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ABS TRACT 

This s tudy involved an inves tigation into the adsorption of Zn and 

Cd by soils and synthetic hydrous metal oxides , and the effect of several 

factors on the adsorption reactions in controlled laboratory experiments . 

Initially , in order to determine low concentrations of Zn and Cd 

in solution , a concentration procedure involving solvent extraction was 

developed . The procedure utilised a chelating agent , di thizone , and an 

organic solvent , carbon tetrachloride . Zinc and Cd were back-extracted 

from the organic solvent into hydrochloric acid to achieve a ten-fold 

increase in concentration . 

For soils and Fe gel , adsorption of  both Zn and Cd was characterised 

by an ini tial , rapid removal from solution which was followed by a much 

s lower , continuing decrease in solution concentration . 

Isoth erms ( 40 hr) for Zn and Cd adsorption from 3 x 10-� NaCl by 

soils , synthetic hydrous ferric oxide (Fe gel ) and allophane , were 

described us ing two Langmuir equations . Values for the derived free 

energies of adsorption , for each region of adsorp tion , were s imilar for 

both Zn and Cd on all soils and on Fe gel . Allophane , however , had 

higher free energies of adsorption than either the soils or Fe gel . 

For all  adsorb ents , Langmuir constants derived from adsorption data 

indicated tha t  the adsorbing surface contained a relatively small number 

of s ites with a high free energy of adsorption and a much larger number 

of  s i tes with a lower adsorp tion energy . Iron gel appeared to provide 

a satisfactory model for describ ing Zn and Cd adsorp tion by soils . 

Amounts o f  Zn and Cd adsorb ed by Fe gel increas ed as pH increased . 

Adsorption o f  Zn and Cd by Fe gel  in each Langmuir region appeared to be  
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affected s imilarly by changes in pH , al though the pH50 values ( the pH 

at which 50% o f  the ini tial amount added was adsorbed) were higher for 

Cd than for Zn . 

Experi�ental data ob tained in the s tudy are consis tent  with a two-

mechanism model for b o th Zn and Cd adsorption . I t  is proposed that the 

firs t mechanism involves the formation of a b identate complex . 

Adsorp tion of  Zn and Cd into this  region involves the releas e o f  two 

protons for each Zn or Cd ion adsorb ed ,  resul ting in a bond o f  higher 

energy than when Zn or Cd is adsorbed by the s econd mechanism . In this 

lat ter cas e ,  it is proposed that a monodentate complex is formed wi th 

one proton released for each ca tion adsorbed . 

In addi tion to proton release ,  data in support o f  the two-mechanism 

system was ob tained in iso topic exchangeab ility and desorption s tudies . 

For example , the mole ratios ( i . e . , numb er o f  protons released for every 

Zn or Cd ion adsorb ed)  for Zn and Cd were non-integer values . For Zn 

the mole  rat ios ranged b etween 1 . 31 and 1 . 6 7 ,  and for Cd from 0 . 80 to 

1 . 1 2 ,  a t  pH 6 . 4 .  There was no obvious trend in mole ratios for Zn 

either with increasing amounts of Zn adsorb ed or increas ing pH , but  for 

Cd mole ratios increased with increasing amounts of Cd adsorbed or 

increasing pH . The iso topic exchangeability of Zn was s imilar a t  all 

levels of Zn adsorb ed ,  but decreased with increasing pH ( pH 5 . 85 - 6 . 6 5 )  

from 58% exchangeab ility to  2 7% , possibly due to an  increased proportion 

of more-tigh t ly bound Zn . Cadmium , by contras t ,  had a lower exchange-

ability at low levels of Cd adsorbed ( 55 - 7 6%) than at higher levels 

( 80 - 85%) but was moreexchangeab le  (55 - 85%) than Zn at equivalent pH 

values and lower surface coverages , indicating that  a greater proportion 

of adsorb ed Cd was less t ight ly bound compared to Zn . S equential 

desorp tion of  Zn by calcium ions followed by copper ions showed that a 
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proportion of Zn ( 1 2 - 24%) was re tained by the surfaces agains t 

desorption , further indicat ing the presence of two adsorption mechanisms 

of dif ferent binding s trength . Only at  low levels of adsorb ed Zn did 

the amount of desorb ed Zn clos ely approximate the amounts o f  Zn cal culated 

lfrom Langrnuir cons tants) to be  in region II . These desorp tion data , 

together with the exchangeab ility data for Zn , point to the possib le 

l imitations in the use of Langmuir equations for quantifying the amount 

of Zn adsorb ed by each mechanism. 

The Langrnuir iso therm s tudies , together with pro ton releas e ,  

exchangeability and desorp tion data , indicated two mechanisms o f  

adsorption for Zn and for Cd . However , the greater exchangeability 

and fewer pro tons released per mole  adsorb ed suggest that  more Cd is held 

by the mechanism involving monodenta te  bonding than is the cas e for Zn . 

Zinc or Cd was no t obs erved to be absorbed or "occluded" by 

synthetic ferric oxide gel or goethite . There was evidence to sugges t 

that Zn and Cd might  dif fuse into cracks or defects in the crys tal 

s tructure o f  natural goe thi t e ,  developed by grinding . Al though some 

fraction of adsorbed Zn or Cd was non-exchangeab le and non-desorbab le 

(by copper) for all three adsorb ents , this Zn and Cd was not in the 

absorbed phase . 

Long term (up to thirty year) additions of superphosphate fertiliser 

to three soils d id not produce measurable accumulations of Zn or Cd in 

the soils . The calculated addi tions agreed well with ac tual increases 

measured in to tal Zn , but not with ac tual increas es in to tal  Cd . 
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INTRODUCTION 

The New Zealand economy is dependent on agricultural and 

horticul tural indus t ries and thus any factor causing either an increas e 

or a decrease in primary produc tion is o f  grea t importance to the 

country . 

Obviously , many factors affect the level of production ob tained 

from p lants and animals , no t a ll of which are able to be manipulated . 

Nutrient l imitations to produc tion , however ,  can and should be removed 

wherever practicab l e . In addition to the macronutrient elements  

(N , P ,  K ,  S )  which form the b asis for  mos t o f  the fertil isers used on  

New Zealand soils , the importance o f  some mic ronutrients in New Zealand 

agricul ture is well recognised . For example, maj or problems associated 

with Co , Se , Cu , I and Mo have b een identified in the past , and 

appropriate meas ures used to alleviate them . 

In addition to  outright deficiencies , concern is of ten expressed 

that certain o ther elements may be present  in sub-op timum amount s  in 

the diet , resul t ing in impaired health or p erformance of the animal . 

One s uch element is Zn . Grace ( 1 9 72 )  reported low plasma Zn l evels in 

sheep in many dis t ricts  in New Zealand . The s ignificance o f  these low 

plasma values is not  yet c lear , but is at  l eas t circums tantial evidence 

of s ub-optimum dietary Zn intakes in many s ituations . According to 

During ( 1 9 72 ) , however ,  Zn deficiency in pasture plants is virtually 

unknown in this country . 

Possible  reasons for the previous low incidence o f  Zn deficiency 

are e i ther that few New Zealand soils are naturally low in availab l e  Zn 
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content or that the widespread us e o f  superphospha te , which contains 

appreciab le amounts o f  Zn , prevents or even cures incipient deficiencies 

(During , 1 9 7 2) . Neither o f  these possibilities has been intensively 

s tudied to date and it  is no t possible  to determine which is the mos t  

likely exp lanation . 

The ever-increas ing cos ts o f  fertil isers and accompanying changes 

in strategy of fertil iser use may well resul t in a decreas e in annual 

inputs of superphosphate fertiliser on many New Zealand soils and a 

further reduct ion in the Zn s tatus o f  soils , plants and animals . 

Hence , i t  may be  necessary to consider the introduction of Zn fert ilisers 

in the n ear future . 

Whereas the contaminat ion of  fertilisers with Zn is regarded as 

fortuitous , the si tuation can be  quite different for o ther metals . 

For example , the Cd content o f  s uperphosphate is regarded as a potential 

hazard when the fert iliser is used on crops grown for human consumption 

(Schroeder and Balassa , 1 9 6 3) . 

Interes t in Cd has increased in recent years due to reports o f  

both i t s  toxicity to  animals and man a t  high concentrations , and hea l th 

problems associated with its progressive accumulation in b iological 

systems at the lower levels at which it  occurs as an environmental 

contaminant . Zinc and Cd have many p roperties in common and in fact 

prove difficult to s eparate (Lagerwerff ,  1 9 72 ) . Al though native soil 

levels of Cd are g enerally low ( Swaine , 1 955) , they can increase as a 

result  of superphosphate fertilis er use ( Schroeder and Balassa ,  1 9 6 3 ;  

Williams and David , 1 9 7 3) o r  from the addition o f  indus trial o r  municipal 

wastes to soil (Beavington , 1 9 7 3 ;  Fleischer et Rl . ,  1 9 74 ;  Bradford 

et  al . ,  1 9 75 ; Hinesly et al . ,  1 9 7 7) . 

The s ugges tion has been made that the undesirable  accumulation o f  



Cd in the food chain could in fac t  be l imited by the competi tive 

antagonism that exis ts b e tween Cd and Zn . Thus i t  may be  possible 

to  control Cd entry into plants and animals by manipulating the Zn 

s tatus o f  the soil . 

Becaus e of the s imilar chemistries o f  Zn and Cd ( Co tton and 

Wilkinson , 1 9 66)  it is generally b elieved tha t they react s imilarly 

in soils and are bound by identical mechanisms to the same components . 

There is virtually no information on the reactions and fate o f  

3 

Zn and Cd in New Zealand so ils . Such informat ion is needed to provide 

an adequate  unders tanding of bo th the agricul tural and the environmental 

requirements concerning these elements . However , as the soil  is a 

very complex mixture o f  cons tituents , s impler synthetic hydrous metal 

oxides are sometimes used as model surfaces ( James and Healy , 1 9 7 2 ;  

Bowden e t  al . , 1 9 7 3 ;  Bar-Yosef e t  al . ,  1 9 75 ; Kalbasi e t  al . ,  1 9 78 )  

to  provide  an unders tanding of  the important soil  reactions o f  these 

two elements and factors controlling their concentrat ion in the soil 

solution . 

The following s tudy , then , involved an inves tigation o f  the 

adsorpt ion  of Zn and Cd by  some New Zealand soils and the use o f  

synthetic  hydrous metal oxides to help elucidate the reaction mechanisms . 



CHAPTER ONE 



LITERATURE REVIEW 

Importance o f  Zn and Cd , Origin of  

Zn and Cd  in  Soils , and Adsorp tion of 

Zn and Cd by Soils and Soil Components 

1 . 1  Zn and Cd in Living Organisms 

4 

The essentiality o f  Zn for plants and animals was firs t  sugges ted 

by Raulin ( 1 869 ) , on the b asis of studies with the fungus Aspergillus 

niger . However , it  was no t until 1 940 that  a specific b iological 

function was found for Zn . Keilin and Mann ( 1 9 40) found sub cellular 

fractions of red blood corpuscles which contained high Zn content and 

high carbonic anhydrase activity . The carbonic anhydrase enzyme is 

involved in acid-base homeostas is of mos t  l iving o rganisms because the 

enzyme catalyses the reversibl e  dehydration o f  carbonic aci d ,  whi ch is 

critical to the transport and removal of carbon dioxide in organisms 

( Parisi and Vall ee , 1 9 6 9 ) . Carboxy-peptidase A extracted from bovine 

pancreas was the nex t  Zn-containing enzyme to be found (Vallee and 

Neurath , 1 9 54) . Other Zn metalloenzymes were discovered including 

carboxy-peptidas e B ,  dehydrogenases , alkaline phosphatases , aldolases , 

p ep tidases and phospholipase C ( Vallee , 1 9 59 ; Vallee and Wacker , 1 9 70 ;  

Vallee , 1 9 76) . The presence o f  Zn in organisms containing these 

enzymes is thus essential for nucleic  acid metabolism ,  protein synthesis 

and carb ohydrate metabolism . 

Both plants and animals have many enzymes in common , such as 

carbonic anhydras e ,  various dehydrogenases and aldo lase (Lindsay , 1 9 7 2) 



5 

and thus require Zn as an essential element . In plants , there is s ome 

evidence o f  Zn b eing required for auxin formation ( Thorne , 1 95 7 ;  Price 

e t  al . ,  1 9 7 2 ) . 

Al though much has been repo rted about the biochemis try of  Zn and 

its role with enzymes , it is no t known whether Zn has o ther important 

functions or what specific enzymatic impairment or biochemical 

derangement causes the pathological changes exhibited  by Zn-deficien t  

organisms ( Vallee , 1 9 5 9 ) . 

Although Zn is required for many enzymes , no known enzyme requires 

Cd ( Schroeder and Balassa , 1 9 6 1 )  for activity . The ef fect o f  Cd on 

Zn-requiring enzymes is inhib itory ,  partly explaining the toxici ty o f  

Cd ( Schroeder et  al . ,  1 9 6 7 ) . The inhib ition o f  Zn-requiring enzymes 

by Cd is due to the af finity o f  Cd for the same s i tes , on the enzymes , 

to which Zn is bound . However ,  Vallee ( 19 7 1 )  has shown that Cd can be  

substituted , in  vi t ro , f or  the native Zn atoms in several Zn metallo-

enzymes , while the enzyme remains active . In some cases , then , Cd may 

proxy for Zn without deleterious effect . Cd can also act as an ant i-

metabolite for Zn ( Co t zias e t  a l . ,  1 96 1 ) , however . 

1 . 1 . 1  Zinc requirements o f  organisms 

Zn deficiency symptoms are �sually exhibi ted  in mos t  plant species 

- 1 at Zn l evels lower than 300-400 � mol Zn 1 and toxic levels for plants 

are 6000 � mol Zn 1- 1  and higher (Haan and Zwerman , 1 9 76 ) . Zn toxici ty 

in animals occurs when the Zn content o f  the diet exceeds approximat ely 

15 , 300 �mol Zn 1 - 1 (Haan and Zwerman , 1 9 76 ) , and al though the daily 

requirement of Zn by humans has no t been es tab lished , it has been 

calculated that 1.0 to 2 . 2  mg Zn/ day are needed to maintain Zn balance 

( Schroeder e t  al . ,  1 9 6 7 ) , and mos t  mixed diets supply 1 2- 1 5  mg Zn/ day to 

humans (Underwood , 1 9 7 7 ) . 
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1 . 1 . 2  Toxic e f fects o f  Cd 

S ince 1 9 4 5  "Itai...!.Itai"  disease , or osteomalacia , became prevalent 

in the J intsu River Basin in Japan (Malin ,  1 9 7 1 ) . One o f  the causal 

factors was shown to be  exposure to Cd , arising from smelter was tes , of  

rice plants which concentrated the metal ions to levels in excess of 

the ambient environment ( Fleischer et  al . ,  1 9 74 ) .  

However ,  o f  equal  concern in  recent times has been the recognition 

that Cd can be  accumulated in mammalian organs . Cd in mammals has a 

long biological half-life and accumulates in tissues throughout the life 

o f  that mammal (Webb , 19 75) . The low tolerance o f  mammals to  Cd may 

be due to the lack of  a homeos tatic control mechanism for Cd in the 

organism (Lagerwerff , 1 9 7 1 ) . Therefore , Cd is ab le to be absorb ed 

irrespective o f  the Cd concentra t ion already present in the organism 

( Cotzias et  al . ,  1 9 6 1 ) . 

Cont inued exposure to small amounts o f  Cd , rather than high , 

infrequent doses may ul timately p resent  the greater health hazard to 

animals and humans , s ince Cd so accumulated is s tored in the liver and 

kidneys as a metallopro tein known as cadmiurn-thionein , resul ting in 

dysfunction and damage to these vital o rgans (Webb , 1 9 75) . 

Chronic , l ow-level Cd exposure has also been implicated in o ther 

human diseases such as emphysema , gastric  and intestinal dys functions , 

anaemia and hypert ensive heart disease (Lagerwerf f ,  1 9 72 ) . 

l.l. 3 P lant uptake o f  Cd appli ed to soils through 

S uperphosphate Fertiliser 

Exposure to small , continuous amounts of Cd may resul t from the 

diet of an organism , and there is evidence to suggest that soils and 

fert il isers such as superphosphate  could be po tential sources o f  Cd to 

human foods ( S chroeder and Balassa , 1 96 3 ;  Williams and David ,  1 9 7 3) . 



Schroeder and Balassa ( 19 6 3) showed that superphosphate , when applied 

at heavy rat es to leafy and root vegetable crops and cereals , was 

frequently a sour ce of Cd for plant ab sorption . S chroeder e t  al. 

( 19 6 7 )  found that s uperphosphate increased Cd content in s ome species 

of grain , legumes , leafy and root vegetables , but in others there was 

no change ,  or even a decreased Cd content . John ( 1 9 72 )  demons trated 
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that Cd concentrat ions in radish roo ts and tops increased progressively 

as more Cd was added to the soil. Plants grown on Cd-polluted soils 

have b een shown to have h igher Cd contents than those grown on un-

contaminated soils o f  the same type (Lagerwerff , 1 9 7 1 ) . The effect 

of long-term superphosphat e ,  sewage effluent and indus trial pollutant 

additions to s o i l ,  on both the soil Zn and Cd levels and plant Zn and 

Cd levels will  be discussed in a lat er section ( Section 1 . 3) .  

l . 1 . 4 Soil-plan t-animal relationships 

Animals require Zn as an essential element (Lindsay , 1 9 72 )  as 

an integral part of many enzymes , and while no known function exists 

for Cd in animals , long-term exposure to Cd intake can cause toxic 

levels o f  Cd to  accumulate  in body tissues (Webb , 1 9 75 ) . 

All p lants and all animals , including man , depend ul t imately on 

the soil for their supply o f  mineral nutrients ( Underwood , 1 9 7 7 ) . I t  

has b een shown that the maj or source o f  Zn and Cd intake  for animals 

is dietary and in the case o f  grazing animals will be through consumption 

of herbage . I f  grazing animals are free to range over wide areas , then 

they can derive minerals from a variety of plant species on a numb er o f  

soil types , thus minimizing any nutrient deficiency associated with any 

particular soil . 

As p lant materials provide the bulk o f  the grazing animal ' s  feed 

intake the factors influencing trace-element conten t  of plants are , 



8 

there fore ,  maj or determinants of dietary intakes of these elements . 

The Zn and Cd concentrations in mos t  plant feeds tuffs vary over a wide 

range , the actual concentrat ion depending largely on ; 1 )  t race-e lement 

composition in the s oil upon which the herbage was grown ( S co t t , 1 9 72 ) , 

2 )  the availab i lity o f  the trace-elements for plant up take , 3) the 

genus , species or strain of plant and 4) climatic and soil condi tions 

during growth ( Underwood , 1 9 7 7 ) . 

Direct supplementat ion o f  the diet o f  animals and man is used as a 

convenient and effective method o f  controlling trace-el ement deficiencies 

( Underwood ,  1 9 7 7) . However ,  indirect  control methods , i . e ., raising trace-

element concentrations in plant materials , may also be us ed . Such 

methods include trace-element fertilisation of  soils , s elect ion of  soil 

type and soil management practices directed towards increasing or 

decreasing the availability of soil trace-elements  to plants (Allaway , 

1 9 6 8 ) . 

As soils are the primary source of Zn and Cd to plants and 

ult imat ely to animals , discussion of  the origin and amounts o f  Zn and 

Cd in soils and the rock types from which they are derived is pertinent 

and this is detailed in S ection 1 . 2 . 

1 . 2 Zinc and Cd in Rocks and Soils 

Zinc is the twenty-fi f th mos t abundant element in the lithosphere 

and the average Zn content  of the lithosphere was earlier reported to be  

approximate ly 0 .  6 2  1-1 mol Zn  g- 1  ( Clarke and Washington , 1 9 24 ; Go ldschmidt , 

1 9 5 8 ; Vallee , 1 959 )  but  this es timate has b een amended more recently to 

a value of around 0 . 8 7  1-1mol Zn g- 1  (Wedepohl ,  1 9 7 2  • The natural 

abundance o f  Cd in the upper l ithosphere is very much less than that 

reported for Zn . I t  has been variously reported as 0 . 0045  1-1 mol Cd g-1 



( Go ldschmidt , 1 9 58) and 0.00 1 6  �mo l  Cd g- 1 ( Swaine , 1 95 5) . 

Such values are based on many assumptions about the types and 

distribut ion of rocks in the lithosphere . 

1 . 2 . 1  Geochemis try , occurence and content 

of Zn and Cd in rocks 
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Zinc and Cd are predominantly chalcophilic elements ( Go lds chmidt , 

1 958) ,  i.e . , they have a high affinity for S .  Zn can , however ,  exhibi t  

lithophilic tendencies ( i . e . , an af finity for 0) by substi tuting for 

Mg2+ in a range of s ilicates ( Goldschmidt , 1 9 58 ; Krauskopf ,  1 9 7 2 ) . 

Cadmium does not appear  to  demons trate any lithophilic tendencies 

(Mason , 1 9 6 6 ) . 

The most  common Zn mineral occurring naturally is the sulphide , 

sphaleri te . This is a cubic form of  ZnS which also has a hexagonal 

polymorph , wurtzite , the stable  form at temperatures above 1000°C 

( Goldschmidt , 195 8) . Other naturally occurring Zn minerals are lis ted 

in Table 1 .  1 .  The amounts o f  Zn contributed to soils by Zn minerals 

are likely to be minor since mos t  naturally occurring Zn minerals are 

associated with ore bodies and are rarely found outside these localised 

natural concentrat ions . 

The commones t  Cd mineral is a hexagonal cadmium sulphide 

( greenocki te ,  CdS ) . Cadmium carbonate ( octavite , CdC0 3) and cadmium 

oxide (monteponit e , CdO) are much less common naturally occurring Cd 

minerals (Wedepohl ,  1 9 70) . 

Cadmium found naturally in primary sulphide ores usually occurs 

associated with the sulphides o f  other el ements , e . g . , in the Zn sulphides  

sphalerite and wurt zite  the Cd  content often reaches five per  cent 

( Fleisch er et al . ,  1 9 74)  and o ccurs as a replacement for Zn , by 

isomorphous s ub s ti tution , rather than as a separate sulphide . 
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Tab le 1 . 1  Na turally occurring Zn-containing minerals 

(Wedepohl , 19 7 2 )  

Mineral Formula % Zn 

Sulphides 
Sphaleri te  ZnS ( cubic)  6 7  
Wurt zite  ZnS (hexag . )  6 7  

Oxides 
Zincite  ZnO 80 
Franklinite ( Zn ,  Mn) Fe2o4 2 2  

Carbonates 
Smithsonit e  ZnC03 52  
Hydro zincite zn5 ( 0H) 6 co3 2 5 4  

Sulphates 
Zincosite  ZnS04 4 1  
Poitevini te ( Cu , Fe , Zn) so4 H2o 2 2  

Phosphat es 
Hopei t e  zn 3 P04 2 . 4H20 4 3  
Phosphophylli te  ( Zn , Fe ) 3 P04 2 . 4H2o 32 

Silicates 
Wil l emi te  zn2 s io4 59 
Troos ti te  ( Zn ,Mn) 2 s io4 39 



However ,  as for Zn , all the Cd minerals occur very rarely in 

nature (Vlaslov , 1 966 )  and as a resul t do not make a very important  

con tribution to natural s oil  Cd content . 

1 .  2 . 1  . 1  Occun-ence o f  Zn and Cd in primary rocks 

ll 

The content of Zn in minerals found in igneous rocks depends , 

in the main , on the Zn content o f  the magma and the partitioning o f  Zn 

amongs t the mineral phases during crys tallisation (Wedepohl , 19 72 ) . 

In general , Zn occurs mostly in ferromagnesium minerals such as 

pyroxenes , amphiboles , in micas and also in ilmenite and magnetite  

(Sandell  and Goldich , 1 9 4 3) as  Zn  subs tituted for Mg2+ and Fe2+ 

(Elgabaly , 1 9 50) . Zn rarely occurs in siliceous minerals such as 

quart z  or feldspars (Lundeg�rdh , 1 9 4 7 )  because these minerals do no t 

allow ready substi tution of  Zn in their lat tices , because  little Mg2+ 

F 2+ . h . 1 or e occurs ln t ese mlnera s .  

I t  is not always possible  to predict the distribution of many o f  

the minor elements in sedimentary rocks because many factors determine 

the transportation and deposition of an element  in sedimentary processes 

(Mason , 1 9 6 6 ) . Such factors include ionic potential , pH and redox 

potential of the medium ,  colloidal properties o f  the sediments and 

adsorption by components of the s ediment . However ,  the b ehaviour o f  

Zn during chemical weathering and the low solubility o f  Zn in natural 

waters leads to the accumulation of Zn , mainly in detri tal  matter , in 

the sedimentary environment .  Common detri tal minerals such as 

muscovit e ,  quartz  and feldspars are low in s tructural Zn , while chlorite 

and magnetite contain higher amounts of Zn in the lat tices (Wedepohl ,  

1 9 72 ) . Appreciab le amounts o f  Zn can become adsorbed onto colloidal 

Fe oxides and coatings o f  these on o ther minerals , in the sedimentary 
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phase (Wedepohl ,  19 72 ) . Zinc may also occur in sedimentary ro cks as 

discrete  grains o f  sphalerite o r ,  l ess commonly , as o ther Zn minerals . 

For exampl e ,  in b lack shales Wedepohl ( 1 95 3) showed that a third to 

a half the Zn is as sphalerit e and as this weathers , Zn is released into 

s olution and s ubsequent ly adsorbed by clay minerals . In general , 

c lay-rich sedimentary ro cks will contain higher Zn levels than clay-

poor sedimentary rocks . 

I t  has been pos tulated that insignificant amounts o f  Cd will be 

contained in sediments ( Goldschmidt , 1 95 8) and that Cd would p robably 

b e  less concentrated than Zn in marine muds , clays and shales , because 

i t  is readily leached , under saturated condi tions , from these materials 

( Goldschmidt , 1 9 58) . However , the adsorption of Cd by clay minerals 

may account for the presence of Cd in some sedimentary ro cks ( Goldschmidt,  

1 9  5 8) . 

Rocks undergo metamorphism as a resul t o f  pronounced changes in 

t emperature , p ressure and chemical environment (Mason , 1 966 ) . These 

changes induce recryst allisation and the redis tribution of elements . 

During metamorphism and subsequent redis tribution of Zn , the re may be  

small losses o f  Zn . In general , however , met amorphic rocks are found 

to countain s imilar amounts of Zn as the rocks from which they are 

formed . Zn in metamorphic rocks occurs mainly , through isomorphous 

b · · f F Z+ M 2+ . . 1 .  d . d h b . . su  s t1tut1on o r  e or  g , 1n s 1  1 cates an ox1 es sue as 10t 1 te , 

phengite ,  chlorite , amphibole , s taurolit e ,  garnet and magne t it e . 

Sphaleri te  can also occur in minor localised concentrations (Wedepohl , 

1 9 72 ) . 

The b ehaviour o f  Cd in metamorphic pro cesses is no t well-unders too d . 
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1 . 2 . 1 . 2 Content o f  Zn and Cd in primary rocks 

The Zn and Cd contents o f  primary rocks are shown in 

Tab les l. 2 and l. 3 .  The range o f  Zn con tents in primary rocks from 

New Zealand are s ignificantly lower than the world average values for 

ultrabasic ( duni te , periodoti te) , and acidic ( rhyolite , granite) rocks , 

greywackes and mica schis ts ( Tab le 1 . 2 ) . As the ensuing soils will 

show the same t rends in element dis tribution evident in the parent rocks 

(modified by soil-forming process es (Wells , 1 960) ) many New Zealand 

so ils will have lower natural Zn contents , than soils developed on 

s imilar primary rocks in o ther coun tries . Some of the more 

agriculturally important  soils developed on primary rocks lis ted in 

Tables 1 . 2 and 1 . 3  include soils developed from andesitic and rhyolitic  

ashes in Taranaki and the Central North I s land (New Zealand Soil  

Bureau , 1 9 7 3) , from basal ts in  North Auckland , Banks and Otago 

peninsulars (New Zealand Soil Bureau , 1 9 7 3) , from limes tones and sand-

s tones in North Auckland , Wanganui and Wairarapa dis tricts (New Zealand 

Soil Bureau , 1 9 7 3) , from schis ts in O tago and , to a lesser extent 

Westland (New Zealand Soil Bureau ,  1 9 73 )  and from greywackes in North 

Auckland and Wellington districts , as well  as large areas of the South 

Is land (New Zealand Soil Bureau , 1 9 7 3) . 

There are few reported analyses fo r the Cd  content o f  primary 

rocks ( Table  1 . 3) .  Available  evidence suggests  that Cd content  ranges 
-6 1 -2 1 f rom 8 . 8  x 1 0  pmol Cd g- to  1 . 4 x 1 0  pmol Cd g- ( Fleischer et al . �  

1 9 74) . Although no information is availab le on the Cd content of 

New Zealand p rimary rocks , it  may b e  reasonab le to assume tha t  the Cd 

contents of New Zealand rocks will be l ess than , or a t  mos t ,  equal to  

the world average figures as  for  Zn . 
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Tab le 1 . 2  Zinc con tents o f  primary rocks 

Ave . Zn content (� mol Zn g- 1 ) 

Ro ck Type 

Igneous : 

ul trabasic ( duni te , peridotite) : 
basic (basal t , gabbro ) 

intermediat e  ( andesite , diorite) : 
acidic ( rhyolite ,  granite )  

S edimentary : 

limestones 
sands tones 
g reywackes 
shales 

Metamorphic : 

s erpentinites 
amphiboli t es 
mica schis ts 
gneisses 

References : 

( 1 ) Vinogradov , 1 9 5 9  

( 2) Whit ton and Wells , 1 9 74 

( 3) Wedepohl , 1 9 7 2 . 

U . S . S . R . ( l ) 

0 .  7 7  
1 . 99  
1 . 0 7  

0 . 9 2  

N . Z . ( 2 )  

0 . 1 1 -0.6 7 
0 .  8 7- 1 . 7 7 

0 . 6 9-1 . 04 

0 . 54-0 . 89 

0 . 0 8-0 . 32 
0 . 4 1 -0 . 78 
0 . 5 1 - 1 . 0 1  
1 . 24-1 . 9 7  

0 . 5 8-1 . 5 3  
0 . 64-1 . 9 1  

World Ave . ( 3) 

0 . 6 3-0 . 9 2  
0 . 9 2-2 . 36 

0 . 6 4- 1 . 5 3  

0 . 35-1 . 6 2  

0 . 09-0 . 4 7 
0 .  3 8-0 . 7 7  
1 . 0 7- 3 . 00 
0 . 70-3 . 0 1  

0 . 5 1- 1 . 1 2 
1 .  36-3 . 2 7  
0 . 9 3- 3 . 06 
0 . 20- 1 . 5 4  
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Table 1 .  3 Cadmium contents of primary ro cks 

Rock Type 

I gneous : 

ultrabasic  
( dunite , p eridotite) : 

b asic 
(basal t , gabbro) 
intermediate 
( andesi te , diori te ) : 
acidic 
( rhyolite , granite)  : 

S edimentary : 

limestones 
sands tones 

shales 

Metamorphic : 

garnet s chist 
( Tasmania) 
gneiss 
(Antartica) 

Ave . Cd content ( �mo l Cd g- 1 ) 

Sandel l  and 
Goldich ( 1 9 4 3) 

-3  1 . 7  X 10  

-3  1 . 1 X 10 

Fleischer et 
a l . ( l9 7 4) 

-3  1 . 2 X 10 

- 3  1 .  9 X 1 0  

8 . 9  X 10-4 

2 .  7 X 10-4 

1 . 3 x 10-2 

World Ave . 
(Wedepohl , 1 9 70 )  

2 7 1 0-5 • X 

1 7 1 0- 3  
• X 

- 3  1 .  2 X 1 0  

3 . 1  X 1 0-4 

7 . 1  X 10 - 3  

8 . 9  X 10- 3  ( Smythe and Gat ehous e , 1 955 )  

1 3 10-3  
• X (Brooks e t  al . ,  1 960) 
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1 . 2 .  2 Zinc : Cd ratios in rocks 

The ratio o f  Zn to Cd in crus tal rocks is generally between 

500 : 1  and 1 000 : 1  ( Vinogradov , 1 9 5 9 )  with extremes o f  from 2 7 : 1 up to 

7000 : 1  ( Fleischer e t  al . ,  1 9 74) , reflecting the higher abundance o f  

Zn in  the lithosphere compared to Cd . 

1 .  2 .  3 Weathering of  paren t  materials 

Primary minerals such as o livine , hypers thene , augite , ho rnblende , 

glass , mica , feldspar and quart z  weather to form secondary minerals 

such as layer s il i cates or oxides . These secondary p roducts include 

micaceous clay minerals , kaolins and amorphous , crystalline and hydrous 

oxides o f  Al , Fe and S i . 

following mechanisms : -

Fieldes and Swindale ( 1954 )  pos tulated the 

( 1 )  Primary minerals decompose completely to produce ions which can 

then reorganise to produce layer s ilicates , oxides or hydroxides 

depending on soil conditions . 

( 2) Primary micas may , after partial alterat ion by weathering , form 

residual crys talline clay minerals . 

( 3) Mineral colloids may be formed by hydrothermal synthesis from 

colloidal hydrous alumina and silica . 

During weathering of  Zn and Cd bearing primary minerals , Zn is 

released into s olution . Zn concentration and t ransportation is then 

controlled by the p recipitation o f  compounds such as Zn carbonates , 

hydroxi des , phosphates and s ilicates (Day , 1 9 6 3) , and the adsorpt ion 

of Zn by clay minerals or oxides (Mason , 1 9 6 6 ) . Oxidation of  Zn -

bearing sulphides during weathering also l eads to relatively high 

concentrations o f  Zn in solution as soluble Zn sulphate forms 

(Wedepohl , 1 9 7 2 ) . 
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Cd is  released into solution as chloride or sulphate during 

weathering . Under strongly oxidising conditions Cd forms oxides and 

carbonates ( Goldschmidt , 1 95 8 ;  Wedepohl , 1 9 70 ) . 

1 . 2 . 4 Origin o f  Zn and Cd in soils 

The content o f  the parent material is the main factor de termining 

the Zn and Cd cont ents o f  soils (Vinogradov , 1 9 5 9 ) . For example , 

s oils de rived from basic rocks s uch as basalts  and gabb ros are usually 

richer in Zn and Cd content than those  derived from acidic rocks such 

as rhyoli te  and granit e . 

In a survey of  the Zn contents o f  Cal i fornian soils , i t  was found 

that soils generally had s imilar Zn contents to the rocks from whi ch they 

had formed (Hibbard , 1 940 ) . New Zealand soils developed on basalt , 

andesite  and rhyolite reflect the same trends in element dis tribution 

as seen in the parent materials , but the actual l evels of each element 

in s oils may be altered by soil processes (Wells , 1 960 ) . For example , 

due to the low mobility o f  Zn and Zn adsorption on clays , clay minerals , 

Fe , Al and S i  oxides , hydrous oxides and organic matter Zn can become 

residually concentrated  in soils and the Zn content then becomes higher 

than in the parent rocks (Wedepohl , 1 9 72 ) . Cd may also become 

res idually concentrated in soils in the same way . 

1 . 2 . 5  Total Zn content o f  soils 

The total Zn content o f  mos t  mineral soils generally lies within 

- 1  the range 0 . 153-4 . 5 8 7  �mol  Zn g , with the maj ority falling within 
- 1  0 . 1 53- 1 . 5 29 �mol Zn g ( Swaine , 1 9 5 5a) . High Zn contents are generally 

due to o ther  factors s uch as proximity to Zn mines , or smelters . 

The range in total Zn contents o f  soils from various countries is shown 

in Table 1 . 4 .  Total Zn content in soils is dependent (Table 1 . 4 )  on the 
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Table 1 .  4 

Country 

Japan 

Russia 

New Zealand 

Spain 

U . S . A .  ( Utah) 

u . s . A . 
(California) 

Range in total Zn contents of soils from various countries 

Description of Soil 

Volcanic ash soils 

Tundra soils , podzols , 
cherno zems , forest soils 

Zonal soils : brown-grey 
earths ; yellow-grey earths ; 

Total Zn Content 
Range 

1 .  7 7  3 - 3 . 1 35 

0 . 4 28 - 1 . 376 

yellow-brown earths 0 . 24 5  - 1 . 0 86 

Intrazonal soils : vo lcanic 
ash soils ; yel low-brown 
pumice soils ; yel low-brown 
loam ; brown gravelly clay 

Azonal soils : recent 
soils from loess ; 
alluvium and volcanic ash 

Calcareous soils 
Non-calcareous soils 

1 . 2 1 4  - 2 .  706 

0 • 6 8 8 - 1 .  0 86 

0 . 10 7 - 1 . 9 1 1  

0 . 84 1  - 5 . 1 2 2  

- 1  (]..I mol g ) 

Average 

1 .  7 1 3  

0 . 856  

0 . 6 88 

4 . 5 8 7  
2 . 294  

Re ference 

Masui et al . ,  1 9 72 

Vinogradov , 1959  

Whitton and Wells , 1 9 74 

Marcias , 19  73  

Thorne e t  al . ,  1 9 4 2  

Hibbard , 1940a 

CXl 
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content o f  organic matter , texture , and pH in  addi tion t o  the type o f  

the parent rocks (Vinogradov , 1 9 5 9 ) . 

l. 2 .  6 ' Availab le '  Zn content of soils 

Of more interes t ,  from the point of view of plant requirements , 

is the content o f  ' availab le ' Zn in soils . The range of ' available ' 
- 1  Zn generally varies from less than 0 . 0 1 5  t o  0 . 1 5 3 �mol Zn  g ( Swaine , 

l 9 5 5a) . This range o f  ' availab le '  Zn contents o f  soils covers the range 

from deficiency through to adequacy of Zn for plant growth ( Thorne et al . ,  

1 9 4 2) . Typical values for ' avai lable ' Zn content are shown in Table  

1 . 5 .  

Table 1 . 5 ' Availab l e ' Zn contents of a range of  soils 

Extractant 

0 . 2M ammonium 
oxalate ( pH 3 . 3 ) 

0 . 02M EDTA 

0 . 5N KCl + acetic  
acid  ( pH 3 . 2 ) 

0 . 05N KCl + acetic 
acid (pH 3 . 2) 

Range 
( �mol g- 1 ) 

0 . 0 1 5-0 . 32 1  

0 . 0 1 5-0 . 6 1 2  

0 . 0 1 5-0 . 0 7 7  

Average 
( f.lillOl g- 1 ) 

0 . 1 0 3  

0 . 1 84 
( calcareous )  

0 . 09 2  
(non-calcareous) 

Reference 

Marcias , 1 9  7 3 

Jensen & Lamm , 

Thorne et al . ,  

Hibbard , 1 9 40 

1 95 9  

1 9 4 2  

Various extractants  have b een used t o  es timate the availab il i ty o f  

s oil Zn . Extractants with low pH may , by disso lving the clay minerals 

release b o th adsorb ed and s tructural Zn and thereby give an over-

es timation of ' availab le '  content . EDTA is commonly used to estimate  

' avai lab l e '  Zn . I t  does so by chelating Zn in solution thereby altering 
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the equi librium between solution Zn and adsorbed Zn . Adsorbed Zn 

then desorbs in an a t temp t to maintain equilibrium . Plan t  roo ts also 

alter equilibrium b e tween solution Zn and Zn adsorbed on soil surfaces 

in a simLlar way to EDTA , hence the use o f  EDTA to s imulate the plant 

action . 

The ' available ' Zn data shown in Tab le 1 . 5 show the very much lower 

levels of ' available ' Zn compared to total Zn in soils , and soils which 

have high to tal Zn contents may s t ill show plant responses if the 

' available ' Zn contents  are not sufficient for plant growth requirements . 

1 .  2 .  7 To tal Cd contents o f  soils 

The average Cd contents in soils range from 8 . 9  x 10-4 to 

- 3  - 1  4 . 5  x 10  � mol Cd g (Wedepohl , 1 9 70 ) . Swaine ( 1 955)  s tated that i t  
-3 1 is unlikely that  Cd in ' normal ' soils would exceed 8 . 9  x 10  �mol Cd g-

In their review Fleischer et  al . ( 1 9 74 )  repo rted average levels o f  soil  

Cd  less than 8 . 9  x 10- 3  �mol Cd g- 1 , except in soils  which had been 

contaminated through indus trial pollution or in agriculture through 

application of  sewage s ludges and phosphate fertilisers . 

Thus , under natural conditions the total Cd contents o f  soils is 

small enough to pose no prob lems o f  toxici ty to plants . However ,  where 

Cd so il levels do b ecome of concern is when contamination by Cd occurs 

near highways , metallurgical industries or following the addi tion o f  

sewage  sludge o r  s uperphosphate fertiliser to  soils . Accumula tion o f  

Cd , and o f  Zn , in soils d ue to these factors i s  discussed i n  the next 

sec tion . 



1 . 3 Possible  S ources o f  Addi tion o f  Po tentially 

Available  Zn and Cd to  S o ils 

Although t o tal amoun ts of Zn and Cd , in surface soils , are 

largely determined by the respective amounts in the parent materials 

( S ec tion 1 . 3) ,  soil  levels of bo th Zn and Cd can be increased by 

direct additions of indus trial was tes ( particularly from mines and 
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smel ters ) , superphosphate fert ilisers , pesticides and sewage effluents 

(Lagerwerff , 19 7 1 ) . A summary of  the contributions of these sources 

to the Zn and Cd enrichment of soils follows . 

1 . 3 . 1  Additions from indus trial sources 

Sources of Zn and Cd include was tes from mines and heavy metal 

smelters . The soil contents are mos t  likely to be  affected around 

areas of indus trial development and as such the e ffects wil l  involve 

only res tricted areas . 

S tudies o f  surface soils  around lead smelters have shown that 

sub s tantial increas es in Zn and Cd contents can occur . Increases o f  
- 1  - 1  soil  Zn from 0 . 0 7 7  �mol Zn g t o  1 5 . 29 1  �mol Z n  g , and soil C d  from 

- 1  - 1  0 . 00 1  �mol C d  g t o  0 . 0 89 �mol  C d  g ( Cartwrigh t  e t  al . ,  1 9 7 7 )  have 

-1  b een found , as have levels o f  up to 79 . 5 1  �mol Zn g and 1 . 4 2  �mol Cd 
- 1  g ( Fleischer e t  al . ,  1 9 7 4 )  i n  s urface soils in areas surrounding lead 

smelters , while  backgound l evels for s imilar soils  were 0 . 00 7 �mol Cd 
-1 - 1  g and 0 . 88 7  �mol  Zn g The Zn and Cd was received as aerosols 

and as fallout o f  Zn and Cd particulates from the smelters in relation 

to the prevailing winds . Contributions to plant-availab l e  Zn and Cd  

from smelter emissions has b een es t imated using acetic-acid extraction 

for whi ch 50-fold increases in Zn and over 2-fold  increases in Cd 

concentrations were found by comparison with equivalent soils located 
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in a rural area (Beavington , 1 9 7 3) . 

Typically , in s i tua tions where aerial deposition of Zn and Cd 

occurs , soil levels are generally highes t in the top 5 to 1 0 cm of soil , 

decreasing with depth and also  with dis tance from the emission source . 

The significance o f  the accumulation of Zn and Cd within the topsoil 

is that most o f  the added Zn and Cd is within the rooting zone o f  mos t  

pasture and vegetab le plants and therefore positionally availab le for 

uptake . 

Actual uptake , by p lants , o f  emission-borne Zn and Cd added to 

soils was shown by res ul ts from a comparison of Zn and Cd concentrations 

in herbage from rural and urban areas . Beavington ( 1 9 75 )  found the 

Zn content of grass and c lover p lants grown on soils in rural areas to 
- 1 - 1  be 0 . 4 4  �ol Zn  g and to increase to  1 . 0 8  �mo l Zn g for  plants 

grown in urban areas . Th is finding sugges ts that surface soil enrichment 

by heavy metals , such as Zn and Cd can resul t in increased plant contents ,  

wh ich in turn , can lead to increased  heavy metal burdens for  animals and 

humans , if they become p art o f  the diet . 

1 . 3 . 2  Motor vehicle emissions 

Emiss ions from mo to r vehicles can increase Zn and Cd concentrations 

in soils in close proximity to roadways . Elevated levels of NH4Cl-

extractab le Zn and Cd were measured in topsails  adj acent to four heavily 

t ravelled roads (Lagerwerff and Specht , 1 9 70 ) . Concentrations o f  Cd 
-1 - 1  ranged from 0 . 008  �mol Cd g to 0 . 0 1 6  �mol C d  g , and Zn from 0 . 8 3  t o  

- 1  2 . 6 3  �mol Z n  g , at  a dis tance o f  8 metres from the roadways . The 

topsoil conrent o f  these metals decreased  with increasing depth in the 

s o il and distance from the road . The content o f  Zn and Cd in motor 

vehicle oils and tyres is the mos t  l ikely s ource of these metals . 
- 1  For example , levels o f  0 . 002  �mol Cd g in lub ricating oils and from 
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- 1  0 . 1 7 8  to 0 . 80 1  � mol g in a range o f  tyres have b een reported 

(Lagerwerff  and Specht , 1 9 70 ) . The plant  availability o f  Zn and Cd , 

added to roadside s oils by mo tor vehicle  emissions , was determined 

(Lagerwerff , 1 9 7 1 )  and it was found that 5-fold  soil  Cd and 7-fold soil  

Zn increases resulted in  only 2-fold  increases in both Zn and Cd  in  

roots and tops o f  radish plants . Hence only a small proportion o f  the 

added Zn and Cd was plant-availab le ,  the remainder being ei ther lost 

from the soil by leaching , or  adsorbed by soil components . 

Thus several s tudies have shown that heavy-metal pollution of  

surface soils occurs near metal smel ting complexes , mines and near well-

used roadways and that these pollutants can be ab sorbed by plants growing 

in these localities . However while the pollution probl ems affect only 

limi ted soil areas , the a t t endant heal th hazards may extend over a far 

greater area due to transpo rtation of the plant p ro ducts grown on such 

contaminated soil . 

1 . 3 . 3  Municipal was t es 

S ewage s ludges , effluents and garb age compos ts are pot ential 

sources of additions of h eavy metal pollutants to s urface soils . 

At p res ent , the disposal o f  solid and liquid s ewage was tes is a maj or  

prob lem for l arge ci ties . Soils are increasingly being used for the 

disposal of was tes , largely as an alternative to incineration . However , 

the heavy metal content o f  thes e was tes may cons titute a potential 

hazard if large amounts of waste  are disposed of in this manner 

(Berrow and Webber , 19 7 2 ; Purves , 1 9 7 2 ; Bradford et al . ,  1 9 75 ) . 

This  is esp ecially o f  concern for the metals Cu , Zn , Cr , Pb , Cd and Sn  

whi ch are toxic at high concentrations , and which are abl e  to be  s tore d  

and concentrated  in the soil  a s  the result o f  repeated applications o f  

s ludge . The heavy metal contents o f  sewage sludges in dif ferent 
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countries have b een measured .  Table  1 . 6 summarizes the findings o f  

s ome o f  these s tudies . The amounts o f  Zn and Cd shown are average 

values . A notab l e  feature of the data in Table 1 . 6 is that the 

New Zealand s ludges from Levin and Auckland contain less than half the 

amount o f  Zn and less than a tenth the amount o f  Cd , as the sludges from 

the U . S . A .  The lower Zn and C d  concentrat ions i n  s ludges i n  New Zealand 

reflect the low intensity of heavy indus try, whi ch can contribute large 

amounts of these heavy metals to municipal was tes in o ther countries . 

S tudies h ave been undertaken , mainly in the United S tates , to 

determine whe ther or not additions o f  s ewage sludge to soils increase 

the heavy metal contents of the s oils to which they are added . Soils 

amended with s ludge have been shown to contain mo re Zn and Cd than 

unamended s oils (Bradford e t  al . ,  1 9 75 ; Hinesly e t  al . , 1 9 7 7 ) . For 

example , additions o f  sewage sludge , for s even years , a t  an average 

-1 - 1  concentrat ion o f  6 5 . 75 � mol  Zn g and 1 . 78 �mol Cd g increased the 
- 1  Zn and Cd con tents o f  the top 1 5 cm o f  soil  to 1 5 . 29 �mol Zn g and 

- 1  0 . 36 � mol  Cd g (Hines ly e t  al . ,  1 9 7 7 ) values which were 50% higher 

than Zn and Cd levels  in corresponding unamended soils . In  contras t 

to these reported findings , Quin and Syers ( 1 9 78 )  concluded from a 

t rial on the effect o f  1 6  years irriga t ion of pas tures with treated 
- 1  1 s ewage effluent ( containing 0 . 2 3 � mol Zn 1 and 0 . 00 1  � mo l  Cd 1- ) ,  

that there were  no measurab le increases in heavy metal content o f  soils, 

e i ther as total  or 0 . 1N HCl-extractable  Zn or Cd . The s t udy involved 

the use o f  effluent in New Zealand and i t  would appear from these 

findings that i t  may be relatively safe to add New Zealand sewage 

s ludges to soils , without undue risk of a build-up of toxic metals . 

The impo rtance o f  Zn and Cd additions to soils  from s ewage 

sludges depends on the availab ility o f  the added Zn and Cd to plants , 



Tab le  1 . 6  To tal Zn and Cd content o f  sewage s ludges 

Source of S ludge 

l. U . S . A .  
( Furr e t  a l . , 1 9  76 )  

2 .  U . S  . A .  
( Clark and Hill , 1 9 58 )  

3 .  California 
(Bradford et al . ,  1 9  7 5 )  

4 .  U . K .  
(Berrow and Webber , 1 9  7 2 )  

5 .  S ingapore  
(Wells and Teoh , 1 9  7 5 )  

6 .  Templ eton , N . Z .  
( Quin and Syers , 1 9  7 8) 

7 .  Levin , N . z . 
(Wells and Whit ton , 1 9  7 6 )  

8 .  Auckland , N . Z .  
(Wells and Whi t ton , 1 9  7 9 )  

n . d .  not detectable 

Zn 

No . �mo l - 1  dry g 
S i tes wgt . bas is 

1 6  32 . 56 9  

1 5  36 . 86 5  

6 1 1 . 46 8  

5 4  6 2 . 6 9 1  

2 35 . 1 6 8  

1 1 6 . 820 

1 1 8 . 349  

1 1 0 . 70 3  

25  

Cd 

- 1  �mol g dry 
wgt . basis 

0 . 5 8 1  

0 . 6 5 8  

n . d .  

0 . 0 78 

0 . 0 38 

n . d .  

0 . 040 
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as it  is only through edible plant products that toxic metals enter 

the food chain . I t  is important to determine whether or not the Zn 

or  Cd , added to soils  in sewage s ludges and compos ts is availab le for 

plant uptake . 

1 . 3 . 3 . 1  Plant availability o f  Zn and Cd added 

to soils in sludges and composts 

Corn and beans grown on soils treated with sewage s ludge 

- 1  were found t o  contain levels o f  Zn and Cd exceeding 4 . 59 �mol Zn g 
- 1 and 0 . 0 2 7  �mol Cd g (Hinesly et  al . ,  1 9 7 7 )  values which have been 

suggested as being a t  about the tolerable  l imits o f  thes e elements for 

plants (Allaway , 1 9 6 8 ;  Melsted , 1 9 7 7 ) . However , even at these high 

t issue levels no yield depressions occurred . Elevated plant tissue 

concentrations o f  Zn and Cd in corn grown on sludge amended soils have 

been demonst rated (Mays et al . ,  1 9 7 3 ;  Giordano et al . ,  1 9 75 ; Mortvedt  

and Giordano , 1 9 7 5 )  wi th Cd in sewage s ludges appearing to b e  more 

plant-available  than Zn . For example , crop uptake has been shown to 

be  l ess than 5%  of the extra Zn added , much lower than woul d occur 

from Znso4 s olut ion at s imilar soil pH (Mortvedt and Giordano , 1 9 75 )  

while Cd added e i ther by way of sewage sludge o r  solution was readily 

available for absorp t ion and trans location within the plant ( Jones , 

Hinesly and Ziegler , 1 9 7 3) . 

Thus , numerous inves t igators (Allaway , 1 96 8 .  Jones e t  al . ,  1 9 7 3 ;  

Mays e t  al . ,  1 9 7 3 ; Giordano e t  al . ,  1 9 75 ; Mortvedt  and Giordano , 

1 9 75 ; Hinesly e t  al . ,  1 9 7 7 ;  Mels ted , 1 9 7 7) have highlighted  the need 

for careful application o f  municipal wastes to soils , i f  heavy metal 

accumulations and toxicity p roblems are to  be  avoided . 



1 .  3 . 4  Superphosphate fertilisers 

Macronut rient fertilisers , such as superphosphate made from 

phosphate rock o f  both marine and continental origin are often used  
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in large quantit ies on agricultural and intensive horticultural sys tems . 

Long-term high rates o f  application o f  fertilis ers can be  impo rtant 

contributors of heavy metals , such as Zn and Cd , whi ch can thereby 

enter the food chain through edib le plant products ( Schroeder and 

Balassa , 1 9 6 3 ;  Williams and David ,  1 9 73 ) . 

On some soils the addition o f  Zn via phosphate fertilis ers , may 

b e  advantageous as the Zn added may contribute substantially to  plant 

requirements  (Ozanne et a l . , 1 9 65 ) , but may also be disadvantageous 

in some soils  as the concentration range between deficiency and toxicity 

o f  Zn is very narrow (Barrows , 1 9 6 6 ) . 

The Zn and Cd found in superphosphate fertil isers may derive from 

s everal sources . The contribution from sulphuric acid used in the 

manufacture o f  superphosphate depends on whether the acid is synthesised 

from Zn concentrates ( sulphides) by the chamber  process , from elemental 

S ,  or from either s ulphide or sulphur by the contact process (Walkley , 

1 9 40 ; Oerte l  and S tace , 1 9 49 ) . Another source is the rock phosphate  

from which the  fertiliser is manufactured ( see Table  1 . 7  after  Swaine 

( 19 6 2 ) ) . 

As can b e  seen from Tab le 1 . 7  the particular rock phosphate used 

for superphosphate manufacture is likely to have a maj or  bearing on the 

Zn and Cd contents o f  the resultant fertiliser . The rock phosphates 

used in New Zealand have come mainly from Nauru ,  Chris tmas and Ocean 

Islands . 

1 . 3 . 4 . 1  Z inc and Cd contents o f  superphosphate ferti l isers 

The ranges o f  Zn and Cd contents , in superphosphate fertilisers 



Tab le 1 .  7 Zinc and Cd contents o f  rock phosphates 

Source of Rock Phosphate 

Nauru Island 

Nauru Island 

Nauru Island 

Ocean Is land 

Ocean Island 

Chris tmas Island 

Cavacao Is land 

Tennessee , U . S . A .  (Wes t) 

Montana , U . S . A .  (Eas t )  

Florida , U . S . A .  

Zn content 
-1 

( ]lrnol  g ) 

1 3 . 76 2  

-

-

1 5 . 29 1  

-

-

3 . 2 1 1 -4 . 5 87 

3 . 2 1 1 -5 . 1 22 

0 . 2 75-2 . 3 70 

0 . 36 7-2 . 095 

-

Cd content  
- 1  ( 11mol g ) 

0 . 6 6 7  

0 .  7 7 4  

s ignificant 
amount 

1 . 022  

s ignificant 
amount 

0 .  356 

-

-

-

0 .  890 

Walkley , 1940 

Williams and David , 1 9  73  

Oertel and S tace , 1 9 4 7  

Walkley , 1940 

Oertel and S tace , 1 9 4 7  

Williams and David ,  1 9  7 3  

Clark and Hill , 1 9 5 8  

Clark and Hill , 195 8 

Clark and Hill , 1 958  

Collins ( 1 950)  as  quoted 
in Swaine , 1 9 6 2  

N 
CO 
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given by various autho rs are shown in Table 1 . 8 .  The values shown for 

Zn especially h ighlight  the variab ility due to sources o f  rock phosphate 

and sulphuric acid used . 

For example , with di ffering rock phosphate sources , superphosphate 

fertiliser made from ro ck phosphate of the Eas tern U . S . A .  varied by 

almost one-hundred fold in Zn content compared to superphosphate made 

from Wes tern U . S . A .  rock phosphate (Bingham , 1 9 59) . Fertiliser made  

from the Nauru rock phosphate was 50%  l ess in  Zn content solely due to  

the use o f  s ulphuric acid  made from elemental S or the contact process , 

as opposed to  acid made  from sulphide ores and the chamber process 

(Walkley , 1 9 40 ) . The range of Cd reported in superphosphate fertilisers 

- 1 is 0 . 08 to 1 . 5 1  �mo l  Cd g and aris es from both sulphuric acid and rock 

phosphate used in the manufacture o f  the fertilis er (Walkley , 1940 ) . 

An important cons ideration is whether or  no t the metals added in 

fert ilisers are plant available once applied to soil . 

1 . 3 . 4 . 2  P lant availabil i ty o f  Zn and Cd 

in superphosphate fertilisers 

S o il factors important in determining the overall plant 

availability of added heavy metals include pH , organic mat ter content , 

cation exchange capacity and sesquioxide content (Williams , 1 9 74 ) . 

Evidence suggests that Zn and Cd applied to soils in superphosphate 

does become plant availab le .  Zinc has been found to b e  relatively 

immobile , p ersisting in the soil near the point o f  application and in 

the top 5 ems of soi l , hence remaining within the root ing depth o f  

many plant species ( Gilkes e t  al . ,  1 9 75 ) . 

In Hawaiian soil s ,  significant increases in 0 . 1N HCl-extractab l e  Zn 

were found with increasing phosphate  fertilis er application ( Saeed and 

Fox , 19 78 ) , while some Australian soils , which had received superphosphate 



Table 1 .  8 Zinc and Cd contents o f  some superphosphate fertilisers 

Source o f  

Rock Phosphate Source of H2so4 

I daho , U . S . A .  Sulphide ores 

Florida , u . s . A .  s 

Nauru Island ZnS concentrates 

Nauru Island Unspecified 

Nauru Island Unspecified 

U . S . A . (Western) Unspecified 

U . S . A . (Eas tern) Unspecified 

Triple Superphosphates 

I daho , U .  S .  A. 

Flo rida , U . S .  A .  

Sulphide ores 

s 

Zn content 
- 1  (lJmo l  g ) 

6 . 376- 7 . 309 

0 . 7 6 5- 2 . 5 2 3  

10 . 245-16 . 66 7  

8 .  25 7- 9 .  480 

4 . 1 2 8- 1 1 . 46 8  

20 . 6 42 (av . )  

2 . 385 (av . )  

0 . 76 5-2 1 . 86 5  

26 . 6 82 

9 . 5 72- 1 9 . 5 72 

0 .  765- 1 . 529  

2 1 . 40 7  

Cd content 
- 1  (llmol g ) 

-

-

0 . 445- 1 . 5 1 3  

-

0 . 1 78-0 . 46 3  

-

-

0 . 445-1 . 5 1 3  
-

0 . 080-0 . 320 

Reference 

Clark and Hill , 1 958  

Clark and Hill , 1 9 5 8  

Walkley , 1 9 40 

Walkley , 1940 

Williams , 1 9 74 

Bingham, 1 9 59 

B ingham , 1959  

Burrows , 1 966  
Broawn , Viets and Crawford ,  

S chroeder and Balama , 

Clark and Hil l ,  1958  

Clark and Hill , 1 958  
Saeed and Fox , 19 78 

1 9 6 3  

1 9 5 4  

w 
0 
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fertiliser for over thirty years , had signi ficantly higher HCl- , 

EDTA- (pH 7 . 0 ) and NH4Cl- extractable Zn , than the respective 

unfer tilised soils (Williams and David , 19 76 ) . Two-fold increases in 

the t issue levels of Zn were found in subterranean clover and lucerne 

grown on the fert ilised soils and Zn contamination of the s uperphosphate 

was ci ted as one possib le cause o f  these results . Sub terranean clover 

was able to recover only up to 14% of Zn added by way of superphosphate  

(Ozanne , Shaw and Kirton , 1 9 6 5 )  and the data sugges ted that the to tal 

amount of Zn applied was the important factor governing the amount o f  

Zn absorbed b y  plants , rather than the rate o f  superphosphat e  used . 

Cadmium added to soils via superphosphate applications is thought 

to remain largely plant available . Approximately 85% o f  the amount 

added to soils by  superphosphate addit ions was found retained in the 

cultivated layer o f  the soil , and hence within the rooting depth o f  mos t  

plant species (Williams and David , 1 9 76 ) . Under field conditions the 

effect o f  Cd impurities on soil and plant Cd contents will depend on 

soil type , amount s  o f  ferti liser used , and the plant  species grown 

(Williams and David ,  1 9 73 ) . 

Heavy applications o f  superphosphate fertiliser can cause 

s igni ficant increases in Cd contents of vegetables (Schroeder and 

Balassa , 1 96 3 ;  S chroeder e t  al . ,  1 9 6 7 ) , pas ture plants and grain crops 

(Wi l liams and David , 1 9 7 3 ; Williams and David , 1 9 76 ) . For example , 

the addition of  1000 kg/ha o f  superphosphate (with a mean Cd content o f  

0 . 383  �mol C d  g- 1 ) increased the C d  contents o f  oats , sub terranean 

clover and lucerne approximately ten-fol d , i . e . , from 0 . 0002 ,  0 . 0009 
-1 and 0 . 000 3 �mol Cd g t o  contents of 0 . 0025 , 0 . 0 1 1 9 and 0 . 005 3 �mol Cd 

- 1  g respectively (Williams and David , 1 9 7 3) . 

The importan t  fact o r ,  with respect to animal  and human heal th , i s  
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the Cd content o f  the plant material actually consumed . In this 

respect leaf and roo t  crops are generally found to accumulate more Cd in 

the edib le portions than do grain crops (Wil liams and David , 1 9 7 3) . 

Accumulation o f  Cd in soils and the s ubsequent transfer o f  

increase d  amounts o f  Cd  to plants , due to  the application of phosphate 

fertilisers ( Schroeder and Balassa , 1 96 3 ;  Schroeder et al . ,  1 96 7 ;  

Wil liams and David , 1 9 7 3 ;  Williams and David , 19 76 )  gives cause for  

concern as it  a f fords the opportunity for  entry o f  Cd  into the food 

chain . 

1 . 4 Adsorption o f  Zn and Cd by hydrous oxides and soils 

In this , and subsequent sections , the terms "hydrous oxide" o r  

"hydrous metal oxide" will be  used as a general term to include 

oxides , hydrous oxides and hydroxides unless otherwise specified . 

1 . 4 . 1  The role o f  hydrous oxides in the chemistry 

o f  s o il Zn and Cd 

I norganic components of soils that have been shown to be active 

in the retention o f  heavy metal  cations , such as Zn and Cd , include 

short-range order hydrous oxi des of Fe , Al and Mn ( Jenne , 1 96 8 ;  Gadde 

and Laitinen , 19 74 ; Kinniburgh et al . ,  1 9 76 ; Loganathan et  al . ,  1 9 7 7) ; 

crystalline Fe and Al oxides , e . g . , goethite , gibbsite (Parfitt and 

Russell , 1 9 7 7 ; Kalbasi et a l . ,  1 9 78 )  as well as clay minerals , e . g . , 

montmorillonite (Bingham , Page and S ims , 1 96 4 ; Reddy and Perkins , 1 9 7 4 ) . 

Hydrous Fe , Al and Mn oxides are formed from the weathering o f  

Fe- , Al- , and Mn- containing primary and secondary minerals . P rimary 

minerals decompose to produce hydrous oxides and less commonly layer 

silicates , depending on soil  condi tions ( Fieldes and Swindale , 1 9 5 4 ) . 
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The weath ering of  minerals to  hydrous oxides involves hydration of  the 

mineral  surface and then a decomposition react ion (Barshad , 1 9 5 5 ) . A 

generalised weathering reaction has been given by Yaalon ( 1 959 )  as : 

Aluminium s ilicate + wat er + amorphous intermediate products + ions + 

clay minerals + soluble  salts which mo re specifically is : 

Potassium feldspar in solution as 
hydrated forms 

Kaolinit e 

Fe and Mn hydrous oxides are ubiquitous in soils (Jenne , 1 9 6 8 )  

( l .  l )  

except possib ly in  young soils on  unweathered volcanic  ash and pumice or  

in  the eluvial horizon of podzols  where the  hydrous oxides have been 

removed by acidic leaching a t  low redox po tentials . 

Amounts o f  hydrous Fe oxides in soils range from 1 - l l %  o f  soil  

( Carrell ,  1 9 58) , while amounts of hydrous Mn oxides range from 0 . 02-

0 . 4%  of soil (Daniels et  al . ,  1 96 2 ;  B iswas and Gawande , 1 9 64 ) . For 

New Zealand soils the amounts  o f  hydrous Fe oxides range from l - 1 6 %  

of so il (Fi eldes and Swindale ,  1 9 54 ; New Zealand Soil Bureau, 1 9 6 8) . 

These hydrous oxides occur in soils either as partial coatings on 

silicate mine.rals ( Jenne , 1 9 6 8) or as discrete  minerals (Kinniburgh e t  

al . ,  1 9  7 5 )  . The ability o f  hydrous oxides to specifically adsorb 

divalent cations (Jenne , 1 96 8 ;  V�sely and Pekarek , l 9 72 ; Quirk and 

Posner , 19 75 )  coup led with the occurrence o f  hydrous oxides , in soils , 

as partial coatings on clay minerals , points to the potentially important 

role of hydrous oxides in the retention o f  cations by soils . I t  has 

been suggested ( Jenne , 196 8) that organi c  mat t er serves to maintain 

hydrous oxides in  their micro-crys talline , short-range order form 

preventing their regular crystallisat ion , as would normally o ccur under 

oxidisi ng s oil conditions . 



Iron gel has been us ed as a synthetic model oxide for 

investigating the mechanisms by which cations , such as Zn and Cd , 

are adsorbed by soils . Such a s imple  synthetic  hydrous oxide can 

be used to s imulate  the effect  o f  the more complex heterogeneous 

soil  hydrous oxide sys tems . Cat ions shown to be  adsorbed from 

solution by hydrous Mn and Fe oxide materials include Cd , Co , Cu , Ni , 

Pb , Tl and Zn (Krauskopf ,  1 9 5 6 ; Gadde and La it inen , 1 9 74 ) , and Cd , 

Co , Mg , Ni , Pb , S r  and Zn adsorption by hydrous Fe and Al oxide gels 

has been s tudied ( S tanton and Burger , 1 9 70 ; Kinniburgh et  al . ,  

1 9 76 ) . 

The adsorption of  cat ions by hydrous oxides and soils depends 

no t only on the chemical and physical properties of the adsorb ent 

but also on the properties of the adsorbing ions . The properties o f  

syniliet j c hydrous oxides and more particularly those of the surfaces 

o f  these hydrous oxides are d iscussed in the following section , and 

the ionic properties of interes t are discussed in a later section . 

1 . 4 . 2  Properties o f  the hydrous metal oxide/ 

aqueous interface 

1 . 4 . 2 . 1  Development of surface charge 

34 

The t erm "hydrous metal oxide" refers to compounds whi ch 

have one or more metall ic cations combined with the elements water , 

hydrogen and oxygen and is taken to include metal hydroxides 

( e . g . , Fe ( OH) 3-ferric hydroxide) ; oxyhydroxides ( e . g . , FeOOH-goethite)  

and metal oxides ( e . g . , Fe2o3-hemati te) , whi ch may have hydrated 

s urfaces ( Onoda and de B ruyn , 1 966 ) . An example  o f  the surface 6f one 

s uch hydrous metal oxide , goeth ite , is  depicted as follows : 
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0 

( Quirk and Posner , 1 9 75 )  ( l .  2 )  

These hydrated  surfaces are constant potential surfaces and the 

adsorption and desorpt ion of  protons , as shown in equation ( 1 . 3) b elow , 

results in a change in surface charge , e . g . , 

2 0 

0 ( l .  3) 

� OH 

Fe/ 
/ �OH 

Ions which adsorb on surfaces o f  like or  zero charge are called 

" charging" ions (Bowden et  al . ,  1 9 7 7 ) and i f  they are components o f  the 

solid phase and are present in the so lvent then they are known as 

' potential-determining" ions (Parks and de Bruyn , 196 2 ;  Bowden et  al . ,  

1 9 7 3) . Thus , for hydrous metal oxide systems , protons and hydroxyls 

as well as the latt ice metal ions are the potential-determining ions 

and the concentrat ion of such ions in solution det ermines s urface 

charge and potential ( Gas t ,  1 9 7 7) . The potential , however ,  is  only 

"constant" at a f ixed concentration of potential-determining ions . 

These constant potential sys tems contrast with the layer s il icates , for 
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which the permanent surface charge arises from an imbalance of charges 

within the crys tal lat tices due to interior lat t ice imperfect ions and 

isomorphous subs t i tut ions (To th ,  1 964 ) . These lat ter surfaces are 

classified as cons tant charge surfaces (van Olphen , 1 96 3) . 

Differences in electri cal potential arise between a cons tant 

potential surface and the outer solution when the surface becomes 

charged as , for example , when a charging ion is adsorbed onto a s urface 

and the ion does not  displace an ion of  l ike charge or a counter-ion 

does not accompany the adsorb ed ion (Bowden e t  al . ,  1 9 7 7 ) . Charge 

separation , or the unequal distribution of charge ,  also occurs by 

unequal dissolution , i . e . , non-s toichiome tric dissolution of  the 

s tructural ions of the solid (Bowden et al . ,  19 7 7) . The surface 

charge on hydrous metal oxides arises by charge separation i . e . , 

unequal adsorption des cribed above , and models have been proposed to 

explain the charge and potential relat ionships o f  such interfaces . 

1 . 4 . 2 . 2  Models proposed to describe charge and 

pot ential relationship of charged interfaces 

Various models have been p roposed  to des cribe the spatial  

distribution o f  charge and po tential a t  an interface . Al though 

these models were originally developed for cons tant  charge surfaces , i t  

appears that the models were firs t carried over to  constant  potential 

surfaces by James and Healy ( 1 9 72 ) , and have been accep ted with no s erious 

obj ections agains t the use of such models for cons tant potential surfaces . 

1 . 4 . 2 . 2 . 1 Helmholtz  mode l . Helmoltz  ( 1 879 )  f irs t  

advanced an electrokinetic  double  layer theory for an electri ca lly­

charged planar surface b ased on the s tructure of a s imple condenser . 

The " inner" layer in the model is represented  by the surface charge o f  
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the  part icle and the "outer" layer as  a plane o f  ions of oppos ite  

charge lined up adj acent to the surface . A s chema tic representation 

of charge and potent ial dis tribution for this model is shown in 

Fig . 1 . 1  from Bear ( 1 9 6 4 ) . 

1 . 4 . 2 . 2 . 2  Gouy-Chapman model . Gouy ( 1 9 10 )  and Chaprnan 

( 1 9 1 3) both developed the model o f  a dif fus e double layer at a charged 

planar surface . They p roposed that the solution surrounding the 

charged surface contained ions as point charges which were attracted or  

repelled by the surface depending on  the s ign o f  the surface charge and 

that of the ion . The coun ter-ion concentration is highest neares t the 

s urface , decreases rapidly at firs t and then asymp totically with 

dis tance , as shown in Fig . 1 . 2 ( Bear , 1 964 ) . The Gouy-Chapman model 

contained s ome unrealistic  assump t ions , the mos t  importan t  being the 

neglect of ionic diamet ers by assuming the ions in solut ion to be po int 

charges . 

1 . 4 . 2 . 2 . 3  S tern model . S t ern ( 1 9 2 4 )  developed the 

Gouy-Chapman model further by giving fine s t ructure to the outer layer .  

The model consists of a layer o f  ions located at a dis tance equivalent 

to  the radius of the coun ter-ions , this representing the closes t  

approach o f  the ions t o  the surface . Outside this is a dif fuse layer 

o f  ions as propos ed in the Gouy-Chapman model . Thus , the to tal surface 

charge is countered by the layer of charged ions close to the surface 

together with the charge of the ions in the diffus e layer (Fig . 1 . 3 

from Bear , 1 964 ) . In the "S tern layer" , the zone between the surface 

and the plane of  centres of the counter ions a t  closes t approach to the 

s urface , the electric po tential is  assumed to decrease linearly with 

dis tance , f rom a value � .  at  the surface to a value � , called the 
l s 

S tern potential (van O lphen , 19 6 3) . S tern p ropos ed that the ions c lose  
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t o  the surface in teracted with the surface by  both el ectros tatic 

( coulombic)  at tract ion and some extra specific "chemical" interaction . 

1 . 4 . 2 . 2 . 4  Grahame model . Grahame ( 19 4 7 ) proposed 

further fine s tructure o f  the double layer by suggesting that the cations 

at the surface lose their respective waters o f  hydration such that the 

dehydrated cat ions can then be adsorb ed into a plane in direct contact 

wi th the surface . The locus of the centres o f  such ions becomes the 

Inner Helmhol t z  plane ( i . H . p . ) , while th e locus o f  centres of hydrated 

ions b ecomes the Outer Helmhol t z  plane (o . H . p ) comparable to the 

S tern layer . The Grahame doub le layer model is  depicted in Fig . 1 . 4 .  

In this model the adsorbed dehydrated ions closes t to the surface 

are said to  be  specifically adsorbed (Hingston et al . ,  1 9 6 7 ) . Thes e 

specifically adsorbed ions are non-lattice ions that can alter surface 

charge and det ermine the potential at and next to the surface (Bowden 

et al . ,  1 9 7 7 ) . Speci fically adsorbed ions can adsorb onto neutral or  

oppositely-charged surfaces irrespective of  the solution concentrations 

of o ther ions , and can even be adsorb ed in excess of amounts required 

to neutralise the surface charge . Super-equivalent adsorption can 

result  in reversal o f  the s ign of the charge of the diffuse  layer , as 

depicted in Fig . 1 . 5 .  Such adsorption occurs agains t electrical 

repulsion as a result of extra "specific" chemical attractive forces 

( propos ed by S tern ( 1 9 24 )) which allow adsorpt ion to proceed . 

1 . 4 . 2 . 3  Charge dis tribut ion a t  oxide surfaces 

For metal oxide sys tems , surface charge ( a  ) is developed s 

by protonat ion-deprotonat ion reactions with oxo- , hydroxo- and aquo-

species ligated to surface metal ions (Levine and Smith , 1 9 7 1 ; Wrigh t  

and Hunter , 1 9 7 3 ;  Bowden e t  al . ,  19 74 ) . The charge borne by hydrous 

oxide surfaces is determined by the respective concentrations of 
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Figure 1 . 5  
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H+ and OH ions ( po tential-determining ions) . Thus : 

( 1 .  4 )  

where rH+ and r oH are the surface excesses o f  H+ and OH ions . The net 
+ -charge , or the amounts o f  H and OH adsorbed ,  on surfaces is measured by 

titra ting the hydrous metal oxides in solutions of indi fferent electro lyte 

over a range o f  concentrat ions , e . g . , 0 . 0 1M ,  0 . 1M NaCl (Bar-Yosef  et  al . ,  

1 9 75 ; Bowden e t  a l . ,  1 9 7 7 ) . An example o f  such a ti tration curve for 

a hydrous metal oxide , goethite , is given in Fig . 1 . 6 .  The t i tration 

curves cross at a point where the surface charge is independent  o f  ionic 

s trength . For variable  charge surfaces this corresponds to the point 

of zero charge ( p . z . c . )  and the pH at which the intersection occurs is 
+ denoted the pH ( p zc)  for whi ch the surface excess o f  H ions is equal to 

that o f  O H  ions , i . e . , 

+ -( rH - roH ) 0 ( l . S ) 

At pH values below the p . z . c . , the surface charge , 6 , is positive , s 

whereas at pH values ab ove the p . z . c .  the surface charge is negat ive . 

For constant  pot ential surfaces , and at a fixed pH , the magnitude o f  

the charge increases with increasing indifferent e lectrolyte 

concentrat ion . 

1 . 4 . 2 . 4  Charge variat ion in the presence o f  

specifically-adsorbed cations 

I f  the intersection point for the t itration curves o f  

hydrous metal oxides shi f ts from the point pH=pzc ( Fig .  1 . 6 ) , particularly 

at h igh elect rolyte concentrations there is evidence that one o f  the ions 

in s o lution is  a specifically adsorbed  ion . A shif t  o f  the pH ( p z c) to 

a more alkal ine pH can b e  at tributed to  an increase in positive charge 

of the surfaces as a result of specific adsorp tion of  cations , and thus 
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requiring that more OH ions mus t be  adsorbed to res tore the p zc . 

1 . 4 . 2 . 5 Iso-electric point of hydrous oxide surfaces 

The pH at which the densi ty of posi tive sites is equal to 

4 6  

the densi ty o f  n egative s i tes and hence net surface charge i s  zero , is 

called the iso-elec tric point of the surface or pH ( iep) (Parks , 1 9 6 7) . 

The pH ( iep )  of  a s ur face arises solely from interaction of  

H+ . OH 1ons , ions , the solid and wa ter alone (Parks , 1 9 6 7 ) , and when no 

o ther ions are specifically adsorbed the dif fuse layer charge depends 

only on surface charge such that : 

pH ( iep) pH ( p zc) 

Surface charge , 8 , is negative i f  pH is greater than pH ( iep ) and 

positive if the pH is lower than pH ( iep) . In general , specific 

adsorpt ion of cat ions shif ts the point of zero charge , i . e . , pH (p zc) 

to mo re basic  values (Parks , 1 9 6 7 ) . 

1 . 4 . 2 . 6 Points o f  zero charge in soil  components  

There is no  fixed pH  ( p zc)  for oxides or  hydrous oxides 

(Parks , 1 96 5) , the value ob�ained varying according to the purity , 

origin , degree o f  crys tallinity and hydration of the sample . From a 

survey of  the l i terature Ryden ( 1 9 7 5 )  found that pH (pzc) for  Fe and Al 

oxides and hydrous oxides ranged between pH 8 . 0 and 9 . 5  with the 

aluminium-containing oxides tending towards the higher pH values 

compared to the iron-containing ones . 

Thus , a t  normal soil pH values ( acidic to neutral)  one would expect 

hydrous Fe and Al oxides to b e  positively charged . S ilica gels with a 

pH (pzc) o f  around  3 . 0 (Hope , 19 7 7 )  are expected to  b e  negatively charged 

at normal soil pH values . However , s ince hydrous oxides in soils are 

l ikely to  occur as mixtures o f  more than one component as opposed to the 
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simple synthetic  laboratory- type hydrous oxides , and because specific 

adsorpt ion results in a shift of the p zc , it  would no t be s urprising to 

find maj or discrepancies between pH (pzc)  o f  na tural and synthetic forms . 

Fe and Al gel sys tems admixed with silica and organic mat ter 

(Mat tson et a l . ,  1 950 )  are probably the rule rather than the excep tion 

in soils (Mat t ingly , 1 9 7 5 ) . The pH (p zc)  o f  such sys tems would likely 

be very different from that of the pure components . 

l .  4 .  3 Forms of  Zn and Cd ions in solution 

To ass i s t  with an unders tanding of the mechanisms of adsorption 

of Zn and Cd onto mineral or organic surfaces , it is necessary to 

consider the speciat ion of solub l e  fo rms . In aqueous solutions there 

are several possib le soluble  species of Zn and Cd and the predominant 

ones are discussed below .  

1 . 4 . 3 . 1  Evidence for exis tence of complex ions o f  

Zn and Cd in aqueous solution 

The marked s imilarity between the solution chemistry of  Zn 

and Cd is a further manifes tation o f  their close relationship on the 

periodic tab le �ot ton and Wilkinson , 1 9 6 6 )  i . e . , Zn and Cd are b o th in 

Group liB and are both t ransi tion metals , hence Zn and Cd t end to form 

the same type o f  compl ex ions in solution . 

Complex ions are defined as " finite  groups of atoms , linked by 

predominantly covalent  b onds which remain separate entities in solution , 

and have properties dif ferent  from those of their cons ti tuents"  

(Barnard , 1 9 6 5 ) . Zn and Cd can form important  complexes with hydroxyl 

and chloride ions . 

Lindsay ( 1 9 72) p roposed that in the abs ence o f  other complexation 

reactions at pH below 7 . 7  the predominant solub le species in equilib rium 
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with s oil Zn i s  zn2+ ( Fig . 1 . 7 ) ,  while a t  higher pHs the neutral species , 
0 Zn (OH) 2 (aq . )  predominates (Lindsay , 1 9 72 ) . 2-

The zincate ion , Zn (OH) 4 
forms only at higher pHs (pH > 9 )  and is not included in Fig .  1 .  7 

(Lindsay , 1 9  72 )  . 

Complex ions are formed by both Zn and Cd , but the equilibrium 

constants , reported in the l i terature , vary widely ( Cotton and Wilkinson , 

1 966 ) . + 0 - 2-All four chlori de compl exes ( i . e . , ZnCl , ZnC12 , ZnC1 3 , ZnC14 ) 

o f  Zn and Cd are pos s ib l e ,  with the Cd complexes being more stable than 

the respective Zn complexes ( Co t ton and Wilkinson , 1 9 6 6) . In an 

aqueous s olution o f  ZnC12 , the complex ion 
2+ + 0 Zn (H2o) 6 , ZnCl ( aq . ) , ZnC12 ( aq . )  and 

species present are 

Wilkins on , 1966 ) . The relative importance o f  the different chloro-

complexes are shown in Fig . 1 . 8 (Horne et  al . ,  195 7)  which shows that 

at  the Cl concentrat ions commonly used in adsorpt ion experiments  

( i . e . , 0 . 0 1 -0 . 1M NaCl matrix solutions) the divalent cation predominat es 

in solution . 

Formation constants  for the species present in solution indicate 

that for Zn , neither chloro-complexes (Horne e t  al . ,  1 95 7 )  nor hydroxy 

complexes (Lindsay , 1 9 72 )  are likely to predominate in solution . The 

maj or form o f  Zn being the hydrated divalent Zn2+ cation ( Irish et  al . ,  

1 9 6 3) . Fo rmat ion constants for both chloro- and hydroxy species o f  Cd 

are great er than those fo r Zn ( Co tton and Wilkinson , 1 9 6 6 )  and these 

complex ions would therefore be expected to be more abundant . 

To tal  Zn adsorp tion by goe thite  (positively charged at pH 5 . 0 -

7 . 5) was found to b e  greater in an NaCl matrix ( l0- 1M) than in an 

- 1  NaCl04 matrix ( 1 . 5  x 1 0  M) (Bar-Yosef  e t  al . ,  1 9 75 ) . This finding was 
+ attribut ed to  an adsorption of the complex ZnCl ion in the NaCl mat rix . 

The rat io 
+ ZnCl . 

Z was approx�mat e ly 0 . 3  to 0 . 05 for the NaCl and NaCl04 nTOTAL 
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matrices , respectively , but in both sys tems th e divalent Zn2+ ion was 

the maj or Zn species p resent . The greater adsorption o f  ZnCl+ in 

the NaCl matrix was a t tributed to a higher adsorpt ion energy for the 

ZnCl+ ion (Bowden , 1 9 7 4 )  arising , at least partly , from the smaller 
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electrostatic repuls ion between the positively-charged goethite surface 

and the adsorbing ions . + Adsorp tion of Zn , as the monovalent ZnCl 

ion , by Al and Fe hydrous oxides has also been p roposed by Kalbasi 

et  al . , ( 1 9 7 8) who found  that the mole rat ios of protons released to 

Zn ions ads orbed ranged b e tween 1 and 2 ,  wi th actual values observed 

b eing non-integer numb e rs . A small uniform uptake o f  Cl which was 

not pH dependent , unlike Zn uptake , was also detected . To explain 

this data two adsorp t ion mechanisms were proposed , one involving the 

s t rong affinity of the s urface for monovalent ZnCl+ , with one H+ ion 

released per Zn adso rbed , the second mechanism involving uptake o f  

d . 1 z 2+ . h . 1 f z d b d lVa ent n wlt concomltant re ease o two protons per n a sor e . 
+ The complex ion Zn (OH) can also be specifical ly adsorbed by 

hydrous oxides (James and Healy , 1 9 72 ; Bowden e t  al . ,  1 9 7 3 ;  Bar-Yosef 

et al . ,  1 9 7 5 ) . However ,  be tween pH 4 . 0 and 7 . 0 this hydroxy ion 

constitutes a minor fraction of the total soluble  Zn (Lindsay , 19 72 ) . 

Also  at  the concentrations o f  the Cl ion in the matrix solutions mos t  

commonly used for adsorpt ion s t udies , the monovalent ZnCl+ ion will  also 

be a minor species (Bar-Yosef  e t  al . ,  1 9 75 ; Kalbasi et al . ,  1 9 78 ) . 
2+ 2+ Thus the divalent species , Zn ( aq . ) and Cd (aq . )  are thought to b e  

the maj or species involved in adsorp t ion reactions with hydrous oxides 

under conditions mos t  commonly encountered in soils ( S tanton and B urger , 

1969 ; Hahne and Krootj ne , 1 9 7 3 ;  Gadde and Laitinen , 1 9 74 ; Forb es 

e t  al . , 1 9 76 ;  Kinniburgh et al . ,  1 9 76 ) . S ince Zn has a co-ordination 
2+ number o f  four (Barnard ,  1 9 65 ) , the hydrated Zn ion in aqueous solution 

can be  depicted as follows : 



2+ 

Data ob tained  fo r the adsorption of  Zn and Cd by hydrous oxide 

and soil surfaces can be mathematically t reated to ob tain descriptive 

parameters , such as b inding energies of the cat ions to the surface , 

and adsorp t ion maxima . One such method o f  treating data is  by 

us ing adsorption isotherms . 

1 . 4 .  4 Adsorption iso therms 

An adsorpt ion isotherm is constructed by plo tting the amount of 

Zn (or Cd) adsorbed  onto a surface agains t the equilib rium solution 

concentration of Zn (or  Cd) under conditions of cons tant temperature . 

Adsorption isotherms can b e  b roadly classified into four main 

types ( Giles et  al . ,  1 960 )  de termined by th eir initial s lopes . The 
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types are S ,  L (Langmuir) , H (high affinity) and C ( cons tant parti t ion) 

(Fig . 1 .  9 ) . The L-type isotherm appears to most  often describ e  Zn 

and Cd adsorption by  hydrous oxides and soils . This isotherm type is  

the one used  by  Langmuir to  model gaseous adsorption , and allows for 

monolayer coverage of the surface at the l imit of adsorp t ion . 

Some experimental features o f  the adsorption o f  Zn and Cd 

cations on hydrous oxide , clay and soil  surfaces are summarised b elow . 

Commonly : 

a) Adsorp tion isotherms are generally o f  the L- (Langmuir) type , as 

defined by Giles et  al . ( 1 9 60 )  (Bowden et  al . ,  1 9 7 3 ;  Bar-Yosef 

et al . ,  1 9 7 5 ; Shuman , 1 9 7 6 ) , e . g ., Fig .  1 . 9 .  

b )  Adsorp t ion  generally increas es as pH increas es , thus the amounts 
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of Zn and Cd adsorbed , at  fixed equilib rium concentrat ions , 

increas e with increasing pH as shown below (Bowden e t  al . ,  1 9 7 3 ;  

Bar-Yosef  e t  a l . ,  1 9 75 ; Bolland e t  al . ,  19 7 7 ;  Kalbasi e t  al . ,  

1 9 7 8) e . g . , Fig . 1 . 10 .  

c) In many cases , adsorption is no t compl etely des cribed by a 

s ingle Langmuir model . A multiple Langmuir model is sometimes 

used i . e . , the experimental data are only described us ing two or  

more Langmuir equations (Levine and Smith , 1 9 7 1 ; Bowden et al . ,  

1 9 7 3 ;  Bar-Yosef  et al . ,  1 9 75 ) . 

d) Specific adsorp t ion of Zn and Cd divalent cations generally 

leads to an increase in posi tive s urface charge on the adsorb ent  

(Bowden et a l . , 1 9 7 3) . 

A number  of models have b een formulated to mathematically 

charact erise experimental findings for the adsorption of Zn and Cd . 

The two mos t  commonly used in soil s tudies are the Freundlich and 

Langmuir models . 

1 . 4 . 4 . 1  The Freundl ich model 

This model ( Freundlich , 1 9 2 6 )  was proposed to des crib e  the 

adsorption of  ions o r  molecules from a liquid onto a solid s urface . 

The general mathematical form for the relationship is : 
1 

X 
m ( 1 .  7 )  

Where , x and m are the masses of adso rbate and  adsorbent respectively , 

c is the equilibrium concentration of  the adsorb ing ion in solution and 

K and n are empirical constants . The equation is mos t  commonly used 

in its  logarithmic form ,  i . e . ,  

log X 
m 

1 log C + log K .  n ( 1 . 8) 



For data conforming to the Freundlich model a plot o f  log � 
m 

against log C gives a s t raight line whose s lope is numerically equal 
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1 d . 1 to - an lntercept to og K .  n However ,  a p lo t  o f  log � agains t log C m 

o ften gives a curve rather than a s traight l ine (Barrow , 19 78) pos s ib ly 

due to the trans formation of  data for the logarithmic plot  weighting 

the values of low concentration mo re highly than the precision of these 

values j ustifies and also to the difficulty in adequately determining 

the amount of adsorbate already present on the surface (Barrow , 1 9 78) . 

Maj or limitations of this model are that no adsorption maximum can be  

found , i . e . , adsorp t ion increas es continuous ly as  equilibrium 

concentration increas es , and that the model was developed empirically . 

However , the model has been derived for dilute solutions by combining 

an expression for the free energy of adsorption on the surface with 

the Gibbs adsorption isotherm (Kipling , 1 9 6 5 ) . 

1 . 4 . 4 . 2  The Langmuir model 

The Langmuir equat ion was derived theoretically by Langmuir 

( 1 9 1 8) for adsorption of  gases by solids . Originally , an assump t ion 

was made that th e adsorbent possessed a number of uniform adsorp t ion 

sites  for which the heat of adsorption o f  the adsorbed species does no t 

vary from s ite  to s i te i . e . , each site has an equal probability o f  

participating in the adsorp t ion . Maximum adsorption occurs when the 

surface is covered wi th a monolayer of  the adsorbat e .  Langmuir 

developed the model from a consideration o f  the behaviour of  gases on 

s olid  s urfaces . Of the gas molecules colliding with the surface , a 

proportion adhere and the remainder rebound into the gas phas e .  

Intermolecular forces are as sumed to b e  negligible , and the heats o f  

adsorpt ion are the same for all si tes being unaffected by s i te filling 

and adsorp tion is monolayer ( thus gas mol ecules s triking gas molecules 
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adsorbed on the surface rebound) . I f  8 is the fraction of  the surface 

area covered by adsorbed molecules at  any time , the rate of desorpt ion 

from the surface is proportional to 8 or equal to kd8 '  i . e . , 

(Moore , 1 9 62 )  ( 1 . 9 ) 

where kd is a cons tant at cons tant T .  

The rate o f  adsorpt ion R , at the surface is proportional t o  the a 

fract ion of surface that is  unoccupied , 1 - 8  , and to the rate at  which 

molecules s t rike the surface , which varies . directly with the gas 

pressure at a given temperature . Thus , the rate o f  adsorp tion is 

given as : 

R a k P ( 1 - 8 )  a (Moore , 1 9 62 )  ( 1 . 10 )  

At equilibrium ,  when the rate o f  desorp tion i s  equal to the rate 

o f  adsorpt ion : 

k P ( 1 -8 )  a 

and solving equation ( 1 . 1 1 ) for 8 gives the Langmuir equation : 

8 
k p a bP 

1�P 

( 1 . 1 1 )  

( 1 . 1 2 )  

where b is  the  ratio o f  rate  constants ka/kd , s ometimes called the 

adsorpt ion coefficient . 

To extend this model to the adsorpt ion o f  ions from solution , 

P can b e  replaced by C ( the  equilib rium solution concentration of the 

adsorbate) and 8 ,  the fractional surface coverage by x/b (where x 

is the amount o f  solute adsorbed  and b the amount adsorbed  a t  full 

monolayer coverage , i . e . , the adsorption maximum) giving : 

X 
b 

kc 
l+kc ( 1 . 1 3) 
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The condi tions o f  unifo rm surface for  adsorption and a cons tant  

free energy of  adsorption ( i . e . , implying no  interaction between 

adsorb ed species ) are implicit . For this to be t rue , the heat o f  

adsorp t ion , which i s  the mos t  importan t  factor in k mus t also b e  

constant . Whilst i t  may not be easy to assume a constant heat o f  

adsorption for  a s o il or hydrous oxide sys tem ,  Brunauer et  al . ( 1 9 6 7 ) 

have shown that this can hold true without  having an energetically 

uniform surface on which adsorbed molecules do not interact with each 

other . At low surface cove-rages ( i . e . , low 8 )  adsorption occurs on 

sites possessing the highes t energies . Thus , as surfaces are generally 

energet ically heterogeneous , a plot o f  heat o f  adsorption against  8 is 

usually a decreasing funct ion . Lateral interact ion energies between 

adsorb ed mol ecul es increase the heat o f  adsorpt ion , and as the number 

of molecules adsorbed  increas es , the lateral  interactions increas e ,  and 

contrib ute  to the h eat  of adsorption . Thus , a plo t of heat o f  

adsorpt ion due to  lateral interactions against 8 is an increas ing 

funct ion . These two oppos ing effects , in certain cases , compensate 

each o ther , making the overall heat o f  adsorpt ion approximately cons tant . 

Equation ( 1 . 1 3) given above can be  writ ten in the following linear 

forms : 

c 
X 

1 
X 

X 

1 
kb + 

1 
kb c + 

b 

c ( 1 . 1 4 ) -
b 

1 ( 1 . 1 5) b 

X ( 1 . 1 6 )  -
kc 

Values of b ( adsorption maximum) and k ( relat ed to binding energy) 
can b e  obtained from the intercepts  and s lopes o f  the appropriate graphs 

o f  the experimental data using one o f  these relationships . The 

equations ( 1 . 1 4 )  and ( 1 . 1 6 )  are more suited  to higher equilib rium 
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concentrations of ions in solution and for data extending over a wide 

range of concentrat ions . Equation ( 1 . 1 5 )  is parti cularly suitable  for 

very low equilibrium concentrations and for da ta covering a narrow 

range of concentrat ion , owing to the reciprocal nature o f  the equation . 

The standard free energy of  adso rption can be  ob tained from the 

relat ionship : 

-2 . 30 3  RT logk ( 1 . 1 7 )  

Calculat ion of  free energies o f  adsorption for soils and oxides 

provides a means o f  comparing bonding s t rengths between dif ferent soils 

and so il components within the confines o f  the assumptions used in the 

derivat ion of the theory . 

Where i t  is necessary to invoke the exis tence of more than one 

type of binding site  in the adsorption process ( e . g . , as proposed by 

Bowden et al . ,  1 9 7 3) the dif ferent sites can be treated as separate 

components in equilib rium wi th a common solution phas e .  Each group of  

si tes i s  then assumed to have a particular adsorption maximum (b )  and 

a particular b inding energy . This method has been used ( Shuman , 1 9 75) 

for s tudying Zn adsorpt ion by soils . 

The use o f  the Langmuir approach for characterising Zn or  Cd 

adsorption on adsorb ents such as Fe gel and soils allows calculation 

of  b inding energies and adsorption maxima , unl ike the situat ion with 

the Freundlich model . The Langmuir model , unlike the Freundlich 

equation , is not  empirically based , but  to apply the Langmuir model 

to describe the adsorpt ion of  ions from solution a number of  assumptions 

mus t  be kept in mind . These may be  difficult  to j ustify in soil  

sys tems . Parti cular assumptions include ( S tumm and Morgan , 1 9 70 ) : 

a)  monolayer coverage 

b) adsorp tion of cations at fixed s i tes 



c) immob ility of adsorbate and 

d) adsorpt ion energy independent of surface coverage . 

Nevertheless , the Langmuir model has been used for Zn and Cd 
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adsorpt ion by so ils and soil components ( Udo et al . ,  19 70 ; John , 1 9 72 ;  

Page et al . ,  1 9 72 ; Shuman , 1 9 75 ; Levi-Minzi et al . ,  1 9 76 ; S ingh and 

Sekhon , 19 7 7 )  . I t  is arguable  however , whether the assump tions ( a) 

to ( d) above are acceptable , over the whole range o f  adsorption from 

trace concentrations to saturation of soil adsorp t ion si tes (Navrot 

et al . ,  1 9 7 8) . 

The conformity o f  adsorption data to  a s ingle Langrnuir equation 

(Udo et  al . , 1 9 70 ;  John , 1 9 72 ; Levi-Minzi et al . ,  1 9 76 ; S ingh and 

Sekhon , 1 9 7 7) has b een interpreted as evidence that a single adso rp tion 

reaction operates for Zn and Cd in soils . However , these s tudies 

often cover a wide concentrat ion range . For example , S ingh and S ekhon 

( 1 9 7 7 )  used a s ingle  Langmuir equat ion to des cribe Zn adsorption by 

- 1  soils over the concen tration range 76- 1 529  �mol Zn 1 . John ( 1 9 72 )  

did  l ikewise for  the  adsorption of Cd  over the concentration range 

8 . 9-890 �mol Cd 1 - 1 . 

The applicab il i ty o f  the Langmuir approach to adsorpt ion data has 

been crit icized by Veith and Spos ito ( 1 9 7 7 )  and Barrow ( 1 9 78)  especially 

when the adsorption data cannot be  fitted to a single Langmuir equation . 

Often , at low concentrations , e . g . ,  0-0 . 33 - 1  �mol Zn 1 , the use o f  more 

than one Langrnuir equat ion is required to adequately des cribe 

adsorption data ( Shuman , 1 9 75 ; Shukla and Mit tal , 1 9 79) . Shurnan 

( 1 9 75 )  used regression analysis to spli t  the iso therms for adsorp t ion 

of Zn by  soils into two regions , each region b eing described  by a 

separate Langrnuir equat ion . Shukla and Mit tal ( 19 79 )  resolved Langmuir 

isoth erm data into two linear components after excluding data points  



- 1  representing concentrat ions in solut ion b elow 1 0 . 0  �mo l Zn 1 
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I t  is noteworthy that the range o f  k values for the adsorp tion 

of Zn ( Shuman , 1 9 75 ;  S ingh and Sekhon , 1 9 7 7) and Cd ( John , 1 9 7 2 ; 

Levi-Minzi et al . ,  1 9 76 ; S ingh and Sekhon , 1 9 7 7a ;  Navrot e t  al . , 

1 9 78) are s imilar ,  for each metal , considering that the isotherms were 

determined on soils from widely differing geographical areas . 

1 . 4 . 5  Proposed models and mechanisms o f  Zn and Cd 

adsorp t ion by hydrous oxides 

S everal models and mechanisms have ,b een proposed to describe Zn 

and Cd adsorpt ion by hydrous oxides . The use of the simple Langmuir 

model , to des cribe Zn and Cd adsorption does no t allow for changes in 

surface charge accompanying the adsorption of cat ions on su rfaces such 

as Fe gels and soils (Bowden e t  al . ,  1 9 7 3) . Adsorpt ion of  cat ions , at  

constan t  pH , increases surface charge thus rendering subsequent 

adsorption more difficult , due to electro s tatic  repul sion . In this 

way , it is postulated that the affinity of the surface decreases as 

adsorpt ion increases . The models of Bowden e t  al . ( 19 7 3) and Bar-

Yosef e t  al . ( 1 9 75 )  incorporate  this decrease in the affini ty o f  the 

surface and aim to describe not only the effects on adsorption of  

changes in  cation concentrat ion , but  also effects o f  a change in  pH 

and concentrat ion o f  s upporting electrolyte (Barrow , 19 78) . The 

models are complex ; requiring seven parameters to described  Zn 

adsorp t ion . Three o f  these parameters relate to the charge 

characteris tics of the surface and may be determined from ti tration 

curves , one is an electrical capacitance term ,  and the remaining three 

are the adsorption maximum and two affinity cons tants for the two ionic 

species assumed to b e  p resen t  between pH 5 . 0  and 7 . 0 ,  i . e . , zn2+ and 



+ 2+ + Zn (OH) (Bowden et al . ,  1 9 7 3) and Zn and ZnCl (Bar-Yosef e t  al . ,  
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19 75 ) . Methods fo r generat ing adsorpt ion curves to des cribe adsorption 

data ,  using the model o f  Bowden et al . ( 19 73) , involve comple;� 

manipulat ions to enable th e model to describe experimental data and the 

seven required parameters have not yet been determined for soils . 

Us ing th is model Bowden et al . ( 1 9 7 3) did no t need to pos tulate two o r  

more different surfaces or  surface s ites wi th dif fering affinities 

( Shuman , 1 9 75 ; Ryden et al . ,  1 9 7 7 ) to describe the adsorpt ion dat a ,  

and were abl e  to propose a common adsorption maximum a t  all pHs and 

ionic s trengths . The mo del has no t ,  however ,  b een applied to soils 

and addi tionally the cat ion adsorp t ion model is in marked contras t to 

o ther models (Kalbas i et al . ,  1 9 7 8) which require the exis tence o f  two 

populat ions o f  sites to explain the experimental data . 

Us ing a much more generalis ed approach , Forb es et al . ( 19 76 )  

envisaged the surface react ion for divalent cation adsorp t ion on goethite 

as : 

( 1 . 1 8) 

whe re M is the free metal cation , SH the uncharged adsorp tion sites , 

greatly in excess o f  heavy metal cations adsorbed , and s 2M the adsorb ed 

metal ca tions . The equilib rium constant for react ion ( 1 . 1 8) is given 

by 

K 
(�MXH+) 2 

(M2+) ( SH) 2 

Equation ( 1 . 1 9 )  can be rearranged to the form : 

( 1 . 1 9 )  

( 1 .  20 )  

with square b rackets indicating concentrations (mole 1 - 1 for  M2+ and 
+ - 1  H , and 11 mo l  g for s 2M) and 



2 
y M( SH )  K 

YH y S M 2 

6 3  

where y = activity coefficient and a t  constant ionic s trength YM and 

YH are cons tan t . 

Equa t ion ( 1 . 20 )  can then be  writ ten in the logarithmic form :  

( 1 . 2 1 )  

with the quan t i ty (pH-�pM - �log f 2M]) b eing related to the relative 

af finity of the goethi te surface for any given metal cation and for 

H+ 
. l OllS . I t  was found  that goethite had a lower relative affinity 

for Cd than for Zn , but higher af finity for Pb and Cu , wi th the 

general order o f  p reference being : 

Cd < Co < Zn < Pb < Cu . 

In the des cription of adsorp tion in terms of the affini ty o f  
+ the oxide for H and metal  cations ( Forbes et  al . ,  19 76) the adsorbed 

metal ions were cons idered to form bonds with hydroxyl groups which 

caused deprotonat ion of the hydroxyl group and release of H+ ions on 

adsorption of metal ions . 

1 . 4 . 5 . 1  Proton release in relation to cation adsorpt ion 

When cations are adsorb ed onto hydrous metal oxides , the 

surface groups , M-OH , may be treated as complex-forming species 

( S tumm and Morgan , 1 9 70) . This complex formation involves b o th the 

coordinat ion o f  surface groups with solute cations and the releas e o f  

protons from hydroxyl groups . The t endency for complex format ion o f  

cations increases with increasing p H  and increasing negat ivity o f  the 

surface groups . 

The adsorption of  ions such as Zn and Cd onto hydrous oxide surfacffi 

is usually accompanied by p ro ton release (Quirk and Posner , 1 9 75 ;  

Forb es et  al . ,  1 9 76 ; Kalbasi et al . ,  1 9 7 8) . The mole rat ios o f  H+ 



6 4  

released/�+ adsorbed  on  hydrous oxide surfaces was 2 . 2 for Zn and Cd 

( Forbes et  al . ,  1 9 76 ) . The adsorption reaction propos ed by Forbes 

et  al . ( 1 9 7 6 )  for cations on neutral surfaces was given in equation 

( 1 . 1 8) and shows re lease of two protons for every Zn or Cd ion adsorbed . 

Kalbasi et al . ( 1 9 7 8) concluded that because H+ ions were 

released from Al and Fe oxides , and becaus e Zn retention was pH 

dependent , surface aquo- and/or  hydroxo- groups were involved in the 

adsorption react ion as proposed by Forbes et  al . ( 1 9 76 ) . 

However , Kalb as i et  al . ( 1 9 7 8) found that the mo le rat ios o f  H+ 

desorbed to Zn ions adsorbed was less than 2 . 0, actual values ranging 

from 1 . 5 3  to 1 . 9 4  depending on pH and amount o f  cation adsorbed . 

They sugges ted that either the adsorp tion mechanism was more than a 

simple + 2+ stoich iometric  replacemen t  of H by the Zn at surface aquo-

or hydroxo- groups wh ich would release two pro tons for each Zn ion 

2+ adso rb ed ,  or  that Zn was not the adsor·b ing species . As Cl ions were 

the only maj or anions p resent in the sys t em ,  the adsorption of Cl ions 

was measured , and a small uniform adsorption of Cl ions , unaffected by 

pH , was found . - 2+ The mol e  rat io o f  Cl to Zn adsorbed decreased as 
+ 2+ pH increas ed , while the mole ratio of H releas ed to Zn adsorbed  

increased with increasing pH . This evidence , together with desorp t ion 

data concerning the exchangeability of adsorb ed Zn with Ba2+ , Ca2+ and 

Mg2+ led them to conclude that two adsorp t ion mechanisms appeared to  be  

operating . 2+ One mechanism whereby Zn and Cl ions , operating a t  low 

pHs , probab ly bind to surface aquo- groups . Zn and Cl ions may b e  

adsorbed as the + monovalent ZnCl or as s eparate ions . Kalbasi et  al . 

( 1 9 78) found that Zn adsorbed in this way , i . e .  , + as ZnCl , could b e  

displaced ( o r  desorb ed) by Ba , Ca and Mg ions . The following mechanism 

was pos tulated : 



Zn Cl+ H 
0 _ ZnCl 
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Fe o r  + o r  Fe or Al< ( 1 . 2 3)  
2+ -Zn +Cl OH2 

The o ther mech�nism involves the releas e o f  two protons for every 

zn2+ adsorb ed .  The amount o f  this Zn2+ adsorbed increased with pH . 

Th e Zn adsorbed by this mechanism could not be  displaced by Ba , Mg or  

Ca ions . The mechanism given was the same as that proposed by Quirk 

and Posner ( 1 9 75 )  with an alat ion bridge and ring s tructure viz . , 

0 

� / OH 
Fe 

I 

or� OH Al 2 

� Fe/ OH2 

/��\ 
OH 

+ Zn2+� 0 

Fe ------
OH 

H 
0 or 

\ 
/ Al 

Zn + 2H+ 

�Fe 0/ 
or  H 
Al � 

OH 
( 1 . 2 4 )  

The adsorp tion of  Zn was represent ed as  a bridging ion between 
0 

the two "neutral" s i tes (equation ( 1 . 24 ) ) , i . e . , Fe<:OH 
OH2 

However , 

Zn could be  adsorbed  by two positive sites , two negative si tes or by 

one pos i tive and one neutral s i t e .  As pH  increas es , the number o f  

posit ive si tes decrease , and the number o f  neutral s ites (as depicted in 

equation ( 1 . 24 ) ) increase . The mechanism proposed agrees with the 

experimen tal finding that the amount  o f  Zn adsorbed increases with 

increasing pH . The adsorption mechanism is l ikened to a growth or 

extension o f  the surface , which is consis tent  with the lack of  

reversibi lity o f  this adsorp t ion . The p rotons released are thought 

( Quirk and Posner , 19 75 )  to arise from the aqua- surface groups rather 

than hydroxo- groups because aquo- groups are more abundant a t  pH values 

b elow the IEP of the oxide . 
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Kinniburgh et al . ( 1 9 76) sugges ted that specific adsorption of  

zn2+ and Cd2+ involved  a hydroxyl ion/metal ion interaction , the 

hydroxyl ion b eing derived either from the s urface or from hydrolysis 

of water . Whereas the initial adsorption probab ly invo lved eo-

ordination of the divalent cation to two or even three surface -OH 

groups , it  was suggest ed that on aging and consequent s t ructural 

rearrangement of the gels , incorporat ion of certain ions , e . g . , Zn 

and Cd into the aged gel may occur . 

S tan ton and Burger ( 1 9 70 )  also sugges t that Zn adsorpt ion involved 

surface -OH groups . They found that when Al and Fe hydrous oxides 

were ignited at 600° C for eight  hours , the Fe gel los t i ts ab il ity to 

ads orb Zn , while  Al gel did not .  I t  has been shown that hydrous Fe 

oxide can lose water and -OH groups when heated , whereas hydrous Al 

oxide does no t ( Kelly and Midgely , 1 9 4 3 ;  Wil d ,  1 9 50) . 

The pH dependence o f  Zn and Cd adsorption by hydrous Fe and Al 

oxides , as demonstrated by Kalbasi e t  al . ( 1 9 7 8) , has also been 

demonstrate d  in many o ther studies ( S tanton and Burger , 1 9 70 ; Bar-Yosef 

e t  al . ,  1 9 75 ; Quirk and Posne r ,  1 9 75 ; Kinniburgh et al . ,  1 9 76 ) . At 

pH values b elow 4 . 5  virtually no Zn o r  Cd adsorption occurs , and for pH 

values greater  than 7 . 0 almost  total adsorption  o f  added Zn and Cd is 

found . The adsorption o f  Zn and Cd increases rapidly with increasing 

pH over the range of pH 5 . 0  to 7 . 0 . 

S imilarly , inves t igations by Loganathan e t  al . ( 1 9 7 7 ) and Gadde 

and Laitinen ( 1 9 74 )  into the adsorption of Zn and Cd have b een carried 

out on short-range order hydrous oxides o f  Fe , Mn and Al .  S tudies on 

hydrous Mn oxide (Loganathan et al . ,  1 9 7 7 )  and hydrous oxides of Mn and 

Fe ( Gadde and Laitinen , 1 9 74)  have shown the pH-dependent adsorption  of  

Zn  and Cd , t ogether with hydrogen ion release as adsorption pro ceeds . 



6 7  

Gadde and Lai tinen ( 1 9 74)  observed a linear increas e in Zn and Cd 

adsorpt ion by hydrous Fe ( Il l) o r  Mn ( IV) oxide with increasing pH 

over the range pH 2 to 6 .  A concomitant proton releas e occurred 

which for hydrous Mn oxide at an initial pH of 6 was found to b e  
+ 1 . 1  H ions per Cd ion , and 1 . 3  per Zn ion , adsorbed . No explanation 

of the proton release data or proposed mechanisms for Zn and Cd 

adso rption were given . 

Loganathan et al . ( 1 9 7 7 ) using hydrous Mn oxide , found a sharp 

increase in the amount of Zn adsorb ed as pH increas ed from 6 . 5  to 7 . 0 . 

Below pH 5 . 0 two protons were releas ed for every Zn adsorb ed .  Two 

pos s ible mechanisms were sugges t ed for the sharp increase observed in 

Zn adsorption b e tween pH 6 . 5 and 7 . 0 : 

( a) either ,  the format ion of  a significant amount o f  the monovalent 

Zn (OH) + species , which may exhibit a s trong affinity for the 

surface , 

(b ) o r ,  "precipitation" o f  Zn ( OH) 2 a t  the hydrous oxide/ aqueous 

interface . At this surface they found a relat ively large 

concen tration of Zn , indicative of the format ion of a surface 

hydroxide p recipita te .  

Zinc adsorp t ion increas es with increasing pH and increasing 

phosphate  saturat ion of Fe oxide gel ( S tanton and Burger , 1 9 70) . 

The e f fect  o f  phosphate was explained as follows : 

Fe or  Al 
oxide 

= HPO 4 

= HPO 4 

+ ZnC12 �=== Fe or Al 
oxide 

-Cl 
-HPo4............_ 
-HPO --- Zn 

4 
-Cl 

Thus , in th is pos tulated mechanism , Zn is adsorb ed onto HPO�- ions 

whi ch are bonded to the hydrous oxide . 

( 1 . 25 )  
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Zinc adsorpt ion at pH values greater than pH 5 . 00 , but s t ill 

well b elow the pH p . z . c .  o f  goethi t e , can o ccur even when the surface 

is pos i tively charged and in the presence of Na+ ions (Bolland et al . ,  

19 7 7 ) . Addition of  P tu  goethite  s uspensions increased Zn adsorp t ion , 

and the addit ion of Zn , in turn , increas ed P sorption . These e f fects 

were expla ined as : 

(a )  An increas e in pos itivity o f  the surface accompanying Zn 

adsorp t ion resulting in increased attraction for the charged 

P ions , l eading to increased  P sorption ( Bolland et al . ,  

1 9  7 7 )  and/ or 

(b) format ion of  a surface complex b etween Zn and P similar to that 

proposed  by S tanton and Burger (1 9 70) with A1 and Fe gels 

(Bolland et  al . ,  1 9 7 7) . 

1 . 4 . 6  Adsorption of  Zn and Cd by clay minerals 

Maes and Cremers ( 1 9 75 )  no ted  that Zn adsorption , by montmorillor�te , 

at  h igh saturations , was neither  stQkhiometric nor revers ib le and so  

could not be  consi dered as  s imple ion-exchange and a more specific 

mechanism was indicated . De Mumb rum and Jackson (1 9 56)  p ropos ed Zn 

b inding to s tructural hydroxyl groups of clay minerals . 

The adsorption o f  Cd by montmorilloni te , at  concentrations o f  
- 1  from 0 . 13-1 . 0 7  �mol Cd  1 , was inves tigated by Garcia-Miragaya and 

Page (19 7 6 ) . Adsorp t ion was a t tributed to the exis tence o f  a number 

of  high affin i ty s i tes which selectively adso rb low amounts o f  Cd ions . 

I t  has also b een proposed  that the hydroxy species o f  heavy metal cations , 

s uch as Zn and Cd , adsorb at edge s it es , on montmorillonite and o ther 

c lay minerals , adj acen t  to the o ctahedral layer cations (Tiller , 19 6 8) 

and further that adsorp tion (and even precip itation) o f  Zn on kaolinite 

and montmori llonite can be  caus ed ,  in part , by any s il ica naturally 



asso ciated with thes e clays and providing additional adsorption s ites 

(Tiller , 196 7 ;  Tiller , 1 9 6 8) . 

Adsorption reactions for both Co and Zn can occur with o ther 

expanding or non-expanding 2 : 1  and 1 : 1  lay er s ilicates ( Tiller and 

Hodgeson , 1 962 ) . 

Elgabaly and Jenny ( 1 9 6 3) suggest ed that Zn occupied exchange 

si tes on clay minerals such as montmorillonite , but from more recent  

work (Nelson and  }iels ted , 1 9 55 ; Chat t erj ee ,  19 74 )  it  was concluded 

that a proportion of cations , such as Zn , adsorbed onto clay surfaces 

was non-exchangeable  and that such Zn reacted with structural groups 

in expanding lattice clay minerals ( Chatterj ee , 1 9 74) . Infra-red 
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adsorption s t udies (De Mumb rum and Jackson , 1 9 5 6 )  showed decreased 

hydroxyl absorp t ion peaks after reaction with Zn , indicative o f  

replacement o f  the hydrogen of  the hydroxyl group by Zn , adding f urther 

support to the mechanism proposed by Chat terj ee ( 19 74 ) . 

I t  has also b een s ugges ted that some Zn may be  ' fixed ' by clay 

minerals which ent er through breaks or  faul ts  in the lat tices . 

Latt ice penet rat ion could lead to ionic s ubs ti tution within the 

minerals (Elgab aly , 1 9 59 ) . 

I t  has also b een shown that Zn enters hydrated 2 : 1  clay lattices 

and on drying becomes physically entrapped in inter-lattice wedge zones 

( Reddy and Perkins , 1 9 74 ) . 

The selectivity o f  the clay minerals kaolinite ,  vermiculi te  and 

montmorillonit e  for four heavy metals was found to be in the order 

Zn > Mn > Cd > Hg  ( S tuanes , 1 9 76 )  with Zn more selectively adsorbed 

than Cd , as was also the case wi th goethite  ( Fo rbes et  al . ,  1 9 76 ) . 

The predominant forms o f  Zn and Cd ion p resent within the pH range 

4 . 5- 7 . 5  and normal matrix chloride concentrations of from O . O l M  to O . lM ,  
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2+ 2+ are divalent ions viz .  Zn and Cd ( S tuanes , 1 9 76 ) . The adsorption 

of Cd by montmorillonite was shown to be greatly reduced in the presence 

of 0 . 0 3M to 0 . 05M chloride mat rix indicating a lower affini ty o f  the 

adsorb ing surfaces for Cd ch loride complex ions as compared to divalent  

Cd ions ( Garcia-Miragaya and Page , 1 9 7 6 ) . 
+ The role o f  the monovalent Zn complex ion , Zn (OH) (Bower and 

Truog , 1 9 4 1 )  thought to be important in adsorption by clay minerals has 

since b een claimed to be of minor signifi cance in the adsorp t ion of Zn 

by montmorillonit e  (Maes and Cremers , 1 9 75 ) . In addition , the 

contribut ions o f  Zn (OH)+ and Zn (OH2 ) 0 under the experimental conditions 

of acid pHs ( 2 . 2  to 2 . 5) and in a chloride matrix (Bingham et al . ,  

1964 )  are thought to be of minor importance because of the small amounts  

of such complexes , compared to the divalen t  cations , under these 

experimental condit ions . 

According to Jenne ( 1 96 8) , the importance of lattice clay minerals 

for the adsorption of Zn and Cd by soils is small by comparison with the 

maj or controlling soil components  which are the hydrous oxides of Al , 

Mn and Fe . Addi tionally , although a range of  di fferent pure layer 

s ilicate  minerals can be  shown to adsorb widely different amounts of 

cations , the amount s  o f  cations adsorbed  by a number of different soils 

were not very different (Tiller et  al . ,  1 963) . Hence , although Zn 

and Cd may b e  adsorbed onto lattice mineral surfaces and through defects 

in the lat tices , lat tice clay minerals do not appear to be a maj o r  soil  

component involved in adsorpt ion  o f  Zn or  Cd . 
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The importance of hydrous Fe and Al oxides in ca tion adsorp tion has 

received considerable a t tention but there have b een few detailed 

inves tigations involving comparisons b etween adsorp tion by these oxides 

and by soils . Th is is so for Zn and Cd where there have been few 

detailed s tudies of Zn and Cd adsorption by soils and soil components a t  

the low solution concentrations l ikely to b e  encountered in soils . 

Although adsorption iso therms may give valuable  infonnation on 

the nature of adsorption reac tions , many previous s tudies ob taining 

adsorption iso therms for Zn and Cd use unrealis tically high final 

solution concentrations . When the experimental data for these s tudies 

is evaluated , adsorption of Zn and Cd appears to occur on a s ingle 

population of s ites s�gges ting only one adsorp tion mechanism . Very 

few s tudies have ob tained Zn and Cd adsorption data a t  low final solution 

concentrations and evaluation of this experimental data suggests tha t two 

populations of adsorption s ites  may exis t .  Clearly , detailed 

invest igation of Zn and Cd adsorp t ion at low final solution concentration 

mus t be  made . 

Hydrous oxide surfaces have b een shown to b e  well charac teri zed 

and this  is us eful when inves t igating mechanisms of Zn and Cd adsorption . 

However , s tudi es investigating mechanisms of  Zn and Cd adsorp tion by 

hydrous oxides do not always agree on  the nature of the react ion between 

the hydrous oxide surface and Zn or Cd . For example ,  s tudies differ in 

the number of protons released concomitant with the adsorption of Zn or 

Cd , leading to different  mechanisms being sugges ted to explain Zn and 

Cd adsorption . 

Little , if any , work inves tigating adsorption reactions of Zn and 

Cd in New Zealand soils has b een carried out and these reactions , as well 
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as some of the res earch areas outlined above are inves tigated in 

subsequent Chapters . Four soils , b o th topsails and sub soils , were 

chosen to ob tain detailed information of Zn and Cd adsorption and to 

compare the importance of soil components in Zn and Cd adsorption . 

The effec t  of time on Zn and Cd adsorp tion are inves tiga ted to 

es tablish reliab le experimental conditions for subsequent s tudies . 

The Langmuir adsorption equation is used to interpret th e experimental 

adsorption data . Zn and Cd adsorp tion data for soils and synthetic 

soil components are compared and similari ties and differences are 

discussed . 

The mechanisms o f  Zn and Cd adsorp tion on hydrous oxides are 

investigated based on the implications of the us e of Langmuir adsorp tion 

equations to des cribe Zn and Cd adsorp tion , the ef fect of pH on Zn and 

Cd adsorption , and pro ton releas e concomitant wi th Zn and Cd adsorption , 

the isotopic exchangeability of adsorb ed Zn and Cd and the desorbab ility 

o f  Zn . 

Synthetic hydrous oxides were used to d e termine whether or not an 

absorption reac tion occurred along with the adsorption mechanisms 

proposed previously in the study . 

This review showed that Zn and Cd soil l evels have been shown to 

increase due to additions of Zn and Cd from o ther sources , e . g . , 

superphosphate fertiliser . Al though several s tudies have inves tigated 

the addition of  Zn and Cd to soils through superphosphate fertiliser 

addi tion few ,  if  any , s imilar s tudies have b een undertaken in New 

Zealand . The effec t  o f  long-term superphosphate fertiliser addi tion 

on the Zn and Cd  content o f  soils was inves tigated using a method for 

the extrac tion of  low amounts of Zn and Cd from soils developed 

previously in the s tudy . 
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2 . 1  Introduction 

SOIL DES CRIPTIONS , SOIL PROPERTIES 

AND GENERAL METHODS 
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S everal s t udies have pointed to the importance o f  soil compos ition 

and properties in determining Zn and Cd adsorption by soils . 

Relat ionships b e tween soil composi tion and properties and Zn and Cd 

adsorption have b een es tablished ei ther by the use o f  correlat ion analysis 

(John , 1 9 7 1 ; Shuman , 1 9 75 ; Levi-Mlnzi et  al . ,  1 9 76 ; Shuman , 1 9 76 ; 

Udo e t  al . ,  1 9 76 ; S ingh and Sekhon , 1 9 7 7 ;  1 9 7 7a ;  Shah S ingh , 1 9 79)  

or  by s ingle component s tudies using synthetic (model) adsorbents , 

e . g . , Fe gel (Bowden et al . ,  19 7 3 ;  Bar-Yosef e t  al . ,  1 9 75 ; Quirk and 

Posner , 1 9 75 ; Kalbasi et al . ,  1 9 7 8) . For this study a range of 

New Zealand soils was chosen to provide a diverse range of  potential 

adsorbents , including many of  the maj or soil constitutents known , or 

suspected , to b e  important for cat ion adsorp tion (e . g . , iron oxides ­

Okaihau soil ; allophane - Egmont s o il :  organic mat ter - Makerua soil , 

and crystalline  layer lattice silicates - Tokomaru soil) . A 

particular question to b e  inves t igated was whether or not a common 

adsorption mechanism operates for all  the soils chosen , regardless of 

chemical and mineralogical composition . 

2 . 2  S oil  Des criptions 

Samples o f  Okaihau gravelly clay , Tokomaru silt  loam ,  Egmont 

b rown loam and Makerua peaty silt  loam were collected from areas that 

had not received a regular his tory of  superphosphate fertiliser 
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addi tions . With the exception of Makerua pea ty s ilt  loam , samples were 

taken from the Ah and B horizons . For Makerua peaty silt  loam ,  samples 

were taken from only the Oh horizon . S amples from the Ah horizons are 

hereafter referred to as topsa ils and the B horizon samples as 

subs oils . The Oh horizon for Makerua pea ty sil t  loam ,  as well as 

being a topsoil was used in this s tudy to repres ent a material o f  high 

organic matter content to contras t with the low organic content o f  

subsoils o f  the o ther soils . In many of  the comparisons made , the 

Makerua Oh horizon data is considered along wi th the results for B 

horizons , in this s tudy . S ubsoils were included , wherever possib l e ,  

to provide materials with low organic matter ( c . f .  with topsails ) 

content so as to minimise any masking effec t o f  organic matter on the 

adsorption of Zn and Cd by the inorganic components . This approach 

was considered preferable  to the alternative of  ignition of soils to 

remove organic matter , which could have b een an alternative s trategy . 

S elected site data and information pertaining to the soils used in 

this s tudy are shown in Table  2 . 1  and discussed below . 

2 . 2 . 1  Soil  and si te information 

QQaihau ghavelfy clay was sampled at 0- 1 0  cm (Ah horizon) and 

20-40 cm (Bcs horizon) from a s i te near Okaihau , Northland at an 

altitude of 268m a . s . l .  on a flat  plateau which receives an average 

annual rainfall of 1 6 50mm (New Zealand Soil  Bureau , 1 9 68) . The 

vegetation a t  the site  is Manuka ( Lepto� penmum � QOpanium) , Hakea 

species (mainly HaQea � eJL.{_Qea) , gorse ( Ulex. ewwpui,J) and bracken fern 

( PteJL..i_cf.,{_um aqLU.lin.um var .  � QUlen.tum) , which super ceded the origina l  

native podocarp - b roadleaf fores t .  The principal clay minerals are 

kaolini te , gibbsite  and free crys talline Fe oxides . 

properties are shown in Table  2 . 4 .  

S elec ted soil 



Table 2 . 1  

Soil Type 

Okaihau gravelly clay 

Egmont brown loam 

Tokomaru silt loam 

Makerua peaty s ilt  loam 

Site data for soils used in the study 

New Zealand Soil 
Classification 

Very strongly leached 
brown loam with iron­
stone nodules 

Moderately leached 
central yellow-b rown 
loam 

Moderately gleyed 
central yellow-grey 
earth 

Organic soil 

parent Material 

Basal tic tephra over 
olivine basal t 

Andes itic tephra and 
tephric loess 

Quartzo-feldspathic 
loess , derived mainly 
from greywacke 

Basin peat (with 
s tumps from former 
swamp fores ts)  � 

U . S . Taxonomy 

Gibbsiorthox 

Typic Hapludand 

Typic Fragiaqualf 

Cumulic Haplaquoll 

Horizons Grid 
Sampled Reference 

Ah N l S / 310456 
Bcs 

Ah 
Bwl 

Ah 
Btg 

Oh 

N l 2 9 / 852328 

N l49 / 0 76264 

N l 52 /825 1 45 

'-.) 
Vl 
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Egmo•tt b�own loam was sampled from under a s tand of native fores t 

located close to  Normanby , Taranaki . The soil was sampled to a depth 

of 0-20 cm (Ah horizon) and 20-40 cm (Bwl horizon) . The site  was 

situated on easy , rol ling land at an altitude of 9 1m a . s . l .  with an 

average rainfall o f  10 1 6  mm (New Zealand Soil Bureau , 1 9 6 8) . The 

vegetat ion at the site is native podocarp - broadleaf fores t .  The 

principal clay minerals are allophane and hydrous feldspar . 

ToQomanu � ilt  loam samples were taken , a t  depths o f  0 - 1 5  cm 

(Ah horizon) and 35-50 cm (Btg horizon) , from a small stand o f  native 

forest situated  near Linton in the Manawat u .  The s tand o f  fores t is 

located on an elevated and dissected terrace at an altitude of 6 1m a . s . l .  

wh ere th e average rainfall is 1050 mm . The vegetat ion at the sampling 

s it e  is a mixed native b roadleaf-podocarp fores t .  The clay mineralogy 

is dominated by mica , hydrous mica and mixed layer/ chlorite/vermiculi te , 

and some crystalline iron oxides (Pollok , 1 9 75) . 

MaQenua p�aty �� loam was sampled from a depth of 0-45 cm 

( Oh horizon) . In view o f  the high water table  at this site , a B 

horizon sample  was not obtained . The sample site  was located wi thin 

a flax plan tation  on the Moutoa es tate near Shannon , at an alti tude of 

6m a . s . l .  with an average rainfall o f  1000 mm .  The pres ent  vegetation 

consists of flax ( Pho�wm t�nax) , but the area was original ly covered 

with swamp fores t . The Makerua peaty silt  loam ,is clos e to the 

Manawatu River and because o f  this the intrusion of young river s il ts 

int o  the peat means that the dominant clay minerals are micaceous . 

N0W Plymo uth blaeQ loam , which is used for one study in Chapter 3 ,  

was taken at a depth o f  0 - 1 5  cm (Ah horizon) , from a site approximately 

4 km west of New Plymouth . The sit e is located on flat to rolling 

country at an altit ude of 34m a . s . l .  with an average rainfall o f  
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approximately 1 46 1mm (New Zealand Soil Bureau , 1 9 54) . The vegetation 

at the site is s crub , flax ( Pho�wm tenax) and tutu ( Co�a �bo�ea) . 

2 . 2 . 2  Preparation o f  soils 

All soil s amples were air-dried and l ightly ground to pass a 

2mm nylon sieve , using a porcelain mortar and pestle . Nylon was used 

to minimise contamination of samples . The soils were s tored in the 

air-dried s ta te , in glass j ars, until required . 

2 . 3  General Methods 

2 . 3 . 1 Adsorption s tudies 

The general method used for studying the adsorption of  Zn or  Cd 

was to equilib rate  by shaking soil or synthetic gel , with known amounts 

of Zn or Cd , for 40  h r .  The supernatant  solutions were then analysed 

for Zn or Cd , and the amounts  adsorbed calculated as the difference 

b e tween the initial amounts added and the final amounts remaining in 

solution . 

The detailed procedure involved shaking 5-g soil samples wi th 

40 ml  of 3 x 1 0-2M NaCl containing known concentrations o f  Zn or  Cd , in 

50-ml  polycarbonate  cen trifuge tubes . The t ubes were shaken on an end-

over-end shaker ( 40 r . p .m . )  with the t emperature controlled at 2 3  ± 2°C .  

To res trict microb ial activity during equilib ration , sodium a zide 
-1 ( 1 54  �mol NaN3 1 ) was used (Mann and Quas tel , 1 9 46 ; Tremaine and 

Willison , 1 9 6 2 ) . Sodium azide (NaN3) was used only after i t  had b een 

ascertained in a p reliminary experiment that adsorp tion of Zn and Cd by  

both soils and synthetic Fe  gel  was unaffected by the  addition . 

Mercuric chloride , HgC12 , was not considered because of the pos s ible  

competition at adsorp t ion s ites b etween Hg  and Zn or  Cd  cations . 
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After equi l ibration , the tubes were centrifuged at  1 5 , 000 r . p . m .  

at 2 3° C ± 2°C for five minutes i n  a Sorval l RC-5 refrigera ted 

cen trifuge . The supernatant solutions were then filtered through 

Millipore ( < 0 . 4 5  �m) filters , and analysed for Zn and Cd . 

In all cases Zn and Cd were added as solutions of ZnC12 and 

Unless o therwise stated the procedure described above was used 

throughout the s tudy . 

2 . 3 . 2  Preparation of synthetic hydrous metal oxide gels 

The gels , p repared as out l ined below , were used in s tudies 

describ ed in Chapters 4 ,  5 and 6 of this s tudy . 

Prior to the p reparation o f  Zn-free Fe gel , Analar Fe (N03) 3 . 9H2o 

was recrystal lis ed . This was achieved by making a saturated solution 

The hot , saturated  Fe (N03) 3 

solut ion was then cooled in a crushed ice water bath . When cold , the 

solut ion was seeded with one or two crys tals of Fe (N0 3) 3 . 9H20 and left 

to crystallise out s lowly . Synth etic  Fe gel was prepared by neutralising 

2-1 of 0 . 4M solutions of recrys t allised Fe (N0 3) 3 . 9H20 with approximately 

500 ml of l . OM NaOH in a 4-1 p las t i c  container . The base  was added 

slowly as the mixture was cont inuous ly s t irred wi th an electrically­

driven paddle . Base was added unti l  the pH of the gel suspension 

reached 7 . 0 .  The s uspension was then s t irred  for a further hal f-hour 

during which time the pH was maintained  at 7 . 0  by drop-wise  addi tion 

of O . lM NaOH solution as required . The gel s uspension was s tored  

overnigh t  to  allow f locculation . The c lear supernatant solut ion was 

decanted and discarded , and the remaining Fe gel slurry was centrifuged 

at  2000 r . p . m .  fo r 1 0  minutes . 

suspending in deionis ed water . 

The gel was washed four t imes by 

Each t ime the suspens ion was centrifuged 

at 2000 r . p .m .  and the clear supernatant  washings discarded . After the 
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final washing , the Fe gel was suspended in one li tre of deionised 

wat er .  The concentration o f  the Fe gel suspens ion s o  prepared was 

approximately 10 mg Fe gel /ml . 

The Zn and Cd content  o f  Fe gel prepared by this procedure was 

assayed following the dissolution of a 5-ml aliquot  of the suspension 

in a minimum amount of 1M HCl . The gel was found to cont ain less 
-1  than 0 . 1 5 �mol Zn g gel .  Fe gel prepared with ferric nitrate  which 

- 1  had not been recrys tallised contained 0 . 66 �mol Zn g gel . No 

detectable Cd was found in the Fe gel either before or  after 

recrys tallisation o f  the ferric nitrate .  

Synthetic allophane was prepared according to the method  o f  van 

Reeuwijk  and de Villiers ( 19 6 8) . Briefly , 1 . 5 1 o f  0 . 09 4M Al C1 3 . 6H20 

was slowly added (over 1 0  minutes) with continuous st irring , to 

1 . 5 1 o f  0 . 0 5 3M Na2Si0 3 . 5H20 and the suspens ion adj us ted to , and 

maintained at , pH 6 . 0 for 2 hr . The suspens ion was left overnight to 

allow the gel to  flocculate . Mos t  o f  the clear supernatant was 

s eparated from the gel by decanting ; the remainder removed by 

centrifugation  at 2000 r . p . m .  for 10  minutes . The gel was washed  four 

t imes , to remove excess chloride ions ( as determined using the AgN0 3 

t es t ) , by suspending in deionised water and centrifuging at  2000 r . p .m ,  

for 1 0  minutes , and discarding the washings . 

2 . 3 . 3  Analysis for Zn and Cd . 

The cen tri fuged and filtered s upernatants obtained from the 

adsorption s tudies described were assayed for Zn and Cd contents  by 

a tomic absorpt ion spectrophotometry (AAS) . 
Using s tandard operating procedures to  ob tain maximum s ensitivity 

and detection l imits , the operating conditions used are given in Table 2 . 2 .  
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Table 2 . 2 Ins t rument parameters for Zn and Cd analys is 

by atomic absorpt ion spectrophotometry 

Operating Conditions 

Wavelength 

Lamp Current 

Optimum working 
concentration range 

S lit  Width 

Gas Mixture  

Flame Conditions 

Light Sources 

Units 

Jlm 

rnA 

- 1  f.lmol 1 

Zn 

2 1 3 . 9  

5 

0-30 

4 (0 . 7nm) 

Air/Acetylene 

Lean , b lue 
oxidising 

Hollow cathode 
lamp 

Cd 

22 8 . 8  

3 

0-20 

4 (0 . 7nm) 

Air/Acetylene 

Lean , b lue 
oxidising 

Hollow cathode 
lamp 



For mos t  purposes , the s tandard curves for Zn and Cd were 
-2  prepared in  a mat rix o f  3 x 10  M NaCl . 

used , appropriate s tandards were prepared . 

2 . 3 . 4  Soil properties 

Where o ther matrices were 

Soil pH was determined at a soil : solut ion ratio of 1 : 2 . 5  using 
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dis tilled water (New Zealand Soil Bureau ,  1 9 6 8) . Soil organic carbon 

was determined af ter diges tion with sulphuric acid/potass ium dichromate 

solution (Broadbent , 1 9 6 5 ) . Ca tion-exchange capacity ( C . E . C . )  was 

determined by leaching soils with ammonium acetate (pH 7 . 0 ) , elution with 
+ sodium chloride and determination of  the NH4 ions by steam dis tillation 

(Metson , 1 9 5 6 )  . The individual exchangeab le  bases (K,  Na , Mg and Ca) 

l eached by ammonium acetate were determined by AAS or flame emission 

and total exchangeable bases (T . E . B . )  were cal culated by summa tion . 

Particle-s ize analysis was carried out by the pipet te  method (Day , 1 9 6 5 ) . 

2 . 4  Results and Discussion 

2 . 4 . 1  Comparison of Zn and Cd adsorpt ion by soils 

Results for the 40 hr adsorption of Zn and Cd by Okaihau , Egmont ,  

Tokomaru and Makerua soils are shown in Figs . 2 . 1  to 2 . 6 .  Al though 

the isotherms were all o f  a similar shape and type ( See Chapter 4) the 

relative extents of adso rption varied considerably for the two cations 

and also b etween soils . 

Although different absolute amounts of Zn and Cd were adsorbed 

by these soils ( Table 2 . 3) ,  the relative rankings remained essentially 
- 1  the same a t  b o th final s olution concent rations ( 2 . 5  �mol l and 

- 1  4 0  �mol l ) o f  Zn and Cd . The rankings for  the topsails increased 

in the order Okaihau < Tokomaru < Egrnon t  f o r  Zn and Cd and f o r  the 
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Table 2 .  3 Amounts o f  Zn and Cd adsorbed by soils , and the ratio o f  Zn to Cd adsorbed 

from 3 x 10-2M NaCl after 40 hr . at two final solution concentrations 

Zn Adsorbed Cd Adsorbed 
)Jmol g - 1  )Jmol g - 1  

Final solution concentration . )Jmol 1 - 1  2 . 5  40 2 . 5  40 

SOIL 

OKAIHAU gravelly clay Ah 0 . 1 25 1 . 1 00 0 . 080 0 .  7 1 5  
Bcs 0 . 0 5 3  0 . 56 1  0 . 0 30 0 . 1 95  

TOKOMARU silt loam Ah 0 .  325 2 . 700 0 . 2 85 2 . 1 45 
Btg 0 . 043  0 . 59 5  0 . 022  0 . 220 

EGMONT brown loam Ah 0 . 550 4 . 700 0 .  325 3 . 5 50 
Bwl 0 . 650 3 . 800 0 .  360 2 . 560 

MAKERUA peaty s il t  loam Oh 0 . 1 80 2 .  7 84 0 .  300 2 . 845  

Zn : Cd Adsorbed 

2 . 5  40 

1 . 6 1 . 5 

1 . 8  2 . 9 

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

1 . 7  1 . 3 
1 . 8 1 . 5 

0 . 60 0 . 9 7  

00 
00 
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subsoils in the order Tokomaru � Okaihau < Makerua < Egmont for Zn and 

Tokomaru � Okaihau < [Egmont <
-

Makerua for Cd (Tab le 2 . 3) . Except for 

the Egmont s oil , topsails generally adsorbed more Zn and Cd than 

subsoils ( s ee Tab le 2 . 3) at both final solution concentra t ions , 

possibly ind icat ing the high adsorpt ion capacity of organic  mat ter 

for Zn and Cd . The higher level o f  iron oxides in the Egmont B 

hori zon ( c . f .  A hori zon - See Tab le 2 . 4 )  may account for the larger 

amounts of Zn and Cd adsorbed ,  at low f inal solution concentrations , 

by the subsoil  compared  to the topso il . 

For the mineral s o ils more Zn was adsorbed , at the same final 

solution concen trations , than Cd the rat ios ranging from 1 . 9 to 2 . 9 

on a molar basis  ( Tab le 2 . 3) .  For the Makerua soil a rela t ive preference 

for Cd was apparent , with ratios less than 1 . 0 occurring at both final 

solution concen trations . 

2 . 4 . 2  Relationship o f  Zn and Cd adsorption to soil propert ies 

Values for pH , organic carbon , cation-exchange capacity , 

exchangeab le b ases , total exchangeable  bas es , base saturat ion and percent 

clay , s ilt  and sand for the Ah ,  Oh and B horizons of the four soils used 

in this s tudy are given in Table 2 . 4 .  

With the l imited number of soils  involved in this study , relation­

ships between amounts  of Zn and Cd adsorb ed and soil properties would 

be difficult to establish , and s tatis t i cal inves tigations are precluded . 

S trong correlations have been found between soil pH and the 

adsorp tion of Zn and Cd by soils ( Shuman , 1 9 75 ; Shah Singh , 1 9 79 )  and 

solution pH and Cd adsorpt ion by soil clays (Tiller et  al . ,  1 9 7 9 ) . 

I t  i s  generally found tha t  adsorption o f  Zn and Cd increases with 

increasing pH . However ,  as the pH values for soils used in the present 

s tudy do not cover a very wide range , pH differences would be  unlikely 
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Tab le 2 . 4  Soil properties o f  possible importance in Zn and Cd adsorption 

Organic Short-range order Fe Exchangeab le bas es 
Carbon (Tamms-oxalate) CEC K Na Mg Ca TEB B . S .  Clay S i l t  Sand 

Soil  Horizon pH % mmol l OO g-1  me% me% me% me% me% me% % % % % 

OKAIHAU gravelly clay Ah 5 . 2  5 . 76 3 . 5 * 1 7 . 85 0 . 66 1 . 6 1  0 . 7 3 3 . 4 8 6 . 48 36 . 3  35 2 7  38 
Bcs 5 . 0 2 . 0 2  9 . 0 * 7 . 35 0 .  32 0 . 6 7  0 .  1 7  2 . 42 3 . 5 8 4 8 . 7  56 29  1 5  

TOKOMARU s ilt loam Ah 5 . 9 2 . 40 4 . 6 * l l .  7� 1 . 05  0 . 6 2  2 . 50 5 . 8 7  10 . 04 85 . 5  2 3  6 8  9 

Btg  5 . 1  0 . 50 3 . 7 * 7 . 85 0 . 48 0 . 86 1 . 6 3  3 . 4 5 6 . 42 8 1 . 8  30 6 2  8 

EGMONT brown loam Ah 5 . 6  7 . 34 1 0  . 1+ 3 1 . 70 0 . 2 7 1 . 1 7 2 . 1 5 1 2 . 75 1 6 . 34 5 1 . 6  2 8  2 1  5 1  

Bwl 6 . 0  3 . 1 8  1 9 . 5+ 1 9 . 15 0 . 1 0 0 . 86 0 . 5 3  6 . 22 7 . 7 1 40 . 3  25 22 53  

MAKERUA peaty s ilt loam Oh 4 . 8  l l . 8 1  n . d .  4 7 . 90. 1 . 02 l .  85 7 . 1 5 20 . 35 30 . 3 7 6 3 . 4  3 7  60 3 

>'< Hope , 1 9 7 7 . 

+ Ryden , 1 9 75 . 
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to account for the ob served di fferences in Zn and Cd adsorption . 

In fact , the only relationship that could be  obs erved between pH and 

Zn and Cd adsorption was for the subsoils , where the high pH in the 

Egmont subsoil was related to the highest adsorption of Zn and Cd . 

The Okaihau and Tokomaru subsoils had s imilar , low pH values and 

adsorb ed correspondingly less Zn and Cd . A s imilar relationship 

with pH was not apparent for the topsails , however .  

Whereas pH has been shown to be posi tively correlated with Zn 

and Cd adsorption in previous studies , the use o f  pH as a s ingle 

indicator for Zn and Cd adsorption capacity of soils is likely to be 

of limited p redictive value because of the large number of factors 

known to be  related to Zn and Cd adsorption , s ome of which may over­

ride pH effect s . 

Organic carbon and organic mat ter have bo th been related to the 

adsorption of Zn ( Shuman 1 9 75 ; Udo et al . ,  1 9 76 ; Singh and Sekhon , 

1 9 7 7 ) and Cd ( John , 1 9 7 1 ; Levi-Minzi  et  al . ,  1 9 76 ; Singh and S ekhon , 

1 9 7 7a ;  Shah S ingh , 1 9 79 ) . The organic carbon values for the soils 

used  in this s tudy covered an approximately twenty-fold range ( Table  

2 . 4 ) . The s ubs oils whi ch contain the lower amounts of organic carbon 

also generally adso rb ed smaller quantities o f  both Zn and Cd than did 

the higher organic carbon topsails ( Figs . 2 . 1  - 2 . 6  and Tab le 2 . 3) .  

The relatively high adsorption of  Zn and Cd noted for the Egrnont 

s ubso il coul d partially result from the relatively high organic carbon 

content found for this soil . However ,  Makerua peaty s il t  loam which 

has the high es t  o rganic carbon conten t , did not  adsorb higher amount s  

o f  Zn and Cd than either the Egmont topsoil or subsoil , bo th o f  whi ch 

have lower o rganic carbon contents . To further complicate the 

situat ion however ,  it is noted that the Makerua soil also possessed 
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the lowest pH o f  all soils in this study , a fact which may reduce the 

adsorpt ion poten t ial of the soil . Thus , organic  carbon content is 

only one of a numb er of  soil factors which are known to contribute 

to Zn and Cd adsorpt ion . 

The cation-exchange capacity ( CEC) of  soils has been posi t ively 

correlated to b o th the adsorption maxima and bonding energy of Zn 

(Shuman , 1 9 75 ;  Sidhu e t  al . ,  1 9 7 7a S ingh and Sekhon , 1 9 7 7 ) and 

Cd (John , 1 9 7 1 ; Levi-Minzi e t  al . ,  1 9 76 ; Singh and Sekhon , 1 9 77a ; 

Navrot e t  al . ,  1 9 7 8 ;  Shah Singh , 19 79 ) for many soils , al though 

some authors have no t always found positive correlations between CEC 

and Zn and Cd adsorption (Udo et al . ,  1 9 70 ; John , 1 9 72 ) . As for pH , 

a general relationship could be  observed between CEC of  the sub s oils 

and Zn and Cd adsorp t ion at both concentrations . For example Egmont 

subsoil , o f  relatively high CEC ,  adsorbs  more Zn and Cd than the 

lower CEC Tokomaru and Okaihau subsoils . A general trend in the 

same direction was no ted for the topsails . The Makerua s o il did no t 

conform to this pat tern . Undoub t edly , the variable charge components 

o f  volcani c  ash and organic soils make for difficulty in directly 

measuring and correlating CEC with adsorption properties . 

I t  has been reported tha t  th e clay content of soil influences 

the CEC of s oil ( Shuman , 19 75 ; S idhu et  al . ,  1 9 7 7) and is also 

significantly correlated with the amounts of Zn adsorbed by  soils 

(Shuman , 1 9 7 5 ; Sidhu et al . ,  19 7 7 ; S ingh and Sekhon , 1 9 7 7) and 

s imilarly fo r Cd ( John , 1 9 72 ; S ingh and Sekhon , 1 9 7 7a) . I t  is  

generally concluded that as  the  % clay increases , the  adsorp tion 

maxima for Zn and Cd adsorp tion also increases . However ,  for the 

soils used in this s t udy , the % clay showed no such relationship , thus , 

Egmon t  s oils  which showed the h ighest  Zn and Cd adsorp t ion did  not 
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contain the highest clay contents . The type o f  clay present may be 

more important  than the amount . Addi tionally , in this study , there 

was no clear relat ionship between short range order Fe (related to 

hydrous oxide  content o f  soils) and adsorption of  Zn and Cd by the 

soils inve s t igated . 

Al though , as dis cussed above , many soil properties are 

probably important  for Zn and Cd adsorpt ion by soils , it is difficult 

to determine which , i f  any , o f  the maj or soil prop erties dominate the 

adsorption p rocess . This is because  many soil properties are 

closely interrelated . For example , in the present s tudy , the high 

amount o f  Zn and Cd adsorption found for the Egmont soil may be due 

to a high content o f  o rganic mat ter coupled wi th a ' relatively ' high 

pH . 

No further a t tempts were made to explore the relationship between 

soil composition or properties and Zn and Cd adsorption behaviour in 

this s tudy . Rather , the approach adopted was to invest igate 

adsorption mechanisms using s oils and synthetic soil components with 

a view to  ob taining information on the nature o f  the adsorp tion 

process i t s elf . Such s t udies form the basis o f  the remaining chap ters . 

I t  was with this experimental approach in mind that the contras ting 

soils were initially selected for the s tudy . 



CHAPTER THREE 



DEVELOPMENT AND EVALUATION OF A METHOD FOR 

S IMULTANEOUS EXTRACTION AND CONCENTRATION 

3 . 1  Introduc t ion 

OF Zn AND Cd FROM SOIL EXTRACTS 
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A technique for concentrat ing low amounts o f  Zn and C d  prior to 

analysis  by atomic  absorp tion was developed for the following reasons : 

1 .  To enable the s tudy of Zn and Cd adsorp tion by soils and 

synthetic oxides at low addi tions of Zn and Cd . At these 

low additions , equilibrium solution concentrations of Zn and 

Cd were often - 1  -1  < 2 . 5  �mol 1 and < 2 . 0 �mol 1 respectively . 

2 .  To determine extractable  Zn and Cd contents of soils of ten 
- 1  within the range 0 . 00 1 5 t o  0 . 1 5 3  �mol g and 0 . 00009 to 

- 1  0 . 0062  �mol g respec tively . S imilarly , low to tal Cd levels  
- 1  in  s o ils  (0 . 0089 to  0 . 0 2 7  �mol g ( Swaine , 1 9 5 5 ) ) o f ten 

require concentration . 

The two most  common techniques that have been used for concentrating 

Zn and Cd are ion-exchange and solvent extraction procedures . The use 

o f  flameless a tomic absorp tion techniques , such as graphite  furnace or  

carbon rod  atomisation analysis , o f ten makes concentration of Zn and 

Cd unnecessary . However , thi s  technique was not available for the 

present  s tudy . 

S ome general aspects o f  the procedures for extracting and 

concentrating Zn and Cd are d is cussed below . 



3 . 2  Solvent Ex traction 

A chelat ing agent can be used to extract Zn or  Cd from aqueous 
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solution into an  organic solvent . Concentration is then achieved by 

using a smaller volume of the organi c solvent , relative to the original 

aqueous sample  ( Thorn and Ludwig , 1 9 62 ) . The methods can be tailor-

made for a particular metal by varying the nature o f  the complexant 

and extraction condit ions . 

The commones t procedures used for Zn and Cd employ ammonium 

pyrollidine d i thiocarbamate (APDC) as the complexing agent and methyl­

isobutyl ketone (MIBK) as the solvent tMulford , 1 966 ; Brooks et al . ,  

1 96 7 ;  de Vries et  al . ,  1 9 75 )  or 1 , 5 diphenyl thiocarba zone ( dithi zone) 

with carbon te trachloride or chloroform (Wes t oo , 1 96 3 ;  Williams et al . ,  

1 9 7 2 ; Gaj an e t  al . ,  1 9 7 3 ) . 

3 . 2 . 1  APDC/MIBK 

An APDC/MIBK procedure was used for concentrating Zn from sea 

water (Brooks  e t  al . ,  1 9 6 7 )  and Cd from plant material ( de Vries et al . ,  

1 9 7 5 ) . The extraction of  heavy metals by APDC/MIBK is unaffected by 

extraction rat ios (Munro , 1 9 6 8) . The recommended op timum pH for Cd 

is  around pH 3 . 3 , with recovery decreas ing as pH increases above this 

value ( de Vries et al . ,  1 9 75 ) . For Zn , the op timum extraction is 

achieved at a pH of between 4 and 5 (Brooks et al . ,  1 96 7 )  with no 

extraction occurring b elow pH 2 . 5 . When using the APDC/MIBK 

procedure , the conditions of pH , extraction ratios and matrix should be  

matched for samples and s tandards (Munro , 1 9 68) . 

The APDC/MIBK method is reported to be fas t and relatively free 

from interferences by o ther metal ions , with good precision and 

repeatability (Mulford ,  1 9 6 6 ; B rooks et al . ,  1 96 7 ;  de Vries et al . ,  

1 9 75 ) . 
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Th e us e o f  the solvent MIBK i s  convenient b ecause it can be  

d irectly aspirated into a A . A .  spectrophotometer . In  addit ion , a s  wi th 

many other organic solvents , the presence of MIBK enhances the 

absorption s ignal over that for aqueous samples . This 1 1 solvent effect 1 1  

(Mulford , 1 9 6 6 ; Brooks et  al . , 1 9 6 7 ;  Yamamo to et al . ,  19 7 2) is thought 

to be  due to the formation o f  smaller-sized droplets during aspiration , 

than occurs for aqueous solutions . Thes e smaller-si zed droplets are 

b et ter able  to pass through the burner mixing chamb er without 

condensing , thereby delivering more sample  to the flame . 

Oien and Gj erdingen ( 1 9 7 7 )  used an APDC/MIBK extract ion system to 

determine Cd in soils , but found the atomic absorption readings to be  

unstable .  The procedure was improved by using APDC/chloroform a t  

pH 3 . 0 after firs t removing Fe  with acetylacetone and chloroform a t  

pH 3 . 0 . The APDC/ chloroform extract was diges ted with acid to des troy 

the APDC and chloroform and the residue was then redissolved in dilute 

acid and analysed for Cd by atomic absorp tion . 

3 . 2 . 2  Dithizone 

Although 1 , 5 d iphenylthiocarbazone ( di thizone) has been recommended 

for the calorimetric determination of  both Zn and Cd (Sande l l ,  1 959 ) , 

i ts use for metal  ion concentration prior to atomic absorption analysis  

is  less well  documented . 

Yamamoto et  al . ( 1 9 7 2 )  used d ithizone for the extraction of Cd 

from standard solutions . Chlorinated solvents ,  such as carbon te tra-

chloride ,  were avoided b ecause of their incomplete combus tion in the 

flame and the format ion of toxic  decompos ition products ( e . g .  phosgene) . 

Five different solvents , i . e .1 MIBK ,  ethyl propionate , n-butyl acetate , 

nitroethane and nitrobenzene were used over the pH range 3 . 5  to 1 0 . 0  

and all showed complete  extraction o f  t):le Cd-dith izonate complex . 
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Few interferences were reported  for this method . 

Addi t ion of  diphenylthiocar0azone and acetyl acetone to an 

e thyl propionate/ 8-quinolinol extraction sys tem was found necessary 

before Zn and Cd could be e ffectively extracted from aqueous solutions 

( Sachdev and Wes t ,  1 9 70 ) . With this extraction p rocedure several 

metal ions , including Zn and Cd , could be extracted within the pH 

range of 5 . 0 to 7 . 0 . No interferences were found for Zn and Cd 

analysis . 

3 . 2 . 2 . 1  Dithizone/ chloroform 

Dithizone/ chloroform has b een used to concentrate and 

extract Cd from plant and soil extracts (Ure and Mitchell , 1 9 76 )  and 

foods tuffs ( Gaj an et al . ,  1 9 7 3) . A pH range 8 . 0  to 9 . 0 was chosen to 

minimise Zn and Cu extract ion (Ure and Mitchell , 1 9 76 ) . High 

concentra tions of Zn and Cu interfere with Cd extraction , probably as 

a result  of competition for the di thizone reagen t . Increas ing the 

concentrations of dithizone overcomes this prob lem . The Cd levels 

were then determined by carbon-rod atomisation d irectly on the 

dithizone / chloroform extract (Ure and Mitchell ,  1 9 76 )  or by back­

extraction  of  Cd with dilute acid and analys is o f  Cd by conventional 

atomic ab sorp tion ( Gaj an et al . ,  1 9 7 3) . Both metlnds gave repeatable  

results and were sui table for routine use . 

3 . 2 . 2 . 2  Dithizone/ carbon tetrachloride 

A di th":izone/ carbon tetrachloride method has b een used to 

extract Zn from organic material (Wes too , 1 9 6 3) , and Cd from plant 

and s oil  extracts (Williams et al . ,  1 9 72 )  under a range of pH 

conditi ons . 

Wes too ( 1 96 3) , Sandell ( 1 95 9 )  and Morrison and Freiser ( 1 9 5 7 ) 
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repo�ted quantitat ive extraction and concentration of  Zn under acidic 

pH condit ions , Zn being determined colorimetrically , after addi tion 

of appropriate masking agents to reduce interference from o ther 

metal/dithi zonate complexes . 

The extract ion o f  Cd from plant and soil extracts was carried 

out under alkaline condit ions (Morrison and Freis er ,  1 9 5 7 ; Williams 

et al . , 1 9 72 ) . Adequate recoveries of added Cd from both plant  and 

soil ext racts were reported , with good l imits of detection (Wil liams 

et al . , 1 9 72 ) . For Cd analysis the Cd/ dithizonate complex was 

decompos ed by ho t acid diges tion . The residue was then redissolved 

in dilute acid , and the solut ions analysed by a tomic absorption 

(Williams et  al . ,  1 9 72 ) . 

3 . 3 A Method for S imultaneous Zn and Cd Determinat ion 

In this section , resul ts are presented for a me thod that was 

des igned to s imul taneously extract and concentrate Zn and Cd from 

dilute solutions in a s ingle operation . The pro cedure was designed 

to achieve a ten-fold concentration of Zn and Cd from aqueous solutions 

or soil extracts . The �ethod  uses dithizone and carbon tetrachloride . 

The Zn and Cd was extracted into the organic phase then back-extracted 

into a small volume of  hydrochloric acid . 

3 . 3 . 1  Procedure 

To a 50-ml aliquot of the solution to be analysed , in a 1 00 -ml 

beake r ,  add 10 ml of 0 . 5M sodium acetate buffer , and 1 ml of 1 0 %  (w/v) 

hydroxylammoniurn chloride solution . The hydroxylammoniurn chloride 

solution is us ed to  p revent the oxidat ion of  di thizone ( S andell , 1 9 5 9 )  

during extraction . Adj us t pH to 4 . 50  with redis tilled hydrochlori c  
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acid or ammonia s olution us ing a pH meter , and then quantitatively 

transfer the solution to a s eparating funnel . 

Cd and Zn are extracted in two success ive extractions using 5-ml 

aliquots  of the di th i zone extracting solution ( 0 . 0 1 %  w/v in carbon 

tetrachloride) . The extraction is accomplished by vigorous shaking 

of the separating funnel , by hand , for 1 minute . The two phas es 

separate on s tanding , a f ter which the organic phas e is run off  into a 

second separating funnel . Af ter combination o f  the two extracts , Zn 

and Cd are then back-ex tracted into the aqueous phase  by the addit ion 

of 5 ml o f  0 . 0 1M hydrochloric acid , again shaking for 1 minute . The 

Zn and Cd concentra tions can then be de termined us ing AAS . Zn and Cd 
-1 - 1  standards , ranging from 0 t o  30 . 6  �mol Z n  1 and 0 t o  1 7 . 8  �mol Cd 1 , 

are prepared us ing the concentration procedure on Zn and Cd solutions 

prepared in deionis ed water over the concentration ranges o f  0 to 
- 1  - 1  3 . 06  �mol Zn 1 and  0 t o  1 . 7 8 �mol Cd  1 . 

3 . 4  Assessment o f  the Performance o f  the Procedure 

3 . 4 . 1  Effect  o f  extraction pH 

Earlier work with dithizone used acidic conditions for Zn 

extraction (Morrison and Freiser , 1 9 5 7 ; Sandell , 1 9 59 ; Wes too , 1 9 6 3) 

and alkaline conditions for Cd extraction (Morrison and Freis er , 1 9 5 7 ;  

Williams and Davi d , 1 9 7 2 ; Gaj an et  al . ,  1 9 7 3 ;  Ure and Mitchell ,  1 9 76 ) . 

However ,  the alkaline ext raction of  Cd was used to minimise the 

extraction of  Zn and o ther cations ( Ure and Mit chell , 1 9 76 )  whi ch 

interfere with the calorimetric finish used for Cd analysis . 

In order to  s imultaneously extracts Zn and Cd it is necessary to 

utilise  one set of conditions of pH and buffer type . Yamamoto e t  al . ( 1 9 72 )  

reported complet e extraction of  Cd  over a range o f  pH 3 .  5 to. 1 0 . 0  and 
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Sachdev and West ( 1 9 70 )  repo rt ed that Zn and Cd can be extracted 

quanti tatively b e tween pH 5 . 0  and 7 . 0 .  

l OO 

Thus , to determine a s ingle pH at which complete recovery of both 

Zn and Cd occurred , the recovery of 0 . 0 38 �mol Zn and 0 . 022  �mol Cd 

from 50 ml of deionised water was measured at uni t pH increases over 

the pH range 3 . 0  to 1 1 . 0 .  The buffers used to maintain the desired 

pH were : O . SOM s odium acetate ( pH 3 . 0  to 7 . 0 ) , 0 . 35M sodium ci trate 

(pH 8 . 0  to 9 . 0 )  and 0 . 4 8M potass ium sodium tartrate (pH 1 0 . 0  to 1 1 . 0 ) .  

Five replicates for each pH and each addit ion o f  Zn and Cd were us ed . 

The efficiency o f  extraction was ass essed by comparison with Cd and 

Zn s t andards which were also prepared in acidified deionised water . 

These aqueous s tandards had not undergone the ext raction and back­

extraction procedure and were approximately ten times more concentrated 

than the original sample solutions . 

3 . 4 . 2  Recovery o f  Zn and Cd from wa ter 

The s imultaneous recovery of  Zn and Cd from deionised water was 

determined by extracting and concentrating the metals from solutions 

containing 0 . 0 0 38 , 0 . 00 7 7  and 0 . 0 1 5 3  �ol Zn and 0 . 0022 , 0 . 0045 and 

0 . 0089 �mol Cd using the procedure given in Section 3 . 3 . 1  ( i . e . , pH 

4 . 50 with sodium acetate  b uffer) . Three replicates were us ed and 

recovery efficiencies determined as in S ec tion 3 . 3 . 1 .  

3 . 4 . 3  Recovery o f  Zn and Cd from soil extracts 

Four s oils  o f  contras ting composition , sampled at 0- 1 0  cm depth , 

were selected to provide a range of  possible  interfering subs tances 

whi ch might affect  the e f ficiency of recovery of Zn and Cd by the 

procedure . The soils used , with an indication of the maj or soil 

cons ti tuents  o f  interes t given in parenthesis , were Egmont b rown loam 
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(allophane ; o rganic mat ter) ; Okaihau gravelly clay ( crys talline and 

short-range o rder iron oxides ) ; Makerua peaty s ilt  loam (organic  matter) 

and Tokomaru s i l t  loam ( crys tal line layer s ilicates) . Further details 

of the soils used are given in Chapter 2 .  

-2 For each soil  20 g was extracted with 200 ml of 1 x 1 0  M calcium 

chloride solution , by shaking on an end-over-end shaker (40 r . p .m . )  for 

2 hr in a 250-ml polycarbonate bottle  at 2 3°C ± 2°C .  The suspens ion 

was centrifuged at 1 2 , 500 r . p .m .  for 10 min at 2 3°C ± 2°C using a 

Sorvall RC 2B refridgerated supercentrifuge , and the supernatant  

filtered through pre-washed millipore ( < 0 . 45 �m) filters . A 50-ml 

aliquot of the s oil extract was then taken for Zn and Cd extraction and 

concentration using the dithizone procedure . Recoveries o f  0 . 0 1 5 3 and 

0 . 038  �mol Zn and 0 . 00 89 and 0 . 022  �mol Cd added to soil extracts 

immediately prior  to extraction and concentration were assessed . 

There were three replicates for each l evel o f  addition o f  Cd and Zn , 

and for each s o il . Recovery efficiency was assessed from the dif ference 

in Zn and Cd contents o f  the soil extracts for the spiked and unspiked 

samples . 

3 . 4 . 4  Variab i li ty o f  the p rocedure 

The variab ility o f  the amounts o f  Zn and Cd extracted and 

concentrated from calcium chloride extracts o f  Makerua peaty s i l t  loam 

and New Plymouth b lack loam was assessed using the procedure describ ed .  

These s oils have b een described in Section 2 . 2 . 1 .  Within-day 

variab i lity was inves t igated using eighteen ( 1 8) replicate determinations, 

and between-day variability using triplicate determinat ions on each of  

five consecutive days . The res ul ts  were s tatistically analysed  using 

one-way analysis  of variance . 



3 . 5  Resul ts  and Discuss ion 

1 0 2 

The e f fects  o f  extraction pH on the quantitative and s imul taneous 

recovery of Zn and Cd from deionised water are shown in Tab le 3 . 1 .  

The recovery of  0 . 0 38 �mol Zn and 0 . 02 2  �mol Cd was essentially 

quant itative over the pH range 4 . 0 - 7 . 0 ,  us ing the sodium acetate 

buffer , with recovery efficiencies ranging from 92 to 102% . On the 

bas is of these results an extraction pH of 4 . 50 ,  with the sodium acetate 

buffer , was chosen for all subsequent s tudies . The use of a s ingle 

pH value for the simultaneous extract ion and concentration of Zn and 

Cd contras ts  with the f indings of previous s tudies (Morrison and Freiser , 

1 9 5 7 ; Will iams , David and Iismaa , 1 9 72 )  advocating an alkaline extraction 

pH for Cd and an acidic extraction pH for Zn (Morrison and Freise r ,  1 9 5 7 ;  

Wes too, 1 9 6 3) . The di thizone methods des cribed by Morrison and Freiser 

( 1 9 5 7 ) and Sandell ( 1 9 5 9 )  were des igned for the ca lorimetric analysis 

o f  Zn and Cd . Other metal cations known to interfere with the procedure 

must be removed and because Zn and Cd form the same type of complex with 

the dithizone reagent , i t  is necessary to determine Zn and Cd s eparately . 

Thus , condi t ions o f  extraction , i . e . , acid pH for Zn ext raction and 

alkaline pH for Cd ext raction , were chos en to enable the separate 

determination of  both . The d ifferent pH conditions , together with 

the use o f  masking agents , allowed for the full extraction and 

determinat ion of Zn and Cd . 

In this present s tudy essen tially complete recoveries o f  the low 

levels o f  Zn ( 0 . 00 38 - 0 . 0 1 5 3  �mo l ) and Cd ( 0 . 0022  - 0 . 00 89 �mol ) added 

to deionis ed water were ob tained us ing the developed procedure . The 

recoveries ranged from 90  to 100% at  the three dif ferent levels of Zn 

and Cd us ed , as shown in Table  3 . 2 ,  in a deionised water sys tem .  



Table 3 . 1 Effect o f  extraction pH on re covery of  0 . 0 38 �mo l 

Zn and 0 . 0 22  �mol  Cd from deionised water 

Recovery , % 

pH Zn Cd 

3 . 0 56  65  

4 . 0 102  102  

5 . 0  9 8  9 8  

6 . 0 9 8  9 2  

7 . 0 9 8  9 8  

8 . 0 89 102  

9 . 0 88 9 5  

1 0 . 0  87  89 

1 1 . 0 2 2 

1 0 3  



Table 3 . 2 

Added Zn 
�mol  

0 . 00 38 

0 . 00 7 7  

0 . 0 1 5 3  

Effect o f  level o f  addition of  Zn and Cd on recovery from deionised water 

Zinc Cadmium 

Recovered Zn Recovery Added Cd Recovered Cd Recovery 
�mol % �mol �mol  % 

0 . 0038 1 00 0 . 0022 0 . 0022 100 

0 . 00 70 9 2  0 . 0045 0 . 0040 90 

0 . 0 1 44 94 0 . 00 89 0 . 0084 94 

0 
.c-
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Similar high recoveries were also ob tained from the cal cium 

chloride extracts of the four dif ferent soils (Tab le 3 . 3) , indicating 

li t tle  or  no interference from solub le soil consti tuents . 

The analysis of variance resul ts , presented in Table 3 . 4 ,  show 

that  the extract ion and concentrat ion procedure gave repeatable  resul ts 

for the eighteen extract ions o f  Zn and Cd , from the two soil samples , 

performed on the same day i . e . , acceptab le wi thin-day variability . 

The analysis o f  variance resul ts ( Table 3 . 4 )  also showed no s ignificant 

dif ferences in amounts o f  Zn and Cd extracted from the two soil samples 

on five cons ecut ive days , i . e . , acceptab le between-day variab ili ty . 

The results for CaC12 extractions o f  Zn and Cd extracted both on a 

s ingle day and on five cons ecutive days were s imilar , and variability 

for within- and between-day extractions for each soil was no t signi ficant . 

Thus , the method was shown to be reliable  and cons istent . 

The method developed for the extraction o f  Zn and Cd is  ef fici ent , 

s imple  and rap id , with the s ensitivity of the procedure being essentially 

that o f  th e a tomic abso rption spectropho tometer . 



Table 3 . 3  Recovery o f  Zn and Cd added to calcium chloride extracts o f  soils 

Soil 

Egmont brown loam 

Makerua peaty s il t  loam 

Tokomaru silt  loam 

Okaihau gravelly clay 

Added 
�mol 

0 . 0 1 5 3  

0 . 0380 

0 . 0 1 5 3  

0 . 0 380 

0 . 0 1 5 3  

0 .  0 380 

0 . 0 1 5 3  

0 . 0 380 

Zinc 

Net recovery 
�mol 

0 . 0 1 68 

0 . 0 382 

0 . 0 1 45 

0 . 0 3 75 

0 . 0 1 45  

0 . 0 344 

0 . 0 1 5 3  

0 . 0 352 

Recovery 
% 

1 1 0  

100 

95 

98 

95  

90  

100 

92  

Added 
�mol 

0 . 0089 

0 . 0220 

0 . 0089 

0 . 0220 

0 . 0089 

0 . 0 220 

0 . 0089 

0 . 0220 

Cadmium 

Net recovery 
�mol 

0 .  009 7 

0 . 02 44 

0 . 009 3 

0 . 023 1  

0 . 0088 

0 . 02 30 

0 . 0090 

0 . 0228  

Recovery 
% 

l lO 

l lO 

105 

1 04 

100 

104 

102  

1 0 3  

...... 
0 
0' 



Table 3 .  4 Within- and between-day variab ility in amounts o f  Zn and Cd extracted 

from soils by calcium chloride 

Source o f  
Soil Variation 

Makerua peaty s ilt loam Within-day 

Between-day 

New Plymouth black loam Within-day 

Between-day 

* 
An ova analysis of variance 

n . s .  not significant 

t p < 0 . 05 

Zinc 

)l mol g -1  

0 . 00 38 ± 0 . 0003  

0 . 00 36 ± 0 . 0002 

0 . 0 1 36 ± 0 . 0009 

0 . 0 1 4 5  ± 0 . 0008 

An ova 
* 

Resul ts 

t 

n . s . 

Cadmium 

)l mol g - 1  
-

0 . 00020 ± 0 . 00004 

0 . 0002 7 ± 0 . 0000 8 

0 . 00024 ± 0 . 0000 3 
0 . 00026 ± 0 . 0000 3 

* 
An ova 
Results 

n . s .  

n . s .  

0 
--.J 



CHAPTER FOUR 



4 . 1  Introduction 

ADSORPTION OF Zn AND Cd BY 

SOILS AND SOIL COMPONENTS 

1 0 8  

Adsorption is thought t o  be  an important process controlling the 

concent rat ions o f  Zn (Ellis and Knezek , 1 9 72 ; Quirk and Posner ,  19 75 )  

and Cd  ( Tiller e t  al . ,  1 9 79 )  in the soil solution . 

Although in many previous studies adsorp tion processes in soils 

have b een described us ing Langmuir equat ions , often very high loadings 

of Zn and Cd have b een used with resul tant  h igh concentrat ions o f  

these cations i n  the equilib rium solution phas e ,  e . g . , up to 1 5 29 �mol 

- 1  - 1  Zn l ( S ingh and Sekhon , 1 9 7 7 ) and 890 �mol Cd  l (John , 1 9 72 ; S ingh 

and Sekhon , 1 9 7 7a) . Thes e concentrations o f  Zn and Cd are high by 

comparison wi th normal soil  solut ion values , which are commonly < 1 . 0 

- 1  - 1  �mol l for Zn ( Russell ,  19 7 3) and <0 . 0 1 2  �mo l l for Cd  (Navrot e t  

al . ,  1 9 7 8) . Also a variety o f  shaking t imes (Udo et al . ,  1 9 70 ;  John , 

1 9 72 ; Shuman , 1 9 75 ;  19 76 ; Levi-Minzi et  al . , l 9 76 )  have been used , and , 

with the excep t ion of S ingh and Sekhon ( 1 9 7 7 , 1 9 7 7a) who used 0 . 1M KCl 

as a support medium to keep ionic s t rength cons tant , adsorption 

experiments have mostly been carried out in deionised water . Therefo re, 

it is difficult to compare the f indings of different workers and to 

elucidate common adsorpt ion mechanisms and adsorp t ion characteris tics 

operating a t  the naturally low concentrations o f  Zn and Cd occurring in 

mos t  field s i tuations . 

Previous s tudies using the Langmuir  adsorption approach have shown 

a s ingle l inear relationship for Zn and Cd adsorp tion (Udo e t  al . ,  1 9 70 ; 
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John , 19 72 ; S ingh and Sekhon , 1 9 7 7 ;  S ingh and Sekhon , 1 9 7 7a) . 

However ,  these s t udies , using high Zn and Cd addi tions may have failed 

to detect the occurrence of a second population of adsorption s i tes , 

operating a t  lower equi lib rium concentrations . For example , using Zn 
-1  addi tions as low as 30 . 6  �mol Zn 1 Shuman ( 19 75 )  found that Zn 

adso rption data was bes t  described by two linear relationships , each 

described by a s eparate Langmuir equation . 

In the present  study , Zn and Cd adsorption by a range o f  soils 

was invest igated . Thes e soils were chosen to  include components , such 

as o rganic mat t e r ,  Fe and Al hydrous oxides and layer silicates , likely 

to b e  impo rtant in the adsorption o f  Zn and Cd . A special feature o f  

this work was that adsorpt ion reactions between soils and added Zn  and 

Cd were inves tigated over equilibrium solution concentrat ion ranges 

s imilar to those  l ikely to be encountered under ' normal ' field conditions . 

Hydrous metal oxides have b een used extensively to inves tigate Zn and Cd 

adsorption react ions ( Gadde and Laitinen , 1 9 74 ;  Quirk and Posne r ,  1 9 75 ; 

Forbes et al . ,  1 9 76 )  in order to determine the adsorption mechanisms . 

The composi t ion and surface characteris tics o f  hydrous metal oxides are 

relatively well-known (Parks and de Bruyn , 1 9 6 2 ; Quirk and Posner ,  1 9 75 ) . 

In the p resent  s t udy , Langmuir parameters for Zn and Cd adsorption by 

Fe gel were compared to thos e for soil adsorption in an a t tempt to 

validate the use of Fe gel as a model for s oil sys tems . Furthermore , 

Fe gel p repared from recrys tallised  Fe (N03) 3 . 9H20 so as to b e  relatively 

free of Zn and Cd impurities , was used in adsorption experiments  to 

inves t igat e  adsorption a t  extremely low loadings in order to detect the 

exis tence or o therwise of any high affinity adsorp tion sites . The 

numb er o f  s eparate Langmuir equations that can b e  resolved from plots of 

the experimental  data can give an indication of the potential number of 

different populations of adsorption sites  present  on the adsorben t . 
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For example , this approach has b een successfully used for P sorpt ion 

( Ryden et al . ,  1 9 7 7) wherein the three separate Langrnuir regions 

obt ained were interpreted as three different sorption mechanisms . 

4 .  2 Methods 

4 . 2  . 1  Kinetic  s t udies 

In th is s ect ion , the method used to assess the effect o f  

equilibration t ime on Langmuir parameters is described . Because the 

model to b e  appl ied to experimental adsorption data has been derived 

for equilib rium condit ions , and s ince equilibrium for Zn and Cd 

adsorption by soils is not reached in short  term laboratory equilibration 

s tudies then s ome es timate of equilib rium conditions would be required . 

Soil  samples from the Makerua topsoil and from the Okaihau sub soil 

were used  to  investigate the rate o f  decrease o f  solution Zn and Cd 

concentrations following the addi tion of Zn and Cd . Thes e particular 

so ils were chosen to ascertain whether similar adsorp tion kinetics for 

Zn and Cd applied for soils with very dif ferent chemical and mineralogiclli 

composi tions . The Makerua soil contains high amounts o f  organic mat ter 

(Table 2 . 4) and the Okaihau soil contains high amounts  of Fe oxides 

(New Zealand Soil Bureau , 1 968 ) . 

In  a ll these adsorption s tudies , the losses of Zn and Cd from 

solut ion are generally assumed to be equivalent to uptake by soil . To 

check on this , controls were prepared using low concentrations o f  Zn and 

Cd , i . e . , - 1  - 1  0 . 1 53 � mol Zn 1 and 0 . 0 89 �mol Cd 1 , in the same matrix 

3 x 1 0-2M NaCl but with no soil adde d .  These were shaken i n  the 

polycarbonate tub es for the 40 hr to tal equilib ration perio d . Al l 
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solut ions were then analysed for Zn and Cd . The results indicated that 

Zn and Cd are neither adsorbed nor released from the centrifuge tubes 

to any s ignificant extent ( See results  in Appendix 1 ) . Therefore , any 

decrease in  Zn and Cd concentration is attributed to adsorption by the 

particular adsorbent under investigation . 

Two l evels o f  addi t ion o f  Zn and Cd (Tab le 4 . 1 ) were used for 

each soil and adsorpt ion of Zn and Cd by the two soils was inves tigated 

over a total adsorption period of 240 hr . The extent of adsorp t ion 

with t ime was measured at 24-hr intervals . The different additions 

of Zn and Cd added to the two soils were chos en so that  the final 

solution concentrations of Zn and Cd , after 2 40 hr equilib ration , were 

s imilar for each s oil , to enable  a comparison of the rates of a t tainment 

of equilibrium . A 5-g sample o f  each soil was shaken wi th 40 ml o f  

- 2  3 x 10  M NaCl ( after aliquots o f  Zn or Cd  had been added) in 50-ml 

0 + 0 polycarbonat e  centri fuge tubes on an end-over-end shaker at 2 3  C - 2 C .  

Becaus e shaking may induce particle breakdown , the amount o f  adsorption 

of Zn and Cd by soils shaken for longer periods may be affected by 

other than kinetic  factors . For instance , the effect o f  mechanical 

disruption of soil aggregates may produce a greater surface area leading 

to more Zn and Cd a dsorption . To circumvent this problem all tubes in 

this experiment were shaken for the same to tal t ime ( 240 hr) , although 

the time o f  contact  b etween the zn2+ or  Cd2+ and soil ranged from 24  to 

240 hr . This common total shaking t ime was achieved by placing all 

tubes on  the shaker at the s tart of the experiment and adding the aliquots  

containing the Zn or  Cd  at  the required number of hours ( equilib ration 

time ) be fore the end of the shaking period . 

4 . 2 . 2  Time-dependen t  and equilibrium adsorp t ion isotherms 

As a lready mentione d ,  Langmuir adsorption theory applies to sys tems 



Tab le 4 . 1  Init ial addi tions o f  Zn and Cd used 

to s tudy adsorption kinetics 

So il 

Makerua peaty silt  loam 

Okaihau gravelly clay 

Low addi tion 

Zn _1 )J mol g 

0 . 0 30 

0 . 0 1 5  

Cd _ 1 )Jmol g 

0 . 090  

0 . 0 1 0  

1 1 2 

High addition 

Zn _ 1 )Jmol  g 

1 . 5 3  

0 . 3 1  

Cd  _ 1 )Jmol g 

3 . 06 

0 .  3 1  
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at equilibrium . Because many adsorpt ion react ions in soil exhibi t  

fas t initial kinet ics followed by  s low continuing adsorption ( Shah 

S ingh , 1 9 79 ) , and as mos t  adsorpt ion s t udies are carried out at  t imes 

shorter than those required to reach equilibrium ,  the prob lem is to 

ob tain the equil ibrium values of Zn and Cd concentration . To ob tain 

these values the extrapolation method used by Ryden and Syers ( 1 9 75 )  

for P sorp t ion by soils  was investigated . The method requires that 

plots of solution P concentration agains t the reciprocal o f  time 

( i . e . , � ) be l inear . By extrapolation to � = 0 ( i . e . , t = aJ ) ,  an 

es t imate o f  the "true equilibrium" P concentration can be ob tained . 

To ob tain equilib rium isotherms for Zn and Cd , 5-g samples o f  soil  

were equil ib rat ed with a range o f  ten differen t  addi tions o f  Zn  and Cd , 

to produce for each s oil , final concentrat ions o f  Zn or Cd in solution 
- 1  within the range 0 .  2 to 300 ]..lmol 1 . The experiment was conducted 

in 3 x 10-2M NaCl at  a soil : solut ion ratio of 1 : 8  using polycarbonate  

centrifuge t ubes . NaCl was used as the mat rix so lution to maintain a 

constant ionic s t rength and overcome any effects of variab le soil 

electrolyte cont ent on the ionic s trength of the solution . The tub es 

were shaken on an end-over-end shaker (40 r . p .m . )  at  2 3° C ± 2° C for one 

of four equil ib ration t imes , viz . ,  2 4 ,  4 8 , 96 and 144 hr . After 

equilib ration the t ub es were centrifuged at 1 5 , 000 r . p .m .  a t  2 3°C ± 2°C 

for 5 min . in a Sorval l RC-5 refrigerat ed supercentrifuge . The 

supernatant  solutions were filtered (Mi llipore < 0 . 4 5 ]..lm) and analysed 

for Zn and Cd contents . A reciprocal t ime p lo t  o f  adsorp tion data was 

prepared according to the method o f  Ryden and Syers ( 19 75 ) , an example 

o f  which is shown in Fig . 4 . 1 ,  for Okaihau gravelly clay subsoi l  a t  

different l evel s  o f  added Zn ( shown in Fig . 4 . 1 ) . Unfortunately , the 

data ob tained from this plot  did  not l i e  on the one s traigh t l ine and 
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0-2 0 -4 0 -6 

1 ( Days) 
TIME 

1 1 4  

1 -53 pmol Zn 

1 -38 pmol Zn 

1 -22 pmol Zn 

0 -77 pmo l Zn 

0-8 1 -0 

Reciprocal t ime p lot  o f  Zn in solution 

during adsorption of added Zn by Okaihau 

gravelly clay subsoil 



therefore no s imple linear extrapolat ion could be performed . The 

same was true for all o ther soils , al though the plots are not shown . 

These results  are unlike those found for P by Ryden and Syers 

( 19 75 )  and therefore necessi tated another approach to the prob lem .  

A practical al ternative was to compare the Langmuir adsorp tion 

cons tants ob tained at various equilibration t imes . For this 

investigat ion , samples from the same two soils (Makerua peaty sil t  
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loam soil , and Okaihau g ravelly clay subsoil)  were used at equilib ration 

times of 1 20 , 1 4 4 ,  and 1 9 2  hr . 

The adsorp t ion characterist ics o f  Zn and Cd adsorption at 1 2 0  hr , 

1 4 4  and 1 9 2  hr were then compared to  those obtained at 40 h r ,  the 

obj ective here b eing to check whether 40-hr iso therms might be a 

reasonable approximat ion o f  those ob tained at longer equilibration 

t imes . 

For all equilib ration t imes , t en levels o f  addition of  Zn and Cd 

were used , wi th final solution concentrations ranging between 0 . 2  and 
- 1  300 �mol Zn o r  Cd 1 . 

4 . 2 . 3  40 -hr adsorp t ion iso therms 

A series o f  40-hr adsorpt ion isotherms were carried out using 

the same general procedure outlined in S ection 4 . 2 . 2 .  Data  were 

op tained ,  for both Zn and Cd , for the Makerua topsoil , Okaihau gravelly 

clay , Tokomaru s ilt loam and Egmont brown loam top and subsoils . 

Properties o f  these s oils  and reasons for their choice have been 

previously outlined in Chapter 2 o f  this s tudy . In all experiments 
-2 1 54 �mol NaN3 1 (Mann and Quast el ,  1 9 4 6 )  was present in each t ub e  to 

l imit microbial growth . 



4 . 2 . 4  
* 

"Native-adsorb ed"  Zn and Cd 

1 1 6  

In all adsorp tion experiments with soils , the amount of adsorbed 

Zn or  Cd p resent on the soil surface at any time wil l depend on both : 

a .  The amount  o f  native-adsorb ed initially on the soil 

surface at the commencement of the experiment , and 

b .  The amount adsorb ed during the course o f  the experiment .  

Although there is no accepted method for determining native-

adsorb ed Zn and Cd , in this s tudy 1M HCl was us ed to extract this 

catego ry of adsorb ed Zn and Cd from s oils . A 2-g sample of each soil 

was extracted with 40  ml 1M  H Cl by shaking , in 50 ml polycarbonate 

centrifuge tub es , for 1 6  hrs on an end-over-end shaker ( 40 r . p .m . )  at  

The samples were then centrifuged ( 1 5 , 000 r . p . m .  a t  

2 3°C ± 2°C for 5 min) , fil tered (Millipore < 0 . 45 �m) , and analysed 

for Zn and Cd by A . A . S .  For two of the soils ( Egmont brown loam 

topsoi l and s ubsoil) subsequen t  evaluat ion of the adsorption data 

(Section 4 . 3 . 2 . 1 ) sugges ted  that native-adso rbed Zn and Cd may have been 

overestimated and for these two an alternative milder extractan t , 

4 . 2 . 5  Experiments with synthetic Fe gel and al lophane 

4 . 2 . 5 . 1  Adsorption experiments 

For Zn and Cd adsorption s t udies 5-ml aliquots of Fe gel , 

containing 50 mg gel were removed from the continuously s tirred  s uspension 

* 
In  this study , the term "native-adsorb ed" Zn and Cd is us ed to indicate 

the amount o f  Zn and Cd p resent on adsorp tion s ites prior to additions 

made in the laboratory . These could derive from a number o f  sources 

including parent material , and fertiliser addi tion . 
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o f  the s tock gel suspension . TI1 e solid : solution ratio used was 1 : 800 

and the adsorpt ion deterrninat ions were carried out in a matrix of 
-2 3 x 10  M NaCl . A 40-hr equilibration time was us ed . 

S t udies of Zn and Cd adsorp t ion onto purified Fe gel were carried 

o ut to inves t igate adsorpt ion at low Zn and Cd loadings on the gel . 

To accomplish this , very low ini t ial addi tions o f  Zn and Cd were used 

to give correspondingly low final solution concentrations . For example , 

adsorption data for Zn were ob tained for five addi tions of Zn which 

gave final concentrations o f  from 0 . 064 to 0 . 5 1 0  �mol Zn 1- 1  and five 

additions which gave final solution concentrat ions between 1 . 87 to 
- 1  30 . 20 �mol Zn 1 For Cd , the final solution concentrations for s ix 

-1  addi tions ranged from 0 . 0 56 to 0 . 50 �mol Cd 1 and for a further five 
- 1  addit ions f rom 2 . 50 t o  26 . 6 9  �mol Cd 1 The initial pH o f  the matrix 

solution was pH 6 . 40 prior to addi tion of Zn or Cd but no at tempt was 

made to maintain the pH during adsorption . 

For Zn and Cd adsorp t ion by allophane , us e o f  the same 5-ml 

aliquot produced a s ol id : solution ratio o f  1 : 6 70 ,  because the allophane 

was 60 mg gel per 5-ml aliquot . Otherwise ,  the same conditions for 

the adsorpt ion experiment were us ed as for the Fe gel . Whereas the 

same addi tions of Zn and Cd were made they resulted  in different final 

solution concentrat ions . 

4 . 2 . 5 . 2  E ffect o f  pH on Zn and Cd adsorp tion by Fe gel 

The effect o f  pH on adsorption of  Zn and Cd by Fe gel was 

determined over a range o f  final equilibrium pH values . The maj or 

obj ective was to invest igate the effect o f  pH on the adsorp tion 

parameters determined by reso lu t ion of Langmuir iso therm plots . In 

order to obtain adsorp tion isotherms at several different pH values , the 
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following procedure was used : Zn or Cd was adsorbed by Fe gel from 
-2  a matrix o f  3 x 10  M NaCl , at  1 0  different levels o f  addi tion of  Zn 

or Cd . Each addition of Zn or Cd was repeated for gel samples at  4 

different initial pH values within the range pH 5 . 0 to pH 6 . 0 .  The 

initial pH o f  the matrix solut ions was adjusted using 1 x 1 0- 3M and 1 x 

10�3M HCl or 1 x 1 0- JM and 1 x 1 0-2M NaOH . The solid : solut ion ratio 

was 1 : 800  and the equilibrat ion t ime was 40 hr . Af ter adsorption , 

the suspensions were centrifuged ,  fil tered , and the equilib rium pH 

of the s upernatant s olution measured . The supernatant solut ion was 

then analysed for Zn or Cd contents . The amounts o f  Zn or Cd adsorbed 

were obtained by dif ference b e tween ini tial and final concentrations . 

Plots  o f  amounts o f  Zn or  Cd adsorb ed agains t final pH o f  the 

supernatant  for each addi tion of Zn or Cd were then prepared . Examples 

of such p lots  for Zn adsorption are shown for four additions o f  Zn in 

Fig . 4 . 2 .  Two final pH values were s elected on the linear portions of 

these curves . ( See  points a and b on Fig . 4 . 2 ) .  In the cas e o f  the 

example shown in Fig . 4 . 2 ,  the pH values chos en for Zn were pH 5 . 4 5 

(point a)  and 5 . 60 ( point b ) . The amounts o f  Zn adsorbed for the four 

addi tions are indicated by points c 1 - c4 on the y-axis for pH 5 . 4 5 ,  and 

points d 1 - d4 for pH 5 . 60 . This procedure , when used for the ten 

actual addi tions o f  Zn and Cd made , generated a series of adsorp tion 

data at a fixed final pH . This data was then plotted as a s eparate 

adsorption isotherm and resolved using the Langmuir treatment .  

Because o f  the difficulty in controlling the final equilibrium pH 

with any adsorpt ion reaction , when different addi tions o f  Zn or  Cd are 

made the above method is used to ob tain  adsorption data for a range o f  

differen t  additions of Zn o r  Cd , a t  fixed equilib rium pH val ues . The 

method described has b een used previously by Kinniburgh et a l . ( 19 75 ,  
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1 9 76) , for the adsorpt ion of Ca , Cd , Co , Cu , Mg , Ni , Pb , S r  and Zn 

by hydrous oxides . 

4 . 3  Resul ts and Discussion 

4 .  3 . 1 Effect o f  t ime of equilib ration on 

Zn and Cd adsorption 

In Sec t ion 4 . 2 . 1  it was es tablished that Zn and Cd were no t 

1 20 

adsorbffi by the polycarbonate tubes during equilibration , so in all future 

dis cussions any losses o f  these metals from solution is interpreted as 

uptake by the adsorb ent under s tudy . 

The ini tial uptake of  both Zn and Cd at  both the low and high levels 

o f  addition of Zn and Cd for each soil  was rapid . Wi thin the firs t 

1 2  hr of equilib ra t ion loss from solution was virtually complete , as 

shown in Figs . 4 . 3  and 4 . 4 .  Closer examinat ion of the data ( Figs . 4 . 5  

and 4 . 6 ) for the Okaihau subsoil revealed a gradual decrease in solution 

concentration for both Zn and Cd wh ich continued right up to 240 hr at 

the high levels o f  addition . A smaller change , (i . e . , decrease in 

solution concent ration ) occurred for Cd over the period 2 4  to 240 hr . 

There were no trends in Zn or Cd concent rations at the low levels of 

addition af ter 24  hr . 

For the Makerua soil , concentrations o f  Zn and Cd were essentially 

cons tant af ter 96 hours , at bo th l evels of Zn and Cd addition . The 

different kinetics of adsorption not ed for Makerua and Okaihau soils 

may relate to their dif ferent composi tions . The rapid equi l ibrium with 

the Makerua s oil  may represent the s i tuation of  readily-accessible  

absorbing s i tes such as  on  soil o rganic matter . The s lower adsorption 

kinetics obs e rved for Okaihau soil may indi cate  the presence o f  a numb er 
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o f  less acces s ib le (internal) si tes onto which Zn and Cd diffuse s lowly 

from exterior positions ; this pro cess is sometimes referred to as 

"absorption" ( Ryden et al . ,  1 9 7 7a) . Whilst  the pro cess o f  absorption 

by hydrous oxides does not appear to have been invoked as an explanation 

for the continuing s low adsorpt ion of Zn or Cd , the phenomenon has been 

sugges ted for P on Fe gel , on other hydrous oxides and on soils 

(McLaughlin e t  al . , 1 9 7 7 ;  Ryden e t  al . ,  1 9 7 7a) . Further inves tigation 

into the occurrence of an absorption process for Zn and Cd with hydrous 

Fe oxides is dis cussed in a later chapt er ( Chapt er 6 ) . 

4 .  3 . 2  Evaluation o f  Zn and C d  adsorption isotherms 

4 . 3 . 2 . 1  Evaluation of  isotherms us ing the Langrnuir equation 

The Langrnuir equation was applied to 40 , 1 20 ,  1 4 4  and 1 92  

hr adsorption data for Makerua , Okaihau , Tokomaru , and Egrnont topsoil 

and subsoil s amples . 

The reciprocal form o f  the Langmuir equat ion used to des cribe the 

experiment al data was : 

1 
X 

1 
kb c 

+ 1 
b ( 4  . 1 ) 

where X = the amount o f  Zn or Cd adsorb ed ,  c = the final Zn o r  Cd 

solution conc en tration , b = the adsorp t ion maximum and k = a cons tant 

related to the free energy of the adsorp t ion reaction . The use of 

reciprocal plots  allowed b et ter evaluation o f  the data points a t  low 

final solution concentra tion values ( i . e . , h igher reciprocal concentration 

values ) . 

Evalua t ion - of  experimental data for Zn and Cd adsorp t ion by soils 

us ing the Langmuir approach requires that all  Zn and Cd present  on soil  

surfaces b e  t aken into accoun t . Native-adsorbed  Zn and Cd values can 

be  included by  adding the appropriate amounts o f  Zn or Cd to the amounts 



(X values) of  Zn or Cd adsorbed fo r each soil ( as determined 

experimentally) . A consideration of  the amounts o f  native-adsorb ed 

Zn and Cd becomes especially important at  low surface loadings when 

native-adsorbed Zn or Cd obviously represents a higher proportion o f  

the total amount adsorbed than i s  the case at higher loadings . 

For all four s oils used in this s tudy , plots of the adsorption 

data for 40 hr to 1 9 2  hr equilibrat ion times did no t conform to a 

single linear plot  ( S ee Figs . 4 . 7  to 4 . 10 for typical plo ts) . Only 
- 1  at final solut ion concen trations o f  less than 2 . 5  �mol Zn 1 and 

- 1  2 . 0  �mol Cd 1 could the data b e  adequately des cribed by a s ingle 

Langmuir equat ion . The amounts  adsorbed a t  thes e low final solution 
1 concentrat ions (high - values) were thus attributed to adsorption by c 

one population o f  s i tes t ermed ' region I ' . At higher solution 

concentration values ( low l values) , the experimental data deviated c 
from the single l inear relat ionship ( Figs . 4 . 7  to  4 . 1 0 ) . Thus i t  

appeared that the des cription of  the adsorption data required a more 

complex mathemat ical equation . Therefore a second linear region , to  

accommodate the amounts o f  Zn and Cd adsorb ed at the high solution 

concentrations was pos tulated . 

The two regions can be  mathematically described by two s eparate 

Langmuir equat ions , each equation having i ts own adsorption maximum 

1 26 

(b value) and b inding energy (k value) terms . As the adsorpt ion dat a  

i n  this s tudy i s  des cribed  b y  more than one Langmuir equation , a method 

for ass essing the appropriate parameters for the d ifferent populations 

of s i tes is required . Such a method based on that used by Ryden e t  a l . 

( 1 9 7 7 )  for P sorption , is  describ ed in Appendix 2 .  

In a sys t em con taining more than one type o f  adsorpt ion s i te ,  i t  

i s  assumed that adsorption will preferentially take place at s ites o f  



1 2 7  

2 . 0  

1 ·  6 

..... 
1 · 2 '� 

0 
E 
� 
en 

�lx 0· 8 

0 · 4  

0 02 0·4 0 · 6  0 ·8 1 ·0  

Figure 4 . 7  Reciprocal p lo ts o f  amounts  o f . Zn 

adsorbed by Makerua peaty silt  loam 

topsoil against equilibrium Zn concentrations 



2 4  

2 0 

1 6  

..--I__ 1 2  0 E � 
(J') 

�lx 8 

4 

0 

Figure 4 . 8 

0·4 0 - 8 1·2 
1 ( l pmor1 )  c 

1 · 6 

Reciprocal plots of amounts o f  Zn 

1 2 8 

adsorbed by Okaihau gravelly clay sub-

2-0 

soil  against equilibrium Zn concentra tions 



..­
I 
0 
E 
� 
(Jl 

28 

0 o . s  

Figure 4 . 9 

1 -0 1 ·5 2· 0 

� ( \ pmo\-1 1  
2 ·5 J .Q  

Reciprocal  p lots  of amounts of Cd adsorbed 

by Makerua p eaty silt  loam topsoil against 

equilibrium Cd concentrations 

1 29 

3 ·5 



1 30 

200  

16 0 

..-!.__.. 1 20  0 E � 
(J') 

�X 8 0  

4 0  

0 1 -0 2-0 3-0 4- 0 5-0 

Figure 4 . 10 Reciprocal plots o f  amounts  o f  Cd 

adsorbed by Okaihau gravelly clay 

s ubsoil against  equilibrium Cd 

concentrations 



1 3 1  

highes t binding energy , ini tially a t  low saturat ions o f  available 

adsorp tion s i tes . At all final solution concentrations , i t  appears 

reasonab le to suggest that some adsorption takes place on both 

pos tulated populations o f  s i tes . I t  is reasonable to propose that 

a t  lower equilibrium solution concentrations o f  Zn and Cd , adsorption 

will predominant ly take place on one population of si tes and at higher 

f inal concentrations of Zn and Cd , adsorption o ccurs on a second 

popula tion of si tes . I n  order to ob tain the Langmuir cons tants (b and 

k values ) for each of the two regions a reiterative process involving 

successive approximations of b and k values was used . The method of 

successive approximations is outlined in Appendix 2 and the firs t s tep 

in the process is shown in Figs . 4 . 7  to 4 . 1 0 for Makerua peaty silt  

loam topsoil and Okaihau gravelly clay subsoils . In each cas e ,  a 

reasonable approximation of  the adsorption da ta could be ob tained us ing 

two Langrnuir equations . Al though the data for Cd adsorp tion by the 

Makerua soil  (Fig . 4 . 9 )  is  no t as well-defined as for the other soils , 

the data can be  resolved into two regions . 

At each equilib r ium concentration of Zn or  Cd , the amounts of 

Zn or Cd assigned to the two regions can be summed to give the to tal 

amount adsorbed . I f  the resolution has been s uccess ful the iso therm 

derived by plo tting the calculated amounts adsorbed versus equilibrium 

concentrations should  b e  equivalent to the original experimental 

iso therm . A typi ca l  comparison of "derived" and actual adsorpt ion 

isotherms for Zn and Cd adsorp tion by Okaihau gravelly c lay subsoil is 

shown in Figs . 4 . 1 1  and 4 . 1 2 .  

Th e  "derived" isotherm deviates from the experimental data points 

by no more than 5% at each equilibrium concentration of  Zn and Cd for 

all soils used . Thus , adsorption isotherms for Zn and Cd on soil 
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samples over the final equilibrium concentration range 0 - 300 ).l mol 

Zn or Cd 1- 1  can b e  closely approximated by the use of a Langmuir model 

based on the exi s tence of two populations of s i tes . 

4 . 3 . 2 . 2  Free energies o f  adsorption 

Free energies of adsorption (� G values ) were derived for all 

soils s tudied , using the respective Langmuir cons tants according to the 

relationship ( 4 . 2) :  

� G -RT 1n  k 

where k = the Langmuir cons tant relating to b inding energy . 

The validity o f  this requires discuss ion . 

For the adsorption of  non-electrolytes by ideal surfaces a t  

equilibrium , the fractional surface coverage ( 8) ,  is given b y  the 

equation : 

where K 

c 

8 
1 -8 Kc ( Graham , 1 9  5 3) 

equilibrium constant for the adsorption reaction 

equilibrium concentration . 

This assumes that all act ivity coefficients are unity and ac tivity 

( 4 .  2)  

( 4 .  3) 

coefficients for filled and unfilled s i tes are the same ( Graham , 1 9 5 3) . 

Equa t ion ( 4 . 3) is o f  the same form as the Langmuir equation : 

X 
b 

kc 
1+kc 

" f  X 1 - = 8 = b frac t ional surface coverage , Equat ion ( 4 . 3) may b e  

rearranged to  give : 

X 
b 

1 - � b 
kc 

where k is the ratio o f  rate cons tants for the forward and reverse 

( 4 .  4) 

( 4 . 5 ) 

reac tions and is analagous to an equilibrium cons tant (Moore , 1 96 2 ) . 
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Equation ( 4 . 5 ) is now in the same form as equation ( 4 . 3) wi th 

k equivalent to K ,  the equilibrium constant . The equilibrium cons tant 

(K) is related to the free energy of adsorpt�on (6G) for a react �on by 

the equation : 

6 G -RT 1 n  K ( S tumm and Morgan , 1 9 70 )  ( 4 . 6 ) 

As the equilib rium constant , K ,  and the Langmuir coefficient , k ,  are 

analagous (Moore , 1 9 6 2 ) and if equation ( 4 . 6 )  is valid , then i t  is  

also valid to determine 6G  values from the Langmuir cons tant (k) , us ing 

equation (4 . 2 ) . 

However ,  these pres ent s tudies deal with adsorption of  electrically-

charged species , and apart from chemical forces , coulombic and solvation 

forces are also involved in the adsorption process . The free energy 

becomes the sum of the free energies of chemical and coulombic  at tractions 

and solvation energy (which is usually negligib le compared to the former 

pair (Huang , 1 9 75 ) ) and this free energy of adsorp tion may be g iven as : 

6GCh . 1 emlca + 6G l b " + 6G Cou om lc  Solvation ( 4 . 7 )  
(James and Healy , 1 9 7 2 )  

I f  the Langmuir cons tant (k) is used for  calculation of 6G values , 

then 6GTo tal depends on 6GChemical ' the chemical affinity between 

reac tants , and 6GC 1 b . , the electros tatic af finity between reactants , ou om l C  

which depends on the amount of adsorption (Aveyard and Haydon , 1 9 73 ) . 

6GC 1 b . will  change as adsorption changes , and so 6G will a lter ou om lc To tal 

unless 6GC 1 b " is small compared to ou om l C  
6G . Chemical When there i s  

a s trong chemical interaction between adsorb ing ion and surface , 

i . e . , a h igh 6GCh . 1 ,  then the emlca 6G value will be more a measure Total 
of the chemical affinity of the surface for the adsorbed ion . 

Hence , 6G values ob tained from the Langmuir coefficients (k  

values) will  g ive a measure of the chemical affinity of the adsorption 



surfaces o f  the soil  for adsorbed Zn and Cd . 

4 . 3 . 3  Comparison of 40 , 1 20 ,  1 44 ,  1 9 2  hr adsorption isotherms 

for Zn and Cd adsorption by Makerua peaty silt  loam 

topsoil and Okaihau gravelly clay subsoil 

The determination of equilibrium adsorption iso therms , as  

discussed in Section 4 . 2 . 2 ,  was no t pos s ib le in the p resent  s tudy . 
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In order to es tab lish the validity o f  40-hr adsorpt ion iso therms for 

obtaining Langmuir cons tants  and f ree energies of adsorption , the 

effect of time of equilibrat ion on the Langmuir adsorption parameters 

(b and 6G values ) was inves tigated us ing Makerua peaty s il t  loam top -

soil and Okaihau gravelly clay sub soil . As explained earlier , thes e 

two soils o f  cont ras ting composition were us ed to examine whether soil 

composi tion affects  the kinetics of adsorp tion and the validity of 

us ing short  equilib ration t imes in subsequent adsorption experiments . 

The adsorpt ion maxima (b values ) and free energies o f  adsorption 

( 6G values ) for Zn adsorption by Makerua and Okaihau soils are given 

in Tabl e  4 . 2  for 40 , 1 20 ,  1 4 4 , and 1 9 2  hr adsorption iso therms . 

4 . 3  shows the s ame information for Cd . 

Table 

For both Zn and Cd , and for both soils , the b and 6G values 

obtained at different times of equilibration were essentially the same 

for each region . The variation in the data presented in Tab les 4 . 2  

and 4 . 3  is  due more to experimental error which is implicit  in the 

determinat ion o f  amounts of Zn and Cd remaining in solution af ter  

adsorpt ion , rather than to  errors in posi tioning the line o f  best  fit  

through data points  to ob tain the b and k values by success ive 

approximation . The intercepts and s lopes , which are used to ob tain b 

and k values , respectively , by the method of success ive approximation , 

were in the present s tudy determined , both by regression analys is and 



Table 4 .  2 

Soil 

Makerua Oh 

Okaihau Bcs 

Effect of t ime of equilibration on the adsorption parameters for Zn 

adsorption by Makerua and Okaihau soils 

Adsorp tion parameter 

-1 b1 ()lmol g ) 

b - 1  Il ()lmol g ) 
- 1  li G1 (KJrnol ) 
- 1  liGII (KJmol ) 

- 1  b1 (]lmol g ) 
- 1  bll (]lmol g ) 

-1 llc1 (KJrnol ) 
- 1  liGII  (KJmol ) 

40 hr 

0 . 6 1  

1 5 . 29 
-36 . 2  

-2 1 . 6  

0 . 1 1 
2 . 4 7 

-33 . 2  

- 2 1 . 5  

1 20 hr 1 44 hr 

0 . 48 0 . 49 

1 5 . 29 1 6 . 99 

- 3 7 . 9  -3 7 . 9  
-2 1 . 8  -2 1 . 4  

0 . 1 3 0 . 1 2 
2 . 78 2 . 78 

-33 . 2  -3 3 . 3  
-2 1 . 7  -2 1 . 7  

1 9 2  hr 

0 . 4 6 

1 2 . 74 

-38 . 0  

-2 2 . 3  

0 . 1 5 
2 . 6 4 

-32 . 7  

-2 1 . 8  

...... 
w 
-.....1 



Tab le 4 . 3  Effect of t ime of equilib ration on the adsorption parameters 

for Cd adsorpt ion by Makerua and Okaihau soils 

Soil Adsorption parameters 40 hr 1 20 hr 

-1  0 .  89 Makerua Oh b1 (lJ..mol g ) 0 . 59 
-1 bii (].lmol g ) 1 7 . 79 1 7 . 79 

- 1  liG1 (KJmol ) -28 . 4  -29 . 2  
- 1 liGII (KJmol ) -20 . 0  -20 . 4  

-1  0 . 0 0 7  Okaihau Bcs b1 (].lmol g ) 0 . 00 7 
- 1  0 . 42 bii (f.!mol g ) 0 . 4 1  

- 1  -36 . 9  t�G1 (KJmol ) -36 . 8 
-1  -24 . 6  liGII (KJmo l ) -24 . 9  

1 44 hr 

0 . 45 

1 7 .  79 

-29 . 5  
-20 . 5  

0 . 009 

0 . 56 

-36 . 3  
-23 . 6  

1 9 2  hr 

0 . 59 

1 7 . 79 

-29 . 1  

-20 . 3  

0 . 0 1 0  

0 . 6 8  

-35 . 8  
-23 . 2  

w 
CO 



by lines d rawn by "inspection " through the data points . This latter 

technique was shown to produce virtually identical values for s lopes 

and intercepts ( Table 4 . 4 ) , and this method was adopted for all 

subsequent analyses . 

Allowing for the errors associated with the determination of 

experimental data points , the b and t::. G va lues for 40-hr , 1 20-hr ,  

1 44-hr and 1 9 2-hr adsorpt ion isotherms for both Makerua and Okaihau 

soils are considered as accep tably s imilar . 

As t ime of  equilibration appeared to have lit tle obvious effect 

1 39 

on the adsorption parameters ob tained for the soils , 40-hr adsorption 

iso therms were used , in place of either longer-term adsorp tion isotherms 

or equilib rium adsorption iso therms , to determine adsorpt ion parameters . 

Th is shorter equilibrat ion t ime o ffered the advantage of expediency , 

wi thout any maj or  loss in accuracy of  resul ts and facilitated the 

handling of  a large number of  samples . 

4 . 3 . 4 40-hr adsorp tion isotherms 

Results discussed in the previous Section 4 . 3 . 3  sugges t that 

adsorp tion parameters derived from 40-hr adsorption isotherms are 

likely to be s imilar to those derived under equilibrium condi tions . 

However ,  an adsorption maximum may never be  reached even with longer 

times o f  equilib rat ion because of the possibility o f  absorption of the 

adsorb ed Zn and Cd . 

( Chapter 6 ) . 

Absorption will b e  discussed in a later chapter 

In order t o  compare and contras t Zn and Cd adsorption 

characteris t i cs for Makerua , Egmont ,  Tokomaru , and Okaihau soils , 40-hr 

iso therms were determined . Typi cal  40-hr Zn and Cd isotherms ob tained 

for the Oh horizon of Makerua peaty sil t  loam , the Ah and Bwl horizon 

of Egmont  brown loam , the Ah and B tg horizon of Tokomaru s il t  loam , and 



Tab le 4 . 4 Comparison of s lopes and intercepts fit ted by 

Zn 

Cd 

regression analysis and by "inspection" for 

Zn and Cd adsorption by Okaihau topsoil 

Region I 

S lope 
Intercept  

Region II 

S lope 
Intercept 

Region I 

S lope 
Intercept 

Region II 

S lope 
Intercept 

Curve fit ted by : 
regression 
analys is 

0 . 0072  

0 . 1 5 70 

0 . 0 36 3  
0 . 00 2 1  

0 . 0 2 3 1  
0 . 0 8 30 

0 . 054 1  
0 . 00 1 7  

"inspection" 

0 . 00 75 

0 . 1 520 

0 . 0 36 4  
0 . 0020 

0 . 0 2 3 3  
0 . 0 800 

0 . 0542  

0 . 00 1 4  

1 40 
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the Ah and Bcs horizon o f  Okaihau gravelly clay are illus trated in 

Figs . 2 .  1 to 2 .  6 .  These iso therms were all of the L-type , according 

to th e classification of Giles et al . ( 1 960) , this b eing the mos t 

commonly found type for liquid-solid sys tems . I t  is typical in 

s ituations where a limit to adsorption occurs at the completion of a 

monolayer of  surface coverage . 

Resolut ion of  the experimental data revealed the exis tence o f  

at least two adsorption regions with adsorption in  each fitting a single 

Langmuir equation . For all  s oils , adsorption in region I was dominant 

at low final solution concen trations , i . e . , up to approximately 2 . 0 �mol 

Zn or Cd 1- 1 , and region II dominant at final solution concentrations 
- 1 above approximately 2 . 0 �mol Zn or Cd 1 

For the Okaihau gravelly clay subsoil , region I for Zn was 

virtually saturated at a final solut ion concentration of 10 �mol Zn 1 - 1  

(Fig . 4 . 1 1 ) and for Cd a t  2 . 0 �mol C d  1- 1 ( Fig . 4 . 1 2 ) , while for 

adsorption in region I I , saturation was not at tained even at final 

solution concentrat ions o f  60 �mol Zn 1-1 and 26 �mol Cd 1 - 1 . 

This f inding of  saturat ion of  region I at  such low final solut ion 
- 1  concentrat ions ( 2  and 1 0  �mol Cd or  Zn 1 ) , for all soils s tudied , 

illustrates the importance o f  inves tigating adsorption of Zn and Cd 

a t  low additions , and hence at low equilibrium Zn and Cd concentrations . 

Ob taining adsorption iso therms from data points at  high additions of 

Zn and Cd , which offers the convenience of working at high final 

s olution concentrations , could fail to de tect the exis tence of high 

energy adsorption sites at  low surface coverage . For example , Udo 

e t  al . ( 1 9 70 )  using high additions o f  Zn , which produced final solution 

- 1  concentrations o f  from 1 5 . 3  to 4 5 8  � mol  Zn 1 and John ( 1 9 72 )  s tudying 

Cd adsorption at high final s olution concentrations of 3 . 56 to 
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- 1  1 4 . 24 �mol C d  1 , found the experimental data could b e  described with 

a single Langrnuir equat ion , and no t two equations as found in the 

present study . 

4 . 3 . 4 . 1  k and 6G values for Zn and Cd 

adsorption by soils 

Values for the Langmuir constants b (adsorption maximum) 

and k ( coefficient relat ed to the b inding energy) and also the free 

energies of adsorption , i . e . , 6 GI and � GII for Zn and Cd are given in 

Tables 4 . 5  and 4 . 6 .  The k and � G values for both Zn and Cd are 

always higher for region I than for region II , suggesting that Zn or Cd 

adsorbed in region I is more t ightly held than in region I I . 

A s tatis t i cal analysis of � GI and 6 GII values was carried out 

us ing both a t - t es t  and a combined one-way analysis of variance . Both 

t ests  showed a h ighly significant difference ( 1 % significance) between 

the 6 GI and � GII  values , across all soil s . 

Al though � G  values give no evidence o f  adsorption mechanism , the 

s ignificant difference b etween the � G  values for regions I and I I  

ob tained for all soils sugges ts that dif feren t  ads.orpt ion pro cesses may 

well be operating in each region . Assuming that the chemical term ,  

� GCh . 1 ,  is the dominant componen t in the free energy expression em1ca 
( Equation 4 . 7 ) , then region I represents  those  sites for which a higher 

affinity exists  b etween the surface and adsorbate than occurs in 

region I I . This holds for both Zn and Cd , and on all soils examined . 

The � G values ob tained in this s tudy are greater than those  reported 

for the chemisorption of cations from aqueous solution by hydrous oxides 

(James and Healy , 1 9 72 ) . Thus , the large , negative � G values found 

are hereafter considered as indicating chemisorption react ions , with 

region I b eing the s tronger o f  the two . 



Table 4 . 5 

Soil Horizon 

Okaihau Ah 
Tokomaru Ah 

Egmont Ah 
Makerua Oh 
Okaihau Bcs 
Tokomaru Btg 
Egmont Bwl 

Langmuir parameters (b , k) and free energies of adsorp tion (�G)  for Zn 
adsorption by Okaihau , Tokomaru and Egmont and Makerua topsails and subsoils 

Adsorp tion Maxima Binding Energy Free Energy of Adsorp tion 

bl b ii 

llmol g - 1  

0 . 10 7 . 65  
0 . 44 1 5 . 29 

1 . 1 2 2 7 . 80 

0 . 6 1  1 5 . 29 

0 . 1 1  2 . 4 7 

0 . 0 8  2 . 35 

0 . 25 7 . 2 8  

kl kii 
- 1  -2  1 llmol x 10 

1 33 . 0  0 .  36 
26 . 6  0 . 48 
30 . 0  0 . 3 7 

244 . 0  0 . 70 
7 1 . 2  0 . 6 1  

1 16 . 5 0 .  74 

25 7 . 1  2 . 5 3 

� GI � GI I  
KJ mol -1  

-34 . 7  -20 . 2  
- 30 . 8  -20 . 9  
-3 1 . 1  -20 . 2  
- 36 . 2  -2 1 . 6  
- 33 . 2  -2 1 . 5  
-34 . 4 -2 1 . 9  
-36 . 3  -24 . 9  

* 

- + � G1 :  -33 . 8 - 0 . 9  
- + � GII : -2 1 . 6 - 0 . 7  

* 
S tatis tical analysis o f  free energy of · adsorption data : 

t tes t 
t = 1 1 . 5 3  for 1 2  d . £ .  

0 . 1 % significance leve l ,  t 

1 %  significance level , F 

F tes t  ( analysis o f  variance) 
F = 4 3 . 1 1 for 1 and 1 2  d . £ . 

4 . 32 :. Highly significant difference between � GI and � G1 1  values . 

9 . 33 ; • highly s ignificant difference . 
...... 
.c­
w 



Table 4 . 6  Langmuir parameters (b ,k) and free energies o f  adsorption ( 6G) for 

Cd adsorption by Okaihau , Tokomaru and Egmont and Makerua topsails and subsoils 

Adsorption maxima Binding energy 

bl bii kl kii 

Soil Horizon llmol g - 1  - 1  10-2 l llmol X 

Okaihau Ah 0 . 1 1  6 .  36 38 . 6  0 . 29 

Tokomaru Ah 0 . 1 7  1 1 . 86 48 . 6  0 . 4 7  

Egmont Ah 0 . 4 8  1 7 . 4 5 1 7 . 5  0 . 76 

Makerua Oh 0 . 89 1 7 .  79 10 . 1  0 .  34 

Okaihau Bcs 0 . 006 0 . 4 2  338 . 2  2 . 2 1 

Tokomaru Btg 0 . 006 1 .  9 8  2 9 1 . 3  0 . 3 7 

Egmont Bwl 0 . 2 7 1 7 .  79 8 7 . 8  0 . 42 

* 
S tatis tical analysis of free energy of  adsorption data : 

t tes t  

t = 8 . 44 for 1 2  d . f .  0 . 1 % significance level , t = 4 . 3  

:. Highly s ignificant difference between 6G1 and 6G11 values . 

* 
Free energy of adsorption 

6G1 

- 3 1 . 7  
-32 . 2  
- 29 . 7  

-28 . 4  

- 36 . 9  
- 36 . 6  

-33 . 7  

- 1  KJ  mol 

6GI I  

- 1 9 . 6  
-20 . 8  
-22 . 0  

-20 . 0  

-24 . 6  

-20 . 2  

-20 . 5  
- + 6 G1 : - 32 . 7 - 1 .  2 - + 6 GI I : -2 1 . 1 - 0 . 7  

F-tes t  (analysis of variance) 
F = 70 . 8 3 for 1 and 12  d . f .  

1 %  significance level F = 9 . 3 3 

• Highly significant dif ference 
.!>­
.!>-
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As the � G values within each region , for all  soils , were no t 

s ignificantly different , this sugges ted that the same adsorp tion 

mechanism may be operating , within each region , for  the various soils . 

Distinct similarities were noted for the � G values in both regions 

for both Zn and Cd adso rption for all soils . Comparison of  the mean 

values for � GI of both Zn and Cd ( Tab les 4 . 5  and 4 . 6 )  by all soils 

showed th at in region I both were adsorbed with similar binding energ ies . 

This was also true for adsorption in region II and shows certain 

similarities in adsorpt ion processes of both ions by all soils . This 

impo rtant  f inding is the resul t o f  the detailed comparison of Zn and Cd 

adsorpt ion in the one s tudy , utilising realis tic Zn and Cd loadings on 

so il surfaces . 

Although several o ther s tudies have reported  results of Zn and Cd 

adsorpt ion by soils ( Table  4 . 7) mos t  authors ob tained only one region 

of adsorp t ion (Udo et al . ,  19 70 ;  John , 1 9 72 ;  Levi-Minzi et al . ,  1 9 76 ; 

S ingh and S ekhon , 1 9 7 7 ;  1 9 7 7a) . A two-region model was sugges ted by 

Shurnan ( 1 9 75 )  and Shukla and Mit tal ( 1 9 79 )  for Zn adsorption by soils 

with the two regions exhib iting different k and b values . No such 

findings for  Cd have b een reported  in the literature to  dat e .  

I n  fact , the k values reported in the literature for Zn and Cd 

adsorption by soils appear to correlate mo re c losely to the values 

found for region II in this presen t  s tudy . This would be predicted 

from the magnitude o f  the additions made in many previous adsorption 

s tudies . 

4 . 3 . 4 . 2  b values for Zn and Cd adsorp tion by soils 

For all soils , adsorp tion maxima for topsails were greater 

than for the corresponding subsoils . This was t rue for b o th Zn and Cd 

in both r egions . A comparison o f  the organic  carbon content o f  each 



Table 4 . 7  

Zinc 

Cadmium 

Ranges of adsorption maxima (b values) and adsorption energy cons tants 

(k values ) for Zn and Cd adsorption by soils , as reported in the l iterature 

k - 1 1J.lmol 

Langmuir cons tants 

-4 -4 0 . 00 1 6  X 10  - 0 . 0088 X 1 0  

0 . 055 - 0 . 5 1 9  (kl ) 
0 . 0009 - 0 . 00 1 6  (ki i ) 
0 . 0026 - 0 . 0046 
0 . 89 - 1 . 06 (kl ) -4 -4 5 . 3 X 1 0  - 5 . 6 X 10  (k1 1) 
0 . 26 6 - 1 . 32 ( kl ) 
0 . 004  - 0 . 0 25 (kii ) 
0 . 0031 - 0 . 0 2 75 
0 . 0062  - 0 . 0252 

0 . 00 1 8  - 0 . 0 106  
0 . 00 38 - 0 . 0253  

0 . 1 0 - 3 . 3 8 ( kl ) 
0 . 00 3 - 0 . 0 22 (kl l ) 

b - 1  j.lmOl g 

1 3 . 6  - 7 8 . 0  

3 .  7 - 6 . 9 
7 . 8 - 39 . 8  

1 4 . 5 - 49 . 0  

(bl ) 
Cbn ) 

20 . 0 - 24 . 7  
26 10 - 2800 

(bl ) 
(b ii ) 

0 . 08 - 1 . 1 2 (b l ) 
2 . 35 - 2 7 . 80 (b l l ) 

70 . 6  - 1 06 . 0  
2 7 . 0  - 94 . 5  

6 . 5 - 22 . 0  

4 2 . 0  - 89 . 0  
0 . 00 6 - 0 . 89 (b l ) 
0 . 42 - 1 7 . 79 (b l l ) 

Reference 

Udo et al . ( 1 9 70) 

Shuman ( 19 75 )  

Singh and Sekhon ( 1 9 7 7)  

Shukla and Mit tal ( 1 9 79 )  

Present s tudy 

John ( 1 9 72) 

Levi-Minzi et a l .  ( 1 9 76 )  

S ingh and Sekhon ( 19 7 7a) 

Navro t et al . ( 19 78) 
Present s tudy 

.c-. 
0\ 
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soil to the b 1 and b 1 1  values for Zn and Cd adsorption by each soil 

( Tab l e  4 . 8) showed that , in general , the soils with the higher organic 

mat t er contents , i . e . , the topsoils , also had the higher b values . 

Other workers have found high posi tive correlat ions between b va lues 

for Zn and Cd and organic matter content  (John , 1 9 7 1 ; Levi-Minzi et 

al . ,  1 9 76 ;  S ingh and Sekhon , 1 9 7 7) . However , organic mat ter content 

is generally related to many o ther soil properties such that cause and 

effect relationsh ips are often difficult to es tablish . 

The differences in the o ther soil properties given in Table 2 . 4  

do not readily explain the dif ferences in Zn and Cd adsorption between 

the soils s tudi ed . There was no obvious relation found between 

short-range order (Tamms oxalate) Fe and adsorp tion maxima for Zn and 

Cd for soils , although it has b een proposed by Jenne ( 1 96 8) that Fe 

oxides can exert a disproport ionate influence on trace element 

adsorption by soils and s edimen ts . In view of the general consensus 

in the literature th at Fe oxides play some role in adsorpt ion of metal 

cations , the inves tigation continued us ing synthetic Fe gel . 

4 . 3 . 5  Zn and Cd adsorption by synthetic hydrous metal oxides 

4 . 3 . 5 . 1  Descript ion of  Zn and Cd adsorption by 

Fe gel us ing Langmuir equations 

Whereas it has been suggested that the adsorp tion of anions , 

such as P and Mo , by soils  and hydrous oxides can be bes t  describ ed 

using a three-region model (Hope , 1 9 7 7 ;  Ryden et  al . ,  1 9 7 7 ) , in the 

present  study Zn and Cd adsorp tion by soils was adequately describ ed 

with a two-reg ion model . Given that soils already contain native-

adsorb ed Zn and Cd , the possib ili ty was considered that a third region 

for Zn and Cd adsorption migh t  exist  at  very low solution concentrations 



Table 4 . 8  Comparison o f  % organic carbon and short-range order Fe to 

b values fo r adsorption of Zn and Cd by soils 

Organic Short-range Zn 
order Fe 

Carbon ( Tamms-Oxala te) bl 

Soil % ]JIDOl 1 00g - 1  ]JIDOl g 

Makerua Oh 1 1 . 8  n . d .  0 . 6 1  

Egmont Ah 7 . 3  10 . 1  1 . 1 2 

Okaihau Ah 5 . 8  3 . 5  0 . 10 

Egmont Bwl 3 . 2  1 9 . 5  0 . 25 
Tokomaru Ah 2 . 4 4 . 6 0 . 44 

Okaihau Bcs 2 . 0 9 . 0 0 . 1 1 

Tokomaru B tg 0 . 5  3 . 7  0 . 0 8  

Cd 

- 1  
bii bl 

]Jmol g 

1 5 . 29 0 .  89 
2 7 . 80 0 . 4 8 

7 . 6 5 0 . 1 1  
7 . 2 8  0 . 2 7  

15 . 29 0 . 1 7  
2 . 4 7  0 . 006 
2 . 35 0 . 006 

bii 
-1  

1 7 .  79  
1 7 . 4 5 

6 .  36 

1 7 .  79 

1 1 . 86 

0 . 42 
1 . 98 

....... 
.c­
CXl 
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of Zn and Cd . To inves tigate the likelihood of a third region for Zn 

and Cd adso rpt ion , Fe gel was used as an adsorb ent . The advantage o f  

using this adsorb ent w a s  that Fe gel can be  prepared relatively free 

o f  Zn and Cd impurities , hence allowing adsorption to be inves tigated 

at low addi tions . 

40-hr adsorp tion isotherms with final s olution concentrations 
-1 - 1  of  from 0 . 0 89 to 0 . 2 2 9  �mol Zn  1 and 0 . 0 4 7  t o  0 . 1 78 �mol Cd  1 gave 

no indication o f  any deviation in region I adsorption as would occur 

if a third population of adsorbing sites was operating at low surface 

coverages . The experimental data are shown in Figs . 4 . 1 3  and 4 . 1 4 .  

The reciprocal p lo ts show the firs t s tep in the succcessive 

approximation of b and k values as des crib ed in Appendix 2 .  Two 

separate Langmuir equa tions adequately described  the experimental data 

for adsorption of b o th Zn and Cd by Fe gel , as was found earlier for 

the so ils in this s tudy . Thus , unlike the s i tuation for P and Mo 

(Hope , 1 9 7 7 ; Ry den e t  al . ,  1 9 7 7 ) no evidence was found for a thi rd 

region either in soils or Fe gel . Also , no evidence can be found in 

the literature for three region models for ca tion adsorp tion by synthetic  

or  natural adsorb ents . 

The next s tage in the inves tigation ( Sec tion 4 . 3 . 5 . 2 ) was to 

examine the poss ibili ty o f  using synthetic  components as model adsorbents 

for Zn and Cd . Hydrous Fe , Al and Mn oxides are suspected to b e  

important in t race element adsorption (Jenne , 1 96 8 )  and have been 

previously used as models for predicting adsorp tion by soils (Bowden 

et al . ,  1 9 7 3 ;  Gadde and Laitinen , 1 9 74 ; Forbes e t  al . ,  1 9 76 ) . 

4 . 3 . 5 . 2  40-hr adsorp tion isotherms for Fe 
gel and allophane 

In this s tudy 40-hr adsorp tion isotherms were ob tained 

for Zn and Cd adsorp tion by Fe gel and allophane . The isotherms were 
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ob tained at the pH attained (pH 6 . 40)  when the required aliquo t  o f  

synthetic gel was added to 3 x 1 0-� NaCl matrix solution . Th e  

solution pH was not controlled during adsorption . Adsorp tion 

iso therms for Zn and Cd adsorption by synthetic Fe gel and allophane 

are shown in Figs . 4 . 1 5 and 4 . 1 6 respectively . Again the adsorption 

iso therms for both Zn and Cd adsorption by Fe gel and allophane were 

of the L-type ( Giles et al . ,  1 9 60) . 

As found for the soils , two regions were found for Zn and Cd 

adsorpt ion onto b o th Fe gel and allophane with the smaller  amounts 

adsorbed on the higher binding energy si tes . Sufficient data points 

were ob tained in the low final solution concentration range ( < 2  �mol 

Zn o r  Cd 1 - 1 ) to enab l e  successive approximations (Appendix 2 )  o f  b 

and k values to be carried out . Values derived for b ,  k and 6G are 

shown in Tab le 4 . 9 . 

The b val ues indicated that synthetic Fe gel adsorbed greater 
- 1  amounts  o f  Zn than did synthetic allophane ( on a �mol Zn g gel  basis) , 

especially for region I ( c . f .  b i values ) .  The bii values for Zn are 

also larger for Fe gel than for allophane . S imilarly , b values for 

Cd indicated greater adsorp tion by Fe gel than by allophane in b o th 

regions . These f indings sugges t that Fe gel presen ts more a dsorp tion 

sites than does allophane ( Regions I and II )  for both Zn and Cd . (Kalbasi 

et al . ( 1 97 8) have previously shown that at comparab le  pH values aluminium 

oxides absorb considerab ly less Zn than iron oxides ) . The 6G values 

obtained for Zn and Cd adsorp tion were higher in region I for a llophane 

compared to Fe gel, but  s imilar in region II . The Langmuir parameters , 

together with the 6G values, derived as shown earlier, were then compared 

for Fe gels , allophane and so ils . Table 4 . 10 shows that for b o th Zn 

and Cd the 6GI and 6GII values for Fe gel and the 6GII values for  



Table  4 . 9  

Fe Gel 

Allophane 

Adsorption parameters for Zn and Cd adsorption by Fe gel and allophane gel 
-2 from 3 x 10 M NaCl (pH 6 . 40 , 40 hr) 

Zn 

Cd 

Zn 

Cd 

bl bll 

-1  jl mol  g 

6 . 9 5  66 . 48 

0 .  80 52 . 34 

0 . 4 1 25 . 4 8  

0 . 09 8 . 90 

k 
I 

kll  

- 1  -2 1Jl mol x 1 0  

9 1 . 7  2 . 2  

288 . 0  1 . 1 

36 1 . 0 1 . 7 

6 .  3 0 . 9 1  

1'1 
GI 

- 33 . 8  

- 36 . 6 

-3 7 . 2  

-38 . 5  

L'I GII 

- 1  kJ mol 

-24 . 6  

-22 . 9  

-24 . 0  

-2 2 . 5  

....... 
V1 
w 



Tab le 4 . 1 0 Comparison o f  Langmuir parameters and free energies o f  adso rp t ion fo r Zn 

and Cd ads o rption by Fe gel and soils  

Mean Soil  Value 

Fe gel 

Allophane 

Mean Soil Value 

Fe gel 

Allophane 

b
l 

b i i 
- 1  

]JffiOl g 

k
l 

k
i i  

- 1  - 2  1 ]Jmo l x 1 0  

Zinc --

+ 0 .  39 - 0 . 1 4 + 1 1 . 1 6 - 3 . 4 2 1 2 5 . 5  ± J5 . 6  + 0 . 83  - 0 . 29 

6 . 95  

0 . 4 1 

+ 0 . 2 8 - 0 . 1 2  

0 . 87 

0 . 09  

66 . 4 8  9 1 . 7  2 . 2  

25 . 4 8 36 1 . 0 1 . 7  

Cadmium 

+ + 1 0 . 5 2 - 3 . 75 1 94 . 3 - 6 7 . 3 

52 . 34 2 88 . 1  

8 . 90 629 . 0  

+ 0 . 69  - 0 . 26 

1 . 1 

0 . 9 1  

6 G1 6 GII 
-1 

kJ mo l 

+ -33 . 8  - 0 . 8  

-33 . 8  

- 37 . 2  

+ -32 . 7 - 1 . 2  

- 36 . 6 

-38 . 5  

+ - 2 1 . 9  - 0 .  7 

-2 4 . 6  

-24 . 0  

+ -2 1 . 1  - 0 .  7 

-22 . 9  

-22 . 5  

...... 
\.)1 
.c-
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allophane were not significantly di f ferent from the mean values for 

free energies of adsorp tion for a ll soils . The /:, G values for I 
allophane for Zn and Cd adsorpt ion were higher than those for soils 

and Fe gel , sug�s ting tighter b inding of Zn and Cd adsorbed in 

region I for allophane . The s imilarities between the /:, G values fo r 

Fe gel and soils suggest  the possib ili ty that s imilar adsorption 

processes may operate for both types of adsorbents . The use o f  Fe 

gel as a model for Zn and Cd adsorption by soils has been sugges ted 

previously (Bowden et al . ,  1 9 7 3 ;  Forb es et al . ,  1 9 76 ) . The 

agreement between � values for Zn and Cd adsorption by soils and Fe 

15 7 

gels in this s tudy lends further support to this sugges tion . The us e 

of gels facilitates inves tigations into many aspects o f  adsorption 

whidhwould  b e  more difficult to achieve using whole soils . For example , 

the effects o f  pH on Zn and Cd adsorption are conveniently undertaken 

in the _simpler gel system .  The results ob tained for such an inves tigation 

are outlined below . 

4 . 3 . 5 . 3  The effect o f  pH on Zn and Cd adsorp tion 

by Fe gel 

The effect o f  pH on adsorp t ion of Zn and Cd by Fe gel was 

assessed from a s eries of 40 hr adsorption experiments carried out a t  

different pH values . 40-hr adsorp tion isotherms are shown in 

Figs . 4 . 1 7  and 4 . 1 8 and the data were analysed according to the 

procedure des cribed in Section 4 . 2 . 5 . 2 .  

Plots o f  Zn or Cd adsorbed  against pH for t en different l evels 

of addition of Zn or Cd were constructed . From thes� the amounts o f  

Zn and Cd  adsorb ed by Fe  gel  at  s elected pH values could b e  obtained 

by interpolation . The final solution concentration for each amount 
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of Zn or Cd adsorbed at the selected pH was calculated as the 

difference between the amount adsorbed by the gel and the initial known 

level o f  addition of Zn or Cd ( See Section 4 . 2 . 5 . 2 ) . The pH values 

selected for Zn adsorption were pH 5 . 45 and pH 5 . 60 and for Cd 

adsorption pH 5 . 60 and pH 5 . 70 .  These pHs were chosen to incl ude 

the linear portion of the experimental curves of amounts Zn or Cd 

adsorb ed versus pH ( See Fig . 4 . 2 ) . As the linear portions cove red 

slightly dif ferent pH ranges fo r Zn and Cd adsorption , the iso therms 

for Zn and for Cd were determined at the pH values given above . 

Adsorption parameters , summarized in Tab le 4 . 1 1  show that as pH 

increases adsorpt ion maxima increase for both Zn and Cd and for both 

regions . Al though adsorp tion maxima change ,  the � G  values do no t 

significantly alter ( Section 4 . 3 . 3) .  Thus , the e ffect o f  increasing 

pH is to increas e the amounts adsorbed ,  but not the free energies of 

adsorption . 

4 .  3 . 6  Sununary 

Data for the adsorption o f  Zn and Cd by soils , Fe gel and a llophane 

was described  in this s tudy by the use o f  a two-region model , one 

region covering adsorp tion at low equilib rium solution concentrations 

and the o ther at higher concentrations . Treatment o f  the adsorp tion 

data us ing the Langmuir  approach allowed calculation o f  parameters such 

as adsorption maxima (b values ) , constants relating to binding energy 

(k values ) and values for the free energies of adsorption ( � G values ) 
for each o f  the two regions . For both Zn and Cd adsorption by all 

soils used, no s ignificant differences were found in � G values within 

a region , b ut there was a highly s ignificant difference found between 

regions . For Fe gel , and for bo th Zn and Cd , the � G values for 
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Zinc 

Cadmitml 

pH 

5 . 45 
5 . 60  

5 . 60 
5 .  70 

Parameters describing Zn and Cd adsorption (40 hr) by Fe gel 

-2 from 3 x 10 M NaCl at two pH values 

b l 

).l mol g 

3 . 06 
7 . 46 

0 .  7 1  
0 . 85 

b i i  
- 1  
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adsorption are similar to those obtained for the so ils used , sugges ting 

certain similarities in adsorption of  both cations . 

Al though the use o f  Langmuir adso rption equations does not give 

specific information on mechanisms o f  adsorp tion by soils or Fe gel , 

the partitioning of Zn and Cd adsorp tion into two ' regions ' indicates 

the likely exis tence of two different populations o f  adso rp tion si tes 

and hence allows for the possibility that two adsorption mechanisms may 

be ope rating in the adsorp tion process . 

In Chapter 5 ,  Fe gel is us ed for the further inves tigation of  

Zn and Cd  adsorption . 



CHAPTER FIVE 



MECHANISMS FOR Zn AND Cd ADSORPTION 

5 . 1  In troduction 

BY SYNTHETIC Fe GEL 

Hydrous oxides o f  Fe , Al and Mn play an important role in the 

adsorp tion of many cat ions by soils ( Jenne , 1 9 6 8 ; Shurnan , 1 9 76 ) . 
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Synthetic materials provide convenient model surfaces for the s tudy o f  

metal cation adsorption (Mi tchell e t  al . ,  1 9 6 4 )  and hydrous Fe oxides , 

such as Fe gel , have found extensive use for inves tigating the 

mechanisms involved (Bowden et al . ,  1 9 7 3 ;  Bar-Yosef e t  al . ,  1 9 7 5 ; 

Forbes et  a l . , 1 9 76 ; Bowden e t  al . ,  1 9 7 7 ;  Kalbasi e t  al . ,  1 9 78 ) . 

According to Quirk and Posner ( 1 9 75 )  the surface o f  hydrous metal 

oxides can be considered as : 

0 

OH 

� / � � Fe OH 

�Fe OH 

/ � �  
OH 

0 

0 

The -OH and -OH2 groups are shown co-ordinately bonded to only one 

metal cation , (Fe , Mn , or Al) in the oxide . Such s ingly co-ordinated 

-OH groups are thought to be  involved in adsorp tion reactions with 

anions and cations , whereas the same groups shared b etween two or three 

metal cations are not considered to be involved in adsorption reactions 

(Parfit t  et al . ,  1 9 7 7 ;  l 9 7 7a) . A plan of  the (lOO)  face o f  goethite  

shows the s ingly co-ordinated -QH groups and 3- and 2- co-ordinated 



-OH groups as A ,  B and C ,  respectively (Parfitt and Russel l ,  1 9 7 7 ) : 

A B C 

-OH groups 

For hydrous oxides , the ratio o f  -OH2 to -OH groups depends on pH 
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(Parks and de Bruyn , 1 9 6 2 )  with the proportion of  -OH2 groups increasing 

relative to -OH groups as pH decreases, thereby increasing the net 

positive charge on the surface . However , at  common so il pH values the 

number  of positive si tes would be far fewer than the number of neutral 

sites (Forbes et al . ,  1 9 76 ) . The -OH2 and -OH groups are cons idered 

to be part of the hydrous oxide surface (Parfi tt  and Russell , 1 9 7 7 )  

and replacement of these groups by  adsorb ing ions ( i . e . , anions) 

occurs as a ligand-exchange ,  or  chemisorption , reaction in which the 

bonding is covalent . However , unlike the situation for anion adsorp tion , 

cat ion adsorption can not involve replacement of whole groups , only the 

protons , e . g . , 
0 

+ Zn2+ --.::;;;::>• ( 5 . 1 )  
0 

( Quirk and Posner , 1 9 75 )  



Recently , the sugges tion has been made that two mechanisms for 

Zn and Cd adsorp tion could occur , involving monodentate and b identate 

complexes ( Quirk and Posner , 1 9 75 ; Kalbasi  e t  al . ,  1 9 78) . The 

formation o f  a typical b identate complex is shown in equation ( 5 . 1 ) . 

Monodentate complex format ion involves the adsorp tion of a monovalent 

complex ion , e . g . ,  ZnCl+ (Kalbasi et  al . ,  19 78 ) . Over the pH range 

1 6 5  

5 . 9 3 - 6 . 9 6  and for an ini tial addi tion o f  306 � mol Zn g-\ more Zn was 

adsorbeD on the hydrous Fe oxide by the b identate than the monodentate 

mechanism (Kalbasi  et al . , 1 9 78) . This finding would appear to be  

in  conflict with those ob tained in  Chapter  4 ,  o f  this study . Al though 

two populations o f  s i tes were indicated , thos e s i tes which bound Zn 

more t ightly (high 6 G  values ) cons ti tuted the smaller fraction of the 

total Zn adsorb ed .  This was true even a t  high surface coverages 

resulting from additions s imilar to those used by Kalbasi et al . ,  ( 1 9 78) . 

To inves tigate  the mechanisms for Zn and Cd adso rption in the regions 

indicated by the Langmuir s tudies ( Chapter 4 ) , s tudies into the effects 

of pH on Zn and Cd adsorp tion , proton release concomitant with Zn and 

Cd adsorption , and iso topic exchangeability and desorbability of 

adsorb ed Zn and Cd at  bo th low and h igh surface coverages were carried 

out . 

5 . 2  Methods 

Iron gel for this s tudy was prepared according to the procedure 

described in Chapter 2 .  

5 . 2 . 1  Effect  of pH on Zn and Cd adsorpt ion by Fe gel 

5 . 2. 1 . 1  Zinc adsorption by Fe gel ,  with no pH control 

-2 Adsorpt ion of Zn by Fe gel from 3 x 10  M NaCl was s tudied 



at three dif ferent initial pH values , vi z . , pH 5 . 40 ,  6 . 40 , and 7 . 30 .  

The ini tial pH values were es tablished using dilute acid ( 1  x 1 0-2M 

-2  HCl )  or base ( 1  x 1 0  M NaOH) , with the gel  left  to s tabilise at each 

pH for 1 hr . After adding the appropriate amount  o f  Zn , the f inal 

volume in each react ion vessel (50-ml polycarbonate  centrifuge tubes )  

was adj usted to 4 0  ml giving a solid : solution rat io of 1 : 800 . 

5 .  2 . 1 .  2 Adsorption of  Zn and Cd by Fe gel , 

under controlled pH conditions 

In a s eparate experiment  the e ffect  o f  pH on Zn and Cd 

adsorption by Fe gel was inves tigated with the aid of an automatic 

ti trator (Radiometer Titrator II ) . The titrator was coupled to  a 

Radiometer pH meter Model 26 and a Radiometer Autoburette (Model 

ABU 1 3) and chart recorder . The titrator was us ed to maintain a 

constant pH throughout the adsorption process . When pH is no t 

controlled in this way , the initial adsorption occurs at a relatively 

higher pH than the f inal equilibrium value . I t  can be  argued that 
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this might pro duce a different end-result to that ob tained for a sys tem 

maintained at  cons tant pH throughout , depending on the reversibility o f  

the adsorption mechanism . 

Iron gel ( 50 mg) in 3 -2  x 10  M NaCl was adj usted to  the required pH 
- 3  -2 by appropriate additions o f  acid ( 1  x 10 M ,  1 x 1 0  M HCl) or  base 

( 1  x 1 0-3M ,  1 x 1 0- 2M NaOH) and allowed to pre-equilibrate for 16  hr , 

after which time the suspens ion pH was found to be  reasonab ly constant . 

An aliquot of Zn or  Cd , in 3 x 1 0-� NaCl , was delivered to the solution 

via a 0 . 2-ml micro-pipette . The f inal volume in the reac tion vessel 

was 40 ml . Th d · d ( 25 2: 2° r'l e proce ure was carrle out a t  room temperature � 

under an atmosphere o f  nitrogen to exclude the possib ility of carbonic 

acid formation from any entrained co2 in the reaction vessel . The 
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suspens ions in the react ion vessel were cons tantly s tirred prior to 

the addition of Zn or Cd and s tirring continued during the cours e of 

the experiment .  Two l evels o f  addition of Zn and Cd were used . 

The amounts added were chosen such that at  low levels of addi tion , 
- 1  - 1 i . e . , 2 . 29 4  �mol Zn g and 1 . 335 �mol Cd g adsorpt ion would be  

predominantly in region I , a s  determined from earlier resul ts for 

Fe gel ( Chapter 4) . In this way i t  was planned to examine the effect 

of pH on the adsorpt ion o f  Zn and Cd within the two regions over the 

pH range o f  approximately 5 . 0 to 7 . 5 .  

All s uspensions were equilib rated for 1 hr af ter Zn or Cd 

addition and then centrifuged ( 1 5 , 000 r . p .m .  for 5 min . at 23 -:!: 2°C) , 

fil tered ( < 0 . 45  �m Millipore fil ters ) , and the fil trates were analysed  

for  Zn and Cd . 

5 . 2 . 2  Proton release 

Adsorption of Zn and Cd by Fe oxides generally results in a 

decrease in the pH of  the matrix solution due to the release o f  p rotons 

that accompanies adsorption (Quirk and Posne r ,  1 9 7 5 ; Kalbasi et al . ,  

1 9  7 8) . A determination of  the number of protons released for each 

Zn or Cd ion adsorb ed g ives a mol e  ratio which can be  of some ass is tance 

in elucidating the types of si tes and adsorp t ion mechanisms involved in 

the adsorp t ion process . 

In order to determine these mole ratios the amounts o f  NaOH 

consumed in maintaining constant pH (pH 6 . 40 and pH 6 . 80)  o f  the Fe 

gel suspension were measured using the Radiometer Ti trator I I  apparatus 

with the same operating conditions , as describ ed in S ection 5 . 2 . 1 . 2 .  

Amounts o f  1 x 1 0- 3M o r  1 x 1 0-2M NaOH consumed were recorded on the 

chart recorder . During the adsorption p eriod the addition of  base 

commenced at a fas t rate ( controlled by the t i trator) to minimise large 
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pH changes resulting from Zn or Cd additions . During the later 

stages of the adsorption , the rate o f  bas e addition slowed as the pH 

remained closer to the initial and target , pH . After 1 hr o f  

equilibration , the gel  suspension was centrifuged , fil tered and 

analysed for Zn or Cd . The amounts of Zn or Cd adsorbed were ob tained 

by the difference between the amounts ini tially added and the amounts 

left in solution . Pro ton release is taken to be  equivalent to the 

�mol NaOH consumed . The mole ratios were expressed as : 

�mol H+ released Mole Rat io ,  R .  
�ol Zn or C d  adsorbed 

5 . 2 . 3  Exchangeab ility o f  Zn and Cd adsorbed by Fe gel 

The exchangeabili ties o f  Zn and Cd adsorb ed by Fe gel were 

( 5 . 2) 

. 65  1 09 determined us ing the 1sotopes Zn and Cd . Also , the e f fects o f  pH 

changes and l evel of Zn and Cd addition on the amounts of iso topically 

and non-isotopically exchangeab le Zn and Cd were inves tigated . 

Two levels o f  Zn and Cd addi tion were used , i . e . , 2 . 29 4  and 22 . 9 4  
- 1  - 1  �mol Zn g and 1 . 335 and 1 3 . 35 �ol Cd g These were chos en for 

the same reason as given in S ec tion 5 . 2 . 1 . 2 ,  i . e . , that adsorp tion of  

Zn and Cd  from low addi tions would lead to predominantly region I 

adsorption , and the higher additions predominantly region I I  adsorp tion . 

The method used was as follows : 5-ml aliquo ts of Fe gel were 

removed from a cont inuously-stirred suspens ion of Fe gel , and placed 

in 50-ml polycarbonate centrifuge tubes . Appropriate additions o f  
-2  Zn or Cd  were added together with approximately 3 5  ml  o f  3 x 1 0  M NaCl 

solution . As exchangeab ility was to  b e  s tudied at two different pH 

values , pH 6 . 40 and 6 . 80 ,  the pH of  the s uspens ions · was adj us ted  to 

-2  the  required value by  the  addition of  appropriat e  amounts o f  1 x 1 0  M 
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HCl  or 1 x 1 0-2M NaOH prior to adj us ting the final volume of  each 

reaction vess el to 40 ml . For each level of addi tion of Zn or Cd 

at each different pH , s ix replicate samples o f  gel were prepared . 

One set of t riplicates was used for the isotopic exchange experiments , 

the other for de termining the amounts o f  unlabelled Zn or Cd adsorbed 

by the gel . The samples were equilibrated for 40 hr on an end-over-
+ 0 end shaker ( 40 r . p .m . )  at  2 3  - 2 C .  

After 4 0-hr equil ib ration , the tubes were removed from the shaker 

and one set  of t riplicates for each level of addition and each pH was 

centrifuged at 1 5 , 000 r . p .m .  in an RG-2B Sorvall S upercentrifuge at 
+ 0 2 3  - 2 C for 5 min . The supernatants were filtered through Millipore 

( <  0 . 45 �m) filters and the fil trates analysed for Zn and Cd contents . 

From these results the amounts o f  unlabelled Zn and Cd adsorbed by the 

gel were calculated . 

The s econd set  o f  t riplicates for each level of Zn and Cd 

addition and for each pH were spiked with 0 . 2-ml aliquots of 0 . 04 �Ci 

of either 6 5zn or 1 09 cd . The tub es were shaken for 1 hr to allow 

iso topic exchange to  take place . A 1 -hr equilib rat ion t ime for exchange 

was found to be suf ficient  in a preliminary s tudy (Tab le 5 . 1 ) . 

Equilibration t imes ranging from \hr to 48 hr did not markedly affect 

the percent o f  adsorbed  Zn and Cd that exchanged wi th the isotopes 

at  ei ther low or h igh Zn or Cd addition ,  thus for convenience an 

equilib ration t ime of  1 hour was chosen . 

The f inding that exchangeabili ty o f  Zn and Cd did not increase 

with increasing times of equilibration rais es the question as to 

whether the non-exchangeab le Zn and Cd is actually adsorbed or is in 

some precipitated or o ccluded form . The pos s ib ility o f  an absorpt ion 

process occurring will be invest igated in Chapt er 6 .  After equilib rating 
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Table 5 . 1  Effect o f  t ime o f  equilibration on the isotopic 

exchangeability o f  Zn and Cd adsorbed by Fe gel 

Iso topic Exchangeab ility 

Time Allowed Zn Cd 

for Exchange Low High Low High 
Addition Addition Addition Addition 

hours % 

!.,; 2 7 . 2  86 . 0  8 7 . 6  87 . 3  

� 25 . 9  85 . 4  90 . 2  86 . 3  

24 29 . 0  84 . 0  9 1 . 9  9 2 . 3  

4 8  32 . 1  83 . 9  88 . 0  89 . 6  

Low Zn addition : 2 .  29 ).l mol Zn - 1  g 

High Zn addition : 22 . 9 4 J1 mol Zn - 1  g 

Low Cd addition : 1 . 34 ).lmol  Cd - 1  g 

High Cd addi tion : 1 3 .  35 J1 mo l Cd - 1  g 
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the gel samples with the isotopes for 1 hr , the tubes were centrifuged 

( 1 5 , 000 r . p .m .  at 23 � 2°C for 5 min) , fil tered (Millipo re < 0 . 45  �m 

fil ters ) , and 0 . 2-ml aliquo ts t ransferred to plas tic vials . The 

samples were counted with a Packard Auto-Gamma Scintillation Spectra-

meter Model 5 285 , to de termine the amount o f  iso tope remaining in 

solution . S tandards o f  0 . 04 �Ci o f  Zn or Cd in 40 ml of 3 x 1 0-2M 

NaCl were also counted . 

Isotopically-exchangeable  Zn or Cd was calcula ted us ing the 

principle o f  isotopic d i lution , according to the following relationship : 

Exchangeab l e  Zn o r  Cd o n  s urface ( �mol)  
Zn o r  Cd in solution ( �mol )  

* * 
Zn (or  Cd) on surface 

* * 
Zn (or Cd) in solution 

( 5 . 3) 

h t · k ( *) d d .  · · 6 5zn and . 109 cd · w ere as er1s s eno te  ra 1oact1ve 1sotopes 1n counts 

per minute . 

The p ercentage exchang eability o f  Zn or Cd can then be  calculated 

by the fol lowing formula :  

% exchangeability Exchangeable Zn or  Cd on surface 
To tal Zn or Cd adsorbed on surface 

X 100 ( 5 . 4 ) 

5 . 2 . 4 Desorpt ion of  Zn adsorb ed by Fe gel 

Amounts o f  Zn adsorb ed by Fe gel were ob tained by adding Zn 

concentrat ions o f  1 . 1 5 ,  1 . 1 8 ,  1 . 8 7 ,  2 . 34 ,  3 . 507 4 . 6 8 ,  7 . 02 , 1 1 . 70 ,  1 8 . 6 6 , 
- 1  2 3 . 40 ,  35 . 0 2 ,  and 46 . 79 �mol Zn 1 to samples o f  gel (in t riplicate) 

in a matrix of  3 x 10- 2M NaCl in 50-ml polycarbonate  centrifuge tubes . 

The solid : solution ratio was 1 : 800 , and the tubes were shaken on an 

end-over-end shaker ( 4 0  r . p .m . )  for 40 hr , a t  2 3  + 2°C .  After a 40-hr 

equilibrat ion t ime , the s amples were centrifuged and filtered as 

des crib ed in S ection 5 . 2 . 1 . 2 .  The filtrates were retained and analyse d  

· for Zn contents , and t he  amounts  o f  Zn adsorbed  by  F e  gel calculat ed 

by difference . Following the decantation and filtra tion of  the 



supernatants , the tubes containing the centrifuged gel samples and 

residual supernatants were weighed and the weight of the entrained 

liquid determined . The amount  o f  entrained Zn was calculated as the 

product o f  entrained solution (ml ) and i ts concentration of  Zn 
- 1  (f.lmol ml ) . 

For the firs t desorpt ion s tep ,  the gel samples were resuspended 
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i n  4 0  m l  of 1 x - 2  1 0  M CaC12 solution and placed on an end-over-end shaker 

( 40 r . p .m . )  for a 40-hr equilib ration p eriod . Af ter 40 hr , the samples 

were centrifuged for 5 min . at  1 5 , 000 r . p .m .  on an RC � Sorvall Super-

centrifuge , and filtered through Millipore (0 . 45 f.lm) filters . The 

filtrates were analys ed for Zn contents and the amounts of Zn desorbed 

-2 by 1 x 10 M CaC12 solut ion determined after sub tracting the amounts of 

Zn left in the entrained NaCl solution . 

A second desorption was made by resuspending the centrifuged gel 

-2 sampl es in 40 ml o f  1 x 10 M CuC12 solut ion and the process repeated 

as des cribed for CaC12 desorp t ion . The amounts o f  Zn desorbed by 

- 2  1 x 1 0  M CuC12 were determined af ter taking into account  the amount 

o f  Zn initially present in the entrapped CaC12 solution . The adsorp tion 

and desorption s teps are outlined in the flow diagram , Fig . 5 . 1 .  

The concen tration o f  the desorb ing Ca and Cu solutions used was 

1 x 10- 2M which maintained the matrix solution at the same ionic s trength 

as the 3 x 1 0- 2M NaCl matrix solutions used for adsorption . 

Ca ions were used to  extract Zn and Cd because ,  in addition to  

being a common soil  cation , Ca ions have the same divalen t charge as  Zn 

and Cd ions , s imilar ionic radii , i . e . , 0 . 99  � for Ca , 0 . 74 � for Zn 

and 0 . 9 7  � for Cd , and lit t le t endency to form co-ordinate bonds 

( Co t ton and Wilkinson , 1 9 6 6 ) . Therefore , i f  present  in great excess 

of the amount o f  Zn or Cd present , the Ca ions could be expected to 
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Figure 5 . 1  Flow diagram showing the method of sequential 
-2 desorp tion of Zn by 1 x 10 M Cac12 and 

- 2  1 x 1 0  M CuCl2 solutions 
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displace ions non-specifically held  on soil surfaces by  electrostatic 

a t trac tion . Cu ions , on the o ther hand , are known to form large 

numb ers of complexes with ligands co-ordinated through oxygen atoms 

( Co t ton and Wilkinson , 1 9 6 6 ) . I f  present in excess amounts Cu ions 

could displace Zn and Cd held by co-ordina te bonds , and hence give some 

measure of th e more specifically adsorb ed Zn . 

5 . 3  Results  and Discuss ion 

5 . 3 . 1  Effect of pH on Zn and Cd adsorp tion 

Fe gel  possesses a variable  charge surfac e ,  such that as pH 

increases the charge becomes more negative , and as pH decreases , i t  

b ecomes more positive (Bowden e t  al . ,  1 9 7 3 ;  Bowden e t  al . ,  1 9 7 7 ) . 

As Zn and Cd exis t as pos itively-charged ions in solution , i t  would be  

expected that changes in the pH-dependent charge on gel surfaces would 

cause either an increase or decrease in the amount of Zn or Cd adsorbed 

depending on whether the surface charge becomes nore negative or more 

positive . 

5 . 3 . 1 . 1  Zn adsorption by Fe gel , under uncontrolled pH 

conditions 

Isotherms for the adsorption of Zn by Fe gel at ini tial pH 

values of pH 5 . 40 ,  6 . 40 and 7 . 30 are shown in Fig . 5 . 2 .  Because the pH 

of  the solution was not controlled during adsorption of Zn , equilibrium 

pH values were lower than the ini tial values , presumably due to proton 

release which occurred with Zn adsorption ( Quirk and Posner , 1 9 75 ; 

Forb es et  al . ,  1 9 76 ; Kalbasi e t  a l . ,  1 9 7 8) . As expected , the decrease 

in pH with Zn adsorption was not the same for each level of Zn addition 

b eing dependent on the amount o f  Zn adsorb ed .  For exampl e ,  a t  the 
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ini tial pH of 6 . 40 , the final equilibrium pH values of matrix solutions 

ranged from pH 6 . 40 for low Zn additions ( e . g . , 0 . 8 3  and 1 . 1 1  �mol Zn 
- 1  1 g ) to pH 6 . 1 0 for the highes t Zn addi tion ( e . g . , 55 . 60 �mol Zn g- ) .  

Ideally , a cons tant pH should be  maintained throughout the adsorp tion 

process and for each level of Zn addition . 

The ads orpt ion iso therms in Fig . 5 . 2  show that for a given final 

s olution concentration , more Zn was adsorbed as the equilibrium pH 

increas ed . 
- 1  1 ' 0 . 80 

6 . 50 �mol 

Thus , at  a final equilibrium concentration of 20 �mol Zn 
- 1  �mol Zn  g was adsorbed a t  pH 5 . 40 ( curve a on Fig . 5 . 2) ,  

- 1  - 1  Zn g at  pH 6 . 40 ( curve b )  and a t  leas t 5 5  �mol Zn g a t  pH 

7 . 30 ( curve c) . 

A disproportionate  increas e in adsorption of Zn was found as pH 

increas ed from pH 6 . 40 to pH 7 . 30 ,  relative to that  found as pH increased 

from pH 5 . 40 to pH 6 . 40 .  This effect could be  due to several factors 

amongs t which are ; (a )  increasing negativi ty of the surface , 

(b )  fas ter kinetics of adsorpt ion and ( c )  changing speciation of 

adsorbing Zn . The combined effects o f  ( a) and (b )  which result in the 

availab ili ty of a larger number of adsorb ing s i tes , reduced repulsive 

forces between the surface and Zn ( due to the reduction in posi tive 

s i tes on the surface) and increas ed electros tatic  a ttraction, may produce 

more rapid adsorption and hence greater up take of Zn in the equilib ration 

t ime used . Thus , the uptake no ted could be  due to both ( a) the presence 

of more s i tes and/or  (b) increased kinetics o f  adsorption . In addi tion , 

the third factor involving the change in ionic species o f  the Zn , i . e . , 

from a divalent to a monovalent species e . g . , Zn ( OH) + , may increase the 

potential for adsorp t ion , as proposed by Bowden et al . ,  ( 1 9 7 3 ) . 

Whils t the data highlights the s ensi tivity o f  Zn adsorp tion to pH 

i t  also b rings into ques tion the validity of adsorp tion experiments in 

which pH is not contro lled . As soil  sys tems are generally b e tter-
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buffered than gels , less o f  a prob l em would b e  anticipated in the soil 

adsorption s tudies ( Tisdale and Nelson , 1 9 70 ) , where pH changes would 

be smaller for s imilar amounts of Zn and Cd adsorbed . 

5 . 3 . 1 . 2  Zn and Cd adsorption by Fe gel , under 

controlled pH conditions 

Resul ts for Zn and Cd adsorpt ion in the pH-controll ed 

sys tem (using a Radiometer pH-s tat) at two dif ferent levels of addition 
- 1  - 1  o f  Zn ( 2 . 294  and 2 2 . 9 4 �mol Zn g ) and C d  ( 1 . 3 35 and 1 3 . 35 �mol C d  g ) 

are shown in Fig . 5 . 3 . When amounts of adsorbed Zn and Cd are plotted 

agains t pH (Fig . 5 . 3) ,  S-shaped curves result . Thes e show that  

ads orption of bo th cations increased markedly as  pH increas ed from pH 

5 . 0  to pH 7 . 0  at the two levels o f  addi tion . Curves of s imilar shape 

over the range pH 5 . 0 to pH 7 . 5  have previously been found for Zn 

(S tanton and Burger , 1 9 70 ;  Bar-Yosef et al . ,  1 9 75 ;  Quirk and Posner , 

1 9 7 5 ; Forb es et al . ,  1 9 76 ; Kinniburgh et  al . ,  1 9 76 ; Bolland et  al . ,  

1 9 7 7 ;  Kalbas i  et  al . ,  1 9 7 8) and for Cd (Kinniburgh et al . ,  1 9 7 6 ) . 

The data presented in Fig . 5 . 3  sugges t a similar pH response for the 

adsorption of  Zn and Cd in regions I and II . This is clearly shown in 

Fig . 5 . 4 ,  where the amounts of Zn or Cd adsorb ed ,  expressed as percentages 

of the initial amounts added , are plo tted agains t pH . From these 

results the pH50 values ( i . e . , at which 50% adsorption of initial  

amounts of added Zn  or Cd occurs (Kinniburgh et al . ,  1 9 76 ) ) for Zn and 

Cd are shown in Table 5 . 2 .  Al though the initial additions o f  Zn and 
- 1  o f  C d  are not the same ( on a � mol Z n  or C d  g basis ) the pH50 values 

for Cd adsorp t ion by Fe gel were h igher than those for Zn , i . e . , the 

pH50 values at bo th low and high additions of Cd occurred at higher 

pH values than for either addition of  Zn . This resul t  may be  an example  

o f  the close association that appears to exis t between cation adsorp tion 
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Table  5 . 2  pH50 values for Zn and Cd adsorption by Fe gel 

Ini tial addi tion of Zn or  Cd pH50 value 

2 . 294  l.JmOl  Zn g - 1  pH 5 . 76 

22 . 94 l.JmOl Zn - 1  pH 5 . 94  g 

1 . 335 l.JmOl Cd - 1  pH 6 . 04  g 

1 3 . 35 t.JmOl Cd - 1  pH 6 . 2 7 g 

and cation hydrolysis (Kinniburgh e t  al . ,  1 9 76 ) . Because the 

cation-surface complex forms as a result o f  a reaction between OH and 
2+ 2+ M groups (Kinniburgh e t  al . ,  1 9 7 5 )  the more covalent the 0-M bond 

( i . e . , the higher the 2+ electronegativi ty of M ) the greater the 

adsorption tha t is found at a given pH ( Kinniburgh et al . ,  1 9 76 ) . 

Consequently , the pH50 values for Zn might b e  expected to occur a t  a 

lower pH than the pH50 for Cd adsorption , as the Zn has a higher 

elec tronegat ivit y  than does Cd ( c . f .  Allred-Rochow electronegativity 

values ( Co t ton and Wilkinson ,  1 9 6 6) of  1 . 66  for Zn and 1 . 46  for Cd) . 

Slightly lower pH50 values of 5 . 40 for Zn and 5 . 80 for Cd were 

reported by Kinniburgh et al . ( 1 9 76 )  at a common addition of 1 2 . 6  l.Jmol 
- 1 g of Zn and Cd to Fe gel . The same trend towards a higher pH50 

value for Cd than for Zn was obs erved by those workers . 

The amounts of Zn and Cd adsorbed , expressed as a percent  of 

the initial addition , a t  different pH values are shown in Table  5 . 3  

together with s imilar data presented by Quirk and Posner ( 1 9 75 )  and 

Kinniburgh et a l . ,  ( 1 9 76 ) . Al though the amounts of Zn and Cd initially 



Table 5 . 3  A summary of  pub lished data relating to the effec t of pH 

on percentage adsorption of  Zn and Cd by iron oxides 

Amount added Relative adsorp tion of Zn and Cd ( % )  

Cation ].lmol  g - 1  pH : 5 . 90 6 . 50 7 .  20 7 . 50 

Zn 64 . 0  1 3  22  68  -

Cd 64 . 0  - 23  44  5 3  

Zn 1 2 . 6 80 100 - -

Cd 1 2 . 6  45 78 100 

Zn 2 . 29 60 87 1 00 -

22 . 9 4  4 7  79 100 

Cd 1 . 34 4 3  7 1  9 7  100 

1 3 . 35 32 5 7  9 1  100 

Reference 

Quirk and Posner ( 1 9 75 )  

Kinniburgh e t  al . ,  ( 1 9 76 )  

Present s tudy 

Present s tudy 

...... 
():) 
...... 
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added differed for the various s tudies , i t  was generally found that at  

a given pH , more Zn was adsorbed by Fe gel than Cd , unless total 

adsorption occurred in which cas e , o f  course , no differences were 

found . The difficulty with express ing the data in this way ( Table 

5 . 3) ,  is that the s teep gradients that resul t have (see Fig . 5 . 4 ) the 

effect that  small pH changes , wh ich are difficult to measure accurately , 

can cause relatively large changes in the amounts of Zn or Cd adsorbed .  

However , these results clearly show th at with increasing additions , 

the amounts o f  Zn or  Cd adsorbed ( expressed as a percent of initial 

addition) decrease at a particular pH within the range pH 5 . 0 to pH 

7 . 0 .  Also more Zn is adsorbed than Cd a t  a given pH . These findings 

appear to hold true for a variety of matrices and for different 

additions o f  Zn and Cd . 

5 .  3 .  2 Proton release 

The decrease in pH of  the matrix solution concomitant wi th Zn and 

Cd adsorpt ion (Forb es et  al . ,  1 9 76 ; Kalb asi e t  al . ,  1 9 7 8) is generally 

taken to indicate a net  release o f  pro tons . The amount o f  b ase  

required to maintain cons tant pH  during the adsorption of Zn or  Cd is  

the commonest  method used to determine the  number of protons released . 

The amounts  o f  base  used in relation to the amounts of Zn and Cd 

adsorbed by Fe gel , in a 1 -hr equilib ration experiment ,  are shown in 

Fig . 5 .  5 .  Whether the base consumed was used to maintain cons tant 
+ pH as a resul t  of H release , i . e . , 

or OH uptake , i . e . , 

2+ Fe gel + Zn + OH 

2+ + ( Fe gel-Zn ) + H n ( 5 . 5 ) 

( 5 . 6 ) 
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accompanying Zn or Cd adsorption cannot actually be  determined . Mole 

ratios for Zn and Cd adsorp tion by Fe gel at two pH values , viz . , 

pH 6 . 40 and pH 6 . 80 and at dif ferent levels o f  Zn and Cd addi tion are 

shown in Table 5 . 4 .  For Zn , a t  bo th these pH values , the mole ratios 

varied from 1 . 3 1 and 1 . 6 7  with no obvious relat ionship with the amounts 

of Zn adsorbed . In  contrast , for Cd, mole  ratios tended to increase 

with increasing adsorp tion , at both pH values . Mole  ratios less than 

one , as found for Cd in this s tudy , have also b een observed by 

Kinniburgh et al . ( 1 9 75 )  for Ca and Sr adsorption onto hydrous Fe 

oxides . These workers assumed such mole  rat ios  to approximate 1 . 0 

with no mechanistic explanation availab le for mo le ratios less than 

unity . For Zn and Cd adsorption , in the presen t  s tudy , there was no 

marked effect of pH on mole rat ios . 

Taking into consideration experimental errors in pH measurements , 

the trends shown by the proton release data ob tained in the present 

s tudy indicate the l ikelihood of two mechanisms for Zn and Cd adsorp tion , 

one of wh ich appears to involve a release o f  one pro ton and the o ther , 

a release of two pro tons . 

From the literature , there appears to be  no general agreement as 

to whether one or two mechanisms exis t for Zn and Cd adsorption on hydrous 

metal oxides and whether one or two pro tons are released from the surface 

for each Zn and Cd adsorb ed .  

The pro ton release data for Zn and Cd adsorption by Fe gel in this 

s tudy are similar to results ob tained for Zn on hydrous Mn oxide ( Gadde 
+ and Laitinen , 1 9 74 )  where the ratio found was 1 . 30 moles H released  

- 1  per mole Zn adsorbe·d (for 1000 11 mol Zn 1 addition) , and 1 . 1 0 for Cd 

( for 1 000 11mol  Cd 1 - 1  addition) . On bo th hydrous Mn oxides and Fe gels , 



Table 5 . 4  

Zn or Cd 
added 

)Jmol 

Zinc -
3 . 0  
6 . 2  

30 . 6  
6 1 . 2  

1 2 2 . 4  

Cadmium 

1 . 8  

3 . 6  
1 7 . 8  

35 . 6  
7 1 . 2  

Mol e  ratios o f  base consumed to Zn or Cd adsorbed ,  as a function of Zn or Cd 

concentration and pH , for Fe gel in 3 x 10-Z
M NaCl . 

(Quantities o f  Zn and Cd added and adsorbed ,  and OH consumed are expressed per gram of gel) . 

Equilibrium Zn or Cd Zn or Cd OH+ consumed/ Mole ratio 
concentration adsorbed H released 

( a) (b)  (b / a)  
)Jmol 1 -1  )Jmol )J mol pH 6 . 40 pH 6 . 80 

0 . 29 2 . 1  3 . 0  1 .  4 3  
1 . 04 3 . 9  5 . 2 1 .  3 1  1 .  38 

1 . 1 5 1 6 . 5  2 7 . 3  1 . 56 1 .  59 

2 . 52 29 . 8  4 7 . 0  1 . 60 1 . 6 7 
2 . 9 1  5 5 . 3  83 . 3  1 . 5 1  

0 . 79 0 . 82 0 . 6 8  0 .  80 

1 . 69  1 . 6 1 . 4 0 . 8 7 1 . 05  
10 . 50 6 . 4 6 . 1 0 . 95  1 . 4 3  

2 3 . 40 1 1 . 6  1 2 . 1  1 . 05  1 .  30 

2 7 . 8 7 1 7 . 6  1 9 . 7  1 . 1 2 

CXl 
V1 



more protons were released per mole of Zn adsorbed than for Cd . For 
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Zn , Kalbas i et al . ,  ( 1 9 78)  found the rat io to b e  within the range 1 . 5 3  

- 1  t o  1 . 94  for a s ingle addition o f  Zn ( 306 �mol Zn g ) over a range o f  

pH values from 5 . 9 3  t o  6 . 9 6 for Fe and Al hydrous oxides . They also 

explained their data with a two-mechanism model , with the firs t 

mechanism releas ing one proton , and the second , two protons per Zn 

adsorbed . The contributions o f  each mechanism to the total adsorp tion 

determined the actual mole ratios ob tained at each pH and for each 

amount of adsorbed Zn . The mechanisms proposed  were : 

and 

0 
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( 5 .  7 )  

( 5 . 8 )  

In  marked contras t t o  the results  o f  this s tudy and to those  o f  

mos t  o ther workers , Forbes e t  al . ( 1 9 7 6 )  found mole  ratios of 2 . 2  f o r  Zn 
-2 and Cd adsorption onto goethite  in a matrix of 7 . 5  x 10 M NaN03 . The 

- 1  ini tial additions , however ,  o f  Zn and Cd  were 2 6 20 �mol 1 for  each 

cation . Forbes  e t  al . ( 1 9 7 6 )  attributed the pro ton release data  to a 

general interfacial reaction involving the release o f  two pro tons for 

every Zn adsorbed , i . e . , 

2SH + ( 5 . 9 )  
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5 . 3 . 3  Isotopic exchangeability o f  Zn and Cd 

adsorbed by Fe gel 

An attempt was made to differentiate between the forms of Zn and 

Cd adsorbed by determining the relative proportions of iso topically 

and non-iso topically exchangeable  Zn or Cd adsorbed on the Fe gel . 

The implici t assumpt ion is that differences in iso topic exchangeability 

relate to differences in the s trengths o f  binding o f  the adsorbed Zn 

o r  Cd . 

As the relative amounts o f  Zn and Cd adsorbed  into regions I and 

II ( Chapter 4) depend on the level of addi tion , and because an increas e 

in pH causes an increase in the to tal amounts adsorbed , these two 

variables were cons idered l ikely to affect the proport ions of the two 

cations found within the two regions and hence the overall isotopic 

exchangeability of the adsorb ed Zn and Cd . 

The resul ts for the exchangeability o f  Cd are easier to explain 

than those for Zn in view of the results pres ented in Chapter 4 .  The 

low exchangeability o f  Cd found  at the low initial addition ( 1 . 78 �mol 
- 1  Cd  g ) may resul t f rom a higher proportion of  the  to tal Cd  adsorbed 

being held as more t ight ly-bound Cd predominantly in region I .  At 

the higher initial Cd addi tion the higher exchangeab ility occurs where 

relatively more Cd fu adsorbed in the less tightly held region II  form .  

pH had no apparent ef fect on the exchangeab ility o f  C d  a t  either 

addition , a feature that ties in well with earlier results ( Section 

4 . 3 . 5 . 3) s uggesting that pH affects the amounts adsorbed rather than 

the binding energies of adsorpt ion . The contras ting resul ts no ted for  

Zn , showing decreasing exchangeability with increasing pH yet s imilar 

exchangeab ilities a t  each level o f  addition are not  so readily 

explainable . They s uggest a s imilar apportioning of  Zn between the two 

regions at bo th additions at a f ixed pH , wi th a shif t  of Zn to less 
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Tab le 5 . 5  I so topi c exchangeab ility of Zn and Cd adsorbed on 

Fe gel as affected by pH and level of addi tion 

Zn Cd 

Zn Cd 
pH addition Exchangeab ility pH addi tion Exchang eab ili ty 

f.I!TlOl g -1  % f.I!TlOl g - 1  % 

5 . 85 3 . 06 5 8  5 . 90 l .  78 76 

30 . 60 5 5  1 7 . 80 80 

6 . 1 0 3 . 0 6  49 6 . 3 1 l. 7 8  s s  

30 . 60 49 1 7 . 80 8 3  

6 . 45 3 . 06 36 6 . 6 3  l. 7 8  6 0  

30 . 60 34 1 7 . 80 85  

6 . 6 5  3 . 0 6  26 6 . 8 3 l. 7 8  5 9  

30 . 60 2 7  1 7 . 80 83 
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exchangeable forms as pH increases . Such results appear to contradict 

the earlier f indings ( Chap ter 4 )  o f  certain s imilarities between 

reactions of Zn and Cd . 

5 . 3 . 4 Desorp tion o f  adsorbed Zn from Fe gel 

by CaC12 and CuC12 solutions 

The desorbability o f  adsorbed Zn was assessed using calcium and 

copper as competing cations . 

The amounts of Zn adsorbed by Fe gel from a matrix solut ion of  

-2  3 x 1 0  M NaCl , together with the  amounts sequentially desorbed by  

1 1 0-2 l d 1 x 1 0-2M C Cl  l . h . T b l  5 6 x M CaC 2 an u 2 so utlon are s own ln a e . . 

Also shown for each addit ion of Zn are the amounts es timated to be in 

regions I and II  from the resolution of 40-hr adsorp tion data using the 

procedure outlined in Chapter 4 .  A plot o f  the amounts of Zn desorbed 

( ei ther wi th Ca , or Cu after Ca)  agains t Zn adsorbed  in region I I  is 

shown in Fig . 5 . 6 .  Also  shown on this graph is the sum of  Ca + Cu 

desorbed Zn . Desorption data lying on the 1 : 1 b is ector ( shown dot ted) 

would indicate that Ca + Cu removed only Zn adsorb ed in region II , and 

not that adsorbed in region I .  Ca did not remove all of the Zn in 

region II a t  any level o f  adsorb ed Zn . However , Ca + Cu-desorbable  Zn , 

approximated more closely the amounts o f  region I I  Zn fo"r each addition o f  

Zn (Fig . 5 . 6 ) . - 1  For example ,  for 2 . 5  �mol Zn g adsorbed in region I I , 
- 1  - 1  5 . 25 �ol Zn g were desorbed by Ca + Cu , and for 25  �mol Zn g 

- 1  2 6  �ol Zn g were desorb ed b y  Ca + Cu ( data from Fig . 5 . 6  and Table  

5 . 6 ) . 

An important finding from the desorption s tudies is that the 

p ercentage of Zn desorb ed was s imilar ( 76-88%) for all  amounts  o f  Zn 

adsorbed ( Tabl e  5 . 6 ) . Hence , a relatively constant proportion ( 1 2-24%) 



Tab le 5 . 6  Dis t ribution o f  Zn adsorbed by Fe gel and desorpt ion 

-2 2 against 1 x 1 0  M CaCl2 and 1 x 10- M CuCl2 

0 

Figure 5 . 6  
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Desorption of  adsorb ed Zn from Fe gel by  
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Amount o f  Zn 

Desorbed by CaC12 Desorb ed by Not Desorbed by Ca + Cu 
qS a percentage 1 x 1 0-2M Desorbed by Desorbed by as a percentage o f  

o�  to tal adsorbed CuC12 Ca + Cu Ca + Cu amount adsorbed  
% ]lmol g - 1  ]lmol g - 1  ]lmol g - 1  % 

2 3  0 . 70 1 . 00 0 . 32 7 6  
2 3  1 . 1 7  1 . 6 4  0 . 45  7 8  
23  1 . 4 1  2 . 0 1 0 . 5 8  7 8  
2 5  2 . 0 8  3 . 05  0 .  79  80 
2 8  2 . 8 1 4 . 2 2 0 . 78 84 
31 3 .  9 3  6 . 1 7 1 . 1 2  85  
34  5 . 89 9 .  82 1 . 8 7  8 4  
3 7  8 . 4 1 1 4 . 84 2 . 5 2 85 
40 1 0 . 0 7  1 8 . 33 2 . 49 88 
42 1 2 . 0 7  24 . 0 3  4 . 6 8  8 4  
4 3  1 3 . 94 29 . 1 8 6 . 45 82  
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of  adso rb ed Zn is retained b y  the surfaces agains t desorp tion b y  Ca + 

Cu . Kalbasi et al . ( 1 9 7 8) reported that only a proportion of  adsorbed 

Zn was desorbed by B a ,  Mg and Ca ions from Fe oxide , however Cu ions 

were not used in their s tudy . The amounts  o f  Zn desorbed by B a ,  Mg 

and Ca ions were found to  decrease with increasing pH and also with 

increasing amounts o f  Zn ini tially adsorbed on the surface . They 

concluded that Zn desorbed by Ba corresponded to amounts adsorbed by one 

mechanism and the remainder represented Zn adsorbed by a second mechanism . 

The possibility that non-desorbable Zn may result from absorption 

is investigated in Chapter 6 .  

5 . 4 General Dis cussion 

5 . 4 . 1 Summary o f  evidence for the ex is tence of two 

mechanisms for adsorption of  Zn and Cd by Fe gel 

The evidence ob tained in this chapter s trongly sugges ts the 

existence of two different mechanisms for the adsorp tion o f  Zn and Cd by 

Fe gel , and hence poss ib ly by soils , since Fe gel may well serve as a 

model for soils �n the basis o f  the s imilarity o f  adsorption parameters 

for soils and Fe gel found in Chapter 4) . Previous workers ( Quirk and 

Posner , 1 9 75 ;  Kalb asi et al . ,  1 9 78 )  have s imilarly pointed to the 

existence of two mechanisms for Zn adsorp tion . 

compared Zn and Cd in the same s tudy . 

Few , however , have 

Th e experimental finding that following desorp tion by Ca 60- 7 7% 

( Table 5 . 6 )  of  the Zn s till remained adsorbed on the gel surface 

( S ection 5 . 3 . 4 ) suggests  that surface Zn is adsorbed in at leas t two 

dif ferent forms or by two different mechanisms . This finding o f  

differential desorb ab ili ty o f  adsorbed Zn i s  i n  agreement with the work 



of Kalbasi et al . ( 1 9 7 8) . The fact that not all  o f  the Zn and Cd 

adsorbed by Fe gel was isotopically exchangeable ( Section 5 . 3 . 3) is 

further confirmat ion for the o ccurrence o f  at least  two different 
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bonding mechanisms . The isotopic exchangeability data shows that the 

proportion of Zn not exchangeab le after 1 h r ,  ranges from 40- 70% 

(Table  5 . 5 ) wh ile that for Cd ranges from 20-40% ( Table  5 . 5 ) . The 

non-exchangeab le Zn and Cd i s  assumed to rep resent mo re-tightly held 

forms of Zn and Cd and the s igni ficance o f  the dif ferences in the 

proportions o f  more-tightly held Zn as compared with Cd will be discussed 

in Section 5 . 4 . 2 . 

Although the Langmuir t reatment o f  adsorption data ( Chap ter 4 )  

sugges ted the existence o f  two populations o f  adsorption si tes , the 

predic ted dis tribution of Zn between these ' regions ' using cal culated 

Langmuir paramet ers is not the same as that found us ing desorpt ion and 

isotopic exchangeability data ( Tab le 5 . 7 ) .  At low surface coverages o f  

Zn and h igh surface coverage o f  Cd there i s  reasonable agreement on the 

proport ions o f  Zn or  Cd found in the more t ightly held ' regions ' .  

However ,  at h igh surface coverages o f  Zn and low surface coverages o f  

Cd , good agreement was not found between the Langmuir  data and the 

proportions of more-tightly bound Zn or Cd (non-exchangeable  forms ) . 

The data in Tab le  5 . 7  cas ts doub t  on the validity o f  calculating 

adsorp t ion maxima and b inding energy constan ts for Zn and Cd , especially 

for region I I , f rom Langmuir-type treatments o f  adsorption data on Fe 

gel sys t ems . 

Further evidence for two mechanisms o f  adsorp t ion of  Zn and Cd by 

Fe gels is found in the proton release data in S ec t ion 5 . 3 . 2 .  The non-

integer values found  for the number o f  protons released per Zn and Cd 

adsorb ed can b e  explained by pos tulat ing two different  mechanisms with 
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Tab le 5 .  7 Proportion of  more t ightly held Zn and Cd , express ed as 

a p ercentage o f  to tal adsorption , as given by deso rp tion, 

isotopic exchange and Langmuir adsorption data 

Proportion o f  more t ightly held Zn or Cd 

Ini tial Desorption Isotopic  Langmuir data 
addi tion data exchange data for Region I 
)lmol g - 1  % % % 

Zinc 

3 . 06 7 7  64  74  
30 . 60 60  6 6  28  

Cadmium 

l .  7 8  40 59 
1 7 . 80 1 5  1 2  
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differen t p roton releas e characteris tics . Such a postulate would 

require that one mechanism release a s ingle p ro ton per Zn and Cd 

adsorbed , whereas the s econd mechanism release two protons (although 

Cd does not always release  even one pro ton) . 

Thus , from this s tudy it  would appear that Zn and Cd adsorbed on 

Fe gel surfaces may be held by at l eas t two mechanisms , the nature of 

which are dis cussed below .  

5 . 4 . 2  Mechanisms propos ed fo r Zn and Cd adsorption by Fe gel 

Experimental evidence ob tained from proton release ,  desorption and 

isotopic exchange s tudies in this s tudy is cons is tent with the sugges tion 

that Zn adsorp tion on Fe gel occurs by two mechanisms involving mono-

dentate and b identate bonding . I t  is sugges ted that Zn bound  through a 

b identate linkage as indicated b elow ,  would resul t in the release of two 

pro tons p er Zn adsorb ed . Of the two mechanisms , this form o f  adsorbed 

Zn would be relat ively more diffi cul t to displace by competing cations . 

OH 0 

� /� /Fe -- OH 

0 � 0 Fe -- OH 

/ �! 
OH 

Z 2+ + n > ( 5 . 1 0 )  

Zn bound by a monodentate mechanism involves release o f  one proton 

for every Zn adsorb ed . Such Zn would be  expected to be more eas i ly 

displaced by competing cations . Monodentate bonding of  Zn could involve 
+ the adsorpt ion o f  a compl ex ion such as ZnCl , e . g . , 

/ OH 
Fe + 

� OH 2 

ZnCl+ 

or  
Zn2+ + Cl  

/ 0 - ZnCl 
Fe + H+ 

�OH 2 

( 5 . 1 1 )  
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The results  already p resented in  this study are essentially in  agreement 

with the mechanisms shown above ( Equations ( 5 . 1 0 )  and ( 5 . 1 1 ) )  as put 

forward by Quirk and Posner ( 1 9 75 )  and Kalbas i  et al . ( 1 9 78) . The 

model for cation adsorp tion proposed by Bowden et  al . ( 1 9 7 3) while 

only requiring one adsorption maximum (as opposed to two adsorption 

maxima foun d  in the p resent s tudy) , is based on the postulate that 

Zn is adsorbed as Zn2+ and Zn ( OH) + by hydrous Fe oxide which again 

suggests that Zn adsorption involves two different mechanisms . 

Adsorption of  Cd can also b e  attributed to the same two mechanisms 

as propos ed for Zn . However , in the case o f  Cd the relative importance 

o f  the two di ffers with a much larger proportion being held by the 

weaker (monodentate) bond . Evidence for this can be found no t only from 

proton release data which give rat ios much closer to unity ( i . e . , 0 . 8  

to 1 . 4) for Cd , but also from the much higher percentage of iso topically 

exchangeable  Cd (60 to 83%) at both low and high surface coverages , 

comp ared to Zn . 

I f  the hypothesis o f  Kalbasi  et al . ( 1 9 7 8) , that the weaker type 
+ o f  Zn adsorption involves a species o f  the type ZnCl , is correct  then a 

greater proportion of  this type o f  adsorp t ion would indeed b e  expected in 

the case o f  Cd as this type  o f  chloro- complex is much more s tabl e  for Cd 

than for Zn ( Co t ton and Wilkins on , 1 96 6 )  and would be present  in much 

greater concentrations in solution . This was verified using s tabi lity 

cons tants  derived by Kivalo and Luoto ( 19 5 7) (as quoted in S il len and 

Martel l , 1 96 4 ) . Calculations using these s tab ility cons tants indicated  
-2 that in the 3 x 10  M chloride solut ions used in this study , the ratio 

CdCl+ 

Cd2+ would b e  lOO t imes greater than the corresponding ratio for 

ZnCl+ 

2+ . 
Zn 
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Although a b identate-type bond has been proposed as the mechanism 

by which more-tigh tly held Zn and Cd is adsorbed , no direct  evidence was 

ob tained in the p resent s tudy , or by Quirk and Posner ( 1 9 75 )  or 

Kalbasi et  a l . ( 1 9 78)  for the exis tence o f  a bidentate-type bond . 

Furthermore , the fact that in the present s t udy , only a proportion of  

the more-t ightly held Zn , i . e . , that Zn no t displaced by  Ca , could be  

subsequently displaced by Cu may even ( Section 5 . 3 . 4 ) suggest  a further 

possible  s ubdivis ion within the more-tightly held Zn form .  As dis cussed 

in Sect ion 5 . 3 . 3  the f inding that no t all  the Zn removed from solution 

was iso topically exchangeable , and that the isotopic exchangeability o f  

Zn did not increase with increasing equilibration time , would suggest 

that some portion of the adsorbed  Zn may be in an absorbed or occluded 

s tat e .  Th is possibili ty i s  inves tigated i n  Chapter 6 .  



CHAPTER S IX 



TIME-DEPENDENT ADSORPTION OF Zn AND Cd 

BY HYDROUS FERRI C OXIDES 

6 . 1  Introduct ion 

1 9 8 

Zn and Cd adsorption by soils and soil components can be extremely 

rapid ( Shah S ingh , 1 9 79 )  due to rapid adsorption of Zn or Cd on 

accessib l e  surfaces o f  soil and soil components ( al though this has no t 

been wel l-es tab lished) . After the initial rapid uptake , adsorption o f  

Zn and C d  continues slowly , with equilib rium being attained after long 

equilibration periods . 

In Chapt er 5 ,  i t  was shown that with synthetic Fe gel a proportion 

( 1 2-24%)  of adsorbed  Zn was not desorbed by o ther compet ing cations 

( Ca and Cu) , under the experimental conditions us ed for the s tudy . 

This  f inding coul d  indicate that a certain fraction of  Zn p reviously 

assumed to be t ightly adsorbed  may , in fact , be "occluded" ( absorbed) 

within the hydrous oxide s t ructure . The process o f  absorption could 

equally well be regarded as adsorp tion onto internal surfaces . This 

chapt er reports an investigation into the possibili ty of "occlusion" 

by comparing adsorption of Zn and Cd over t ime using synthetic Fe gel , 

synthetic  goethite ,  and ground natural goethite . 

These hydrous ferric oxides differ in degree o f  crys tallinity . 

Whereas Fe gel is exclusively short-range order in characte r ,  synthetic 

goethite  contains little or  no short-range order material and is  mos tly 

crys talline . Ground natural goethite , however ,  contains some short-

range o rder material , developed during grinding . The concept o f  

"occlus ion" o f ten implies a diffus ion process which would b e  expected 



to o ccur more readily in ma terials with short-range order character .  

I f  dif fus ion o f  adsorb ed Zn and Cd does occur , then the adsorbents 

containing short-range order material would be expected to show t ime-

dependent adsorp t ion . The crys ta lline synthetic goethi te on the 
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o ther hand would no t show time-dependent adsorption as the cont inual 

removal of Zn or Cd from s olution should not occur once the accessib le 

surface s i tes are occupied . 

6 . 2  Materials 

The preparat ion of synthetic Fe gel has been described previously 

in Chapter 2 ,  and the same procedure was used for this experiment .  

Synthet ic goethite  was prepared by incubating synthetic Fe gel 

for 65  days at pH 1 2 . 0 ,  in a water bath at 60°C . The goethite was then 

washed by suspending in deionised water , and centrifuged ( 1 0  min at 

2000 r . p .m . ) , and the supernatant s olution discarded . The goethite 

was washed several t imes to remove excess NaOH , and f inally 0 . 1M HCl 

was added dropwise  to lower the pH to 3 . 5  and prevent flocculat ion . 

The 0 . 0 2  - 0 .  2 f.l m  fract ion was separated by the method of Jackson (19 5 6 )  

using differential centrifugation and used for the adsorp tion s tudies . 

Natural goethite (Biwabik,  Minneso ta) , ob tained from Ward ' s  

Natural S cience Es tab lishment , was ground for 1 0  min in a ring grinder 

( Rocklabs , Auckland , N . Z . ) . The resultant  powder was then washed by 

suspending in deionised water . The pH was adj us ted to pH 8 . 5 ,  wi th 

0 . 1M NaOH , to prevent flocculation . The 0 . 0 2  - 0 . 2  �m fraction (Jackson , 

1 9 5 6 )  was s eparated by centrifugat ion and used for the adsorption 

experiments . Grinding t reatment was used to induce format ion o f  an 

outer "crust "  o f  short-range order material on the crystalline natural 

goethite  and to ei ther accentuate or init iate defects in the crystalline 



s t ructure o f  the natural goethite ( Ryden et al . ,  1 9 77a) . 

The three hydrous oxides were dialysed agains t 3 x 10-2M NaCl 

for five days in order to b ring the pH of the oxide suspensions to 

within 0 . 1  pH units of each other . 

The synthetic and natural goethite ma terials gave identical 

X-ray dif fraction patterns , both showing a dominant peak of 4 . 1 8R , 

and a smaller secondary p eak of 4 . 94R typical for goethite (Brown , 

1 96 1 ) . An example is given in Fig . 6 . 1 .  

6 . 3 Methods 
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The t ime-dependent adsorp t ion of Zn and Cd by the various hydrous 

oxides , was determined at one l evel of Zn or Cd addition . Adsorption 

was followed by monitoring solution concentrations at time periods 

ranging from 0 . 5  to 1 9 2  hr  af ter addition . To ob tain similar final 

solution Zn or Cd concentrations for each oxide sys tem at the end o f  

the 1 9 2-hr equilibration , different amounts of Zn and Cd were added to 

each adsorbent .  The actual addi tions of Zn used were 26 . 6  �mol Zn 

- 1  for  Fe gel , 2 2 . 2  �mol Zn g for natural goethite and 1 7 . 4  �mol  Zn 

- 1  g 

- 1  g 

for synthetic goethite . The corresponding Cd addi tions were 8 . 80 �mol 

-1 -1 Cd  g for Fe gel , 6 . 4 6  �mol Cd g for natural goethite , and 5 . 6 2  �mol 

Cd g-1 for synthetic goethite . 

The ini tial additions o f  Zn and Cd were added to bulk suspensions 

( 1 . 20g 1 - 1 ) of the hydrous ferric oxides in a matrix of 3 x 10-� NaCl 

a t  pH 7 . 0 .  The bulk suspens ions were shaken on an end-over-end shaker 
+ 0 (40 r . p .m . )  at  2 3  - 2 C for 1 9 2  hr . In order to follow adsorp tion , 

1 0-ml subsarnples were withdrawn from the vigorously s tirred bulk 

suspens ions at various t imes after initial Zn and Cd addition . These 



Figure 6 . 1 
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4·18 'A 4·94A 

X-ray d i f f rac t ion p eaks for a na tural 

goethit e  s amp l e  f rom Biwab ik , 

Minnes o t a . 



· f  d a t  2 3  +_ 2°C f 5 · t 1 5  000 S 1 1  were centrl uge or mln a , r . p .m .  on a orva 

Super-Centrifuge (RC-5 ) , and the supernatants filtered through 

Millipore f il t ers ( < 0 . 4 5 �m) and then analysed for Zn and Cd . 
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Desorption of  Zn and Cd from Fe gel , natural and synthetic goethite 

was carried out after the adsorption s tudies by resuspending th e hydrous 
-2  oxides in  1 0  ml of 1 x 1 0  M CaC12 and shaking for 1 hr on  an  end-over-

+ 0 end shaker ( 40 r . p .m . ) at  23 - 2 C ,  The suspens ions were then 

centrifuged at 23 � 2° C for 5 min at 1 5 , 000 r . p .m .  and fil tered through 

Millipore f il ters ( < 0 . 45 �) . The supernatant solutions were 

analysed to give a measure of ea-extractab le Zn or Cd . The hydrous 

oxides were then resuspended in 1 0  ml o f  1 x 1 0- 2M CuC12 and the process 

repeated as for CaC12 , t o  ob tain the Cu-extra ctable  Zn or Cd . 

6 . 4 Results and Discussion 

6 . 4 . 1  Adsorp t ion o f  Zn and Cd by hydrous ferric oxides 

Evidence was found for a rapid initial up take o f  Zn and Cd by all 

three hydrous ferric oxides . Loss o f  Zn and Cd from the solution 

phase was taken to indicate adsorp tion by the appropriate oxide surface , 

as i t  was earlier shown that 50-ml polycarbonate centrifuge tubes did not 

remove Zn or Cd from an NaCl matrix ( Chapter 4 ) to  any significant 

extent . A s low con tinuing uptake of Zn and Cd o ccurred between 2 4  to 

1 9 2  hr with natural goe thite , and to a very much lesser extent with 

synthetic goethite and Fe gel ( Figs . 6 . 2 and 6 . 3) . 

For b o th Zn and Cd s imilar pat terns for removal from solution , 

as shown in Figs . 6 . 2  and 6 . 3 , were apparent for the three adsorb ents .  

For example , whereas Fe gel and synthetic goe thite  both tended towards 

a constant  solution concen tration within 2 hr after addition of b o th 

Zn and Cd , ground natural goethite did not at tain a constant solution 
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concentration even a t  1 9 2  hr . 

For both Zn and Cd adsorption by the three hydrous ferric 

oxides an Index of  Completion was calculated as follows : 

X .  - X 
Index o f  Completion 1 n 

xi - x 1 9 2  
( 6 . 1 ) 

where Initial Zn Cd solution concentration in lJmOl - 1  X .  or 1 
1 

Zn Cd solution concentration t ime ,  in ll mol - 1  X or at n ,  1 n 
and x1 9 2 Zn or  Cd solution concentration at 1 9 2  hr in ll mol 1 - 1  

The resul ts  ( Tables 6 . 1  and 6 . 2 ) show that after 2 4  hr , the 

adsorption of Zn and Cd was virtually complete for the synthetic Fe gel 

and goethite , whilst  for g round natural goethite the approach to 

equilibrium continued up unt il the t ime th e experiment was termina ted . 

These results ob tained for Zn and Cd are in marked contras t to 

those  previously reported for the reactions of P wi th Fe gel , synthetic 

goeth ite , ground natural goethite and some soils (Ryden e t  al . ,  1 9 7 7a) . 

For P ,  i t  was found that , with the exception of synthetic goeth i t e ,  the 

o ther adsorb ents  exhibited a continuing sorp t ion which was attributed 

to a shif t of ini t ially sorb ed P to chemisorbed ( or  absorbed)  P .  The 

cause of th is cont rasting b ehaviour for the different hydrous oxides 

o f  Fe was thought to be  due to the p resence of short-range order 

material . Synthetic  goethite contained l i t tle or no short-range order 

material , and did  not show t ime-dependent adsorp tion (Ryden e t  al . ,  

1 9 7 7a) . 

As indicated in Chapt er 5 ,  Zn and Cd adsorption involves bonding 

to -oH2 and -OH groups at hydrous oxide surfaces . The large ini tial 

decrease in solution Zn and Cd concentrations noted at short equil ib rium 

t imes ( less than 2 hr) p robably involves adsorp t ion at outer acces s ible  

s i t es on  the oxides . For Fe gel and synthetic goethite the solution 



Table 6 . 1  Solut ion Zn concentrations and index of  completion of adsorption , at 

various times following Zn additions to Fe gel , natural goethite and 

synthetic goethite 

Fe Gel Natural Goethite Synthetic Goethite 
-

Time Solution Zn Index of Solution Zn Index of  Solution Zn Index of  
complet ion completion completion 

(hrs ) -1  ( llmol 1 ) - 1  (llmol 1 ) - 1  ( llmol 1 ) 

0 1 9 1  - 1 5 3  - 1 1 5  

0 . 5  4 1  0 . 9 4  1 1 0 0 . 4 5  80 0 . 8 1  

2 . 0  35 0 . 9 8  1 0 3  0 . 5 3 79 0 . 84 

8 . 0 33 0 . 99  95  0 . 6 1  79 0 . 84 

24 . 0  31  1 . 00 88 0 . 6 8  79 0 . 84 

48 . 0  30 1 . 0 1  83 0 .  74 76 0 . 9 1  

9 6 . 0  31  1 . 00 74 0 . 8 3 7 7  0 . 88 

1 6 8 . 0  3 1  1 . 00 6 3  0 . 9 5  7 6  0 . 9 1  

1 9 2 . 0  3 1  1 . 00 58 1 . 00 72  1 . 00 

N 
0 
a-



Table 6 . 2  Solut ion Cd concentrations and index of completion of  adsorption , at 

various times following Cd additions to Fe gel , natural goethite and 

synthetic goethite 

Fe Gel Natural Goethite Synthetic Goethite 

Time Solution Cd Index of Solution Cd Index o f  Solution Cd Index o f  
completion completion completion 

(hrs ) -1  (]Jmol 1 ) -1  (]Jmol 1 ) - 1  (]Jmol 1 ) 

0 3 1  - 1 6  - 1 6  

0 . 5  7 . 1  0 . 9 6 7 . 9  0 .  72  5 . 1  0 . 89 

2 . 0 7 . 2  0 . 9 5  7 . 7  0 .  74 5 . 0 0 . 89 

8 . 0 7 . 1  0 . 96  7 . 1  0 . 80 4 . 8  0 . 9 1  

24 . 0  6 . 4  0 . 9 8 6 . 6 0 . 84 5 . 0 0 .  89 

48 . 0  6 . 3  0 . 99  6 . 0 0 . 89 4 . 6 0 . 9 3 

74 . 0  6 . 1  1 . 00 - - 4 . 3  0 . 95  

1 20 . 0  5 . 9 1 . 00 5 . 1  0 . 9 7  4 . 2 0 . 9 6  

1 6 8 . 0  6 . 0 1 . 00 4 .  7 1 . 0 1  3 . 9  0 . 9 8  

1 9 2 . 0  6 . 0  1 . 00 4 . 8  1 . 00 3 . 7  1 . 00 N 
0 
-....J 



208 

concentrat ions of Zn and Cd quickly come to equilibrium (Figs . 6 . 2 ,  

6 . 3  and Tables 6 . 1 , 6 . 2 )  and no evidence was found for any "occlusion" 

resulting from dif fus ive penetrat ion into ei ther the short-range order 

material of Fe gel or  the crys talline synthetic goethite at  l east  at 

the concentrations o f  Zn and Cd us ed in this study . Ground natural 

goethit e ,  however , displayed pronounced t ime-dependent adsorption of 

both Zn and Cd as shown in Figs . 6 . 2  and 6 . 3 , and by the indices in 

Tab les 6 . 1  and 6 . 2 .  Such a continuing and s low decreas e o f  solution 

Zn and Cd , with t ime , could no t readily be at tributed to dif fus ion 

of Zn or Cd into short-range order material , because no such trend 

was no ted for the syn thetic gel . I t  is possible that this continuing 

adsorpt ion of  Zn and Cd by ground natural goe thite is due to  either : 

(a )  s low diffus ion o f  Zn and Cd into defects in the natural goethite 

crystals , either developed or accentuated during the grinding procedure 

or : (b) the occurrence and participation in the adsorpt ion process 

of o ther unidentified contaminants camouflaged within the natural 

goethite towards Zn and Cd ei ther by o ffering a different surface onto 

which adsorp t ion can take place or by modifying the reaction mechanism 

of the go eth i  t e . 

Hence , unl ike the situation found  for P ,  no evidence was ob tained 

in this study to indicate  the presence o f  any significant t ime-dependent 

diffusive penetrat ion of Zn and Cd , into Fe gel or synthetic goethite . 

However , for natural goethite ,  some dif fusion of Zn and Cd may occur 

into defects in the goethite s tructure . In this respect , this s tudy 

does highlight the fac t that it may be misleading to infer cation 

adsorption b ehaviour b ased on resul ts ob tained for anion s tudies using 

the same or s imilar adsorbents . 
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6 . 4 . 2 Desorption of  Zn and Cd from hydrous ferric oxides 

The desorpt ion of previous ly adsorb ed Zn and Cd , us ing 1 x 10-2M 
-2 CaC12 and 1 x 10 M CuC12 ( Figs . 6 . 4  and 6 . 5 )  showed , as expected , 

- 2  that 1 x 10  M CuC1 2 desorbed more Zn and Cd , from all adsorbents , than 
-2  did 1 x 1 0  M CaC12 . A s imilar resul t  was found for Zn desorp tion 

from Fe gel (Chapter 5 ) . The percentage of Zn and Cd desorbed from 

both Fe gel and synthetic go ethite by CaC12 and CuC12 solut ions 

(Tables 6 . 3  and 6 . 4 )  showed lit tle  change af ter 24 hr of adsorption . 

For ground  natural goethite , however ,  a decrease in the amount o f  Zn 

and Cd that could be  desorbed o ccurred right up to 1 9 2  hr . Such a 

decrease may be further evidence for t ime-dependent adsorption . This 

situat ion o ccurred only for natural goethite  for the reasons out l ined 

� 0� . 

From the evidence regarding the abs ence o f  time-dependent adsorption 

of Zn and Cd by the short-range order Fe gel and the totally crys talline 

synthet i c  goethit e ,  coupled with the constant desorbab ility of Zn and Cd 

from thes e two adsorb ents , it was concluded tha t the sorpt ion process for 

both Zn and Cd appears to involve adsorption onto accessible  s i tes with 

lit tle or no subsequent absorption . Where crystalline hydrous oxides 

may contain crys tal s tructure defects ( e . g . , represented by ground  natural 

goethite in this s tudy) some s low dif fusion of Zn and Cd may occur into 

internal and relat ively inaccessib le s ites . 

Thus , as the sorp tion reactions for Zn and Cd appear to be  dominated 

by adsorption with l i t t le or no evidence for absorption ( di ffusive 

penetration) as noted for Fe gel , i t  appears that Zn and Cd could remain 

relatively more access ible  for desorp tion o r  dissolution into the matrix 

solution , than is the s ituation encountered for anions , such as P ,  which 

show a marked time-dependent sorp tion behaviour . 
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Table 6 .  3 .Amounts and percentages of Zn desorbed by 1 X 10-2M 

CaCl2 and 1 -2 x 10 M CuCl2 from hydrous ferric oxides 

.Amount Zn .Amount Zn desorbed Amount Zn desorbed 
adsorbed  on by  1x 1o-2M cac12 by 1x 1 0-2M CuCl2 Time surface 

(hrs ) �mol -1  f.!mol  g -1  % f.Jmol g - 1  % g 

Synthetic  Fe Gel 

2 2 2 . 6 1  2 . 76 1 2 . 2  5 . 3 7  2 3 . 8  

8 2 2 . 9 5  2 . 4 7  1 0 . 8  5 . 2 3  2 1 . 2  

24 2 3 . 20 2 . 32 10 . 0  5 . 0 8  2 1 . 9  

4 8  2 3 . 39 2 . 1 8  9 . 3  4 . 65 1 9 . 9  

96  2 3 . 3 1 2 . 1 8 9 . 4 4 .  79 20 . 6  

1 6 8  2 3 . 2 2 2 . 1 8 9 . 4 4 . 50  1 9 . 4  

1 9 2  2 3 . 3 1 2 . 0 3  8 . 7  4 . 36 1 8 . 7 

Ground Natural Goethite 

2 8 . 3 1 1 .  2 7  1 5 . 3  1 . 90 22 . 9  

8 9 . 5 5  1 .  2 2  1 2 . 8  2 . 1 1  22 . 1  

24 1 0 . 75 1 .  2 9  1 2 . 0  2 . 29 2 1 . 3  

48  1 1 . 49 1 .  50  1 3 . 1  2 . 4 1  2 1 . 0  

96  1 3 . 09 1 .  3 7  1 0 . 5  2 . 5 7 1 9 . 6  

1 68  1 4 . 76 1 .  30 8 . 8  3 . 00 20 . 3  

1 9 2  1 5 . 7 1 1 . 3 7  8 . 7  3 . 1 0 1 9 . 7  

Syntheti c  Goethite 
2 6 . 2 6  1 . 1 8  1 8 . 9  1 . 5 8 2 5 . 1  
8 6 . 1 8  1 . 0 5  1 7 . 0 1 . 60  2 5 . 9  

24 6 . 2 8  0 . 9 8  1 5 . 6  1 . 4 6  2 3 . 3  

48 6 . 85 1 . 2 3  1 8 . 0  1 .  86 2 7 . 2  

96  6 . 9 0  1 .  33  1 9 . 9  2 . 0 3  29 . 4  

1 6 8  6 . 8 7 1 . 0 2  1 5 . 0 1 . 9 8  2 8 . 9  

1 9 2  7 . 20 1 . 0 7  1 4 . 3  2 . 1 4 29 . 7  



Table  6 . 4 

Time 

(hrs )  

Synthet ic 
2 
8 

2 4  

4 8  
74 

1 20 

1 6 8  
1 9 2  

Amounts and p ercentages o f  Cd desorbed by 1 x 1 0-2M 
-2 CaC12 and 1 x 10 M CuC12 from hydrous ferric oxides 

2 1 1  

Amount Cd Amount Cd desorbed Amount Cd desorbed 
adsorb ed on by 1x 1o-2M cac12 by 1x 1 0-2 cuc12 surface 

f.!IDOl -1  j.liDOl - 1 % ].lmol - 1  % g g g 

Fe Gel 
3 . 4 8  0 . 48  1 3 . 8  0 . 7 8 2 2 . 5  
3 . 4 9  0 . 48  1 3 . 7  0 . 76 2 1 . 6  
3 . 59 0 . 4 5  1 2 . 5  0 . 78 2 1 . 8  
3 . 6 1  0 . 49 1 3 . 7  0 .  7 7  2 1 . 3  
3 . 6 3  0 . 48 1 3 . 2  0 . 7 8 2 1 . 6  
3 . 6 6 0 . 4 1  1 1 . 1  0 . 7 1 1 9 . 5  
3 . 6 5 0 . 4 7  1 2 . 7  0 . 74 20 . 3  
3 . 65 0 . 4 8  1 3 . 1  0 .  76  20 . 7  

Ground Natural Goethite 
2 2 . 1 5 0 .  3 1  1 4 . 6  0 . 4 3  20 . 0  
8 2 . 2 5 0 .  35 1 5 . 4  0 . 46 20 . 5  

24 2 .  34 0 .  33 1 4 . 2  0 . 4 3  1 8 . 3  
4 8  2 . 4 3 0 .  3 1  1 2 . 9  0 . 4 5  1 8 . 4  
74 

1 20 2 . 59 0 .  30 1 1 . 5 0 . 4 1  1 6 . 0  
1 6 8  2 . 65 0 .  26 1 0 . 0  0 .  36 1 3 . 7  
1 9 2  2 . 5 1  0 . 26 1 0 . 5  0 . 33 1 3 . 2  

Synthetic  Goethite  
2 l .  85 0 . 30 1 6 . 1  0 . 4 2 22 . 8  
8 1 . 89  0 . 30 1 5 . 8  0 . 40 2 1 . 3  

24  l .  86  0 .  30 1 6 . 0  0 . 40 2 1 . 7  
4 8  1 . 9 2  0 . 30 1 5 . 5  0 . 40 2 1 . 0  
74 1 . 9 8  0 . 30 1 5 . 1  0 . 40 20 . 4  

1 20 l .  9 9  0 . 30 1 5 . 0 0 . 40 20 . 3  
1 6 8  2 . 04 0 . 32 1 5 . 5  0 . 40 1 9 . 8  
1 9 2  2 . 09  0 . 3 3 1 5 . 9  0 . 4 4  2 1 . 0  
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Desorption of  Zn from hydrous ferric oxides 

A :  desorp tion of Zn from iron gel by  

c 

B 

A 

l x l0-2M CaC12 (a ) , and l x l o-2M CuC12 (b)  
B :  desorption o f  Zn from natural goethite by 

l x l0-2M CaC12 (a ) , and 1 x 10-2M CuC12 (b ) 
C :  desorption o f  Zn from synthetic goethit e  by 

1 x 1 o-2M CaC12 (a) , and 1 x 1o-2M Cucl2 (b ) . 
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CHAPTER SEVEN 



THE EFFECT OF PHOSPHATE FERTILISER 

ADDITIONS ON Zn AND Cd CONTENTS OF SOILS 

7 . 1  Introduct ion 

2 1 4  

Superphosphate  fertiliser ,  normally used as a P and S supplement 

to soils , can also contribute to the content  of plant availab le Zn 

(Ozanne et a l . , 1 9 6 5 ; Williams and David , 19 76 )  and Cd ( S chroeder and 

Balassa , 1 96 3 ;  S chroeder et a l . , 1 96 7 ; Williams and David ,  1 9 73 ) . 

This is because s uperphosphate fertilisers may contain from 0 . 76 5  to 
- 1  - 1  26 . 6 52  �mol Zn  g and 0 . 080 to  1 . 5 1 3  �mol Cd  g (Walkley , 1 9 40 ; 

Broawn e t  al . , 1 9 5 4 ; Clark and Hil l , 1 9 5 8 ; Bingham , 1959 ; S chroeder 

and Balassa , 1 9 6 3 ; Williams , 1 9 74 )  and in mos t  agricultural and 

hor ticul tural practice superphosphate fertilisers become dis tributed 

within the roo t zone o f  p lants . In  one s tudy soil Cd levels were found 

to increase from 0 . 0 2 1  to 0 . 04 7 �mol Cd g-
1 p er 1000 kg ha- 1  o f  super-

phosphate applied (Williams and David ,  1 9 7 3) . Two-fold increases in 

tissue levels  of Zn and up to ten-fold increases in Cd were found in 

cereal crops and pas ture plants grown on soils to which at leas t a total 

-1 o f  2 , 500 kg ha s uperphosphate had b een added (Williams and David ,  

1 9 7 3 ) . 

For this present investigation , use was made of three soils  drawn 

from long-term experiments in which superphosphate fertiliser had been 

added for p er iods of be tween 1 5  and 30 y ears . Details o f  the three soils 

are as follows : 

( a) Papateo toe s il t  loam - located at the New Zealand Fertiliser 

Manufacturers' P€search Association ( N . Z . F .M . R . A . )  Otara ,  Auckland . 
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The treated soil had received regular annual superphosphate top-
- 1  dressings a t  a rate o f  36 kg P ha for a period of 30 years . 

The fert ilised soils , together wi th an adj acent , unfertilised 

control area were sampled at two depths , 0-5 cm , 5- 1 0  cm . The 

Zn and Cd content o f  the superphosphate fertiliser us ed was not 

known . 

(b )  Lismore s il t  loam - the fertilised soil from Winchmore Research 

S tation , Ashbur ton , had received regular superphosphate fertiliser 
- 1  - 1  additions a t  two rates , namely 1 89 kg h a  and 375 kg ha annually 

for a p erio d  o f  1 5  years . These soils , together with adjacent 

unfertilised controls were sampled at 0-7 . 5  cm depth . Information 

on the Zn and Cd content of the fert iliser was again no t available . 

( c ) Whatatiri clay loam - was sampled from a market garden property 

near Pukekohe , Auckland . The fertilised  soil had received 1 300 

- 1  kg ha superphosphate annual ly for 1 5  years . The fertilised 

soil , along with unfertilised soil of the same type was sampled at 

0-20 cm depth . 

Amounts o f  H2o- , CaC12- ,  and CuC1 2-ex tractable Zn and Cd and to tal 

Zn and Cd contents were measured for b o th unfertilised ( control )  and 

fertilised s oils from each site using the method described b elow . 

7 . 2  Methods for Determining Extrac tab le  and Total 

Soil Zn and Cd Contents 

7 . 2 . 1  Extractable Zn and Cd 

A 5-g s ample  o f  soil was shaken with ei ther 40 ml o f  deionised water , 

2 - 2  1 x 10- JM calcium chloride or 1 x 1 0  M copper chloride solution , in 50-ml 

polycarbona� centrifuge tubes . The extractions were carried out a t  



+ 0 2 3  - 2 C ,  on an end-over-end shaker ( 40 r . p .m . )  for 1 6  hr . The 
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suspens ions were centrifuged at 1 5 , 000 r . p .m .  a t  2 3  � 2°C in a Sorvall 

refrigerated supercentrifuge (Model RC2B) and the supernatants  fil tered 

through 0 . 45 �m Millipore filters . 

For those  extractants that removed only small amounts o f  Zn and Cd , 

(vi z . , H 20-extractable and CaC12-extrac table Zn, and CuC12-ex tractab l e  

Cd) the extracts were analysed f o r  Zn and Cd content following 

concentrat ion using the dithizone method described in Chapter 3 .  

Ca ions were used to extract  Zn and Cd because ,  in addi tion to 

being a common soil cation , Ca ions are o f  the same charge as Zn and 

Cd ions , s imilar ionic radii , ( i . e . , 0 . 99� for Ca , 0 . 74� for Zn , and 

0 . 9 7� for Cd) and show lit tle tendency to form co-ordinate b onds 

( Co t ton and Wilkinson , 1 96 6 ) . Therefore , if  pres ent in excess ,  the 

Ca ions would be expected to displace Zn and Cd ions that are non-

specifically held by electros tatic a t traction on soil surfaces . Cu 

ions , on the o ther hand , are known to form large numbers o f  complexes 

with ligands co-ordinamd through oxygen atoms ( Co t ton and Wilkinson , 

1 966 ) . I f  present  in excess , Cu ions should displace Zn and Cd held  by 

co-ordinate  bonding . Thus , us ing thes e extrac tants , i t  should be  

possib le then to  determine whether fe rtilised soils showed any build-up 

of readi ly or potent ially availab le  Zn and Cd compared to respective 

control s ituations . 

7 . 2 . 2  To tal soil  Zn and Cd contents 

Total Zn and Cd contents o f  the three soils were determined using 

a modified  l i thium tetraborate fusion (Norrish and Hutton , 1 9 6 9 ) . 

A 0 . 1 -g sample of < 60 mesh soil was mixed with 0 .  7 l  g flux ( 60  

The mixture was fused 

in a p latinum crucib l e ,  by heating , over an air/propane flame . The 
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fus ion was continued until  no b lack minerals remained vis ib le  in the melt . 

The crucib le  was then cooled , by removing from the flame , and gently 

agitated so as to form the contents  into a bead as the mixture coalesced 

on cool ing . Finally , the bead was dis solved in 50 ml o f  1 M  HCl and made 

up to a final volume of 100 ml with deionised water . The total Zn and 

Cd contents  were determined by A . A . S . ,  preconcentrating where necessary . 

7 . 3  Resul t s  and Discussion 

The amounts  o f  Zn and Cd , ext racted by water , CaC12 , and CuC12 , 

and total  amoun ts o f  Zn and Cd in the respective unfertil ised and 

fertilis ed soils are shown in Tab l es 7 . 1  and 7 . 2 .  

For Papatoetoe  s il t  loam a minor increase in to tal Zn content o f  

the fertilised s o i l  was noted (Table  7 . 1 ) . However , no increases in 

H2o- , CaC12- or CuC12-extractab l e  Zn could be demons trated . Small 

increases in CuCl2-ext ractab le Cd were measured , as was an 

increase in total Cd content  ( Tab le 7 . 2 ) . The increases in measured 

Zn and Cd contents  of soil fertilised with superphosphate compared to 

the cont rol  soil  (unfertilised) may be a t tributed to the applica t ion of 

superphosphate  cont aining Zn and Cd . The ratio o f  Zn : Cd was 5 78 : 1  for 

the unfertilised s o il , and to 5 2 6 : 1  for the fertilis ed soil . 

No  s ignifican t  increase in total or extractable  Zn content was 

found for  the Lismore s il t  loam samples at either fertiliser rat e .  

Total C d  increased at both rates o f  fertiliser addition and as Cd 

increas ed b etween control and fertilised soils and Zn did not markedly 

increase ,  the Zn : Cd ratios decreased from 1 60 : 1  for the control to 

70 : 1  for the soil  fertilised at  the lower rate and 80 : 1  at the higher 

rate of addition . 
- 1  Appli cation of  1 300 k g  h a  s uperphosphate fertiliser for 1 5  years 



Table  7 . 1  H2o-ex tractab le ,  CaC12-extractable , CuC12-extractab le and total Zn contents 

of soils treated wi th long-term superphosphate addi tions 

To tal 
Superphosphate  H2o- ea- Cu -

Soil Depth Applied Extractab le Extractable Extractable 
( cm) -1  (kg ha ) - 1  ()Jmo 1 lOOg ) - 1  (\lmol lOOg ) -1  (\lmol 100g ) 

Papatoetoe s il t  loam 

Control 0- 10  - 0 . 5 1  0 . 5 8  8 . 3  
Fertilised 0-10 1 2 , 000 0 . 4 5  0 . 59 8 . 2  

Whatatiri clay loam 

Control  0-20 - 0 . 09 0 . 3 1 8 . 4  
Fertilised 0-20 1 9 , 500 0 . 09 0 . 1 8 7 . 4  

Lismore silt  loam 

Control 0-7 . 5  - N . D .  0 . 1 3 3 . 0 
Fertilised 0-7 . 5  2 '  835 0 . 04 0 . 09 3 . 0 

Control  0-7 . 5  - 0 . 0 7  0 . 5 3  7 . 1  

Fertilis ed 0 .  7 . 5  5 , 6 25 0 . 1 1  0 .  36 4 . 6 

Total 
-1 (\lmol 100g ) 

2 1 4 

242  

2 19  
225  

1 22 
1 24 

1 1 6 

1 1 9  

N . D .  = not detectable . Average variation in replicates for to tal Zn measurements : � 1 .  8 )J mol Zn l OOg -1 

N 
....... 
CO 



Table 7 .  2 H20-extractable ,  CaC12-extractab le , CuC12-extrac table and total Cd con tents 

of soils treated with long-term superphosphate addi tions 

To tal 
Superphosphate H20- Ca- Cu-

Soil Depth Applied Ex trac table Extractable Extractable 
( cm) - 1  (kg h a  ) -1  (J.l mo l lOOg ) - 1  (J.lmol lOOg ) - 1  (f.l mol 100g ) 

Papatoetoe silt  loam 

Cont rol 0-10  - N . D .  N . D .  0 . 20 
Fertilised 0-10 1 2 , 000 N . D .  N . D .  0 . 2 7  

Whatatiri clay loam 

Control 0-20 - N . D .  N . D .  0 . 1 2 

Fertilised 0-20 1 9 , 500 N . D .  N . D .  0 . 1 8  

Lismore s il t  loam 

Control  0-7 . 5  - N . D .  N . D .  0 . 1 1  

Fertilised 0-7 . 5  2 , 835 N . D .  N . D .  0 . 1 7 

Control  0-7 . 5  - N . D .  N . D .  0 . 1 4  

Fertilised 0-7 . 5  5 , 6 25  N . D .  N . D .  0 . 1 7  

Total 
-1 (f.l mol 1 00g ) 

0 . 37 
0 . 46 

0 . 76 
1 . 64 

0 .  74 

1 .  7 8  
0 . 74 
1 . 4 9  

N . D .  = no t detectable . Average variation in rep licates fo r total Cd measurements : ± 0 . 1 5 f.l mo l  Cd l OOg-l  
N 
....... 
"' 
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to Whatatiri clay loam produced no maj or  change in to tal Zn content , and 

no detectable  increases in H2o- , CaCli or CuC1 2-ex trac table Zn . 

However ,  CuC12-ex tractab le Cd and to tal Cd contents increas ed in the 

ferti lised soils , and because o f  this the Zn : Cd ratio narrowed from 

304 : 1  for unfertilised soil to 1 37 : 1  for the fertilised soil . 

Th e narrowing of  the Zn : Cd ra tios no ted for all the fertilised 

soils is presumab ly attributab le  to the "enrichment" o f  soil Cd by the 

long-term addi tion of superphosphate fertiliser which of ten contains 

Zn : Cd ratios o f  around 1 1 : 1  ( Swaine , 1 9 6 2 ) . 

7 .  3 . 1  Measured and predicted increases in soil Zn 

and Cd , from superphosphate fertiliser addition 

Increases in total  soil Zn and Cd contents can be predicted for 

the particular fertilwer programmes operating at each of the s i tes used , 

i f  values for the Zn and Cd contents  o f  superphosphate are assumed . 

The calculated total soil Zn and Cd contents are shown , together with 

the ac tual increases found for each soil , in Tab le 7 . 3 .  Assumed bulk 
- 3  densi ties o f  the soils were 1000 kg m for Papatoetoe s i l t  loam and 

- 3  Whatatiri clay loam and 1 200 kg m for Lismore silt  loam . 

Predictions were made to cover the range of Zn and Cd concentrations 

reported for supe�hosphate fer t iliser made from Nauru Island rock 
- 1  1 phosphat e ,  vi z . ,  4 . 1 3- 1 1 . 4 7 �ol Zn g and 0 . 1 8- 1 . 46 )lmol Cd g-

( Swaine , 1 9 6 2 ) . This source was used  in the calculat ions becaus e ,  

his torically , mos t  o f  the rock phosphate us ed for superphosphate 

manufacture in New Zealand came  f rom Nauru Island . 

For all three experimental s ites , the measured increases in to tal 

Zn content o f  the fertilised s o ils were within the ranges p redicted 

( Table 7 . 3) . Thus the measured increases in total soil Zn contents could 

b e  adequately accoun ted for by the addi tions from superphosphate fertil iser . 



Table 7 .  3 Comp ari s on o f  measured and p redicted increas es in total Zn and Cd con tents 

o f  s oils due to  long-term superphos phate fertiliser addi tions 

Soil  

Papatoetoe s ilt  loam 

0-10 cm 

Whatatiri clay loam 

0-20 cm 

Lismo re s il t  loam 

0-7 . 5  cm 

Predicted increases 
in total Zn 

- 1  ( �mo l Zn 1 00g ) 

9 . 9  - 2 7 . 5  

4 . 1 - 1 1 . 2 

1 . 3 - 3 . 6  

2 . 6  - 7 . 2  

Meas ure d increase 
in to tal Zn 

-1  (�mol Zn 100g ) 

2 8 . 0  

6 . 0 

2 . 0  

3 . 0  

P redicted increases 
in total Cd 

- 1  ( �mol C d  l OOg ) 

0 . 4 3 - 1 . 1 2  

0 . 1 7  - 0 . 4 5 

0 . 06 - 0 . 1 5 

0 . 1 1  - 0 . 29 

N . B . Predicted increases calculated for the depth to which each soil 

I . ' · · , � was sampled . 

Measured increas e  
i n  total Cd  

-1 ( �mo l Cd lOOg ) 

0 . 09 

0 . 90 

1 . 04 

0 . 75 

N 
N 
....... 
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However , th e p redicted and measured increases i n  total  soil C d  ( Table  

7 . 3) were not  in  such goo d  agreement . For Whatatiri c lay loam and 

for Lismore s i l t  loam ,  the increases measured were greater than those 

predic ted ; a s i tuation that could result from ei ther (a) the use of 

superphosphat e  with a higher Cd content than allowed for in the 

calculations , (b )  the use o f  higher actual rates of superphosphate than 

those  specified or (c )  the addition of Cd to the s oil from sources o ther 

than s uperphosphate fertiliser . However , for Papatoetoe s il t  loam ,  

increases i n  total Cd measured were less than those  p redicted . The 

mos t l ikely causes of this result woul d be either (a )  the use o f  

fertiliser with a lower Cd content than used i n  the calculations 

(b ) the use o f  lower ac tual rates than specified or ( c) the loss of Cd 

from the soil  by plant uptake or l eaching . 

Previous workers ( S chroeder and Balassa , 1 9 6 3 ;  Ozanne et al . ,  

1 9 6 5 ;  S chroeder et  al . ,  1 9 6 7 ;  Williams and David , 1 9 7 3 ; Williams and 

Davi d ,  1 9 76 , Williams and David ,  1 9 76a) have measured increased soil 

Zn and Cd following superphosphate  addi tion . Zn added to soil through 

superphosphate fertil is er can res ul t  in pas ture growth responses (O zanne 

e t  al . ,  � 9 6 5 )  and in New Zealand , During ( 1 9 72 )  s ugges ts that such Zn 

may have prevented and even corrected incipient deficiencies in plants  

and animals , in recent t imes . 

S ince superphosphate fert ilisers used in New Zealand p robably 

contain s imilar amounts o f  Zn and Cd to the materials us ed by overseas 

workers (Walkley , 1 9 40 ; Bingham , 1 9 59 ; Swaine , 1 96 2 ;  Barrows , 1 9 6 6 ) , 
1 - 1  e . g . , 0 . 7 7- 2 1 . 87 �mol Zn g- and 0 . 4 5- 1 . 5 1  �mol Cd  g ( Swaine , 1 9 6 2) 

they contribute some Zn and Cd to s oils . The somewhat inconclusive 

resul ts  found in this s tudy , part icularly with respect to soil Cd , whi ch 

contras t w i th overseas s tudies ( S chroeder and Balassa , 1 96 3 ;  S chroeder 
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et  al . ,  1 9 6 7 ;  Wil liams and David , 1 9 7 3 ;  Williams and David ,  1 9 76a) 

are probab ly explainable  on the basis  of higher levels of Cd in our 

control  s oils . 

The reasons why our contro l  soils have higher Cd levels are no t 

readily apparent and this f inding renders the detect ion of small 

increases in soil Cd more difficult  than in s i tuations of lower initial 

Cd contents . For example , in an Aus tralian s tudy , soils which had 
- 1  received from between 1 000 and 4500 kg h a  total s uperphosphate over 

a numb er o f  y ears showed 2 to 5-fold  increases in HCl-extractab l e  soil 

Cd (Williams and David ,  1 9 7 3 ) . However , bo th the unfertilised and 

fertilised Australian s o il s  had lower HCl-extractab le soil Cd l evels , 

than the total s oil Cd levels measured in the unfert ilised soils of 

the present s tudy (HCl-ex t ractable Cd was claimed to be almos t  

equivalent t o  to tal Cd b y  Williams and David ( 1 9 7 3) ) . In the presen t  

s tudy , only 2-fold increases in  to tal soil Cd were measured fo r 

fert ilised s oils . 

The higher l evels o f  Cd found in unfert ilised soils in this s tudy , 

coupled with the removals o f  Zn and Cd that o ccur in plant and animal 

products make for difficul ty in the detection of  small increases in 

s o il Zn and Cd result ing from fertiliser use . I t  has been reported 

that Zn and Cd added to s oils by superphosphate application appears to 

remain largely plant avaiable  (Ozanne e t  al . ,  1 9 6 5 ;  Williams and Davi d ,  

1 9 76 ;  Williams and David , 1 9 76a)  and thus resul ts i n  elevated p lant 

concen trations of these  cations ( S chroeder and Balassa , 1 9 6 3 ;  Ozanne 

e t  al . ,  1 96 5 ; Williams and Davi d , 1 9 7 3 ;  Williams and David , 1 9 76 ;  

Williams and Davi d ,  1 9 76a ) . 

The results of this s tudy indicate that superphosphate addi tions 

could in e f fect offset any decline in s oil Zn levels  that  accompany 



' 
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intensive land-use p ractices . The situation with respect to Cd appears 

to be that accumulation, if occurring at all , is difficult to detect in 

fertilised New Zealand s oils . At common rates o f  superphosphate us ed 

in this country , the accumulation of Cd is not readily measurab le , a t  

l east under the conditions occurring at the three experimental s ites used 

in this s tudy . Longer t erm use o f  h igher rates of fertiliser may 

increase  the rate  of accumulation of Zn and Cd , as would a change to 

fertiliser materials containing higher Zn and Cd contents . 
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SUMMARY 

The work presented in this thesis may be summarised as follows : 

l .  Literature relating to  the b iochemical s ignificance of Zn and Cd , ' 

natural b ackground levels of Zn and Cd in rocks and soils , and addi tions 

of Zn and Cd to soils from ex ternal sources was reviewed . The surface 

chemistry of soil components believed to be important in cation 

adsorpt ion was examined and the adsorp tion of Zn and Cd by soils and 

soil components was considered in detail . 

2 .  A technique involving di thizone/ carbon tetrachloride for extracting 

and concentrating low amounts of Zn and Cd from solution was deve loped 

and evaluated for use in Zn and Cd adsorp tion s tudies and for determining 

extractab le and total Zn and Cd levels in soils . 

3 .  Certain soil properties o f  four New Zealand soils were determined 

in an attempt to relat e  their importance to Zn and Cd adsorp t ion by the 

soils . There was no obvious relat ionships b e tween the measured soil  

propert ies and adsorp tion of Zn  and Cd  by  these soils . 

4 .  Evaluation of  the kinetics o f  Zn and Cd adsorption by soils 

indicat ed that  the ini t ial removal of Zn and Cd from solution was extremely 

rapid .  At low l evels o f  addition , removal o f  b o th Zn and Cd from solution 

was virtually complete  within the firs t 1 2  hr o f  equilibration , but at 

high l evels of addi t ion the init ial rapid removal was followed by a 

g radual , continuing removal from solution . Es t imates of equilibrium Zn 

and Cd concentrations , ob tained by extrapolation  of reciprocal t ime plo ts  

for  the relationship b e tween solution  concentrations of Zn  and Cd to the 
l value o f � =  0 ,  i . e . , t = a  were found to b e  unreliable . t 



5 .  In a time s t udy of  adsorp tion , 40-hr iso therms carried out in a 
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- 2  matrix o f  3 x 1 0  M NaCl over the concentra t ion range 0-300 �mol Zn or 

Cd 1 - 1  for Makerua topsoil and Okaihau subsoil  could be described by 

two Langmuir iso th erms , as could the iso therms a t  1 20 ,  1 4 4 ,  and 19 2 hr . 

As the Langmuir cons tan ts ob tained a t  each time were essentially the 

same , 40-hr isotherms were subsequently us ed in the s tudy to approximat e  

the equil ibrium condit ion . 

6 .  I sotherms ( 40 hr) for the adsorpt ion of Zn and Cd by both topsails 

and subsoils of Makerua , Egmont and Tokomaru s o ils were used to describ e 

adsorpt ion and ob tain the appropriate Langmuir parameters . The 

isotherms were carried out over the concen tration ranges of 0 - 800 �mol 

1 - 1  -2  Zn  1 - and 0 - 400 �mol Cd 1 in  a matrix of 3 x 10  M NaCl . For all  

soils , adsorption was described by two Langmuir iso therms for  both Zn 

and Cd . Determinat ion of Langmuir cons tants for each region of 

adsorption showed that adsorp tion maxima within each region varied 

between soils , and adsorption maxima for Zn were generally higher than 

Cd for all soils in both regions . The free energies of adsorption of  

both Zn and Cd  were higher for  region I than region I I , sugges ting tha t  

Zn and Cd adsorb ed in region I i s  more t ight ly held than in  region I I ,  

and thus by different mechanisms . The mean f ree energies o f  Zn and Cd 

adsorption , however , were not s ignificantly different within region I 

nor within region I I  for all  s oils , sugges ting that Zn and Cd may b e  

held b y  two similar m echanisms . 

7 .  I sotherms (4 0  hr) for the adsorp tion o f  Zn and Cd by synthetic Fe 

gel and allophane could also be describ ed by - two dis t inct Langmuir  

equations . For Fe gel the free energies o f  a dsorp tion for each 

adsorp tion region were very similar  to those  obtained for soils . Hence , 
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i t  was concluded tha t Fe gel may b e  a suitable  model for Zn and Cd 

adsorption by soils . Al though Zn and Cd adsorption by allophane was 

des cribed by two Langmuir equations , the Langmuir cons tants were not 

the same as those ob tained for soils . 

8 .  Iso therms ( 40 hr) for Zn and Cd adsorption by Fe gel carried out 

at different pH values showed that al though the ac tual amounts of Zn 

and Cd adsorbed increased with increasing pH , the free energies of 

adsorption were s imilar at all pH values . I t  was concluded that  pH 

affected the amount o f  Zn and Cd adsorbed but  no t the mechanisms o f  

bonding . 

9 .  Adsorption o f  Zn and Cd by Fe gel was found to increase as pH 

increased from pH 5 . 0 to 7 . 0 ,  presumably due to increasing negative 

charge on the surface , with a similar pH response for adsorp tion of  

Zn and Cd at  both low and high equilibrium concentrations . However , 

the pH50 values ( the  pH at which 50% adsorp tion o f  ini tial amounts  

occur) were higher for Cd  than those  for  Zn . As Zn has a higher 

elec tronegativity than Cd , the pH50 values for Zn might be expected to 

occur a t  a lower value than that for Cd . 

10 . The indication that two mechanisms operated for both Zn and Cd 

adsorp tion (Langmuir adsorp t ion isotherm s tudies ) was further 

investigated using p ro ton release , isotopic exchangeab ili ty and 

desorption s tudies . 

The number o f  p ro tons released for each Zn ion adsorbed (mole  

ratio) for Zn ranged b etween 1 . 3 1 and 1 . 6 7  wi th no obvious trend noted 

- 1  with e i ther increasing amounts of Zn adsorb ed ( 2 . 1  t o  55 . 3  �mol g ) o r  

increasing pH ( pH 6 . 4  t o  pH 6 . 8) .  By contras t , for Cd the mole  ratio 
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increased ( 0 . 80 to 1 . 1 2 ) with inc reasing amounts of Cd adsorb ed 

(0 . 80 to 1 . 1 2 ) with increasing amounts of Cd adsorbed (0 . 8  to 1 7 . 6 � mol 

- 1  Cd g ) and with pH , i . e . , 0 . 80 to 1 . 1 2  (pH 6 . 4 ) and 1 . 0 5  to 1 . 4 3  

(pH 6 . 8 ) . These mole ratios were de termined us ing a pH-s tat and auto-

titrato r .  

The exchangeability o f  Zn was s imilar a t  all levels o f  Zn adsorbed , 

but did decreas e from 5 8% down to 2 7%  as pH increas ed from pH 5 . 85 to 

6 . 6 5 , indicat ing an increased proportion of Zn which is more tightly 

bound . Although cadmium was less exchangeab le a t  low levels o f  adsorbed 

Cd ( 55 - 76%) than at h igher levels ( 80 - 85%) , this cat ion was more 

exchangeable than Zn at equivalent pH values even though Cd was present 

at  much lower surface coverages . This indicated that a greater 

proportion o f  adsorb ed Cd was less t ightly held than was the case for Zn . 

Detailed investigations showed that af ter desorp tion o f  Zn with 

calcium and copper ions , a proportion o f  Zn ( 1 2  - 24%) was retained by 

the surfaces . This is further evidence for the presence o f  at  leas t 

two adsorption mechanisms for Zn . Exchange and desorption data 

sugges ted  that less  Zn was adsorbed in region I I  than was es timated using 

the Langmuir equat ion . This was especially true a t  the h igher loadings 

o f  Zn . 

ll. Based on the results  of Langmuir  iso therm and proton release data , 

as well as isotopic exchangeability and desorption s tudies , a two-region 

model for Zn and Cd adsorp tion was proposed . Adsorption in region I 

was considered to involve exchange of  Zn and Cd ions for protons with the 
+ aquo- , -OH2 , o r  hydroxyl , - OH ,  group on the Fe gel surface resul ting 

in the format ion o f  a b identate complex and release of two pro tons . 

Adso rp tion in region I I  probab ly involves the adsorption o f  monovalent 

complex ions of Zn and Cd , e . g . , ZnCl+ or CdCl+ , forming a monodentate 
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compl ex on the gel surface and release o f  one proton . No exp lanation 

has b een forwarded for mole ratios of l ess than unity found fo r Cd . 

The greater exchangeabili ty and fewer protons released per mole  of Cd 

adsorbed comp ared to Zn can be explained by a larger proportion of Cd 

be ing held by the weaker monodentate bonds , especially as monovalent 

CdCl+ is relatively more s table than ZnCl+ , and cons titutes a greater 

fraction of  the total soluble species . 

1 2 .  The uptake  o f  Zn and Cd added to Fe gel , synthetic goethite , and 

ground natural goethite was initially rapid , followed by a slow 

continuing upt ake of  Zn and Cd from 24 to 1 9 2  hr by natural goethite 

and to a very much l esser  extent by synthetic goethite and Fe gel . 

Fe gel and synthetic  goethite both tended towards an equilibrium solution 

concentration wi thin 2 hr of equil ib ration with added Zn and Cd , whereas 

ground natural goe thite had not at tained equilibrium even af ter 1 9 2  hr . 

Amounts of Zn and Cd desorbed from Fe gel and synthetic goethite by 

CaCl2 and CuCl2 solut ions showed li t t le  change after 24 h r ,  b ut for 

ground natural goethite , a decrease in the ext ent  of Zn and Cd desorption 

occurred up to  1 9 2  hr . 

1 3 .  Time-dependent adsorption o f  Zn and Cd and the decrease in the 

ext ent of Zn and Cd desorp t ion wi th t ime was evident with ground natural 

goethite but no t with Fe gel or synthetic goethite . This t ime-dependent 

adsorption by g round  goethite  is thought to be due to a s low dif fusion 

of  Zn and Cd into  defects in the crystalline s tructure of natural goethite 

developed or accentuated during grinding . Hence , ' occlusion ' or 

absorption o f  Zn and Cd does not appear to be a s ignificant sorption 

process for hydrous ferric oxides . 

1 4 . For three s oils  which had received relat ively high annual addi tions 
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of superphosphate fert iliser for periods ranging from 1 5  to 30 years , 

increases in extractab le and total Zn and Cd were barely detectable . 

Increases in to tal Zn measured , agreed with predicted increas es in Zn 

calculated on the b asis  o f  the known fertiliser his tory for each soil . 

Measured increases in total Cd did not agree wel l  with the predic ted 

increases . 
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APPENDIX 1 

Amounts  of Zn and Cd Remaining in Polycarbonate  

Centri fuge Tubes After Shaking for 40  hr . 

Initial Zn Final Zn Initial Cd Final Cd 
Concentration Concentration Concentration Concentration 

�mol 1 - 1  �mol 1 - 1  ]lmol 1 -1  ]lmol 1 - 1  

0 . 1 5 3  0 . 1 5 3  0 . 089 0 . 0 89 

0 . 1 5 3  0 . 1 6 8  0 . 0 89 0 . 0 89 

0 . 1 5 3  0 . 1 5 3 0 . 0 89 0 . 0 80 
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APPENDIX 2 

Method o f  S uccessive Approximations for Evaluating 

Adsorption Isotherm Data by the Langrnui r Equation . 

Adsorption data for Zn and Cd on soil samples and Fe gels were 

treated according to the method of Ryden et al . ( 1 9 7 7 ) for P adsorp tion 

whereby successive approximations are used to ob tain the Langmuir 

constants in sys tems where 2 or more adsorp t ion ' regions ' are operating . 

A reciprocal plot (l against l) is made o f  the experimental data for X C 

the amounts  of Zn or  Cd adsorbed (x) aver a range o f  Zn or Cd solution 

concentrations ( c) . A linear relationship can then be found for the 

low f inal solution concentrations ( i . e . , high l values ) . c From the 

s lope and intercept of this linear relationship , a firs t approximation 

o f  the Langmuir cons tant values k ( related to b inding energy) and b 

( the adsorp tion maximum) is ob tained . These  cons tants are referred to 

as ki and bi values s ince they relate to the first l inear region .  

These ki and bi constants are then used to  calculate  the amounts  o f  
1 Zn or Cd adsorbed at higher  final c values ( corresponding to low c 

values ) . Next , these XI values are sub t racted from the to tal amount o f  

Zn or Cd adsorbed to give the amounts adsorbed on the second population 

of s ites , �I · The lS: I  
1 and from aga ins t - , the c 

values are calculated . 

calculate JS:I values for 

val ues again plo t t ed as reciprocals , 1 are Xn 
s lope and intercept o f  this line kii  and bi i  

The kii  and bii cons tants are then 

low final c values (high l' 
values ) .  c 

used to 

These are 

then sub tracted from the total  amounts of adsorbed Zn or Cd at  each c 

value used , t o  obtain X� values . The new XT values are then used to 

recalculate new constants k� and b�  for adsorpt ion o f  Zn and Cd on the 
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firs t population of  sites . The k� and bi cons tants  are be t ter 

estimates o f  the adsorption in the firs t region , since they have been 

' corrected ' for adsorption occurring in the second population of  si tes . 

Th is rei terative process continues until  the difference between 

successive approximations of k is less than 5 % .  



OUTLINE OF THE METHOD OF SUCCESSIVE APPROXIMATIONS USED TO 

TEST THE FIT OF EXPERIMENTAL DATA TO THE LANGMUIR EQUATION , 

BASED ON THE METHOD DES CRIBED BY RYDEN ET AL .  ( 1 9 7 7 ) . 

STEP 

1 .  

2 .  

3 .  

4 .  

5 .  

6 .  

7 .  

8 .  

9 .  

1 
X 

PLOT 

vs 1 
c 

1 1 vs 
�I c 

1 
� VS l 

c 

Repeat s t eps 4-9 until difference between 

successive approximations of k is < 5% . 

DETERMINE 

�I = X - � 

* 
�I 

X Zn or Cd adsorb ed ( added Zn/ Cd adsorbed  + native Zn/ Cd) . 

c final Zn/Cd concentrations 

k :  related to bonding energy o f  adsorbed  ions . 

b :  related to the adsorp t ion  maxima o f  adsorbed ions 

* from preceding k and b values for all values o f  c .  
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