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Industrial waste liquids in volumes up to 29 million gallons are 

produced in the ‘est Midlands. ‘ith the introduction of the Deposit 

of Poisonous Wastes Act and the pending Control of Pollution Act, 

information is necessary to allow planning of disposal of these 

wastes to conform with the law. 

The industrial waste liquids containing copper, nickel, zinc, 

cadmium, iron, lead and chromium are commonly deposited in a variety 

of sites. Three such facilities known as Walsall Wood Mine, Mitco 

and Betton Abbotts are present in the ‘Jest Midlands. Sach site 

represents a different geological environment, a disused coal mine 

jn Middle Coal Measures, a disused brick pit in the Etruria Marl 

Series, and a clay lined glacial kettle hole respectively. 

Experiments were set up to determine whether the geological 

materials at the sites would react with wastes to remove the toxic 

materials. An attempt has been made to quantify the results, to 

determine the environmental pollution hazards produced by disposal at 

these sites. Solutions of the metals in acid were prepared and mixed 

with rocks from the sites, with montmorillonite, and with kaolinite. 

Samples of raw effluent were also used in a further set of experiments. 

The metal content of the liquids reacting with the rocks was 

determined prior to, and after reaction. The results show that 

reactions occur between the metal solutions, and the clay minerals 

to produce a decrease in the metal concentration of the solution. 

Similar results were obtained using raw effluent. Metals are adsorbed 

in varying quantities depending primarily on charge and on other 

secondary factors which are discussed. The quantity of metal 

adsorbed was found to devend on the clay mineral types eg montmorillonite 

adsorbs more metal than kaolinite. The pH of the medium is also 
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a control in that adsorption for all metals increases by more than 

50% between pH O and pH kh, From the resvits it is concluded that 

disposal to the ground under control of pH, and the type of material 

at particular sites, will not result in the production of environ- 

mental hazards arising from toxic metal contamination. 
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ACKNOWL SDGEMENTS 
  

I wish to thank Professor W, R. McWhinnie and Dr. J. W. Gaskarth 

for advice and criticism during their supervision of this work. 

Effluent Disposal Limited and Brasway “laste Disposal Limited 

kindly allowed the use of information and diagrams from unpublished 

reports preduced by Dr. Gaskarth, provided samples of effluent, and 

allowed access to their sites. The Department of Geological Sciences, 

University of Aston in Birmingham is to be thanked for making 

laboratory and analytical facilities available, and Dr. Rice of 

Reading University for the use of an E.5.R. instrument. Thanks are 

also due to Miss H. Couper for help with the experimental work, 

Mrs T. Danby for typing, Mrs J. Montgomery for drafting, and 

Mr M, Husbands and Mr F. Frost for advice and suggestions. I wish 

to acknowledge the Science Research Council for the provision of a 

studentship, and Mr 2. Holmes for allowing me time while in his 

employment to complete this thesis. 

Thanks also to Juliette and Garth for moral support during the 

last three years.



Page 

Abstract (i) 

Acknowledgments (iii) 

Contents (iv) 

Chapter 1. Introduction 

1.1 The nature and Volume of Industrial Waste L: 

1.2 Methods of Disposal 1 

1.3 Legislation 2 

1.4 Previous Work 4 

1.5 Aims of the Present Work 10 

Chapter 2. The Geology and Operation of Three Disposal Sites 

2.1 Site Selection 12 

2.2 Walsall Wood Site 15 

2.3 “Mateo Tip al 

2.4 Betton Abbotts Farm Site 27 

Chapter 3. Introduction to Experimental Work 

3.1 Clay Mineralogy 5 
3.2 Past Work 

43 

Chapter 4, Analytical Techniques 

4,1 Atomic Absorption Spectrophotometry 46 

4.2 X Ray Diffraction 57 

4,3 Infra Red Spectroscopy 58 

Chapter 5. Adsorption Experiments; Methods and Results 

5.1 Sampling of Materials 59 

5.2 Experimental Design 61 

5.3 Experiments and Results 63 

Chapter 6. Analysis of the Rocks used for Adsorption Experiments 

6,1 Clay Minerals 158 

6.2 Coal Measures Rocks 158 

6.3 Rocks from the Area of the Mitco Site 159 

6.4 Betton Abbotts Site Rocks 160 

Chapter 7. Discussion 

7.1 Objectives 162 

7.2 Adsorption Experiments 162.) 

7,3 The Chemistry of the Adsorption of Metal Ions by 1c 

Clay Minerals 

7.4 Conclusions 182 

CONTENTS 

(iv)



Chapter 8. Additional Work 

8.1 Monitoring of the Mitco Borehole Liquid 
8.2 To assess the change in pH of an acidic 

solution in contact with Coal Measures shale 

8.3 Wlectron Spin Resonance 
Q 

Appendix 1. 

Appendix 2. 

Appendix 3. 

Appendix 4, 

Appendix 5. 

References 

List of Figures. 

8.4 Mossbauer Spectrophotometry 

Mitco Site Borehole Logs 

Betton Abbotts Site Auger Borehole Logs 

Results of the experimental work on the 
adsorption of metal ions fron solution 
by clay minerals 

The method for dissolving rock samples for 
analysis by atomic absorption 
spectrophotometry 

A.A. Analysis results for the rocks from 

the three disposal sites 

O
 
C
O
N
T
 
D
A
U
 
F
W
D
 

LO 

ae 
13 
14 
15 
16 
a7 
18 
19 
20 
PA: 
22 
23 
24 

25 
26 

28 
29 
30 

32 

(v) 

Page 

187 

191 
191 
192 

193 

197 

202 

254 

255 

256 

9a 

16 
18 
22 

eo 
25 
29 

31 
33 
37 
38 
38 
39 
Al 
4? 
50 

53 
65 
0 
85 
O1 

104 
116 
127 
145 
154 
169 
172 
174



List of Tables. 

L
O
 
C
O
N
N
 
D
V
I
 
F
W
D
 

(vi)



CHAPTER 1. INTRODUCTION 

1.1. The Nature and Volume of Industrial Waste 

Industry disposes of between 10 and 20 million tonnes of waste per 

annum, of which 7% is potentially hazardous, including 4% acid or 

caustic waste.! In the West Midlands an estimated 29 million gallons 

(132 million litres) of waste is disposed of to one facility each year.” 

Hazardous wastes include tar residues, organic solvents, alcohol 

wastes, chlorinated hydrocarbons, cyanide wastes, plating acids, and 

toxic metals.~ The exact composition of wastes is rarely known and 

wastes from several processes are commonly mixed for transportation. 

It is the spent acids resulting from plating processes, containing 

large quantities, up to 15%, of metal ions commonly iron, zinc, lead, 

copper, chromium nickel and cadmium, which will be studied in this work. 

1.2. Methods of Disposal 

The majority of both solid and liquid wastes are disposed of by 

tipping onto the land surface. Surface tipping often utilises natural 

or man made depressions, known as land fill sites. Apparently more 

attractive alternative methods include incineration and recycling, but 

in most instances the cost of these processes is prohibitive. | 

The possibility of recycling zinc and hydrochloric acid based on 

figures supplied by a West Midland disposal company has been 

deivbinbinnten © However, the mixed metal content of the majority of 

waste acids makes recovery uneconomic as a costly purification system 

would be necessary to separate the metals. 

Incineration may be the most suitable method of hotwting certain 

categories of waste. However, where both incineration or land fill 

methods are suitable, the latter will normally be used as the cost of 

incineration at approximately £20 per ton is far greater than that for 

land fill at approximately £3 per ton. Additionally there is the problem 

of complying with laws relating to pollution of the atmosphere, and the 
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disposal of the resulting solid residue, generally less toxic than the 

original effluent, but still present. 

Permanent safe storage in disused mines or other underground 

cavities is recommended in the Report on Disposal of Selid Toxic Wastes,” 

although the Institute of Chemical Engineers provisional Bode? states 

that "The working party feel a definite disquiet at the use of old mine 

workings and other underground cavities for the disvosal of wastes. It 

is thought no one could be prepared to guarantee the geological structure 

as being safe.'' Few geologically safe sites of this type exist, although 

5 a facility using a vault in crystalline rock in America has been reported” , 

and a West Midlan? company is at present using a disused mine shaft for 

disposal of liquid waste, into the old sub-surface workings. For a mine 

to be suitable for disposal it must be isolated from working collierys, 

have lateral and vertical seals to prevent movement of waste liquids from 

the mined area, be dry, ie there must not be water entering the workings 

from the overlying and surrounding strata, and there must be no 

possibility of the mine being reopened in the future. Ideally several 

seams should have been worked to allow the flow of wastes into the 

workings without a build up of air locks. 

In America: deep well injection methods have been developed, largely 

used for disposal of Qil Field Brines, The waste is pumped under pressure 

into fissured, permeable formations generally beneath ground water 

6.740% 
aquifer formations. This method, together with being very 

expensive, may lead to lubrication of underground fault systems, result- 

ing in earth movements, and the build up of pressure sufficient to force 

the waste back up the disposal well. 2929 

Deep sea disposal is used for a variety of wastes, including some 

radio active products. Again the cost of the method is high, and 

‘ 5 ‘ 11 Bek ios ‘ 
control is becoming stricter, as the dangers of indiscriminate dumping 

in the sea become apparent.



From this consideration of other methods, the preference for 

surface disposal may be understood. The greatest danger in surface 

tipping of toxic wastes is the possibility of polluting water supplies, 

pacticulariy unde: ground weler, by leakage of liquid waste ov movement of. 

soluble waste, from a tip. 

1.3. Legislation 
Until 1957 there was no legislation regarding the disposal of trade 

effluent, which was discharged to local authority sewers. The 1937 

Public Health (Drainage of Trade Premises) Act gave industry and local 

government rights in the matter, and liquid effluent was brought under 

stricter control by Part V of the Public Health Act 1961, by which the 

trader was obliged to inform the local authority of his intenticn to 

discharge an effluent to the sewers, and the local authority could consent 

conditionally, unconditionally, or refuse. Rivers are protected by the 

1951 and 1961 Rivers (Prevention of Pollution) Act, estuaries by the Clean 

Rivers (Nstuaries and Tidal Waters) Act 1960 and discharges into an aquifer 

by well, borehole, or pipe by the Water Resources Act 1963, Section 72. 

There was no equivalent legislation relating to solid toxic waste. 

The Public Health Act 1936 enables local authorities to take action to 

secure the abatement of "statutory nuisances’ which includes “any 

accumulation or disposal which is prejudicial to health or a nuisance’! eg a 

toxic waste tip. In addition the planning acts have to be satisfied 

before a tip can be established or extended. 

In 1972, the Deposit of Poisonous "Waste Act,** relating to both solid 

and liquid wastes was passed, which prohibits the depositing of poisonous 

and other dangerous waste on the land where it is liable to give rise to 

an environmental hazard. Since this act, all wastes have to be notified 

to the local authority and river authority in the area from which the 

waste is removed, and the area in which the waste is deposited, stating 

the volume, nature and chenicel composition, and destination of the waste. 

3.



Contravention of the act can result in a fine of up to £400 or 5 years 

imprisonment. 

The most recent legislation on the deposit of poisonous wastes is the 

Pe Nee N eb 
Contro®. of Palluticr Act €2.57%"), schich, when it is implenented will repeal 

the Deposit of Poisonous Waste Act 1972. This is a more comprehensive Act 

to ‘make further provision with respect to waste disposal, water pollution, 

noise, atmospheric pollution, and public health; and for purposes connected 

with the matters aforesaid.'' Under the Act local authorities will be 

required to prepare and revise waste disposal plans in consultation with 

the water authority in the area, and all tips must be licensed with the 

agreement of both the local authority and river authority, unlicensed 

tips being prohibited. Companies must, es uncer the Deposit of Poisonous 

Waste Act, 1972, give notice of tipping to the river authority which may 

give its consent subject to very stringent conditions ss to the rate of 

discharge, the temperature, monitoring and recording cf these factors, 

and to the prevention of the discharge from polluting underground water. 

The Act also gives the Secretary of State the right to prohibit or 

restrict importation of any substance which they consider will cause 

damage to persons, animals or plants, or pollution of air, water or land. 

The Deposit of Poisonous ‘laste Act has improved the standard of tip 

operation and had led to more research into the suitability of sites as 

disposal facilities. Introducticn of the Control of Pollution Act will 

further improve the standards, with the greater control that will be 

exercised over the suitability and operation of sites. 

1.4. Previous Work 
Until the puvlication of the government report by the Ministry of 

Housing and Local Government on ‘Disposal of Solid Toxic Wastes" in 1970, 

little research had been carried out, either privately or by government 

hodies, to evaluate the risks of toxic waste disposal sites, although 

some research has been carried out on the movement of contaminants from 

by



Yefuse disposal sites. In 1961 the Ministry of Housing and Local 

Government published a report on “Pollution of Water by Tipped Refuse’ 

and during the 1960's several surveys were carried out in the United 

States into the movemeni c. iecachates from refuse disposal sites, torts) 

The Report on the Lisposal of Solid Toxic “astes provides a fairly 

comprehensive study of the problems involved. The report reviews the 

various methods of dispesal and concludes that tipping is the most 

economically favourable method, but concludes that safety must be paid 

for. ‘The report states that the ideal condition of totally preventing 

drinking or river water from ever containing any waste extract is 

impractical, and suggests means of protecting water sources and a study 

of disposal by tipping, this method being the cheapest and most 

popular, and likely to go on for many years. 

The reports recomnendations for operating methods to reduce 

pollution include the consolidation and covering of waste by a clay 

umbrella to prevent percolation of rainfall through the waste, use of 

tips which have not caused pollution, such as houschold refuse tips, 

the reduction of volume of waste by reclamation, destruction of toxity 

before dumping, anc dispersion, as Lin as there is no possibility of 

re-concentration. 

The report recommends that specialist methods such as incineration, 

and permanent safe storage in deep underground caverns, should be 

reserved for the most toxic waste. To efficiently dispose of waste, it 

is suggested that all detailed decisions on the use of a site be left to 

a specialist, sufficiently concerned with other methods of disposal, to make 

use of these if tipping is not suitable. 

The report summarises the travel of pollutants from tipping sites 

to groundwater sources and recommends ways of reducing the dangers, by 

reducing the volume of water which may pass through the waste, the amount — 

of waste going into solution being dependent on the volume of water 
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Seniniing through the waste. The siting of tips to allow slow movement of 

the waste through a maze of voids and small capillaries in a permeable rock, 

gives an opportunity for adsorption or destruction of toxic matter, which 

again reinses the danger tc groundwater, while passage through fissured 

rock is rapid and allows no time for reaction. Dilution when the pollutant 

reaches an aquifer and further dilution at a pumping station, also reduce 

the potential danger of the waste. 

With these considerations for improving the safe disposal by tipping, 

and accepting that tipping will continue as the most popular form of 

disposal, the report recommended a study of disposal by tipping, and its 

effects. A study of tips which have existed for a long time, and have been 

safe in the sense that water sources have not been affected by them, to 

determine whether such effects will occur in the future, is recommended, 

together with monitoring boreholes 10, 50, 250 and 1000 yards from the 

boundary of tips to give an early warning of pdllution. The report athe 

that information may stow self purification during the early stages of tip 

operation indicating that the site is safer than expected and that its use 

could be extended. 

Consequently, a survey of 2,494 tips in #ngland and Wales was begun by 

the Institute of Geological Sciences in 1971. A desk study indicated that 

only 51 of the sites represent a serious pollution risk to major or minor 

aquifers. River authorities have classified!® 80 sites as being unaccept- 

able for future use, out of 714 locations they have examined. The Department 

of the Environment is at present financing a research programme into the 

movement Of. leachates from landfill sites, which will probably lead to 

recommendations on the selection of sites for disposal of various types of 

waste. 

In March 1972, the Second Report of the Royal Commission on 

Environmental Pollution was published which states that “The Report on the 

Disposal of Solid Toxic Wastes" understated the problem, and predicts an 

6.



absolute increase and greater diversity of wastes, Figures for tipping 

quoted 1,186 premises surveyed produce 202,000 tons per year of 

indisputably toxic waste, 429,000 tons per year of acid or toxic waste, 

ana 129,000 tons per year of flammable weste of which 96%, 72% and 82% 

respectively are tipped. 

In a paper by D. A. Gray, J. D. Mather and I, B, deenaapet guidlines 

for future selection of landfill sites were laid down. In selecting sites, 

the lithology of the strata, and the position and gradient of the water 

table, the level below which the rocks are saturated, are particularly 

studied. The greatest protection to groundwater is afforded by clays and 

shales which have a permeability of 107° to 107° mma sec on the least 

protection by rocks through which water movement is by fissure flow or 

solution cavities, when permeability may be orders of magnitude higher 

than through intergranular formations. Slow movement of leachates through 

rocks gives an opportunity for decontamination by the biological, physical 

and chemical barriers, described in the "Deposit of Solid Toxic Waste’! 

report. The biological barrier near the surface allows breakdown of 

organic matter, the physical barrier filters the water as it percolates 

slowly to the water table, and the chemical barrier of base exchange 

capacity holds back certain ions. 

The presence and position of 2 water table determines whether the site 

is wet or dry (below or above the water table respectively), and the 

thickness of the unsaturated material underlying the site. The hydraulic 

gradient determines the direction and velocity of leachates when they have 

reached the water table. 

A further consideration is the choice of policy; either “concentrate 

and contain or ‘dilute and disperse''. The authors of the paper favour 

the latter when recycling and recovery is not possible, and where 

permanently toxic checmicals are not involved. The ideal lendfill site, 

they say, will allow leachates to move from the landfill site at such a 

7.



rate that natural chemical and biological processes, adsorption and 

dilution, will render leachates innocuous by the time they reach ground- 

water abstraction zones. 

With these considerations, the authors suggest a classification of 

wastes with specificationsfor sites suitable for each category of waste. 

Category I wastes, with potential to cause groundwater pollution, 

including industrial liquids, sludges, soluble solids, and oily wastes, 

should be disposed of to’a site underlain by at least 15m. of impermeable 

strata, and at least 2 km (17 miles) from a groundwater abstraction point 

using the water either directly or indirectly for domestic consumption or 

processing of food. 

Category II wastes include those havine the potential to cause 

groundwater pollution not because of any specific toxicity they possess 

but by increasing the concentration of organic or inorganic substances to 

a level sufficient t render groundwater non potable eg house and trade 

refuse. Leachate from these wastes degrade during passage through the 

rock strat by adsorption of inorganic components and biological 

degradation Of organic components. Thus a dry site, or at least 15 m of 

stratawith intergranular groundwater flow, and situated at least 0.8 km 

(3 mile) away from water supply sources is recommended eg excavations in 

poorly permeable silts and fine sand or sandstone. 

Category III wastes are solid and inert, such as construction and 

demolition wastes which present no risk to groundwater, and may be tipped 

without any specific hydrogeological requirements for the site. 

It is suggested by D. A. Gray et 2126 » that Category I wastes, which 

includes the metal contaninated acids dealt with in this work, may be 

tipped in existing sites, if modified by lining with impermeable material 

such as clay, soil cement, plastic etc, and covering with clay when 

finished to prevent the formation of a leachate by percolation of. rain 

water, although resettlement of the landfill may result in thebreaking of 

8.



the cover. Alternatively leachates could be collected from the base of 

a landfill, although these would still have to be finally disposed of. 

The authors also suggest that areas of limited water resources may be set 

aside for landfill, accepting that the groundwater would be polluted and 

excluded as a source of supply. 

H. Le Giana ldcucrihes a quantitative system for evaluation of the 

contaminetion potential of waste disposal sites, for use with 

contaminants which attenwte or decrease in toxicity with time, or by 

oxidation, chemical or physical sorption, and dilution through dispersion. 

Numerical. values from 1 to 10 are decided on for five factors; depth to 

the water table, sorption, permeability, water table gradient, and 

distance to a point of water abstraction. The values for the factors are 

totalled to give an indication of the suitability of the site, low values 

indicating = less suitable site and high values indicating a more suitable 

pite. . (Fig 1). 

The cleaning of effluents during their passage through the ground 

has been observed and reported 18,19,20. 

Biological explanations of this effect have been given, 20,21, 

together with more comprehensive views of the various reactions occurring 

22,2324 E. J. Mesu 22 during passage of effluent through the ground. 

gives five reasons for the leck of groundwater polution caused by waste 

tips; dilution in the groundwater dispersion and diffusion, filtration 

of solid components by soil, the adsorption, filtration of clay and 

humus, and precipitation, in the insoluble form, of the contaminating 

components.
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1.5 Aims of the Present Work 

With the introduction of the Deposit of Poisonous Wastes Act 1972, 

waste producing companies were compelled to reconsider their disposal 

methods. When the Control of Pollution Act becomes law even more 

stringent controls will apply. Some companies are already financing 

research into the movement of contaminants from tipping sites, and it is 

likely that further investigations will take place to determine the most 

efficient way to utilise sites which comply with the new controls. 

All disposal sites differ in their geological environment and the 

lithology of the rocks in the sites. As only a limited number of sites 

could be investigated during the work, laboratory experiments were 

devised, the results of which would be more generally applicable. Such 

experiments are possible as, although the sites are unique, some types 

of effluent are common to many sites. 

Problems specific to the sites dealt with relate to the geoglogical . 

environment, and determine the suitability of the site as a disposal 

facility. 

More general results are obtained from the laboratory experiments 

which are concerned with the reactions of effluents with materials with 

which they come into contact. Although effluents vary greatly in 

composition, they have some common characteristics. Solids and oils in 

the effluent will generally be retained by the medium through which the 

effluent flows, in many cases the rocks around a disposal site, while 

the less viscous liquids with dissolved species will travel further. 

It is the dissolved species which are the greatest danger to groundwater 

sources as they may travel long distances to underground and surfsce 

water sources. 

Thus, dissolved species were chosen for investigation, and metal 

ions selected as they are very common toxic components of effluents, and 

are readily detectable by atomic adsorption spectrophotometry. 
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The adsorption of metal icns by cloy minerals in soils has been 

observed and it seemed likely that there would be a cleaning effect if 

metal ion contaminated liquids from disposal sites travelled through 

rocks containing clay minerals. This work was undertaken to determine 

whether adsorption effects could be observed under conditions likely to 

apply in a waste disposal situation. The conditions of all laboratory 

experinents were dictated by real situations, although simplifications 

were made to restrict the number of variables in early experiments. 

ll.



Th i Y CHAPTWR 2. 
ee a en cameerewnne a 

THE GEOLOGY AND OPERATION OF TEDSE DISPOSAL SITES 
    

2.1 Site Selection 

Three sites, covering a range of geological environments and modes 

of operation, were investigated. The variation in geology of the sites 

allows comparison of the reactions of the effluents with a variety of 

materials. The range of geological environments, and disposal 

techniques, illustrate the degree of protection of the environment 

afforded by different situations. 

The first site is a disused mineshaft at Walsali Wood, Staffordshire, 

into which liguid wastes are disposed under gravity. The facility is 

effectively sealed laterally and vertically by very low permeability 

material which prevents movement of the wastes from the area of the 

mine, which could result in contamination of ground or surface water. 

The rocks in contact with the effluents are carbonacecus shales ana 

sandstones of the Middle Coal Measures. ‘Jastes deposited comprise 

mainly acids with a pH of less than 1. ‘These are predominantly 

sulphuric acid, with smaller quantities of nitric acid and hydrochloric 

acid. Some organic chemicols, mainly oil contaminated water, are also 

deposited at this site. 

The second site is a disused brick pit near Aldridge, Staffordshire. 

The rocks are mudstones, with somc sand and pebble interlayers, of the 

Btruria Mari Series, Upper Coal Measures. Neutrai metal-bearing 

liquids, together with solid household and industrial wastes are tipned 

at the site. Surface water and the nearby working brick pits have to 

be protected from contamination. 

The third site, at Betton Abbotts Farm, near Shrewsbury, is a 

naturel surface depression lined with cley-rich glacial materials, 

overlying glacially derived sands, which in turn overly ea red .sand- 

stone bedrock. The site is to be used for the disposal of neutralised 

l2.



metal bearing sludges, dry factory wastes, and household refuse. 

Provection of the water in the sandstone bedrock, which may be exploited 

as a water source in the future, is afforded by the high clay content of 

the site lining and the presence of unsaturated sands above it. 

2.c Walsall Wood Site 

2.201. Description. ‘the facility is located at Brownhills, Grid 

  

Reference 4050 3041, in the centre of the West Midlands industrial 

connurbation. The ‘jalsali Wood mine is situated in a down faulted 

block of the South Staffordshire coal field (Fig 2). Mining ceased in 

1964 and the No 1 shaft has been used as a disposal facility since 1965 

under a consent issued by the Trent River Authority in accordance with 

Section 72 if the Water Resources Act 1963. Under the consent the work- 

ings may be filled to a depth of 500 ft (150 metres) below ordnance 

datum. The 1700 ft (500 metres) shaft has been reinforced with concrete 

to a depth of 200 ft (60 metres) and capped by an 84 inch thick concrete 

slab over reinforced concrete beams. Originally the shaft was filled 

with colliery tailings to a depth of 650 ft (195 metres) below ordnance 

datum, in an attempt to make the effluent flow into the workings of the 

upper seams and percolate down to the other seams. After a short period 

of tipping this fill became unstable, due to saturation and slumped into 

the lower roadways. 

2.2.2. Disposal Technique. ‘Vaste liquids are pumped from tankers 

to a discharge tunnel which opens into the No 1 shaft 15 ft (5 metres) 

below the surface. Fffluent flows under gravity through polypropylene 

pipes down the inside of the shaft to a depth of 410 ft (2 metres). 

The liguid then falls under gravity to the bottom of the shaft, and drains 

northwards into the rondways and broken ground which has resulted from 

subsidence after mining. 

Void space is available in the mined seams which yaried in thickness 

from 3 ft (0.9 metres) to 8 ft (2.55 metres). Access to the void space 

13.



OOo   
oOo 

FG. 2 

GENERAL GEOLOGY OF THE WALSALL 

AREA 

Pe i : a= 

   
a 

i 
Bunter Triassic 

Hampstead Keele & 

Halesowen Groups U.C. M. 

[]€truria Marl Group UC.M 

Middle Coal Measures M.C.M. 

Wenlock Shale & < Silurian 
Limestone 

WOOD 

 



in the workings is via the shaft and roadways, and it is presumed that 

the liquids will move from one seam to another gradually filling the whole 

facility. It is difficult to estimete the volume of void space available 

for the effluent and a value of 10% of the volume removed by mining is 

taken as the void space, though this may not all be available. This 

volume could contain approximately 350 to 7.75 x 10° gallons (1.6 to 1.7 

x 10° metres”) in the mined area, and an additional 10 x 10° gellons 

(4.5 x 104 metres”) in the roadways. Relatively rapid access to this 

void space would be available as long as the roadways remained open, 

after which access would be slower, and dependent on movement through 

broken and collapsed materials. 

The worked areas of the Walsall Wood Colliery are connected with 

those of the disused Aldridge Colliery to the south, through the Botton 

Robins and Shallow seams (Fig 3). This additicnal spece is not available 

for use as it is up dip from Walsall Wood, and the majority of the 

Aldridge workings are above the level permitted by the disposal consent. 

At the end of the life of the mine as a disposal facility the consent 

requires that the shaft is sealed at the -500 O.D. level, and filled to 

the top with shale and rock wastes. ‘The majority of wastes disposed are 

acids, with a pH less than 1, heavily contaminated with metal ions. 

Approximately 70% of the acids are sulphuric, with nitric and hydrochloric 

acids making up the rest, though small quantities of hydrofluoric acid 

are also accepted. The metals include iron, copper, zinc, chromium, 

nickel, lead, and cadmium, in varying quantities and combinations. Tron 

may constitute up to 15%, wine up to 8% and chromium up to 5% of some 

loads. Cadmium is present in smaller quantities, rarely exceeding 50 ppm. 

Organic wastes, containing up to 300 ppm phenols, and Oily wastes are aiso 

disposed, but solvents with low flash points are not accepted as they 

present an explosion hazard. 

15.



WALSALL WOOD No2 SHAFT 

FIG. 3 

SECTION 
  

  

Surface Level 

7 Sandstone 

Boa 

——— eae 120 - 

180 ; 

Sandstone 

pe eee 240 4.:: 

Mil Mudstone 

300; hiboce so: 

Sandstone 

360 4-.: fe ee 

A20Ahe2s- = 

4680 - 

§ 40-4 

600 - oe 

660 + 

720 7 

780 + 

840-             9OO4IIII - ---- 

  
V
i
d
n
d
l
g
s
 

S
3
h
U
s
a
s
 

A
Y
v
V
w
 

  

Seatearth 
  Coal 
  

    

1200 

1260 

1320 

1380 

1440 

1500 

1560 

1620 

1680 

(740 

  

  
Bottom Robins 
Wyrley Yard 

8’ On 

4° 5” 

CGharles: 3767 

Brooch. 3° 

Yard «4° 

Bass 6 10” 

  

A
V
O
D
 

3 
1
G
0
I
W
 

S
S
Y
N
S
V
A
N
 

 



The approximate volume of liquid waste entering the mine is 

ie 99x 10? m° per annum, which gives an estimated life of |8 years for 

the disposal facility if the total void space can be filled. 

Rerei Geology. The down faulted block in which the mine is 

situated is separated from the main part of the South Steffordshire 

Coalfield by two major PreTrdassic Faults (Figs 2% 4). The Clayhanger 

Fault in the west has a downthrow of approximately 1800 ft (540 metres) 

to the east, and the eastern fault (Vigo) has a downthrow of more than 

2,000 ft (600 metres) to the west. The geolozical succession in the 

fault block is illustrated by the section for the No 1 shaft given in 

Figure 3. 

The rocks of the Middle Coal Measures in this area consist of 

approximately 70% black carbonaceous shales, some of which contain 

ironstone nodules, 20° seatearths (fossilised plant root and soil 

material) and coal, and 10% lighter-coloured medium grained sandstone. 

The rocks form a shallow synclinal structure with a northerly trending 

axis. Two series of smaller faults cross the area, one series with a 

northerly trend and the other with a north easterly trend. The location 

of these faults is shown on the 1:10560 scale Geological Survey Maps 

SK OO SW and SK OO SE. 

Nine coal seams were worked at the colliery shown on the shaft 

section (Fig 3) and below. 

Depth Thickness 
ft (metres) ft (metres) 

Bottom Robins Scam 1270 (381) 8.5 (2.55) 

Wyreley Yerd Seam 1285 (385) 4.5 (1.35) 

Charles Seam 1320 (396) 3.54 (205) 

Brooch Seams 1375 (412) 3.0 (0.9) 

Bight Foot Sean 1425 (427) 3.75 (2.03) 

Yard Seam 1625 (487) #3022 (2) 

17.
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Depth Thickness 
ft (metres) ft (cetres) 

Bass Seam 1650 (495) 6.75 (2.05) 

Shallow Seam 1698 (509) 5 (2.45) 

Deep Seam 1753 (523) 6.75 (2.05) 

The small coal seams, shown on the section, were not worked. Below the 

Deep Seam are a further approximately 200 ft (60 metres) of Middle Coal 

Measures rocks which unconformably overly Sihmian limestones and shales 

at a depth of 1,920 ft (576 metres) in the No 1 shaft. Rocks of the 

Etruria Marl Series of the Upper Coal Measures overly the coal bearing 

strata. They consist of an alternating sequence of red mudstones and 

sandstones (Fig 3 ). Mudstone constitutes about 70% of this sequence, 

and one 500 ft (150 metres) thick mudstone layer directly overlies the 

Middle Coal Measures rocks. 

2.2.4. Environmental Protection. The main requirements for a 

safe cisposal site are the protection of ground and surface waters, and 

the prevention of injury to animals and xeople. 

The site at Walsall Wood is considered to exceptionally safe becavse 

the down faulted block, containing the workings into which the effluent 

Crains, is a sealed unit. Leteral seals are provided by the two faults 

which contain a considerable thickness of low permeability, clay-rich, 

material. An exploratory tunnel, from the Shallow Coal Seam in the 

Walsall ‘ood Colliery, into the Vigo fault zone revealed e zone of 

shattered shale end clay material 250 yards (225 metres) wide. A tunnel 

from the Deep Seam, in the Aldriige Collicry, locnted south of, end 

interconn«cting with Walsall Wood Colliery, revealed a zone of disturbance 

: 2h of at least 1,200 yards (1080 metres) across the fault. 

Vertical sealing is provided by the Middle Coal Measures sequence 

of black shales and sandstone which has a low permeability and is 

present both above and below the mined areas. The thick mudstones of the 

Etruria Marl Series provide a further protective seel. 
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The possibility of coutamination of water sources is considered to 

be minimal because the mine workings containing the effluent, are well 

below any water sources and the zone of groundwater circulation. 

2.2.5- Discussion. ‘The main problem in operating the mine as a 

disposal facility is the possibility of blockages forming in the workings, 

slowing or preventing drainage of the effluent. 

During its working life the mine was subject to floor heave, ie the 

clay rich layers moved plastically when the confining pressure was 

removed, causing the floors of the rogdways to contort. This movement 

of the rocks made constant maintenance of the roadways necessary during 

the working life of the mine, end may contribute to the blocking of the 

roadways. Access to the void space would then depend on intergranular 

and fissure flow in broken rock material. The rcadways in the bottom 

seam are probably largely blocked by the slumped mine tailings which were 

used to fill the shaft prior to commencement of disposal. 

Intergranular flow, in well cemented fine grained rocks of the 

Middle Coal Measures tyne, is likely to be very low, and will be further 

reduced by swelling of clay minerals due to saturation by the liquid 

effluent. Fissure flow will be hampered by deposition of solids from the 

effluents in the intergranular spaces and openings between fragments in 

the colinpsed material. Movement of the effluent is helped by the number 

of seams worked,as interconnecting pessageways between the seams will 

uelp to prevent the build up cf nir locks in the system. 

Coal mines commonly make water from the enclosing strata, consequently, 

when mining ceases and the shafts are filled, the workings tend to fill 

with water. At Wallsall Wood very little water entered the mine workings 

from the Middle Coal Measures. ‘The only water entering the mine originated 

from gravelly layers in the drift and sandstones in the upper part of the 

Etruria Marl Series, This water was piped to a pumping station and returned 

to the surface, and the system is being continued to prevent the water 

taking up space in the workings. 
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2.3 Mitco Tip 

2.3.1. Description. This site is an old brick pit in the Etruria 

Marl Series of the Upper Coal Measures. It is situated south of Walsall 

Wood in the down dropped fault block of the South Staffordshire Coalfield 

(Fig 2). 

The quarry is one of nine in the area (Fig 5); three are still 

worked; two are flooded, two are overgrown and the other one is used 

as a solid refuse tip. The site, close to the filled shafts of the old 

Aleridge Colliery, is used for disposal of both solid and liquid wastes. 

(eas PE Disposal Technique. The site is a lagoon into which both 

liquid and solid wastes are disposed. Solid wastes are tipped at the 

southern end of the site, and liquid wastes are also discharged there 

from tatiedea 

The liquids discharged are most commonly, neutral to alkaline in 

nature, and contain small quantities of metal ions. The majority of the 

metal ions precipitate as the metal hydroxides as the pH of the liquid 

in the site is constantly above 6. The solids tipped are generally inert 

wastes which serve to soak up some of the liquids. Liquids are removed, 

at the northern end of the site, and are discharged into the mine shaft 

at Walsall Wood to prevent the liquid level from rising too high. 

2e5e5- Geology. The Etruria Marl Series has a thickness of 

approximately 150 metres in this area. These rocks consist predomin- 

antly of red to purple mudstones with thin, sheetwash, sandstones 

which commonly grade laterally into gravelly, conglomeratic rocks 

with a clay matrix known as “espleys''. A typical sequence is exposed 

in the quarry face at Aldridge Brixancole No 2 quarry (Fig 6). 

The mudstones occur as massive units, up to 8 metres thick, with 

some coarser beds forming 5% of the rock. ‘The coarser beds are poorly 

sorted, and consist mainly of clay sized materials, with some round 

quartz grains up to 0.5 mm in diameter. The esplcys are poorly sorted, 

el.
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Sandy and pebbly unconsolidated layer of 

yellow weathered, Glacial deposits 

Weathered red mudstone 

Massive, well cemented, medium-grained, sandstone beds 
interlayered with some fine-grained, flagegy, 
micaceous layers 

Unexposed slope with small exposures of 
red mudstone 

Coarse sandstone well cemented with carbonate grading 
downwards into a fine-grained, thinly layered, 
micaceous sandstone 

Massive red mudstone 
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grey-green sandstone 

Base of Quarry 

Stratigraphic sequence in the north face of Aldridge Brixancole 

Quarry No.2 

23



with fragments ranging from clay size to subangular pe»bles over 10 em 

in diameter. They are well cemented with carbonate though a clay mineral © 

cement is also common. The esley units vary in thickness up to 1 metre, 

and have no evident bedding. The fine grained sandstones, with fragments 

less than 0.2 mm in diameter, are made up of thinly bedded layers (1 to 

2 ma thick) with a clay matrix, combined to form lithological units up 

to 50 cm thick. The sandstone units and conglomerate (espley) units 

comprise between 40 and 60% of the sequence. Fissuring in the form of 

small faults and joints, is common in the more competent sandstones, 

though the fissures are widely spaced and are commonly clay filled. 

Cores from two boreholes, only 300 metres apart (Appendix 1 Fig 7) 

allow no ready correlation which indicates that the sandstone and 

conglomerate layers have a lensoid nature. 

Overlying the Etruria Marl Series are between 3 and 10 metres of 

superficial deposits of glacial sands and gravels, containing clay 

minerals. 

2.3.4. Environmental Protection. There are two major problems 
  

with sites of the Mitco type. Firstly the physical nature or the site, 

in that it is a lagoon, is an environmental hazard. Secondly, the 

geological environment gives rise to a sealed basin from which liquids 

tipped cannot escape. The site is not isolated, as in the case of the 

mine shaft facility, and, although there are no groundwater sources in 

the area, the surrounding brick pits must be protected from pollution 

as water collecting in them is pwaped directly into the surface water 

system. The nine quarries in the area were surveyed to determine the 

source of water in each one, and to detect any flow between them. In 

all cases, water was found to be from surface run off, leakage from 

the nearby canal (Fig 5), and flow through the glacial drift. 

Any possible movement of liquids from this site will be by inter- 

granular flow in the more coarsly grained sandstone and conglomerate 

24,
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units, or through fissures in these rocks. Permeability tests on the rocks, 

carried out during drilling of the monitoring boreholes round the site, 

indicate a permeability of approximately 107" mm sec *, Horizontal flow 

over large areas is inhibited by the lenticular nature of the coarse 

grained units, and intergranular flow will be reduced by the large 

quantities of clay and carbonate cement. Joint planes in the sandstone 

units, seen in the borehole cores, are covered with clay grade materials 

which will probably inhibit flow. 

The underlying rocks were probably fractured by mining subsidence, 

but such fractures are likely to have resealed with clay materials. The 

only water movement evident in these units is along the bedding planes cf 

some of the coarser units. 

Protection of the more permeable lithological units is afforded by 

degraded mudstone which covers the faces of Mitco Tip preventing direct 

contact of the rock units with the liquid in the site. 

2.3.5. Discussion. The surrounding brick pits are largely protected 

from contamination from Mitco tip by the degraded mudstone cover and the 

lithology of the enclosing rocks. 

However, quarrying in the Aldridge Brixancole No 2 pit could cause 

stress relief on the north face of Mitco Tip, which may result in 

fracturing of the bedrock beneath Coppice Lane (Fig 5). Care must be 

taken to prevent the water table in these rocks rising as they dip in a 

northerly direction and any instability may result in movement of the 

rocks founitts the brick pit. 

At the end of the working life of the tip all liquids should ideally 

be removed, by soaking up with solid waste, removal to another site, or 

by treatment to make them suitable for disposal to the local sewers. 

The site should then be clay capped and landscaped to prevent run off 

water moving into the seturated tipped materials and forcing contaminants 

out into the surface water system. 
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2.4. Betton Abbotts Farm Site 

2.4.1. The site is a natural, clay lined, depression situated in a 

rural area south east of Shrewsbury, Grid Ref 541082. prior to 

development as a waste disposal site it was a peat bog with no agricul- 

tural value. The site covers approximately 10 acres, with a minimum 

depth of 20 m and steep sides, except at the eastern end where the ground 

slopes more gradually. 

2.42. Disposal Technique. To increase the space available, the 

site is to be drained and the peat deposits removed. Run off water from 

the surrounding area will be collected in drainage trenches constructed 

around the perimeter and pumped, or diverted, into the surface drainage 

system. 

To facilitate immediate use of the site it is being divided into four 

areas (Fig 8) which are to be dewatered, and have the peat removed in 

turn. The first part to be developed is at the western end of the site. 

To separate this area a bund wall of clay was constructed anchored into 

the clay lining which is close to the surface at the eastern end of the 

area (Fig 8). Metal bearing sludges are being disposed of in this area. 

The technique used is to allow liquids to seep through three beds of sand 

in turn, in order to remove the heavy metals by reaction with clay minerals 

leaving a liquid suitable for disposal to the surface drains. When the 

sand becomes heavily contaminated, and is no longer an effective filter, 

it is to be excavated and encapsulated in one of the clay lined areas of 

the site. Fresh sand from pits on the north side of the site will be used 

to replace it and the system restarted. 

Before use, the other areas will be drained, and the peat removed, 

in order to prove the extent of the clay lining and to increase the volume 

available for tipping. 

As each area is filled it will be covered with a 2 metre thick layer 

of clay, overlapping the sides, and landscaped to prevent run off water 
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entering the tipped materials. Water in boreholes around the site (Fig 8) 

will be monitored during the life of the facility, and for some years 

afterwards, to detect any movement of contaminants from the site. It is 

proposed to sink pipes in the middle of the site to sample the leachate 

and determine changes in the chemical nature of the liquids present. 

2.4.3. Geology. The site is a glacial kettle hole, containing peat 

deposits up to 10 metres, in glacial drift deposits overlying red sandsto2¢ 

Details of the site geology were revealed by 19 auger holes, drilled to 

a depth of 10 metres, in and around the site (Fig/0O). 

The site is lined by strutureless plastic grey-green clay of variable 

thickness which is over 2 metres thick near the centre of the site. The 

clay dips beneath grey, sandy material, up to 10 metres thick, at the 

eastern and western ends of the site. The grey sandy material contains 

considerable quantities of clay with some organic material (Fig 9). 

From the numerous excavations and auge: holes around the site, the base 

of the depression was found to be very irregular and complex in shape 

(Appendix 2, Fig 10). 

Underlying the grey clays ané sands are heterogeneous deposits of 

red till. ‘These vary in thickness from approximately 2 metres on the 

northern edge of the site to well over 10 metres on the southern side. 

At the western edge of the site the grey sandy clays directly overly 

the red till deposits indicating that the grey clay does not extend to 

that edge of the site. 

Underlying the red till are uncemented red sands, in places 

containing glacially derived gravels. These sands are probably glacially 

derived, and are thought to represent reworked material from the under- 

lying red sandstone bedrock, 

The bedrock consists of well-sorted, red fine-grained, quartz 

sandstones of probably Triassic, and possibly Bunter Age. The nature of the 

sandstone was ¢éetermined from cores produced from the three monitoring 

boreholes drilled around the site (Fig 8). 
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2.4.4. Environmental Protection. ‘The major considerations for this 
  

site are the protection of surface and groundwater. The Bunter Sandstone, 

although undeveloped as an aquifer in this area, is a major aquifer else- 

where, and could be developed in this area in the future. However, water 

is taken from other strata in the area, the nearest abstraction point 

being only 1348 metres away from the site, (Fig 11, Table 1) giving a 

relatively short time for dilution or breakdown of long lived contaminants 

should they escape through the base of the site. 

Protection of the aquifer is afforded by two geclogical factors; 

the clay lining of the site, and an aerated zone below the site and above 

the aquifer. The aerated zone was found to be at least 15 metres thick, 

and suggests that the water in the site is perched, and has no contact 

with the aquifer in the underlying bedrock. 

Two LO metre boreholes have been completed and a third is in progress. 

A further borshole previously drilled by another company and indicated 

as RP (Fig 8), was redrilled tc a depth of LO metres, to prove the water 

table. ‘The presence of the main water table is at a depth of approximately 

30 metres. ‘The water table is almost horizontal though a northerly dip 

is indicated from survey data. Monitoring of the water table in the bore- 

holes showed that the level varied with barometric pressure suggesting 

that some of the sandstone layers above the water table are acting as 

aquitards. 

Thus, the water in the site is confined, presumably by the grey 

plastic clay lining, although this lining is thin compared with the 

recommended 15 metres quoted by Gray et al 16 for disposal of wastes of 

extreme toxicity. 

Further evidence that the water is confined is afforded by the 

relationship between the site and Betton Pool (Fig 8). The latter is a 

water filled depression lyiag west of the site, with a surface level 3 

metres above that of the water in the site. There is no movement of the 
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water from the pool, down the hydraulic gradient to the Betton Abbotts 

site suggesting that the two depressions are separated by a waterproof 

barrier. 

Liquids entering the site are. ‘Sherefore, likely to be confined by 

the grey clays and clay rich sands which affords protection for the 

underlying aquifer. Although some movement of liquids through the lining 

may occur, this will be very slow and in small quantities. Such leakage 

would be diluted and probably cleaned by reaction with the clay minerals 

in the rocks and glacial materials through which it would pass. Final 

covering of the site with a clay umbrella, landscaped to direct run off 

away from the site, would complete the seal and ensure that there was 

no movement of waste liquids or leachates into the surrounding rocks or 

water courses.



  

INTRODUCTION TO EXPERIMNTAL WORK 
oe a   

3.1 Clay Mineralogy 

Tc investigate the reactions likely to occur in disnosal sites, 

4 ¥ the properties of the rocks composing the site must be understood. 

In the particular case of the removal of metel ions, “t is the 

properties of the clay minerals in the rocks which are important. 

aa Clay minerals commonly found in sedimentary rocks include 

kaolinite, illite, chlorite, montmorillonite, and mixed layer clays. 

Montmorillonite and kaolinite are used in this work as they were 

readily available in large quantities in their pure form. 

Bach clay mineral is composed of two basic units which may extend 

indefinitely in two dimensions, and have a finite thickness in the 

third dimension, to form the tetrahedral or silica sheet, and the 

octahedral or alumina sheet. (Fig 12). Kaolinite is a two layer clay 

mineral consisting of one tetrahedral sheet and one octahedral sheet. 

(Fig 13). The mineral is not expansible as the sheets are firmly 

held together by the electrostatic attraction of the oxygen atoms 
a 

between them./ Montmofillonite is a three layer clay mineral consist- 
—— 

ing of an octahedral layer between two tetrahedral layers (Fig 14). 

Bonds between the sheets are weak, allowing polar inslecules to enter 

> bg 2 . 3+ wae 
and expand the structure. Substitution of Ai fors5a. in the 

bes ; e+ e+ : ‘ 
tetranedral layer, and of Mg” or Fe for Al in the octahedral 

iayer gives rise to a charge deficiency compensated by the presence 

ig ; ge + e+ 2+ : 
of inorganic cations, Na’, Ca’ and Mg”, knowa as exchangeable 

cations on the surface, Tllite is also a three layer clay mineral, 

but the charge deficiency in the tetrahedral layer is comgeusated by 

potassium ions which lie between the unit layers binding them 

ct
 together and preventing expansion (Fig 15). cnlorite consists of 

alternate illite luyers (2 tetrahedral sheets + octahedral sheet) 

36.



  

Qand “) Hydroxyls ©) Aluminiums magnesiums etc. 

FIG.I2A. Diagrammatic sketch showing (a) single octahedral 
  

unit and (b) sheet structure of the octahedral units 

  

Oand@) Oxygens Oand@. Silicons 

FIG. 128 Diagrammatic sketch showingla) single silica 

tetrahedron and (b) sheet structure of silica tetrahedrons 

arranged in an hexagonal network (After Grim, 1962) 

  

 



6 OH 
Hydrogen bond 

      
    

       

60 

A 4Si 
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FIG. 13. Diagrammatic sketch of the structure of 

Kaolinite (After Grim, 1962). 
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FIG. 14 Diagrammatic sketch of the structure _ of 

Montmorillonite (After Grim, 1962 ) 38
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FIG. 15 

Diagrammatic sketch of the Structure of 

Muscovite (after Grim 1962) 
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and brucite layers (Fig 15). The "brucite’ layer may consist of 

either magnssium, aluainium or iron hydroxides, or a combination of 

all three. Mixed layer minerals consist of mouctmorillonite units 

alternating with illite or chlorite units, nov uscessariiy in a 1:1 

ratio. ‘The properties of the mixed layer clay sixerai wiil resemble 

most closely those of the predominant clay unit. 

For the purpose of this work, the signiiticunt property of clay 

minerals is their ability to absorb ions. ‘he property arises from 

unbalanced forces at the surface of the mineral which gives rise to 

an electrical double layer, the counter ions of which are 

exchangeable forother species of the same sizn. The degree of 

adsorption is evaluated as the cation or anion exchange capacity, 

expressed in milliequivalents per hundred grams of clay, and is 

dependent on the magnitude of the surface energy. ‘he charge on 

clay particles is positive on the edges and negavive on the faces, 

with a resultant negative charge. 

The charge defect on the clays arise from three sources; 

isomorphous replacement, broken bonds, and hrdroxyi radicals exposed 

+ be. 
at the surface. JIsomorphous substitution of Ai“~ for Si in the 

2+ De ; 
lattice of the tetranedral layer and Mg for AS in the octahedral 

layer is responsible for 60% of the exchange cepacity in montmoril- 

Co ae ‘ : 
lonite. Ezoken bonds occur at the edges of ovtahedral and 

tetrahedral wits: 

Octaedral.fayer “i Al - 0 + abs oC 7°% Al 

Me Oc Bae Bh we gan 9 

Tetrahedral Layer Si-O-sSi-0 7 7”" 
tf ive; 

Si-O- Si-0O- Si pte
 

O 
{ 

As the number of broken bonds depends on the particle size. the 

cation exchange capacity will increase with a docrease in particle 

‘ 
size. Sroken bonds are thought to be the maine :astor responsible 

for the exchazge capacity of Kkeolinite, but for only 20% of the 

> 
capacity of montmorillonite. The hydrogen of hvdroryl 

Lian «
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FIG.16 Diagrammatic sketch of the Structure 

of Chlorite (after Grim 1962)



radicals exposed at the surface is available for exchange as 

contributes to the charge deficit. 

The Adsorption of metal ions by clay minerals is dependent on the 

nature of the adsorbing icon, the nature of the clay mineral, and the 

environment. ‘The relevant properties of the adsorbed ions are the 

hydrated ion radius, the ion size, the cxidation state and the charge; 

size ratio. The simple assumption is that an ion with greater 

electrostatic charge, would be more strongiy adsorbed and for ions of 

the same charge, the smaller ion would be more strongly held by its 

closer approach to the clay mineral. However, when the hydrated ion 

radius is considered, the smaller ion will be more strongly solvated 

and therefore have a greater hydrated ion radius. Ions with the same 

hydrated ion radius as holes in the clay structure will be difficult 

: 
to replace. There is disagreement over the importanesof the hydrated 

ion radius, and it has been suggested that tue hydration energy 

: : é j poe ‘ 
is the important factor in cation selectivity me In general, a high 

charge size ratio will give maximum adsorption, and the series of 

Re. i 2+ ° ‘ 
ionic replacement will be wt > M : > Mt 

The cation exchange capacity depends on the nature of the clay 

mineral, which therefore affects adsorption. 

Montmorillonite Tllite Kaolinite Cilorite 

Me @/i00 gin Meq/LOC gm Meq/LOO gm Mee/1l09 gm 

80-150 10-40 $15 26 
80-100 W-20 5.15 28 
80.-150 1o-14 3015 5.30 20 
85-165 4.5 °> Sous 3h 

(most values 
between 3 and 10) 

The low values for Kaolinite are dus to the high charg: density on the 

surface which limits the freedom of movement of ions. The capacity 

for kaolinite increases with surface area~” as the majurity of 

exchange occurs at broken bond sites on the surface of the mineral. 

WE



fhe rate of veacticn is also influenced by the ustwe or the clay 

Wineral. Fer kaolinite, the exchange is virtually iastanten neous as 

it tazes place at tiie sarface of the particles. Montinorillorite and 

illite react morc siowly as the rate deterainin: step for thice layer 

clays is the movement of ions into interlamelic« spaces, which does 

not occur for havlinite. Tne clay mineral type way s1so affect the 

relative adsorption of different cations as the uatwre of the sites 

will favour different cations. 

Yne pH of the envircnuent has an effect on the icon exchange 

phenomena. Where H” and O# ions occupy sites on the clay mineral, 

the acidic or basic nature of the sites will depend on the pH of the 

envircnment. The charge of hydrated ion and hydrated alusiina varies 

with pH, hence their presence on clay minerals wili alter the charge 

with pH changes in the environment. The zero point cf charge (where 

the charge reverses from positive to negative) liss tetween pH 2.2 

and 5.6 for hydrated alumina and 6.7 to 8.5 for hydrated ion. ‘The 

zero point of cherge for kaclinite and montmorillonite are given as 

4, and bslow 3 vespectively = In acidic sclutions, clays will be 

positively charged giving rise to positive sites waich will undergo 

L i ~) 
anionic exchan.e. At pH 5 Ae

 

5
 i above the clays will be negatively 

charged and undergo cationic exchange. The presence of organic ions 

in the environment may also affect the cation exchance capacity with 

respect to metal ious as the exchange sites may be cccupied by the 

: . pf 
organic ions ~. 

3e2 Past Work 

Although the reactions of metal ions with clay minerals have - 

been studied, the work has not been directe? towards ac wnd«rstanding 

of real situations. 

ae a : 
Wentink and Etzel ~ have studied the effeats cf allowing 

solutions of metal ions to percolate through columns of soil, 

43,



Chromium, copper and zine sulphates were used in concentrati: is from 

1 to 300 mg/iitre, at neutral pH. It was found that copper aid 

met ey 
oh chromium were ccmpletely removed from the solution during per: 

through the columns. Copper was removed after 7 days, ana chy onium 

immediately. Although zinc was never fully removed, the efficicney 

of removal was always greater than 99.7%. Adsorntion was found to 

increase when larger quantities of the metal ions were applied. 

Leaching with water removed small quantities of zine (up to 0.2% of 

the quantity originally adsorbed), but no copper or chromiun. 

Although figures are given to incicate that metai ion removal is achieved oS 

by ion exchange reaction with clay minerals ia the soils, insufficient 

information is given to evaluate this assumption. The authors conclude 

thet zine is most loosely held on the clay minerals, with copper more 

stronezly held and chromium the most strongly held. 

Ton exchange reactions have been studied with respect to the 

PO es treatment of wastes and particularly for the treatment of radio- p 2 

active wastes HW The adsorption of caesium and rubidium has 

39, 38,39, 40,41, 42. 
been documented in detail Series of relative 

i hoa, 
adsorption of ions have been given but in most instances the 

transition metals have not been included. Swartzen-Allen and 

us Wa , ee 
Hatjevic ~ have suggested an order of preference for montmorillcuite 

and kaolinite for transition metals: 

Ox a+ 2+ e+ < a a e+ ot et ee 7 : ~ ~~ > ~ ae 
wk] -+ Fe x06 Zn es ad 

Tnvestigation of the availability of potassium for exchange in 

e0ils has given information on the mechanism of exchange reactions, 

orr''s nut tne results cannot be used to predict the type of 

reaction likely ts occur in disposal sites. The ionic speci-s studied 

ere rarely those commonly found in effluents, and “he concentrations 

studied are in general lower than those found 2°. disposal si..uations. oF 

 



Past work has been carried out at neutral pH, compared to an acidic 

environment in most disposal sites. The conditions present in a 

disposal situation therefore make it impossible to predict the 

reactions likely to occur, from the results of past work. 

45,



CHAPTER Ly / 

ANALYYICAL TECHNIQUES 

4.1 Atomic Absorvt,iou Spectrophotometry 
hiloi. Flaine Methed. The determination o7 metal ion concentra- 

tions was carried ouv by flame atomic absorntion techniques. The 

instrument used wasa Perkin Elmer Model 303 Abso.ption Spectrophoto~ 

meter. Standard solutions were prepared from 1000 mg/l solutions, 

supplied from 3.D.%. Chemicals Ltd, by dilutivn with distilled water. 

Absorbance of the solutions was automatically recorded and was 

converted to parts per million of metal ion in solution by a computer 

programme . 

The reproducibility of the results was assessed for each metal 

by the following method. Beakers were prepared containing 50 grams 

of montmorillonite to which was added a solution containing a single 

metal species (100 mls). The solution was analyss¢ for metal 

content at least four times at intervals of two cays. The experiment 

was replicated six times for each metal. Yor each snalysis, the 
- 

¥ 

mean value for the six samples was found, and the greatest percentage 

@ifference calculated. ‘The average value cf these percentages was 

taken as the degree of reproducibility of the results. This test 

reflects not only the reproducibility of the atomic absorption 

technique, but also the experimental technique. Figure 17 shows the 

variation in the readings for the chromium experiment over a period 

fifty days. The values of reproducibility found are as follows: 

chromium * 2%, cadwiun = 34, nickel : 1%, ine . 3%, iron . 5%, 

copper t hee, and Lead = 10%. When plotting values of the concentra- 

tion of metal ions in solution, bar representations are usel to 

indicate the possible variaticn in the position of the points. 

2 
ity of . 

Ni
te
 

Li
d 

i
f
 

lution of the solutions was necessary in tne major rs
 

cases as the concentration of metal ions requiren for the experiments 
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was higher than the working range of the instrument. A Hooke and 

Tucker variable auto diluter was used. The reproducibility of 

dilution was checked every month and a standard deviation of between 

0.01 and 0.4% of the mean value was found. 

When using flame atomic absorption as a mcthod of analysis for 

solutions containing more than one element, interference effects have 

49,50. 
to be considered, Known interference effects of relevance to 

this work are; depression of the iron signal by silicate, and 

enhancenent by sulphuric and hydrochloric acids; enhancement of 

cadmium by hydrochloric acid; cadmium, chromium and potassium are 

affected by the presence of iron. Copper, scdium and zinc are not 

subject to interference effects and lead is little affected. When 

analysing effluent semples, interference affects will occur due to 

the presence of organic components. In the presence of mcre 

volatile solvents the rate of aspiration of the sclution medium will 

increase with a resultant enhancement of the signal. An attempt was 

mace to overcome this difficvlty by using the heated graphile atomiser 

attachrient for flameless atomic adsorption anzlvsis. 

4.1.2 The Heated Graphite Atomiser. ‘he advantage of this 

equipment for analysing complex solutions is the ability to select 

@ programme for thermal destruction of the matrix before atomisation 

of the metal to be analysed. ‘Vitn this stage in the process the 

interference effects of the many components of the eyfluent may be 

elininated. ther features of the flameless method are the detection 

limits, which way be as low as 10 me grams, and the vse of small 

quantities of sample, in the nanolitre range, The use of small 

quantities of sample was of Jittle importance in this work, and the 

low detection limits were a disadvantage as the effluent samples 

had to be diluted to fall within the working range of the instrument, 

To evercome this difficulty a less sensitive wavelength was used for 

: 48,



zine but this was not possible for the othei elements. 

b>
 A Perkin Elmer Modei HGA 74, heated craphite atomiser was 

installed in the atomic absorption spectrenhotemeter in place of the 

burner system. Atomisation of the sample soluvicn is achieved by 

the action of a resistance heated graphite tube, operating on a 

preset programme, seiecvted by temperature and time controls for each 

of the stages of the process. The first stage of the programme is 

drying of the sample, followed by thermal destruction of the matrix, 

and finally atomisation. A fourth stage, heating out, may be 

operated after atomisation during which the graphite tube reaches a 

very high temperature to burn off any traces of sample which may be 

left (Fig 18). During thermal destruction of the matrix, mixtures 

with strongly differing thermal properties can be destroyed at the 

same time by employing the temperature programme, which involves a 

gradual increase in the temperature of the stage at a preset rate 

(Fig 19). 

Twenty microlitre samples were used for the analysis, injected 

into the graphite tube by rcans of a microrizette with disposable 

plastic tips. “he tip of the pipette was changed for every sample, 

and great care was taken with the sample injection as reproducibility 

is dependent on the accuracy of the sample dosing. 

When the work was carried out, no information on the conditions 

ox enalysis ware available from Perkin Eimer, consequently the 

conditions for each element were established by a trial and error 

process. The conditions were obtained by using only the drying, 

atomisaticn and heating out stages. As water standards were used for 

setting up the conditions the drying stage was kept at 100°C. The 

thermal destruction stage was unnecessary as there was no matrix to 

be vesoved. A random temperature was set for atomisation, taking 

into consideration the degree of volatility of the element, and a 

49.
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slightly higher temperature set for heating out. The programme was 

run, and if e second peak was obtained during the heating Bt stage 

it was concluded that the atomisation temporetu’e was toc low, ana 

sone of the element wes left to atomise during cating ov. In this 

case the atomisation temperature was incre-:sed 2zcaduaily until 

second peak was eliminated. If at the original temperature no second 

an 

peak was obtained, the temperature of atomisation was taken to be too 

appeared. This set high and was reduced gradually until a second peal ’ 3 bo
 

the minimum temperature st which atomisation could be achieved. The 

temperature st which the second stage, for matrix removal, could be 

set was then determined. This stage was set at a temperature below 

that of atomisation and a standard solution run through the 

progremue. If the height of the peak for avumisation was equivalent 

to that when the second stage was absent, tuen it was assumed that 

no atomisation was occuring at the matrix removal temperature. The 

temperature setting was iucreased until the peak height at atomisa- 

tion was reduced. ‘This set the maximum temperature for the setebd 

stage. ‘he time settingswece established «gain by trial and error. 

¥or the drying stage the time allowed was 14 seconds for each 4 

microlitre of sample. For the atomisation stage sufficient time 

was allowed for the chart recorder to reach the maximum peak height 

end return to the base line. The heating out stage, if used, was 

cnly programmed to last a fraction of a seconc as the tube cleans 

quickiy at this temperature, and prolonged heating reduces the life 

of the graphite tube. 

Chromium presented great difficulties during the initial stages. 

When the deuterium arc backeround corrector was switched on it was 

found that an energy reacing could not be obtained even when the 

intensity ves increased to a naximum. This problem was overcome by 

4 
moving the chromium lamp te reduce the intensity of tne beam by 

Deve



putting it out of focus. The intensity of the deuterium lamp beam 

was then sufficient to balance the chromivm lamp beam. 

Having determined the conditions for wate: solutions of the 

elements, a sample of effluent from the Welsa:.. Wood Site was analysed, 

and the conditions checked by varying the temp.rature settings to 

ensure that the maximum peak height was obtained at atomisation. 

Recently Perkin Elmer published a set of recommended conditions 

for analysis of elements by the H.G.A. 74. ‘he recommended conditions 

were similar to, but less precise than, the conditions established 

during this work (Table 2). 

Much time was spent with the instrument, but no satisfactory 

results were obtained. The main difficulty was in obtaining 

reproducible results, with copper presentins most problems in this 

respect. Although the greatest care was taken in sample injection, 

the peak heights varied even for standard solutions. The variation 

itself wes inccnsistant, with reproducible resulte on some days, 

and inexplicable variation in results on other occasions (Fig 20). 

Steps were taken when the discrenancy occurred to ensure that the 

temperature settings were correct and it was concluded that the 

observations could only be explained by a fault in the instrument. 

4A further problem was the presence of a secondery poak during the 

heating out stage. Although this was usually remedied by changing 

the temperature and tite of the atomisation stage, in some cases it 

was impossible to eliminate the second peak entirely. Additiona 

ts CS peaks sppeared when the gernphite tube wis nearing the end of i 

life, but these were easily eliminated by changing the tube. 

52.



riG. 20 

  

                                    

Flameless atomic absorption results 

a) Results for copper on the 6th March 1974 showing the 
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TABLE 2 

Comparison of the conditions est:blished for use of the H.G.A. with 

those recommended by Porkin Elmer. 

  

  
  

  

  
  

  

e os. en eo ee 
| Ccnaitions Conditions | 

Established Recommended ! 

| Element | Progranme Stage aa i aes 
Time | ‘Temp Time emp | 

| [ (gee) | (° 6) | (See) | © ¢) | 
iia. re eee 

Copper | ls ' Drying 30 100 } 20-60 100 

| 2. Therma) Destruction | 30 | 490 | 20-30 | 900 | 

| | 3. Atomisation | 15 | 2600 | 10-20 | 2550 | 
| 4. Heating out | 

, Chromium 44 | 30 100 | 20-50 100 | 

| 2. Pago Foo Pegoeme 4 ecto! 
| 3, | 15 | 2660 20 | 2660-; 

| | 2700 | 
i 4. 
! ‘ ' : 

Cadmium | 1. 30 100 | 20-50 100 , 

| = 1 30 1 10 | 20-30 | 300 | 
| i ' ~~ ! 

| oe oe 1860 | 10-20 | 1900 | 

ok | : 
{ ! i : 

‘ i ; 

, Tron | as | 30 100 | 20-60 100 | 

nae | 30 } 700 | 20430 | 1200 | 
| i Be / 1c | 2590 | 10-20 | 2500 : 

| ! 
i Lead {le P30" sp 100. eee 100 | 
i { { | 2. 0 74o | 20-30} 700 j 
| i | ! { 

| | 3. | 15 | 2040 | 10-20 ; 2100 | 
| Ls | 
| po | i | | 
| Nickel : 1. |. 30. 4 00. 2066051) 2005 

: Pa, | 10 | 485 | 20-30 | 1200 | 
{ ; t t i s : 

| Cs. | .10 | 2620 | 20 | 2660~' 

i V4. | | ! oe 
; ' ! 4 

: } } : 

| Bane es | 30 | 1co ! Not given : 
< Peo | 

AS. f-4o,-1 16854 
4, 0.5 + 2330 | 
 



After running samples containing a higr concentration of iron 

through the instrumezt, when analysing tor other elements, it was 

found that the carbon rod had to be changea for iron analyses, as it 

appeared to be saturated with iron which could not be removed by 

heating out. This effect could be caused by the formation of iron 

carbide by reaction cf iron in the sample, with the graphite tube 

during analysis of other elements. The component would decompose 

releasing iron in large quantities during the analysis for iron, 

resulting in a greatly ennanced signal. After correcting the 

effect several times by changing the tube, this remedy became 

ineffective and it was concluded that the graphite sleeves holding 

the tube must have become contaminated. Iron was being released 

when the carbon rod reached the atomisation temperature for iron. 

Attempts were made to use the flameless atemic absorption 

technigue for analysing solutions from experiments, but the 

reproducibility was so poor thet no conclusions could be drawn. 

A comparison of results obtained for fine and flameless analysis 

of an effluent sample from the Walsall Wood Site is given in 

Table 3. The results for nickel, iron and zinc are comparable, 

while those fur copper, chromium and lead are juconsistant and 

not comparable. The results for cadmium may be explained by the 

dilution factor, which is 800 times greater for the graphite 

atomiser analysis, which at these low values could account for the 

discrepancy. 

tH
 n view of the difficulties in the operation of the heated 

graphite atomiser, the method was abandcned for the purpose of 

this work. The incousistency of the results made it impossible 

to guarantee that the instrument would give reproducible results 

on the days when analyses were neccessary. The experiments with 

effivent samples were carried out with analyses for metals 

performed by the flame method. 
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TABLE 3 
Cetaes eee 

Comparison of the results of 

of effluent, by flame atomic 

absorption. 

Element 
ae eee 8 

Zinc 

Trou 

Chromium 

repeated 

v 

Lead 

repeated 

ti 

Sopper 

repeated 

$i 

Nickel 

Cadmium 

an analysis carried out on a sample 

absorpcion, 

SI
 

and flameless atomic 

The repeated resuits will not be directiy comparuble to the original 

to chan 
i 
ges wiich may occur in the e*fluent during the



Since the completion of the work, the graphite furnace has been 

fitted with new sleeves to hold the gravhite tube. Since this 

treatment the results from the instrument heve bee na
t consistently 

3 
that 1¢ difficuities snvonunvered re e that the difficu:t x n were du i

a
.
 8 reproducible, confir 

tO an instrumental dere +. The fault was not sorrected in time to 

make the instrument evailable for this work, but it wil] enable 

useful results to be cbtvained in the future. 

4.2. X Ray Diffraction 
seewermeres cues anaes 

This technique was used to identify the clay minerals present 

in rock sammles from the disposal sites. A Fhillips 1130 X Ray 

enerator with broad focus Cu tube was used. ‘ithe identification of 

peaks was carried out using the 20 (Cu) table for common minerals 

by G.Y. Chaos 51. 

Slides were prepared representing a range of particle sizes 

for the rock materials. The rocks were fi 

mortar to a size less than 600Qu. From this sample a slurry was 

prepared in water, and placed on a slide. A 100 gram sample was 

used to obtain sud 20u, sub Ou, and evb °x semples by 

ee. Tee ; o : oe 
sedimentation Analyses were carried cut at 1 per minute with 

a chart sveed of 10 mm per minute. 

my To aid clay. minerel identification, the svb eu slide was 

4 
de in a desiccater containing a e

t
 

e
 glycolated by placing the si 

beaker of etliyiene glycol at 60° ¢ for 4 hours. The organic. 

molecules wiii penetrate the sheets of the three layer clays, increas-~ 

ing the d spacing, which will be reflected in a movement of the peaks 

for these minerals to a lower 20 angle. Exransible three layer 

clays can be distinguished from the non expanding types by this 

method. 
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4,3. Infra Red Spectroscopy 
  

Infra red spectra of the rocks were obtained, using a Perkin 

Elmer model 225 instrument. The rocks were prepared as K Er discs. 

Only the Coal Measures rocks were analysed by this method as the 

informetion gained was mole readily seen by XN analysis. 

Interpretation of the spectra was aided by a summary of the main 

De 
infra red absorption bands to be found in layrsilicates 
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CHAPTIR 5 : 

ADSORPTION EXPERIMENTS: METHOD AND RESULTS 

5-1 Sampling of Materials 

The choice of material used for the experimental work was 

governed by the conditions in the disposal sites being investigated. 

Representative rock types from the Coal Measures were obtained from 

borehole cores from Cannock No. 5 Colliery, situated in the main 

south Stafforshire Coalfield, Although rocks from Walsall Wood were 

unobtesinable as the colliery has been closed for several year, the 

rocks used are very similar. Both sandstone and shele were, collected 

and used for tne early experiments, although later experiments were 

ied out only on the shale. Four rock types were selected to 

represent the lithologies found at the Betton Abbotts disposal site; 

grey clay from the centre of the site below the peat, red boulder 

clay from the glacial deposits, grey sand from the western end of the 

site and red sancstone from the borehole core. Red mudstone from 

the Mitco site completed the collection of rock samples from the 

sites. 

To promote rapid results from the experiments undertaken, the 

surface area of the rocks was increased by crushing to a grain size 

of less than 600 ta. The Coal Measures rocks were crushed by Tema 

Mill, and the other rocks by pestle and mortar. A representative 

sample of each rock type was obtained after the initial crushing. 

Tee total rock sample was divided into four equa: parts. Opposite 

quarters were taken, mixed and again divided into four. The process 

was repeated until a representacive sample of approximately thirty 

grams was obtained. for use in the analytical work. 

The pure minerals montmorillonite and kaolinite were obtained 

from Berk Limited, and English Cnina Clays Sales Co Ltd., 

respectively. Analyses supplied by the companies gave the follow- 

ing specifications for tie cluays.



‘ MONTMORILLONITE KAOLINITE CHEMICAL ANALYSTS A sees 
ee @ 

60, 52.2 46.2 

A1,0, 12.8 38,7 

Fe.0. 10,2 0.56 

T40., 0.6 0,09 

MeO a Oye 

cad B28 0.2 

K0 0.4 1.01 

Na0 0.1 0.07 

1,0 (- 105° c) 12.3 

H,0 (+ 105° G) 6.6 

Loss on ignition 13.14 

pil 6.5 -7 5.0 £ 0.5 

CATION EXCHANGE CAPACITY 80-85 

PARTICLE SIZE 

% below 53 87 99.99 

% below O 88 99.8 

% below 2 84 80 + 3 

Sampling of the effluent was difficult due to the seasonal 

variations in the volume and nature of loads discharged to the Walsall. 

Wood Mine Shaft, and the uncertainty as to the effluent types which 

would be tipped at Betton Abbotts site. Samples were taken from tanker 

loads discharged to the mine over a period of four months, and mixed 

to cbtain a representative sample. Analyses of effluent discharged 

to the mine over a one month period were used to calculete the con~ 

centration of metal ions in typical loads, from which the concentra- 

tions for the pure acid solutions were selectec. ‘The solutions of 

more than one element represented typical combinations of metals 

zouna in effluent loads, eg many elements in small concentrations, 

many elements in small quantities with one dominant element, and small 
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numbers of metal species in high concentrations. In general, the 

concentrations of nickel and iron are high, in the region of tens of 

thousands of ppm with zinc, chromium and copper in thousands, lead in 

hundreds and cadmium in tens of parts per miliic::, ‘Three sanples of 

waste representative of tlLat to be disposed at Button Abbotts were 

mixed to obtain an effluent sample for use with the rocks from the 

site. Chemical analyses of wastes handled by the company were used 

to calculate an average value of the metal content of the wastes. 

These values were used when preparing the solutions of pure metal 

salts in acid for use with the Shrewsbury rocks. Iron was present 

either in quantities of about 600 ppm or in very high quantities. 

(tens of thousands of ppm), copper and zinc in hundreds of ppm and 

thousands of ppm, nickcl in thousands of ppm, chromium and lead in 

hundreds of ppm and cadmium in tens of ppm. A sample of liquid from 

the Mitco site was obtained at the abstraction point at the northern 

end of the site. Solutions made uo with pure acids and metal salts 

for use with the Mitco site rock were similar to those used for the 

Betton Abbotts rocks es the effluent type disotsed at the two sites 

are similar. 

Thus, for each site there was a representative sample of effluent, 

a 
and nreoared solutions containing metal ions in proportions representa- 

tive of the effluent loads disposed at each site. Details of the 

concentrations of the solutions used are given in the results section 

for each experiment. 

Dee cperimental Design 

The experiments on the adsorption of metal ions by clay minerals 

were conveniently carried out in 250 ml beakers, using approximately 

30 gms of rock material and 100 mls of liquid. The volume of the 

4 4 liquid had to be large enough to allow removal of small quantities 

tor analysis without varying the quantity of metal ions present to 

lL



any great extent. For each analysis approximately two millilitres of 

liquid were removed, giving an overall reduction of approximately 16% 

over the experimental period as the analyses were performed on average 

about eignt times. However, the majority of the reaction was found to 

occur auring the first weax, when only three analyses were carried out 

giving a reduction of oniy Ch in the volume of the ligvid. Sufficient 

quantities of rock material were used to allow fur the large percentage 

of inert silica present compared to the amount of inaterial with active 

exchange sites. The possibility of renlacing the liquid withdrawn was 

considered, but a suitable convenient method which would reduce the 

inaccuracies could not be found. Hence it was considered reasonable to 

allow the losses as further inaccuracies would occur in trying to 

rectify the error. 

The beakers were weighed without and with the rock sample to 

obtain the weight of the rock material used. The solutions of metal 

ions were prepared using the nitrates of the metals concerned. On 

adding the prepared solutions to the rock material the mixture was 

stirred, and covered with a polythene square secured by an elastic 

band. The liquid was analysed for metal ious at intervals of one, 

three, seven and fifteen days after prenaration of the beakers, and 

every fortnight until the concentration became stavle, ‘he solutions 

were sampled with disposable pipettes, and the samples placed in 

disposable glass sample bottles. Samples were taken on the day when 08
 

the analyses were carried cut to reduce the possibility of removal of 

the metal ions by adsorption onto the surface of the glass sample 

botties. After samp ing, the mixtures were stirred and the polythene 

tops replaced. 

The problem of evaporation of liquid from the beakers, although 

. 
reduced by the polythene tops, wes not completely solved. ‘where the 

wisorption of the metal ions is very efficient evaporation will have 
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little effect on the result, but where adsorption is very inefficient, 

reductions in the concentration of metel ions in the solution caused by 

adsoprtion could be compensated by evaporation of the liquid, and in some cases 

the concentration of metal ion appeared to incvease due to a reduction | 

in the volume of the liquid. For example, a solution containing 

originally 2000 parts per million of metal ion in 100 mls of solution 

will contain 2 x 10° milligrams of metal, If the volume of the liquid 

is reduced by 10% by evaporation the concentration will become 2222 

parts per million, adsorotzco.1 of 200 pom of metal from this solution 

could therefore be masked if a 10% evaporation occurs. However, if 

the original concentration is reduced by adsorption to only 20 ppm, a 

reduction in the volume of liquid of 10% will alter the concentration 

by 2% to 22 ppm. 

as the majority of adsorption occurs during the first week of 

the experiment the problem of evaporation was overcome by using analyses 

from the first seven days during which evaporation is minimal. 

5e3 Experiments and Results 

  

2 Where removal of metal ions from the sclution is observed the u 

phenomena is referred to as adsorption. There will be a discussion 

of the mechanism of the removal in Chapter 8. 

5-5-1. The reaction of Coal Measures rocks at p#O. The first set of 

exneriments were carried out using Coal Measurcs Sandstone and Shale 

rock types with solutions of a single metal species in a single acid. 

: 

Perchloric acid, nitric acic and hydrochloric acid were chosen for the 

experiments at pd O representing the pH of the majority of the acid 

effluents disposed of at the Walsall ‘ood facility. ‘The metal ions, 

Het LY, Po ff, Zn i, Cu Bl, Or Jil, Ni If and Cd II were used in 

eoncentrations representative of those found in typical effluents. 

Control experinents were prepared containing the rock material and 

acid with no metal salt added. The metal ion solutions were analysed ie 
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to determine any contamination by other metal ions which may be present y 

ia the nitrate salts used for preparation of the solutions. Fach 

fo
te
 combination of rock type, acid and metal wes prepared in triplicate to 

examine the reproducibility of the experiments. The combination of lead 

in hydrochloric acid is missing as the lead erecipliates as lead chloride. 

The results are psesented in the form or grapas snowing the 

reduction in concentration of the metal ions in the acid solutions over 

a period of time. Bar representations oi the points are used te 

indicate the variation due to experimental error, and limits of 

reproducibility of the atomic absorption resuits (Section 4.1).
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Variations in the concentration of copper in 3 acids 
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5.3.2 Experiments with Montmorillonite and Kaoline in contact with 

solutions of metal ions at a series of pH values 

Having established that little adsorption occurs at pH O, the 

next series of experiments were carried out at different pH values, 

using pure clay minerals to eliminate the effects of the large 

quantities of iron present in the Coal. Measures rocks. 

Hence solutions of each of the seven metals were prepared in 

perchloric, nitric and hydrochloric acid at pil values 1, 2, 3 and 4. 

The pH 9 solutions were prepared with sodium hydroxide. Tach 

solution was mixed with both montmorillonite and kaolinite. 

The results are plotted as graphs of the reduction of metal in 

solution against time. The results for the three acid types are 

similar, hence only the results for perchloric acid have been 

presented as graphs. 
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Fig. 22. Graphs of the reduction in concentrations of metal in solution 

against time for seven metals in perchloric acid at pil, 2, 3 and hy 

and in sodium hydroxide at pHS, in contact with montmorillcnite and 

kaolinite. 
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FUG: 22:6 

Variation in concentration of Copper on Montmorillonite 

and Kaolinite at pH!23 49 over 70 days 
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FIG. 22.5 

Variation in concentration of lead on Montmorillonite 

and Kaolinite oat pH 1,2,3,4,9 
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5e5e-3 Experiments to Determine the Total Capacity of the Pure Minerals 

for adsorption of each Metal Species 

The experiment was carried cu€ using perchioric acid at pH3 for 

preparation of the metal solutions. The choice of these conditions 

was governed by the possibility of complex formation being smaller 

with the perchlorate aions than with the chloride or nitrate ion, 

and by the fact that adsorption is a maximum at pH3. The metal ion 

concentrations were chosen by en appraisal of the past results, 

increasing the concentrations where adsorption was 1008 in previous 

experiments, and reducing the concentration where little adsorption 

was observed. 

The results are presented as a function of the adsorption in 

milliequivalents per 100 grams of clay mineral against the original 

concentration of the solution. 
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Fig 23. Graph of the variation in adsorption of metal from sclution in 

milliequivalents per 100 grams cf clay against the original concentra- 

tion of metal in solutions for montmorillonite and kaolinite. 
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5.3.4. Experiments to investigate the affects of the presence of 

Sulphate anions on the adsorption of netais from solution, 

and the possible exchanve reactions between the metals and sodium 

and potassium in the cley minerals. 

Solution of the seven metals were prepared in sulphuric, nitric 

and hydrochloric acid at pH3. ‘he solutions were mixed with 

montmorilionite and kaolinite, and analysed for sodium and potassium 

in addition to the metal in solution. The results of the experiments 

were plotted as a funetion of the adsoprtion of metal ions, and 

release of sodium and potassium ions against time.



Fig 24, Graphs of the adsorption of metals from solution, and the 

Leaching of sodium and potassium into solutions in contact with kaolinite 

and montmorillonite, against time. 
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50505. Adsorption of netal ions by Kaolinite, tlentmorillonite and Coal 

Measure Shale, from so?utions containing moxe thon one metal. 

  

Solutions containing combinations of the seven elements previously 

studied were prepared in perchloric acid at yH%. ‘hen selecting the 

concentr=*ions of the mevais, the chemical analyses of effluents 

disposed at Walsall Wood were taken es a guide. Hence, solution A 

represented the lcads with fairly low concentravions of all seven 

elements, while combination F was similar but with a high iron 

‘content. Solvtion B represented an effluent wit» a high iron 

concentration, and fairly high copper and nickle concentration. 

Solution @ was similar to B, but with no ivon. Combination C 

contained oniy high quantities of iron and zinc, while Combination D 

contained a high concs:iiration of copper and uickel, with lower 

concentrations of chzomium and zine but ne iron. 

The solutions were reacted with tontmorillonits, kaolinite and 

Coal. Measures shale, and the results represcuteod vu graphs showing 

the refuction in concentration of the metai ion in solution with 

time. To facilitate the cowearison of the ~e~ults from the 

different combinations the maximum percentag: edsorptions for each 

element were tabulated (Table 4), 

\O
 A 

x
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Fig Qe Graphs of the variation in concentration cf metal in solution 

with time, for solutions containing more than one element in contact 

with montmorillonite. kaolinite, and Coal Measures shaie. 
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5.3.6. Experiments with Coal Measures Rocks 

The experiments carried oue on the pure clay minerals to determine 

the effects of varying the pH, of using ecluvions containing more than 

one element, and the attempts to saturate the adsorption sites were 

repeated using Coal Measures rocks. Both sandstone and shale were used 

for the experiments at different pH values, but as the results were 

similar for both rock types, only shale was used for subsequent 

experiments. 

The results are presented as graphs of the reduction in concentration 

of the metal in solution against time for the experiments at different 

pH values and the multi element experiments. For the saturation 

experiments the maximum adsorption in milliequivalents per 100 gm of 

rock is plotted against the original concentration. Resuits for the 

multi element experiments are in Avpendix 3.5, and the graphs of these 

results in Section 5.3.5. 
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Fig 26. Graphs of the results of experiments carried out on Coal 

Measures rocks. 

@. ° Sxperiments at pH 1, 2, 3, 4 and 9 

b. Experiments to saturate the adsorption sites. 

Fig 26. a. 1 Chromium 

Fig 26. a. 2 Iron, copper 

Fig 26. a. 3 Lead, cadmium 

Fig 26. a. 4 Nickel, zinc 

Fig 26. b. 1 iron, copper, lead, cadmium 

Fig 26. b. 2 Zinc, nickel, chromium 

116



Y
O
I
Z
O
D
I
Y
Z
U
D
I
U
O
Z
 

UO
IZ
H}
OS
 

Ul
 

JO
ra
W 

BO
 

ul
 

‘
w
d
d
 

2000 ; 

15.©.© 

1000 

500 
      
    

Chromium 

FIG. 26.0.1 

    
Sd pHI 

Sh pHI 

10 20 30 40 50 60 
Time in days 

70



" 
Y
V
O
I
Z
O
I
Z
 
U
B
D
U
O
D
 

U
O
I
Z
N
j
O
S
 

Ul
 

|;
OR
IW
 

40
 

ul 
‘w
dd
 

28000 7 

26000 - 

24000 | 

22000+ 

20000. 

18000 f 

16000 - 

14000 - 

12000 - 

1O000+ 

8000 - 

  

  6000 

600 

400 

200 

  
  
  

FIG. 2640-2 

  

“Sh pHe 

Sd pH2 

Copper 

  

Sh pHI 

Sd pHI 

Sd pHI 
Sh pH!I 

  

Sd pH 2,3,4,9 
ShpH 2,3,4.9 

10 20 30.



Y
O
!
P
O
I
Z
U
D
I
U
G
D
 

}D
,o
wW
 

40
 

ul
 

su
o}
 

uo
! 

n}
os

 

  

FIG. 26.473 

    

      
  

   
       

Lead 

600 7 

'— Sd pHI 

|-Sh pH 2 

200, 

100 + 
SdpH2 

ShpH 2 

Oo | t + + t 1 

Sds ShpH3 49 

Cadmium 

5G T 

4o 4 

30: 5 

Z2Or 7 

Sh Sd pH1 
io + 

Sh SdpH 2 - 

Oo | — t + t 4 

  

  

Sh 10 20 | 30 40 50 60 
ee a Wiis Time in days 

119



V
O
r
I
z
y
O
s
P
U
S
I
U
O
D
 

U
O
I
Z
N
J
O
S
 

ut
 

fO
,a

W 
40
 

ut 
‘
u
d
d
 

EG. 26.6.4 

Nickel 

2200, 

2000+ 

1800 - 

1600 =<
 

1400 - 

1200 . 

1000 4+ 

800+ 

600 + 

4004 

200+   

Ni Sdl 

Ni Shi 

Sd pH 2,3,4.9 
  

Zinc 
10000+ 

8000 + 

6000     ne 

ShpH2349 

  Sd pHI 
Sh pHi 

-————}- 

Sd pH 2,3,4,9 

  

4000 - 

2000 +   +
 

+
 

20 

Time 

30 40 

in 

120 | 

days 

Sh pH 2,3,4,9 

70 60



u
o
i
y
d
s
o
s
p
y
 

u! 
s
w
6
O
O
!
1
/
O
0
3
N
 

20 , 

  

BIG: 26: b. | 

  

Lead 

  1000 2000 3000 
Original 

4000 
conc. ppm. 

5000 6000 7000 8000



u
o
i
z
d
s
o
s
p
y
 

u! 
s
w
6
O
0
O
!
1
/
O
3
W
 

rig. 26. b, 4 

50 + 

404    
Chromium 

  

30 - 

20 + 

  

Nickel!   
        
  

3000. 4000 ° S000 = 6000 9500 
Original conc. ppm. 

122 

1000 =. 2000



5.3.7 Experiments with Betton Abbotts Site Rocks 

Acid solutions at pH%4 were prepared containing metals in concentra- 

tions similar to those found in effluents likely to be disposed of at 

the Betton Abbotts site. Solutions were also prepared at pH9. Iron 

copper and zinc were each prepared in two different concentrations, 

one in hundreds of ppm and the other in thousands of ppm reflecting 

the variation in concentration of these elements in the effluent types 

as indicated by analyses supplied by the operators of the site. 

To examine the effects of the presence of more than one metal in 

solution, two solutions containing mixtures of the elements were 

prepared. Combination 1 contained all seven elements in quantities 

similar to these of the single element solutions, with copper, iron 

and zine in the lower concentraticn. Combination 2 contained only 

copper, iron and zinc in high concentrations. As the original 

concentrations of the single element and mixed element solutions are 

similar, the effects of competition cf other elements present may be 

assessed. These solutions were mixed with each of the four rock types 

from the site. The results are presented as graphs indicating the 

adsorption by each rock type of the elements from the single metal 

solution, end the combination solutions. The adsorption of each 

element is presented in milliequivalents per 100 gm of rock for each 

solution in Table 5 to facilitate comparison of the single and mixed 

element solutions. 
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TABLS 5 

Results of the experiments on the adsorption of metal ions by the 

Betton Abbotts Site rocks in percentage adsorption and the absolute 

adsorption in milliequivalents per 100 grams of rock. 

RED CLAY (BOULDER CLAY) 
  

  

  

  

            
  

  

      

SINGLE ELEMENT SOLUTIONS MIXED ELEMENT SOLUTIONS 
ss ee 

of ; of + 
: Solution ae Bice ob Solution wins ae riod oe 

| Fe 590 pi3 100 10.5 Fe 610 pi3 100 10.9 

Fe 626 pH9 100 T1e2 Fe 582 pH9 1.00 10.3 

i Pb 113 pH3 100 0.36 Pb 450 pus 100 1.4 

i Pb 113 p49 100 0.36 Pb 46 pH 100 0.15 

lor 94 pH 100 1.8 Cr 94 pH3 100 1.8 

lor 94 pHO 100 1.8 Cr 85 pH9 100 Hy) 

Ca 19 pHs 100 0.11 Ca 25 pH 92 0.14 

; Cd 19 pH9 100 O14 | Cd 17 pRg 83 0.09 

Nil278 pH3 92 13.3. | Ni 1334 pH3 85 12,9 
Ni 1278 pH9 92 13.0 Ni 1353 pH9 97 14.9 

Cu 135 pH 100 1.4 Cu 202 »H3 100 2.1 

Cu 133 pH 100 1.3 Cu 209 pHg 100 agi 

gn 211 pS 100 ae In 594 pH3 95 5.8 

Zn 211 pH9 100 2.2 | Zn 423 pHO 97 42 

Fe 19553 pH3 58 201 Fe 8595 pH3 59 105 

| Fe 19553 pHo | 58 20! Fe 18309 poo | 58 190 
cu 8715 pH3 | 100 89 | cu 10485 pH3 | al 4 

‘cu 8988 pH9 | 100 92 | Cu 10255 pHg 16 17 

| Zn 11576 pH3 | 41 4g Zn 25750 pH3 16 43 

| Zn 11011 pH Lee 42 | Zn 13096 HO | 20 | 27 

| GREY SAND (WEST TIND SAND) 

| Fe 590 pH3 100 | 10.5 | Fe 610 pH3 { 100 10.9 
Fe 626 pH 100 | 11.2 Fe 582 pH9 | 100 10.3 

Pb 113 »H3 100 | 0.36 Pb 450 pH3 | 100 1.4 

' Pb 113 pH9 100 | 0.36 Po 46 pH9 } 100 0.15 

| Or 94 pHS 100 | 358 Cr 94 pH3 | 100 1.8 

| Cr 93 pH9 100 | 1.8 cr 85 pH9 | 100 re? 

' Cd 19 pH 100 | 0.12 Cd 25 pH3 | 64 0.10 

Ca 23 pH? 100 | 0.14 |: Cd 17 pHo 59 | 0.06   
  

Lok



  

SINGLE ELEMENT SOLUTIONS MIXED ELEMENT SOLUTIONS 
  

  

          
    

      
  

  

  

Solution ie i on Solution eri: ene 

Ni 1278 pH3 92 1333 Ni 1334 pH3 28 2268 

Ni 1278 pH9 92 13.0 Ni 1253 pH9 8&8 13.6 

Cu 133 pH3 100 1.4 Cu 202 pH3 100 2el 

Cu 127 pH 100 +3 Cu 209 pH9 | 100 Ash 

Zn 211 pH3 | 100 262 Zn 594 pH 89 5.4 

Zn 211 pHs 100 202 Yn 423 pH9 89 329 

Fe 19553 pH3 | °58 201 Fe 8595 pl 56 86 

Fe 19553 plo | 58 204 Fe 18309 pad | 26 go 
Cu 8715 pH3 100 89 Cu 10435 pH3 15 16 | 

Cu 8988 pH9 100 92 Cu 10255 pH9 13 14 
gn 11576 pH3 | 42 48 | fn 25750 pH3 | 10 25 
gn 11011 pHo | 37 ho gn 13096 pHo | 7 10 

GREY CLAY 
| Fe 590 pH3 100 10.5 | Fe 6l0 pHs | 7B | 8.0 
Fe 626 pH9 100 Tse Fe 582 pH9 =} = (73 10,0 

Pb 113 pH3 100 0.36 | Pb 450 pH3 96 1,4 
| Pb 113 pH9 100 0.36 Pb 46 pHO 7 0,121 

| Cr 94 pH3 100 166 Cr 94 pH3 96 1.8 

| cr 93 HO 100 1.8 cr 85 pH9 ol 1,6 
| Ca 19 pH 100 0.11 Ca 25 pH3 16 0.02 
| Cd 23 pHY 100 0.14 Cd 17 pH9 - - 

| Ni 1278 pH3 32 4.6 | Ni 1334 pH3 15 a8 

Ni 1278 pHO 30 3.0 Ni 1353 pH9 18 2.8 

Cu 133 pH 98 3 Cu 202 pH3 | 34. 0.7 

Cu 127 pH9 97 1.25 Cu 209 poo | AD 6.87 

gn 211 pH3 27 0.58 Zn 594 pHs | 26 1.6 

mm 211 pHo 29 0.64 | mn 423 pH | 5 0.2 
Fe 19553 pz#3 | 9 iDi2 Fe 8595 pH3 | 9 13.2 
Fe 19553 pH9 12 30.2 Fe 18309 pH9 ao aa 

Cu 8715 pE3 6 5.4 Cu 10485 pus | 16 17.5 

i cu 8988 pH , = 6 5.5 | cul0255 pao; 16 | 16.5 
jam 11576 pHs |. 4 eo zn 25750 pH3 | 5 ots. 
in 11031 pHo | 9 10.2 ! zn 13096 pH9 | Soe 8.3   
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RED SAND (BORE HOL" SAND) 

    

  

        

126 

  
12077 pH | 

  

  

SINGLE ELEMENT SOLUTIONS MIXED ELEMENT SOLUTIONS 

poentiat : ae Eo oe Bennie eae see 7108 

Fe 518 pH3 72 6.6 Fe 539 pi3 72 7.0 

Fe 567 poo | 71 oY Fe 539 pH9 81 Ber 

Pb 50 pH3 | -:100 0.16 Pb 41 pH3 17 0.02 

Pb 50 pi9 100 0.16 Pb 45 pH9 18 0.03 

Gr “95 pH> 100 1.8 Gr 90 pH3 96 0.78 | 

Cr 95 pH9 100 1.9 Cr 90 pH9 100 Os6E ©] 

Ca 18 pH 100 0.11 Ca 25 pH3 28 0:04 | 

Ca 25 pi? | 100 0.45 Ca 19 plo 17 O02 4 

Ni 116) pes | 14 1.9 Ni 1310 pH3 rR 0.69 | 

Ni 1171 pao 9 +> Ni 1214 pug a 0.34 | 

Cu 172 pi 100 1.8 Cu 202 pi 16 oP eae 

Cu 197 pH 100 2.0 Gu 186 pio 10 O19 | 

Zn 582 pH3 20 17 gn 594 pH3 16 0.96 | 

Zn 531 PEO ve 3.5 Zn 537 plt9 6 0.36 74 
Fe 12627 pH#3 | - . Fe 9039 pH3 3 Bleed 

Fe 18070 PHY - - Fe 16485 pH9 2 5.8 

Cu 11290 pH3 | 20 23 Cu 9184 pH3 8 7.9 | 

Cu 11061 pro 14 16 | Ch. 91S Seo Pe 3.8 

gn 13227 pH3 | 10 Lh Zn 27973 pii3 7 16.8 | 

Zn 13374 pH9 ! 10 14 ' Zn 6 7.8



Fig 27. Graphs of the variation in concentration of metal in solution 

against time for single element and mixed element solutions in contact 

with rocks from the Betton Abbotts Site. 

Fig 27. 1. Iron, Red sand 

Fig 27. 2. Iron, Grey clay 

Fig 27. 3. Iron Grey sand 

Fig 27. 4. Iron, Red clay 

Fig 27. 5. Copper, Red sand 

Fig 27. 6. Copper, Grey clay 

Fig 27. 7. Copper, Grey sand 

Fig 27. 8. Copper, Red clay 

Fig 27. 9. Zinc, Red sand 

Fig 27. 10. Zinc, Grey sand 

Fig 27. ll. Zinc, Grey clay 

Fig 27. 12. Zinc, Red clay 
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FIG. 27: 4 
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5.3.8. Experiments on Rocks from Miteo Tip 

Experiments were carried out on Hcruria Marl Series red clay from 

Mitco tip. The concentrations anc combinations of elements were 

Similar to those used for the Betton Abbotts rock exneriments. Again 

the results are represented graphically as a function of the 

reduction in concentration of metal ions in solution against time, 

and in tabular form in Table 6 to allow comparison of the results 

for single and mixed element solutions. 
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TABLE 6 
era ee ee ee 

The results of the experiments on the adsorption of metal ions by the 

Mitco red clay rock type in percentage adsorption and absolute 

adsorption in milliequivalents per 100 gms of rock. 

MITCO CLAY 

SINGLE ELEMENT SOLUTION 
  

  

  

  

Solution ae sche sie 

Fe 518 pH3 100 9.2 

Fe 567 pH 100 10.1 

! Fe 12627 pH3 

Fe 18070 pH9 3 10.2 

Pb 50 pH3 100 0.16 

Pb 50 pH9 100 0.16 

Cr 93 pH 100 1.8 

Cr 95 plo 100 1.9 

| cd 18 pH3 100 0.11 
Cd 25 pH 100 0.15 

Ni 1161 pH3 50 6.6 

Ni 1171 pH9 52 6.9 

Cu 172 pH3 100 1.8 

| Cu 197 pH ; 100 250 

Cu 11290 pH3 | 48 55.2 

Cu 11061 pHo | 47 52.5 

pee Sbe-pes | 97 4. 5B 
}gn 531 pHo  f 98 | 5S 
gn 13227 pH3 | 617:«|~—22.6 

16 | 22 

  
| Zn 3597 pao 

  

nea 

  
oa 

MIXED ELEMENT SOLUTION 

  

    

Solution va iA te 

Fe 539 pH3 100 9.6 

| Fe 539 pHO 100 9.6 
Fe 9039 pH3 20 Sled 

Fe 16485 pH9 > 7.2 

Pb 41 pH3 100 0.13 

Pb 45 pHO 100 0.14 

Cr 90 pH3 100 1.8 

Cr 90 pH 100 1.8 

Cd 25 pH3 16 0.02 

Cd 16 pH9 16 0,02 

Ni 1310 ;H3 26 3.9 

Ni 1214 pH9 22 3.04 

Cu 93 pH 93 0.9 

Cu 186 pHS gh 7.5 

Cu 9184 pHs 8 Fie 

Cu 9151 pH9 42 

gn 594 pe AL re 

Zn 537 pH9 3 1.8 

mn 27973 pH3 | 31.4 
12077 pH9 | 6 728 

  

14d 

 



Fig 28. Graphs of the variation in concentration of metal in solution 

‘alsduait time for single element and mized element solutions in contact 

with red clay from the Mitco Site. 

Fig 28. 1. Iron 

Fig 28. 2. Copper 

Fig 28. 3. Zinc 

Fig 28. 4. Nickel 

Fig 28. 5. Chromium, Cadmium 
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5.5.9. Experiments with Effluent Samples 

Finally, a series of experiments were carried out using the 

effluent samples sunplied by the disposal companies. The effluent 

from the valsall Wood site was reacted with Uoal Measures shales, 

kaolinite and montmorillonite. The four Betton Abbotts rock types 

together with montmorillonite and kaolinite were reacted with the 

effluent from the Shrewsbury site. ‘The experiments set up using 

Mitco rock types and the effluent from the site were only analysed 

once as the concentration of metal ions present was below detection 

levels. 

The results are represented graphicaily «as a function of the 

reduction in concentration of metal ions in solution with time, 

and as a table giving the maximum percent adso:stion, and the amount 

of metal ion adsorbed in meg/100 gms of rock to ailow comparison 

with the adsorption expected for the elements in similar 

concentrations, but in pure acid solutions (Table 7), for the 

reaction with Walsall Wood site effluent. For the exneriments with 

effluent from the Betton Abbotts site, the results are presented 

in a table showing the maximum percent adsorption and the adsorption 

in milliequivalents per 100 grams of rock (Table 8). 
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TABLE 7 7 
The results of the adsorption of metal from effluent in contact 

with Coal Messure Shale, Kaolinite and Montmorillonite 
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TABLE 8 
The results of the adsorption of metal from effluent in contact with 

Betton Abbotts Site rocks, kaolinite and montmorillonite. 

SHREWSBURY EFFLUENT 
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Cadmium 162 ae Sieh re Zine 583 ee Sig ae 

BC 1 5 0.0595 BC 1 | 45 2.6872 

2 3 0.0536 2 4? 2.8000 

WES 1 3 0.0298 WES 1 i 2.4410 

2 | 4 0.0476 2| 39 2.3282 

Gcc 1 3 0.0298 acc 1 L 0.6150 

2 5 0.0298 2 10 0.6256 

BHS 1 3 9.0298 BES 1 | 10 0.6256 

2 3 0.6298 2 9 0.5641 

Kal 4 0.0476 Kal 3 0.1949 

2 5 0.0536 2 2 0.1333 

M1 6 0.0655 M1 2h 1.6923 

2 | 7 0.0298 2 2g 1.6923 | 
i : 

Copper 858 (Still reducing) Iron 52319) | 

Bo 2.4 83.04. 7.2987 ee ek 288 
> 1-99") ” 6.9012 oe 15 
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2 | 81 7.0642 2 7 68 
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m1; 86 | 7.5229 Kal | 6 Ce 
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Fig 29. Graphs of the variation in concentration of metals in an 

effluent sample which is in contact with kaolinite, montmorillonite and 

‘Coal Measures shale, against time. 

Fig 29. 1. Zinc, Copper 

Fig 29. 2. Nickel, Iron 

Fig 29. 3. Lead, Chromium, Cadmium 
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Anaitysis pf the rocks used for adsorption experiments 

6.1 Clay Minerals 

The chemical specificetions for the pure clay minerals, 

montmorillonite and kaolinite, were given in section 5.1. 

6.2 ae Measures Rock 

The Coal Measures shale and sandstone were examined by k ray 

diffraction spectrometry (%.R.D.) to establish their clay mineral 

content. Traces were obtained for samples of grain size below 600», 

204+, 10», and 2s. As the grain size of the sample cecreased the 

coarser elements such as quartz were reduced and the clay mineral 

peaks became more apparent. ‘The traces were run at a speed of 1° 

28 per minute from 2° to 60° covering the peaks which identify clay 

minerels. From the traces quartz, kaolinite, and illite were 

recognised. The presence of chlorite was indicated by a smell peak 

at d = 14.255, but the main chlorite peak at d = 7.1379 was masked 

by the prominent kaolinite peak at this point. 4A peak at d= 

4.9528 and a smaller peak at d = 1.9976 showed the presence of 

muscovite. 

A small peak at d = 2.02 was present on the trace for the sub 

2. sample. d Values nearest to this peak, for minerals which may be 

expected to occur in these rocks, are those of the carbonate minerals, 

although they are not an exact fit. In an analysis of clay dorms tonnes 

values of 0.8 - 1.2: CaO, 1.0 - 1.6: CaO, 1.0 - 2.0% CO, are quoted, 

indicating that carbonate minerals may be present. Thus, although the 

peak cannot be positively identified it would seem likely that it 

represents a carbonate mineral. 

The trace for the 2,- slide showed no evidence for the presence 

; : ‘ ; 0 ° : $ 
of expansible clay minerals in the 2 to 20 range. This was confirmed 
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by the trace for the glycolated 2: sample slide which appeared 

identical to the trace for the untreated sample slide. 

The peak area for the quartz and clay minerals indicate that there 

is more guartz present in the sand than the shale, and more clay 

present in the shale. 

The presence of illite, kaolinite, and chlorite was confirmed by 

an infra red (I.2.) trace. In the region between 3600 ca to 4000 

ba on the I.8. trace a triplet was present, the pattern of which was 

similar to that found by Kodama et aise? for an experimentally 

prepared mixture of kaolinite, illite, and chlorite in a 1:1:2 ratio. 

After separately treating the Coal Measures shale with molar 

hydrochloric, nitric, and sulphuric acids, the rocks were again 

analysed using I.R. absorption. The only indication of any alteration 

occurred in the rocks treated with nitric acid, where an additional 

peak was present at 1383 on om, This peak indicated that the nitrate 

jon had been adsorbed onto the clay minerals. 

atomic absorption analysis (A.A.) was carried out on the Shale 

(See Appendix 4 for the method), revealing a very high (35816 ugm ga 

-l)iyon content. This high value was expected from black shales 

where a high iron sulphide content was present. Nickel, copper and 

zine were present in concentrations of 147, 1935 and 145 yem na 

respectively. Chromium was present in much smaller concentrations, 

63 ugm gm and cadmium was not detected by the instrument. 

6.3. Rocks from the area of the Mitco Site. 

¥.P.D,. analysis of rocks from the Mitco site revcaled the 

presence of quartz, kaolinite and illite. The illite peak at d = 

10.0483 had a shoulder which was interpreted as being due to the 

t 

presence of a mixed layer illite - monmgrs here clay mineral. 

A peak at d = 3.1977 showed that a feldspar was present. The peak 
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at d = 2.82, seen on the treces produced fur the Coal Measures Shale, 

tentatively identified as 2 carbonate mineral, was present on the 

traces from th: coarser (sub S00... , and sub 20,,.) samples for Mitco 

clay. Peaks at d = 2.69 and d = 2.45 were interpreted to represent 

the presence of goethite, an iron-carbonate mineral. 

A.A. analysis revealed a very high iron content. 52,032 ugm em, 

This was expected from the red colouration (iron oxides) of the rock. 

The seconc most abundant metal in the rocks was zinc, present in 

quantities of up to 1000 ugm an (Appendix 5) Nickel and 

chromium were less abundant, with concentrations of 148 and 123 ugm 

gn. respectively, while copper was present in a concentration of 

600 ugm em”, 

6.4. Betton Abbotts Site Rocks 
  

Quartz was identified, by X.8.D. analysis, in all four rocks 

from this site; the borehole (red) sand; the boulder (red) clay; the 

grey sand: the grey clay. Kaolinite also was present in all four 

rocks, but the relative size of the d = 7.13/79 peak indicated that 

there was a smaller quantity of the mineral in the borehole sand than 

in the other three rock types. Similarly, illite was present in all 

four rock types, but to a lesser degree in the borehole sand. However, 

the veak for illite at d = 10.048, on the trace of the sub 2u. sample 

for the borehole sand had a shovlder indicating the presence of mixed 

layer clays, probably illite - montmorillonite. A double peak at 

d = 3.53 to 3.59 suggests the presence of chlorite in these rocks, 

confirmed by peaks at ad = 4.7199 and d = 14.255. After glycolation the 

peak was still present at d = 14.255 confirming that it represents 

chlorite, and not an expansible clay. Again, the borehole sand had 

less chlorite present relative to the other three rock types, 

Musxovite was present in the grey and red clays, and in the grey sand. 
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This was identified from the peak at d = 1.9893, and the nature of the 

quartz peak at d = 3.351 where it overlaps with a wumeories peak. 

Feldspars were detected in the coarser fractions of all the rock samples, 

identified by an indeterminate feldspar peak at d = 3.24. In addition, 

a peak at d = 2.50, present on the traces for the grey and red clays, 

and the grey sand was identified as a plagioclase feldspar peak. 

The two clay samples and the grey sand are similar in their 

mineral content, but the borehole. sand differs considerably in that 

it has a much lower clay content. 

4.A, analysis revealed a high iron content in the grey sand and 

in the boulder clay, 39,305 and 33,864 gm gn respectively. The 

borehole sand and grey clay have a lower iron content than the other 

two rock types, 17,382 and 26,414 ugm em” respectively. The 

relatively low iron content for the horehole sand can be explained as 

being the result of iron oxides occurring only as very thin coatings 

on the rock grains and that little or no iron is present as clay 

minerals or other cementing material. Copper is the second most 

abundant metal present, with values of 300 .ugm eh for the two clays ‘ 

500 gm an for the grey sand and 650 ugm mare for the borehole sand. 

Nickel is present in all four rock types in concentrations of 150 ugm 

a while zinc and chromium are present in tens of ngm sents The 

results of the AA analyses are given in Appendix 5. 
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CHAP Eat 7 
eet ote men mae + 

DISCUSSION 

7el Objectives 

A literature survey had indicated that reaction with clay minerals 

26, 28, By Bhs a's 
results in a removal of metal ions from solution 

present work was carried out to deteriine whether any significant removal 

of metel ions could be expected when effluent reacts with rocks at disposal 

sites. Tffluents are generally of such a complex nature that it would be 

difficult to establish the reason for any reduction of metal concentration 

which may be observed. Hence, to achieve any uncerstanding of the mechanism 

involved it was decided to use solutions of pure metal selts in solution to 

eliminate any effects of organic materials which may be present in effluents. 

Pure clay minerals were used in addition to site rocks, again to reduce the 

number of variables in the experiments. As the work progressed, more complex 

solutions were developed, containing more than one element, and eventually 

the actual effluent was used, with the early results being used to understand 

the results achieved with the more complex situations. 

7.2 Adsorption sxperiments 

7.201 Restricted Variable xperiments. Although simple solutions of 

single metals in an acidic solution were used the choice of concentration 

was governed by analyses of typical effluents. When solutions were ceenlneie 

containing more than one metal, again the relative concentrations were 

governed by analyses of actual effluent samplese The experiments were 

carried out on the pure clay minerals montmorillonite and kaolinite. Both 

minerals adsorbed metals ions although the efficiency of montmorillonite was 

far higher than that of kaolinite, as is expected from the greater cation 

exchange capacity of the former (Section 3.1). 

The results of the experiments to establish the adsorptive capacity of 

montmorillonite and kaolinite (Section 5.3.3) demonstrate the differ-nce in 

the adsorptive cayacity of the minerels. Tis saturated state was achieved 
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when further increase in the original concentration of metal ions in solution 

failed to increase the quantity of metal adsorbed by the clay mineral. 

For montmorillonite this state was not reached with the concentration of 

metal. ions used (Fig 23). Saturation of kaolinite was achieved with 

chromium, copper and iron, while the decrease in the gradient of the curves 

for cadmium, nickel and lead indicate that saturation was approached (Fig 23). 

For zinc greater adsorption was observed with the increasing concentrations 

applied indicating that saturation was not achieved with the quantity of 

metal used. The concentration of metal was not increased to saturation for 

all the elements as the concentrations used were sufficient to cover the 

range found in the majority of effluents. 

The number of milli equivalents of metal adsorbed before the saturation 

state was achieved, varied with the metal species, suggesting that the position 

of equilibrium for the adsorption process is not the same for all the metal 

species. Kaolinite readily demonstrates this fact with a maximum adsorption 

of 4 meg/10O gm clay and 7 meq/lOO gm clay for chromium and iron respectively. 

Surprisingly, zinc is adsorbed to the greatest extent. A plausible, thongh 

currently unsupported explanation is that zinc may be able to isomorphically 

substitute for Mg et ions present in the clay minerals 26. This would not be 

possible for tripositive ions and is .less probable for the other dipositive 

transition metal ions whose chemistry and stereochemistry differ from those 

of zinc. Although tripositive cations cannot isomorphically substitute for 

Mg a it is possible that they may substitute for a, However, atomic 

absorption analysis of solutions for aluminium showed that the metal is not 

present in sufficient quantities to lend support to this hypothesis. 

Thus the experinents of section 5.3.3. demonstrate that montmorillonite 

has a greater capacity than kaolinite, to adsorb metal ions. Comparison of 

the relative quantities of metal adsorbed by kaolinite before saturation wes 

reached indicates the dependence of the adsorption process on both the metal 

species and clay species. The majority of adsorption for montmorillonite will 
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ve 

will be due to ion exchange ee as exchangeable ions are available, mainly 
a 

between the clay structural wnits 209 30s Electrostatic attraction is likely 

to occur on kaolinite where broken bonds at the surface account for the 

majority of surface charge 26. Co-ordination is equally favourable for both 

Clay minerals as they both have oxygen molecules exposed at the surface. 

The results of the experiments in sections 5.3.3. and Bus. cee the 

effects of the presence of more than one metal ion in solution on the 

adsorbance by montmorillonite and kaolinite. From the graphs of Fig 23 the 

adsorption from a single element solution of a particular concentration in 

contact with montmorillonite and kaolinite may be ascertained. From these 

graphs the adsorption for the elements used in the combination solutions C 

and D (Section 5.3.5) if in a single element solution, can be calculated. 

The values are compared with the actual adsorption observed for the 

combination experiments in Table 9. There is a reduction in the adsorption 

for a particular element when in competition with other elements, although 

the percentage reduction is inconsistant. 

Where zinc and iron are in competition (Combination C) iron is more 

selectively adsorbed, with a smaller reduction in adsorption, compared to 

the single element solution, than for zinc. The original concentration of 

zine in this case is higher than that of iron, which would give an advantage 

in the competition for adsorption sites if the only process involved was one 

of equilibrium adsorption. 

Where four elements are in competition (Combination D) they may be placed 

in the order of their ability to compete for exchange sites. The elements 

are arranged in the order of their percentage reduction in adsorption from the 

multi-~eiement solution, compared with the single element solutions, for each 

rock type: . 

Montmorillonite Zn > Cu > Ni > cr 

Kaolinite Cu > Zn > Cr > Ni 
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Many variables contribute to the series of metals including their 

charge, size, ligand fielc of the co-ordinated species, concentration and 

the nature of the clay mineral. Chromium being trivalent, will compete 

Juvocrably with the divalent metals for adsorption sites, and is therefore 

in the anticipated position. Nickel shows comparatively little reduction 

in adsorption when in competition, which may be attributed to the high 

concentration of the element in the solution. However copper, which was 

present in a similar concentration, has competed less well. 

The effect of the presence of iron in solution may be observed in 

combinations A, B, E and F. Combinations A and F differ in that F has a 

larger concentration of iron than A. B and E differ in that iron is 

absent from B. The percentage reductions for the adsorption of elements in 

Combination F compared to A, and EB compared to B (Table 4) must be due to the 

presence of large quantities of iron in solutions E and F giving this element 

an advantage in the equilibrium adsorption process. However, even in 

Solution A, where iron is present in small quantites it still achieves the 

greatest percentage adsorption and the greatest absolute adsorption for 

kaolinite (for montmorillonite there is 100% adsorption for other elements), 

suggesting that iron competes successfully for adsorption sites despite the 

disadvantages of a low concentration. The relative ease with which metals 

are adsorbed is therefore dependent on the mineral involved, as shown by the 

differences in the series for each mineral where four minerals are observed. 

Iron appears to compete favourably irrespective of the other metals present. 

or of the mineral. 

Je2e2 Site Rock Experiments. Experiments were carried out using rocks from 

the disposal sites studied. The simple solutions containing single 

elements and combinations of elements were used for the first experiments, 

followed by experiments with effluent (Section 723). The adsorption observed 

may be related to the mineralogy of the rocks. 
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Walsall Wood Site 

Reactions of the rocks similar to those present at Walsall Wood Site 

with solutions containing metals indicate that there is adsorption of metal 

“chs by the clay minerals present. Adsorption by the shale was always 

greater than that of the sandstone. This was expected as adsorption 

capacity is dependent on the clay mineral content. XRD analysis confirmed 

the presence of kaolinite, illite and chlorite in the Coal Measures Shale 

(Section 6.2). The poor adsorption capacity of kaolinite, which appears from 

the XRD analysis to be the dominant mineral, is compensated by the higher 

capacities of illite and chlorite, although they are present in smaller 

quantities (Section 3.1). The Coal Measures Sandstone has less illite and 

chlorite present which gives a lower adsorptive capacity as the majority of 

adsorption is achieved in this case by the kaolinite vresent. 

The experiments of Section 5.3.1. carried out on Coal Measures Sandstone 

and Shale demonstrate the difference in the adsorptive capacity of the two 

rock types. In the case of iron, there is an increase in the concentration 

of metal ion in solution for both sandstone and shale, with a greater increase 

for shale due to the higher iron content in this rock type. In all other 

cases, except chromium in nitric acid, there is a greater adsorption of metal 

by the shale than by the sandstone. In Section 5.3.6. a similar pattern is 

seen for the experiments at pH 1, 2, 3, 4 and 9. The graphs of Fig 26.b. 

show the results of the attempts to saturate the adsorption sites on Coal 

Measures Shale. It can be seen that the saturated state was not reached with 

the concentrations of metal ion used although the curve for nickel was 

beginning to flatten. 

Where there is competition between metal ions for adsorption sites 

(section 5.3.5) the Coal Measures Shale gives a similar result to that for 

the pure clay minerals. Table 9 shows the reduction in the percentage 

adsorption from mixed element solutions compared to pure element solutions. 

The series of elements in their order of percentage reduction in adsorption 
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from a multi element solution is: 

gn“. Cu > Cr > Ni 

As explained for the pure clay minerals, this series depends not only 

cu the nature of the metals but also on the nature of the minerals present, 

anc is therefore not the same as that for the pure clay minerals. Again, for 

the Coal Measures rocks iron competes very favourably against other metals 

for the adsorption sites. The results of the experiments on the Coal Measures 

Shale in fact reflect the results of kaolinite and monmorillonite, with an 

adsorptive capacity for the shale between that of montmorillonite and kaolinite 

which reflects the mineralogy of the rock. 

- Control experiments (Section 5.3.1) show that little leaching of metals 

from the shale occurs even at pHO. Only iron is leached in significant 

quantities (up to 200 meq 100 gm rock at pH O and 1). At higher pH values 

there was no leaching of iron from the rock. Effluent disposed of in this 

site, at a low pH value (less than 1) will leach iron as it moves through the 

rocks. As the effluent moves through the broken ground, neutralisation will 

occur (Section 8.2. ) increasing the pH of the effluent to a value above 

which leaching of iron will cease. By this time the liquid will have adsorbed 

large quantities of iron, which will compete with metals in the effluent for 

exchange sites or the clay minerals. The neutralising effect of the Coal 

Measures rocks will cease when the carbonate and oxides present have reacted. 

The pH of the effluent passing through such rock will not be altered, and it 

will leach both iron and other elements which have been adsorbed from 

previously neutralised effluent. Further neutralisation will occur when the 

effluent reaches unreacted rocks. Thus a belt of adsorbed metal ions will 

move through the rocks in the mine as they are alternately adsorbed and 

leached. 

The effects of the high iron content of Coal Measures rocks must be 

considered with respect to adsorption processes. The black shales of the 

Coal Measures were deposited in « reducing environment hence the iron 
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present will be divalent. During the working life of a colliery the 

circulation of air will oxidise iron, in minerals exposed, to the trivalent 

state. Fe II will compete with other metal ions less successfully than 

Fe III for exchanges sites on clay minerals. However, as nitric acid 

accounts for a significant volume of the effluent disposed in the mine, much 

of the Fe II present will be oxidised to Fe III. Thus the complete role of 

iron in the mine remains a matter of specul ation. However sufficient 

evidence is presented here to show that the presence of acid leachable iron in 

large quantities can assist the movement of a band of metal ions through a 

mineral medium. This will be less of a problem if the site contains minerals 

which can neutralise the acid effluent efficiently, however it must be 

emphasised that the seepage of acid solution from such a site could be serious. 

Betton Abbotts Site 

The experiments with these rocks were designed to determine the adsorp- 

tion which can be achieved by reaction of the rocks with solutions containing 

single elements and combinations of elements in concentrations similar to 

those of effluents to be disposed of at the site. 

Of the four rock materials from this site, the red boulder clay most 

efficiently adsorbs metal ions from solution (Section 5.3.7). The grey day 

rich sand from the west end of the site, has a similar adsorption capacity 

to the red clay, with only slightly lower adsorption values for iron and 

nickel. The grey clay, and red sand from the borehole, have an appreciably 

lower capacity for adsorption compared with the other two materials sem from 

the results of the mixed element experiment (Table 5). ‘The low clay mineral 

content of the red borehole sand shown by XRD analyses (Section 6.3) 

accounts for the low adsorption capacity of this rock type. The low 

adsorption by the grey clay may be due to the very fine grained nature of the 

material which would restrict the movement of metal bearing liquids. Ifa 

filter bed method is to be used to reduce the toxic metal content of 

effluents at the site (Section 2.4) it should contain the grey sand. The 
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boulder clay is unsuitable for use as a filter as the permeability is too 

low to allow movement of liquids. 

The effects of competition between elements for adsorption sites on 

clays in the Betton Abbotts site rocks may be determined by comparison of the 

results for the single element, and multi element solutions. No reduction 

in adsorption was observed when the red clay and grey sand were mixed with 

the combination 1 solution, compared with adsorption from the single element 

solutions of similar concentrations (Section 5.3.7). This observation 

suggests that both these materials have sufficient capacity to adsorb the 

total amount of metal present in the particular multi element solytion. 

Adsorption of copper and zinc from the Combination 2 solution, where the 

original concentrations are high, is lower than from the single element 

solutions in contact with these materials (Figs 27.7, 27.8, 27.10 and 27.12). 

Adsorption of zinc was reduced by approximately 50%, from 50 meq {100 gm to 

27 meq/l00 gm for the same original concentrations. Copper adsorption fell 

by 80% from 90 meq/100 gm, for the single element solution, to 15 meq/100 gm 

for the mixed element solution. The grey clay and the red borehole sand 

showed a reduction in adsorption for both multi element solutions compared 

with the single element solutions (Table 5). 

Thus, there is a reduction in the adsorption from mixed element solutions, 

as observed for the experiments with the pure clay minerals. Where iron is 

in competition it is seen to compete favourably with a similar percentage 

adsorption observed for the mixed and single element solutions, while lead, 

copper, nickel and zinc adsorption is reduced by competition, unless there is 

sufficient capacity for adsorption of all metals in solution. However, the 

results suggest that metal content of liquids disposed of at the site will be 

reduced by adsorption of metal ions from the solution on the clay minerals, 

7+205 Experiments with Effluent Samples. The results in Section 5.3.9 aaa 

the effects of reacting ea typical effluent sample with Coal Measures Shale, 

kaolinite and montmorillonite. In all cases for kaolinite and Coal Measures 
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shale, and in the majority of cases for montmorillonite, there is a reduction 

in the amount of adsorption compared to that for the pure metal solution 

(fable 7). The series of adsorption observed for the pure element solutions, 

with montmorillonite showing the greatest adsorption, shale intermediate, 

and kaolinite the least, is observed for the reactions with the effluent in 

the majority of cases. The percentage reductions in adsorption for the 

effluent compared to the pure element solutions, for montmorillonite and shale 

are in general lower than for kaolinite, although the absolute adsorption 

is lower for kaolinite. For chromium there was a greater amount of 

adsorption from the effluent sample than for the pure element sample for 

kaolinite. Similarly for the reactions of the Betton Abbotts site rocks 

with a typical effluent, there is little adsorption compared with that 

observed for the pure element solutions. Zinc illustrates the effect with 

a decrease in adsorption capacity for all four rock materials from Betton 

Abbotts when in contact with the effluent sample. A 40% reduction was 

observed in the concentration of the effluent sample in contact with the red 

boulder clay and the red sand, but the borehole sand and the grey clay 

reduced the concentration by only 10%. Similar concentrations of zine in 

single element solutions were 100% adsorbed by the red clay and grey sand, 

and 20% adsorbed by the grey clay and red sand. Similar, though slightly 

lower results were found for the mixed element solution. 

The reduction in the adsorption observed for the reactions with effluent 

solutions may result from the presence of organic material in the solutions 

which are likely to occupy adsorption sites 26, and solids which will block 

the adsorption sites. However the results do show that some cleaning of 

effluent samples occur when they are in contact with typical site rocks. 

7.3 The Chemistry of the adsorption of metal ions by clay minerals 

Previous studies of ion exchange reactions of clay minerals 7 a 

show the loss of sodium and potassium from the minerals. To ascertain the 

contribution of ion exchange to the adsorption observed during this work, 
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the concentrations of sodium and potassium present were determined before 

and after the adsorption process. Pure clay minerals were used for this 

examination (Section 5.3.4). Analyses showed that very small quantities 

of sodium and potassium (less than 10 ppm and 0.5 ppm respectively) were 

present in the solutions before reaction with the clay minerals. The 

concentration of both elements in solution increased after reaction 

indicating that the adsorption process was accompanied by release of 

sodium and potassium. Both kaolinite and montmorilonite released 0.1 

meq of potassium per hundred grams of clay mineral. Sodium was released 

in greater quantities, and varied with the metal ion present. Reaction 

of montmorillonite with solutions containing chromium and iron released 

6 meq/100 gm clay mineral, while the other metal solutions released less 

than 3 meqg/l00 gm clay. These observations may be explained by consider- 

ing the equilibrium between sodium both in solution and adsorbed on the 

clays, and metal ions in solution and adsorbed on the clays. 

Clay (Na*)m + «MT = clay (Na*) a + noe Na* 
M—N3C 

The equilibrium constant for this reaction may differ for di- and 

trivalent metal ions, which would explain the difference in the quantity 

of sodium released by the trivalent iron and chromium species compared 

with that released by the divalent metals. 

Release of sodium and potassium occurred during the first five days 

of the experiment, after which the concentrations of these elements in 

solution remained constant. This is consistent with the majority of the 

adsorption of metal ions from solution during the first week of the 

experiment. Except in the case of cadium, the total amount of metal ion 

adsorbed in meq/100 gm clay is greater than the quantity of sodium and 

potassium released (Fig 24). This suggests that, although some of the 

adsorption may be due to ion exchange, a second mechanism is necessary to 

account for the excess metal adsorbed. This additional capacity may be 

explained by a variety of mechanisms (Section 3.1). Firstly, 
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electrostatic attraction between positively charged metal ions and the 

27, 44k 
negatively charged faces of the clay minerals may lead to the 

adsorption of metal ions onto the clays. Subsequent electrostatic 

attraction between anions present in solution may restore the negative 

charge at the surface, giving rise to further attraction of metal 

cations (Fig 30a). Secondly, co-ordination between the metal ions and 

oxygen molecules present at the surface of the minerals may be responsible 

for the adsorption of metals from solution. The E.8.R. data obtained 

(Section 8.3) has shown that Ni II is present on the clay minerals studied 

in a distorted configuration, and that Cu II is present in a 

configuration not consistant with the hexaquo ion. These observations 

are explained by substitution of a proportion of the water molecules in 

the co-ordination shell, present in the aqueous environment, by oxygen 

atoms on the clay minerals (Fig 30b). Finally when the pH is above 6, 

additional adsorption capacity may be made available since precipitation 

of the metal as a hydroxide may occur. This may form a coating on the 

clay surface onto which metals are adsorbed. The mechanism is likely 

to be of particular importance for solutions containing large 

concentrations of iron. 

For cadmium there is a greater release of sodium than adsorption of 

metal for both keolinite and montmorillonite. This suggests that the 

release of sodium and potassium is dependent upon the total cation 

concentration, and not only on the metal ion concentration. The excess 

sites available, when all the metal ions present have been adsorbed, 

may be occupied by hydrogen ions present in the acid solution. 

Some information on the nature of the adsorption sites for copper 

and nickel was obtained from E.S.R. spectroscopy (Section 8.3). For 

the sample of kaolinite which had been in contact with a Cu II solution 

a rhombic spectrum was observed from which three g factors were 

56 
calculated. From the work of Dudley and Hathaway we can define: 
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FIG. 30 

Diagrammatic representation of the Adsorption Mechanisms 
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Substituting values for the g factors (Table 11) we obtain R = 0.8 

or R41 which implies a dy 2 - y° ground state 57158 (pig 31), 

Thus we may eliminate such geometrics as trigonal bipyramidal as this 

has a “+g ground state. In fact a distorted six co-ordinate 

environment is most likely; and ‘cis octahedral' distortion may also be 

eliminated as it has a a2 ground state Plies (Fig 31 b). 

For montmorillonite in contact with Cu II an axial trace of copper, 

with fine structure on the weakest component, was obtained. This 

indicates a coupling of the electron with the 3/2 nuclear spin of 

copper giving rise to four components for 844° This interaction is 

not resolved for 84° The spectrum suggests a tetragonal environment 

for the copper atom. The lowest g factor from this spectrum is 

g = 2.05 which implies a dy 2 + Yo ground state ie a distortion 

along the 7 axis of the octahedron leaving the unpaired election in 

the dy 2- Y> orbital. One spectrum was taken of kaolinite, which 

had been in contact with nickel nitrate solution. A two g factor 

(axial) spectrum was obtained indicating that, in the case of Ni II 

also, sites of lower symmetry than octahedral were occupied thus 

eliminating Ni (H50)¢ as the adsorbed species. Some evidence of 

fine structure due to coupling of electron and nuclear spin, were noted 

on both the perpendicular and parallel components. The £.5.R. evidence 

suggests that copper and nickel need not simply be adsorbed as the 

hexaqus ion, supporting the previous suggestion that more than one 

mechanism of adsorption is operative. 

The results of the experiments on kaolinite, montmorillonite and 

Coal Measures Rocks (Sections 5.3.1, 5.3.2 and 5.3.6) illustrate the 

pH dependence of metal ion adsorption. The original experiments 
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carried out on Coal Measures Shale at pH O (Section 5.3.1) showed that 

little adsorption occurred, and in the case of copper, zinc and cadmium 

an increase in the concentration of metal in solution was observed. 

For copper and cadmium the effect is within experimental error. In the 

case of zinc, part of the increase is due to evaporation of the solution 

as is ee later experiments, particularly where the metal is 

present in high concentrations (Section 5.2). Some zinc is naturally 

present in rocks (Section 6.2) but control experiments show that it is 

not leached in sufficient quantities to explain the increase in 

concentration observed (Section 5.3.1). For chromium and iron (Fig 21) 

there is a two stage adsorption with a period of little adsorption 

indicated by the flattening of the curve. This effect is disaussed later. 

when the pH of the acvution was raised adsorption of ee aethae 

present increased, with a particularly marked increase at pH 2. At pH 

values above 3, aplateau value was reached, above which the metal ion 

adsorption remained constant with further increase in pH. 

The results of the experiments with montmorillonite illustrated the 

distinction between adsorption at pH 1, and that at pH values of 2 and 

above (Table 10). Generally results from the kaolinite experiments did 

not show as marked a discontinuity, however for cadmium no adsorption 

was observed until pH 3, after which adsorption of 60% of the original 

concentration occurred, and for lead adsorption of 20% was observed at 

PH 1, 34% at pH 2, and 70% at pH 3, 4 and 9. Similarly Coal Measures 

shale adsorbed larger quantities of metal at pH values above 2 (Table 10). 

The variation in the percentage adsorption is therefore related to the 

hydrogen ion concentration. Adsorption is anequilibrium process in which 

the concentration of the cations present determine the equilibrium 

position. If a high concentration of hydrogen ions is available, ie the 

pH. is low, they will compete with the metal cations for adsorption sites. 

When the hydrogen ion concentration drops, ie the pH is increased, the 
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TABLE 10 

A summary of the variation in adsorption of metals by montmorillonite 

and Coal Measures shale at pH 1, 2, 3, 4 and 9. 
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metal cations compete more favourably for the exchange sites. In 

adcition to the concentration factor hydrogen ions, although monovalent 

and solvated, are smaller than monovalent metal ions, consequently they 

have a greater charge density which will enable them to compete as 

effectively as a di- or trivalent metal cation. 

The effects observed when the pH was varied may also be due to the 

achievement of the point of zero charge for the minerals (Section 3.1). 

At this point the charge on the clay minerals reverses from positive to 

negative. This state is achieved below pH 3 for montmorillonite and at a 

pH between 3 and 4 for kaolinite ~ hence the increase in adsorption up 

to a pH value of 3, when the clay charge reversal is complete, after 

which the change in pH does not affect the quantity of nets adsorbed, 

Thus, the pH dependence of the adsorption of metal cations from 

solutions is probably due to the effects of both the hydrogen ions and the 

physical state of the clay minerals. The process of adsorption was 

shown to be reversible, and dependent on the pH value of the medium, for 

lead. After reaction with Coal Measures Shale, solutions containing lead 

were decanted and replaced with an equal quantity of acid at pH 1. Lead 

previously adsorbed onto the minerals was leached into solutions in 

quantities equal to those of the original solutions applied. 

To assess the effects of the anionic species in solution, four acids 

were used to prepare the metal solutions (Sections 5.301, 543.2, 5.3.4) 

Nitrate salts of the metals were used to ensure solubility hence nitrate 

ions were present in all the solutions in a concentration rete of n:1 for 

the metal salt M (NO), Perchloric, hydrochloric, and nitric acids were 

used for the original experiments at pH O (Section 5.3.1). Perchloric 

acid provides an ion which is theoretically less likely to form complexes 

with the metal ions than chloride or nitrate anions. Complex formation, 

between the anion and a metal, will result in a lower percentage 

adsorption of the metal from solution as fewer metal ions will be 
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available, and will therefore compete less favourably in the iesbtitirien 

process of adsorption. ‘here solutions contain more than one metal, the 

nature of the anion present may cause a reversal in the order of adsorption 

of metals from solution due to the relative stability of the complexes 

formed. 

Significant variation in adsorption of zinc and lead was observed in 

the experiments carried out on Coal Measures shale at pH O for hydrochloric 

acid, compared with nitric and perchloric acid. The concentration of zine 

in the hydrochloric acid solution was reduced by 10%, while the 

concentrations of the solutions in nitric acid and perchloric acid were 

reduced by 20%. This may be explained by the formation of a complex 

between zine and chlorideions which reduced the concentration of zinc ions 

available for adsorption. The concentration of the lead, in nitric acid 

solution, remained constant, while the concentration of the perchloric 

acid solution was reduced by 60%. It appears that nitrate ions effect- 

ively reduce the concentration of lead availabie for adsorption. 

The results of the experiments of Section 5.3.4. and those at 

different pH values (Sections 5.3.2, 5.3.6) show that the variation in 

adsorption with anionic species is not observed at pH values above 2. 

However it must be remembered that the anion concentration falls 

proportionally with the hydrogen ion concentration as the pH is increased. 

In the case of disposal sites where neutralisation occurs the anion 

concentration remains stable when the pH value falls: 

nO Ge Cee c ae ee Pure solution 

(Cl') = 10°M -pH 2 

H Cl (Cl”) = 1M pH O 
i Neutralisation 
{ Na, ey 

(aT ye = 10" Ms on 2 
(Cl") = 1M 

Of the anions considered, only chloride is likely to form complexes 

with the metal ions under the prevailing conditions, particularly with 
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zinc. If hydrochloric acid is deposited at disposal sites and 

neutralised by carbonates and oxides present, the chloride ion concentra- 

tion would not be affected. If the disposal pattern at a facility 

involves large quantities of strong hydrochloric acid the question of 

chloro-complex, formation must be considered. In this work, experimental 

data shows that the concentration of chloride, nitrate, sulphate and 

perchlorate in acid solutions of pH 2 and above are insufficient for 

complex formation tointerfere with other adsorption phenomena observed. 

This could be an important factor in disposal at the Walsall Wood 

facility where high concentrations of hydrochloric acid are deposited. 

The adsorption of chromium and iron is represented by graphs which 

are different from those for the other metal ions (Figa 21, 22) It 

appears that chromium is adsorbed in two distinct stages; (a) during the 

first three days adsorption by the clay occurs and an equilibrium 

situation is reached; (b) further adsorption occurs after the next 3 or 

4 days, and a second equilibrium situation approached after ten days 

(Fig 21.1). This phenomenon was observed for both kaolinite and Coal 

Measures shale which contain large quantities of kaolinite (Section 6.2). 

A possible explanation is that the original rapid adsorption occurs on 

the surface of the clay, typical of adsorption by kaolinite 26 | followed 

by a slower adsorption onto sites with the clay mineral when the metal 

has hadtime to migrate to these areas. This second stage will comprise 

isomorphic substitution of trivalent cations by chromium within the clay 

lattice (Section 3.1). Alternatively the observations may be related to 

the hydrolysis of the trivalent cations. Chromium may be adsorbed as the 

Cr (H,0), > * species, which will be efficiently adsorbed because of its 

high charge. When the chromium ion is attached to the clay mineral, 

deprotonation of the hydrated ion may occur, in which a hydrogen ion is 

lost from one of the water molecules acting as ligands (Fig 32). ‘The 

effect would be to reduce the charge on the chromium from 3 to 2, which 
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would make the ion less competitive for the occupation of exchange sites. 

Thus the reduction in the rate of adsorption of chromium can be explained 

and it may even result in an increase in the concentration of chromium in 

solution, after a period of time, depending on the position of equilibrium 

for the two processes. If the deprotonation mechanicsm is slow, this will 

be the rate determining step for the final equilibrium between Cr (1,0), 

and Cr (H,0) 5 (on)**, This in turn will determine the final amount 

of chromium adsorbed by the mineral, If this explanation is applied to 

the adsorption of iron, the increase in concentration of the metal in 

solution after five days (Fig 21) may be accounted for. 
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7-4 Conclusions 

The work has produced some useful data related to the Walsall Wood 

Mine and the other sites. From the data derived from the mine facility 

it may be possible to predict the extent of contamination of the workings 

by calculation of the pH change in the effluent from an estimation of 

the surface area of contact. Although this will only give a very rough 

estimation, it could be useful for future planning of disposal facilities. 

The importance of keeping the pH high to promote adsorption of metals by clay 

minerals has been demonstrated. This will be particularly important in 

controlled leakage sites where the contaminants leaving the site must be 

kept to a minimum. Similarly the importance of iron both in the effluent 

and the rocks into which the effluent passes has been shown. Where iron 

J 
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is present in solution it will compete very favourably with other metal 

ions, hence the desireability of preventing leaching of iron from the 

rocks. 

The work has developed a method of obtaining data from simple 

laboratory experiments, which may be used when assessing new sites. 

Samples of the rock types from proposed sites may be teken and reacted 

with effluents to be tipped at the site to determine the changes which 

can be expected in the effluent. 

Future work could usefully be directed towards investigating the 

reactions of organic materials in effluents with clay minerals. _In 

addition, more work on the reactions of metal ions could be achieved by 

use of the H.G.A. 
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CHAPTER 8 

ADDITIONAL WORK 

8.1 Monitoring of the Mitco Borehole Liquid 

Two 40m deep boreholes were drilled at the Mitco site to determine 

any movement of liquids from the tip into the surrounding rocks. 

Borehole No 1 is situated on the north side of the site between the 

lagoon and Aldridge Brixancole No 2 quarry, and the second borehole 

is situated approximately 200m west of the site (Fig 7). Water samples 

from these boreholes were collected and analysed for phenol at frequent 

intervals. 

The phenol analyses were carried out using a Pye Unicam SP 1800 

ultra violet spectrophotometer. The phenolate ion was detected, at 

neutrel to alkaline pH, by measuring absorption at a wavelength of 

287 nm. The concentration was obtained assuming Beers Law to be 

for Cy H 07 as 2600.79 Although this method 
287 by 

is not as accurate as Gas Liquid Chromatography, being subject to 

obeyed, and taking FE 

interference from other organic materials present, it is rapid and 

convenient. 

The first analyses of water samples from Borehole 1 revealed a 

phenol content of approximately 125 ppm. No metal was present in 

detectable quantities. Subsequent analyses of samples collected over 

a six month period showed a decrease in the phenol concentration in the 

water to a concentration of 50 ppm. The concentration remained at this 

level, with smal] fluctuations, for ten months, until sampling was 

@iscontinued (Table 11). The water from Borehole 2 contained no phenol 

in detectable quantities over this period. 

The liquid in Mitco Tip has a phenol concentration of approximately 

600 ppm , which remained relatively constant over the sampling 

period. The water in Borehole 1 therefore appears to be a diluted 

solution of the liquid present in the Mitco site. The high phenol values 
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TABLE 11 
ed 

  

Results of the phenol analyses of liquid from the boreholes at Mitco 

Site and the depth of the water table 
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| 18.1.74 22.5 50 
8.5 neds 

| 1.2.74 1 12,2 53 
2 8.0 nod. 

8.2.74 12.9 | 61 
8.2 Nee 

11.3.74 1 12.03 54 

2 - ! Nede 

16.4 9h ed 12.1 64 

pore 7.6 | ned. 
| 

j 39.74 | 5 11.6 | 38 

702 Nede 

i 23.10.74 | Not recorded! 60 

| 2 ue Bi | Macs 

[26.007 <2: 11.4 | 79 

| 2 7 | ned. 

| 
Wiketo ct ia 11.6 51 

2 647 fade 
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for the early analyses ere probably the result of contamination introduced 

during permeability testing of Borehole 1. ‘The water used was transported 

in a tanker previously used for Mitco Tip liquid. This water would be 

contaminated with phenol and lilution by the ground water has removed 

the effects. If the level of 50 ppm is taken as the phenol content in 

Borehole 1, this represents a dilution of 90% during movement of the 

water from the lagoon, through approximately 20 m of rock, to the 

borehole. ‘The absence of phenol in water samples from Borehole 2 is 

due to the greater distance from the lagoon, and the fact that movement 

of contaminants will be down dip (to the north) rather than along the 

strike of the beds. 
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8.2. To assess the change in pH of an acidic solution in contact with 
  

Coal Measures Shale. 

100m of hydrochloric acid, pH 0.89, were added to 30gm of Coal 

Measures Shaie in a beaker. The mixture was stirred, and the pH value 

of the solution recorded each day for a period ci two weeks. 

  

Day pH of the acts 
2 0.89 

2 1.10 

2 1.14 

h 1.46 

2 1.41 

8 1.46 

9 1.44 

10 1.30 

121 1.41 

12 1.56 

This shows that 30 gm of rock has reduced the pH from 0.89 to 

1.56. This represents a reduction of 0.10) moles in the concentration 

of hydrogen ion. The capacity of the rock for neutralising acid 

expressed in terms of moles per 100 gm of rock is therefore 0.3366. 

8.3. Electron Spin Resorance (E.3.R.) 
  

Electron spin resonance spectra were obtained to give information 

about the co-ordination ex.vironment of the absorbed ions. Kaolinite 

and montmorillonite samples which had been reacted with solutions | 

containing copper and nickel, were selected to evaluate the technique. 

Spectra were obtained cn a Varian instrument at 78K with a microwave 

frequency of 9.146 G.Hz. The ¢ values obtained from the traces are 

given below: 

TABT® 12. g values for H.S.R. spectra 
  ae . mre tner-nenegts meee eremstbooweiopher   

  

    

| | 
Sample | c Pee = ae 

Copper, Kaolinite 1 2,025 | 2.039 | 2.056 | 
fe 

Coprer, Montmorillonite 2,050 | 2.2112 

  

‘ ee ee 
‘Mi, Yaolinite 2.008 | 2.015 | | 
      

i fete oe 4a > % 

OU



8.4. Mossbauer Spectrophotometry 

It was hoped that this technique would give information about the 

oxidation state of iron adsorbed onto clay minerals. Weaver et a1 

used this technique for the analysis of iron in clay minerals, to 

establish the presence of Fe II and Fe III, and in sheet structure 

Silicates they distinguished octahedrally coordinated iron from 

tetrahedrally coordinated iron in pure clay minerals. 

Samples of the Coal Measures Shales were prepared between 

perspex plates, and attempts made to obtain a spectrum on a 

Centronic Méssbaver Spectrometer. Although the preparation of the 

samples was varied to obtain a range of thickuesses, no spectra 

were obtained. As the work progressed the need for this information 

appeared to diminish and the technique was abandoned. 
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APPENDIX & 

LOGS OF AUGER BOREHOLES AROUND BETTON ABBOTTS SITE 

Borehole 1 

0.0 - 1.0m Sandy brown soi 

7.0 + 1.3 Light brown cley/sand 

35° 169 Brown sand 

1.9 - 10.0 Chocolate brewn clay 

(Draw of water on withdrawel © 6.0m) 

Borehole 2 

0.0 - 0.6m Yellow/brown sandy soil 

0.6 -1.2 Chocolate brown clayey sané (wet) 

dee = 265 Chocolate brown firm sandy clay 

Zip = 56D Firm brown clay 

5.5 - 10.0 Chocolate brown sandy clay 

Borehole 2 

0.0 - 0.6m Brown sandy soil. 

0.6 - 1.3 Yellow clayey sand 

43 260 Brown sandy clay, with thin grey clay layer at top 

2.0 Traces of organic materials 

260. A060 Wet brown sand. Water produced at 3.5m 

#0 Chocolate brown clay traces on end of bit 

Borehol.c 4 

0.0 - 1.0m Yellow sand 

Ose 15 Grey sand 

155. ~ 2.0 Rrown sani. Water produced at 2.0m 

2.0 - 10.0 Brown sand, water saturated, yellow sand at extreme 

end of hole 

Borehole 5 

0.0 = 0.75m Brown sandy soil 

0.75 -1.5 Yellow sandy clay 

too ~ 1579 Brown sand 

1675 —' 265 Brown sandy clay 

26D = 5D Light brown sandy clay. Water produced at 3.5m 

3.5 - 4.0 Liquid clayey material 

~ 4,0 ~- 10.0 Stiff brown clay 
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Borehole 6 

  

0.0 - 0.6n 

OG. = 2.25 

2.25 - 4.0 

M0 5.3 

5.3 - 8.0 

8.0 = 10.0 

Borchole 7 
O20: —.0.8m 

0.8 - 1.75 

1.75 ~ 2.0 

2.0 - «2.25 

2025 - 5.2 

Je2--~ 5.9 

309 - 5.0 

5.0 ~ 8.6 

' 3.6 = -10,0 

Borehole 8 

0.0 - 10.0m 

Borehole 9 
Os - 0.75m 

0.75 - 3.0 

0 + 3.6 

ao + 4,2 

he2 - ALS 

4.5 - 4.8 

4.8 - 5.0 

Brown sandy soil 

Yellow sand 

Wet yellow sand 

Brown sandy clay - sticky. Slight greyness at base 

Wet clay, brown 

Stiff brown clay 

Brown sandy soil 

Wet yellow sand 

Wet yellow sand with some clay 

Light brown sandy clay 

Brown clayey sand becoming progressively sandier downwards 

Brown sand 

Brown sand. Water at 5.0m 

Wet brown sand 

Stiff dark brown clay 

Stiff brown clay 

Brown clayey soil 

Chocolate brown clay with pebbles 

Sandy brown gravelly clay 

Sandy clay with pebbles 

Pebble free chocolate brown clay 

Brown sand 

Dark brown clay 

(Hole terminated as auger would not penetrate deeper) 

0.0 

0.4 

1.0 

1.8 

4.5 

Ded 

9.25 

Borehole 10 
eee 

- O.4m 

- 1.0 

- 1.8 

=. 4.5 

gy! aD 

- 9.25 

- 10.0 

Brown clay soil 

Yellow-brown sandy clay 

Light grey sticky clay 

Light grey sandy clay - wet 

Lighter grey, sandier clay 

Less sancy grey cley, clay content increasing with depth 
and the colour changes to a more brown and less liquid clay 

Stiff brown clay 
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ae neat mene Rte 

0.0 - 0.5m Dark brown soil 

0.5 -1.5 Dark brown clay - dry 

1.5 - 1.8 Dark brown clay -- sticky 

48 ~ 2.0 Sandy dark brown clay 

20 = 250 Yellow brown fine sandy clay 

2.8 - 2.9 As above with decreasing sand contcnt 

269 ~ 4.5 Stiff chocolate brown clay 

h5~ 4.8 Stiff chocolate brown clay with a few rounded pebbles up to 

4" diameter 

4.8 -~ 5.0 Pebble free chocolate brown clay 

5.0.— 77.0 Chccolate brown clay - sticky at top becoming stiffer to base 

(Hole terminated because of drilling difficulties in stiff clay) 

Borehole Le 

0.0 - 0.4m Dark brown clayey soil 

O44 -~ 1.5 Khaki brown clay 

eo = 265 Wet khaki brown clay 

Ceo = 5D Liguid clay, grey/khaki colour becoming slightly sandy 

3,5 - 4.5 Sandier clay 

4,5 - 5.0 Sand content increasing, though still clay 

5.0 = 6.5 Grey liquid sand 

6.5 - 10.0 Brown sandy clay - relatively liguid 

at 10.0 Bit has firm sandy clay adhering to it 

Borehole 12 

0.0 - 0.51 Sandy clay soit 

0.5 -- 1.5 Brown sand and clay 

265) = 1.7 Brown sandy clay 

Dw Oe Stiff brown sandy clay 

Be 2545 Light brown sandy clay 

3.5 - 8.0 Very stiff brown clay 

8.0 = 9.5 Wet dark brown clay 

9.5 = 10.0 Hard dry brown clay 

Borehole 1+ 

0.0 - 0.2m Peaty deposits 

O,2> = 1.1. Dark grey clay 

tet — 2.0 Brown/grey clay 

2.0 Obstruction met. Hole abandoned to be redrilled 

Clay on end of bit is plastic and brown in colour



Borehole 1 (Redrilled) 

0.0 - 0.8m Black peaty deposit 

0.8 - 1.6 Sticky grey clay 

1.6 - 1.9 Featy deposit 

1.9 ~ 3.0 Sticky grey clay with water content increasing to base 

3.0 - 4.5 Chocolate brown clay, quite plastic 

(Hole terminated because of difficulty in penetrating deeper in clays 
of this consistency) 

Borehole 15 
0.0 - 0.7m Black peaty deposits, some clay content 

Oe? = 2.8 Liquid very dark brown clay 

2.8 - 4.0 Liquid brown clay, with some plant remains 

4,0 - 5.8 Light grey/brown liquid clay 

B40 =) 760 Light grey/obrown sandy liquid clay 

7.0 ~ 10.0 As above, though on withdrawal there was some sandy clay 

adhering to the last flight 

Borehole 16 

050 .-~.0.75m Brown clay soil 

0.75 - 1.5 Yellow-brown dry sand 

Lee =. 260 Chocolate brown sandy clay 

220. = eel: Chocolate brown clay -- dry 

2.0:« 2.6 Chocolate brown clay - moist, with. some small pebbles 

ee = 5.7 Red-brown moist clay - some sand content 

3.7 - 4.2 Wet sticky light brown chocolate sandy clay 

4,2 - 5,0 Semi-liguid licht chocolate brown sandy clay 

5.0 = 5.5 Stiff brown clay 

5.5 = 6.1 Liquid chocolate brown clay, some sand content 

bei + Ind of hole. Boulder struck 
Clay on end of bit is chocolate brown and stiff. 

Borehole i? 

Location between holes 14 aad 15 and some 30 metres to the east 

0.0 - 2.5m Grey clay, wet. Very thin deposit of peaty material 
occurs at the top of the ground 

Zoo. D.0 Licuid brown clay with some sand content 

5.0 - 6.0 Liquid brown sandy clay 

6.0 = 7.0 Wet brown clay with some sand content, getting stiffer 

WQs= 5 Brown sandy clay, quite plastic 

8.5 - 10.0 Stiff plastic brown clay with some sand content



Borehole i8 

0.0 -- 1.0m Sandy clay soil 

TOs 2.5 Sandy clay 

Lsb<~ 20 Stiff brown clay 

GgO-= 25 / Sandy browr clay 

2.7 ~- 6.0 Stiff chocolate brown cla;- 

6.0 - 9.0 Slightly wet brown clay 

9.0 - 9.3 Crumbly dry brown clay 

9.3 - 9.4 Dry brown clayey sand 

9.4 - 10.0 Dry hard brown clay 

Borehole 19 

0.0 - 1.0m Grey clay mixed with peaty interlayers 

tO = 5.0 Dark brown clay interlayered with considerable quantities 

of peaty material 

3.0 - 4.0 Wet red brown sand 

4,0 - 5.5 Wet red brown send, getting move clay content downwards 

5.9 = 9.0 Hard chocolate brown clay 

(Hole ended because of augering difficulties iu clay of this consistency. 
At end of drilling hole filled with water to within 45cm of surface)



APPENDIX 3 

The results of the experimental work on the adsorption of metal 

ions from solutions by clay minerals. 

BC 

BHS 

GC 

Ka 

M 

Sd 

WES 

Boulder Clay (Red Clay) 

Borehole Sand (Red Sand) 

Grey Clay 

Kaolinite 

Montmorillonite 

Coal Measures Sandstone 

Coal Measures Shale 

West Ind Sand (Grey Sand)



APPENDIX 3.1 

Results of expeziments with Perchloric, Nitric and Hydrochloric Acid 

at pHO on Coal Measures Sandstone and Shale 

  

    
      

| Concentration of solution in ppm after 

a period of time given in days from the | 

: commencement of the experiment 
Solution 

; 
S ei ise 

Day 

Sede es 6 Ae 1 Sa 
nf + a ee ae 4 

Creis HCLC), | 3062 | I | 

\ j 

| cr Sd 2925 | 2722 2778 2759 

cr sd 2903 | 2722 2726 2938 

Cr sd* | 2765 2766 «| 2726 «| 2523 «| 2505 | 

Sd Control j 1 ay 3 3 3 

| | 
Cr Sh 2864 | 2766 2726 2690 

Cr Sh | 2841 | 2766 2778 2690 

cr Sh* | o713 | 2550 | 2572 | 2321 | 2190; 

tiie 2 1 2 3 344 

| . | | 
| Cr in WL | 2347 

| 

| cr sa* | 2433 | 2h26 2367 2179 | 22kl | 

| cr sd | 2390 | 2396 2287 22ho 4 

lor sd | 2339. | 2396 2247 2165 

Sd Control [3 ! 5 6 eg | 9 

| 
| 

| cr Sh | 2239 | 2321 Berge 35) 20485 4 

i Cr sh* | oo72 | 2321 «| 2208 =| 2110 | 20k8) 
j ; i { ' i 

i Cr Sh : 2272 «| ahah e208 -.:. 2110. +} 
\ ' ' : i 

ian Control. j ¢ | 5 ae: | € oot 
i { : ‘ | 

| | | | | ee 
| Cr in HNO, =| 2038 | | | 

a sa | ais2 | | 1633 1737 | 

cr sd | 2378. | | 1674 | 3502 | 
f 

| Gr sas | 2072 | | 1633 | 1796 | 1623 | 

id Control | 1 ee Oe 

202



    

  

Day 
Solution 1 | 3 | o : 17 

| Cr Sh | 2210 | | 1810 | 1796 

| Cr Sh* | 2095 | ° | 1810 | 1608 
| Cr Sh EVD | | 1651. 1 1796 

1Sh Control j 2 ae 2 
  

*hesults used for plotting graph of reduction in 

concentration of metal ion in solution against time. 
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Solution ; ed 
1 Se 1 28 7) 64, 

gn in HCLO), 8049 ; | 

gn Sa 79544 8101 | 7549 | 6040 

zn Sd* 8049 8101 | 7217; 1 6304 | 7749 19735) 
zn Sd 8176 8150 | 7268 ! 6304 

Sd Control - - - - 8 13 
| { 

gn gh 7923 | 8101 ; 7176 | 6432 | 

Zn Sh* 7923 7633 ; 6912 | 6504 | 7749 | 7597 
zm gh 5986 | | 7519 | 7267 | 6304 | 
Sh Control _ - - - 25) 33 

i ee 

| Py Si: PB loaba es 78 

ign in HCL | 9357 
an Sa 9568 | 9165 9491 
mm sd* 9392 | 9099 8996 | 8917 | 9526 | 
Zn Sd 9357 | 8969 8488 | | 

Sd Control Ree be 9 14 451 

| 

mn she 9357 | 9165 | | 8439 | 8689 | 8814 | 
on Sh 9357 | 8656 | 8620 | | 
Zn sh | 9357 | 8656 | | 8865 | | 
Sk Control | oe | ae 16 25 35 

errr) as eee ee en nn se ees 

  

  
{



  

  

  
  

  

  
    
  

    

| 
poemtage Rees ? . 16 i 32 (2 | 

| zn in HNO, | 9176 | ! | | 
' Zn Sd* 9176 | 8437 | 8371 | 8917 | 9526 | 
Zn sa 9176 | B46u | 8787 | | | 
Jn Sa 9176 | 8043 | 8307 | | | 

: Sd Control Bol 33 Pi | 8 ! 14 | 

| | | ecb aa 
in Sh* 8990 8303 | 8502 | 8679 | 96 | 
zn Sh 9176 | 8172 | 8291 | ! 

gn Sh | 9176 | 7368 | 8291 | : 
er Coltrol 6 | 8 | 20 3} 6" Pea | 

| oh 
Solution ee ae 2) ae 7 ee es, 

“Mi in Hoto,| 2480 | 2 | | | 
, Ni sa* | 2692 | 3009 | 2844 ' 2857. , 

| Ni sd | 2841 | 3009 | 2844 | 2770.) 2775 | 
Ni Sa | 27ke | 2950 | 2783 | 2691 | | 

| $a Control! 7 | - | 9 ho ae 

ee a hee. | | 
| Ni sh | ava | 3009 | 2783 | 2601 | 
Ni she 2821 | 3033 | 2664 | 2691 | 2775 | 2882 | 

“Mi Sh | 2821 | 3033 | 2723 | 2691 | : 
_ Si Control ! 6 : Peas 10. 14 

Sites) ft st? 16.30 

“Mi dn Hor. | 1789 | | 
Mi Sa | 2326 | 2280 | 2317 | 2142 | 

[Ni sa* 2271 | 2238 | 2183 | 214i | 2122 | 2372 | 
| Mi sa | 2035 | 2238 | 2222 | 2141 | 
‘ga Control | 4 P2109 9 Se 

: ! Pie Seg] 
| Ni Sh i 2280 | 2255 | 2261 | 2154 | | | 
| Ni she | 2280 | 2255 | 2183 | 2076 . 222 | 232k! 
i Ni Sh | 2280 } 2255 | 2222 | 215k | | 
veh Gontrot Gow bg 0 as ae ee 
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Solutior. saa . 
1 3 6 aos St 70 

ied mls nth ig eee tees So a a a ee 

Ni in HNO, | 2485 
Ni Sd* 2792 | 2485 | 2251 | 2270 | 2475 | 2673 

Ni Sd 2573 | 2561 | 2322 | 2353 
Ni sd 2566 | 2460 | 2233 | 2270 | 
Sd Control | 4 5 6 kos) 36 Shae 

Ni Sh* | 2682 | 2452 | 2190 | 2186 24751 262i5 

Ni Sh ' 2700 | 2452 | 2207 | 2270 
Ni Sh | 2583 | 2435 | 2190 | 2210 | 

' : I 

Sk Control | 6 9 9 AO AG ge 
eg le eee La oiidee wand oe | 

Solution | 1 | 3 6 17 | 38 SHS 
— ween neepee ee he he =| 

| Ca Sd Poe 89 88 88 | 
Ca sa* Erae9 1°89 88 | 87 kegs 95 | 
Cd sa | 99; 88 87; 88 | ' { 

Sd Control | - j - - roo - 

| | ! 
Cd Sh F205 | 88] 187 |, 88. | 
Ga mi 95) 89] 881 89 | 95 Foe 
Cd Sh ome | 287 | 87] 88:4 
Sh Control | - ie oo | “ete 

j ; } i 
Solution ee er do t 31 90 | 

Ca in HCL a7 | 
Cd Sa ee 92 | 970 69 | 

| 
Ca sa* babe) | 65) 69.1 50°15, Se, 

: \ i i | 
Cd sa we 70 | 65 1 GP | 

Sd Control - - - - = - ! 

: Pe ea . 
| Cd Sh Oe Be) 72 f- 67 | 
ca sh Peveee 68 16. 70 | 66 | ! 

i cd Sh* ete ee B81: 6S | 50: 75 | 
i Sh Gontrol 41 MoS ae ot We Genes 

:



  

  
      

  

  

  
  

  

    
  

Solution A Dey 

{opr iwi ale 
}Od inno, | 52 | | | | 

| Ca sas 53 | a. 52) 49.) 
| Ca sd Sie 5k 
ca sa 53 | 60. fe ba Ae 

| Sd Control - i - - ! - ! - - 

| | 
Ica she 541 50} kg | 48"| 45 | gh 
Ca Sh 54] 50! 51} 48 

| Ca Sh Ph 38) | SO 48 
| Sh Control - - | ~ | “ - - 

| [ : | 
' Solution 1 4 0 ML BB ee 67 

Cu in HCLO, 1469 

Cu sa* 1402 | 147 | 1454 | 300 | 1608 | 1732 
cu sa 1469 , 1469 | 1476 | 323 | 156k 1485 
Cu sd 1469 | 1469 | 1493 | 313 | 156k 
Si Control | - {| - gene 2 2 2 

| Cu Sh 1421 1394 | 1371 | 391 | 1417 | 1546 
Cu sh 1421; 1409 | 1505 | 472 | 1458 1399 

| cu 3h 1518 | 1462 | 1382 | 301 | 1478 
[Sh Control) - | - oo 2 ee 2 2 
us . ! woh nn eh 

| Solution 1. : 3 ? 16 32 70 

Cu in HCL | ah6a | : es 
| Cu Sa* 2436 | 2521 | 2220 | 219% | 209% | 2214 
| cu sd | 2462 | 2536 | 2226 | 2172 | 
lou sa i 2462 | 2501 | 2erk | 2116 | 
' } | | 
| Sd Control | 2 2 Al; 2 | 2 | 5 

| Cu gh* | auia | 2521 | 2189 | 2216 | 2162 | 2148 
' Cu Sh | 2hea | 24oe | 2201 | 2102 | 
| Cu Sh | aka | 2521 | 2127 | 2068 | 

Pe Coeteel kk ea 

  
    

  

    

 



  

  

  

  

  
  

  
  

  
  

  

  

  

  

  
  

  
  

  
  

  

  
  

: | Day 

i oo ! 1 | 3 a - oe 16 32 70 : 

| Cu in HNO, | 1876 
I Cu Sd* 1875 | 2006 | 1930 | 1627)| 1441 | 1710 

; Cu Sd 1876 | 2029 | 1930 | 1645 
i ou sd 1876 | 2001 : 1930 | 1645 

| 8d Control | 1 : 4 | r 2 2 2 

! Cu Sh* 1795 | 1978 | 1870 | 1580 | 1302 | 1649 | 

| Cu Sh | 1820 i 1906 | 1923 | 1627 | 

| Cu Sh | 1795 | 1861 , 1802 | 1566 | 
Be eats ee ee | 

Solution | 1 | & 7 1 28 46 67 

Fe in FCLO), 13390 

Fe Sd 21182 | 2h6ko | 25952 | 28157 | 24990 

Fe Sd* | 21624 | 2bk65 | 25952 | 27191 | 25820 | 29097 28963 

Fe Sd | 20744 24189 ' 23871 | 26241 |; 25403 

Sa Control | 8639 12232 | 10169 | 11446 

Fe sh | 23426 | 26549 | 29079 | 29139 | 28313 | 31609 

Fe S* |, 26261 | 29179 | 30074 | 31157 | 30856 | 3255 | 32759 | 
Fe Sh ; 24816 | 29718 | 31282 | 30139 , 29379 

Sh Control | 11612 | 15017 | 12930 | 14543 | | 
a ee ee ij pa Sere tee ap at eae ae Pg SE RES. SENS 

Solution | 1 ee is? 16 32° 

Fe in HCL 19034 ! 
Fe sa* | 24337 | 26042 | 27872 | 35403 | 29181 | 28121 

Fe 5d | 25417 | 2ho6o | 27872 ' 37500 : 

Fe Sd | 24337 | 26042 | 27706 | 37500 | : 
$a Control : 6424 | 12339 : 11454 | 13875 | 15152 | 16799 

i i i 

Fe shv | 25056 | 27456 | 29137 , 38600 | 31133 | 30056 

Fe Sh | 26068 | 27040 ! 28458 | 39200 | 
Fe Sh | 25056 | 27456 | 28881 | 38200 | 
Sh Control | 5799 | 11628 : 13104 | 13811 | 15655 | 16797 

  

ee oe 
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; Solution ! ee 

aa fie oi a 
: Fe in HNO, | 12kou | | | 

' Fe Sd* 16967 | 22247 | 23149 | 24723 | 22738 24002 | 

Be Sd | 18524 | 21504 | azik9o | 2h723 

Fe 3d | 16510 | 20775 | 21964 | 2266) | 
| $2 Control | hso1 | 8978 | 9112 | 10821 | 11425 103 Baa | 

| Fe sh* | 17584 | 23004 | 24547 ! 27767 | 27120 oie 

| Fe Sh | 17197 23620 | 25691 | 27767 | 

| Fe Sh | 16057 23776 | 2k54? . 25601 | 

|'Sh Control , 7731 , 13292 | 15809 ; 15330, Bee 

| Solution | 1 a | ? pu 28 | 46 67 

Pe a a ete Bess 
Pb sd 529 | 528 | 468 | 342 | 2h 

: Pb Sd 578 | 307 | 304 | 304 | 

' pp sat | 539 | 536 | 458 | 342 | 353 | 357 )2992 
' Fb Control 3 eae a 4 Oe 2 

Fb Sh*t = | 294 | akg : 199 | 176 | 1.80 i 177 ee 

| Pb Sh | kos | 384 | 335 | 284 | 286 | 1 232 

"Pb Sh 268 | 222 | 191 | 169 | 163 | ; 

Sh Control | 3 | ~ J - se Le 

of 
; Solution | 1 | 3 | 7 6 a 

| Pb in HNO, 626 | : 

Pb sa* 649 | 649 | 639 | 661 , 602 | 667! 
Pb sd 643 | 649 | 639 | 693 | 664 ! 

| Pb sd | 632 | Gla | 639 | 666 | 670: | 
| sa Control | 2 | 2 | at oe 

| Pb che | 630 | 630 | 639 | 656 | Gls | 645 | 
' Pb gh | 630 | 642 | 639 | 665 , 598 | 

: Pb Sh | Sh | 630 | 63s | 595 | 549 | | 

gidgntrol | 6 1-8. LB! 7 60 64 

208



1 Results of experiments with y 

Montmorillonite and Kaolinit 

Poa 
i : i 

Solution 
' 

1 

Pe 

| Perchloric Acid pH1l i 
} 4 

i 

  

, Ae@id plil2 

: Mpl2 
’ Aheid “pH 

' reid pri 

Mpit 

| Mptl 

Pierre Reid pil 

— CHROMIUM — MONTHORTLTON 
  

Acid 

MpHe2 

Acid ypil3 

MpH3 

Acid 

Mp4 

Soln 

MpH9 

pH’ 

pHo 

Hydrochloric Acid pH1 

Mp 
Rae GatT SS 
ACLOQ pric 

1 pS   MprZ 

Zeid pa4 | 

Lipu4 

Mol 

  

14 

109 | 

109 | 

395 3c? 

Sa D8 
torce acids at pH 1, 2,3, 4 and 9 on 

ry given in ppm of metealions in solution O 

Days 

‘3 18 Veal 56 | 20 
i Pe 

; { 
| 
} 

e
a
e
 
nt
 
ee
ep
c 

en
n 

mi
ss
 
e
p
e
e
 

  AA 94   Ww ON
 

2104 | ; 
ra   

1922 | | 

Bch OY 
2078 

81} 

| 354, 389. 312 | 30h 
— 2013 | 

Bo Ae | 82h A 

NM
 

“J
 

N
 co
 29 | MN WG
 

4a 

| 
2013 | 

305.\ 330° |. 26 eae 

67 

4O 35   
37 | 
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CHROMIUM ~ KAOLINIT eee nem eeree 

  

  

Solution 

et eee nee ae en ee ee 

Perchloric Acid pl 

Kapil 

Acid pi 

  

  
Kapii2 

Acid pH3 

KapH3 

Acid pH4 

KapH4 

Soln pH9 

Kap? 

| Hydrochloric Acid pHl , 

Kapa 

Acid pH2 

Kapi2 

| Acid pH3 

KapH3 

| acia put 

Kapil 

| 
| Nitric Acid pHl 

| KapHl 

' Acid pH2 

| Kapi2 

! Acid pH3 i 

| Kap 

| Acid pith 

Kapi4 

: “ golution — 

Ferchloric Acid pile 

KapEl 

! Acid pH2 

Kani 

Sen ereeet ape 

e
e
 
e
s
 

ee 
e
e
 
e
e
 
2360 

1965 

2099 | 

2099 | 

2099 

2099 | 

1930 

! 

2201 | 
t 

4 
a
 

en
 

ee 
pa
ee
 
e
e
e
 

NM
 

mM
 

ne
 

NI
 

2000 

2000 

1603 

2271 

1966 

2160 

1880 

2215 

1900 
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Sp

 o
k 

rsd
 o

h 
sc
on
s 

cl
he

pl
tn

-i
ea

en
ot

oa
te

re
d 

2169 

1858 

2056 

1964 

1942 

2056 

1928 

1824. 

2000 

  

  

817 | 

    
  

GL eee 
15 OY. 58 
ak ee woven at wap ne ed 

2354 | 1473 | 13849 

1888 | 1345 | 1694 

1933 | 1416 ; 1725 | 

| 
1856 | 1290 | 1631; 

| 

1824 | 1325 1725 | 

| | 
1856 | 1437 | 1209 | 

1824 | 1346 | 1656! 
| 

| | 
1792 | 1207 | 1521 , 

| a 
1888 | 13 0 | 1689 . 

| | 
| foe 

1920 | 1423; 1779) 
| 

{ 4 

1953 | 1h02 | 1758 

1856 ; 1360 : 1590 | 

| | | 
1856 1346! 1590. 
oo 

ei gh oe cole lee 
i { 

955 | 855 | 1338 

876 781 | 1026 

70 

1985 

1689 

1619   
1537 | 

, We3 

1592 | 

1606 

1372 | 

1606. 

1933 

1759: 

1640 

1654! 

bles



  

Acid pi3 

Soln pi9 

  

  

  

Nays ee o 

as 8 : 16. |. 30) 50 | 6h 

1044 | 

939 | 993 | 707 | She | 749 | 832 | 808 
1032 | ! 
918 | 764 i 797 | 8271 749 | 817 

| | 
| 

  

  

MpH3 

Acid »E4 

MpH4 

Acid pid 

MpH9 

Fydrochloric Acid pil 

MpH1 

REi0 pile 

Mp2 

: Acid pid 

Natric Acid: wel 

MpH1 

SOG. pic 

Mpie 

Beud 73h 5 

| Mpu3 

_ heid put 

 Mpr4 
fh, igi pany roth inet 

5041 | 

8248 | 

4636 ; 3807 
8177 | 

  
! 4675 3747 

| 4675 | 3k 

4697S | 4176 
1 

ACN 

i Kaplt9 Lobe 769 797 

ZINC — MONTMORILLCHIN 

Solution : 1 | 3 12 

- 4 clans cna 

Perchloric Acid pul 8499 | 

{pttl | 5708 5508 | 4589 
os 

Acid pi2 1 C142 | 
MpH2 | 4959 | 4207 | 3453 
Acid v3 8571 | 

er 
oe) 

3750 

340 | 

4659 

D 

| 3750 

3230 | 

2937 | 

. 3165 

oye 
ea) 

Bil 

5000 

3736 

26 oO 

359% 

3367 

32h3 

  756 

70 
  

  
e775 

2974 

2619 

3437 

2904 

3025 

2515 

3877 

2329 

  

5575 

4136   
4197 

3774 

3834 | 

Lok6 

432] | 

428 | 

3700 

5596 | 

3760 | 

3525 

7 BB94 

 



  
i 
{Solution _ 

| 
| 
i 
! 

ZING = KACLINIT: ee ee 

eee enn ee men 

Solution 

  

Perchloric ‘cid pH 

Kaplll 

Acid ple 

KapH2 

Acid: pH3 

Kapl3 

Acid put 

Kapil 

Soln pHS 

Kapul9 

Hydrochloric acid pH 

Kapil 

Acid pee 

Kapre 

Acid pH3 

Ka%3 

Acid pr4 

KapH4 

Nitric ‘cid pHlL 

Kantl 

Aeud phe 

: Kapl2 

ACid pH3 

Kapil 

Acid pas 

Kapa 

  
  

= a cee   

NICKS ~ MONTMORILLONITE 

  

Perchlioric écid pFl 

Mp1 

Acid pie 

Mp2 

Aeid pus 
Mp3 

  

  

Days 

1 | Bib? eae | 37 fp SRST OO 

| 7615 | | 
éhg3 | 6947 | 6569 | 6804 | 7Ok | 9270 | S4o3 

ema ae 
| 6639 | 6947 6159 ; 7161 7114 } 8050 | 9403 | 

, 7615 | | i 
7083 | 6637 , 6707 , 7161 7206 | 9018 | 9460 

| | 2027 | : | | 
| 6348 6947 6104 | 6923 | 7o44 | 8520 | 9152 | 

ce : | i 
| 6637 . 6131 | 6686 , 6813 | 8458 | 9096 | 

: 6589 | | 
6348 | 6180 . 6294 | 6568 | 7392 | 8597 | 9460 

| 6882 | : 
7384 | 6947 . 629k | 6804 | 7392 | 8987 | 9574 

6735 oe ! 
7384 , 6791 | 6375 | 7161 | 7392 | 9393 | 7kel 

| , 7027 | | | 
| 6204 ; 6180 . 6757 | 6450 . 6698 | 8213 | 8906 

! | 73a1 ! 
| 7283 | 6947 | 6707 | 7161 | 7578 | S2k1 |10004 
| 6298 | ! 
| 6321 | 5732 | 5836 | 6215 | 67hk 9679 | 8276 | 

6b | | ! 
6056 6637 | 5677 , 6215 ; 6652 | 8366 | 8798 

G8 8p te 
7283 «G44 «6077. 6333. 6522 | Blok | 8987 | 

| 8 | | asl 3. oS Te 

| 826 | 844 | 927 | 1182 | 766 | 897 
| 1556 | 

| 420 | 376 | 369} 4h? | 504 | 363 | 
| 1731 | | 

BOS B76) = DiS | BEG. |S B02, 340 | 
  

  

      
 



NICKEL - MONTMORILIONT'®: 
ae ame cam me a a 

  

Solution 

    

Acid poh 

Mp4 
TOS 

Acid pl 9 

MpH9 

| Hydrochloric Acid pHl 

  
Mp 
Aeid yi2 | 
MpH2 
Acid pii3 t 

Mpt3 
Acid pH4 

Mpr4 

Nitric. icid pil 

MpH1   
Acid pe 

' MpH2 

| Acid pli3 
i 
MpH3 

i 

' | Acid ot4 

  

329 

756 

380 

287 

345 

734 

ove 

301 

sr
ee

 
ne

ne
ca

ee
n 
t
a
n
g
e
r
 

o
e
 

s
t
a
i
n
s
 

oto
 
n
i
t
e
s
 

e
e
l
 
m
i
a
t
a
 

ws e
an

ei
nw

en
 
b
a
t
a
 

1609 

291 

1615 

305 

1620 

735 

1545 

340 

1498 

266 

1599 

S12 

L75u | 

706 

1637 

345 
1561 
265 

1637 

Days 

18 $1. BG 
ee 

| 

281 347 243 

734 

334 

254 

742 

BLO   
307   
951 

410 | 

    

  

  

pot Dee 200. Hage |) 564 

NiCr = KACLINIT. 
a cl ae 

Solution eel he 5 i ” | alts 

Perchloric icid pul | 1599 | 

Kapil 2070 | 1808 | 1750 | 1827 

Acid pi2 1618 | 

Kapila 1962 | 1753 | 1623 | 1710 

heid pb3 1672 | 

Kania 2117 | 1808 | 1699 | 1797 

Seid put   KapH4 ' Soln pH9 

i Kad 

      
| i i 
| 1749 | 1668 | 1461 ; 

600 

278 

ot 

256 

1847 

1754 

  

  

251 

308 

FAX 

340 

ahs 

1647 

  

i 
{ : 
: 
! 
i 

1670 

| 154 Q 
Oo 

se
e 

pnb
 t
e
e
n
p
o
r
n
 

le
ry

na
tn

ep
en

as
lt

 
whi

rin
cst

ens
nna

ees
enn

ira
ch 

—i
r—
em
ew
in
io
mr
en
te
nd
io
nt
 

st
aa
n 

ca
ag
ne
ta
si

on
is
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Solution 

  

Hydrochloric Acid pl 

Ka. pH 1 

Acid pH2 

Ka pH 2 

Acid »H3 

Ka, pH 3 

Acid pH4 

Ka pH 4 

Nitric Acid pHi 

| KapHl 

Acid plif2 

KapH2 

Acid ~H3 

KapH3 

i Acid pH4 

KapH4 

  
  

CADMIUM - MONTMORTLLONITE 
  

  

Solution 

  

  

Acid pH2 

| MpS 

| Acia pH3 

! Mpit3 

i Acid pH 

Soln pH9 

! MpH9 

  

  

  
  

  

  
      

    

Days a : 

ee eg | 15. 1-37.41 68 1o9% 
: ae ae 

2117 | 1753 | 1686 ; 1681 | 1847 | 1899 | 1697 

ps | | : 
1912 | 1672 | 1593 1 1554 1774 | 1710 | 1692 | 

| 148k | 

1810 | 1564 | 1490 : 1287 | 1633 | 1508 | 1410 

| 1538 | 
| 1912 | 1618 , 1611 | 1312 | a7h5 | 1626 1530 | 

| 2070 | 1835 | 1718 | 1768 | 1867 ; 1914 | 1670 | 

vee 
| 1947 | 1699 | 1562 | 1642 | 1754 | a7? | 1565 | 

nase re 
| 2878 | 1591 | 1490 | 1570 | 1653 | 1529 | 127, 

eas 
| 1912 | 1645 . 1562 | 1598 | 1711 | 1617 | 1478: 

! Days a 
| ey. 3 | Ab he hoe 
ee 

pte 64 

17.6 | 20 : 19 ! 18. | | 2 
ae | 

1.7 | 1.7 1.6 | 1.5 ai 

| 48 | ee 
068.21 O48 | 087. | 0.6 6.6.- | 

el a8 | | 
j 0.6 | 0.6 | O4 | 0.3 | Oot 

Lee | 
! 0.6 0.7 | 0.5 | O4 | 0.4 | 
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Days 

Solution 1 % 18 31 56 70 | 

Hydrochloric Acid pil i hh 

MpH1 22 | a7. 123 1 BO 25 
Acid pi2 | 49 
MpH2 M8226, 066. | Lee | | 1.2 
Acid pH3 he | 

MpH3 0.6 | 056 1 O04 «| 0,3. | | 0.3 
Acid pH | | L6 | : 

Mpu4 1066 | 0.6 | O4 | 0.3 | Oo’ 

Nitric Acid pm oe 
Mpin | fo. iar 14,3 8 i 

| Acid pH2 | | 4s | | : 
Mp2 (4.5 123 | war cia ae 

| Acid pH3 ; 4g | i 
MpH3 10.6 | 0.6 | 665s Oak | Oh 
Acid pH | | 9 | ! | : | 

" MpH’ EB. 0.7 1 Ob 1 O53 1 Ot | 

CADMIUM = KAOLINITE 

Solution Lies 71-35 (o3a4 ke Sea po 

Perchloric Acid pH1 | 48 ! 

Kapil : AS | LG oe | 48 49 4g 

Acid pH2 | “42 

KapH2 27 4 B60 3938 ee ar 
Acid p13 AO. 

| KapH 27 a 37 3 Wy Ie ee 

| Acid pH4 L6 | 

KapHo | 14 13 12 14 ae 2 | 

Soln pH? | 4? 

[5a | fet 12 204 11 
i ' i i 

Hydrochloric Acid pH1 | 52 | | | 

Kap fs 46 BS 4a Ay | 4o Ah | 

, Acid ple : 35 - | | 

| Kapie | 36h he heb tt |e ee ag 
| Acid pH3 Ay | | 
| Kaphi3 Loree Vay 4 ee 1 ee a 

  

al



Days 
  

  

  

  

  
  

    

  

  

  

Solution oe 3 7 16 ot a7 ee 

Acid pH4 | bh B 

Kap | 12 : 9 1296 14 8 9 

Nitric Acid pHl | Ab 

| Kapil apes 32. fy | 32. ee ees 
Acid pH2 | Lg 

Kapti2 | 32 SB 4:40) 393) AS ee 4O 
Acid pH3 | | 46 | 
Kapli3 p46 |} ap oak | 2a ee 
Acid pH | | 4s | i 
Kape! we east 30.) 1) 

COPPER - MONTMORILLONITE 

Solution pas Aes O41 sb, 36 70 

BP toric acta am. (| 2268 | | | 
MpHl 660 | 403 | 634 | 635 | 7ha | 698 

| Acid pH2 2hL6 ! | 

MpH2 231 | 207 | 262} 218 | 2he | 229 
Acid pH3 i 2300 | 

MpH3 | 10] 187 | 262 | 203) 22! ars 
Acia poh 2h16 | 
MpHh 165 139 150-.1,.2 152 165 | 164 

Acid pH9 | + 2559 | | | 

Mpeg 164 | 147; 150] 159 | 177) 197 

Hydchloric Acid pH1L | 2398 | | ! 

| pH | 606 38. | 53h | 572 | 647 | 617 

| Acid pH2 | 2398 | 
| MpH2 191 | 283 | 192 | 196 | 213 | 207] 
Acid pH3 | 2403 | | | 

| MpH3 | 257 | Vio} 154 | 152 | 165 | 162 | 

| seid phil | | 2hK6 | ! | | | 
| pet | 149 | 132 | 140 | 13) 157 | 17h | 
i | : i i ' 

| Nitric Acid pH i | 2400 ! | | | 

| MpH1 , 594 4hs | 550; 568 64 ; 620| 
| acid pu | ! 2355 
| MpH2 Lee 206 02.74.) 212 |’ 2358 ee 

2 ar 1 ames oY aes: oe 

  

    

  
      
  

  

  

  
  

  

  

 



  

  

  

  

  

  

  

  

    
  

  

        
  

| Solution = Be | 1 fe 3 I 16 | 31 | 56 70 

Acid pE3 | | 2384 | 

| MER | 563 | 147 | 356 | i55 | 174 | 170 

| Aeda pH4 | | 2282 

| Mprt 186; 260, 178.1 167 |. 19 f page 

COPPER ~ KAOLINITE | 

Solution beac |< 3 bs oe [a5 oe ee 

Perchloric Acid xl 1548 | 

Kap 1472 | 14904 | 1468 | 1487 | 1483 | 1517 | 1536 

Acid pH2 1745 | 

Kapl2 | 1544 | 1575 | 1524 | 1588 | 1563 | 1585 | 1620 

Acid pi3 1772 

KapH3 1647 | 1690 | 1650 | 1669 | 1665 | 1657 | 1688 

Acia pH | 1745 | | 
Kap! 1781 | 1496 | 1513 | 1512 | 1541 | 1495 | 1502 

Soln pH9 | 1852 : 
KapH9 1879 | 1520 ; 1570 | i562 | 1574 | 1567 | 1595 

Hydrochloric Acid pHl 1745 | 

pH 1879 | 1520 | 1553 | 1599 | 1590 | 1633 | 1585 | 
Acid pH2 1745 

| KapH2 | 1813 | 1520 | 1582 | 1562 | 1546 | 1553 | 1585 

‘ Acid pH3 | 1693 

KapH3 | 1623 | 1520 | 1496 | 1512" 2536} Ar7 2 Age 

"Acid pHl 1693 
Kapil: | 1720 | 1569 | 1a | 2463 | 1473 | 1389 | 1hh2 

| Nitric Acta pit ! 1972 ! ae | 
Kapil | 1620 | 1660 | 1641 | 1669 | 1701 | 1682 | 1688 | 
Acid pli2 | 1745 

Kapli2 | 1620 | 1603 | 1582 | 1562 | 1642 | 1562 | 1662 | 
Acid pHD 174s | 
Kaph3 1520 | 1521 | 1547 | 1539 | 1579 | 1495 | 1560 | 

l acid prs | | 1799 | ! | | 
| Kaptl 1575 | 1629 , 1583 | 1590 | 1504 ; 1585 |



IRON - MONTMORILLONIYS 
  

  

  

  

  

    
  

  
  

  

  

  

  

  

I 

Solution de i 
- 3 18 ae ee >» 

ferchioric Acia pil 13790 | \ 

: MpH1 121900} 10792! 9556 | 891.7 | 8564 | 9676 

Acid pii2 | 13888! | 

| MpH2 11309; 10314; 9744 | ozo! | 9818 | 8887 
| Acid pH3 13790 
| MpH3 11505; 10553} 9892 | 930% ; 9818 | 9043 

Acid pH 13016 
| Mpa | 10536! 9602 | 9492 | 9200 | 8340 
| Soln pH9 | 13546! | | 

| Mp 11066; 10076; 9528 ; 7478 | Obit a) 

Edeothioric. Acid pH | 13546 | 

MpHL | 12099} 110311 9948 | 9226 110388 | 9805 | 

Acid pil2 | 13160 | | | 

MpH2 ' 107761 9744! 9908 , 7268 | 9248 | 8150 | 

| Acid pH | 13401 i | ! 

MpH3 11066) 11029) 9808 | 739! 9518 ; 8919 | 

Acid pH4 13546 

Mp4 | 10776} 9839] 9912 | TROL | 9346 | 8430 

| Nitric Acid pil | | 13504) | | 

| MpH1 11358 LO5M! 8360 poe | 9896 9199 

' Acid pH2 | 14036: | 

| MpH2 11751 10553} 10832 8030 | 10048 9356 

Acid BIZ | 13790) ! : | 

pH | 11260, 10076 9808 | 7562 9618 | 8826 

| Acid pH4 : | 14283) 

‘Mp 10920 10076, 9808 ' 7689 | st | | 8826 | 

TRON - KAOLINITE 

Solution ped 3 ! 2 | 15 ! 37 | 581 | 

| Perchloric Acid pH. | | 13216 | : ie fs : 

| Kapil | 13154! 1akke | 11946 | 14733 | 13677 | 896 | 15482 

| acid pi2 | 13216 | | | 

| Kaph2 j 23769 12188 | 12 266 | 14076 | 931 ee 
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Solution | : ae 
bee Be (49s 37. Foe 70 

Acid pH3 | a3ake : 
KapH3 | 1hO81 | 12442 | 11626 | 15459 | 13862 | 920 | 16218 | 
Acid pH | 12698 
Kapit [23 65 | 12188 | VASE | 14733 | 13225 | 886 | 15026 | 
Soln pH9 113216 

Kapti9 ' 13666 | 12698 | 12748 | 15222 | 12575 | 968 | 16065 

Hydrochloric Acid pil 13741 

Kaphl | W448 | 13742 | 12426 | 15469 | 13616 | 920 1.16118 | 
Acid pH2 | 13216 Loa] | 
Kapil | 13666 | 12608 | 12426 | 14976 | 13060 | 8 | 899 | 16065 | 
Acid pH3 | | 13478 | i 

Kapi’3 : 13821 | 13226 12426 | 154659 | 13125 | 903 | 15016 | 
Acid pith | | 13216 Lea 
Kapil | 13409 | 12698 | 19k6 | 14976 | 13187 873 15274 | 

: Nitric Acid pfil | 15648 : : i 

| Kapill | 23925 | 15216 LLGh6 | 14733 | | 13125 | 900 | 15798 | 
| Acid pH2 | 14546 | | | | 

| Kapil2 | ah 8 | 137h2 | 25231 | 15222 13800 | ote | 15535 | 

| Acid pH3 | | 13478 | | esl | 
| Kap 113925 | 13216 | 11946 | 15222 | 13309 | 92a | as27h 
lacia pH | “L008 | | | | | 
 Kapih 13666 | 12956 | 12748 | 14733 | p12 ete | ai76o | 

LEAD ~ MONTMORILLONITE 

| Solution pore ' 

ee Ee ae Ae eee 
| Perchloric ‘hoid pul 617 | 

| pe 57.5 60 | ho | 40 | 37 | bd | 

j Acid pii2 606.4 | i 

| Mp RW 4 Te 
| Acia pH | 675 | | 
| MpHS - - - ~ | - | - 

“acid perl 536 | i | 

Na ey + el ele 
! Soln pH9 572 

“ais ar oe he ee   
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| Solution oes ah ! 

ee) es 
Nitric Acid pH1 ' 638 | 

MpHL 50 | 45.31 37 | 36 | 32 | 37 
Acid pli2 | 601 | 

| MpH2 3.5 ! 2.5 | a eee eS 
Acid pH3 | 979" | | 

| Mp3 See le ee 

| Acid pH’ i 601 | at 
| Mpit oe fe a a 

Solution 1 Bi 6 15 39 58 | 70 

Feechioric Acid pill 647 | ney 

KapHl 528 | 542 | 508 | 634 | 608 | 628 | 543 

Acid pu2 584 
Kapi2 4o7 | 42 | 387 | 451 | 423 | 470 | 310 

|-Aeid pH3 669 | 

Kapl3 L973. | 3591/3321 B7L 4329 | Soo eee 
Acia pit 521 
KapH4 17h 7 O54 | 12 4°152.1°13 149 | 122 

| Soln pE9 563 
| Kapl9 | 190 | 25k | 152 | 165 | 150 | 160 | Jee 

| Nitric Acid pH1 : S47 | ! 

| Kapil 528 | 54a 541 | 620 | 590 ; 697 | 132 
| acid pH2 | 584 | 

| KapHi2 300 | 39h | 394 | 41 : 388 | 426 | 367 

| Acid pi3 534 | | | 

| KapHi3 223 | 168 | 170 | 196 | 163 | 139 | 159 

| Acid pith | | 563 / . ! | 
| Kaptt ; 74 j 15} 133} 17k } 150; 79; ah



APPENDIX 3.3 

Results of the experiments to saturate the exchange sites of 

montmorillonite and kaolinite, given in por of metel ions in solution 

MONTMOPT.LONIZE 
  

  

  

  

  
  

  
  

  

        
    
    
        
  

      

      
  

  

      

  
  

        

ee Day | 
Solution | ; 

ee eich 8 18 22 hs 61 
a cI a sh Or oela besten opel A 

Pb 1075 | - oS “ - - 

ae yt 23 | al}. 18 ee BG 6 ee 
Pb 3719 | akg 216. |. 215 190 227 176 ahh 

ees : Res 
Solution : go ee 23 LS 65 90 | 

cdi Since heii de ek ag SE ie eee 

Pb 2510 dy vet oS 32 a 36 

Pb 7864 1678 | 1394 | 1338 | 1321 | 1474 | 1537 | 1468 

Pb 17278 ; 12552 | 8768 4273 | Shh | Ooh2 | 6162 | 6342 
_* —_— . I. stony 

Solution Sot he 38 18 22 AS 61 
Age 

Cd 160 ee Pg 2 a 2 

bean S22 5 | 16 18:| Te (ete 

pa ho F283 1. 83 83 9 oS 8 
‘ | «| [ Na 
Solution 1 | > | a a3 Ls 65 90 

ca 2973 581 | 564 | 512 | 542! 515 | 589 | 613 
ca 6009 | 3103 | 2ok2 | 1886 | 2014 | 1853 | 2162 | 2271 
ca 14369 , 7008 | 62541 57991) 6112 , 5794 | 6489 | 6955 

Solution} 1 | 4 Sag, Ba ke ee 
| mae ae 

Cu 2461 798 | 74k | 598, 611} 623 2 one pe Ga? 
; cu 4821 | 2458 | 2395 | 2306 | 2500 | 2478 | 2455 | 2769 
ee i oie Pe 

Geantion 7° ee 3 5 23 45 | «65 90 

jou 1454 | 8779 | 7327) 7275 | 7827 | 7951 | 8953 | GOK 
Solution 1 ee 18 | 22 | Ls ay 

a Led eens | ae Se pera ae 

6s. ek ee ~ is ee | 
! i ‘ j ' 

Be 290 ek ee 3 fas ae 2 | 
Or ti56 eee as te oe BN Te ee 

: ! ! eRe ae ee ee 

Solution | : Se eae) ae | oe 90 | 
i -nctimenrewnen ac en pe oc ncn in Ameri | 

Pas AGOb a IA 10 Piss) | 1 66 | 60 | 60 | 
ir 4228 ; 1476 | 109. | 982! 979 922! 919} 933! 
bor 14216 ! 4409 | 4284 | 4887 - 4184 | akg , 3918 | 3905 | 
Fe it ae Se Neg SN ie a eae



  

  

    
  

  

  
  

          
  

    
    

              
    
  

  
  

  

  

  

  
          

Day 
Solution | i 

ed b Bae | et ee 
tT er ete +— chat 

Ni 4336 | 2089 | 1635 | 2001 | 2187 | 2271 | 1789 
mi 5900 | 4177 | 3882 | 4162 | 4382 | oz | 3952 | 3393 

ir pha Nee ee 
i i ; 

| Solution 4. he 23 («| os 65 90 
dase Peek ec oe 

Ni 871 105 | 115 r 89 | 97 89 91 
i Ni 1665 | 334 | 348 | 336) 377 | 337 | 33% 
i [ ae Z rts Bs ae el 

eee | 4 8 18 | ee 4S 61 

| Fe 52 er he s | S Z 2 
i “5 

Sotution?} 1 4 3 5 25. | ONS 1. 65 ae 
' : y ————} te, AS ee 

Rte el. Oia | ak a ‘ 

eS ed Re ee A xe - 

p¥e 2135 | 20 | © 12 | 071-23 2 5 7 
pee 2986) 1-188!) -387'| 187|.-.80 | 94 |. 29 79 

kes ripe intecl 
| | 

Solution | 1) 4 | 8 18") 22 | 

yn 266 147 8 | 5 6 4 | 

gn 43h poe ao | 18) 96416.) ee 
mn 2045 | 683 | 660! 651! 669: 670! 599! 622 | 

| Fa tsal bee 

em 

eso) es | 30 | 26 | aga | ae | ae] ral | 

KAOLINITS 

. | Day | 
Solution ! 

1 4 | 8 AG 12 28 45 61 

Pb 1075 450 | 405 | 582 384 | hog Le 337 | 342 | 
Ph 1763 967 | 901 | 1126 i 781 | 928 | 904 889 
ee 

{ ' : 

Solution lL Lis oS | ey 23 4s 65 90 

Ph 2510 ! 1840 | 168% } 1523 | 1513 | 1670 | 1700 | 1722 
i Pb 7864 | 7099 6585 5867 , 6603 7049 | 7226 7542 | 

! i i { 
| Pb 17278 : 16712 | Ubkel ; 14420 | 14325 16043 i 16308 | 16315     
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: ae scl 

} Fon i j ; 

ee a TB 18 | ae WS} 61 

ca 160 61 61 63 We kg 65 | 66 
Cd 372 o08 | 168 | e292} .172 | 163 |, 207.1 ee 

peteo | | 302 Lo 619 6? hg | 363 
ane te fp ee ee ed 

‘Solution | 1 3 5 eee ae 65 90 
f | nnn niin a ee lic Kv esa seaeee 

; Ca 2973 2553 2703 | 2409 2532 2685 3045 | 3148 

| Ca 6009 6132 | 5568 | 5204 | 5780} 5512! 6123 | 6245 
j Cd 14369 | 13277 1 12566 | 11120 | 12336 | 11415 | 12774 | 14263 
t Si oees pein nee ceqmen-coccepmesas= <sétnepin=-ahdee — wilh aie ei rere dy 

| Solution : Coe ele ARO ee AS 61 
f Bee bee eee atncfe senate 6 

cu 63 Be | ee a= S| - - 
aE + eeee oie. or Nil ieee nas tieas eet aS reer, 

| Solution 1 a 2B p45 65 90 
\ i a 3 pees 

; Cu 2974 2ha7 i 2ks8 | 2k8o | 2689 | 3435 | 2761 | 3093 
} } j 

| cu 6187 | 5678 | 5654 | 5309 | 5818 | 6560 | 6543 | 6978 | 
| ou 14154 | 13639 | | 12120 | 11045 | 12903 | 13397 | 14201 | 
; pceactoea a oo crt Sein’ | corte prateorenil Sees hele " 

Solution 1 ‘s Roe 1) 22 62," | 

Benes) 28 | 235 21s | ate | | 253 190 | 
cr 799 651 | 634 | 640 | 608; 612) 5811 
Geai56 | 110) 1053! 997 | aoa" 960"! < eae ; 95H 

i. | ! ee eases 1 oe 

! | | : | | | 
Solution | 1 Paes Poe 4S 65 90 | 

cr 162i | 1470} 1323 1556 | 1485 | 2526 Ul | 1406 | 

Se 
Me Bs) te ] 220 6. | 

{a boas shee eg 

wee | 370 | 3 364 416 | 338 | 420 43 | 

| | ae i | Mee a PW Bs 
warren | : one meee oe feeseciak coer citees tenes dapat et 

ni 871 | b> ORs | bee OBE 7866 719 

Ni 1665 | 1475 | 989 | 1430; 1592  144O | 1532 | 
Ina 4247 | 4176 | 47h | 3Bh2 | ABE | haze | 4166 | 
| Mi 6236 | | 6158 , 6613 | 6060 | 6591 | 6239 | 6419 | 

Mor! ak, i eR 18 ek i ee 
a Cen Se See Seas CEO Seen ORNSE LS SASSER 

ioe | “ 2 toe ois 
   



  

  

        
          

        

; Day | 
Solution 1 3 10 33 69 | 

Fe 635 485 | 457 | 386 | 40> | 365| 
Fe 1407 | 1192 ; 1141 | 992 | lolo | 985: 

| 

Fe 4okk | 4658 | 4510 | 4672 | 5223 | 5166 ° 
ea 

| Solution | 1 4 ee ee ee 
ea a do 
Pm 205.34. °4 3 4 4 Re 2 
! a5 + Ricimanade gies Bak tos ica Pree tee oes <a: copiaiincn gehen aneeaiaaae 

| | | Solution j 1 Bob? 23. bes LG 90 
a | oe a 

Pre 49 7 81 964. 90, 971. 97 | 97 ae 
ian 788 | 520} 483! 485 | 50h | 488 | 544 | hoa 
pee 1 |) 917 ak | 899 | 1009 ee | 938 890 | 

| %n 2945 | 2175 - 1615 | 2040 , 2218 2173 | 2187 | 2250! 
  

224



APPENDIX 3.4 

Results of the experiments to determine the effect of the SO, anion 

on adsorption, and the concentration of sodium and pdassiwn in the 

solution, in ppm. 

  

  

  

    

  

          
  

  

  
  
      

      
  

      

  

  
     

    

  

  

  

  

Solution 1 3 7 9 ol, 

LEAD Po|Na| K | Pb | Na|K|Pb|Naj| K) PbiNa| K| Pb| Nal xk 
‘ + ae 

HC] Control |636! 5/0.3 : ! | 
HCL Ka 1 =| 209] 64! 9 |174} 66/9 |147) 68101115! 90]10]122|100!12 
HCl Ka 2 =‘! 201 149, 1150 106 96 
HCL M1 7j1261 11, 3/133 11 64/14/10; 11j122}10} 4122] 9 
HC] M 2 2 [0-6 11/0. 6 9) l 

H,S0, Controts81} 4/0.3) | ce 
H,S0, Ka 1 |127| 60) 9 | 91. 77| 9/128. 74.1131 53: 86/10) 54} 81)10 
H,S0, Ka 2 [139 103! 9) 120, 76 
#80, M1 3,136) 10} 1/139 1 Lit4alaa| 4ja2z}10; 2 130/10 
H,S0, M2 1 [Out 120.6 | 7! | | 

HNO, Control|616} 4 002, : | | | : | 
HNOz Ka 1 212! 56] 9 1152) 75 11)116: 72/11/1218! 84 12} 103 61/16 

HNO, Ka 2 ee 136! 13/121) 119} | 89 

MNO, M2 | lise} 11 1, 153/110. 81143 11/- g|aaja0l ah.) | 
HNO, M 2 2 eee 2 10.6) 9) 0.6; 81 2 

CADMIUM ee | | 
Sierr (ey kT ! 
HCl Ka 1 22} | 6 | 20) 6918) 29, 7117} 32] 76] | 10! 67) 8 
HC] Ka 2 23 an |. 23 31 19} 69/17 
HCL Ml a els 143/126) 9 |1.3) 130| 9 }2.2]126] !1.1/119/16 
HCL M2 1.5 jte2} | 2.2! 1.9 1,0]137)11 

H,80,, Controd 85 | | | 

| H,80, Kal | 23 20 | 22 69; 8 | a 7317) 34) 2 19; 70/18 

H,80, Ka 2 | 23 | a | | 24 | 35 20) 69|17 
HS, M1 1) | 9 /21.2)228) 9 12.4/131) 9 11.8!237 1.1/122/13 
Be 2 1 | a3 | jDedt | Oe ity 

HNO, Controt| 95] | ! | | | | | | 
HNO, Ka 1 | 30} 16 26 7,7) 27; 72/8 39} 76, | 21) 72la5 
HNO, Ka 2 | 26 | | ak jt} 26{ 35, | 23; 70/18 
HNO, M1 1.8) 19 | 11.6! 123) 8 |1.6)123 911.9/136) | 119 

[HOR M2 (2.8! | (1.5) ae au 1631238] | 
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| Dey 

Element A 5 | 5 | 9 ok 

ea Kha) EyeToy [eke ee 

ame | | | Pia 
es 720% 2 ” | | : 

Ke 1 | 6688'11 78! €700|17! 77) 6781l19} 76) 6115) | | 6e25|24} 52 
i Ka 2 | 7027 | ers ue, , 6991 | 6154] | bag Reon 
|M 1 | 4268.33) | 4204150 299) 3895) 401270: 3496) | 3882. | 311167 

M 2 ! 4006 | 3887, | | 3368) | 3269 | 

72, tae Peet cs | | [ee 
Control ent | ee 

Kal | 685715 | 67! 7442/33! 80| 7205/19] So! 6154) (16! 51 
Ke 2 | 7069) | | 6729 | | | 6372) | | Gua) | | 
Mi | 4207) | Aol: ‘51.290, Woi2g1) 3629) |) | 341160 
M2 | Sa Pe B73 | | 3622) | | 3307| ed : ! 

pat gl ae Pa Lo ee ee 
Pe me eee 
Kal | 6688 11 72 6521 3h 80) 422,19 79| 615 | | 1961 50 
Ka 2 | 6984 Ramee. oe | 6374) | E ee 

M1 | 3645/36 | Hak 481299) 3846)39/252| 3496, | | 33158 | 
|M 2 : 4329) | Howe | | , | | | | i | 

a) th) |) ce 
i } i i { i : j 

eee 2659] : beg ! | | | 

[Kal | 1490/13 79! 1400| 27) 86: 1360 17 84 | 1458 15| 88; 1332115, 81! 
| Ka 2 | 1476 90! 1385" | | 1360) | 1497, | 1332116| 83 

;M1 | 4991231160) 450/24 213, 210)26/2h9| 346) 221156| 29122) 244 
Pee | (502123 ee) 3521 || OO | c1 Piel 2g! 21. 225 

HS, Fgh! | | | | | | | | | 
Control ! | : | ! | ; 

;Ka Ll {| 1438 13) 73\ 1410 16) 83) 1364 }15 87; WHS 114) 43) 1321114] 79 

lke 2 | 1472 | 7, 1400, P=.) 7360 fi45ul | | 1309116} 81 

M1 | 357/2hja21; 484}2ki199, 375 [2k!a3h, 352/22/157, 276/23/2h2 
M2 | 531 i249) 45of | | 309 | me | 275 | 201235 
ee | ooF Lo 
Control 1629) | | | | | | 
Ka 1 | T45 | 16 69: 159524 81} 1346 15 33 nee 43! 1299116 oe, 

eee | 1.380) : 70: 1325) 1 Ful} | 1196) 1299|16} 80 | 
pyr .| 357, alas, 361) 25)221 309 | 251237: 273| 21/156, ‘| 242 

ae 357, tau! 362. 505, : |} BG) aes 127) 
  

226



  

    
    

  

Day 
Rlement ti ; is i 5 9 | a4 

Sk [et (kia) Tepe [kj Na] [KT Na- 

ee Le Al | : i Hae ' | 

Soatron |2!766 6 | | ! | | : | | 
Ka 1 {13913/16) "1325815 112956|21' 83212945) | 82112693 29! 78 
Ka 2 [2.3913| | 112979) | 90113992 | a 23544 (13658 

M1 1012760! /10067| 68 | 9880) 64) 341) 8883! |402! 9340}72/323 
| M2 9867, |. 926 aM 9230, | | 9205; | | 9045 | 
' H80 a Toa | pe 
cto) ee | | : | | | cs | | fon 
Ree (1439217, |13393)18| [13785: 22 87 ae | 83113949116! 79 

Ka 2 (14608 | /1388 | 86/ 13664 a yr4ow2! | 
M1 | 9925/62! | 9493.68) | guag éploet 9209! 387! 90h9| 71/313 
M2 | 9550 | | : 9266, 373, 9682 | | | | 9143 : 

Contre |24606) | ae oe | 
| Ka 1 14126/27! az979|19, '12759 22) 150/11251 [1K 10846} 27'161 
jKa 2 jaho19| | ‘13049/11 248 126171 a | 23786] | 
| Ml 9780} 61| 9193170 | 9312/65/414, 9013 jal 8997 67 | 388 
M2 93501 | | 8366 | fan, 9608}. | pk eee 
| COPPsR | : : ea | | i | | | ! 

ee 
| Kal | 169)14) 1564 16) ‘el 1666| | | 1580 13| 42) 1668] 8) 65 
Ka 2 , 2669) ; | 1564) | | t6s4) | passa] | 1683} | 
pie}. eg5laz) 252 36| 226 239| | | 1991221155! 209/23/198 

iM 2 | 3221 ! | 257) | 247 | | 219 206 | 

et | 1838 Le | | ae | | 
' Control ' | : | 

iKa l 1675 | 7, | 1512] 25) 781 1634) | | 1530/15 Me 1584) 10! 4s 
Ka 2 1675 | | 1485 ; 1634 | 1580| | 1591 
pa 299) ably 39) 229; 275 | | 207/23)156! 246/22 :198 
ee 276 | | 278] | | 207) | 247; | 
x | ee ee ho | | ee eee 

| Ka 1 ! 1675, Hi 166415) 7 1612 | | | 1566/14} 43) 1021/15) 55 
| Ka 2 ! 1675| | | 1617) | | 1650) | | 1566) | 984 | 

M2, 329,14' | 292391223; 260, | | 211221156) 253! 22/198 
M2} 304) BOO | 2597: | 206, pasa | 
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| Day 
| Element a 3 5 | 2 2h 

| nets eee oe {Re ee 
CHROMIUM | Kae ea | “@ i 

ea poe | | | 

Ka 1 1037 16! i 995, awiag 986/16) 67/1055|19] 152] 941 |20|219 

Ka 2 |1059)15) nose! i | 993 1672; 1032 
Ml | 136 3H | 92'37/405! 681371124 53120/2437| 31 20 369 

M2 ! 1201 | | 160) : 62 til OR es 
260, | a: bee 
contron 1256 nee | | ! | 
Ka 1 |1075 115 995123 2251000 19 67) 1094119 153; 996 23/218 | 

| Ka 2 1113 }1052 ‘1o19 [1077 1027 u 
M1 | 188)32| | 100331378) 76)32|114' 62|31,2450| 39] [355 | 
M2 | 234) | | 148! ,259 48 30| po 

pou 
ee base} | | anaes ees Control |” | oA 
{Kal 1075 | 16 lose |29fauu | 993/19; 68 1089 :19! 152 1006 21 au 

| Ka 2 i209, 11070, | /2029) 1089! | {1004 | i 
;M1 126, | | 79/37!405) 351118 46,33/22311 34131'369 | 
War | 131 1 | 287] a 67 <4 55 ah od 
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Results of experiments with solutions containing combinations of 

elements on montmorillonite, kaolinite and Coal Measures Shale. 

30 

med 

Cr 

i Or M 

i Cr Sh 

| Cr Ka



  

  

          

      

  

  

    

. Day 
| Combination B of | 3 9 21 | ho 65 90 

| cu 3671 i . : 
| cu M 2779 | 2980 | 3075 | 3548 | 3496 | 3679 | 4039 | 
| Cu Sh 3293 | 3619 } 3604 ; 4147 | 4033 | 4152 | 4055 | 
Cu Ka | 3320 | 3575 | 3677 | 4338 | 4195 | 4264 | 

| Fe 6439 | | 
i Fe i | 3754 | 22k | 3410 | 3392 | 4368 | 3813 | 
| Fe gh 6362 + 4778 | 5115 | 7390 | 7833 | 7660 | | 
| Fe Ka 7123 | 4598 | 5048 | 7499 . 7787 | 795K 

‘gn | 52 | 
| Zn M 25. | BENG Be aa 22 
| 2m sh ae eR SS ee ! 
| Zn Ka ae a, ba | ee, 
| | | | Lae 
| Ni 43h | | | | : 
UNG M 3B 323 | 463 | 3864 37h | 358 | 371 | 
| Ni Sh 426} 379 | 546} 449 426 | 408! 420! 
! Ni Ka 426 | 360 | 53H) dda ! 420 ! 410 | 3 

| | | 
or 14 ! | | 

_ cr M 7 18 7 8 9 | 8 | 

lor sh ee eas | a) oo aed 
| Or Ka Pee 23 oe B99 ee 

Combination © 

| Fe tee oe TO a ee 
| Fe ¥ 229. | 146 | i29| 94 | a9] -91/] 95 
| Fe Sh 1283 | 628 | 840 | 1375 | 1376 | 173! 9907. 
| Pe Ka 1495 | 859 | 523 | 1581 | 1736 1725 . 1642 

| Zn 3747 ! | | | i ! 
| an i | 2242 ; 2116 | 2060 | 1931 | 2100 | 2275 | 
| Zo Sh 3573 | 318 | 3263 | SHH | 3622 | 3375 | 
ign Ke | 3692 3668 3612 | 3597 | | 3960 : 3987 | 
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heen en eens 

  
  

6698 

8012 

8704 

1090 

1412 

L451 

£605 

5513 

5736 

907 

| 1540 | 

| 25550) 

1539 

2415 

AGLS 

Ve 

170 

179 

were 
Combination D t 

Ope ee 
Cu 6999 { 

Cu M 5056 | 5906 , 6592 ; 6540 | 6506 

Cu Sh 6613 | 7035 | 7846 | 8198 | 8067 

Cu Ka 6916 | 7474 | 8952 | 8341 | 8391 

zn 1438 

gn 0 1075 | 1178 | 894 | 1016 | 1150 | 
Zn sh 1302 | 147 | 1337 | 1280 | 1365 

Zn Ka ; 1387 | 1424 ; 1419 | 1265 | 1466 

Ni 6362 

Ni M 5368 | 6453 | 5003 | 4625 

{Ni Sh | 6382 | 7192 1 5590 } 6214 

i Ni Ka 6382 | 7192 | 5912 | 5613 

cr ; 2312 | 

cr M ! 1233 | 1262 | 1032 | 964 | 754 
| Cr Sh | 2000 | 2071 | 1609 | 1900 1576 

| or Ka , 2391 ) 2400 | 1624 , 2420 | 2h08 

Combination 2 

Cu | 3627 | ae 

Cu M 2364 | 2294 | 1197 | 1459 | 1546 

Cu sh 2779 | 2830 | 2818 | 2965 | 2536 
Cu Ka | 3458 | 3654 | 3697 | 3054 |! 3660 

Zn 24k 

Zn M 10 10.420 e140 

gn Sh me oat eal os} ee 
Zn Ka he WO. 4839 ho 

Ni 264 | 3 
Ni Mi 136 | 132} 100 | 80 | 80 
Ni Sh 295: | 296.4 25h | 185 4 166 

Ni Ka | 278 | 264 | 251 | 192 | 182 
| 

Cr M | a ec E ce a 

| Cr Sh ee ees ee - 

8740 

8283 

8667 | 

1494 

1423 
| hod     
t 5967 

6086 

6046 

  

   



  

  

  

  

    
      

  
  

    

Day 

Combination F 1 3 | 9 21 | 47 65 90 

ee ee ee a ee 
Cu Oa | 

Cu 25 2% 2k wi 17 17 
Cu Sh 29 31 29 29 | 32 31 7 

Cu Ka | oa 28 35 Lh ae Ay 42 | 

Fe 10990 | 

Fe M 7978 1 he98 | 5022 7779. 707% 19858: 

Fe Sh 10496 | 8400 7343 | 10595 | 10448 | 10719 | 12854 

Fe Ka _ 11290 | 8960 | 13920 | 13095 | 10768 | 13630 | 12769 
| 

Pb | 101, 
Pb M bo 96s |e aa 62 32. | 129 85 82 | 
Pb Sh P90} or | 102] a5 hy BOs SOB eae 
Pb Ka } 11} 99} 106 | G2 ln 2 |. aoe aes 

Zn i [ae He | 18 | Bobs 290) ae 29 
Zn Sh oe ete, 23 | Dic he ae kg | 
mn Ka Poe es.) S24 i) fo 58 eee 

' i | | 

ca nas | | | ! | 
Ca i | 6 Ih” 15 oe | eae | 19 | 
Ca Sh ba ag : 16 | 19 | cs ae 
Cd Ka | 18 | @o | al | 20 | | 20 | 20 

o oo eee | 
| cr H age In BO ph a St ea ae 
Or Sh PB SE oh aS 6 | te 
| Or Ka Sa ets 53) 56-1 50 | me he ys 
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APPENDIX 3.6 

  

Results of the experiments with Coal Measures Shale in ppm of metal 

ion in solution. 

pH lexperinents 

score ener ete ne eterna ae eee ae ee ee ee peiani arr eiae   

Solution 

  

Fe acid pHi | 12008 

Sd pHl | 17365 | 19285 | 19082 | 19565 | 20152 | 20572 

Sh pHl | 19274 | 22223 | 23374 | 23771 | 25684 | 27809 

Fe acid pH2 | 10922 

Sa pH2 | 9398 | 9200 7977. | 8025 | 

Sh pH2 | 10922 | 12698 10756 | 11862 

Fe acid pH3 | 13733 

Sd pH3 | 11560 | 12281 | 10952 | 11787 

sn pas | 140k9 | 14306 | 12356 | 13716 | | 
Fe acid pH4 | 12553 

Sd pH4 | 10583 | 11057 | 8525 8808 9033 | 

Sh pR4 | 12058 | 12598 | 11447 | 12140 

| 

| 

  
  

Fe acid pH9 | 11068               
    

| Sa rH9 } 8615 | 8222 | 6948 | 6920 7026 | 
| Sh pH9 | 10105 | 10658 | 9364 | 9942 | 9914 

| 

Pb acid pil | S45 | | ! ! | 
Sé pl | 578 | «568 | Shh 518 | 548 | 535 

Bp se a 3 508 -| 253 | 38L | 391 
| Fb acid pi | 584 : | | | i 

| Sd pH2 2ha | 136 | . | i oe 

Sh ple | 91 15 ~ - | - oe 

| Pb acid Ph3 Po gah | 

| Senses 4 eo ie 

Pb acid pu4 663 | | 

Sa pith - | eee ! ail oe | 

Sh put ee ee ee 

Pb acid pH? 5o4 | | ! | | 

ee a ae re Ee 
Meee 2 ee ce ee | J 
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Solution 

Ca 

Cd. 

Cd. 

Cu 

Cu 

Cu 

Cu 

| sa 

| Sh 

acid 

Sd 

acid 

Sd 

Sh 

acid 

Sd 

Se se ee | 

pH 

pHL 

pial 

pHe 

pie 

pH2 

pHS 

pli 

pH3 

pH4 

pH4 

Sh pH4 

acid pH9 

Sd 

BE 

Sd 

acid 

Sd 

Sh 

acid 

Sd 

Sh 

acid 

Sd 

Sh 

acid 

Sd 

sh 

acid 

Sd 

pR1 

pel 

pHL 

ple 

pH2 

pi2 

pH3 

pHs 

pH3 

Sh pH 

pul 

pal 

| 

    0.5 

0.4 

50 

0.5 

0.4 

0.6 

1498 

1597 

1574 

1702 

1065 

680 

1967 

i 3 

  
1022 | 

870 

2429 

1574 | 

909 

L929 * 

1108 

  

1530 
14-7 

410 

| 

451 | 

515 | 
| 

730 | 

bee 

451 

230 | 

1.9 | 
45 

234 

0.08 

O.2 

0.02 

0.03 

| 0.06 

0.08 

0,08 

O11 

E527 

152 

0.6 

45 

0.4 

es 

1629 

1557 

eo 

ea 

  

! 
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7 
ait 
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45g | 
156 } 

 
 

702 

 
 

1290 

839 

1224 

79k. | 

HY 11977 | 

2011 

| ear | 958 | 

 
 

2 i 

{ 

controls contained no copper 

2 

I 

  

ur 

Sd pH2 

Sh pt 

Sd pH3 

Sh pH3 

Sh 1 

Cr. Sal 

olution 

; Cr Sh i 

; Cd SA l 

i Cd Sh 

Solution 

o 
S 1D 

  
  

  

Za Sd l 

7m Sh 1 

i Ni acid pHl 

Ni acid pH 

Ni acid » 

Other p 

N 

 
 

 
 

™~ 

0
0
e
r
s
 

tS 

eS 
r
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r
 

et 

Soh 
Sts 

ts 
3
 

Ts 
ee 

Es 
v 

ws 
vw 

tw 
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Solution 

  

Ca 

Cd 

Zn.   

  

sa 1 

Sh 1 

  

  

sa 2 ! 
Zn Sh | | 6.2 

lor sh 2 | |S ated 

| mn sa 3 | | cok pleI 
paths | | | | 6s) 
[an'shh | | i 6.0. | 
lorsh4 | | | eee 
i Zn Sa 9 : | Lo teas 
Zn Sh 9 : 5.3, | 

| Solution j 1 Bie | a5 | 

ie acid pil 7204 i | ! 

| Sd pl | 8030 | 8367 | 7613 | 8870 | 

i Sh pul 7974 | 8000 | 7246 | 8429 | 

| %n acid pHa | 7204 
sa px2 | 6800 | 6853 | 5201 | 5296 | 

| Sh pi2 ! | 5925 | L6G | Woah | 
| Zn acid pH3 | 7874 : | | 

Sd pH3 | 6690 ; 6791 , 5416 | 5416 | 

| Sa pH3 | 6308 | 6356 | 3611 | 4324 ! 
gn acid ph | 7874 ! | 

| sa ph | 7365 | 8194 | 5744 , 6638 | 
| sh pit | 6518 | 6590 | 4005 | 5097 | 
1Zn acid pHo , 9568 | 
| Sd pR9 | 3858 | 8467 | 6583 | 6523 | 
| Sh pH | 8050 , 8218 | 563k | 6513 | 

Pee eae OR 6,5 | 
Pea ae te leap |? 0.6 1 16844 

| i i 

lcusa1 | | Fes | 
eu 6h"? | ! ; 12.8 

|Mi sd 1 | | 65 | 
| Ni Sh 2 ; 26.0.7) 

    

  

  

235 

45 | 
6.8 | 

Lia 

e
e
 

oe
 

4583 

D922 

HLOT 

$768 

4263 

6338 | 

7793 | 

{ 
} 

i 

9.1 | 

19.5 |



Solution 

  

  

  

            

t 

| ete eis 
ee eee 4 ie Seg oo aT ee | 

tCr 84.1, | | S57 | 

| Cr Sh l | | | | 16.5 ! | 

| cd $a 1 | | Jet | 
Cd Sh i | 135.4 | : 

| Solution poet Speaks NS 55 | 

Cr Acid pil | 2110 l | : 

Cr Sdl’ | 2031 | 1968 | 1537 | 814 | 670 | 

Cr S: 1..| 1906 ! 1423 : 943 | 260 | 162 

Cr acid pH2 2110 

Cr sd2 | 669; 27 | e he ts 

Gr Sh2 | 1135 | 509 b BO be be | 
Cr acid pu 2054 | 

Cr Sa3 |°1081.| 352 et ee ee 

Gems ioe) ah | and. Se 
Cr acid pH4 peLgO | 

Cr Sak 4 717 | 2 ‘ pe | ‘ 

Cr Sh4 869 | 4o2 136 wit fot. 

| cr acid pug | 1906 1 
| Cr sd9; 798 1.976 | - ogee 
! Grsho Me | 369) u5] - 1 - | 
! ! 
; No Cr in Control Experinents



Saturation Sxperinents 

  

  

  

      
    

  

    
  

    
  

  
  

    
  

  

  

  

    
  
  

    
  

  

| Day | | Solution | 
Reed oh 7 18 Gao he 61°} 

: i ! poy bite A ee Ls 

Pb 1075 | 37 23 eoa4 . 

| Po 2176 | KLE 201 93 4? hoy | ~ - 

/Pb 3719 | 1918 | 16:0 | 1460; 1125] 1242/1 917] 758 
fn tn nn pies, tec ea jaca + eae : Ree ae 

i | i 
Seton | te Be 25 AD A ae 90 

1 Pb 2510 | 836 hao 231 134 102 ! 156 "5 

| Pb 7864 | 5800 | 4756 | 3700 3960 | 4192 | 3941 | 3963 
Pb 17278 | 14674 | 10938 | 11363 | 11409 | l2k92 | 12163 12165 

i , : fe eee 
i i 

fen (EK 8 a8 1 oe ee | 

ca 160 | : | 1! ce 1 | ‘7 1 a 
fas} OSL | Deere. Lo 22 eek 2B ae 
feaseo. | iho} 166 | 283} 176 | 167 | * 2ot 168 | 

: | aes | Pete ae st il ie oss 4 

| Solution ye be | 7 25 hg $7 90. | 
} 4 ‘ ob Sollee Sic Sip emis igi cise nui op eat apn ee 

[a 2973 1898; 1784 | 1680 1740 | 1925 | 2042 2396 | 
| Cd 6009 | 5332 | 4615} 4398 | 4860 | 4537 | 5094 | | 
‘ca 14369 12466 | 11611 | 10559 | 11439 | a | 11654 13257 | 
—— A — a j eee oe a 

{ Solution Cal a eee: : Bs as ee As ar 

cu 2461 | 1840 1633, 17H. | 1382 | whee | 1186 | 1157 | 
Cu 4822 4823) 4717 | 4627 | 4370 | 4108 | 4277 e Hane | 

. pee ge 
i | | i ;Solvtion | 1 Boog el gs AQ > 1 \: 6 90) 4 

L | a A ses ae ~—f- eee ies Se ee ute Feed: i 

Cu 14154 | 12976 | _lee52 | 11839 | 11597 11396 if 1907 | 12569 
i i. Sc 

kgolution | 1 ge | 4g oe ks 61 | 
{ 1 i | ' ‘ | : 

be — ee pee seaeay = weer ae ee et 

Cr 462 23 se { | ih e e | 

cr 799 BiG 255.1), a ple | a oe - | 
‘or 1156 WG ee |) 52) 16 

{ + ike sites inition heleon os i Seer sn dentition init --| 

Solution | 1 Bei ee 35 LAG Sep ee 
po 

fOr 1622 | 3331: 1045 j 687 B21 | 100.) 2G ae 
(Cr 4228 | 3736 ; 2966, 3677 1908 | 1718 1693} 1480) 
Gr 14816 14907 14308 | 8264 . 6683 | 6554 6256 | 5858, 
 



  

Day 

  

    

    
  

Solution i ; ; ee te 1 1 fal ae 
7 4 Sa siileedise sii fps adie 

Ni 500 103 7 S70 ie 32 2h - 
En ee 

; Solution 1 Set oe 25 4g 67 
et te he ee 

pee ae f i 
i Ni 872 at ern 222 216 | 200 

| Ni 1665 1040; 852; 892! 9061 826 
Na 4247 | 3395 3060 , 3447 | 3238 

; Solution 

| Ni 6236 

i 

| 

—-t- 

53/0 

4 

\ 

4es 

| 6194 | 

i 

{ 

t 
  

i Yn 266 

| Zn 434 

| Zn 2945 
j—----—--— ett ha 

' 
4 
t 

i Solution 

  < 

7h 

204-9 
So Ee a 

es 

3 | 
38 

1821 

2   

22 | ho. °F GE 

  

Zn 1130 493 
  

Solution   
| Fe LOO zs 
Fe   

! t 

: Fe 1986 

Fe 1135 | 
i 

Fe ll3 | 

{ 

625 | 

i Z 

a 
250 | 
687 | 

1677 | 1678 ; 

3 

245 

562 

CNet ete ceneanianeennete: eee nents tee: eta enn eee cant me 

ae 

me wo: | 

  
| 

239 

  

   



APPENDIX 3.7 

The results of the experiments with Betton Abbotts Site rocks in ppm. 

  

              
  

  
  

    
  

Solution thes 
1 3 7 22 52 73 a s oi ee 

Fe Control pH3 | 590 
BC pH3 > - - - - - 
WES pH3 ~ : Me - i: 

GC pH3 110 88 127 | 143 129 7 

BHS pH3 339 2k2 B16 1-159 138 145 

Fe 1 Control pH9 625 

BC pHO - ~ - - “ - 
WES pH 4 > 2 . 2 a 
GC pHO 155 99 115 137 130 81 
BHS pHO Leake | 239.) B25 1° 166. || abG ee 

Combination 1 } | | 

Fe Control pH3 | 610 ! i 

BC pH3 me ae ~ ~ 

WES pH3 8 Pore ~ - 
GC pH3 Aol 162 168 | 202 141 
BHS pH3 281; 259} 238; 190, 188! 149/ 

' Fe Control pHo |; 582 | | | | | 

WES pH9 9 pee oe | - 
GC pH? 160; 160; 165; 196; 200} 106) 

BHS pH9 | 968 | 217 | 199] © 482 | ay ade 

Fe 2 Control pH3 19553 | | | 7 
BC 2 pH3 | 15749 | 9263 | 8692 | 8282} 8648 | 8682 
WES 2 pH3 | 17638 | 15107 15324 | 14719 | 15318 15299 

GC 2 pH | 19261 | 17093 | 17381 | 17857 | 18897 | 18577 
BHS 2 pH3 | 18589 | 16992 | 18517 18355 ; 19986 | 18313 

BES 2 Control ! 18070 | | | | 

Fe 2 Control pug 19611 | | | : | 

BC 2 pH9 | W448 | 9016 | 8715 | 8193) 8497 | Bia 
WES 2 pH9 | 18215 | 15828 ; 15132 | 1k7i9 | 14474 | 1h68h 
Gc 2 pHS | 19028 | 17652 | 1730! | 17857 | 18230 | 19233 | 

| BHS 2 pu | 185389 | 16992 | 18517 | 18355 | 19986 | LO313 | 
| BHS 2 Control | 18070 | | |



  

  

  

  

    

    
      

  

  

Day 
| Solution 1 | 3 5 29 52 | 23 

Combination 2 J . | 

| Fe Control pH3 8595 | | 

| BC pHa 4956 | 3970 2673 | ! 
WES pH 7003 | 4778 | 4u20 | 4583 | 3774 | . 3872 

| Gc pH3 8366 7839 | 8059 | 7854 | 8362 | 96h0 

| BHS pH3 8867 | 8749 | 8862 | 8834 9714 | 10027 | 

BHS Control 9039 | | 

| Fe Control p#9 | 18309 | | 
BC pHg 13313 | 7915 | 7969 | 8322 | 7638} 8385 
WES pug 16679 14620 | 13922 | 13726 | 13945 | 12808 

GC pHs 17638 | 16434 | 16739 | 17194 | 17734 ! 16094 | 
BHS pH9 16160 | 16792 | 17094 | 17981 | 16843 19079 | 

| BHs Control | 16485 | | | 
bo ook Mie anaes eel ol 

Solutio | 1 3 7 22 50. ey 
1 Sad i i 

CADMIUM | | 
Cd Control pi3 19 | | 

| BC pRS i | ee 1G ye 
| WES pH ee eke aL ee 
lec pR3 Op ome A 0.5 5 ey eee | 
BHS pH g | Ce 6 | 
HS control gee | | | | 

Cd Control pH9 23 | | | 

BC pH Pee es lh. | ee 
WES pE9 Be a tL : 
Gc HS a : 1.0 | 0.9 | 2 | 0.6 | 0.7 | 
BHS pi9 22) OB | ee. | 0.6 114% wee 

BHS Control 25 | : | | | | 

Combination 1 | : ! 
Cd Control pH3 CD : | | 

BO pH3 Is a4 | eee eee 
WES pH3 ee) 9 202 | 

| GC pe3 oe | ee ee | Oo st anes 
| BHS pls eb | G85). 323 | 23 ! 22h pO | 

(BHS Control {| 25 | | 
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| Solution re ‘ 
1 3 7 22 50 | 

NICKEL | | 
| 

Ni Control pH3 1278 

BC pH3 828 617 |. 506 S71 268 

| WES pH3 1085 862 781 658 | 590 

GC pH3 980 804 | 781 779 817 

BES pH3 1214} 1134 | 1056 993 | 1051 

BHS Centrol A161 | 

Ni Control pH9 1247 

‘BC pHY ee a ee ee eS 
WES pH9 | 506 | = 880 | 992 645 | 571 

i gc pHs | 960 812 | 798 790 | 624 

BUS pH9 4214 |. 1320 |. 1091 1076 | 1062 

BHS Control a7 ; | | 

i Combination 1 | | | | 

Ni Control pH3 133+ 

BC pH 1064 | 890} 745 | 57h 
| WES pH3 | aig | 1088 ey, | 62 
' Gc pH i219 | 1334 | 1033 | | 1148 
BHS pH3 ! 1328 ; 1261 | 1267 | 1277 | 1324 | 

BHS Control [ean | 

Ni Control pl A355 

BC HS | 1285 | Bou]. 722 yoo | > phe 
WES pl9 | 1377 | 3212) 9h? 636 | 490 

GC pH9 f Fasts. be koe) lage 103 | ieee 
BHS pH9 ! 1230 | 1232 | 1218 | 1164 | 1227 

BHS Control | oF | | 

COPPER | | | | 
Cu Control pH3 ; 133 | | 

BO pH3 : - . a - i - | 
WES pH3 8 | Pend pe ok er 

Go wi Pe ee eae 
: BHS pHZ Sm ae 14 | Pag 

| BHS Control uc ! | 

  

    
  

  
  

  
  

  
  

243 

170 
bg 
B42 

ate 

466 

1221 

1343 

129 

336 

1175 

1263  



  

  

    

          
  

  

Solution | 1 oe ? ee. Ae 50 Pee | 

Cu Seetccl 3EQ 127 ee Ne | 

BC pug - - ma Re ! oe 
WES pH9 iy. oe 
GC pHO con 7 5 | h | 5 | 
BES pH9 he get 194-3 | 1 a 
BHS Control | 197 | | | 

Combination 1. | | 

Cu Control pH3 202 | 

BC pis ee ee - 
WES pE3 BR ee tap 
GC pH3 175 166; 169} - 154 |. 154 134 | 
BHS pH3 20h 7 208 : 197°| 269k. #86 

Cu Control pH ; 209 i : 
BC pH 68 10 | a oe ii ks 
WES HO rs 169 Le 28 1 ! So oy ! 

GC pH We) nee | 7g) 12k 156 ee 
| BHS pao oe ae7| az 1 i904 | 26 | 
| BES Cont.col | 186 | ! | ee tS po 
ee TI a ie ie ine oe? Sa: a4 ee 

Cv Control pH3 8715 | | ! r 
1995 BC pE3 7169 | | 2271 | 2784 | mi 

WES pH3 | 7563 ; 6726, 4835 | 2626; 1466! 605! 
i \ : (Sia | GC pHs | 8287 | 8575 9091 | 9084 10070 | 11069 | 

i } t 

BHS Control 11.290 | : i   Cu Control pH9 8583 | 

| 
' 

BES pE3 20681 | 10457 | 9043 } 10507 , 9703 | 12326 | 
| 
j 

i 

i ‘ i 
BC pH9 bs foow a OO | 2578 |< 548 ~ 

  
| WES pH9 | 8007 | 6376 | AGhS eer | 1260. | Sap 
GC pig 6464 | 25 9208 | 8528 9781 | 1138? | 

' BHS pg 11061 ; 9891 : 9528 | 21492 , 11867 | 31612 | 

| BHS Control 12061 | ! ! | 

| Combination 2 | : 

| Control pH3 =| 10485 | | 

| BC pH3 ' 9292 ' 8405. 8800 8318 | 3338! 9926! 

2hh



  

  

        
  

  

Day 
Solution 1 3 9 22 2 

WES pH3 955 8949 9600 9375 9557 

GC pH3 9556 | 8772 | ook | o3h7 | onky 
BHS pH3 8952 | 8410 | 8896 | 8851 | 11706 

BHS Control 9184 

Control pH9 | 10255 
BC pH9 9367 8772 3584 9375 9129 

| WES pH 9500 | 9207 | 8893} 9430, 9371 | 
@c pl9 9500 | 892k | 8635 | 9375 | 9184 
BHS pH9 8919 | 3776 | 8896 | 9147 | 11509 
BHS Control 9154 

ZINC | | ! | | | 
Zn Control pu3 CLy 

BC pH3 gee ME fee 10 | Le 
WES pHZ | 180 151 | ‘i 7 | mt 

'GC pH3 te| ae |) 203 | 268) ae 
BS pH3 | 54.) 498 | a | HG | AD 

|BHS Control ; 582 | | | | | 

! gn Control pid ! 211. | | | 
. BC pHO bk 9 62 | 6 a8. | a eA 
| WES pH9 Poe = as he: 9s. 6 i 4 

GC pH | 19h | 273 78) 258 lege 
| BHS pH9 | 42g Bie tc, 06 | 282 | 318 | 

| BES Control | 531 | | | : 

| Cotibiination a | ' | | ! 

| Zn Control pH3 | 59h, | 7 

| BC pH3 Pa 266 |. a9, oa ee 
WES pl’3 | 494 og... 32 tS" 195 1 

| a0 pH3 Pmt 6D 1. 420 ! 487° 517 : 
“BRS pu3 | eB | 999-| (530 | 4 se? | 5984 
| BHS Control | | 

Zn Contr 21 nko | 12% | | | 
| BC pH9 [206 2eee|) Ok ke oR la! Be! 
WES pH9 | See ohm ha7 96 | ae 

iGC pHg | 4O? 452 ! 5a4 143) 58h | 

| BES pH9 ; 528 Psa} 522 | 502; Gon : 
; BUS Control : Deo i 

ee 

        

73 

12008 
t2525 

11244 

11535 

12008 

11663 

10858 

182 | 

536 

178 | 

196   
17 | 
99 | 

4a} 
L65 | 

}



  

  

    

Solution 
1 3 

Zn Control pH3 11576 

BC pid 10380 | 10484 

WES pH3 11228 | 11780 

GC pH3 11166 | 11780 

| BAS pH 13117 | 11652 

BHS Control 13227 

Control pH? LLOLL 

BC pH9 10617 | 10958 

WES pH9 | 11291 11325 

GC HO | 10858 | 11707 
BHS pi9 13117 | 11852 
BHS Control 13374 | 

Combination 2 | 

Zn Control pH3 | 25750 | 

BC pH3 _ 25859 
WES pHi3 | 26212 
GC pH | anes | 
BHS pH3 29702 | 26334 

BHS Control 27975 | 

Zn Control pl? | 13096 | 

BC pH9 12653 | 13199 

WES pH9 13274 | 12151 

; GC pH 12785 i 1.2340 

| BES pHO | 11313 | 13831 

'BHS Control | 12077 | 

    

  

10799 

13667 

13215 

12.41 

10748 

12609 

13065 

12451 

31055 

| 26573 
27461 

12250 

12398 

12432 

  

6842 

8196 

11743 

12708 

6921 

8455 

11628 

LOLge 

21572 

23275 

26508 

27562 

1043 

12094 

12291 

  

  

52 ee 
: —— Sys ee 

7013 | 784? 
9857 9416 

22540 

13754 | 10998 

| 
730 

| 8229 | 6947 
| 10015 | 12619 
| 12725 | 11837 

| 
| 
| | 
| 25967 | 31726 
| 27735 | 31921 
| 28277 | 35523 
| 30153 

| ! 

| 13282 | 13194 

: 1h152.) 13379 
| 13715 , 13194 
' 13085  



APPENDIX 3,8 

  

  

  
  

  

    
36.4 

70° | 85 

18577| 18835   

    

The results of the experiments with Mitco Rocks in ppm 

Pe eotution | me 
1 | 3 7 38 

Fe Control pH3 518 | i 

Fe pli3 95 | 10 - ss 

Fe Control pH9 b-< 8567 | 

Fe vH9 ae! 9 - - 

Comb 1 Control. pH3 543 | 

Comb 1 pH3 447, - 38 Thi 
Comb 1 Control pid 299 | | 

Comb 1 pf 145 ! 35 9| - 

Fe Control pil3 2627 | | 

Fe pH3 18680 | 17173 | 18006 | 1802% 
Fe Control pH9 18070 | 

Fe pid 18589 | 16541 | 17498 | 19754 
Comb 2 Control pH3| 9039 | 

Comb 2 pi3 | 8190 , 7654 | 7539 7249 

Comb 2 Control pug! 16425 . | 

Comb 2 pry 16052 | 16792 | 16842 | 16597 

Cd Control pi3 18 | ! | 
Ca pH3 Bae Foe. a 

Ca Control pil9 25 | : | 
Cd pHO pe ae Se 

Comb 1 Control pi3| 23 

Comb 1 pH3 if eee | oe a de 
Comb 1 Control pHo} 19 | 7 | 
Comb pH9 89 6380 ss 7 

Cr Control pH3 93 | : 
Cr pH a ae | - | - 

Cr Control pu9 95 | 

cr pHs ae | : | ae 
Comb 1 Control pH3; 90 | 

Comb 1 pS | he is. 48 | b | - 
Comb 1 Control pH9! SC 

oe : fe i ; Comb 1 pH 9 

| 9626! 7993 

17207! 18629 
1 

21 21 

17 18 

| os % 

| 
4 
i = = 
! 

| 

[te : 

eee ee



  

  

        
    

    

Day 

Solution 1 3 9 | 38 70 85 

Ni Control pH3 1361 | 

Ni pH3 858 | 7701 739 | 679| 673 
Ni Control pi9 Pel | 

Ni pH9 890 270 716 | 673| 664 

Comb 1 Control pH 1310 | 

Comb 1 pH3 1182 321). 1081 1006 934 

Comb 1 Control pi9 1214 

Conb 1 pH | 3261 | 12106 } 1040 | 1000! - 963 

Cu Control pH3 wo aye | 

Cu pH i eae | ee Sas a ae | m 

Cu Control pH? aed | 

Cu pH 9 : 12 | - ! * : ‘ - | a 

Som 1 Control pas | 202 | | : | 

Comb 1. pH3 Pe | 67 397 9 56k) ey a ee 
: Comb 1 Control pH9 . 186 | 

Comb 1 pH9 | 169; 155 | 129 50 ahpes ay 

Cu Control pii3 ! 11290 : | : | ! 
Cu pH f 10902: |. 8805.1. 7435 6879 ; 5873! 6541 | 

Cu Control pH ! 11061 | | 

Cu pio 10226 | 8917 | 7609 | 7294 5910! 6697 

Comb 2 Control pH3 | 9184 | | : | 

Comb 2 pH | 9018 | 8475. 8896 9126 | 19366, 11408 | 
Comb 2 Control pH9 | 9751 | 

Comb 2 pid 8919 | 8737 | 9417 | 9018 | 11366} 10919 | 

Zn Control pe | 582 : | | | 

Zn pH3 p08 | Ak 30-1: 6h eee 
Zn Control pli9 SL ; | 

gn peo Pep | tad. 92 | | 381s at 

Comb 1 Control 5944 ! | 7 

Comb 1 pH3 ee ee | 
Comb 1 Control pH? : 7s i 

| Comb 1 pH9 i $86 arr iS tho: a ee i 
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Solution i 1 i . 

In Control pe 13227 | 
Zn pH3 12497 | 11233 

gn Control pi9 13374 | 
' 

Za pH9 12861 | 11233 

Comb 2 Control pH3 | 27973 ; 

Comb 2 pil3 2hg11 | 27896 

Comb 2 Control pl9 | 12077 | 
i i 

: Comb 2 pH i 11313 ' 12463 
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11021 

Rb pall 

Day 

Fe — ete eh nena afer cnenn ee we 9 ellen neem en fhattnedeeeperne oat 

       



APPSNDIS 309 

Results of the exveriments with effluent samples in ppm 

  

  

  

  

    
  

  

  

_TRON ain ss 
mes ae aed en i 30 

|sa 1 | Hoag | 39485 | 42736 | 45860} 
| Sn 2 40597 | 41154 | 42736 | 46487 

i Ka 1 43310 | 40022 | 54746 | 45233 
|Ka 2 + 39728 | 38709 | 40436 | 45233 

iva 39728 | 37397 | 37556 | 40885 
IM 2 39381. | 36741 | 34926 | 42101 
| Control | 37500 ! 

er eeihanly | —— | 
iBCl 50223 | 47572 | 36135 | 50890 

Bc 2 | S172 | 47791 | 45261 | 55324 
i WES 1 | 51553 | 49330 | 47218 | 49629 
| WES 2 | 51553 | 49230 | 48521 | 49529 

lace 1 | 50602 | 51106 | 47868 | 45239 
|ecc 2 | 50602 | 50215 | 45924 | 52153 | 

.. | BHS 1 | 51553 | 49993 | 50938 | 49322 | 
te 2 | 52127 | 49330 | 49177 | 4O372 | 

Ia 1 | 50223 | 49330 | 49177 | 48998 | 
| Ha Be 4 5epko | Hoz50 | 49177 | 50255 | 

! 
{M1 | 46869 | KuIL? | 44003 | 45233 | 

IM 2 | 46501 | 44759 | 44OO3 1 45233 
Control. | 52319 | | | 

CADMIUM a 
ne | 2 - 9: | "apa |! Bor 
ee 

| shou Bos |g ae ay 
Sh 2 eae 18s ao y | 

| ! | 
| Ke 1 | 9 | 8 9 8 4 | 

| Ka 2 eee | 8 | 40 | i | 

/ M1 a eee ae 
|-Me2 Geers 8 ge Be 
i ¢ontrol 9a 
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for Reem eT atte ? 

Bay 2.7 9 15 4 

Shrewsbury | | 

BC 1 18} 172] 177| 178{| 1801 
BC 2 185 | 173 177 174 178 | 

| WES 1 a867 177 180 177 183 | 

| ws 2 183}. 177 177 174 183 | 
| i 

@cc 1 182 | 180 179 |= 717% 186 : 
Goo 2 gr 1791 7a) eee ee 
BHS 1 Fy Br. a70-|288" | 397 185 | 
BHS 2 184 | 179-}. 1844. 997 186 | 
Kal MO 2S 174 177 185 | 

Ka 2 Be 4172 | 4% 173} 189) 

M1 peo te 278 | Ae? 171 180 , 

iM 2 hO5- 7178 1 a7 | 178 eee 
Control 182 | 

| COPPER ao 
(MINE ee 
| Sh 1 | 71! 738! 695; 649 | 696! 
| Sh 2 eae’ e:. 73H 697 668 727 | 

! Ka 1 | OBS 925 |) 691| 5630-1. rome 
; Ka 2 | 800 749 710 68 703 | 

Ma | 854 | hs 697 | 674 688 - 
iM 2 1 955; 699| 673 | 624) 6821 
: Control Lf nOoe | 
ee ae (gr eben eee ket 
| Shrewsbury | | 

| BC 1 962 | 756, 448 | 263 | aha! 
| BC 2 be 96%. 167844. 510 |. 278 | “aes 

| WES 1 i 912 | hp | has 1 akg | 16H | 
| WES 2 1930 |. 590 | 4 253 | 165 

| | | 
(aco 2 | 673; 519 326 207 120 

i aoc 2 | 74 | 480 | 358 211 131 

| BHS 1 | 9221 366.) 348 | 229 97 
| BAS 2 | 818 | 596; 412! 196] 106 
| | 
i Kal | 697 bah 213 143 | 120) 
{ i ‘ 

I Ka 2 Lo eb7e 4) 37.) ab | mer <a 
| 

iM 1 582 | 12 192 |. . B38 109 
iM 2 (ee h05.)" 210 1 ahs 1 102 
Control ! | i 

  

 



ZINC 

  

  

MINE 15 29 
  

bs
 

9 n 

iM 
Me 

Control 

  

  

3635 
3794 

3839 
3817 

3839 
3053 
“6 

  

386 
Lo36 

3790 
3771 

3790 
eek 3059 

  

  

  

| | 
| Shrewsbury | 
eae Aph W350") 371. : i 
| BC 2 1 koh | 425 | 371 

| WES 1 | SRE 479 1 436 
| WES 2 | 52h | 462 | 420 
| | | : 
i GCC pease 1 .b77:5°. 62k 
' | i a 
| Geo 2 | 522 | 677. | 599 

| BHS ea eA) < 626 
; i t ' 

| BHS 2 Pek ob G5 
i } } 
' ' i 3 
i Ka 1 bi Bower B82 637 
| Ka 2 | 570! 582! 643 

‘Mi i 4581 538 605 <3 aeons 
M2 | 458} 538 | 612 

i Control 83 | 

CHROMIUM 
|___ MINE 
' Shi Bes e762 | io 

i | i 
Sh 2 gos | 262 (4 1083 

| 6) oy 
Kal ; 838; 802 | 1009 
Ke 2 | 785 | 827 | 1009 

ML | 850} 799 | 1042 
iM 2 1. 829} 802; 1042 
‘Control | 900 | 

Sharevsbury - Less than 4 pon 
em meee er eae 

i 

t 

5927 

49390 

42a? 

hO21 

3974 

3788 

ou
 

A
 

W
 

Gee 

  

hL75 

LOLO 

43? 
Lhoo 

hLOl, 
4.500 

  252 | ae 
356 437 

L647 1.026 

| 654 | ghs 

| 638 | 1049 | 
908 | “pies 

: 69% | 1000 | 

| 698 | 967! 
rs 675 12 ga 
| 663.91. IBF 

7 
mee 

| 

| 

p72 1 Ga 
p 660.) rae 
Li 629) 683 | 

| [632° 

666 | 722 | 

629 | 718 |



NICKEL 
wee eee 

  

  

  
  

MINE | 1 3 9 15 30 

Sh 1 | 107 108 1.03 122 105 

gh be $06 106 103 121 1.05 

Ka 1 by ee 5 98} ehh ood 
iKa 2 deo 102 96 118:4° 2053 

{ | 

M1 Las | 101 96 11s ! 104 | 

M2 + 900 P-\00' Fs 300% a5. 1s 60 
Control HOT is i 

Shrewsbury ~ Less than 6 ppm 

st UE Map oe S a 

Sh 1 31 26 32 5 | Ae 

= w 

iM 2 

; Control 

  

  
NN
 

ft 
We
 

hi
 

N7
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oO
 

  

  

Shrewsbury - “683 0.22 3675 ppm 

  

  

 



APPENDIX 4 

The method for dicolving rock samples for atomic absorption analysis 
The Method For een ee ees ee eee ee rn 

Approximately 0.2 grams of rock was accurately weighed and placed 

in a sealed, P.T.F.5. lined container to which 3 ml of aqua regia, and 

5 ml. of 48: hydrofluoric acid were added. The mixture was heated in 

an oven at 100° C for one hour. 50 ml of saturated boric acid 

solution was added, and the mivture heated, at 100° G, for one hour. 

The liquid was cooled and made up to 100 nl with distilled water prior 

. 
to analysis. ‘wo samples of each rock type were prepareca and 

Lac 

  

analysed, and the results *7¢ tabulated in 

254



  

  

APPENDI“ 5 
  

&* analysis resulte for th: -scks from the tices diszgoe21 sites in 

gm gm 

  

Rock Fe Sat Cal}. tae Pb ca 
pei pee aa ————}- we th eee ee oh a en ne tees fein: ache 

{ 

Coal Measure Shale 1 ! 35154 15277) 201. 65 : 150 | ned. | ned. 

2 | 36478 4 130°; 177 | 62; 145. | mee eee 
| i i 
i 

{ 
Be Hed Giay 1-1 50865 | 960 1 621 | 127.) 147)" Se, 

2 (148 | 88. I nd. 53200 | 1016; 59). | 119 

Red (Borehole) Sand 1 ere. 209) 622: 30 2G i 101 n.d. 

Breage | 82. 685.4 36 ned. 

hos2l! 75 SH | 98 | 151 ned. 
$8006 7) 7600-430] 164 | 165 neds 

Grey Sand 

V
o
r
   Red (Soulder Clay) 1! 34324 ; 52 , 316, 63 | Iu ! I ned. 

2! 33410 ; 48 308 [0-3 hs aa,   Grey Clay Li 7e660n fT 75 | B46 1.98 | 150 Envde | 

Bi ota tok 78 a1 90. | A | nid. | 
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