 

paper upon drying showed an average of 490.8 mg of clay collected 

on the filter paper or a solution/clay ratio of 20.37 in the 

extracts. This indicated that this method of sampling removed a 

good sample of the suspension and that the fi Itrate was free of 

clay. The latter 5 time intervals (30 minutes to 48 hours). 

samples were centrifuged as described above. The amount of clay 

remaining in the centrifuge tubes was 493.4 mg or a solution/clay 

ratio of 20.26. A ratio greater than 20/1 is expected due to 

adsorption and entrapment of clay in the extraction syringe, as 

well as minute amounts in the filtrate or decanted solution. All 

runs were duplicated and reported results are the average. 
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Chemical/Instrumental Analysis 

Atomic Absorption Analysis of Metals Remaining in Solution 

Concentrations of Cd, Ni and Zn were determined using a 

model 503 Perkin-Elmer Atomir: Absorption Spectrophotometer 

equipped with graphite furnace. All anaiytical solutions 

contained 0.5% double dlsti lied HN03• Standards were made with 

1000 ppm Baker Chemical Company reagents for Atomic Absorption 

Analysis. 

Total Metal Analysis of Prepared Clay Samples 

The CaN03 saturated clay samples were analyzed for total 

metal analysis as follows: 

1. Clay was dried at 105 C until moisture-free, weighed to 

1.0000 g on analytIcal balance using triplicate samples, 

and placed in 150 ml teflon beakers. 

2. 20 ml freshly made aqua regia (3:1 HCI:HN03) 

and 6 ml HFwere added. The beaker was covered with teflon 

watchglass and heated to 80-90 C to near dryness. 

3. Teflon watchglass and beaker washed with 0.20 M HN03 and 

heated gently to 70-80 C to near dryness. 

4. 25 ml of 0.10M HN03 was added and the solution heated 

gently to dissolve all residue. 

5. The beaker contents were filtered through a 0.45 urn pore 

size filter while scrubbing the sides of the beaker with 

a clean policeman and washing the sides with 0.10M HN03 . 



33 

The solution was made up to 50 ml volume with 0.10M HN03 

and analyzed as above. 

This measured the native amounts of Cd, Ni and Zn in the 

clays before metal addition. 

Clay Surface Area 

The surfa~e area of the Ca-saturated kaolinite was 

6.05 m2/g and that of the montmorillonite 304.98 m2/g from water 

absorption at 19 percent relative humidity (Quirk, 1955). The 

procedure was: 

1. A sample of clay was dried at 105 C overnight and 

triplicate samples of 1.0000 9 weighed on an analytical 

balance. 

2. The sample was placed in a dessicator over saturated 

CaBr2 solution at 19 % relative humidity and evacuated. 

3. After 1 week at 20 C the clay + weighing can was weighed 

with the area of a water molecule taken to be 0.108 nm2. 

Metal Speciation In Solution 

The amount of metal sorbed was determined by difference 

from the amount added and the amount analyzed in the filtrate or 

supernatent solution. That amount analyzed by the atomic 

absorption spectrophotometer was total metal and includes species, 

which before acidifying may have included ion pairs and complex 

Ions. Some of these species were also presumably sorbed as well 
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as present In solution. A computer speciation program, MICROQL, 

was used to determine the speciation of Cd, Ni, and Zn at the 

var i ous pW sand 1 n the presence of the comp I ex i ng 11 gands in 

solution. 



CHAPTER 4 

PHYSICAL/CHEMICAL CHARACTERIZATION OF CLAYS 

Kaol In lte 

The kaolinite used in this study was a well crystallized 

kaol ini te from the contact of the Coastal Plai~ and Piedmont in 

Georgia. Designated KGa-1 by the Clay Mineral Society, it was 

co I I ected and prov i ded by Georgi a Kao lin Company. The we I I 

crysta I i zed sample occurs at a depth of 12 meters over I ai n by 

sand. The kaolIn bed was about 7.2 meters thick (Van Olphen and 

Fr i pia t, 1 980 ) • 

Kaolinite is a 1:1 clay mIneraI composed of a tetrahedral 

and octahedral sheet. The tetrahedral sheet consists of 

polymerIzed silica tetrahedra (Si04-), formed fr0m the sharing of 

corners occupied by oxygen ions. The octahedral sheet consists of 

a polymerized octahedral complex composed of a central metal ion 

surrounded by six anions (eg.oxygens,hydroxyls;Figure 2). This 

central metal Ion is alumInum in kaolini te and it occupies 2 out 

of 3 octahedral posItions wIth the third vacant. This arrangement 

is termed dioctahedral. When all central metal posi tions are 

occupied the structure Is termed trioctahedral and these are the 

serpentine minerals (amesite,cronstedlte). When magnesium is in 

the octahedral position, the mineral is antigorite. The two 

35 



36 

___ ----Si 4 + 

2:1 LAYER 

Fl~lre 2~ lsl and 211 layer type cl~y ~1nerals. 
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sheets are he I d together by hydrogen bondi ng between the oxygen 

ions of the tetrahedra I sheet and hydroxy I s of the octahedra I 

sheet. The thickness of the two sheets (z direction) is 0.7 nm. 

The chemical analysis of the kaolinite sample is from Van 

Olphen and Fripiat,1980 and is listed in Table 7. Also included 

in the table are the amounts of native Cd, Ni and Zn in the clay 

from total metal analysis as described In Chapter. 3. 

Infrared spectrophotometry involves the twisting, bending 

rotating and vibrational motIons of atoms. When exposed to 

infrared radiation, portions of the incident radiation are 

absorbed at wavelengths unique for the particular substance. This 

produces a highly complex 'blueprint' or absorption spectrum 

reflecting the functional groups and overall atomic arrangement of 

the material. Infrared spectral analysis is from Van Olphen and 

Fripiat and is summarized in Figure 3 and Table 8. 

Differential thermal analysis (DTA) is another analytical 

means of identIfying clay materials and is supportive of IR 

analysis. DTA involves the heating of a sample and an inert 

reference material together and monitoring temperature changes of 

the sample which result from lIberation or absorption of energy 

compared with the inert material. The differential temperature 

tells wether the transItIon is exothermIc (gives off 

energy- tempera tUL~ 1 ncreases) or endotherml c (absorbs 



Table 7. 

Chemical Analysis of Clay Mine~al Society Clays (as %). 

Kaol i nHe (KGa-l) MontmorIllonite (SIx-I) 

Si02 44.2 70.1 

AI203 39.7 16.0 

Ti02 1.39 0.22 

Fe203 0.13 0.65 

FeO 0.08 0.15 

MnO 0.002 0.009 

MgO 0.03 3.69 

CaO 0.02 1.59 

Na20 0.013 0.27 

K20 0.050 0.078 

P205 0.034 0.026 

Total 99.40 99.37 

Trace Elements of Interest (ppm = ug/g clay). 

Kaolinite (KGa-l) Montnioc;;j0nice (~'lJs.::LL 

1.8 

10.5 

16.6 

0.9 

6.6 

10.5 
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Table 8. 

Infrared Spectroscopy Analysis Data--KGa-l Kaolinite. 

peak··maxima (cm-1) 

3695, 3669, 3653 

3621 

1117, 1105, 1034, 1011 

940, 915 

797, 650, 542, 472, 432, 
366, 348, 273 

sample 0.5 mg heated at 200 

Assignments 

OH stretching, hydroxyl sheet 

OH stretching inner OH 

SiO stretching 

OH deformation 

mixed SiD deformations and 
octahedral sheet vibrations 

C. in 0.5 inch KBr disk 

40 
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energy-temperature decreases). Endothermi c and exothermi c peaKs 

have been identified and are summarized for the kaolinite sample 

by Van Olphen and Fripiat, 1980 in Figure 4 and Table 9. 

Mon tmorJ.-LLQIl..J.ll 

The montmorillonite In this study was from an extremely 

white bentonite deposit in south central Texas. It is widely used 

in the tile industry as a binder owing to its white-firing nature. 

It was designated STx-1 by the Clay Mineral Society. 

Montmorillonite is a 2:1 clay mineral composed of an 

octahedral sheet sandwiched between two tetrahedral sheets (Figure 

2). Dloctahedral forms result from weathering, whereas the 

tr i octahedra 1 forms are inherited from parent material and are 

much less common in soils. Cationic substi tution occurs In the 

octahedral sheet. Iron and magnesium are the predominant cations 

which substitute for aluminum in the octahedral sheet, leaving a 

positive charge defecit, which must be balanced by other cations 

either Inside or outside the crystal. 

Three clay mineral groups are defined in the 2:1 clay 

minerals. These are micas, vermiculites and smectites. They are 

differentiated by their layer charge which is the number of moles 

of net electron charge per unit cell produced by isomorphic 

substitutions. Table 10, adapted from Bohn, 1979 lists the layer 

charge for these groups as well as where the substitutions occur 

and the names of the resultIng clay minerals. 
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Table 9. 

Diffe~ential The~mal Analysis Data--Clay Mine~al Society Clays. 

Sample 

KGa-1 Kaolinite 

STx-1 Montmo~llionite 

DTA peak temperatu~es ( C) 

630- Q, 1015+ # 

185- ~, 240- ~ (sh), 720- Q, 
1055+ #, 1090+ #, 1135+ # 

(Q) dehyd~oxylation; (#) formation of thermal decomposition 
products; (~) desorption of water; (sh) shoulder; (-) 
endothermic peaks; (+) exothermic peaks. 
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TABLE 10. 

2:1 Layer Silicate Minerals. 

Mineral 
Group 

Smectites 

Layer charge per 
formula unit in 

Tetrahedral Octahedral 
Sheet Sheet 

0.25-0.6 
o 

o 
0.25-0.6 

Vermiculites 0.6-0.9 o 

Micas 1 o 

Predominant 
QC~~hedral C~tion 

44 

Beidellite Saponite 
Montmorillonite Hectorite 

Vermi cu 11 te 

Muscovite Biotite Q 

Q Mg2+ and Fe2+ In octahedral coordination, K in the interlayer 
position. 
From Bohn, 1979. 
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The degree of swelling in clay minerals is inversely 

relatea to the magnItude of the layer charge. The smectite group, 

of which montmorIllonite is the best known example, has the 

greatest tendency to expand when wet, exposing much greater 

surface area than that of the mica and vermiculite groups. 

Kaolinite, a 1:1 clay mineral, Is nonexpanding and exhibits only 

external surface area. 

The chemical analysis of the montmorillonite sample is 

from Van Olphen and Fripiat,1980 and is listed In Table 7. Also 

Included In the table are the native amounts of Cd, NI and Zn as 

determined from the total metal analysis described in Chapter 2. 

DifferentIal thermal analysis and infrared spectral 

analysis data from the same source Is also included in Figures 5 

and 6 and Tables 9 and 11. 
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Table 11. 

Infrared Spectroscopy Analysis--STx-l MontmoLillonite. 

peak maxima (cm-1) 

3625 

3400 

1620 

1400 

1097, 1038 

918 

849 

797 

697 

630. 522, 470, 344 

Assignments 

OH stretching 

hydration, OH stretching 

hydration, HOH deformation 

carbonate 

SiO stretching 

OH deformation,linked to 2 A13+ 

OH deformation,linked to AI3+Mg2+ 

silica 

quartz 

SiO deformation and AlO stretching 
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Figure 6 0 Differential Thermal Analysis of Montmorillonite 
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CHAPTER 5 

RESULTS AND DISCUSSIONS-I. EQUILIBRIUM SORPTION OF CD, NI AND ZN. 

Sorption In Ca(CI04>2 by kaolinite. 

The selectivity of Cd, Ni and Zn by kaolinite was measured 

using Kurbatov plots as described In Chapter 2. Adsorption 

se I ect I v I t y decreased I n the order Cd ) Zn ) N I when react Ions 

were carried out in O.OlM Ca(CI04>2 over a range of pH from 5.5 to 

7.5 as shown in Figure 7. The pH50 values were 4.49.5.37 and 

5.80 for Cd, NI and Zn respectively. The standard deviation of 

pH50 values was 0.1 pH units. The Cd > Zn ) Ni order follows the 

order of decreasing ionic radii ~nd increasing electronegativity, 

or decreasing softness as shown in Table 12. Kaolinite has a 

marked preference for the softer metal Cd compared to the 

relatively hard Ni. Kaolinite follows the same trend found in 

univalent cation adsorption and suggests from the HSAB principle 

that the kaolinite surface behaves as a soft Lewis base. As 

discussed in Chapter 2. 'hard' and 'soft' are relative terms. In 

this case the surface functional groups of kaol ini te are softer 

than the hard sol vat I ng water mol ecu 1 es. Table 13 lists the 

percent metal sorbed after 48 hours at pH 5.5.6.5 and 7.5 as well 

as the In D values (see Chapter 2), In all cases adsorpt i on 

increases with increasing pH. The hydroxyl ligand affects 

49 
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Figure 7. Adsorption of Cd, Nl and Zn on kaolinite 
(in O.OlM calcium perchlorate). 
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Table 12. 

Comparison of pHSO values and physical constants for metal 
adsorption on kaolinite in O.OlM Ca(CI04)2 . 

Metal pH5D RadliCpm) Electronegativity 

Cd 4.49 97 1.46 

Zn S.37 74 1.66 

Nt 5.80 69 1. 75 

Selectivity: Cd > Zn > Nl 
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Table 13. 

Adso~ption of Cd, Ni and Zn by kaolinite in 0.01M Ca(CI04 )2' 

Metal pH % ads In D 

Cd 7.5 99 4.60 

6.5 95 2.94 

5.5 83 1.59 

Zn 7.5 99 4.60 

6.5 89 2.09 

5.5 64 0.58 

Ni 7.5 82 2.09 

6.5 61 0.71 

5.5 48 -0.08 
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adsorption according to pathway 2 or 4 In Figure 1. MOH+ species 

exhibit a high affinity for surface functional groups or OH- Is 

adsorbed and funct ions as a br i dge between the surface and the 

metal cation. 

From computer speciation data, the only adsorbate species 

present in these solutions are M2+ and MOH+. With perchlorate as 

the background electrolyte anion and carbonate excluded, the only 

complex ion formation in solution involved is the hydroxide anion. 

Adsorption on the clay minerals was the predominant means of metal 

removal from solution. Prec 1 p i tat i on was prec I uded with the 

concentrations of metals and other species used and the 

exclusion of carbonat~ from the reactions. 

Sorption In Ca(CI04)2 by montmorillonite. 

Selectivity for the clay mineral, montmorillonite, was 

also measured by Kurbatov plots. As with kaolinite the order of 

selectivity was Cd > Zn > Nl in a.D1M Ca(CI04)2 from pH 5.5 to 7.5 

as shown in Figure 8. One notable difference was the closeness of 

the pH50 values for Cd and Zn (Table 14). The difference was 0.10 

pH unit which is within one standard deviation (O.lO unit) and 

hence the dIfference was not signifIcant. The difference between 

Cd ,with the greatest affinity, and Ni, the least preferred, was 

o .62 un its as compared with a range of 1.31 in the case of 

kaolinite. The pH50 value for Cd increased compared to kaolinite, 

while the values for Zn and Ni decreased. This indicated that the 
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Table 14. 

Comparison of pH50 values and physical constants for metal 
adsorption on montmorillonite In O.01M CaCCI04>2 • 

Crystal 
Metal pHso RadiiCpm) Electronegatlvity 

Cd 4.66 97 1.46 

Zn 4.76 74 1.66 

Nl 5.28 69 1. 75 

Selectivity: Cd > Zn > Nl 
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mineral surface of montmorillonite behaved as a 'harder' base than 

kaol inite, but was sti I I relatively soft compared to the water 

molecules which solvate the metal ions in solution. 

Adsorption increased with pH as with kaolinite. This!s 

illustrated in Table 15. Hydroxyl groups faci I itated adsorption 

by acting as bridges between the surface and the metal cation as 

weI i as by hydrolyzIng metal ions in solution for adsorption as 

univalent complexes. The soqjtion equi I ibrium and metal 

speciation was the same as with kaolinite, with M2+ and MOH+ the 

predominant adsorbing species. 

The differences between kaolinite and montmorillonite 

which contribute to adsorptIon differences are basically twofold. 

In addition to the greater percentage of hydroxyl edge sites on 

kaolinite, the ditrigonal cavity formed by six corner-sharing 

si I ica tetrahedra associated wi th the si loxane surface functions 

as a relatively hard Lewis base when isomorphic substitution has 

occurred in the crystal structure of montmorillonite. Where 

isomorphic substitution has occurred in the octahedral sheet (Fe2+ 

or Mg2+ for A 13+) , the resu It i ng excess negat i ve charge can 

distribute itself over the oxygen atoms of the silica te~i.·ah~~Z"~ 

associated through their apices wi th the oc:tah'~dral layer 

(Sposito,1985). This is a greater distribution vf the net 

negative charge than is the case for substitution in the 

tetrahedral layer (AI 3+ for Si 4+), where the excess charge is only 



57 

Table 15. 

AdsorptIon of Cd, NI and Zn by montmorIllonIte In O.OlM Ca(CI04)2' 

Metal pH % ads In D 

Cd 7.5 99 4.60 

6.5 94 2.75 

5.5 81 1.45 

Zn 7.5 99 4.60 

6.5 93 2.59 

5.5 80 1.39 

NI 7.5 88 1.99 

6.5 75 1.10 

5.5 55 0.20 
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distributed among the three surface oxygen atoms of one 

tetrahedra; and it be i ng more I oca I i zed on the surface can form 

stronger surface complexes. These would be inner-sphere surface 

complexes as opposed to outer sphere complexes. Inner-sphere 

complexes have no water molecules interposed between the metal 

(bound species) and the surface site. Outer-sphere complexes have 

water molecules separating the metal ion and the surface site. 

Out~r-sphere complexes are characterized by long-range 

electrostatic bonds, whereas inner-sphere complexes are short 

range and stronger, that is, more stable. Generally, inner-sphere 

complexes are more covalent in their acid-base bonding mechanisms. 

Pearson (1968) equates ionic bonding with hardness and 

covalent bonding with softness. Sposito (1981> also makes this 

point and further equates hard with ionic bonding and outer sphere 

complexes, and soft with covalent bonding and inner sphere complex 

formation: 

Because ionic size and charge are the dominant 
properties of hard Lewis acids and bases, it is 
expected that their complexes will involve ionic 
chemical bonds and, therefore, wi)1 tend to form 
outer-sphere complexes. Because a high 
polarizability is their (bivalent transition metal 
cations) dominant property as Lewis acids, these 
cations are expected to engage in more covalent 
bonding to ligands and, therefore, to form 
inner-sphere complexes. 

The data suggest that the surface functional group, the 

siloxane ditrigonal cavity, acts as a harder site than the edge 

hydroxyls, decreasing the overall softness of the mineral sorbent. 
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This is consistent with the above, when isomorphous substitution 

takes place in the octahedral layer of the montmorillonite. This 

creates excess negative charge, which is spread o'Jt between the 

tetrahedral and octahedral contact within the crystal, and leads 

to the formation of relatively hard outer-sphere complexes with 

metal ions in solution. 

Sorption in CaCI 2 by kaolinite. 

When the adsorption reaction was carried out in O.OlM 

CaCI 2, the selectivity order was changed to the order Zn > Ni > Cd 

over the pH range 5.5 to 7.5, Figure 9. The only change from the 

experiment above was that CaCI 2 was the electrolyte as opposed to 

Ca(CI04)2' The extent of complex ion formation in solution is 

shown in Apppendix B, Tables B2, 83 and 86. CdCI+ accounts for 

almost 39% of metal species in solution whereas ZnCI+ and NiC\+ 

account for only about 2% and 1% respectively. Table 16 ilsts the 

pH50 values for this case as well as those where perchlorate was 

the major anion. Also listed is the percentage of divalent metal 

in solution when chloride was present from f:.rCROQL data. In 

comparison to the case (O.OlM Ca(CI04)2) where virtually all of 

the metal is present as M2+, the decrease in Cd adsorption was due 

to CdCI+ having a low affinity for adsorption sites. This also 

appeared to be the case for Ni, where the pHSO value decreased by 

about the same percentage as the amount of dIvalent species in 

solution; but because of the large extent of chI oro-cadmium 
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Table 16. 

CompaLison of pH50 values and metal speciation fOL metal 
adsoLption on kaolinite. 

Metal 
Cd 

Zn 

Ni 

CIO -4 
4.49 

5.37 

5.80 

Selectivity in O.OlM CaCI 2: 

6.20 

5.12 

5.82 

58 

96-98 

91-99 

Zn > Ni > Cd 

61 
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complex ion formation, adsorption by cadmium was depressed most. 

The Zn adsorption was enhanced by the presence of chloride wi th 

the pH50 va I ue the lowest for a I I cases and lower than wi th 

Ca(CI04)2 as the background electrolyte. This is consistent with 

studies by Bolland (1970) and Forbes (1973), where zinc adsorption 

was greater from chloride solutions than from perchlorate and 

nitrate solutions. 

The soft acid, cadmium, is strongly attracted to the 

relatively soft base, chloride, competing with the mineral surface 

for cadmium; and as a result more of the cadmium remains In 

solution. The relatively hard acid, zinc, is increasingly sorbed 

from ch I or i de so I u t j on, presumab I y as ch I oro-z inc camp I exes or 

from favorable alteration of the negatively charged mineral 

surface, when chloride is present in solution. 

The adsorption increased with increasing pH as before, but 

the range was much wider. In particular, at pH 5.5 only 30% of Cd 

was adsorbed (Table 17), compared with 83% where complex ion 

formation was minimized using Ca(CI04)2. This wider range of 

adsorption differences over a narrow pH range is typical of soil 

adsorption isotherms where a wide array of complexing ligands are 

present in solution. 
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Table 17. 

Adsorption of Cd. Ni and Zn by kaolinite in O.OlM CaCI2' 

Metal pH % ads In 0 

Zn 7.5 98 3.89 

6.5 92 2.44 

5.5 64 0.58 

Ni 7.5 81 1.45 

6.5 59 0.36 

5.5 47 -0.12 

Cd 7.5 86 1.82 

6.5 56 0.24 

5.5 30 -0.85 
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Sorption In CaCI 2 by montmorillonite. 

The adsorption selectivIty on montmorillonite, with 

chlorIde as the complexing species, was the same as for kaolinite 

with chloride: Zn > Ni > Cd (Figure 10). The effects of complex 

ion formation were once again the most significant factor 

affecting the adsorption sequence. Table 18 lists the pH50 values 

and extent of adsorption at equilIbrium. Once again the CdCI+ 

species had a low affinity for the clay surface, the Ni was little 

affected, and Zn adsorption was increased over that in perchlorate 

solutions. The pH50 value for Zn2+ was very low, 4.13. This was 

due to the combined effect of the chloride ion and the 

montmorillonite surface. Where perch lorate was used and the 

mInerai surface varied, montmorillonIte adsorbed more Zn. 

LIkewise when the varIable was the lIgand, chloride resulted in 

increased adsorption of Zn. The combinatIon of both a favorable 

surface and chloride present in solution led to optimum adsorptIon 

of Zn. 

Increasing pH in the rang~ of 4.5 to 5.5 increased 

adsorption reflecting the significant effect of the hydroxide 

ligand in the ad~~~~~! ~n of meta lions. The range of equ iii br i um 

adsorption for Cd im Table 19 is further proof that the surface 

of montmorillonite was less preferred by the Cd adsorbing species 

compared to kaolinite (Table 17). Ranges in adsorptIon of Ni from 

the above two tables indIcate little difference in adsorption 
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Table 18. 

Com9arison of pH50 values and metal speciation for metal 
adsorption on montmorillonite. 

Metal 
Cd 

Zn 

Ni 

CIO -4 
4.66 

4.76 

5.28 

SelectIvity In O.OlM CaCI 2: 

5.70 58 

4.13 96-98 

5.65 91-99 

Zn > NI > Cd 

66 
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Table 19. 

Adsorption of Cd, NI and Zn by montmorillonite In CaCI 2 . 

Metal pH % ads In D 

Zn 7.5 88 1.99 

6.5 81 1.45 

5.5 69 0.80 

Ni 7.5 85 1. 73 

6.5 70 0.85 

5.5 46 -0.16 

Cd 7.5 71 0.90 

6.5 56 0.24 

5.5 50 0.00 
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preference by the two mineral surfaces. 

~Sorption In CaS04 by kaolinIte. 

In the case of metal adsorptIon on kaolinIte with CaS04 as 

the background electrolyte, adsorption dIffered slightly from the 

chloride solutions. The sequence was Zn > Cd > Ni, Figure 11, 

Zn was the most preferred, but Cd was adsorbed to a greater extent 

than NI. The difference between pH50 values, Table 20, was less 

than in the CI- and CI04- solutions. Data from the MICROQL 

speciation program (AppendIx B, Tables B1,B4,B5) shows the 

percentages of M2+ and MS04 species for the metals under these 

conditions. Extent of complexation was aproximately the same for 

Cd, NI and Zn. The adsorpt 1 on sequence was a funct i or. of the 

adsorbent and its preference for the metal ions present in 

solution. Without a complexing ligand, as was the case for the 

CI04- solutIons, the sequence for kaolinite was Cd :> Zn > Ni. 

Least affected by sulfate was Zn. The pH50 value was 5.39 as 

opposed to 5.37 for adsorption on kaol ini te In CI04- (Table 20). 

Cd and Zn both had higher values !n ~Jlfate compared with 

perchlorate solutions. Sulfate is a relatively hard Lewis base 

and associates strongly with Zn. The data suggest that sulfate 

aids or has lit tie effect on Zn adsorpt ion, bu t depresses the 

adsorption of the other metals when the adsorbent is kaolinite. 

Zinc sulfate complexes may sorb or the sulfate anion may act as a 

bridge for Zn adsorption on kaolinite. 
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Table 20. 

Comparison of pH50 values and metal speciation for metal 
adsorption on kaolinite. 

Metal 
Cd 

Zn 

Ni 

CIO -4 
4.49 

5.37 

5.80 

Selectivity in O.OlM CaS04: 

SO 2-
5.6~ 
5.39 

6.02 

58 

62 

60-63 

Zn > Cd > Ni 

70 
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Table 21. 

Adsorption of Cd, NI and Zn by kaolinite in O.OlM CaS04' 

Metal pH % ads ln D 

Cd 7.5 93 2.59 

6.5 80 1.39 

5.5 64 0.12 

Zn 7.5 89 2.09 

6.5 69 0.80 

5.5 49 -0.04 

NI 7.5 77 1.20 

6.5 55 0.20 

5.5 43 -0.28 
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As pH increased, adsorption Increased for all metals. 

AdsorptIon in sulfate by kaolInIte represented the lowest range of 

Ni adsorption In the study (Table 21>, and further explains the 

position of Ni In the above sequence. The relatively hard Lewis 

acid, Ni, complexes the h~rd Lewis base, 504
2-. The sulfate anion 

competes with the kaolinite surface for the Ni and more Ni 

remains in solutIon. 

SorptIon in CaS04 by montmorIllonite. 

WIth montmorillonIte as the adsorbent, the order of 

selectivity in CaS04 solutions is Zn ) Ni > Cd, Figure 12, the 

only difference from the same as in CI- solutions. The 

CaS04-kaolinite case was the adsorbent. This is further evidence 

of the preference of Cd for the kaolinite surface as was seen in 

the adsorptIon of metals on kaolinite and montmorillonite in 

The hIgh affInIty of Cd for the kaolinite is 

responsIble for the transposItion of NI and Cd in the sulphate 

solutions. FIgure 12 also demonstat~s the selectivity of the 

harder NI and Zn ions for montmorillonite as was the case with the 

perchlorate experiments. Table 22 shows the lowest Zn pH50 value 

in the entIre study. ThIs Is reflected in the equilibrium 

sorptIon data in Table 23, where maximum extent of Zn sorption is 

higher than when CaCI 2 Is the background electrolyte; and 

adsorption, even at pH 5.5, is relatively high (72%). 
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Table 22. 

Comparison of pH50 values and metal speciation for metal 
adsorption on montmorillonite. 

Metal 
Cd 4.66 

Zn 4.76 

Ni 5.28 

Selectivity in a.OIM CaS04: 

4.00 

5.81 

58 

62 

60-63 

Zn > Ni > Cd 

74 
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Table 23. 

Adsorption of Cd, Nl and Zn by montmorillonite in O.OlM CaS04' 

Metal pH % ads In D 

Zn 7.5 90 2.20 

6.5 83 1.59 

5.5 72 0.94 

Ni 7.5 80 1.39 

6.5 68 0.75 

5.5 42 -0.32 

Cd 7.5 71 0.90 

6.5 61 0.24 

5.5 42 -0.32 
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A comparison of Tables 20 and 22 show the same pH50 trends 

as were seen in the perchlorate data. The pH50 value for Cd on 

kaolinite is smaller (greater affinity) than for montmorillonite, 

while the values for Ni and Zn are larger for kaolinite than 

mcntmorillonite. Cd apparently has a high affinity for the 

hydroxyl edge sites characterized by the kaolinite mineral. While 

montmorillonite also has these sites, it has a much lower 

proport i on than does kao Ii n i te. Kao lin i te tends to stack in the 

vertical direction (c plane), while in montmorillonite particle 

dimensions are 10 to 20 times greater in the horizontal (ab plane) 

direction (Garcia-Mlragaya et al,1985). Ni and Zn on the other 

hand prefer the re I at i ve I y harder si tes created by the si loxane 

ditrigonal cavities on the surface of the montmorillonite mineral. 

Table 23 also shows increasing adsorption with Increasing 

pH. As the concentration of OH- Increases, the sol id/solution 

interfacIal region becomes a more favorable environment for metal 

adsorption for both clay minerals and all complexing ligands 

studied. 

Proposed Adsorption Mechanisms 

A comparison of Figures 7-12 shows a marked difference in 

the slopes, between those in a relatively non-complexing solution 

environment (Ca(CI04)2) as opposed to those where extensive 

complex ion formation occurred (CaCI 2, CaS04)' The slope is a 

measure of the steepness of the adsorption edge and that steepness 



77 

Table 24. 

Kurbatov Plot Siopes--A Measure of the /Adsorption Edge/ . 

Metal LIgand Adsorbent Slope % M2+ 

Cd CIO -4 kaolinite 1.4 99 

Ni 1.3 99 

Zn 1.7 99 

Cd montmoril. 1.4 99 

Ni 0.9 99 

Zn 1.4 99 
-------------------------------------------------------

Cd Cl- kaolinite 1.3 61 

Ni 0.9 98 

Zn 0.8 99 

Cd montmoril. 0.7 61 

Ni 1.0 98 

Zn u 0.7 99 
----------------------~----------------~----------------

Cd SO 2-4 kaolInite 0.9 58 

Ni 0.8 63 

Zn 1.0 62 

Cd mO:ltmoril. 0.6 58 

N 0.7 63 

n " 0.6 62 
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is a reflection of the amount of H+ ions released upon metal 

adsorption (Sposito,1984). The slopes were steepest in the cases 

where M2+ species were the predominant adsorbing species, and 

averaged about 1.4 compared to 0.7 and 0.9 for the sulfate and 

chloride suspensions, Table 24. The slope steepened with 

decreasing complexation in solution. One hypothesis is that the 

slopes are steeper because more H+ ions are released with M2+ as 

the adsorb i ng spec i es than when MOH+ or ML is the adsorb i ng 

species. This is consistent with the models proposed by Kalbasi 

(1977) and Benjamin and Leckie (1980). 

The proposed mechanisms of adsorption are illustrated in 

Figure 13. In cases a and b, the cations adsorb from solutions in 

wh i ch comp I ex i on format Ion by ch I or i de and su I phate ions is 

Insignificant. If mechanism a were predominant, the change in 

slope would be less when complexing Ions were added to solution 

and the slopes would be much closer to 1.0. If case b alone were 

predominant, the slopes would be higher than 1.4. Mechanism a 

therefore cannot be completely discounted. 

In cases c and d, two mechanisms are proposed when species 

such as sulphate and chloride are present. In case c, the metal 

and ligand either camp! ex I n so I uti on and are adsorbed or the 

adsorption occurs sequentially with the same net result, the 

displacement of one H+ ion. In this case the metal-ligand complex 

behaves as a metal-like complex. This would result in the overall 
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Figure 13. Diagram of adsorption mechanisms for an 
aqueous metal-surface and metal-ligand-surface system. 
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decrease in pH of the solution initially as was observed for all 

cases or experimental addi tions. In case d, the ligand (CI- or 

504
2-) exchanges for an OH- on the mineral surface and then acts 

as a bridge for the metal ion with the release of an OH- to 

solution. This would result in an immediate increase in solution 

pH. wh i ch never occurred. I n case d the meta I-Ii gand comp I ex 

would behave as an anion. Thus, mechanisms band c appear to be 

the predominant mechanisms responsible for Cd, Ni and Zn 

adsorption by kaolinite and montmorillonite in the suspensions 

studied. 



CHAPTER 6 

RESULTS AND DISCUSSION--II. KINETICS OF CD, NI AND ZN SORPTION. 

Sorption on Montmorillonite and Kaolinite in Ca(Cl04 )2' 

The adsorption of Cd, Ni and Zn on kaol ini te and 

montmorillonite surfaces was found to best fit a second order rate 

equation of the form lI[MJ - lI[MJ o = kt , where [M] is the 

molar concentration of metal in solution at a given time during 

the reaction [MJ o is the initial molar concentration in 

solution, t is time and k is the reaction rate constant in units 

of dm3mol-1min-1. Strength of adsorption or affinity of the met~l 

ion for the adsorbent is reflected in the magnitude of the rate of 

the reaction. 

Table 25 lists the pk (-log rate constant) values for the 

adsorption of Cd, Ni and Zn on kaolinite and montmorillonite at pH 

5.5, 6.5, and 7.5 and the correlation coefficients for the 

respective second order equations. The equations have high 

correlation coefficients for the pH 6.5 and 7.5 cases, but were 

cons i derab I y lower for pH 5.5. Th i s was true for a I I cases 

studied. Adsorption was depressed at the lower pH and the 

characteristic inverted IL' shaped curve was flattened out in many 

cases. Kinetic adsorption curves are found in Appendix C for all 

cases. The curves for pH 5.5 were fitted for first order reaction 
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Table 25. 

KinetIc Adsorption Data for Cd, Nt and Zn In Ca(C104)2' 

METAL ADSORBENT pH pK R sa 

Cd kaolinIte 7.5 3.50 .9693 

6.5 4.54 .8802 

5.5 5.41 .5715 

Zn kaolinite 7.5 4.08 .9353 

6.5 5.53 .8230 

5.5 6.34 .8242 

NI kaolinite 7.5 4.53 .9607 

6.5 5.19 .9178 

5.5 5.84 .6582 

Cd montmorillonite 7.5 3.53 .9839 

6.5 4.51 .9522 

5.5 5.74 .7500 

Zn montmorillonite 7.5 3.82 .9837 

6.5 4.60 .8640 

5.5 5.07 .4711 

Ni montmorillonite 7.5 4.49 .9815 

6.5 ** 
5.5 5.20 .8231 

** no va I ue-··produced nega t i ve number. 
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equat Ions wi th simi I ar resu Its (i. e., poor I y corre I ated)' For 

this reason the analysis of results was limIted to the pH 6.5 and 

7.5 cases. 

Data from Table 26 shows rate of adsorptIon in the order 

Cd > Zn > Ni, or the same observed for adsorptIon selectivity in 

the equilibrium study. The fastest reaction rate was tor the 

adsorption of Cd on kaolinite, although the difference between 

that and Cd adsorption on montmorilonite was not signifIcant. The 

sequence was the same for montmor Ilion i te. The k i net i crate 

constants follow the same order as the pH50 values in the 

equilibrium study. Rates were faster for Zn and Ni adsorption on 

montmorilloni te compared wI th kaolini te, whi Ie the opposl te was 

true for Cd adsorptIon. Table 26 compares the equi Ilbrium and 

kinetic data for the adsorptIon of Cd, NI and Zn on kaolInite and 

montmorIllonite. Both approaches show kaolinite to have a high 

affInity for Cd. At pH 7.5 the correlation between pk and pH50 

values was very high. 

The adsorption curves over time (AppendIx C) show a 

two-step process. Adsorption is extremely fast in the first few 

minutes with the majority of the adsorption taking place in this 

time interval. A limitation of the study was that fIltration took 

about 15 minutes and presumably some adsorption continued to occur 

during the filtration process. This was most critical at the 

initial time periods and became less so as the experiment 
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Table 26. 

Comparison of rate constants (pk) versus pH50 values for metal 
adsorption in O.OlM Ca(CI04)2 at pH 7.5. 

Metal Adsorbent pk pHfill. 

Cd kaolinite 3.50 4.49 

Zn kaolinite 4.08 5.37 

Ni kaolinite 4.53 5.80 

Cd montmorilloni te 3.53 4.66 

Zn montmorillonite 3.82 4.76 

Nl montmor i II or.! te 4.49 5.28 

Correlation coefficient, pk vs. pH50 = 0.9924 (kaoi.) 
0.9905 (mont.) 



85 

proceeded. Nonetheless, an immediate adsorption occurred with pH 

of solution droppIng immediately, requiring additions of O.OlM 

NaOH to stabi Ii ze pH at one of the 3 I eve Is. As the react ion 

proceeded, con t i nued add I t Ions of NaOH were necessary bu t the 

amount required became progressively less and reflected the 

gradual flattening out of the adsorption curves. The inItial step 

was postulated to bt! a rapid exchange-type reaction with the 

adsorbent surface. These types of reactions have been shown to be 

first order reactions (Salim,197o; Sparks,1980). If more accurate 

data was possible for the initial time period, it is possible this 

wou I d fit a first order rate equat i on. In the case where the 

background electrolyte was Ca(CI04)2' this involved adsorption of 

the dIvalent metal and release of 1 or 2 H+ ions to solution as 

depicted below. 

lX-O-H + M2+ ---) 

and/or 

]X-O-H lX-O-
I + M2+ ---> I M + 2 H+ 
lX-O-H lX-O-

The much slower rate of adsorption approaching equilibrium 

accounts for mak i ng the overa I I react i on rate second order and 

this portion of the curves represent a slower diffusion into the 

crystal matrix. 
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Film dIffusion was the initial rate limiting step for all 

reactions (Bunzyl,1976 and Salim and Cooksey,1980). To negate 

this effect all reactIons were carried out in stIrred suspensions 

at equal speed, and reaction rates reflected the varying 

affinities of the metals for the adsorbents. 

SorptIon on Montmorillonite and Kaolinite in CaCI 2. 

The adsorption of Cd, Ni and Zn on kaolinite and montmorillonite 

with chloride present, was found to best fit a second order rate 

equation as descrIbed above. The correlation coefficients for the 

reaction at pH 5.5 were also low. Table 27 lists the pk values 

for adsorption in CaCI2' For kaolinite, the sequence of rate of 

adsorption was Zn) Nl ) Cd as was the order of selectivity in 

the equilibrium study. Rates were lower in all cases compared to 

the above where Ca(CI04)2 minimized complex ion formation in 

aqueous solution. The conclusion is that the adsorption of the 

chloro complex ions is slower. This may be due to prior complex 

formation in solution or on the surface of the clay. 

JX-O'-H JX-O-
) + M2+ + CI- ---) ) MCI- + 2 H+ 
JX-O-H JX-O-

or 

JX-O-H lX-O-
I + MCI+ ---) ) MCI- + 2 H+ 
JX-O-H lX-O-
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Table 27. 

KinetIc AdsorptIon Data for Cd, Ni and Zn in CaC12' 

METAL ADSORBENT pH pK R SQ 

Zn kaolinite 7.5 4.43 .8119 

6.5 5.06 .8786 

5.5 6.49 .5413 

NI kaolInite 7.5 4.75 .9554 

6.5 5.25 .7930 

5.5 5.39 .6937 

Cd kaolinite 7.5 5.03 .5805 

6.5 5.73 .9878 

5.5 ** 
Zn montmor IlIon I te 7.5 4.94 .8274 

6.5 5.35 .7868 

5.5 5.70 .5625 

Ni montmor i lIon i te 7.5 4.72 .9893 

6.5 5.13 .9207 

5.5 5.66 .8231 

Cd montmor ill oni te 7.5 5.01 .8023 

6.5 5.73 .9681 

5.5 6.05 .6506 

** no value--produced negatIve number 



88 

When montmorillonite was the adsorbent, the sequence was Ni > 

Zn > Cd rather than Zn > Ni > Cd, the sequence observed In the 

equilibrium study. Equilibrium studies showed high adsorption for 

Zn in CaCI 2 compared with the other metals, and much of this 

occurred immediately. This information is hidden in the 

adsorption experiments. 

In gene~a! ~he adsorption vs. time curves were similar to 

those previously described with the exception of Ni. When 

montmorillonite was the adsorbent, the Ni curve3 are almost linear 

with time. This indicates that the number of available adsorption 

sites remained constant CMattigod et al,1979), and that an 

adsorption maxima was not reached. 

Sorption on Montmorillonite and Kaolinite in CaS04. 

The adsorption of Cd, Ni and Zn on kaolinite and 

montmorillonite with sulfate present, was found to fit a second 

order rate equation better than a first order equation; but they 

had the lowest correlation of the background electrolytes studied. 

In no case was the correlation coefficient higher than 0.9. Table 

28 lists the pk values and correlation coefficients for adsorption 

in CaS04. The rate constants were the lowest for all cases 

studied. The adsorption rate sequence for kaolinite was Cd > Ni > 

Zn. The equil ibrium adsorption sequence for this system was Zn > 

Cd > Ni. The marked preference of Cd for kaolinite as mentioned 

in the equ iii br i urn study may be respons i b I e for th i s sequence, 
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Table 28. 

Kinetic Adso~ptlon Data fo~ Cd, Ni and Zn In CaS04' 

METAL ADSORBENT pH pK R SQ 

Zn kaolInite 7.5 5.21 .7073 

6.5 5.66 .7198 

5.5 6.51 .5523 

Cd kaol ini te 7.5 4.77 .8239 

6.5 5.47 .7110 

5.5 6.23 .6480 

Ni kaolinite 7.5 5.10 .6794 

6.5 5.64 .7612 

5.5 6.25 .6267 

Zn montmo~illonite 7.5 4.80 .8993 

6.5 5.35 .5966 

5.5 5.61 .6493 

NI montmorillonite 7.5 4.95 .8468 

6.5 5.19 .8951 

5.5 5.96 .5619 

Cd montmorillonite 7.5 5.38 .7980 

6.5 5.62 .8991 

5.5 6.36 .5273 
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however the low correlation values preclude making this statement 

with any reliability in the kinetic study. 

For montmorillonite, the adsorption rate sequence was the 

same as for the equilibrium study or Zn > Ni > Cd. Although the 

con'elation coefficients are higher for the montmorilloni te than 

the kaolinite, they were still below 0.9 in all cases. The 

greatest difference in adsorption sequences for both studies 

occurred in the same system; that is, the adsorption on kaolinite 

in CaS04' That Cd has a marked preference for the kaol ini te 

surface compared with montmorillonite is clear from both the 

kinetic and equilibrium studies, 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 

Kaolinite may be classified as a relatively soft Lewis 

base due to the hydroxyl surface functional groups which 

characterize this clay mineral. Adsorption of the relatively 

soft Cd was most preferred over the harder Ni and Zn ions, and 

adsorption of Cd was always greater on kaolinite than on 

montmori Iionite. When complex ion formation In aqueous solution 

was minImIzed (1.e. in CaCCI04)2)' adsorption decreased in the 

order of decreasing softness, Cd > Zn > Ni, for both clay 

minerals. 

Montmorillonite behaved as a slightly harder Lewis base 

than kaol ini te, sorbing the harder Ni and Zn ions to a greater 

extent than Cd. The charge exhibited by the siloxane ditrigonal 

surface due to isomorphic substitution in the octahedral layer of 

the montmorillonite is non-localized and leads to the formation of 

relatively hard outer sphere complexes with metal ions in 

solution. While montmorillonite also possesses surface hydroxyl 

groups, it has a much lower proportion than kaolinite. 

The presence of complex ions in soil solutions complicates 

the appJ ication of the Hard-Soft Lewis Acid-Base Theory to the 

adsorption of metal ions in solution. 
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Suspens ions wh i ch were 
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free of complexing ligands reflected predictable results. In the 

presence of chloride and sulfate ligands, adsorption sequences 

changed and reflected results from typical soil solution studies. 

I n some cases the adsorpt i on sequences can be exp I a i ned from 

chemical speciation data. When CI- is present in solution, Cd 

adsorption decreased significantly due to competition from the 

relatively soft Lewis base CI-, with the mineral surface, for the 

soft acid Cd. The chloride ion effectively competed with the 

surface functional groups of the clay mineral and more of the Cd 

remained in solution as chloro-cadmium complexes. For the harder 

acid Zn, this was not the case and Zn adsorption was actually 

increased in CaC I 2' For N i, the hardest Lew is ac i d, adsorp t ion 

was low in all cases reflecting the relative softness of the clay 

minerals studied. When a hard Lewis base, 504-, was present in 

solution, adsorption decreased further as the sulfate anion 

competed with the mInerai surface leaving more of the Ni in 

solution as a complex ion. 

Adsorption over tIme and calcll~ated adsorptIon rate 

constants were consistent with equilibrium selectivity data. 

Adsorption rates decreased In the order Cd > Zn > Nl in Ca(CI04>2 

for both clay mInerals. The adsorptIon curves ove~ time reflect a 

two-step adsorption process involving a rapid exchange-type 

reaction followed by a much slower adsorption involving diffusion 
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into the crystal matrix and/or alteration of the surface through 

formation of a new solid phase involving adsorbed ions. 

Adsorption of divalent metal ions involves the release of 

1 or 2 H+ ions to solution while the adsorption of metal-ligand 

complexes of the form, ML+, results in the release of only 1 H+ 

ion to solution. 

Both kinetic and equilibrium approaches to the study of 

adsorption reactions in aqueous systems provide complementary 

information on system behavior and support the use of HSAB as a 

I imited predictive tool for metal adsorption in environmental 

studies. 



APPENDIX A: SORPTION DATA 

Tabl e At. 

Sorption data for Cd on kaolinite in Ca(CI04)2' 

System Ligand pH time cone. (ppb) %ads mmol/g 

Cdlkaol perch 5.5 1 32 72 14.3 
2 26 77 15.4 
3 23 80 16.0 
4 22 81 16.1 
5 22 80 16.0 
6 19 83 16.6 
7 21 82 16.3 
8 19 83 16.6 

6.5 1 14 88 17.6 
2 13 89 17.7 
3 12 89 17.9 
4 8 93 18.6 
5 9 92 18.4 
6 8 93 18.6 
7 7 94 18.8 
8 6 95 19.0 

7.5 1 17 85 17.0 
2 13 89 17.7 
3 12 90 17.9 
4 10 91 18.1 
5 6 95 18.9 
6 3 97 19.4 
7 2 98 19.6 
8 1 99 19.8 

94 
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Table A2. 

Sorption data for Cd on kaolinite in CaCI 2• 

System Ligand pH t ime cone. <ppb) %ads mmol/g 

Cdlkaol chloride 5.5 1 78 31 6.1 
2 77 31 6.3 
3 77 31 6.3 
4 79 30 5.9 
5 79 30 5.9 
6 79 30 5.9 
7 79 30 5.9 
8 79 30 5.9 

6.5 1 67 40 8.1 
2 67 40 8.1 
3 66 41 8.3 
4 67 40 8.1 
5 67 40 8.1 
6 61 46 9.1 
7 56 50 10.0 
8 49 56 11.3 

7.5 1 66 41 8.3 
2 33 71 14.1 
3 31 72 14.5 
4 21 81 16.3 
5 20 82 16.4 
6 16 86 17.2 
7 19 83 16.6 
8 16 86 17.2 
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Table A3. 

Sorption data for Cd on kaolinite In CaS04' 

System Ligand pH time conc. (ppb) %ads mmol/g 

Cdlkaol sulphate 5.5 1 67 40 8.1 
2 64 43 8.6 
3 58 48 9.6 
4 62 45 9.0 
5 66 41 8.3 
6 64 43 8.6 
7 61 46 9.1 
8 57 49 9.9 

6.5 1 69 39 7.7 
2 56 50 10.0 
3 57 49 9.9 
4 41 64 12.7 
5 41 64 12.7 
6 40 64 12.9 
7 40 64 12.9 
8 35 69 13.8 

7.5 1 54 52 10.4 
2 41 64 12.7 
3 25 78 15.6 
4 21 81 16.3 
5 22 80 16.1 
6 21 81 16.3 
7 16 86 17.2 
8 12 89 17.9 
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Table A4. 

Sorption data for Cd on montmorillonite in Ca(CI04)2' 

System Ligand pH t Ime conc. (ppb) %ads nunol/g 

Cd/mont perch 5.5 1 25 78 16 
2 23 80 16 
3 23 80 16 
4 23 80 16 
5 22 80 16 
6 21 81 16 
7 21 81 16 
8 21 81 16 

6.5 1 27 76 15 
2 20 82 16 
3 17 85 17 
4 19 83 17 
5 14 88 18 
6 13 88 18 
7 10 91 18 
8 7 94 19 

7.5 1 23 80 16 
2 9 92 18 
3 8 93 19 
4 7 94 19 
5 4 96 19 
6 6 95 19 
7 3 97 19 
8 1 99 20 
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Table A5. 

Sor;ption data for; Cd on montmor;illonite in CaCI 2• 

System Ligand pH t lme cone. (ppb) %ads rmnol/g 

Cd/mont chlor;lde 5.5 1 70 38 8 
2 68 40 8 
3 67 40 8 
4 60 47 9 
5 60 47 n 

7 

6 57 49 10 
7 57 49 10 
8 56 50 10 

6.5 1 66 41 8 
2 66 41 8 
3 64 43 9 
4 64 43 9 
5 63 44 9 
6 61 46 9 
7 52 54 11 
8 49 56 11 

7.5 1 79 30 6 
2 72 36 7 
3 60 47 9 
4 48 57 11 
5 46 59 12 
6 39 65 13 
7 33 71 14 
8 33 71 14 
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Table A6. 

Sorption data for Cd on montmorillonite in CaS04. 

System Ligand pH time cone. (ppb) %ads rmnol/g 

Cd/mont sulphate 5.5 1 78 31 6 
2 69 39 8 
3 68 40 8 
4 72 36 7 
5 68 40 8 
6 65 42 8 
7 65 42 8 
8 65 42 8 

6.5 1 72 36 7 
2 64 43 9 
3 64 43 9 
4 58 48 10 
5 58 48 10 
6 54 52 10 
7 50 56 11 
8 44 61 12 

7.5 1 72 36 7 
2 49 56 11 
3 42 63 13 
4 42 63 13 
5 43 62 12 
6 42 63 13 
7 34 70 14 
8 33 71 14 
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Table A7. 

Sorption data for Ni on kaolinite in CaCCI04)2' 

System Ligand pH time cone. (ppb) %ads mmol/g 

NlIkaol. perchl 5.5 1 62 22 5.8 
2 60 24 6.5 
3 5E 30 8.2 
4 54 32 8.5 
5 46 42 11.2 
6 45 43 11.6 
7 46 42 11.2 

6.5 8 45 43 11.6 
1 57 28 7.6 
2 54 32 8.5 
3 51 35 9.5 
4 51 35 9.5 
5 43 46 12.3 
6 35 56 15.0 
7 32 59 16.0 
8 26 67 17.9 

7.5 1 62 22 5.8 
2 48 39 10.6 
3 42 47 12.6 
4 30 62 16.7 
5 24 70 18.7 
6 16 80 21.5 
7 14 82 22.1 
8 9 89 23.9 
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Table A8. 

Sorption data for Ni on kaolini te in CaCI 2• 

System Ligand pH TIme cone. <ppb) %ads. tmnol/g 

Nl/kaol chloride 5.5 1 57 23 6.0 
2 55 26 6.6 
3 48 36 9.0 
4 49 34 8.7 
5 43 42 10.7 
6 41 45 11.4 
7 39 48 12.1 
8 40 47 11.9 

6.5 1 44 41 10.4 
2 40 46 11.8 
3 38 49 12.4 
4 39 48 12.1 
5 35 53 13.5 
6 32 57 14.5 
7 30 60 15.2 
8 30 59 15.1 

7.5 1 55 26 6.7 
2 51 32 8.0 
3 54 28 7.0 
4 46 38 9.7 
5 46 38 9.7 
6 25 66 16.9 
7 19 74 18.9 
8 14 81 20.6 
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Table A9. 

Sorption data for NI on kaolinIte In CaS04. 

System Ligand pH TIme conc.(ppb) %ads. mmol/g 

Ni/kaol sulphate 5.5 1 46 36 9.2 
2 43 40 10.2 
3 44 39 9.9 
4 43 40 10.2 
5 46 36 9.2 
6 41 43 10.9 
7 42 42 10.6 
8 41 43 10.9 

6.5 1 45 38 9.5 
2 40 44 11.3 
3 42 42 10.6 
4 37 49 12.3 
5 35 51 13.0 
6 33 54 13.7 
7 33 54 13.7 
8 32 55 14.0 

7.5 1 35 51 13.0 
2 33 54 13.7 
3 26 64 16.2 
4 24 67 16.9 
5 22 69 17.6 
6 17 76 1.9.4 
7 18 75 19.0 
8 17 77 19.5 
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Table AlO. 

Sorpt ion data for Ni on montmorillonite In Ca(ClO4)2· 

System Ligand pH Time conc. (ppb) %ads. mmol/g 

Ni/mont. perchl. 5.5 1 50 28 6.5 
2 45 35 8.2 
3 42 39 9.2 
4 40 42 9.9 
5 36 48 11.2 
6 32 54 12.6 
7 31 55 12.9 
8 31 55 12.9 

6.5 1 46 33 7.8 
2 41 41 9.5 
3 40 42 9.9 
4 38 45 10.6 
5 33 52 12.3 
6 30 57 13.3 
7 22 68 16.0 
8 17 75 17.7 

7.5 1 45 35 8.2 
2 37 46 10.9 
3 36 48 11.2 
4 34 51 11.9 
5 27 61 14.3 
6 20 71 16.7 
7 14 80 18.7 
8 8 88 20.8 
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Tab I e All. 

Sorption data for Ni on montmorillonite in CaCI 2• 

System Ligand pH Time conc! <ppb) %ads. mmol/g 

Ni/mont chloride 5.5 1 62 22 5.8 
2 60 24 6.5 
3 56 29 7.8 
4 55 30 8.2 
5 51 35 9.5 
6 48 39 10.6 
7 43 46 12.3 
8 43 46 12.3 

6.5 1 54 32 8.5 
2 46 42 11.2 
3 43 46 12.3 
4 41 48 12.9 
5 39 51 13.6 
6 37 53 14.3 
7 25 68 18.4 
8 24 70 18.7 

7.5 1 37 53 14.3 
2 39 51 13.6 
3 37 53 14.3 
4 34 57 15.3 
5 36 54 14.7 
6 34 57 15.3 
7 16 80 21.5 
8 12 85 23.0 
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Table A12. 

Sorption data for Ni on montmorillonite in CaS04. 

System Ligand pH Time conc. (ppb) %ads. mmol/g 

Ni/mont sulphate 5.5 1 55 25 6.1 
2 56 23 5.8 
3 46 37 9.2 
4 45 38 9.5 
5 46 37 9.2 
6 42 42 10.6 
7 43 41 10.2 
8 42 42 10.6 

6.5 1 40 45 11.2 
2 37 49 12.3 
3 31 58 14.3 
4 37 49 12.3 
5 35 52 12.9 
6 30 59 14.7 
7 23 68 17.0 
8 23 68 17.0 

7.5 1 38 48 11.9 
2 29 60 15.0 
3 21 71 17.7 
4 21 71 17.7 
5 22 70 17.4 
6 22 70 17.4 
7 23 68 17.0 
8 14 80 19.9 
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Table Al3. 

Sorption data for Zn on kaolinite in Ca(CI04)2' 

System Ligand pH TIme cone. (ppb) %ads. mmol/g 

Zn/kaol. perchl 5.5 1 336 46 86.3 
2 338 45 85.7 
3 290 53 100.3 
4 294 52 99.1 
5 287 54 101.3 
6 245 60 114.1 
7 235 62 117.2 
8 222 64 121.1 

6.5 1 220 64 121. 7 
2 198 68 128.5 
3 119 81 152.6 
4 116 81 153.6 
5 111 82 155.1 
6 93 85 160.6 
7 70 89 167.6 
8 68 89 168.2 

7.5 1 124 80 151.1 
2 62 90 170.1 
3 35 94 178.3 
4 19 97 183.2 
5 6 99 187.2 
6 6 99 107.2 
7 5 99 187.5 
8 4 99 187.8 
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Table A14. 

So['pti()n data fo[' Zn on kaolinite in CaC1 2• 

System Ligand pH Time conc. <ppb) %ads. mmol/g 

Zn/kao) chloride 5.5 1 373 40 74.9 
2 278 55 104.0 
3 249 60 112.9 
4 230 63 118.7 
5 234 62 117.5 
6 231 63 118.4 
7 224 64 120.5 
8 222 64 121.1 

6.5 1 270 40 54.8 
2 259 42 58.1 
3 211 53 72.8 
4 201 55 75.9 
5 82 82 112.3 
6 65 86 117.5 
7 36 92 126.3 
8 36 92 126.3 

7.5 1 121 73 100.3 
2 95 79 108.3 
3 80 82 112.9 
4 41 91 124.8 
5 15 97 132.8 
6 11 98 134.0 
7 9 98 134.6 
8 8 98 134.9 
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Table Al5. 

Sorption data for Zn on kaolinite in CaS04' 

System Ligand pH Time conc. (ppb) %ads. mmol/g 

Zn/kaol sulphate 5.5 1 325 28 37.9 
2 240 47 63.9 
3 224 50 68.8 
4 228 49 67.6 
5 230 49 67.0 
6 210 53 73.1 
7 211 53 72.8 
8 209 53 73.4 

6.5 1 307 32 43.4 
2 306 32 43.7 
3 145 68 93.0 
4 200 55 76.2 
5 101 78 106.5 
6 90 80 109.8 
7 93 79 108.9 
8 90 80 109.8 

7.5 1 135 73 108.9 
2 89 82 123.0 
3 77 84 126.6 
4 62 87 131.2 
5 47 90 135.8 
6 36 93 139.2 
7 37 92 138.9 
8 34 93 139.8 
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Table A16. 

Sorption data for Zn on montmorIllonite in Ca(CI04)2' 

System Ligand pH Time conc. (ppb) %ads. mmol/g 

Zn/mont. perchl 5.5 1 112 21 9.2 
2 52 63 27.5 
3 34 76 33.0 
4 31 78 34.0 
5 30 79 34.3 
6 29 80 34.6 
7 28 80 34.9 
8 29 80 34.6 

6.5 1 62 56 24.5 
2 39 73 31.5 
3 29 80 34.6 
4 25 82 35.8 
5 19 87 37.6 
6 15 89 38.8 
7 11 92 40.1 
8 10 93 40.4 

7.5 1 55 61 26.6 
2 29 80 34.6 
3 24 83 36.1 
4 24 83 36.1 
5 19 87 37.6 
6 13 91 39.5 
7 7 95 41.3 
8 2 99 42.8 
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Table A17. 

Sorption data for Zn on montmorillonite in CaCI2' 

System Ligand pH Time cone. (ppb) %ads. mmol/g 

Zn/mont chloride 5.5 1 116 28 14.1 
2 69 57 28.4 
3 68 58 28.8 
4 62 62 30.6 
5 58 64 31.8 
6 51 69 34.0 
7 52 68 33.6 
8 51 69 34.0 

6.5 1 59 64 31.5 
2 57 65 32.1 
3 59 64 31.5 
4 41 75 37.0 
5 43 73 36.4 
6 36 78 38.5 
7 32 80 39.8 
8 31 81 40.1 

7.5 1 69 57 28.4 
2 55 66 32.7 
3 52 68 33.6 
4 44 73 36.1 
5 29 82 40.7 
6 25 85 41.9 
7 21 87 43.1 
8 19 88 43.7 
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Table Al8. 

Sorption data for Zn on montmorillonite in CaS04' 

System Ligand pH Time cone. (ppb) %ads. nunol/g 

Zn/mont sulphate 5.5 1 67 53 22.9 
2 59 58 25.4 
3 60 58 25.1 
4 49 65 28.4 
5 41 71 30.9 
6 39 73 31.5 
7 40 72 31.2 
8 40 72 31.2 

6.5 1 55 61 26.6 
2 48 66 28.8 
3 27 81 35.2 
4 28 80 34.9 
5 25 82 35.8 
6 26 82 35.5 
7 24 83 36.1 
8 24 83 36.1 

7.5 1 57 60 26.0 
2 37 74 32.1 
3 38 73 31.8 
4 26 82 35.5 
5 25 82 35.8 
6 16 89 38.5 
7 16 89 38.5 
8 14 90 39.2 



APPENDIX B: COMPUTER SPECIATION DATA 

TABLE Bl. 

(~I}SU'i 

'n -1)3-19I!b 

pH= ~.5 

5p~cies (;l'ncentr~li~n X I[llal lIetal X total lIetal Uigand 
(a21 5.991937E-03 65.46 0 (I 

t 3"H. 7.7B5169£-I') 0 (I I) 

(~S[l4 3.109167E-03 34.54 (I 34.54 
f,Bn4 4.213604E-(l7 (I 42.14 (I 

(dOH' 9.b2537SE-12 0 (I 0 
~n~ 5.B1I415E--OJ (I 0 65.46 
(rl2' 5.71!6292E-(l7 () 57.96 0 
irfi'II2 1.5b2P77E-lb 0 (I 0 

'" ;1.16UBIH'b 0 0 (I 

011- 3. 1 62277E-09 (I 0 0 

p"== I .• . ~ 

Sl1rries (:""re"h ~lil''' X t[lt~1 ~p.tal X t[lhl IIPhl mgilnd 
( ~~, 5.R9IBJIE-('3 b~.46 (I 0 

I ~r'lI. 7. 7B51 b9E -(19 iJ (I 0 

r·~n4 3.1(l9167E-03 34.54 0 34.54 

{ il~i1~ 4.213253E-O'l (I 4?13 0 

r~11H' '1.b24522E-II {t .01 (I 

Si)4 5.9mm-03 (I 0 65.46 

~rf-~' 5.795795E-(l7 (I 57.8,1, (I 

r~P1l2 1.5b274'1F.-1I, (I 0 (I 

II' J.162277E-(l7 (I 0 (I 

011- 3.lb229IE-09 (I U (/ 

pll= 7.5 
.' 

S,.~r ie; C[lncenlratil.n X tDhl lIetal X ttltal letal Xligalid 
[~21 ~.B91777E-(lJ 65.46 0 0 
f?irln 7.7115107E-('8 (I (I 0 
l~~fl4 3. \('8144E-('3 34.53 (I 3~.53 

r tiSil4 4.i'I'9bE-I)7 0 42.1 0 
fiji",. Ulbl6bE-10 0 .1 0 
:;111, :i. 119 I 434F.-l)3 \) 0 65.46 
( d.;' 5. 78\)764E -1)7 (I ~7.BI 0 
{ cll.'l'~ 1.~bIJ9E-12 0 (I (I 

I"~ 3. 1 b22R I E -('I! 0 0 (I 

1111 3. I 62277E -07 0 (I (I 
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Table 82. 

Speciation Data 

CdC) 
(13 -':03-1986 

pH= 5.~ 

Sp,=cies Lt'nccntralit'n ~ total lIIetal ~ total letal ~ligand 

L~2~ 9.993382E-03 99.93 0 0 
(~(111~ 1.320473E-(l9 (I (I 0 
C~C 1+ b.61342'3E-Ob .07 0 .07 
(rl(\+ 3.872S(l4E-07 (l 38.73 Q 

(dOH+ I.OI9287E-11 0 0 0 
5(1~ Q.993002E-03 0 0 99.93 
(d2+ 6.12744IE-07 0 61.27 (I 

t~(i1l2 1.65S03E-16 (t (I 0 

H' 3.lb2?8IE-(\b (I (I 0 

fill- 3.lb2277E-09 (t 0 0 

pH~ 6.5 

Sp"r.ies f (1IIr"!ltr~hll!l ~ tllta\ llietal ~ tll\al lIetal Uigttnd 

(~2t Q.993372E-!)J 99.93 (I (I 

( ?iilH I. 32')473E -1)8 0 (I 0 

(2(\+ b.bl339QE-06 .07 (I .07 

CdC! ~ 3.87213E-O'l (I 38.72 0 

~d{jH+ 1.0191881:-10 (I .01 0 

S81t Q • 993(1')2E -03 (I 0 99.93 

(d2+ b.126849E-07 (I 61.27 0 

[dOH2 1.6!:i48b8f-14 0 I) 0 

Ht 3.lb2277E-07 (I (I (I 

(lH- ;I.16e28IE-08 (t (I I) 

pH= 7.5 

SI,~cil'S i:llnc!?llhation ~ tot31 metal % total lIl'tal Uigi:lllli 

Ca2+ 9. 993254E-03 99.93 0 0 
r~OH+ I. 32'~459E-07 (I (I (I 

EaCH b.bI3329E-Ob .07 0 .07 
rrlrl~ 3.8b8579E-07 (I 38.69 0 
C~ljll~ I.OIBcS4E-09 (I .1 0 

S[lI, 9.9930(l2E-03 0 0 99.93 
Cd2+ 6.12123E-07 0 61.21 0 
( rWIt? 1.b~335E-12 0 0 0 
11+ 3.lb228IE-(l8 0 0 (I 

OH- 3. 162277E-07 (I (I 0 



Table 83. 

Speciation Data 

l':lt If t'l I C R (l 9 l. If- * * 

ZnCl 
03-(13-1986 

Sioecies 
Ca2l 
C~lJH~ 

C~Cl+ 

2n[.} + 
Znf)HI 
C\-
Zn2l 
ZnOl!2 
HI 
[lH-

Concentration 
9.993382E-03 
1.320473E-09 
b.bI3b52E-Ob 
1.74973IE-OB 
2.05711.~E-IO 

9.9933b7E-1}3 
9.822963E-07 
B.39(113bE-l3 
3.lb229IE-(lb 
3.lb2277E-09 

pll= 6. =. 
Sloe-CII'S ~(lncpnh ~tioll 

Lac t 9.993172E-I)1 
C~(ill+ I. 321)473E -(19 

rae\+ b.bI3b52E-Ob 
Z 1If'l + 1.74b3~3E-08 

ZnOH+ 2.053147E-(l9 
(J- 9.lln3b7E-(l3 
~n2+ 9.80399bE-(l7 
:nOH2 8.373933E-Il 
H+ 3.lb2277E -07 
[IH-- 3.162281E-OB 

pH= 7.5 

Speties lLoncelltr ~ t.i{lr. 
(il2l 9.993254E-03 
r~(1I1+ 1.320459E-07 
CaCl+ b.bI3582E-(lb 
ZnC\ t 1.7(1(1B27E-(l8 
ZnOH+ 1.999b23E-(l8 
rJ- 9.91133"E-03 
2112+ 9.54841JE-07 
ZnOIt? B.15563IE-(l9 
Hi- 3.lb229IE-09 
OH- 3.lb2277E-1)7 

% total I\etill % total metal %ligand 
99.93 I) 0 
(I o 0 
.07 o .07 
0 1.75 0 
0 .O~ 0 
(I o 99.93 
(I 98.:!30(l1 (I 

(I o 0 
0 Ij 0 
(I o 0 

% total ",elill % t.lltill ft\etill %litJdlld 

99.93 Q 0 
(I 0 0 

.07 0 .07 
(I 1. 75 0 
0 .21 0 
0 (I 99.93 
() 98.04 0 
t) .01 0 
0 (I (I 

0 (I 0 

% t[ltal lI!!tal % total 81l'tal %ligand 
99.93 (I 0 
0 0 0 
.07 0 .07 
(I 1.7 (I 

0 2 0 
0 (I 99.93 
0 95.43(101 0 
Q .8f' 0 
0 0 (I 

0 (I (t 
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Table B4. 

Speciation Data 

* * * 1'1 I CRCll;tl. **"* 

2n304 
(t3-tl 3-19Bb 

pH= o.~ 

S'I~cie5 Concentrtlt.i~n ~ total /letal X tDtal lIIetal Xligand 

(~er 5.891825:;-03 65.46 0 0 

r.~llilt 7.7B~lb9E-I(t \) 0 0 

C~S(]4 3.IOBI77E-03 34.54 0 34.54 

~nS(i4 3.825925E-07 0 3B.26 0 

ZnOHi 1.292701E-I0 0 .01 0 

sn4 ~.89W,3E-03 (I 0 65.46 

Z1l2+ 6 .1727?B~ -07 0 61.73 0 

~nnll2 5.27P.385E-13 0 0 0 

:If 3.16229IE-06 \) 0 0 

ilH 3 • 1 62277E -09 0 0 0 

pl\:= 6.5 

Sr.~c ies Cpncentrat i r·n ~ tot-al flIet,!1 ~ tot,,} lIetal X} igaml 

i:r~' 5~89\[119E-ll:) 65,46 0 (I 

[:;{lfl+ 'l.7B~15!lF-OQ (I 0 0 

[aSO I, 3.IOBI73E-0:3 34.54 0 34.54 

:n::'114 3.9212BSE-07 0 3S.21 0 

ZnOHi I. 29113E -09 0 .13 0 

S04 5.B9I41r3E-03 (I 0 65.46 

Zll~! b.lb5I'B2E-07 0 61.65 0 

Zn(11i2 5.265989E-11 ,) .01 " " 
H+ 3. 1 62277E-07 0 (l (I 

011- 3.1622BIE-OB 0 0 0 

pH= 7.~ 

SpHies Ct.ncl='llh ~ti[tn % tt.ta\ lI~tdl X hctal Iletal Xligano 

Ca2+ 5.89176QE-03 6!i.4b 0 0 

l:!LIH~ 7.7B5096E-OB (I 0 0 

(:lSO'i 3.108159E-03 34.54 0 34.54 
ZflSil4 3.7590331:-07 0 37.5B 0 

;:nOH' 1.269753E-OB 0 1.27 0 

sn~ 5.8914711:-03 0 0 65.46 

Zn2' b.O('3207E-07 0 60.63 0 
:r.{l1l2 5.179795E-09 (I .52 0 
HI 3.16228IE-08 0 0 0 
011· 3.1622771:-07 0 0 0 
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Table B5. 

Speciation Data 

II It* I'IICRUf.H **"* 

N i SUl. 
03 -f13 -1996 

pll= 5.5 

Species C(lncerltr ation 1. h.tai fIIetai % h.tal filet,s! Uigand 
[~2+ 6.3685IE-03 63.69 0 0 
(30H+ B.415029E-IO 0 0 0 
r,a~04 3.63149E-03 36.31 0 36.31 
Iii 504 3.b8118I1E-07 0 36.85 0 
!liOHf 2.29S1BE-1I (I 0 0 
504 6.3bBI4bE-(l3 0 0 63.6B 
Ni2+ 6.314912E-07 0 63.15 0 
!liOH2 5.3937B~E-IP 0 0 0 
III 3.162?9IE-(Ib 0 0 Q 
011- 3. 162277E-09 0 (I 0 

~.H= 6.5 

S~'H ies r:llnrentr at i on % tl.t.3J Ie:tal X tlltal lIetal ~I igallli 

[a21 6. 36950SE -0:3 63.69 0 0 

(~(lH+ B.415017F-09 {I 0 0 

[a504 3.63148'iE-03 36.31 0 36.31 

Iii S04 3.6B2074E-07 (I 36.8? 0 

lIiOH+ ?.29b476E-IO 0 .02 Q 

S(14 6.36BI46E-03 (l (I 63.68 

lIie+- 6.31023E-fl7 (I 63.1 (I 

!HOH2 5.3B9779E-IO 0 .05 (I 

fH 3. 162277E-07 0 (I 0 

OB- 3.1622BIE-(lB 0 (t (I 

pH= 7r5 

Sr~cie:s [:e.nrentJ ~ti(·n % h.taJ lIr:taJ X h.t~i .. etai X Ii galld 

[~2+ 6.369447E-(l3 63.68 0 0 

C."QIl+ a.414939E-(lB (I 0 0 

CdS04 3.b31473E-03 36.31 0 36.31 

lli Sf14 3.4BB72PF-07 0 34.89 0 

lIinHI 2.175876E-{l9 0 .2? Q 

5(11, 6.3bBIBPE-03 (I (I b3.6B 

Ilie l 5.97B83I:lE-07 0 :19.79 (I 

lIiml2 5.1% 732E -08 0 5.11 Q 

H+ 3.162291E -08 0 0 0 

fill 3 .lbPP77E- (17 (I 0 (I 



Table B6. 

Speciation Data 

If II- * "1 I C R (1 (;It -If- * * 

Hiel 
03-(13-1 Q96 

pH= 5.~ 

SJ!~de5 C(lncentr~titln 

C~C~ 9.Q93382E-(l3 
c~ntlt 1.320473E-OQ 
(~~l- b.bI36b9E-(Ib 
lIi(j· 1.111362E-OB 
/liOH+ 3.598b9IE-ll 
C\- 9.993372E-03 
~li 2+ 9.9B9413E-(I7 
tliOHP B.44b03BE-12 
H+ 3.lb229IE-Ob 
OH·· 3. I 62277E-(l9 

pH= 6.5 

~1'l?cies re'lI! !'lltr ~ti(ln 

[~21 9.q9337F.~-03 

(~nfl~ 1.320473E-OR 
[~(I- b.bI3b12E-Ob 
/I i (:J - I .11 (I(174E -OB 
tli OHf 3.594!lIIE-IO 
r\- 9.9?3372E-03 
/lief 9.97b954E-Q7 
tli OH? 8.4362381:-10 
H! 3 .162P77E -(0 

irH 3.lb22BIE-OS 

pH=- 7. =--

S(!I'C i ~5 [one eni:r ~ ti (In 
CdC+ 9.993254E-03 
CaOII+ 1.3c04SQE-07 
C~(\ - .~. 613592E -(16 
lIi[(- \.0214ME-IjB 
II;nH+ 3.307579E-(19 
r I 9.993382E-03 
lIi21 9. (18B502E -07 
~1;I.lH2 7. 7b2flO)5E -(19 

HI 3. \62231E-(13 
illl· 3.lb227?E-07 

X total setal ~ t(ltal lIetal 
99.93 0 
0 0 
.07 0 
0 1.11 
0 0 
0 (t 

I) 98.SB 
0 (I 

0 0 
iJ Q 

~ t{lt,s! l1!!t,,1 X hltal I!l?tal 
99.93 0 
0 0 
.07 0 
(I 1.11 
(I .04 
I) 0 
(I 9B.76999 
0 .OB 
0 0 
(I (I 

X h.t3\ setal K leotal lI!!tal 
99.93 I) 

I) (I 

.07 0 
0 1.02 
0 .33 
0 (I 

(I 90.B9 
0 7.16 
0 0 
(I (I 
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Xligand 
0 
0 
.07 
0 
0 
99.93 
0 
0 
0 
0 

~ ligand 
0 
0 
.07 
Q 
0 
99.93 
0 
(I 

0 
0 

Xliyand 
0 
0 
.07 
0 
0 
99.93 
0 
0 
{} 

0 



APPENDIX C: KINETICS OF METAL ADSORPTION 
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Kinetics of Cd, Ni and Zn adsorption In perchlorate (pH 7.5) 
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Figure C2. 

Kinetics of Cd, Ni and Zn adsorption in perchlorate (pH 6.5) 
on kaolinite. 
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Figure C3. 

Kinetics of Cd, Ni and Zn adsorption in perchlorate (pH 5.S) 
on i<aol ini teo 
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Figure C4. 

Kinetics of Cd, Ni and Zn adsorption in perchlorate (pH 7.5) on 
montmori Iioni teo 
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Figure C5. 

Kinetics of Cd, Ni and Zn adsorption in perchlorate (pH 6.5) on 
montmori Iionite. 
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Figure C6. 

Kinetics of Cd, Ni and 2n adsorption in perdhlorate (pH 5.5) on 
montmorillonite. 
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Figure C7. 

Kinetics of Cd, Ni and Zn adsorption in chloride (pH 7.5) on 
kaolinite. 
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Figure C8. 

Kinetics of Cd, Ni and Zn adsorption in chloride (pH 6.5) on 
kaolinite. 
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Figure Cia. 

Kinetics of Cd, Ni and Zn adsorption in chloride (pH 7.5) on 
montmori Iloni teo 
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Figure C12. 

Kinetics of Cd. Nl and Zn adsorption in chloride (pH 5.5) on 
montmorillonite. 
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Figure C13. 

Kinetics of Cd, Ni and Zn adsorption in sulphate (pH 7.5) on 
kaolinite. 
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Figure C14. 

Kinetics of Cd, Ni and Zn adsorption in sulphate (pH 6.5) on 
kaolinite. 
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Kinetics of Cd, Ni and Zn adsorption in sulphate (pH 5.5) on 
kaol in i te. 
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Kinetics of Cd, Ni and Zn adsorption in sulphate (pH 7.5) on 
montmorillonite. 
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Figure C17. 

Kinetics of Cd, Ni and Zn adsorption in sulphate (pH 6.5) on 
mon tmor i I I on i t e . 



1001 
I 
I 
I 

901 
I 
I 
I 

801 
I 
I 
I x x x 

701 x 
I 
I x 
I 

601 
% M I x x 
ADS I 

Ix 
501 

I 
I 
I *+ *+ *+ 

401 * * 
I * + *+ + 
I 
1* 

301 
I 
1+ 
I + 

201 
1 2 3 

log T 

* == Cd + = Ni x = Zn 

Figure C18. 

Kinetics of Cd, Ni and Zn adsorption in sulphate (pH 5.5) on 
montmorillonite. 
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