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ABSTRACT
A review of uranium history and industry has been carried out with emphasis on processing and the need for improved processes to control heavy metal effluents. Industrial ion exchange applications of Spirogyra and similar microorganisms are discussed in comparison with the more conventional techniques of resin and liquid ion exchange (solvent extraction).Preliminary experimental work indicated relatively great similarities between microorganisms and resins. Work on solvent extraction led incidentally to new insight into the equilibria involved in the uranium-Alamine 336-sulphu- ric acid-kerosene system and the results are reported in Chapter 2 of the thesis. In particular, semi-quantitative modelling of parallel 'competing' reactions has been applied to uranium equilibria and their relative contributions to the overall equilibria are discussed.The interactions of uranium with the microfilamentous fungus Aspergillus niger and the bacterium Methylophilus methylotrophus (in the form of ICI Pruteen) have been studied. Comparative adsorption isotherms as functions of pH and ionic strength in the presence of interfering ions are presented. Conditions for optimum uptake and elution of uranium have been established. Uranium biosorption is essentially reversible and pH control may be used to efficiently adsorb and desorb uranium. This property was used to determine breakthrough and elution curves for uranium with A. niger and Pruteen.Mechanistic studies of uranium adsorption onto A, niger and Pruteen have been undertaken by X-ray fluorescence, Fourier transform infrared spectrometry, electronmicroscopy and microelectrophoresis. An ion exchange mechanism has been proposed and a biological ion exchange model has been developed for the adsorption of uranium onto A. niger mycelium. Experimental evidence supporting the model is presented and discussed.A semi-continuous biological ion exchange column was tested under different conditions with fluidised, compartmentalised and packed beds of specially grown A, niger 'pellets'. The physical properties of these 'pellets' - specific gravity close to unity and a non-rigid structure- facilitated semi-continuous (interrupted) countercurrent operation of the column. Comparative loading curves are presented and a possible effluent control process discussed.
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CHAPTER 1 LITERATURE SURVEY

This thesis is concerned with ion-exchange 
(particularly biological ion exchange) processes of 
uranium; and aims to make both an applied and a 
fundamental contribution. The literature survey below 
therefore considers the present 'state of the art' of 
uranium processing and the different areas of research on 
ion exchange. It begins with an overview of uranium 
history and industry; and leads finally to the reasons 
for the present work: the need for improved processes for
heavy metal effluent control and the current interest in 
understanding interactions between algae, bacteria, fungi 
and uranium ions.

1.1 HISTORY AND INDUSTRY

1.1.1 Geochemistry and occurrence

Uranium is a lithophile element (1). Its mode of
occurrence in mineral deposits is largely dependent upon
the chemistry and properties of the U(IV) and U(VI)
oxidation states (2) . Under acidic or alkaline oxidising

2 +conditions the UO2  ion is formed (3) , and because it is 
soluble in combination with various anions, this cation is 
generally mobile. The U(IV) ion forms the sparingly
soluble oxide UC> 2 in dilute acid and, under reducing 
conditions, uranium is precipitated. This alternation 
between oxidation states has great economic significance.
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For instance, the stable disseminated uraninite grains 
found in igneous rock formations are in the U(IV) state, 
but when altered to the U(VI) state become soluble and 
dissolve in circulating ground water. In this form
uranium may also be introduced into porous sandstones
where hydrogen and carbon monoxide from deep petroliferous 
horizons provide reducing environments for the 
precipitation of UĈ  (4) . Several commercially important 
deposits were formed in this way.

The common rock-forming minerals do not easily
accommodate uranium since it cannot substitute cations 
with similar sizes, such as calcium or sodium, as the 
charge imbalance makes this practically impossible. When 
minerals were being formed uranium tended therefore to 
concentrate in late magmatic fluids or be expelled from 
the magma chamber. When separating from the magma the 
tendency was for uranium to form its own distinct minerals 
such as uraninite or become associated with accessory 
minerals. In granites, the element may be dispersed as 
ionic or molecular disseminations adsorbed on crystal 
surfaces, lattice defects or in fluid inclusions (5). It 
is not clear in detail how uranium precipitates from a 
magma.

During weathering of uraniferous rocks the
element was leached out under oxidising conditions. It 
seems likely that the subsequent formation of many uranium 
ores included a pre-concentration process and this 
probably took place by adsorption of ions on materials 
such as clays or oxyhydroxides of ferric ion, manganese
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and titanium (5) . Several important ores were formed by
precipitation of uranium from solution to form sedimentary
ore deposits (4, 6). This occurred by ion exchange,
neutralisation, chemical replacement or by reduction.

The average crustal abundance of uranium is 
-32.6 gm , similar to values for beryllium, arsenic, 

molybdenum and tungsten, but higher than those of silver, 
cadmium, bismuth and mercury, and about one-tenth that of 
copper (7). Table 1.1 gives the order of magnitude of
uranium abundance in some rock types (8, 9) and in sea
water (10) .

Table 1.1 gives mean values and may have wide
limits especially in black shales and igneous rocks which

-3 -3can contain up to 250 gm and 500 gm respectively. 
Uranium ores, with rare exceptions, contain between 0.03

_3and 0.4% Û Og (1060-14,150 gm U) but exploitation is 
usually possible only from ores containing more than 0.1% 
U3Og (3540 gm"3U).
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TABLE 1.1 URANIUM ABUNDANCE IN SOME ROCK TYPES
Host environment Meanconcentration

Mafic igneous rock (basalts, gabbros, etc) 
Intermediate igneous rocks (diorites)
Acid igneous rocks - granodiorites

granite
Sediments - normal shales

limestones 
black shales

(g/mU)
1.0

2.0

2.6

4.7
4.0
2 .0  

8.0

7

Seawater 0.0033

Although uranium is not an excessively rare 
element, deposits of sufficient concentration to be of 
commercial value are not common. A joint report by the 
Organisation for Economic Co-operation and Development 
(OECD) Nuclear Energy Agency and the International Atomic 
Energy Agency (IAEA) (11) classifies uranium deposits into 
six broad types. Table 1.2 gives the main mineral 
deposits and where they occur, together with the main 
uranium minerals (12) found in them.

The largest known deposit at the Olympic Dam in 
South Australia (13) has not been included in Table 1.2 
because it is as yet undeveloped. The distribution of 
uranium by deposit type is shown in Fig. 1.1.
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TABLE 1.2 CLASSIFICATION OF URANUM DEPOSITS

Type of deposit Main uranium 
minerals found

Exanple

Quartz-pebble 
conglomerate (5,000- 150,000 T, 0.01-0.30%
U3°8>

Uraninite associated 
with thorium or gold

Agnew Lake, Denison, 
Panel Quirke, Stanleigh (Canada)y Witwatersrand 
(S. Africa).

Proterozoic unconformity-related 
(5,000-200,000 T, 0.2- 
2.5% U3Og)

Pitchblende with 
native gold

Jabiluka, Koongarra, 
Nabarlek, Ranger(Australia)y Beaver- lodge, Cluff Lake,
Key Lake, Midwest Lake, Rabbit Lake 
(Canada).

Disseminated magmatic, pegmatic and contact 
deposits in igneous and metamorphic rocks 
(1,000-100,000 T, 0.05- 0.15% U3Og)

Uraninite, uran- 
othorite, betafite, 
fergusonite

Bancroft-Madawaska 
(Canada); Fe (Spain)y 
Kvanfjeld (Greenland)y 
Lodeve (France)y Los Gigantes (Argentina); 
Nisa (Portugal); 
Phalaborwa (S.Africa) y Pocos de Coldos 
(Brazil)y Rosing (Namibia) y Spokane 
(USA).

Vein (up to 20,000 T, 
0.1-2.5% U3Og)

Pitchblende, 
coffinite

Andujar (Spain) y Ben 
Lomond (Australia) y 
Bessines (France)y Pleutajokk (Sweden)y 
Schwartzwalder (USA)y 
Urgerica (Portugal).

Sandstone (up to 40,000 T, 0.05-0.3%
U3°8>

Pitchblende, cof finite, camo- 
tite, tyuyamunite, uranophane

Arlit (Niger)y Beverly and Honeymoon (Australia)y Sierra Pintada (Argentina)y 
Colorado Plateau, Wyaning Basins, Texas, 
Costa Plain (USA).

Other types: Calcretes
Limestones
Uraniferous phosphatesUraniferous black-

Cam., tyuyam. 
Pitchbl., tyuyam. 
Autunite, torbenite 
Uncertain

Yeerlite and Lakeway 
(Australia)y Grants (N. Mexico)y 
Bakouma (CAR) y Florida, Idaho, Utah, 
Wyaning (USA) y 
Ranstad (Sweden).shales
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Reasonably Assured Resources 

( < S 130/kg U)

1. Quartz-Pebble Conglomerates Deposits.
2. Proterozoic Uncontormlty-Related Deposits.
3. Disseminated Deposits.
4. Vein Deposits.
5. Sandstone Deposits.
6. Other Deposits.

Estimated Additional Resources 

( < S 130 / kg U )

Fig. 1.1 Distribution of uranium resources by 
deposit type (11)

The polyvalence of uranium and the relatively 
high solubility of the U(VI) form leads to the formation 
of a large number of uranium containing minerals. In 1967 
a US Geological Survey Bulletin (14) gave a listing of 
480 uranium-containing minerals (exclusive of thorium). 
The report pointed out many duplicates and synonyms for 
minerals that are essentially the same. There are 155 
confirmed and probable species containing uranium as an 
important constituent. In addition 30 minerals containing 
minor amounts of uranium and a further 20 with uranium as 
impurities and intergrowths were also indexed. A list of 
the more common and economically important uranium 
minerals is given in Table 1.3.
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TABLE 1.3 C O W O N  AND ECONOMIC URANIUM MINERALS (9, 15, 16, 17)
Chemical qroup 
Oxides

Minerals and chemical formulae 
Uraninite (u£5x, ^^°2+x' ideally U&2
Pitchblende; a fine-grained variety of uraninite 2+Davidite; (Fe , rare earths, U, Ca, Zr, Th)̂

(Ti, Fe3+, V, Cr)15(O,0H)36, ideally FeTi307 
Brannerite; (U, Ca, Fe, Hi, Y)(Ti, Fe>2 Og 
Becquerelite; 7U02•1IĤ O 
Gurtmite; alteration product of uraninite 
Betafite; (Ca, Na, U, Ce, Y)2_x(Nb, Ta,

Ti, Fe)206(0,0Hx)
Thorianite; (Ih, U)02
Euxenite? (T, Ca, Ce, U, Th)(Nb, Ta, Ti)20g 
Fergusonite; (Y, Er, Ce, Fe)(Nb, Ta, Ti)04 
Pyrochlore; (Na, Ca, Fe, U, Sb, Pb, Ih, Ce, Y)2 

(Nb, Ta, Ti, Sn, Fe, W)2.0g(O, OH, F) 
Microlite; (Na, Ca, Fe, U, Sb, Pb, Hi, Zr, Ce, Y)2 

(Nb, Ta, Ti, Sn, Fe)2.06(O, OH, F)

Silicates Coffinite ? U (Si04) 1_y (OH) ̂
Uranophane; Ca (U02) 2 (SiÔ ) 2 (OH) 2.5H20 
Uranothorite; (U, Hi) 02.Si02 
Sklodowskite; Mg (tX>2) 2 (Si03) 2 (OH) 2.5H20 
Kasolite; Pb(U02) (Si03) (0H)2 
Allanite

Phosphates Autunite; Ca(U02)2(P04)2.10-12H2O 
Torbenite; Cu(U02)2(P04)2.12H20 
Saleeite; Mg(UO2)2(PO4)2.8-10H2O 
Sabugalite; HA1(U02)4(P04)4.16H20 
Xenotime

Vanadates Camotite; K2 (U02) 2 (V04) 2.1-3H20 
Tyuyarnunite; Ca(U02)2(VD4)2.5-8H20

Sulphates Johannite; Cu(U02)2(S04)2(OH)2.6H20 
Urancpilite; (U02) g (S04) (OH) ̂ . 12H20

Carbonates Liebigite; Ca2 (U02) (C03) 3.10H2O
Bastnasite
Uraniferous calcite

Molybdates Moluranite; U023U03.7Mo03.20H20 
Unohoite; (U02) (Mo04). 4H20
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1.1.2 Uranium industry 

i) Development

Mining of uranium ores from the first known 
operation in 1906 until the 1930s (18) was mainly for the 
recovery of radium, a uranium breakdown product employed 
in the treatment of cancer. The major constituent 
uranium, was wasted. Following the discovery of atomic 
fusion in 1934 (19) and the development of nuclear weapons 
capability by the late 1940s, major uranium exploration 
and development was undertaken on behalf of the British 
and the United States governments (20). The Rum Jungle, 
South Alligator and Mary Kathleen deposits were discovered 
and exploited in Australia (21) . The Great Bear Lake 
pitchblende mine, shut in 1940, was reopened to become (in 
1944) Eldorado Mining and Refining Ltd (22). Byproduct 
uranium in Witwatersrand gold ores, tailings and dumps was 
recovered for the first time (23). It was realised in the 
USA that high grade pitchblendes of the Shinkolobwe type 
(24) were limited, and substantial reserves of lower grade 
ores were proved, to make that country potentially 
independent of outside supply. Major technical problems 
in recovering uranium in sufficient purity from such 
materials were greatly eased by Peligot's uranyl 
nitrate/diethyl ether solvent extraction process (25).

Thermonuclear weapons programmes in the United 
States and Britain led to unprecedented exploration in the 
early 1950s. Price incentives on a 'cost plus' basis of
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about $22/kg Û Og were offered (26). According to 
Heinrich (27) , from 1952-8 more man hours were spent 
searching for uranium alone than had been spent on seeking 
all other metals in history. With the benefit of 
hindsight, the resulting expansion of the industry was too 
great and too rapid; production fell from a peak of 
34,000 tonnes in 1956 to less than 15,000 tonnes in 1966. 
This decline came from a major cost-related reduction in 
military developments before civil consumption (for 
electricity generation) became significant. Prices fell 
as low as $8.8/kg U^Og, below the operating costs of many 
producers. However, the few nuclear generating plants 
(such as the Commonwealth Edison Company in the United 
States) commissioned after the 1950 Suez crisis were 
producing electricity at the least cost of the generating 
system (28, 29), leading to increased interest in nuclear 
electricity generation. Following the Arab oil embargo in 
1973 , prices doubled to $33/kg Û Og in 1974 and reached 
$88/kg Û Og in 1976. Between 1975 and 1980 world 
production increased at 18.3% per annum greatly exceeding 
any historical figures. Once again, the expansion proved 
to be too rapid, and the last few years have seen 
production over capacity, falling prices, and the closure 
of mines on economic grounds (30). As will be seen below, 
various factors have been responsible for this. Figs. 1.2 
(a) and (b) summarise price and production trends, respec
tively, since the late 1960s.
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ii) Present trends

Notwithstanding trends mentioned, the nuclear 
energy industry is now well established and a number of 
countries are heavily dependent on nuclear energy (Table 
1.4). World reserves (Table 1.5) are adequate for the 
foreseeable future. Reliable mining and metallurgical 
methods are available for most purposes (Section 1.2) , and 
many countries have at least some commitment to nuclear 
power generation.

With regard to reserves (Table 1.5) it is clear 
that of the major producers of nuclear power (Table 1.4), 
only Canada and the USA can be self-sufficient. Japan and 
Western Europe are, and should remain, the main importers 
of uranium, even through France, Sweden, Portugal and 
Spain have substantial reserves. France expects to supply 
about one-third of her needs from domestic sources (34).

TABLE 1.4 NUCLEAR ENERGY DEPENDENCE OF MAJOR PRODUCERS (32, 33)
Country Nuclear energy production/pcwer requirement (%)
France
Belgium
Finland

48
46
40

Sweden
Switzerland

39
27

Japan
United Kingdom (33)
USA
Canada
Soviet Union* 
*Estimated

22

15
13
10

12
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TABLE 1.5 WDRLD URANIUM RESOURCES (X103 tonnes U) (11)
Country Reasonably assured Estimated additional

$80/kq U Total of $80/kq U $130/kq U

Algeria 26 26 0 0
Argentina 25 30.3 3.8 13.4
Australia 294 317 264 285
Austria - 0.3 0.7 1.7
Brazil 119.1 119.1 81.2 81.2
Canada 230 258 358 760
Central African 

Republic 18 18 0 0
Chile 0 0.02 0 6.7
Denmark 0 27 0 16
Egypt 0 0 0 5
Finland 0 3.4 0 0
France 59.3 74.9 28.4 46.5
Gabon 19.4 21.6 0 9.9
Fed. Rep Germany 1 5 1.5 8.5
Greece 1.4 5.4 2.0 7.3
India 32.0 32.0 0.9 25.1
Italy 0 2.4 0 2
Japan 7.7 7.7 0 0
Rep. of Korea 0.04 11.04 na na
Mexico 2.9 2.9 3.5 6.1
Namibia 119 135 30 53
Niger 160 160 53 53
Portugal 6.7 8.2 2.5 2.5
Somalia 0 6.6 0 3.4
South Africa 247 356 84 175
Spain 12.5 16.4 8.5 8.5
Sweden 0 38 0 44
Turkey 2.5 4.6 0 0
United Kingdom 0 0 0 7.4
USA 362 605 681 1097
Zaire 1.8 1.8 1.7 1.7

At present, uranium production (Table 1.6) 
outstrips demand (Table 1.7). In the last few years, 
however, there has been a net decrease in production and 
it is likely that supply and demand will be in rough 
balance by the late 1980s. Thus, production has decreased 
from a peak of 44,000 tonnes of U in 1980 (31) to 37,200 
tonnes of U in 1984 (35) with little change in demand.
Considerable changes in the geography of production have 
also taken place. The bulk of the cutbacks have taken
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place in North America, with the closure of mines on 
economic grounds, although new capacity has been 
commissioned at Denison Mines Ltd (Canada). The United 
States share of production fell from 39% in 1980 to just 
over 15% in 1984 . In Australia, the new facilities at 
Ranger and Nabarlek have offset the closure of Mary 
Kathleen Mine (36). Recently, Canada has become the 
world's largest producer and exporter of uranium, although 
Australia has huge potential for the future.

TABLE 1.6 WORLD URANIUM PRODUCTION (tonnes of U metal) (31, 35)
Country

1979 1980
Year

1981 1982 1983 1984
Australia 706 1,561 2,922 4,422 3,211 4,390
Canada 6,530 6,739 7,507 7,643 6,758 9,693
France 3,332 2,845 2,554 2,872 3,299 3,168
Gabon 1,100 1,034 1,023 970 1,007 917
Namibia 3,831 4,036 3,970 3,777 3,713 3,600
Niger 3,615 4,132 4,367 4,257 2,906 3,276
South Africa 4,780 6,186 6,135 5,794 6,045 5,734
USA 14,400 16,800 14,800 10,330 8,138 5,723
Others 1,188 668 620 1,253 822 684

TOTAL 39,500 44,000 43,900 41,300 35,900 37,200
TOTAL (U3Og 
equivalent) 46,600 51,900 51,800 48,800 42,400 43,900

As will be evident from Table 1.5, many other 
countries have the potential to take part in uranium 
production. In Nigeria, (for which figures are not at 
present available), there is increasing interest in 
deposits in Gongola, Borno and Bauchi States (37, 38). No 
economic deposits have yet been found but many uranium 
occurrences have been discovered (39). There are vein
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TABLE 1.7 ANNUAL URANIUM REQUIREMENT FOR REACTORS 
(x lCr tonnes of U metal) (30)

Year Operating and 
ccnmitted

Most probable High growth

1983 34 35 36
1984 39 39 39
1985 42 42 42
1986 42 42 45
1987 42 45 45
1988 45 49 50
1989 45 51 54
1990 45 51 53
1991 47 53 57
1992 46 53 60
1993 47 53 59
1994 48 57 64
1995 47 57 65

type occurrences in the basement areas of Dadinkowa and 
Biu (D , in Jalingo and Michika in Gongola State (2) , and 
in sandstones of Middle Bima formation in the district of 
Kwaya Terra (3) . Other potential areas for uranium 
deposits are the Sokoto and Niger basins (3) , and the 
Niger Delta areas (§) (Fig. 1.3) .

The availability and consumption of uranium is 
unusually politically sensitive. There is a serious and 
ongoing lobby against use of the metal in both weapons 
manufacture and electricity generation. This originated 
in the devastation of Hiroshima and Nagasaki in 1945 (40) 
and continues with fears of the possible 'nuclear winter' 
(41) . The full effects of early military tests are only 
now becoming evident (42) . There has also been great 
concern over accidents at Three Mile Island in 1977 (43),
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Fig. 1.3 Map of Nigeria shewing areas of uranium anomaly (courtesy 
of O.M. Ojo, Head of Exploration Division, Nigerian Mining 
Corporation, Jos).

Windscale in 1983 (44) and in the English Channel in 1984
(45)*. Thus, in addition to ordinary issues like prices, 
cost margins and stockpiles, producers may be severely 
constrained by political decisions on commercial contracts 
and mining regulations. Ultimately, one supposes, they 
are also constrained by public opinion - most evidently 
through protest groups since the early 1950s (46).

Australia, for example, has not realised her full 
potential as a major exporter of uranium. There has been 
fierce resistance to uranium production on environmental 
conservation grounds in the Aborigine homelands (47, 48) 
and on the grounds of a 'nuclear-free zone'. The
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Australian government has now allowed operations to 
continue at two mines and will permit the export of 
'yellow cake' from the new prospect at Roxby Downs. 
Following a favourable feasibility study, Western Mining 
Corporation and BP Australia have decided on commercial 
development and uranium production is expected to start in 
1988 (49). In Namibia, some doubts are cast over supplies 
from the Rossing mine, owing to the country's unresolved 
political situation (50) .

Most uranium production now goes to nuclear power 
generation (20, 51). Primary producers are thus closely
linked with the nuclear fuel cycle (Fig. 1.4). The most 
important issues here concern technical and economic 
efficiency in comparison with other fuels such as coal, 
oil and natural gas, the capacity for fuel recycling, and 
the safety of the operation with respect to mishaps and
effluent composition and handling.

. . 235With regard to competition: one kilogram of U
is equivalent to 3,000 tonnes of coal (53). In the USA in 
1976, 4,300 tonnes of U^Og equivalent generated 191
billion kwh power. Some 81 million tonnes, 350 billion*

3bbl or 56.6 billion m of coal, oil, or natural gas, 
respectively, would have been required instead. In 1978 
(54) the relative costs per kwh for nuclear fuel, coal and 
oil were 1.5, 2.0 and 3.9, respectively, yielding an
overall cost saving of $1.4 billion. It is frequently 
argued that cost comparisons like these are uncertain (3) 
because of the different ways in which calculations can be

=  10 9* billion used here
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Fig. 1.4 Nuclear fuel cycle showing sane effluent waste discharges (52)
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made. There may be little difference in the overall 
economics. While all steps of the nuclear fuel cycle 
(including raw materials and waste handling) may account 
for no more than 20% of total costs (much less than for 
coal), capital costs for nuclear power stations are 
relatively high (leading to financing and inflationary 
problems). However, for existing capacity, a 100% 
increase in U^Og price would have little effect upon total 
generating costs (quite unlike coal). As the ratio of 
recycled fuel to primary input is unlikely to go above 5% 
(30) , uranium producers should - in the absence of any 
greatly increased anti-nuclear impact - retain a 
substantial market share until at least 1995.

As inferred, safety in nuclear operations is the 
major source of uncertainty in future predictions about 
the uranium industry. In 1981 there were an estimated 263 
nuclear power plants producing about 10,000 tonnes of 
irradiated fuel (55) , and a much larger number of milling 
operations producing process water and tailings containing 
small concentrations of objectionable components (56) . 
Clearly the industry is intent on reducing risks of 
accidents (57) and on finding better ways of dealing with 
the inevitable radioactive waste products (58). As will 
be seen, the work in this thesis is meant as a small 
contribution in the treatment of these types of wastes.
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1.2 PROCESSING

Uranium is recovered from mined ores, regardless 
of type and origin, hydrometallurgically (59) . Although 
some flowsheets include units for physical or surface 
chemical concentration (60, 61), the low grades (mostly
0.05-0.3%), complex mineralogy and particular chemistry of 
the ores suit them best to leaching technology. This 
section is therefore concerned mainly with methods of 
leaching, solution purification and concentration, and
chemical precipitation employed in the industry for
'yellow cake' production. To set the processes in
context, brief reviews of methods of mining and 
pretreatment are given. Fig. 1.5 gives a simplified 
flowsheet of a complete operation.

1.2.1 Mining and pretreatment

Uranium may be mined by three main methods: 
opencast mining, where the orebody lies close to the
surface and the overburden can be removed easily and
economically; underground mining, for deep orebodies 
(> 100 metres in depth); and solution mining, which may 
be employed where an orebody is horizontal and lies on a 
relatively impervious layer below the (static) water 
table. Uranium is also recovered as a by-product of other 
mining operations such as for gold and phosphate. 
Opencast and underground mining are the most widely used 
methods, e.g. accounting for nearly 60% and 40% of United 
States uranium ore production in 1975 (55), respectively.
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Fig. 1.5 Simplified flowsheet of Panel mine and mill 1982 (courtesy of B. Lewis, 
Mill Superintendent, Rio Algom Ltd, Panel Mill, Elliot Lake, Canada)
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Pretreatment is restricted largely to crushing 
and grinding to liberate the valuable minerals. Relevant 
reviews have been given by Mitterer (62) and Bath et al. 
(63). Two examples will be considered here: a small 
underground operation at Margnac in France (which the 
author was able to visit) and a large opencast mine in 
Niger (which is of particular interest being close to 
potential uranium deposits in Nigeria). Mention will be 
made of particular features of the gold/uranium mines in 
South Africa (64 , 22, 65), solution mines in Texas (66), 
prospects for the Olympic Dam mine in Australia (13) and 
long-term possibilities for 'mining' uranium from the seas 
(67-69).

Fig. 1.6 shows a view of the Margnac mine sit
uated on vein deposits of pitchblende (0.12-0.24% UgOg), 
partly altered to coffinite, autunite, etc; an under
ground ore train and specimens of pitchblende and autunite 
from the mine. The mine is typical of a number of small, 
complex, low-grade operations around the Bessines SIMO 
process plant - to which all the ore is sent. Consider
able selectivity and flexibility in mining is required in 
order to make a viable tonnage (about 1,000 tonnes day )̂ 
from the steeply dipping veins. For veins less than about 
5 meters in width overhead stoping at 3-4 meters above 
waste fill is employed (Fig. 1.7 (a)). When the vein 
width is 6-7 meters, close to the surface or far from a 
source of 'fill', descending slices are mined below a roof 
of reinforced concrete slabs 30-50 cm thick (Fig. 1.7 
(b) ) . For wider veins (8-14 meters) especially where 
difficult ground does not suit the 'overhead' method, 
mining is carried out below cemented waste fill (70).



Fig. 1.6 A view of the Margnac Mine in France (a)”, an underground ore train (b) , 
a specimen of pitchblende (c) and autunite (d).
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(a)

(b)
Fig. 1.7 (a) Ascending cut-and-fill ('overhead')stoping method;(b) Descending stoping method using concrete slabs.

At the Agades Basin in Niger, the Arlit sandstone 
deposits (containing 0.15-0.3% U in alternating layers of 
sandstone and clay) are worked opencast at a rate of 4,500 
tonnes per day (12) . The sandstone contains pitchblende 
and carnotite while the clay (which is lower in uranium 
grade) has a complex mineralogy including secondary 
carnotite and substantial quantities of acid-consuming and 
reducing gangue. Ore is selectively mined by drilling and 
blasting, and sorted into different grades by means of a 
scintillation counter bridge under which laden ore trucks 
pass. The ore is crushed to minus 300 mm in a jaw crusher 
followed by dry semi-autogenous grinding to minus 800 îm 
with injection of hot air at 600°C, in the first line. In
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the second, the semi-autogenous grinder is followed by a 
ball mill.

In South Africa, the gold/uranium conglomerates 
of the Witwatersrand were mined for their gold content for 
decades before uranium had any economic value. Gold
remains the principal control on mining operations there, 
and uranium is recovered as a by-product. At the 
Blyvooruitzicht mine the process plant was modified in
1977 to include the first commercial NIMCIX contactor 
(71). The new circuit reclaims 100,000 tonnes per month 
of solids from a slimes dam using a bucket wheel
excavator. Leaching is carried out with sulphuric acid in 
a cascade of seven pachucas with manganese oxide
(pyrolusite) as the oxidant (72). The leach liquor

_3containing 150 gm U3°8 treate<̂  in an Eluex/Bufflex
plant and, subsequently, 'yellow cake' is precipitated 
using ammonia gas at pH 7.1 to give a product of greater 
than 96% purity.

In the last few years significant developments 
have been made in solution mining (73) , where uranium is 
recovered from the orebody in situ. After several 
research and development activities on the laboratory and 
pilot scales (74, 75), commercial applications followed,
notably in Wyoming (76) and Texas (77). Successful 
application of the process depends on the presence of a 
horizontal orebody of suitable mineralogy, situated below 
the static water table between impervious layers, and 
sufficiently large to make the process economic (6 6 ) . 
Generally, the lixivant (dilute carbonate/bicarbonate or
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sulphuric acid solutions with oxygen or hydrogen peroxide 
oxidant) is pumped down injection wells to solubilise the 
uranium, and the pregnant solution is withdrawn through 
recovery wells, as shown schematically in Fig. 1.8.

Fig. 1.8. Simplified geologic cross section of solution mining (6 6 )

At Agnew Lake, solution mining was employed to 
produce over 450 tonnes Û Og per annum betwen 1977 and 
1979 when the operation ceased (78-80) . The ore was 
broken in underground stopes by heavy blasting to achieve 
extreme fragmentation (less than 15.24 cm), followed by 
direct sulphuric acid, and bacterially assisted leaching.

Although several operational problems remain in 
solution mining, its low capital investment is likely to 
make the process increasingly attractive for deposits
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which are unsuitable for conventional mining and 
processing.

At Olympic Dam in Australia (13) lies one of the 
world's major undeveloped mineral resources with known 
mineralisation covering an area of 28 square kilometres. 
It has been estimated (81) that the deposit contains at 
least 2 , 0 0 0  million tonnes of mineralised material with an 
average grade of 1 .6 8 % copper, 0 . 6  kg/tonne Û Og and 0 . 6  

g/tonne gold. It thus ranks among the world's largest 
concentrations of minerals to be discovered in the last 50 
years, comparable in magnitude to the Zambian Copper Belt 
and containing more uranium than the deposits in the 
Alligator Rivers region of Australia (13). Other minerals 
include silver and rare earth oxides. The deposit occurs 
in a sequence of unmetamorphosed sedimentary brecchias. 
Uranium occurs as uraninite, coffinite and brannerite in 
intimate associations with sulphides. The major gangue 
minerals are hematite, quartz, sericite and fluorite. 
Conventional underground mining by open stoping, post 
pillar cut-and-fill, and room-and-pillar has been proposed 
for thick, medium and thin ore zones, respectively.

Planned annual production is for 55,000 tonnes of 
copper, 2,000 tonnes of Û Og , and 2,550 kg of gold (49). 
The ore will be crushed underground and hoisted to the 
surface for semi-autogenous grinding. Copper will be 
recovered by conventional sulphide flotation followed by 
leaching, solvent extraction and electrowinning. Gold and 
silver will be recovered from copper leach residues by 
cyanide leaching and carbon-in-pulp adsorption, while
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uranium is to be recovered as 'yellow cake' by ammonia 
precipitation, following acid leaching of the flotation 
tailings and amine solvent extraction.

Research work has been going on over some five
years in several countries to recover uranium from the
sea. Uranium reserves in the world's oceans are estimated
(82) to be about 4,000 million tonnes at an average

-3 -3concentration of 3.3 x 10 gm . This is considerably 
more than the total available uranium on land (2 . 6  million 
tonnes). In addition some 5,000 tonnes enter the sea 
annually through rivers and submarine eruptions. Despite 
its extremely low concentration uranium recovery seems 
possible from seawater, the major problem being handling 
large volumes of feed. In the early 1950s United Kingdom 
Atomic Energy Commission (UKAEC) carried out investigat
ions into the recovery of uranium from seawater (83) . 
Following extensive laboratory work, granular titanium 
hydroxide in combination with a sodium carbonate eluant 
was found most effective. More recently active research 
has been going on in Japan (84, 85), West Germany (8 6 ),
Sweden (87), Italy (8 8 ), USA (89) and the United Kingdom 
(90), to develop specific plant concepts. Excellent 
reviews of worldwide research activities have been made by 
Kelmers (69) and more recently by Best and Driscoll (91). 
Although estimates of the cost of uranium recovery vary 
widely, recent studies (92) put it at $660/kg. It is 
interesting to note that uranium price increases have 
little effects on electricity costs (Section 1.1.2). For 
instance an increase in uranium price by $550/kg Û Og
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would only add about $0 .0 1 /kwh to electricity prices. 
This would make the use of uranium from seawater less 
expensive in many countries than coal or oil.

1.2.2 Leaching

Fig. 1.9 (based on information in 'Significance 
of Mineralogy in the Development of Flowsheet for 
Processing Uranium Ores' (9)) gives an overview of 
leaching techniques employed in the uranium industry. 
Typical reactions are (16):

'U03' + 2H+— U02+ + H20 (Acid leach (1.1)

'U02' + 2Fe3i » U 0 2+ + 2Fe2+

2+ + 1 3 + 1Fe + H + ± 02- ^  Fe + ̂ O
(Oxidative (1.2) 
acid leach)

2+  2- U02 + 3S0^ uo2(so4)f (Complex (1.3) 
formation)

'U02' + ̂ > 2 + H2 ° + 3C03~— ^ U0 2(CCV3~ + 20H"" (Alkaline (1.4)
oxidative
leach)

The choice of leaching step depends primarily 
upon ore mineralogy. Acid leaching (Fig. 1.10 (a)) is
preferred on the grounds of faster reaction rates but 
cannot be used when the gangue also reacts. Alkaline 
leaching (Fig. 1.10 (b) ) is then employed, and has the
advantage of producing a 'cleaner' leach solution.
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i) Acid leaching. In the majority of plants, sulphuric 
acid is used as lixivant, together with an oxidant. 
Nitric acid, though oxidising, is relatively expensive, 
and forms uranyl nitrate which is less suitable for 
subsequent ion exchange (93) . Hydrochloric acid is 
expensive and relatively corrosive (94) . Hexavalent 
uranium reacts according to equation (1 .1 ) while the 
tetravalent form requires oxidation prior to complexation. 
Ferric ion is the principal oxidant (95) present either in 
the ore, or introduced during comminution. It is reduced 
to ferrous iron and subsequently regenerated by manganese 
dioxide or sodium chlorate. In bacterially-assisted 
leaching, the microorganism Thiobacillus ferroxidans 
oxidises ferrous to ferric iron (96).

A wide variety of procedures are used depending 
on particular requirements of the ore. At some plants, 
notably in the Elliot Lake area of Canada and South 
Africa, the presence of refractory minerals such as 
brannerite and monazite necessitates the use of elevated 
temperatures and long residence times. At the Panel mine 
and mill complex (Fig. 1.5), 3,000 tonnes per day of ore
(0.05-0.10% Û Og as uraninite, brannerite and monazite) is 
mined and crushed underground, prior to surface cone 
crushing, and pebble and rod milling, to provide a leach 
feed of 45% minus 74 |im. Leaching is carried out in two 
parallel banks of seven air agitated rubber lined 
pachucas, for 40 hours at 70°C using 49 kg H2 SO4  per 
tonne. Uranium is also recovered from the mine water by 
lime precipitation and subsequent leaching. Downflow
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resin transfer ion exchange columns with two loading 
stages, three elution stages using 1 0 % sulphuric acid, and 
a backwash stage, are employed. The so-called 'Lamix' 
process is used where limestone and magnesia are added to 
precipitate gypsum (also thorium and ferric iron) at 
pH 3.5, followed by further addition of MgO to precipitate 
'yellow cake' at pH 7.0.

The strong acid 'cure' process developed by UKAEC 
(97) has been used for certain types of uranium ores where 
conventional acid leaching is ineffective. At the Arlit 
plant in Niger (12) conventional leaching, while effective 
above 50 u.m (up to 97% recovery) , failed to recover more 
than 80% of uranium in the minus 50 |im size range. In the 
strong acid process, the ore is ground to minus600 urn, 
impregnated with 50% H2 SO4  (600 kg per tonne of ore) in a 
pelletising drum, and cured in another drum for 3 hours. 
The mass is ground and digested with water to recover 
solubilised uranium. The 'reverse leach' process has been 
adopted by some mines recovering uranium as a by-product 
of gold extraction. At the Hartebeesfontein mine in South 
Africa, following sulphide flotation, uranium is recovered 
before gold by acid leaching, and the residual 
subsequently leached with cyanide to extract the gold. 
The use of this technique not only avoids the poisoning of 
resins by cobalticyanides, but also results in increased 
gold recovery owing to increased exposure of the gold 
particles.
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ii) Alkaline leaching. Oxidised uranium readily dissolves 
in carbonate solutions, but in the tetravalent form 
requires intensive oxidation at elevated temperatures with 
long residence times (equation 1.4). Pressure digestion 
is often necessary for satisfactory extraction. As can be 
seen from Fig. 1.10, the carbonate process requires the 
recovery and recycle of reagents. At the Eldorado- 
Beaverlodge mine, uranium was recovered by carbonate 
leaching from 1953-1982 before permanent shutdown (98) . 
Uranium was recovered from sulphide flotation tailings by 
sodium carbonate/bicarbonate leaching in mechanically- 
agitated pachucas (100 hours at 91 °C with air oxidant) 
(99) . At Rio Algom's La Sal plant (12) an alkaline 
preleach is employed in air agitated pachucas, followed by 
alkaline pressure leaching in autoclaves at 120°C for 7 
hours. One of the most recently installed alkaline 
leaching circuits is at COGEMA's Lodeve mill in France 
(70) treating 400,000 tonnes of ore and producing 900 
tonnes of uranium per annum. Leaching is carried out in 
two stages: a dilute alkaline pressure pre-leach in 
stainless steel autoclaves at 600 kPa, 140°C, for 3 hours 
with oxygen and ferric carbonate oxidant, followed by a 
more concentrated alkaline pressure leach under the same 
conditions, but for 6  hours.

In the past, the carbonate leaching process was 
selected when sulphuric acid consumption exceeded 1 0 0  kg 
per tonne. However, it has other advantages on the 
grounds of environmental, health and safety, and water 
usage considerations. In spite of these merits, however,
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Fig. 1.10 Acid and alkaline uranium extraction circuits
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the acid leach process continues to predominate (Fig. 
1.9).

iii) Recent advances in uranium leaching technology. Sig
nificant developments have been made recently in in situ 
leaching (Solution Mining, Section 1.2.1), in-place 
leaching, heap leaching and percolation leaching. 
Generally, these techniques involve passing leach 
solutions through static beds of ore in-place or 
fragmented. Most in situ leaching operations are in South 
Texas, USA, where the geology of the deposits (porous and 
unconsolidated multiple-layered roll front sandstones, 
situated below the water table) suit them best to the 
technique (12). Early operations used acid leaching (76) 
but most new operations use alkaline leaching (9, 12). 
There are currently nine in situ mining operations 
producing 'yellow cake', all in the USA (100). The use of 
this technique, with an acidic lixivant, is being 
considered for the Honeymoon operation in South Australia 
(1 2 ) .

Although heap leaching has not been used widely 
for uranium recovery, renewed interest is being generated 
due to its low costs and environmental considerations 
(101, 12). Applications of this technique have been 
reported in Argentina (102) , Canada (78) , France (103) and 
the USA (104). Innovations are making the process 
practical in desert, cold or wet climates, such as Canada 
(101, 105). Bacterially-assisted in-place and heap 
leaching of uranium was used for its recovery from
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mined-out areas and low-grade stopes in the Elliot Lake 
area of Canada (106) where at one mine (107) , the 
technique was used as the principal recovery method. The 
bacterium, Thiobacillus ferroxidans, oxidises ferrous iron 
(some 500,000 times faster than in air (96)) and pyrite to 
produce ferric sulphate and/or sulphuric acid to leach 
uranium. In a recent work in Spain (100) an iron 
oxidising bacterium was isolated from the 'Fe' mine waters 
and successively bred to obtain a strain suitable for 
leaching and ferric iron oxidation of recycled leachants.

A recent advance of the technique of percolation 
is the 'Thin Layer Leaching' process (TL-process), which 
is an adaptation of the percolation leaching process of 
the type used at Ranstad in Sweden to leach uraniferous 
shales (108) and at Spook in Wyoming (106) for treating a 
sandstone deposit. In the TL-process (109), the ore is 
'cured' with concentrated sulphuric acid in an 
agglomerating drum to produce ore pellets which are
subsequently leached in thin layers on impervious pads,
with dilute sulphuric acid solutions. Although the
process is claimed to yield economies for copper and
uranium (109) it has so far only been applied to copper 
ores.

Following extensive examination and testing (110, 
111) Caro's acid (peroxy-mono-sulphuric acid, H2S05̂ 
leaching has been successfully implemented at Nabarlek 
plant in Australia (100), with resultant savings of $3 per 
tonne of ore in reagent costs, reduction of dissolved 
metals concentration and improved control of the leaching
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process. The application of Caro's acid leaching to other 
Australian ores is currently being investigated.

The use of pressurised acid leaching, despite
known advantages (12) , has not been realised until
recently due to engineering problems in handling
pressurised slurries. At the Key Lake, the world's
largest producer of uranium (4,720 tonnes Û Og/yr) (112,
113), pressurised acid leaching is used to treat a complex
nickel-ferrous iron-uranium ore (average grade 2.35%
UgOg) . Leaching is carried out in two stages: primary
leaching using CCD thickener overflow in four pachuca
tanks in series, at 30 °C with a total residence time of
two hours; secondary pressure leaching on primary leach

3underflow m  ten, 32 m mild steel rubber lined
mechanically agitated vertical autoclaves. Leaching is 
carried out at 70 °C and 650 kPa over a total residence 
time of six hours. This leaching arrangement prevents the 
precipitation of uranyl and ferric arsenates and ensures 
that greater than 99% recovery is consistently achieved. 
The design, construction, commissioning and operation of 
the Key Lake plant has been described in detail by Maycock 
and Neven (112) . In another development , at Randfontein 
Gold Mining Company in South Africa (114), pressurised 
acid leaching is carried out in a 3.9 km long pipe reactor 
(of the type used for digestion of bauxite in the Bayer 
process for alumina) to treat 40,000 tonnes/month of 
uranium feedstock. The slurry is pressurised to 6,000 kPa 
using a diaphragm pump (114) , and heated to 160°C by high 
pressure steam in an outer pipe jacket. The leaching 
reaction is initiated by an injection of oxygen into the 
pipe reactor.
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1.2.3 Solution purification

Prior to 1952, recovery of uranium from leach 
liquors was a difficult and expensive process involving 
complex classical chemical separations (23, 24, 115).

_3Leach liquors rarely contained more than 1 gdm U3°g anĉ 
were severely contaminated with other species, 
particularly ions arising from acid leaching. Ion
exchange technology (initially resin ion exchange and 
later liquid ion exchange or solvent extraction) greatly 
facilitated both concentration and purification. Its 
success was based on the tendency of uranium (more than 
most other minerals) to form complex anions which exchange 
reversibly with anionic groups on amine salts (Equation 
1 .6) .

2 ('vNR̂Cl'") (Resin) + U02 (SC>4) 2“ (aq)
(<vNR2)2U0 2 (S04)2_ (Resin) + 2Cl“(aq) (1.5)

2NR2+C1 (kerosene) + UC>2 (SÔ ) 2~ (aq)
(NR3+)2U02 (S04)2“(kerosene) + 2CI~(aq) (1.6)

The technology has developed over thirty years 
and now represents an impressive range of reagents and 
techniques, each having particular applications, merits 
and drawbacks. These are now reviewed. Current 
techniques of resin and liquid ion exchange are compared. 
Emphasis is placed on the treatment of leach liquors for 
uranium production. Ion exchange for uranium effluent 
control is also considered.
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Fig. 1.11 summarises the main methods of purifi
cation of leach liquors. The information was taken 
primarily from 'Significance of Mineralogy in the 
Development of Flowsheets for Processing Uranium Ores' 
(9) .

i) Fixed bed ion exchange (FBIX). This is the original 
(and simplest) technique, first employed commercially in 
uranium processing in 1952 (116) , using strong base resins 
(e.g. IRA-400, Section 1.3.1) similar to those used in 
water treatment. Fig. 1.12 shows a simplified diagram of 
a conventional 3-column fixed bed ion exchange system, of 
the type first used.

Clarified Eluung

Barren yellow cake
(<0.005 q/I LLjOg) precipitation

Fig. 1.12 A 3-column fixed bed ion exchange system (9)

The uranium bearing solution is passed through 
column (l) until the resin is fully loaded. The columns 
are designed such that this occurs before 'breakthrough'
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occurs in column Q  . Column ©  is then taken for 
elution ' and the freshly eluted column CD becomes the 
trailing column. Although other techniques to be 
described below are often preferred nowadays, this tech
nique continues to find application. At Rio Algom's 
Quirke plant (117) the technique has been used since 1956

-3to treat pregnant leach liquor containing 1 . 0 gdm U^Og ,
using a strong base gel resin (IRA-400) to yield an eluate 

-3of 17 gdm U^Og a^ter nitric acid elution. A modificat
ion of this technique is the 'resin-transfer' unit, where 
the loaded resin is fluidised and transferred to a 
separate elution column. This permits more efficient use 
of column space and makes the resin accessible for 
regeneration or other special treatment. The technique 
was first installed at the Blind River district in Canada 
in 1957 (118) and is currently in use at the Panel mill in 
Elliot Lake (Fig. 1.5) and at Schwartzwalder Mine in 
Colorado for uranium recovery from mine water (119) . At 
the Gas Hill plants in Wyoming (12) fixed bed ion exchange 
is employed prior to solvent extraction, in two or three 
adsorption columns with a backwash column. The back- 
washing step is important in preventing a build-up of 
solids and subsequent channelling and excessive pressure 
drop. Although fixed bed systems have been successfully 
used, they have high capital costs due to complex auto
mated valve systems, require significant resin inventory 
and need virtually completely clarified solutions to 
maintain adequate flow through the columns. In addition, 
the systems are not continuous. In the early 1960s,
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therefore, solvent extraction gradually replaced resin ion 
exchange. These requirements and other operating problems 
led to the development of continuous ion exchange systems 
capable of handling unclarified solutions and dilute 
slurries.

ii) Continuous ion exchange (CIX). Recent years have seen 
many attempts to adapt batch ion exchange to continuous 
countercurrent operation (120-123). In principle, an 
efficient system would deal with large volumes of low 
grade solutions better than solvent extraction. In 
particular, there should be no need for feed clarification 
and no soluble losses of organic inventory. Serious 
difficulties arise, however, from poor mixing character
istics of resins with aqueous solutions, and their mech
anical breakdown during pumping (124). Several processes 
are now in operation (although none are completely con
tinuous with respect to both solution and resin) : the 
CHEM-SEPS process (125), the Himsley column (126), the 
NIMCIX contactor (127), the Porter system (128) and the 
KERMAC system (9). These are compared in Table 1.8. The 
most widely used system (NIMCIX) is illustrated in Fig.
1.13 and described below. Others are described elsewhere
(130-132) .



TABLE 1.8 CONTINUOUS ION EXCHANGE PROCESSES

Process Main Equipment Flow type Application
CHEM-SEPS (129) 
(Higgins loop)

Single loop of compact 
resin in four sections 
separated by valves: 
adsorption, elution, 
backwash, pulse.

Liquid pumped 
countercurrent to 
resin when latter 
is stationary.

Wyoming mineral recover 
10 gm” U3°o from copper 
tailings leach solution. 
Handles suspended 
solids.

Himsley (126) Vertical adsorption 
column (containing sev
eral fluidized resin beds), 
resin measuring chamber, 
and rinse/elution column.

Resin beds move 
separately and 
consecutively 
down against con
tinuous upflow of 
feed liquor.

First used commercially 
at Agnew Lake (78) . 
Currently used at Vaal 
Reefs to treat leach 
liquors containing up 
to 1000 gm solids.

NIMCIX (127) Vertical adsorption column 
(containing several fluid
ized resin beds), elution 
column and two resin 
transfer vessels.

Periodic counter- 
current flow of 
solution and 
(settled) resin.

Most widely used in 
South Africa. Used at 
Blyvooruitzicht (133) 
to treat unclarified solution 
of 0.15 gdm U^Og.

Porter (131) Cascade of cylindrical 
adsorption vessels (pro
vided with resin air 
lifts), resin holding 
tank and fixed bed 
elution column.

Solution flows 
continuously up 
through fluidized 
bed of resin air
lifted counter- 
currently from 
previous vessel.

Rcssing uranium (132) 
treats 3,300 in /h of 
clarified acid leach 
liquor containing 
0.15 gdm u.

KERMAC (9) Four modules of two fluid
ized columns in series, 
and fixed bed elution 
column.

Solution flows 
continuously up 
through fluidized 
resin retained on 
perforated plates.

Keer-McGee Corporation has been 
using this system for 
more than 20 years to 
recover uranium from 
mine waters containing 
dilute concentrations of 
uranyl carbonate (9).
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Barren
solution

Pregnant
solution

Fig. 1.13 A diagram of a two-column loading and elution NIMCIX contactor (127)
The NIMCIX contactor consists of a cylindrical 

column divided into compartments by a series of orifice 
plates. Feed solution flows upward through the column, 
fluidising the resin to produce a discrete resin bed in 
each compartment. The solution flow prevents the resins 
from settling in the lower compartment. Periodically the 
feed flow is interrupted and a valve opened to discharge 
an increment of resin, thus allowing increments of resin 
to move down the column, countercurrent to the flow of 
feed solution. A similar column arrangement is used for 
eluting the loaded resin, as shown in Fig. 1.13.

iii) Resin-in-pulp (RIP) processing. Resin-in-pulp proce
sses have been developed for directly treating slimes and 
slurries without solid-liquid separation. Corresponding



44

solvent-in pulp (SIP) processes are not economic owing to 
solvent losses (133, 134). The first commerical
application of the resin-in-pulp technique was basket 
resin-in-pulp in the USA in 1955 (135), but no plants
presently use this system. Since then, various schemes 
for continuous resin-in-pulp processes have been described 
using both conventional (134-139) and new 'heavy' strong 
base resins (140). The use of weak-base resins for
resin-in-pulp processing has also been tested on a pilot 
scale (141). Presently, resin-in-pulp plants are in 
operation in the USA (136) and France (142, 143). Screen 
mix resin-in-pulp technology is reportedly in wide use in 
the USSR (137). A small mill operated by SCUMRA in France 
uses a novel up-flow column variation of the resin-in-pulp 
process (143) to treat what would otherwise have been an 
uneconomic deposit from the Saint-Pierre mine. the
heavily weathered ore is disintegrated using a hydraulic

gmonitor (1-2 x 10 Pa) to separate coarse sands from
slimes. The sands fraction is dump-leached while the 
slimes are leached by conventional acid leach using 
sulphuric acid. The resulting pulp is diluted to 5% 
solids and treated in an up-flow continuous ion exchange 
column.

iv) Solvent extraction (SX). As can be seen from Fig. 
1.11, solvent extraction remains predominant. The method 
has better selectivity than ion exchange and integrates 
well with flowsheets designed for continuous operation. 
Multistage mixer settlers are employed for both extraction
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and stripping (Fig. 1.14). Several modifications are 
available industrially (144-146). Fig. 1.14 shows a 
common mixer-settler arrangement.

Aqueous Pregnant Solution

Fig. 1.14 Three stage mixer-settler arrangement for the 
extraction of uranium (146)

The most widely used solvent extraction process 
is the AMEX process (Fig. 1.15), in which the extractant 
is typically 5% tertiary amine (e.g. Alamine 336) in 
kerosene or other mainly aliphatic hydrocarbon. About
2-5% isodecanol is added to aid phase disengagement. At 
the Gulf Minerals Rabbit Lake plant in Canada (148) , 
uranium is recovered by the AMEX process using a solvent 
composed of 4.5% tertiary amine, 3.5% isodecanol and 92%
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kerosene in four countercurrent stages of mixer setters
lined with fibre glass reinforced plastic (FRP). The

-3 . . .leach liquor contains about 1.6 gdm U^Og. Stripping is
accomplished by the so-called 'controlled pH stripping'
method using ammonium sulphate (149) . The pH is
controlled between 3.8-4.1 by bubbling anhydrous ammonia
into recycled ammonium sulphate. The resulting pregnant

_3liquor contains 25 gdm U^Og.

0. I M Amine 
in kerosene or 
kerosene - al cohol diluent

Fig. 1.15 Generalised flowsheet for the AMEX process for 
uranium allowing for a choice of stripping 
methods (147)

In some plants, a combination of resin ion 
exchange and solvent extraction (Eluex/Bufflex process) is 
used. Uranium is first extracted from the leach liquor by
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a strong base ion exchange resin which is subsequently 
eluted with about 10% sulphuric acid solution. The eluate 
is then treated in a relatively small solvent extraction 
unit to selectively concentrate the uranium. Advantages 
of the process include reduced reagent costs, fewer 
environmental problems (extraneous ions such as Cl or NO^ 
are excluded from the raffinate thus allowing increased 
recirculation of tailings solutions), and the production 
of a high purity product. The recent availability of 
continuous ion exchange systems has facilitated the 
treatment of dilute unclarified feeds by the combined 
process. The process is presently used in several uranium 
plants to produce high purity 'yellow cake' (9, 72, 143). 
At the Harmony Gold Mine in South Africa (12, 150), it is 
used to treat an unclarified leach liquor (containing up

_3to 1000 gm solids with a strong base ion exchange resin 
(Amberlite IRA-400), in a NIMCIX contactor, followed by a 
tertiary amine (5% Alamine 336, 2% isodecanol in kerosene) 
solvent extraction circuit.

The choice between resin ion exchange and solvent 
extraction for a particular operation is often complex, 
involving many factors ranging from mineralogy to 
environmental constraints. Table 1.9 lists some of the 
more important relative merits and disadvantages of the 
two systems.
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TABLE 1.9 COMPARISON OF THE RELATIVE MERITS AND
DISADVANTAGES OF SOLVENT EXTRACTION AND RESIN 
ION EXCHANGE (124, 138, 151, 152, 153)

Solvent Extraction

Highly selective except 
where molybdenum present.

Requires essentially completely 
clarified liquors (especially 
for clay minerals).

More economic for high grade 
liquors 0.9 g/1 Û Og (124).

Continuous operation and 
greater flexibility.

Careful control of organic 
losses (by dissolution and 
entrainment) to aqueous 
streams necessary. Fire 
hazards.

Resin Ion Exchange

Chlorides, nitrates, arsenates, 
etc. will adsorb, reducing 
resin capacity.

Tolerates more solids (except 
FBIX) and resin-in-pulp 
processing is in use (154, 136, 
143) .

More effective with lcwer grade 
liquors and below 0.35 g/1 Û Og 
it is favoured.

Not truly continuous.

No soluble loss. Resin losses 
are low (mainly due to mech
anical breakdown or osmotic 

shock). No fire hazards.

v) Precipitation. The precipitation of 'yellow cake' 
involves neutralisation with a base such as ammonia for 
acid strip liquors, or the addition of caustic soda for 
alkaline leach liquors (15) . Hydrogen peroxide may also 
be used to produce a high grade crystalline product (15). 
In practice the use of ammonia is preferred for acid strip 
liquors because of ease of handling and control. The 
production of 'yellow cake' with good physical 
characteristics for dewatering, washing, and drying is
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difficult. Factors favouring a coarse crystalline
precipitate include the use of continuous systems,
relatively high temperature, slow rate of neutralisation
and seeding with recycled crystals. At the Key Lake plant
(112) , ammonium diuranate is precipitated from an acid

-3strip liquor containing 25-30 gdm U3°8' usin<? ammonia 
gas, at pH 7. The 'yellow cake' is subsequently washed 
and calcined at 650°C to give a product of 88% U^Og. At 
the Atlas Minerals plant (155), hydrogen peroxide is used 
to precipitate, directly, a high purity uranium product.

In alkaline liquors, 'yellow cake' is 
precipitated by the addition of excess sodium hydroxide to 
clarified leach liquors. At Rio Algom's La Sal plant
sodium diuranate is precipitated directly from leach 
liquors with sodium hydroxide, and subsequently dried to 
produce crude 'yellow cake'. Where specifications do not 
allow this, the sodium content is reduced by redissolving 
the diuranate in sulphuric acid followed by ammonium 
diuranate precipitation. At COGEMA's Lodeve plant (70) 
impurities (mainly molybdenum) are precipitated at pH 5, 
prior to uranium precipitation with magnesia to produce 
magnesium uranate.
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1.3 ION EXCHANGE FUNDAMENTALS

The fundamentals of ion exchange have been 
recognised and applied for many years in chemical 
separations and analyses (156-158). The literature is 
voluminous and wide-ranging (159-164). Large scale
applications in the mineral industry are much more recent 
(dating from 1952) and have resulted in their own field of 
fundamental research and development. This field is 
reviewed here - mainly against the background of uranium 
production and effluent control, but including other 
systems, where relevant. Resin, liquid and biological ion 
exchangers are considered separately and comparatively.

Considerations of uranium mineralogy and aqueous 
chemistry are prerequisites to any authoritative review of 
ion exchange in mineral systems. Mineralogy was 
considered in section 1.2. A typical representation of 
the relevant aqueous chemistry is given as an equilibrium 
diagram in Fig. 1.16. In principle, as can be seen, many 
species need consideration. However, practical
constraints limit the pH range of interest largely to pH 
1-5 and the main uranium species to anionic complex ions 
like UC>2 (SC>4) 2” and U O ^ C O ^ T

1.3.1 Resin ion exchange

Although many solids - including soils (165), 
minerals (166), biological materials (Section 1.3.3), and 
carbon (167, 168) act as ion exchangers for metals,
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synthetic organic resins are presently predominant in most 
applications for metals recovery (169, 170). The best of 
them have optimum cost, chemical and physical stability, 
selectivity, rates of adsorption and elution, 
compatibility with other unit operations and the 
environment, and overall economics in metal production. 
Resins are long chain (sometimes cross-linked) organic 
polymers containing functional groups that are capable of 
ionisation in water. They are divided into anionic 
(strong and weak base) and cationic (strong and weak acid) 
exchangers. In the uranium industry strong base anion 
exchangers are the most important. Table 1.10 gives a 
list of the more important examples.

Fig. 1.16 Eh-pH diagram for U-S-f^O system at 25°C (3)
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TABLE 1.10 ANION EXCHANGE RESINS FOR URANIUM (16, 141, 
171, 172)

Resin name Resin type Manufacturer

Amberlite IRA-400 Quartemary anmonium Rohm & Haas
Amberlite IRA-405 Quartemary ammonium Rohm & Haas
Amberlite IRA-425 Quartemary anmonium Rohm & Haas
Dowex 1 Benzyltrimethyl ammonium Dow Chem. Co.
Dowex 11 Benzyltrimethyl anmonium Dow Chem. Co.
Dowex 21 K Benzyltrimethyl anmonium Dow Chem. Co.
Permutit SK Quartemary anmonium Ionac Chem. Co.
Permutit SKB Quartemary anmonium Ionac Chem. Co.

In 1935, Adams and Holmes (173) laid
foundation for wider applications of ion exchange by their 
conception of a synthetic cationic exchange material based 
on phenol-formaldehyde resins. Their polyhydric phenols 
derived from naturally occurring tannins were unstable, 
though later developments used more stable synthetic 
phenols. By the late 1930s (174) cationic and anionic
exchangers with a stable cross linked polystyrene matrix 
had been developed. Investigations, started in 1939 in 
the USA, led to the production of the 'Amberlite' series 
of resins, followed by the 'Dowex' and 'Duolite' series in 
1947.

Exchange reactions take place by diffusion of
ions through the 'gel' structure to exchange sites, the

oionic size being limited to 40 A. The introduction of
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'macroporous' resins in 1959 extended the scope of ion 
exchange to tougher and denser polystyrene with pore sizes

oof up to 1500 A, for treating high molecular weight ions. 
The strong base resins used in the uranium industry 
contain quaternary ammonium functional groups as active 
constituents. Their physical and chemical characteristics 
are controlled by the techniques of synthesis and the 
degree and type of crosslinking. They exhibit fast 
equilibrium rates, good regeneration efficiency, high wet 
volume capacity, and good physical strength (175) . Their 
use depends on the existence of anionic uranyl complexes 
in dilute sulphuric acid and sodium carbonate solutions 
(Section 1.2.2). Under suitable conditions these 
complexes are adsorbed onto resins or eluted from them to 
produce a purified and concentrated uranium solution for 
precipitation as 'yellow cake'.

The adsorption process is affected by several 
factors such as pH, temperature and the presence of other 
competing ions. In sulphuric acid leach solutions the
sulphate and bisulphate ions compete for resin sites and, 
at high acid concentration, bisulphate formation and 
subsequent adsorption is favoured (176) . Hence the amount 
of uranium adsorbed is reduced as a result of both 
competition from bisulphate and the reduced tendency to 
form the tetravalent uranyl complex. In a study using 
purified solutions, Kaufman and Lower (176) found that the 
resin capacity for uranium increased repidly up to pH 3.5 
and then gradually decreased until precipitation began at 
pH about 6.5. In practice, however, phosphates and



54

arsenates can cause uranium to precipitate at pH values as 
low as 2.0. Sulphuric acid elution (0.1M), despite being 
slower and less efficient than either nitrate or chloride, 
is widely used because of its low cost (177) . It also 
allows the subsequent use of solvent extraction on the 
eluate and recycle of eluant without neutralising the 
excess acid (Eluex/Bufflex process).

Because ion exchange is essentially a non- 
selective process, a number of ions become adsorbed on the 
resin, some of which will be removed with uranium during 
normal elution. However, other ions (silica, molybdenum, 
polythionates, sulphur, titanium, cobalticyanide, thio
cyanates, thorium, etc.) become strongly adsorbed, resist
ing normal elution and causing 'poisoning' of the resin. 
Fouling due to large soluble organic molecules with 
subsequent growth of fungus has been reported at a number 
of plants (178) . However, a number of new resins with 
improved physical and chemical characteristics are now 
available (12). These were designed to meet special 
requirements of CIX and provide greater selectivity for 
the recovery of uranium from low tenor solutions, 
effluents and mine waters. These resin types include 
weak-base resins (anionic) , weak-acid (cationic) and 
complexing or chelating resins.

In a pilot plant study on unclarified leach 
liquors, Haines et al. (179) obtained a product of greater 
purity with weak-base resins than with a strong-base resin 
(IRA-400). This product was of comparable grade to that 
obtained from solvents of equivalent chemical composition.
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In another study involving a concentrated sodium sulphate 
(> 200 gdm ) effluent from the alkaline leach plant at
Lodeve in France, a chelating resin was used to reduce 3-8
-3 -3gm uranium to less than 1 gm

In evaluating ion exchange resins for uranium 
recovery, and assessment of the efficiency, and therefore 
the economics, of the various resins is necessary. This 
includes considerations of physical factors (size, 
density, swelling, pressure drop, attrition, etc) and 
chemical factors (adsorption and elution characteristics, 
chemical stability, etc). Differences in these resin 
properties are function of manufacturing variables. These 
have been reviewed by Bossier and Janke (179) and more 
recently by Porter (180).

Predictions about a resin's performance from 
theroetical considerations alone are not sufficient. 
Laboratory testing is employed under conditions closely 
approximating those encountered in industrial plants. Ion 
exchange experiments are often carried out using column or 
shake flask techniques. In column testing (181), the 
resin is placed in a vertical column to form a resin bed. 
The solution to be treated is passed through the bed under 
set conditions until the concentration in the column 
discharge reaches a predetermined level ('breakthrough' or 
'leakage'). An eluant solution is then passed through the 
resin bed to remove the adsorbed uranium. Fig. 1.17 (a)
and (b) illustrate the differences between actual and 
ideal 'breakthrough' and elution curves respectively.
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a b

Fig. 1.17 Typical and ideal breakthrough and elution curves (179)

In batch shake flask equilibration procedures, 
the resin is agitated with a specific quantity of pregnant 
liquor. Its concentration is monitored periodically to 
determine the extent and rate of uranium adsorption. 
After equilibrium, the liquor is decanted and the resin 
contacted with the eluant, again measuring the uranium 
concentration over a period of time to determine the 
capacity and relative elution rates.

When upflow columns or multistage contactors are 
to be considered for a commercial operation, these can be 
simulated in the laboratory. Single stage columns can be 
operated in countercurrent fashion where pregnant liquor 
flows upward through the resin bed while eluting solution 
is passed through the same bed downwards. Information
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developed in the laboratory program is used to determine a 
suitable' flow direction and number of stages. A cross 
current pyramid-type procedure, similar to the solvent 
extraction shakeout method (182) is sometimes used to 
simulate continuous ion exchange systems. In a pilot 
scale test (183) using Amberlite IRA-430, this technique 
was used to simulate the multistage countercurrent ion 
exchange (MCIX) systems developed by the US Bureau of 
Mines. The adsorption isotherm obtained using feed

-3solutions of 600 gm Û Og ŝ own Fig. 1.18.

SOLUTION CONCENTRATION, grams U308 per liter

Fig. 1.18 Equilibrium isotherm for uranium adsorption from an acidic leach liquor by Amberlite IRA-430 resin (183)
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1.3.2 Liquid ion exchange

Many liquids immiscible with water, including 
substituted oximes, alkyl phosphoric acids, 
organophosphorus compounds and amines (184-186) can 
extract metals from aqeous solutions when dissolved in a 
suitable organic diluent, often with considerable 
selectivity. Important applications in the mineral 
industry are amines for uranium (187, 188), LIX reagents 
and other hydroxyoximes for copper (189) and polyols for 
boron (190, 191). Reagents such as LIX 64 have been 
especially synthesised for selectivity in the extraction 
of copper (184, 185). Uranium can be extracted from 
sulphuric acid leach solutions by cationic or anionic 
liquid exchangers, as both forms exist in solution (Fig. 
1.16). Commercial cation exchangers are alkyl phosphoric 
acids, while anionic exchangers are amines (mainly 
tertiary amines, but also primary, secondary and 
quarternary amines)(16, 192). Organophosphorus-type 
exchangers (193) are generally applied in refining 
processes, for example in the recovery of uranium from 
process phosphoric acid (194). Table 1.11 lists some 
commercially available extractants for uranium (16, 31).

The use of high molecular weight amines as 
extractants has been known since 1948, when first reported 
by Smith and Page (195). Analytical applications soon 
followed, and solvent extraction became a powerful tool in 
analytical chemistry (196) . Work carried out by the Dow 
Chemical Company (197) led to the use of a mono-alkyl
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phosphate extraction in a process to recover uranium from 
a sulphate solution. Subsequently, intensive work at the 
Oak Ridge National Laboratory, USA (198-201) led to the 
development and application of the Amex process using 
organophosphorus compounds and amines for effective and 
selective recovery and concentration of uranium from 
sulphate solutions. Industrial applications of solvent 
extraction followed rapidly (in preference to resin ion 
exchange) largely because it provided a continuous, and a 
more selective, process.

TABLE 1.11 SOLVENT EXTRACTION REAGENTS FOR URANIUM
Reagent name Reagent type Manufacturers
Di (2-ethylhexyl phosphoric acid Alkyl phosphoric acid Union Carbide

Tributy Phosphate (TBP) Alkyl phosphoric acid Union Carbide

Trioctyl phosphine oxide (TOPO) Alkyl phosphoric acid Henkel Corpn.

Amberlite LA-1 and LA-2 Secondary amines Rohm & Haas
Adogen 283 Secondary amine Rohm & Haas
Alamine 336 Tertiary amines Henkel Corpn.
Alamine 304 Tertiary amines Henkel Corpn.
Triisooctylamine Tertiary amines Union Carbide
Adogen 364 Tertiary amines
Adogen 381 and 464 Quartemary amine Ashland Chemical Co
Aliquot 336 Quartemary amine Henkel Corpn.
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The development in the early 1960s of the LIX 
reagents (particularly the application of LIX 64N) firmly 
established solvent extraction as a major purification and 
concentration technique leading Queneau (202) to predict 
in 1973 that 'the revolutionary impact of solvent 
extraction on extractive metallurgy in the final quarter 
of this century will be comparable to that of froth 
flotation in the century's first quarter'.

An ideal extractant has high selectivity, 
compatibility with low cost diluents, is stable under 
operating conditions, efficiently stripped and is 
available at low cost (198). High molecular weight 
tri-alkyl tertiary amines (especially Alamine 336 (203)) 
satisfy these conditions for uranium and are the most 
widely used industrial anionic exchangers. The extractant 
is dissolved in an inert organic diluent, usually kerosene 
due to its low cost and high flash point, although fuel 
oil, toluene, carbon tetrachloride or most petroleum 
derivatives have been used (16) . Long chain alcohols 
(such as isodecanol) are often added in small quantities 
(3-5% volume) to the diluent to enhance phase 
disengagement rates and solubility of amine salts in 
kerosene (204). Although generally regarded as 'inert', 
different diluents extract uranium to varying degrees 
(205). The addition of 'phase modifiers' affects the 
extraction through the formation of amine sulphate 
solvates of the form (R̂ NH)2.SO^.2ROH (157).

The mechanism by which amine solvent extracts 
uranium complexes is still not completely understood. The
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extraction can be expressed either as an anion exchange 
involving ionic transport or as an adduct formation with 
the transport of neutral species (Chapter 2, Section 
2.3.1). The amine extraction process is affected by 
several factors such as extractant concentration in the 
diluent, pH, temperature, sulphate concentration and the 
present of other anions. Unlike other metals (such as 
vanadium (V) and molybdenum (IV), uranium extraction below 
pH 3 is unaffected by uranium concentration (16). Chang
ing the pH, however, affects the extraction indirectly 
through the sulphate-bisulphate equilibrium: in the usual 
concentration range (0.2-1.0 M) , bisulphate competes more 
severely with the uranium extraction with increasing 
acidity. In practice, however, uranium extraction 
decreases above pH 2.5 and becomes ineffective at pH4 due 
to hydrolysis and the formation of amine free base. 
Uranium extraction decreases appreciably with increasing 
temperature (20-30% per 10°C). However, even at 50°C the 
extraction efficiency is sufficiently high for process 
application (199). The selectivity of amines increases 
from primary (not particularly selective) to tertiary 
(highly selective). Of the elements likely to be found in 
acid leach liquors, only molybdenum and (particularly) 
vanadium(V) are troublesome. While the former does not 
constitute a significant contaminant, the latter has to be 
eliminated by reduction to vanadium(IV) or by proper pH 
control. Ferric iron is rejected by amines, unlike ion 
exchange resins which readily adsorb it.



62

Uranium may be stripped from the loaded solvent 
by nitrates, chlorides, sulphates, carbonates, hydroxides 
and dilute acid solutions (15). Nitrates (and to a lesser 
extent chlorides), although effective, are strongly 
attached to the amines, and require a regeneration step. 
Uranium is also stripped by magnesium oxide slurries 
(147). A technique known as 'controlled pH stripping' is 
also used in some plants (149) .

Cationic extractants, especially di(2-ethylhexyl) 
phosphoric acid are sometimes used in combination with 
tributylphosphate to exploit a synergistic effect. 
Although the process is not as selective as that with 
amines, it will efficiently extract uranium from dilute 
sulphate, nitrate and chloride solutions (147). However, 
in the presence of ferric iron, they require special feed 
treatment.

A major development at present is the commercial
recovery of uranium from wet-process phosphoric acid as a
by-product of phosphate for fertilizer production (206).
Tributylphosphate and alkylamines do not have sufficient
extraction power to treat the low concentration of uranium
in the high concentration of phosphoric acid (4-6 M) . A
synergistic extractant combination of di(2-ethylhexyl)
phosphoric acid (D2EHPA) and trioctyl phosphine oxide
(TOPO) in an aliphatic diluent of high boiling point is

2+used to extract uranium as UC> 2 . Blake et al. (207) have
described detailed investigations on synergistic uranium 
extractions. Hurst et al. (208) have described the
development and testing of a process based on these 
findings.
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1.3.3 Biological ion exchange

Aqueous metal ions are concentrated by various 
types of biological material, including lead by fish 
skeletons (209), gold by plants (210), cadmium, lead, 
copper, zinc and manganese by some algae (211-216), and 
uranium, thorium, strontium, silver, radium, osmium, 
cadmium and cobalt by bacteria, yeasts and fungi 
(217-223) . Kelly et al. (224) , Brierley and Brierley 
(225-227), Parkinson (228) and Shumate et al. (229) have 
highlighted applications and potential applications of 
biotechnology in the extraction of metals. They present a 
field which is at an early stage of development from an 
industrial point of view, but one with many possibilities 
in the mining and metallurgical industries. Such 
possibilities are the substance of this section - which 
deals mainly with uranium recovery by microbiological ion 
exchange (particularly the mechanism of biological ion 
exchange) at the surfaces of bacteria and fungi.

i) Industrial processes. Microorganisms are employed for 
heavy metal treatment in an artificial meandering stream 
draining a tailings pond at the AMAX buick mine in the New 
Lead Belt of Missouri (214-216, 227) . Spirogyra, 
Rhizoclonium, Hydrodictyon and Cladophora are credited 
with the adsorption of soluble heavy metals and (by 
physical entrapment) suspended mineral particulates of 
lead, zinc, copper and magnesium. Fig. 1.19 shows a 
schematic diagram of the tailings pond - algal meanders
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Reagents
Ore from mine

Fig. 1.19 A scheme of mine and mill operation using atailings pond followed by an algal meander and a final sedimentation pond; liquids and pulps (--- ) ; solids (----- *►) .
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used at the mine. At the Kerr McGee corporation in 
Ambrosia Lake, New Mexico, USA (226) , a waste water 
treatment process consisting of several algal ponds and an 
ion exchange plant are used to treat underground uranium
mine water to reduce the levels of uranium (from 2.3 to

-3 -30.8 gm ) , selenium (from 0.03 to 0.01 gm ) , molybdenum
_3(from 2.3 to 0.8 gm ) and radium (figures not given).

Several algal flora, especially Spirogyra, Oscillatoria,
Rhizoclonium and Chara, have been implicated in the
accumulation of these metals. In a recent development
(228, 230), Advanced Mineral Technologies Inc. (Denver,
Colorado) will market a process (AMT-BIOCLAIM) based on
dead biomass cells from fermentation processes (using B.
Subtilis) in a system to recover metals from waste water.
In a pilot scale operation at a secondary lead smelter
(228) two columns (4.6 m x 0.5 m diam.) in series, packed
with granulated biomass (90 kg) were used to treat
effluent from a caustic precipitator. The lead and

-3cadmium contents were reduced from about 4-5 gm to 0.04 
-3and 0.10 gm , respectively. In another test at a plating

_3operation, the lead content was reduced from 2-10 gm to
-3 -3less than 0.1 gm and zinc from 5 gm to less than 

0.1 gm ^.

ii) Studies. Although surface interactions between micro
organisms and metal ions in solution have been known for 
decades, it is only now that their potential is being 
exploited. As early as 1949, Ruchoft (231) reported the 
removal of plutonium-239 from water by activated sludge.
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in the sea by both living and dead cells of marine
microorganisms. Other workers have since reported schemes
for biological removal of radionuclides from aqueous
streams, and even the biological removal of uranium from
natural waters, such as the sea, has been suggested
(233-235). Systems utilising bacteria, algae and fungi
have been proposed for removal of uranium from waste
water. Jilek et al. (236) patented a product in 1975
based on Penicillium chrysogenum (237), which was claimed
to have a uranium uptake capacity of 0.10 g per gram dry
weight of cells. The same authors have patented other
products for treating radionuclides and fission products
from liquid wastes (238, 239). Schumate et al. (240) used
a mixed culture of denitrifying bacteria (grown on
anthracite coal particles) in a labroatory scale
countercurrent contactor to reduce uranium in solution

-3from 25 to 0.5 gm m  8 minutes with a uranium biomass 
loading of 0.14 g per gram dry cells. Work using
Saccharomyces cerevisiae and Pseudomonas aeruginosa (241, 
242) has shown that, while the former accumulated uranium 
on the surface, in a process affected by pH, temperature 
and other interfering ions, uptake by the latter was 
intracellular, unaffected by environmental conditions and

_3extremely rapid (accumulating 100 g dm in less than 10 
seconds). In 1981, Volesky and Tsezos (243) patented a 
process for the biosorptive separation of uranium based on 
Rhizopus arrhizus. In one study (244) , the fungus

Polikarpov (232) noted the accumulation of radionuclides

exhibited uranium uptake capacities as great as 0.180 g
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per gram dry mass of cells. In comparison with an ion
exchange resin (Ionex IRA-400) and an activated carbon
(F-400) , the fungus accumulated 2.5 and 3.3 times as much
uranium respectively. In another study, Tsezos and Keller
(245) found the adsorption of radium-226 by Penicillium
chrysogenum biomass and waste activated sludge to be
superior to conventional organic and inorganic adsorbents.
Horikoshi et al, (222) have screened over fifty
microorganisms for uranium uptake and found their ability
to accumulate uranium in the following order:
actinomycetes > bacteria > yeasts > fungi. In another
study, Sakaguchi et al. (246) found various microalgae,
especially Chlorella regularis to be effective in removing
molybdenum from aqueous systems, especially fresh water.
Pooley (219, 247) reported the accumulation of silver
sulphide particles by a mixed culture of Thiobacillus
ferroxidans and Thiobaccillus thiooxidans, during the
leaching of a sulphide ore containing trace amounts of
silver. In a recent study, Norberg and Persson (248) have
described a process for the removal of heavy metal ions

2 + 2+ 2 +(particularly Cd , Cu and UĈ  ) using the bacterium 
Zoogloea ramigera. More recently, Boileau et al. (249,
250) have reported the accumulation of cationic, neutral 
and ionic species of uranium by the lichen Cladonia 
rangiferina.

iii) Mechanism. The accumulation of metal ions from 
aqueous solutions by microorganisms occurs either through 
an intracellular uptake or a surface ion exchange/
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complexation process. Metal ions, particularly K+ and
2 H" 4* 2 2 mMg (but also to a lesser extent Na , Ca and SÔ  ), are

accumulated to high concentrations for the maintenance of
normal cellular processes, by all microorganisms (224,
251, 252). When K+ is taken (intracellular) into a cell,
electrical balance is maintained by a stoichiometric
excretion of H+ ions (derived from metabolic activity) so
that the system operates like a linked K+-H+ exchange
system (252). Although the mechanisms by which metal ions
are assimilated into the cells of microorganisms are
selective, substitutions are possible (253) . An induced

2+cation-transport system which is highly selective for Mg 
2+and Mn has been observed by Rothstein and Jennings 

(254). Several studies have shown that K+ release is a 
common feature of microbial response towards heavy metal 
ions (255-257) .

Surface adsorption, in contrast to intracellular
uptake (except in the unusual case of Pseudomonas
aeruginosa (242)) , is typically rapid and independent of
whether the organism is alive or dead (224 , 248, 258).
The process is generally regarded as an ion
exchange/complexation between negatively charged surface
groups and metal ions. A physico-chemical mechanism is
proposed. Tezuka (259) first suggested the presence of
negative surface charges as being responsible for ionic

2+ 24-bond bridges with cations (such as Ca or Mg ) in the 
flocculation of activated sludge bacteria. Rothstein and 
Meier (260) in a detailed study using Saccharomyces
cerivisiae provided evidence of these surface active
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groups, chemically similar to high molecular weight 
polyphosphates, as being responsible for uranium 
complexation. Dounce and Flagg (261) concluded that 
surface carboxyl groups are also complexed with uranium. 
Beveridge and Murray (262) and Mathews and Doyle (263) 
showed that the carboxyl groups of the peptidoglycans in 
cell walls of Bacillus subtilis are the primary sites of 
metal complexation. Hoyle and Beveridge (264) have also 
suggested these groups as being responsible for metal 
binding by Escherichia coli. However, in recent studies 
using the fungus Rhizophus arrhizus, Volesky and Tsezos 
(265, 266) suggested that the primary site of uranium and 
thorium complexation is the chitin component within the 
cell walls of the fungus. However, tests with pure chitin 
could not account for the high uranium adsorption. 
Marquis et al. (267) using a gram-positive bacteria
suggested that bacterial cell walls can be viewed as a 
complex ion exchanger enveloping the cell protoplast. 
Nieboer et al. (268) confirmed earlier findings by Puckett
et al. (269), and provided data consistent with a 
cation-exchange mechanism for metal ion uptake, using the 
lichen Umbilicaria muhlenberqii. More recently, in a
study using Rhizopus oligosporous, Treen-Sears et al.

+ 2(270) found stoichiometric displacement of H ions by UC> 2  

, suggesting a pure ion-exchange process. The sequestered 
uranium was eluted using sulphuric acid or nitric acid and 
the biomass was reused eight times with no apparent 
deterioration. Tsezos (271) using Rhizophus arrhizus
biomass found sodium bicarbonate elution to have a less
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detrimental effect on the biomass than sulphuric or nitric 
acid. The mechanism(s) of uranium ion exchange/complexat- 
ion is discussed in greater detail in Chapter 3.

1.3.4 Conclusion

From the foregoing discussion, there is con
siderable interest in biological ion exchange, from both 
scientific and industrial points of view. There is also 
potential application for biological removal of metal 
contaminants in effluents - although there are no sub
stantial industrial examples in the United Kingdom or 
Nigeria at present. Various sources of biomass are in
principle available - in particular, the fungus A. niger 
as a waste product of citric acid production and Pruteen 
as an industrial (ICI) form of the bacterium Methylophilus 
methylotrophus. These have not received detailed study as 
metal biosorbents. Such a study forms the main part of
the work in this thesis.
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CHAPTER 2 TECHNIQUES AND PRELIMINARY WORK

This chapter describes the chemical and 
biochemical methods used during the three year course of 
the research. Techniques for the growth and preparation 
of fungal mycelium are described. The analytical methods 
for the determination of aqueous and adsorbed metals 
concentration are also described. Preliminary work 
carried out on the solvent extraction of uranium which led 
incidentally to new insight into extraction equilibria 
involved is presented and discussed.

2.1 ANALYTICAL METHODS

Aqueous uranium(VI) concentraction was determined 
spectrophotometrically (Perkin Elmer UV-VIS spectro
photometer, Model 200) and (later) by inductively coupled 
plasma emission spectrometry (Perkin, Elmer, Model 5500). 
The amount of uranium adsorbed onto the biomass was 
generally determined by difference, but regularly 
complemented with direct measurements using X-ray 
fluorescence spectrometry (Link Systems XR 500 or Jeol JSX 
1 0 0 ) .

2.1.1 Spectrophotometric determination of uranium (VI)

The complexing dye, 2-(5-bromo-2-pyridylazo) 
-5-diethylaminophenol (bromo-P.A.D.A.P.) formed the basis 
of the determination. In the presence of interfering ions
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such as Fe, Th, As, etc; the modified method of Manning 
(272) , based on the work of Johnson and Florence (273) , 
was used. In the absence of such ions, the direct 
determination of Johnson and Florence (273) was
satisfactory. Analytical grade reagents and grade 'A' 
glassware were employed unless otherwise stated.

i) Determination of U(VI) in complex solutions

The determination of U(VI) in the presence of 
interfering ions involved its selective extraction into an 
organic solvent, followed by back extraction into an 
aqueous solution prior to complexation. A typical
procedure was as follows: to an aliquot of the sample

3solution in a 50 cm volumetric flask (containing up to 4 
-4x 10 g of U, in a precisely measured volume, usually not 

3 3more than 1 cm ), 10 cm of 9.0 M nitric acid solution and
35 cm of 0.1 M tri-n-octylphosphine oxide (T.O.P.O.) in

3cyclohexane were added. The volume was made up to 50 cm 
with distilled deionised water (DDW). The mixture was 
shaken thoroughly for three minutes, after which the 
phases were allowed to separate over a period of one hour.

3A volume of 2 cm of the organic phase was transferred to 
3a 25 cm volumetric flask and the following solutions 

added in the given order, with mixing between additions:
31 cm of dilute complexing solution (25 g of 

(1,2-cyclohexylene-dinitrilo)tetraacetic acid (CyDTA), 
otherwise known as trans-1,2-diaminocyclohexane -N,N,N', 
N'-tetraacetic acid monohydrate, 5 g of sodium fluoride
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3and 65 g of sulphosalicyclic acid in 2 dm of DDW, 
adjusted to pH 8.35 with 40% (w/v) sodium hydroxide

3solution), 4 cm of 0.05% (w/v) bromo-P.A.D.A.P. solution
3in ethanol, 1 cm of pH 8.35 buffer solution (149 g of

3triethanolamine dissolved in 1 dm of DDW, adjusted to pH 
8.35 with perchloric acid after standing overnight). The 
mixture was shaken thoroughly and left to develop colour
over one hour (or preferably overnight) . A volume of 16
3 3cm of ethanol was added and the volume made up to 25 cm .

The absorbance was measured at 574 nm in 1 cm silica cells
against a reagent blank.

A stock uranium standard solution containing 1 g 
_ 3dm U was made up by dissolving 2.1095 g of uranyl

nitrate hexahydrate (UĈ  (NÔ )2 •̂ 2®' 'AnaLaR', BDH
3Chemicals Ltd) in 0.2 M nitric acid solution (22 cm of

39.0 M stock nitric acid solution in 1 dm of DDW). More
dilute standard uranium solutions were made up by adding

-3appropriate aliquots of the 1 g dm stock uranium and
9.0 M nitric acid solutions, to give the desired uranium 
concentration in 0.2 M nitric acid. A typical range of 
uranium standard solutions and their composition is 
illustrated below.

Uranium concentration 
in standard solution 

(g dm~3)

_3Volume of 1 g dm U 
stock solution added

(cm3)

Volume of 9.0 M
HN0o added 3 ^(cm )

0.05 50 21.1
0.10 100 20.0
0.20 200 17.80.30 300 15.60.40 400 13.3
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Digital precision air displacement pipettes were
used to discharge small volumes of solutions. For 

30.20-1.00 cm , a Finnpipette digital micropipette (Jencons
3(Scientific) Ltd) and for 1.0-5.0 cm , a pipetman (Gilson 

Medical Electronics Ltd), were used. The analyses were 
carried out by measuring the absorbance of uranium 
standard solutions against a reagent blank, to obtain a 
calibration curve. Uranium concentrations in unknown 
solutions were determined from the calibration curve. 
Typical standards used in the analyses contained 0.05 x 
10-3, 0.10 x 10"3, 0.20 x 10~3, 0.30 x 10~3 and 0.40 x
-310 g of uranium. Figure 2.1 shows a typical calibration 

graph. It is clear from the graph that the Beer-Lambert 
law was obeyed over the concentration range used.

ii) Direct determination of uranium (VI)

In the absence of interfering ions, uranium(VI)
was determined by direct complexation in the aqueous phase
without prior solvent extraction. Typically, the sample

—  6solution containing between (0.5 - 100) x 10 g of uranium
3was placed in a 25 cm volumetric flask. If the sample 

was strongly acidic, the volume of 1 M sodium hydroxide 
solution required to neutralise it was determined on a 
separate sample aliquot. The following solutions were
added to the sample solution, in the given order, with
. . 3mixing between additions: 2 cm of complexing solution

(25 g of CyDTA, 5 g of sodium fluoride and 65 g of
3sulphosalicyclic acid dissolved m  1 dm of DDW, adjusted
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Fig-2-1 Calibration curve for the determination of 

U(VI) by the method of Manning ( 272)
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to pH 7.85 with 40% sodium hydroxide solution), 2 cm of 
pH 7.85 buffer solution (149 g of triethanolamine

3dissolved in 1 dm of DDW, adjusted to pH 7.85 with
perchloric acid, after standing overnight), the volume of
1 M sodium hydroxide solution required for neutralisation, 

3 310 cm of ethanol and 2 cm of 0.05% bromo-P.A.D.A.P.
3solution. The volume was made up to 25 cm with DDW.

After standing for at least 40 minutes to develop colour,
the absorbance was measured at 578 nm with 1 cm glass
cells against a reagent blank. Standard uranium solutions

—  6 —  6 —  6typically contained 2.5 x 10 , 10.0 x 10 , 25.0 x 10 ,
—  6 —650.0 x 10 and 100.0 x 10 grams of uranium. Figure 2.2 

shows a typical calibration graph. It is clear that, as 
in the previous method, the Beer-Lambert law was obeyed 
over the concentration range used.

2.1.2 Atomic absorption/emission spectrometry (274-276)

Initially, atomic absorption spectrometry was 
used for metal determination (other than uranium). Later, 
inductively coupled plasma emission spectrometry (ICPES) 
became available and because of its several advantages 
(explained below) over atomic absorption spectrometry and 
spectrophotometry, was subsequently used for routine 
analysis of all the metals (including uranium).

i) Atomic absorption spectrometry

An Alpha 3 atomic absorption spectrometer (Baird 
Ltd) was used for the determination of copper, zinc and

3
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iron at 324.7 nm, 213.9 nm and 248.3 nm respectively, at 
the settings recommended in the methods manual (277). 
Air-acetylene flames were used for all measurements.

Standard solutions were made up by diluting 
atomic spectroscopy grade solutions ('SpectrosoL', BDH 
Chemicals Ltd) to cover concentration range recommended in 
the methods manual. Sample solutions were diluted to 
within the range of the standards using an autodiluter

3(Hook and Tucker Ltd, Mk 11) which took 0.5 cm of the
3sample solution and dispensed 5 cm . Aqueous metal 

concentrations were determined from calibration graphs.

ii) Inductively coupled plasma atomic emission 
spectrometry (ICPAES)

This technique was used routinely for fast and 
accurate determination of aqueous concentrations of 
uranium, copper, zinc and iron. In addition to being able 
to determine more than 70 of the elements in the periodic 
table (including boron, silicon, titanium, phosphorus, 
carbon and sulphur, which are difficult to determine by 
other methods), other advantages over atomic absorption 
spectrometry include better precision, equal or better 
sensitivity, and fast multi-element analysis free from 
interference (up to 9 elements can be measured on one 
sample with the Model 5500). A brief description is given 
below.

The plasma consists of ionised gas at about
10,0 00 K formed by the flow of argon through a quartz
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torch placed axially in an induction coil. A nebuliser 
sprays the liquid sample upwards through the axial channel 
of the plasma, where the sample is atomised and the 
elements excited to emission temperatures (4,000-8,000 K). 
The high flame temperatures and the relatively long 
residence time ensure complete breakdown of all analyte 
molecules. The operation of the system is enhanced by a 
dedicated computer (Data System 10) through the use of 
specially designed software routines and tables of 
standard analysis conditions provided on floppy disks. 
Pre-programmed special function keys are used for all 
routine operations. All output data were printed via a 
PR-100 printer.

The system was operated in two modules - DEVELOP 
and ANALYSE. Fig. 2.3 gives a summary of the procedure 
for methods development and analysis. Appendix 2.1 shows 
a typical data printout of a multi-element analysis 
(uranium, copper, lead, zinc and iron).

Atomic spectroscopy grade reagents were used to 
prepare the standard solutions, except for uranium where 
analytical grade uranyl nitrate hexahydrate (UC^fNO^^" 
. 61^0) was used. All standard solutions were prepared by 
taking aliquots from solutions of known concentration and 
diluting to the desired levels. Typically standards used

_3contained 100, 50, 10 and 5 gm of dissolved metals.

2.1.3 X-ray fluorescence spectrometry (XRFS)

Energy dispersive XRF analysis was used for the
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Fig. 2.3 Flowsheet for metals analysis by ICPAES



81

identification and direct determination of metal adsorbed 
onto biomass. Two X-ray spectrometers were used: a JEOL
JSX 100 was first used, and later a LINK SYSTEMS XR 500, 
when it became available. The latter was used for most of 
the work. Sample preparation methods were the same for 
both instruments.

i) Sample preparation

All samples including standards were prepared in
_3a similar manner. Typically, (60 - 70) x 10 g of dry 

biomass was mixed thoroughly in a pestle and mortar, with 
a known amount of cellulose powder (standard grade W & 
R-Baltston Ltd) , giving a total weight of 1.0 g. The
mixed powder was pressed into a 32 mm diameter disc in a 
steel die (SPECAC Ltd) , at a force of 250 kN ( 25
tonnes) for 2 minutes. Vacuum was applied while pressing, 
to remove air from the disc with a Rudolf Braud (Type RE2) 
vacuum pump. Uranium standards were prepared by mixing 
known amounts of uranyl nitrate crystals and cellulose 
powder, pressed into discs as before. All measurements 
were carried out against a blank disc prepared by mixing 
known amounts of untreated biomass and cellulose powder 
and pressing into a disc as described.

ii) Analysis conditions (278)

Preliminary examination of the sample spectra 
revealed as expected, no interference with uranium. This
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would be expected as the samples were obtained from 
equilibrations in high purity uranyl nitrate solutions. A 
'scattered background' correction method was employed to 
compensate for the differences between the total mass 
absorption coefficient (MAC) of the samples for the UL^ 
peak. This was carried out by the use of the Compton 
scatter peak from the X-ray tube line. The machine
settings used were as follows:

Ag anode X-ray tube at 45 kV and 0.25 mA
Tube operated in pulse mode
0.127 mm Ag primary filter
Preset integral on Ag Compton peak of 50,000

counts
Gain = 20 eV/ch.

iii) Spectrum processing

Both manual operation and the Link Systems 
Filtered Least Squares (FLS) package were used to process 
the spectra. The advantage of the FLS method was accurate 
peak deconvolution to provide reliable net intensities 
without operator intervention. This is particularly 
important during multi-element analysis. This process 
involves first the removal of escape peaks resulting from 
the generation of Si K X-rays in the detector. The
spectrum is then digitally filtered to remove continuous 
background followed by iterative fitting of 'library' 
peaks obtained from pure elements (in this case pure
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uranium metal was used). Fig. 2.4 shows a plot of a 
typical calibration curve derived from the results of a 
typical standards and samples output (shown in Appendix 
2.2) .
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2.2 BIOCHEMICAL METHODS

2.2.1 Selection of biological materials

Although several microorganisms such as bacteria, 
algae, yeasts, actinomycetes and fungi have been shown to 
accumulate metal ions either intracellularly or onto their 
surface (Chapter 1, Section 1.3.3), it is doubtful if most 
of them could be used industrially for effluent treatment 
and metals recovery. Some, such as the toxic bacterium 
Pseudomonas aeruginosa (242, 278), despite having
extremely high affinities for dissolved uranium, may not 
be safe for use industrially. Others such as the algae 
Spirogyra, Cladophora and Rhizoclonium, although being 
used industrially at present (Section 1.3.3), have to be 
grown in situ under variable conditions. It is difficult 
to maintain active microbial populations under such 
conditions (228).

The major criteria used in the selection of the 
microorganisms used in this work were: safety of use,
ease of handling under laboratory conditions, and ready 
availability on an industrial scale. Thus two organisms 
were selected: the fungus Aspergillus niger and the
bacterium methylophilus methylotrophus. A. niger is 
widely used industrially in the production of citric acid 
(279-281) , with the resultant production of large 
quantities of mycelium (currently wasted by burning 
(282)). This biomass could be an important by-product of 
the acid production process; for instance, a single plant
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producing 1 0 0  tonnes of citric acid per day also produces 
an estimated 6  tonnes of dry mycelium per day (assuming a 
ratio of 1:5 of wet mycelium of 70% moisture to citric 
acid) . Methylophilus methylotrophus was used in form of 
'Pruteen1 - an industrial product of the Imperial Chemical 
Industries (ICI) pic, used as a high protein animal feed. 
It is safe and easy to handle, and supplied in form of 
rounded granules of sizes up to 1  mm in diameter.

2.2.2 Preparation and handling of Aspergillus niger and 
Pruteen

Aspergillus niger was supplied as germinating 
spores by the Department of Pure and Applied Biology, 
Imperial College. The fungal spores were originally
isolated from rocks in the Bristol area and (as a result 
of the present work) are now deposited at the Commonwealth 
Mycological Institute (CMI accession number 296409) . 
Pruteen was supplied by ICI as cream-coloured granules, 
more than 70% of which were within the size range

-3(0.3-1.0) x 10 m. It was derived from the bacterium 
Methylophilus methylotrophus nurtured on methanol, ammonia 
and air in an automated continuous fermentation process 
(283). Appendix 2.3 shows a typical chemical analysis and 
a size distribution curve for Pruteen.

i) Fungal spore production and propagation

Stock cultures of A. niger were maintained on 
potato-dextrose agar (PDA) in petri dishes or on PDA
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'slope' in universal bottles. Typically, 39 g of dry PDA
3powder (OXOID Ltd) was suspended in 1 dm of DDW and

carefully heated to boiling until completely dissolved.
3About 10-15 cm portions were dispensed into universal

bottles and sterilised by autoclaving at 121°C and 103.4 
-2 -2kN m (15 lb in ) for 15 minutes. After sterilisation, 

the bottles were rested on their sides at an angle of 
about 45° and allowed to cool, thus forming a solid sloped 
surface of PDA. This increased the surface area and 
enhanced the propagation of spores. The bottles were 
inoculated with the fungal spores with an inoculating 
needle and incubated at 25°C for 4 days.

ii) Spore counting procedure

A. niger spores were collected into a suspension
3from PDA slopes by washing with 10 cm of sterile DDW.

The spore suspension was vigorously shaken with a
wrist-action mechanical shaker for 10 minutes. The

. - 1suspension was centrifuged at 1000 rev mm for 5 minutes 
to sediment any conidiosphores (spore bearing hyphae) and 
then washed by centrifuging at 4000 rev min ^. The spores 
were resuspended in sterile DDW.

The concentration of the spore suspension was 
determined using a haemocytometer mounted on a
petrological microscope. The haemocytometer consists of a 
0.01 cm deep square of 0.1 cm sides, divided into 25 
squares each of which is subdivided into 16 smaller 
squares. To determine the concentration of fungal spores
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m  1  cm of suspension, a drop of the suspension was 
placed on the haemocytometer so as to cover the marked 
area. A thin cover slip was placed over the suspension 
and moved to and fro until interference colours - Newton's 
rings - were observed, indicating the correct depth. 
Typically, a high powered objective (x 400 overall 
magnification) was used to count the total number of 
spores in 5 large squares (4 corners and 1 centre) . This 
process was repeated 5 times and, from the average count,

3the number of spores m  1  cm of the spore suspension was 
calculated. This method was used routinely to measure 
concentrations of spore suspensions.

iii) Morphology and medium selection

The morphology of A. niger in submerged culture 
has been studied, especially in connection with citric 
acid production (284-287). Submerged cultures of 
filamentous fungi provide a uniform environment for
3-dimensional growth, commonly resulting in the production 
of small pellets of mycelium. Following its first 
observation by Buckholder and Sinnott in 1945 (284) , the
pellet form had been considered the 'normal' morphology in 
submerged cultures. However, since then the morphology in 
submerged cultures has been shown to the dependent on 
several factors such as inoculum size, the type of medium, 
pH of the medium and the presence of toxic ions such as 
cyanide (286). Steel et al. (285) studied these factors

3

and obtained a complete range of morphological types,
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ranging from a filamentous culture to small irregular 
pellets. Similar observations were made by Clark (286) 
and Tuttobello and Mill (288) and Galbraith and Smith 
(287) .

Generally, filamentous growth is favoured by 
acidic conditions and lower concentrations of cyanide. 
Conversely, pellet growth is enhanced by less acidic 
conditions and higher cyanide concentrations. However, 
the use of cyanide is not necessary for pellet formation. 
Camici, Sermonti and Chain (289) obtained different 
morphological forms of Penicillium chrysogenum by varying 
the size of the inoculum: growth was filamentous with a 
very large number of conidia relative to the supporting 
capacity of the medium. At lower inoculum loading, pellet 
growth ensued. Galbraith and Smith (287) studied the 
effects of pH and inoculum size on the growth and 
morphology of A, niger, using a well defined synthetic 
medium. They observed that the initial pH of the medium 
affected the fungal morphology: at pH values 1-2.5, 
growth was filamentous; at less acidic conditions (pH
3-5) pellets formed. However, variations in inoculum size 
did not change the morphology: a high inoculum resulted 
in the reduction of pellet size, a result considered to be 
a reflection of the relative concentrations of nutrients 
available. Fig. 2.5 summarises the effect of pH on the 
growth of A. niger.

The mechanism of pellet formation is not clearly 
understood, and there are few hypotheses proposed to 
explain the phenomenon. Buckholder and Sinnott (284) and



90

later Takahashi, Jamada and Asai (290) and Galbraith and 
Smith (287), proposed two separate mechanisms: 
agglutination of spores in the early stages of development 
and aggregation of small clumps of germinating spores. 
Thus, it is proposed that pellet formation develops when 
germinating spores trap each other in an agitated medium, 
becoming intertwined. Clumping continues until there are 
several hundred spores in the centre of one pellet, thus 
forming a nucleus around which the hyphae develop. The 
surface charges on the spores are not considered important 
in pellet formation. Electrophoretic studies of fungal
spores (291, 292) showed all the species to have a
negative charge over a large PH range. The charge
decreased with pH until pH 2-3 when it is either slightly 
negative or positive. This indicates that surface charge 
is not important in pellet formation since mutual 
repulsion forces would be a minimum in the very conditions 
where there is least spore agglutination.
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Fig. 2.5 The influence of pH on growth and morphology of Aspergillus niger (287)
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The effect of pH and other factors affecting 
morphology may be explained in terms of their effects on 
metabolic events which result in changes in cell wall 
structure. Pirt and Callow (293) postulated a pH effect 
on cell-wall structure or composition through providing 
greater resistance to shear at low pH. Alternatively, 
aggregation of clumps of germinating spores may be due to 
germ tubes of adjacent clumps entwining round each other. 
Increased branching of germ tubes increases the likelihood 
of entanglement. If a low pH decreased the frequency of 
branching the likelihood of entanglement is reduced, thus 
affecting the morphology, at this later stage of pellet 
development.

In the present work, three different media were
tested in order to study and select the most suitable
morphological form. These are summarised in Table 2.1.
Media solutions were made up as shown in the table.

3Portions of 100 cm of the media solutions were dispensed 
3into 250 cm conical flasks. The flasks were plugged with

non-absorbent cotton wool covered with aluminium foil.
The flasks were sterilised by autoclaving at 121°C (15 lb 

_2in ) for 15 minutes. After cooling to room temperature,
7each flask was inoculated with 1 0  spores (using a digital 

micropipette) from a spore suspension which had been 
prepared and assayed according to the method previously 
explained. Cultures in the liquid media were incubated at 
27°C in an orbital incubator (LH-fermentation Ltd) for 48
hours.



TABLE 2.1 SELECTION OF MEDIUM FOR THE GROWTH OF A. NIGER

MEDIUM OBSERVATIONS

1. Galbraith and :Smith medium (synthetic 1)
Quantities per litre of DDW Growth was in form of fluffy non-
D-glucose lO.OOg rigid 'pellets' with average diameter
nh 4 no 3 2.50" of about 4mm. Close examination
kh 2 po 4

oo
• revealed that the 'pellets' consisted

MgS04 .7H20 0.25g of short filaments growing radially
MnCl2 .4H20 3 . 5  0  nr\ 0 outwards from the centre.
ZnS04 .7H20 1 . 1 0  "
CuS04 .8H20 0.24 "
FeS04 .7H20 6 .3mg
pH adjusted to 4.2 with HC1

2. Synthetic 2
As 1 except pH adjusted to 2.2 with HC1 Growth was filamentous. Average

filament diameter was about l|im.

3. Glucose/malt medium
Quantities per litre of DDW; 
Malt extract 35.00g
D-glucose lO.OOg

A mixture of orange-coloured hard 
and irregularly sized fluffy pellets 
of average diameter 2 mm was obtained.
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The mycelial morphology resulting from medium 1 
(Table 2.1) was selected as being most suitable for the 
experimental work on the basis of consistency of pellet 
production and ease of handling.
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2.2.3 Fermentation procedures and production of stock 
mycelium

i) Pilot scale fermentation

A pilot scale fermentation was carried out in the 
laboratories of Imperial Biotechnology Ltd, London, in 
order to produce large amounts of filamentous mycelium of 
A. niger. A 60-litre fermenter was used at an agitator
shaft speed of 367 rev min  ̂ and an air flow rate of

3 —1 830 dm min . From an inoculum of 47 x 10 spores in the
medium of Galbraith and Smith (Table 2.1), 214.2 g of
fungal mycelium (dry weight) was produced after 48 hours
of incubation at 27°C and an initial pH of 4.0. The
progress of the fermentation process was monitored by
regular sampling at 6 -hour intervals. The percentage of
dry mycelium in each sample was determined. Details of
the pilot plant fermentation testwork are given in
Appendix 2.4.

Fig. 2.6 is a plot of the actual kinetics of the 
growth of A. niger during the pilot plant fermentation. 
The growth may be divided into six distinct phases: lag,
acceleration, exponential, deceleration, stationary and 
decline (autolytic) phases. These growth phases can be 
broadly grouped into two growth types: unrestricted and
restricted growth.

Unrestricted growth. In the absence of any inhibitors and 
in the presence of excess of growth nutrients filamentous
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Fig, 2.6 G row th  k i n e t i c s  o f  A . n i q er on the  

medium of Ga lbra ith  and S m i t h  ( 287 )
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growth of fungi is normally exponential (294-297). Under 
these conditions the rate of fungal growth is directly 
proportional to the concentration of the fungal cells. 
This may be represented mathematically as

dx/dt = px (2 .1)

where p, is the specific growth rate, a constant which is 
characteristic of the fungal strain and the growth 
conditions used and x is the fungal concentration at time 
t. Equation (2.1) can be integrated to give the fungal 
concentration at any time t, after the onset of 
exponential growth:

and

Htx (t) = x (o) e

In x(t) = (it + In x(o)

(2 .2 )

(2.3)

where x(o) and x(t) are fungal concentrations at time o 
and t, respectively. Thus, a plot of the natural 
logarithm of concentration against time t, should give a 
straight line of slope |i for autocatalytic exponential 
growth (294) . As can be seen from Fig. 2.6, A. niger 
growth over the unrestricted growth phase was
approximately exponential with a specific growth rate of 
0 . 2 1 hr”1.

Restricted growth. Simple calculations based on equation 
(2 .2) using the specific growth rate of 0 . 2 1 hr” 1 with an
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initial mycelial mass of 0 . 0 1 gram (i.e. x(o) = 0 . 0 1 g) 
would lead to the production of several million tonnes of 
mycelium in one week. It is quite clear that this does 
not happen - deceleration of the specific growth occurs in 
response to the exhaustion of one or more nutrients to a 
growth limiting concentration. Monod (298) developed a 
model relating growth rate to the concentration of growth 
limiting substrate. Several workers have supported his 
model from studies based on bacterial and yeast cultures 
(298-301). The Monod equation may be written as follows:

dx/dt = (i . (s/(k + s) ) .x (2.4)max s

where p, is the maximum growth rate. a constant
characteristic or the organism and growth conditions, and
kg is defined as the half saturation constant for uptake
of the growth-limiting substrate, the concentration of
which is given by s. In batch cultures, kg << s, so the
growth rate p (equation (2 .1)) tends to p , until smax
approaches kg, when the growth rate falls rapidly to zero 
as the substrate becomes exhausted.

In most industrial fermentations, substrates are 
continuously supplied to the culture. Under these 
conditions, exponential growth ceases following the 
depletion of the substrate concentration in the medium to 
kg. The rate at which the substrate is replenished, then 
determines the growth rate. The equation for the growth
curve thus becomes
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dx/dt = Y ds/dt (2.5)

where ds/dt is the substrate uptake rate and Y is defined 
as a yield constant, which is a function of the specific 
growth rate.

Stationary/declining phases. In the absence of substrate 
replenishment, a culture eventually becomes exhausted, 
when growth stops and the bulk cell mass slowly decreases 
due to lysis (302). For this stage, Sinclair and Topiwala 
(303) included a term based on the first order rate in 
equation (2.4) to account for decay in cell growth;

Lag/acceleration phase. This phase is characterised by a 
growth rate close or equal to zero, during spore 
germination or when the environment is modified by the 
organism (304) . Exponential growth is preceded by a 
period of slow growth (acceleration). In either case, the 
phase is caused by spores (lag) or mature cells
(acceleration) adapting to the conditions imposed by the 
new environment.

ii) Production of 'pellet* mycelium

Preliminary work on fungal morphology in the 
previous section established conditions for pellet

dx/dt = . (s/ (k + s) ) . x -V xmax smax (2 .6)

where Y is death rate constant.
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production. Although variation in inoculum size did not 
result in a different morphological growth, it affected 
the pellet size: a high inoculum resulted in a large
number of small sized pellets, and conversely a small 
inoculum resulted in larger sized pellets.

It was decided at the onset to produce a stock of
uniformly sized pellets in a stable form for use in the
work, to ensure uniformity of results. Tower fermenters
are sometimes used for the production of pellet mycelium.
Since these were not available, it was decided to carry

3out a large number of fermentations in 250 cm flasks 
under exactly the same conditions. The procedure was as 
follows: a 6-litre medium solution was made up according
to the method of Galbraith and Smith (Table 2.1), 
sterilised, and incubated as explained in Section 2.2.2. 
All pH measurements were carried out on a Phillips PW 
9410 digital pH meter. After incubation, the fungal 
pellets were harvested by filtration with a Whatman 542 
filter paper and washed several times with DDW. The 
mycelium was immediately freeze dried (explained later).

The kinetics of growth in the pellet form was 
resolved by Pirt in 1966, after contradictory models had 
been proposed (305). He suggested that, when fungi are 
grown as discrete pellets, substrates would not diffuse at 
a sufficiently fast rate to maintain unrestricted growth 
of the whole pellet mass. This occurs because the pellet 
mass is proportional to the cube root of its radius, 
whereas the surface area, across which the substrate must 
diffuse, increases only with the square of the radius. He
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suggested that pellets comprise of a centre where growth 
rate is essentially zero, surrounded by a small outer zone 
where growth is exponential. Thus,

dx/dt = nXp (2.7)

where Xp is the mass of the peripheral growth zone of the 
pellet, and

dr/dt = |iw (2 .8)
and

r(t) = nwt + r(o) (2.9)

where w is the thickness of the peripheral growth zone, 
r(o) and r(t) are the radii of the pellet at times o and 
t, respectively. Equation (2.7) expressed in terms of 
pellet mass x, becomes:

X1 / 3 = (3/(4TTp)f 1/3uwt + x(o) 1 / 3 (2.10)

where p is the density of a pellet. Thus, the growth of a 
pellet or a number of pellets of uniform size is predicted 
to follow a cube root growth pattern when r>w. When r<w 
however, exponential growth will occur.

iii) Disruption and homogenisation of mycelium

A total of 214.2 g (dry weight) of filamentous 
mycelium was produced from the pilot scale fermentation.
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The mycelium was collected from the fermentation vessel as 
filter cake after washing through a cotton twill filter 
cloth (Grade 001) , in a filter press (Press Industria, 
Type 7A2) at 150 kPa with 100 dm^ of double distilled 
water. The mycelium was divided into four samples for 
experimental work and storage. One sample was 
homogenised. One was kept in a refrigerator at 4°C and 
the other two samples were stored in a freezer at 0°C.

Approximately 50 g (dry weight) of the mycelium 
produced from the pilot scale fermentation was homogenised 
in a Manton-Gaulin laboratory homogeniser (Type 15M-8BA,
A.P.V. Company Ltd) . This involved pumping the mycelial

3 “ 1 6 ■“ 2suspension at 55 dm hr and a pressure of 55 x 10 N m
through a tungsten carbide single-stage homogeniser valve.
The suspension was maintained at or near 10°C throughout,
to protect the products, using ice buckets in between
passes, until after three passes when microscopic
examination revealed essentially completely broken cells.
The crude cell wall material was suspended in DDW and
centrifuged at 100 g to remove any unbroken cells. After
several washings and centrifugations at 100 g the
disrupted cell wall material was collected by
centrifugation at 11,000 g. The cell wall material was
immediately freeze dried without further treatment, as
below.

iv) Freeze drying of mycelium

The homogenised cell wall material from the pilot 
scale fermentation was freeze dried in a Usifroid freeze
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dryer (Type SMJ). For pellet mycelium, freeze drying was
carried out in a Mudolyo laboratory freeze dryer (Edwards

3Ltd) . About 100 cm portions of the pellet mycelial
3suspension were placed m  1 dm round bottom flasks and

shell frozen in a mixture of liquid nitrogen and dry ice.
For successful freeze drying, the volume of mycelial
suspension was kept to within 10% of the flask volume.
The frozen suspension was then dried by sublimation at a

- 2pressure of 10 N m and a refrigeration trap temperature 
of -20°C. The freeze drying did not appear to damage the 
physical structure of the pellets; on resuspension in 
water they dispersed as single pellets as previously, 
prior to freeze drying.
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2.3 A STUDY OF URANIUM SOLVENT EXTRACTION
EQUILIBRIA

2.3.1 Introduction

One of the original aims of this work was to make 
a comparative study of uranium ion exchange with liquid, 
resin and biological exchangers. This would build on 
previous comparisons (306, 307) and perhaps shed light on 
some remaining controversies. In particular, it was 
intended to apply new theoretical ideas developed by Poslu 
and Dudeney (308, 309) - involving semi-quantitative
modelling of parallel 'competing' reactions - to uranium 
equilibria in the three systems and of course, attempt to 
validate these in the laboratory. It would be of 
particular interest to compare and contrast detailed 
mechanisms of exchange based on these ideas, for 
industrially relevant conditions.

It soon became clear that a comprehensive 
comparison was prohibitively complex. The problem of 
determining the concentrations of active sites in the 
solid ion exchangers was not satisfactorily resolved, 
making applications of the new theory difficult. For 
these resons, the work in this section deals only with 
liquid ion exchange (solvent extraction). As has been 
seen, Chapter 1 includes an up-to-date qualitative 
comparison of the three systems.

As mentioned previously (Chapter 1, Section 
1.3.2) high molecular weight amines, particularly tertiary
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amines, are used to extract a variety of metals. Although 
sulphuric acid salts of these amines are widely used 
industrially for the recovery of uranium, the reactions 
involved are not completely understood. Previous work 
(310-314) indicates considerable complexities in the 
reactions involved. In particular, the distribution of 
sulphuric acid between the aqueous and the organic phases, 
and its subsequent effects on uranium extraction need 
clarification. Despite the considerable attention given 
to the extraction equilibria between sulphuric acid and 
tertiary amines (310, 312, 313, 315-320), interpretation 
using the mass-action law of the acid distribution between 
water and the organic solutions of the amines has been 
more difficult than the case with monobasic acids, leading 
to contradicting interpretations. For example, Allen 
(310) fitted data from sulphuric acid extraction by 
trioctylamine (TOA) in benzene on the basis of a deduced 
aggregation model. However, the same author later found 
that trioctylamine was at most only slightly aggregated 
(312). In another study, Wilson (315) fitted the same 
extraction data on the basis of a model involving homo- 
and hetero-dimers, which also fitted Allen's data. 
Scibona (321) fitted data from uranyl nitrate extractions 
by trilaurylamine (TLA) in toluene, on the basis of formal 
reaction with monomers in the partially aggregated 
TLA-nitrate solutions. In principle, this approach should 
suffice for all systems; but this would not be possible 
unless the measured non-aggregation of TOA-sulphate can be
contradicted.
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Similarly, the equilibria between amine sulphate/ 
bisulphate and uranium complexes, despite numerous studies 
(311, 316, 322-331), remains poorly understood. This 
arises largely from the inability to fit the equilibrium 
data to simple expressions derived from the mass action 
law (314, 318). The exponential dependence of the uranium 
(VI) distribution ratio on the amine sulphate 
concentration does not reconcile with the apparent ratio 
of amine to uranium(VI) in the extracted species: for 
example, logarithmic plots of uranium distribution ratio 
against unbound trioctylamine sulphate give slopes of 
between 1 and 1.5 (311, 315, 316); however, several 
independent experimental methods (311, 316, 323, 326) 
indicate that 2-2.5 moles of amine-sulphate (i.e. 4-5 
moles of contained trioctylamine) are bound per mole of 
uranium, clearly supporting the formation of uranium 
species of the type (R̂ NH) (SÔ ) ̂ • It is by no means 
certain that this is the only extracted species. Indeed, 
there is considerable evidence to confirm the formation of 
(R̂ NH) 2 UO2  (SÔ ) 2  (324, 325, 332 -336). Coleman and Roddy 
(314) have attempted unsuccessfully to explain this 
anomalous behaviour on the basis of several factors 
including change in the aggregation number of the reagent 
and the complex with changing water content of the organic 
phase, the systematic error in measurement of the 
aggregation number or the distribution ratio on amine 
concentration, and the possibility of dissociation and 
solvation of organic phase species. They finally 
attributed the anomaly to 'a cumulative result of
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fortuitously acting together'.
Most studies involving the mechanism of uranium

extraction agree that it occurs through the transfer of
2 -either the anionic complex (ion exchange

process) or the neutral species UĈ SÔ  (adduct formation
or direct complexation) (316, 325-328, 333-338). Early
work of Allen (339) had indicated that the uranyl ion, 

2 +UC> 2 , was six times more efficient than either UĈ SÔ  or 
2 - in transferring uranium(VI) from an aqueous

2 -sulphate medium (less than 1 M SÔ  ) to the organic phase.
However, this was later disputed by McDowell and Coleman
(333, 340) on the grounds that the experiments did not
separate the effects of diffusion towards the interface
and transfer across it. In their work, a radioactively-

35tagged sulphate ( S) in the organic phase was used to 
distinguish it from sulphate that originated from the 
aqueous phase. They concluded that, at high concen
trations of sulphate in the aqueous phase (> 0.05 M) , the

2 -complex anion was predominant leading to the
anion exchange mechanism, while at low aqueous sulphate 
concentrations (< 0.01 M) the neutral UĈ SÔ  was formed, 
when the adduct formation mechanism predominates.

It is clear from the foregoing that interactions 
in the sulphuric acid - amine - uranium system are quite 
complex and are still not clearly understood. It would be 
desirable to adopt an approach, using industrially 
relevant conditions, to assess the relative importance of 
some of the 'small contributions' that Coleman and Roddy 
(314) referred to.

relatively small contributions from several effects,
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Although Alamine-336 in kerosene is widely used 
in uranium processing plants (192), relatively few studies 
involving the reagent have been reported in the 
literature. In the few cases where it has been used 
(341-343) , the studies tended to overlook the equilibria 
between the amine and sulphuric acid. The study reported 
here provides new data on the distribution of sulphuric 
acid between water and Alamine-336 in kerosene, and 
between amine sulphate and uranium(VI). A re-assessment 
of the various equilibria which in principle are involved, 
is presented and discussed.

2.3.2 Experimental

i) Reagents and analytical methods

Analytical grade reagents were used throughout 
except for kerosene (Escaid 100, which was 56% paraffins 
(Cg - Cg), 23% napthenes and 21% aromatics, Esso Chemicals 
pic) , Alamine-336 (95% tertiary amine, 1% secondary amine 
and 0.2% primary amine, Henkel Corporation pic), iso- 
decanol (isomeric branched-chain C^q primary alcohols, K & 
K-Greef Chemicals Ltd), and hydrated uranyl sulphate 
(UC^SO^. , depleted general purpose reagent, BDH
Chemicals pic) .

The organic extractant was made up by dissolving
appropriate amounts of Alamine-336 and iso-decanol in

-3kerosene. Stock 1 g dm uranium solutions were made by
3dissolving 1.8029 g of uranyl sulphate in 1 dm of DDW.
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In tests where the sulphate ion' concentration and the 
total ionic strength were kept constant, use was made of 
the widely accepted definition of ionic strength by Lewis 
and Randal (344). Thus, appropriate amounts of uranium, 
sodium sulphate and sulphuric acid solutions were used to 
achieve the desired acidity at constant sulphate 
concentration. Uranium concentration was determined 
spectrophotometrically as described in Section 2.1.1.

ii) Procedures

Factorial experiment (345, 346)

A 2-level factorial experiment was carried out to 
determine the effects of the extractant concentration 
(Alamine-336) , phase modifier (iso-decanol) and sulphuric 
acid concentration on the extraction system. The two 
factor levels (high and low) were chosen so as to cover 
the range of concentrations normally encountered in 
industrial practice (16, 192). Equilibration of the two

3phases was achieved by shaking 30 cm each of the organic 
and the aqueous phases for 30 minutes with a wrist-action 
mechanical shaker, at 30° ± 0.5°C. After centrifuging at 
2500 rev min  ̂ for 15 minutes in MSE centrifuge (Type 
GF-8) , the phases were separated using a phase separator 
(silicone treated filter paper, Whatman Ltd), and the acid 
content of each phase determined. The aqueous phase was 
directly titrated potentiometrically with 1.0 M or 0.02 M 
sodium hydroxide solution. The organic phase acidity was
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determined by back extracting the acid from the organic 
phase with excess sodium hydroxide solution and titrating 
with hydrochloric acid solution to determine the excess 
sodium hydroxide and hence the amount of acid in the 
organic phase. Each experiment was replicated twice. The 
response variable employed was the distribution ratio of 
sulphuric acid between water and the organic phase.

Sulphuric acid extraction

Sulphuric acid extraction was carried out at four 
amine concentrations: 0.05 M ( 2.5% v/v), 0.10 M
( a / 5 . 0 %  v / v ) ,  0.25 M ( a / 1 2 . 5 %  v / v ) and 0.50 M ( rs 25.0%
v/v) over the pH range 1-4. Equilibrations were carried

3out by mixing 50 cm each of the organic and the aqueous
3phases m  250 cm beakers with a magnetic stirrer at a 

temperature of 25° ± 1°C. Initially, the aqueous phase
was made up of DDW. The organic phase was made up by 
dissolving the appropriate amount of the extractant 
(Alamine-336) in kerosene. The concentration of sulphuric 
acid in the aqueous phase was varied by the addition of 
small amounts of 5 M or 10 M sulphuric acid solutions. In 
each case, the total volume of acid added was less than

32.5 cm (keeping a 1:1 phase ratio within 5%), except when 
0.5 M Alamine-336 was used, where the volume change was 
7.5%. The phases were mixed until the pH of the aqueous 
phase remained constant, indicating the attainment of 
equilibrium. From a calibration curve, the equilibrium 
sulphuric acid concentration in the aqueous phase was
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determined. The organic phase acidity was determined by 
difference. More acid was added and the procedure
repeated until the desired pH range was covered. Fig. 2.7 
shows a typical calibration graph relating pH to the 
aqueous sulphuric acid concentration. This was obtained 
in exactly the same manner as above, except the organic 
phase was made up of kerosene only. Prior to each 
equilibration, a calibration curve was first determined in 
order to avoid any possible periodical and instrumental 
variations.

The effects of iso-decanol on the extraction of
sulphuric acid were investigated at different
concentrations: 0.05 M (/v 1.0% v/v) , 0.10 M (/V*2.0% v/v)
and 0.25 M (a 7 5 .0% v/v) at an Alamine-336 concentration of
0.10 M (/v 5.0% v/v). The effects of uranium(VI) on the
extraction of sulphuric acid were tested with solutions of
0.20 M Alamine-336 (A'10.0% v/v) in the presence of 4.2 x 
-410 M of uranium. Uranium solutions were made up by 

dissolving appropriate amounts of hydrated uranyl sulphate 
(UC^SO^. 3^ 2 0) in DDW. All equilibrations were carried 
out as before. The amount of acid in the aqueous phase 
was determined from calibration curves prepared in the 
presence of uranium.

Uranium extraction

Equilibrium extractions of uranium by Alamine-336
in acidic sulphate solutions were carried out as follows: 

350 cm portions each of the organic (0.05 M - 0.50 M
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EQUILIBRIUM pH

Fig. 2.7 A typical calibration curve for the
determination of aqueous sulphuric acid 
concentration
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Alamine-336 dissolved in kerosene) and the aqueous (0.001
M - 0.25 M sulphuric acid solutions) phases were mixed in 

3250 cm stoppered flasks. In tests where a constant ionic
3strength of 1.0 was used, a series of 30 cm aqueous

-3 -3solutions containing 7.0 x 10 M uranium (1.6667 g dm U) 
in 0.333 M sodium sulphate solution were mixed with 
various volume proportions of 0.25 M or 0.025 M sulphuric 
acid solutions to give the desired acidity. The volume

3was made up to 50 cm with 0.333 M sodium sulphate 
solution. Equilibration was achieved by mixing the phases 
with a wrist-action mechanical shaker in a constant 
temperature room or a water bath using specially adapted 
clamps, at 25° ± 0.5°C, for one hour. The phases were
allowed to separate (preferably overnight). The aqueous 
phase uranium(VI) concentrations were measured spectro- 
photometrically (Section 2.1.1) and organic phase uranium 
(VI) concentration was determined by the difference. Fig.
2.8 shows the calibration graph for pH against the aqueous 
sulphuric acid concentration.

2.3.3 Theoretical

i) Sulphuric acid solvent extraction. Equations (2.11)- 
(2.14) are taken to be representative when equal volumes 
of (immiscible) aqueous sulphuric acid and Alamine 336 in 
kerosene are contacted. Other equilibria are possible 
(Section 2.3.1) but these will be seen (Section 2.3.3) to 
be unnecessary in accounting semi-quantitatively for the 
equilibrium distribution of sulphuric acid between the two
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Fig. 2.8 Calibration curve for the determination o 
sulphuric acid concentration in 0.333M SO

M-l CN ^
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solvents. Equilibrium law, distribution law and mass 
balance expressions are assumed to apply in the normal 
way. Thus, and are the acid dissocation constants 
of sulphuric acid, and are extraction constants, and 

is the distribution ratio defined as the ratio of total 
acid concentration in the organic phase to that in the 
aqueous phase. Organic phase species are denoted by the 
subscript o and the Alamine 336 by (R^N)o. For neutral 
species activities (a) are replaced by stoichiometric 
concentrations.

HnSO/=̂ : H+ + HSOT ;2 4 ̂ 4

Kx = a(H+)a(HS0p/[H2S04] (2.11)

HSOT^: H+ + SO?- ;4~ 4

K. = a(H+)a(S04T/a(HS0-) (2.12)

H2S04 + (R3N)o^: ((R3NH)HS04)o;

K3 = [ (R3NH) HS04 ] J  ([H2S04 ] [R3N] q) (2.13)

H2S04 + 2(R3N)o-  ((R3NH)2S04)o;

K4 = [(R3NH)2S04)o/([H2S04) [R3N]̂ ) (2.14)

Suppose that (2.13) and (2.14) proceed in 
parallel and contribute to the extraction of sulphuric 
acid in the proportions (1-x) and x respectively. The 
overall equilibrium is expressed as:
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H2S04 + (1+x) (R3N)(1-x) ((R3NH)HS04)o + x ((R3NH)2S04)o; 

k3(1-x)k4x = [(R3NH)HS04]̂ 1-X\(R3NH)2S04]X/ ([H2S041 [R3N]^1+X>) (2.15)

The distribution ratio is given by:

D3 = ([(R3NH)HS041o + t(R3NH)2S04l0)/ ([H2S04] + [HSC>4] + [SO2- ])
(2.16)

From (2.11 - (2.14):

[H2S04] + [HS04] + [S04_] = (H2S04) {l+K1/(a(H+)f1)+K1K2/(a(H+)2f2)}

where and are activity coefficients appropriate to 
singly and doubly charged ions respectively, and

x [(R3NH)HS04]q = (1-x) [(R3NH)2S04]o.

Substitution in (2.15) and (2.16) gives:

k3 (1_x)K4x = ((1-x)/x)(1_x)[(R3NH)2S041o/([h2so4][R3N]o(1+X))

Dx = [(R3NH)2S04]o/(x[H2S04) { l+K1/(a(H+)f1)+ K^/(a(H+) 2f2> } )

Substitution of [ (R^NH) 2SC>4] / [H2SC>4] gives:

k3(1_X)k4X = DlX((l-x)/x) <1-X) { l+Kj/lal/lfj)! KjKj/lalHVy } /

TRJ!] *1+X)3 O

Taking logs and rearranging:

logfD^ l+K1/(a(H+)f1)+K1K2/(a(H+)2f2)>) =(l+x)log (R3N)o + 
log (K3 (1_x)K4x ^x/(1-x)} (1_X)/x). (2.17)
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If x is approximately constant, a plot of the left hand 
side of (2.17) against log [RgN]Q should give a straight 
line of slope (1+x).

ii) Uranyl sulphate solvent extraction. In this case
equations (2.18) - (2 .2 1) are taken to be representative, 
in addition to the sulphuric acid equilibria considered 
above. Terms and are instability constants for
uranium sulphate species, and Kg are uranium extraction 
constants, and D  ̂ is the uranium distribution ratio. As

_3concentrations are low enough (<5 x 10 MU), activities 
are set equal to stoichiometric concentrations for uranium 
species.

U02 (S04) 2 ^  U02S04 + S04"; Kg = rU02S04]a(S04") / [Ut>2 <SC>4) 2~\

U02S04^ U 0 2+ + S04"; Kg = [U02+]a (SC>4") / [U02SC>4]

UO2S04 + ((R3NH)2S04)o^  ((R3NH)2U02 (S04) 2)q ;

K7 = [(R3NH)2U02(S04)2]o/([U02S04] [(R3NH)2S04)o) (2.20)

U02S04 +2 ((R3NH) 2S04) q ̂  ((R3NH) 4U02 (S04) 3) q;
Kg = [(R3NH)4U02 (S04) 31o /([U 02S04H (R 3NH)2S04]^) (2.21)

Suppose that (2.20) and (2.21) proceed in parallel and 
contribute to the extraction of uranium sulphate in the 
proportions (1-y) and y respectively. The overall 
equilibrium is expressed as:

(2.18)

(2.19)
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U0?S04 + (1+y) ((RgNH) 2S04) ĉ ± (1—y) ((R3NH) 2U0? (S04> 2> Q 

+ y((R3NH) 4002 (S04)3)o;

K7 (1_y)Kgy = [(R3NH)2U02 (S04)2]o(1-y) [ (R3NH) 4U02 (SOj) g]y/

(tU02S04) [(R3NH)2S04]o(1+Y)) (2.22)

The distribution ratio is given by:

d2 =([(r3nh)2uo2 (so4)21o + [(r3nh)4uo2 (so4)31o)/

([U02+] + [U02S04] + [U02 (SOj) 2_]) (2.23)

From (2.18) - (2.21):

[U02+] + [U02S04I + [002 (S04)2-] = [U02S041 (Kg/a(S04T + 1 + a(S04_)/K5> 

y [ (R3NH) 2U02 (S04) 21D = (1—y) ((RgNH) 4U02 (S04> g] Q 

Substitution in (2.22) and (2.23) gives:

K? (1-y)K8y = ((1-yVy) (1_y) ((RgNH) 4U02 (SOj) 3]q

/ ([oo2so4l [ (r3nh) 2so4i Q (1+y))
D2 = t(R3NH)4U02 (S04)3]o/(y(U02S04] [l + a(S04”)/K5 + Kg/afSO -̂)}) 

Substitution for [( F ^ N H ) ( S O ^ )^1 /[UC^SO^] gives:

K7 (1_y)Kgy = D2y((l-y)/y) (1_y){l+a(S04_)/Kg +
Kg/a (S04-) j / [ (R3NH) 2S04) o (1+y)
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Taking logs and rearranging

log(D2 {l+a(SÔ _)/K5  + K6 /a(SÔ ")}) = (1+y) log[ (RjNH) 2 S04]o
+ log(K7 (1 _y)K8 y{y/(l-y)} (1 -y)/y) (2.24)

If y is approximately constant, a plot of the left hand 
side of (2.25) against log [ (R̂ NH)2 S0 ^1Q should give a 
slope of (1 +y) .

2.3.4 Results and discussion

i) Factorial experiment. As expected the results (Appen
dix 2.5) indicate that the concentrations of the
extractant, the phase modifier and sulphuric acid, and in 
particular their interactions, are significant. This is 
important as they are commonly used (both industrially and 
in research studies) without due regard to their possible 
effects on the extraction system.

ii) Sulphuric acid extraction. Fig. 2.9 shows the
variations of distribution ratio (D̂ ) with equilibrium pH 
at different initial free amine concentrations (N) . In 
each case increases at first with decrease in pH,
passes through a maximum, and thereafter decreases. The 
maximum has a greater magnitude, and occurs at a higher 
pH, for greater N. The curves indicate progressive
loading and 'saturation' of the amine in the organic phase 
as the initial sulphuric acid concentration (H) is 
increased (and the equilibrium acid concentration (A) and 
pH are correspondingly increased and decreased,
respectively).
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EQUILIBRIUM  pH

Fig. 2 .9 : Plots of log D-| versus pH for sulphuric acid extraction at initial 

Alamine 336 concentrations A , 0 .5 M  (• ), 0 .2 5 M  (A) ,  0 .10 M  ( O )

and 0 .0 5 M  ( A )  .
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Semi-quantitative modelling of the system may be 
based on equations (2.11) - (2.17) in the previous
section, together with the appropriate mass balance 
(equation 2.25) .

[R-N] = N - (1+x) (H-A) (2.25)3 o

To plot the left hand side of (2.17) against log [R^N^ 
the following steps are followed.

(1) For each choice of N (0.5, 0.25, 0.10 or 0.05 M)
a range of values of H are selected for an experimental
run. Corresponding values of A are obtained from measured 
equilibrium pH values, employing a previously determined 
calibration curve of pH versus sulphuric acid 
concentration. Values of acid extracted are determined as 
(H-A).

(2) Noting that Ki>>K2 ' = 0.012 and (to a first
approximation, f̂  = f£ = 1, the left hand side of (2.17)

+ + 2is rearranged to log (D̂ { a(H )+0.012j- /a(H ) ) + log . 
The variable part (B) of this term is calculated for each 
experimental point, making use of = (H-A)/A and
-log a(H+) = pH.

(3) Initial estimates of [R~N] are calculated from3 o
(2.25), with x = 1 (or, alternatively with x = o) .
Equation (2.17) reduces to
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log B = 2 log[R^N]Q + log (K̂ /K̂ ); (x = 1)

or log B = logtR̂ N] + log (K-/K-); (x = o)3 o 3 1

Log B is plotted aginst log [R̂ N]q. Any marked and 
progressive deviation from linearity is ascribed to an 
incorrect choice of x. For each point markedly 
'off-line', a fractional value of x is found (by trial and
error) which gives a new value of [R~N] from 3 o (2.25) and
the expected slope (1 +x) on the curve.

Fig. 2.10 shows the lines obtained from plots
made in this way. Full tables of figures are given in
Appendix 2.6. As can be seen, the slopes (1 +x) are
variable suggesting varying proportions of amine sulphate 
and amine bisulphate in the organic phase. At high values 
of N and [R̂ N]o, (1+x) tends to 2 and equilibrium (2.14)
clearly predominates. At lower values, a proportion of 
amine bisulphate is formed according to (2.15), and this 
proportion can evidently be estimated semi-quantitatively 
from the slope of the line in Fig. 2.10 for any particular 
set of conditions. This is the first work in which such 
an estimation has been possible. The results could be 
refined by making Debye-Huckel calculations of f̂  and 
and carrying precision estimates through to final values 
of x. For the present (1+x) can probably be estimated to 
within ± 20%. The internal consistency of the results
further suggests that - not withstanding the 'mixed' 
nature of the extractant and the possibility of other
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lo g C R 3 N30

Fig. 2.10: A plot of log B versu s lo g [R3N ]Q for sulphuric acid e x t r a c t 

ion with 0 .5 M  ( O ) ,  0 .2 5 M  ( t ) ,  0 . 1 0 M ( A )  and 0 . 0 5 M ( A )

. Alam ine 3 3 6  in kerosene.
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equilibria being established - equations (2.11) - (2.14)
are sufficient to describe the solvent extraction of 
sulphuric acid with Alamine 336, at least 
semi-quantitatively.

iii) Uranyl sulphate extraction. Fig. 2.11 shows the 
variation of distribution ratio (D2) with pH at different 
initial values of N. The extraction behaviour is 
evidently similar quantitatively to that of sulphuric 
acid, except that the initial uranium concentration (U) is 
too small to saturate the organic phase and log D2  shows 
signs of falling in magnitude only at the lowest pH 
conditions employed.

Semi-quantitative modelling of the system may be 
based on equations (2.18) - (2 .2 1 ) in the previous 
section, together with the mass balance in equation
(2.26) .

[(R3 NH)2 S04]q = (H-A) - (l+y)([U]Q) (2.26)

To plot the left hand side of (2.25) against log 
[(R̂ NH)2 S04] the following procedure is used.

(1) For each choice of N (0.2, 0.10 and 0.05 M) , a
range of values of H are selected for an experimental run. 
Corresponding values of A are obtained from measured 
equilibrium pH values, using a previously determined 
calibration curve (Fig. 2.8) of pH versus sulphuric acid
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Fig. 2 .11: Plots of log D2 versus pH for uranium extraction at initial Alamine 

336  concentrations (A ) of 0 .0 5 M  ( A ) , 0 .10 M  (O ) and 0 .2 0 M  ( # )  .
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concentration at constant total sulphate concentration and 
constant ionic strength. It can readily be shown that;

[H2S04] = ia(H+) (1 + a(S047/K2) (2.27)

Thus, at constant total sulphate concentration (0.333 M) 
and constant ionic strength (p- = 1 .0 ), [Ĥ SÔ ] is directly
proportional to a(H+) and may be determined from a 
calibration curve using measured pH values. The value of 
the total amine sulphate is obtained as (H-A.) .

2 -(2) Bearing in mind that [SÔ  ] is sufficiently
2-large, a(SÔ  ) is approximately constant (until HSÔ  

begins to complete, at pH values below 1.92). Thus
equation (2.25) can be re-arranged to (2.28).

log D£ = (1+y) log[ (R̂NH) 2 SÔ ]q + constant (2.28)
D2  is calculated for each experimental point from D2  = 
[U] / [U]a, ^ a  being the measured aqueous concentration 
of uranium.

(3) Initial estimates of [(R~NH)~SO.1 are calculated3 2 4' o
from (2.26) with y=l (or, alternatively with x=o). 
Equation 2.28 reduces to

log D2  = 2 log [ (R̂NH) 2 ^ 4 + constant 
log D2  = log [ (R̂NH) 2 SÔ ]o + constantor

(y = 1) 

(y = 0)
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Log D2  is plotted against [ (R̂ NH) 2 S0  ̂1 . As in the case
of sulphuric acid extraction, any marked and progressive 
departure from linearity is attributed to an incorrect 
choice of y; and a fractional value of y is found (by 
trial and error) to give a new value of [(R̂ NH)2 0̂ ]̂ from
(2.26) and the expected slope of (1 +y) on the curve.

The plots of lines obtained as described above, 
are shown in Fig. 2.12. Full tables of figures are given 
in Appendix 2.7. As can be seen, the slopes (1+y) are 
variable ranging from 1.0 - 2.0. This suggests the
formation of varying proportions of ((R^NH)(SO^)^) 
and ((R̂ NH)2 UO2 (SÔ )2 )Q in the organic phase. At N = 0.20 
M, the slope (1+y) is effectively 2 over the whole range 
of ((R̂ NH)2 0̂ )̂ concentration, except towards the lower 
region, and equilibrium (2.21) clearly predominates. At 
lower values of N, an increasing proportion of
((R̂ NH)2 UO2 (SÔ )2 )Q is formed and this proportion can be 
estimated, semi-quantitatively, for any set of conditions. 
This is the first work in which such an estimation has 
been possible. Apparently, this would explain why in 
previous work (311, 315, 316), the exponential dependence 
of log D2  against [ (R̂ NH) 2 S0  ̂1 (1-1.5) could not be
reconciled with other work supporting the formation of 
((R̂ NH)4 UO2 (SÔ )̂ ) as the predominant species in the
organic phase (311, 316, 323, 326). As mentioned in the 
last section, the results could be refined, and this will 
be carried out at a later date. However, it is evident 
that equations (2.18) - (2 .2 1 ) are sufficient for
semi-quantitative description of the uranium - Alamine 336 
- sulphuric acid system on the basis of mass action law.
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Fig.2.12: Logarithmic plots of distribution ratio versus free 

amine sulphate concentration for the extraction  

of uranium with 0 .20M  ( O) ,  0.10M  (• )  and 0 . 0 5 M ( A )  
Alamine 3 3 6  in kerosene.



CHAPTER 3 THE MECHANISM OF BIOSORPTION OF URANIUM
BY A. NIGER AND PRUTEEN

3.1 INTRODUCTION

It has been seen in Section 1.3.3 that 
interactions between microorganisms and aqueous heavy 
metal concentrations can be complex, involving different 
processes such as intracellular uptake by induced cation 
transport, surface adsorption by ion exchange/complexation 
and precipitation of colloids discretely settled within 
the cells or entrapped by extracellular polymers.

This chapter describes a study of factors that 
affect the biosorption of uranium by A, niger and Pruteen. 
The word biosorption is used to describe the phenomenon by 
which metal ions, particularly cations, are retained by 
microbial cells (biomass). Most of this concerns A, niger 
because of the relative complexity of Pruteen (Appendix
2.3). However, wherever possible, comparative data using 
Pruteen is presented and discussed.

One aim of the work presented here was to 
determine conditions for optimum batch adsorption (and 
desorption) of uranium from dilute solutions with and 
without the presence of other competing ions. This, 
together with mechanistic work involving micro
electrophoresis, infrared spectrometry, electron 
microscopy and equilibrium mass balance studies should 
enable further elucidation of the mechanism(s) of uranium 
biosorption, in particular for A. niger.
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As will be seen, the mechanism of the biosorption of 
uranyl ions by A. niger can, under the conditions 
employed, be interpreted on the basis of a simple ion 
exchange process.
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3.2 EXPERIMENTAL PROCEDURES

3.2.1 Equilibrium adsorption isotherms

Adsorption isotherms were determined by 
equilibrating different masses of the biomass (usually 
between 0.005 - 0.150 g) with 50 cm3 aliquots of solutions 
containing known concentrations of uranium at different 
equilibrium pH values. All equilibrations were carried 
out in closed 1 0 0  cm3 flasks, agitated with a wrist-action 
mechanical shaker at 30° ± 0.5°C. Preliminary experiments 
had indicated that, although initial equilibration was 
very rapid, up to 4 hours were required to establish 
complete equilibrium. Thus, each equilibration was 
carried out over at least 4 hours (or overnight), unless 
otherwise stated. After equilibration, the mixtures were 
separated under vacuum using glass microfibre filters 
(0.45 urn retention, Whatman Ltd.) or by centrifugation at 
5,000 rev min  ̂for 15 minutes (Sterilin Instruments Ltd., 
Sterispin 5,000). Where the mixtures were separated by 
filtration the first 2 0  cm3 of the filtrate was discarded. 
In all the tests two control runs were carried out; one a 
biomass - free run and another containing biomass in 50 
cm3 of DDW. The equilibrium (residual) uranium 
concentration was determined by one of the methods 
described in Section 2.1. This analysis was regularly 
complemented by direct determination of the adsorbed 
uranium on the biomass by X-ray fluorescence measurements. 
Uranyl nitrate solutions were used throughout as they 
provide less complexing media than uranyl sulphate 
solutions.
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i) Effect of pH

The effect of pH on the adsorption of uranium was 
investigated over the equilibrium pH range 1 - 8 .
Solutions of uranium were made up by dissolving 
appropriate amounts of 'AnaLaR' grade uranyl nitrate 
hexahydrate (UĈ  (NÔ )2 •6 H2 O, BDH Chemicals, pic.) in

gdistilled deionised water (DDW, > 10 x 10 ohm-cm). The 
initial pH was adjusted to a value slightly above the 
desired equilibrium pH (preliminary work showed that 
uranium biosorption was accompanied by a drop in the pH) . 
The pH was checked after every hour, and if necessary 
adjusted to the desired final pH, until it remained 
constant.

ii) Effect of co-ions and counter-ions

3 + 2 +Uranium adsorption in the presence of Fe , Cu , 
2 +  2 -  -Zn and SÔ  , Cl and CH^COO was carried out to observe

their effects on its uptake. Solutions containing known
3 2 2 “fconcentrations of FeJ , Cu and Zn (of the order of 

-4
1 0  M) were made up by dissolving appropriate amounts of
'AnaLaR' grade ferric nitrate nonahydrate (Fe(NÔ )̂ .̂ H^O),
zinc nitrate hexahydrate (Zn(NÔ )2 •6 H2 O) , and cupric
nitrate trihydrate (Cu(NÔ )2 • s°luti°ns containing 

-3 -4100 gm uranium (4.2 x 10 M) . Equilibrations were 
carried out as before. All aqueous metal concentrations 
were determined by inductively coupled plasma emission 
spectrometry (Section 2.1.1).
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iii) Adsorption/desorption characteristics

Adsorption and desorption hysteresis tests were
carried out as follows. A 1 dm3 aliquot of a solution

-3containing 104.1 gm uranium was placed in a 1  dm3 round 
bottom reaction vessel. A precisely measured amount of A. 
niger mycelium was dispersed in the solution using a 
mechanical stirrer. The pH of the mixture was adjusted to 
the desired value (initially pH 2) and kept constant,
using a modified autotitrator (Pye Unicam Ltd.) and a pH 
probe. Any departure from the desired (and set) pH value 
automatically caused the addition of sufficient nitric 
acid or sodium hydroxide solution to keep the pH constant. 
The temperature was maintained at 30° ± 0.5°C, using a
water bath. The equilibration at each pH value was
carried out over a period of 4 hours, after which a 5 cm3  

sample was rapidly removed using a syringe fitted with a 
glass microfibre filter which was held in a 25 mm diameter 
stainless steel holder (ORME Scientific Ltd.). The total 
volume change was kept to within 5% of the initial volume. 
The pH of the mixture was adjusted to 4 and subsequently 
to 6  and 8 . The solution pH was lowered in steps with
samples taken after 4 hours of equilibration, as before.

3.2.2 Electron microscopy

Transmission electron photomicrographs of thin
osections (thickness of 800A) of A, niger cells were
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obtained on a Joel 120 CX scanning electron microscope and
a Phillips 301 Transmission electron microscope. The
sample preparation procedure was as follows. A. niger
mycelium, after reaching equilibrium with a solution

-3containing 1 0 0  gm of uranium, was collected m  ependorf 
tubes, by centrifuging at ll,000g, for 2-3 minutes. After 
washing twice with 0.1M sodium cacodylate buffer, (pH 
7.2), the mycelium was fixed for 1 hour with a solution of 
2.5% gluteraldehyde in 0.1M sodium cacodylate. The 
mycelium was removed from the fixative solution and washed 
twice with the pH 7.2 buffer solution, and subsequently 
dehydrated in a series of aqueous ethyl alcohols (20, 35, 
50, 70 and 100%), for 10 minutes with each. The
dehydrated mycelium was embedded in a spurr resin: 
firstly embedded in a solution of 1 : 1  spurr resin and 
acetone for 6  hours on a rotator at room temperature. The 
mixed spurr resin/acetone was replaced by 1 0 0 % spurr 
resin. The resin was changed twice over a period of 2 
days while the mycelium was being embedded. The resin was 
polymerised in an oven at 60°C for 12 hours. Thin 
sections (800 &) of the embedded mycelium were cut with a 
Reichert-Jung Utracut microtome and mounted on copper 
grids for EM measurement.

3.2.3 Infrared Spectrometry

i) Near infrared spectra were obtained with a Perkin 
Elmer Spectrometer (Model 599B). The spectra were
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recorded using potassium bromide (KBr) discs containing 
the biomass. Typically 0.020 g of dry biomass was mixed 
with 0.180 g of potassium bromide powder ('SpectrosoL' 
grade, BDH Chemicals pic.) in a vibratory mill (Perkin 
Elmer, pic) for 2 x 30 seconds. The mixed powder was then 
pressed into a 13 mm disc in a steel die (Perkin Elmer 
pic.) at a force of 90 kN (9 tonnes) for 2 minutes. 
Vacuum was applied during pressing to remove air from the 
discs. All infrared spectra were recorded against blank 
discs, made up in the same way, but containing untreated 
biomass. Prior to the measurements, the instrument 
calibration was checked by recording the spectra for PTFE 
or a polystyrene film.

ii) Mid and far infrared spectra were recorded using a 
Fourier Transform Infrared Spectrometer (Bruker 
Spectrospin Ltd., Model F-113v, located at University 
College London). Sample preparation was the same as the 
previous case except that polythene powder ('SpectrosoL' 
grade, BDH Chemicals pic) was used in place of potassium 
bromide.

iii) Diffuse reflectance spectra were obtained with a 
Bruker IFS-45 Spectrometer at Bruker Spectrospin Ltd., 
Coventry (347) . The spectra were obtained directly on the 
biomass, without any preparation other than grinding in 
pestle and mortar. Potassium bromide powder was used as 
reference. The Kubelka-Munk method (348) was used for 
y-scale conversion.
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3.2.4 Microelectrophoresis

The electrophoretic mobilities of A. niger 
mycelium and Pruteen were determined with a Rank Brothers 
particle micro-electrophoresis apparatus (Mark II) 
employing the two electrode operation in conjunction with 
a flat cell. Standard suspensions were prepared by mixing 
0.200 g of A. niger mycelium and 0.300 g of ground 
Pruteen, each with 1 dm3 of distilled deionised water. 
Portions of 100 cm3 of the suspensions were dispensed into 
250 cm3 closed flasks and the solution pH adjusted to the 
desired value over the pH range 1-12, using dilute nitric 
acid or sodium hydroxide. The instrument was calibrated 
as described in the operating instructions and manual 
(349). Thus, the graticule was calibrated with a 'stage 
micrometer' and found to be 50 x 10 m̂. The interelectrode 
distance was 8.35 cm. Electrophoretic mobilities were 
measured at the stationary levels (s was 0.137 cm from the 
glass walls) by taking the average time for several 
particles (at least 1 0 ) to travel across the graticule 
under a known potential.

3.2.5. Rate of uranium uptake

Uranium uptake rates were determined in a 1 dm3 reaction 
vessel at precisely controlled temperature and pH, using 
the apparatus described in Section 3.2.1(iii). A mass of 
0.10g of A. niger mycelium (or Pruteen) was equilibrated 
with 1  dm3 of a solution containing 1 0 - 1 0 0  gm uranium
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(0.42 - 4.2 x 10 4  M) at pH 4. Samples of 
taken as before over a period of 24 hours, 
uranium concentrations were determined by 
methods described in Section 2.1.

5 cm3 were 
Equilibrium 
one of the



3.3 THEORETICAL. MODEL FOR BIOLOGICAL ION EXCHANGE OF 
AT THE CELL WALL OF A. NIGER

As will be seen in Section 3.4, several studies
of the mechanism of uranium biosorption by A. niger

. 2 + +support an ion exchange mechanism involving UC> 2 and H 
ions. A semi-quantitative model to describe such a 
mechanism has been developed from first principles and 
this is described below. The following assumptions have 
been made.

(1) Surface ion exchange with hydrogen ions
(associated with singly charged anionic sites) is the only 
important process.

(2) All active anionic sites have the same properties 
and are uniformly distributed over the surface of the 
biomass; initially they are in H+ form (total number of 
active sites per unit area = n^).

2 +(3) Uranium adsorbs only as UĈ  .

At any instant:

2 j 2 j jRate of adsorption of U02  = k^UO^ ]n(H ) = 0.5 x rate of desorption
of H+

+ + 2+Rate of adsorption of H = k̂ fH JnOJĈ  ) = 2 x rate of desorption of
2+
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where kT7 and k„ are the rate constants for the adsorption U rl2 4* “I* 2 4"of UC>2 and H , respectively, and n(H ) and n (UO^ ) are
the numbers of hydrogen ions and uranyl ions per unit
surface area on the biomass.

At equilibrium (UC>2 ) :

<H+) :

where n(H+), n(UO?+),
values.

ku [U02+]n(H+) = 

kH [H+] n (UOj*) =

[H+] and [UÔ "1"]

0.5 kH [H+] n(U02+)

2 ku [U02+]n(H+)

are now equilibrium

The corresponding equilibrium constant k, may be written

k = [UC>2+] n (H+) / ( [H+]n(U0 2+) (3.1)

Now , the total number of (univalent) sites n^ is given by

n = n(H+) + 2n(U0 2+) (3.2)

The following further assumptions are made.

(4) If the sites are saturated with uranium,
n, = 2n(UO^+) (sat) (i.e. n(H+) = o) t 2

(5) The surface area is directly proportional to the
initial biomass.
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Therefore,

.2+n, = 2 k_ x maximum mass of U0~ adsorbed per t a z
unit of biomass.

2 + 2+and n(U0o ) = kD x mass of U0o adsorbed per unit of
Z B  Z

biomass
.2 +^ . 2 + where kB is a constant. Let M(UC>2 ) (max) and MftK^ ) be

the maximum and the equilibrium molar concentrations of
uranium adsorbed per unit of biomass, respectively.

On substitution, (3.1) becomes

k = [U02 + ](2kBM(U02 + )(max) - 2 kBM(U0 2+))/

( [H+] kgM (UC>2 + ) ) (3.3)

Taking logs and re-arranging,

log( [H+] / [UO^] ) = log[ (2M(U02 + ) (max) ~ 2M(IK>2+))/
2 +M(U02 )] - log k (3.4)

A plot of the left hand side versus
log [2 (M (UC>2+ ) (max)_M(U02+ >>/M <U0 2+ )] should give a 
straight line of unit slope and intercept -log k, if the
model is correct.
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3.4 RESULTS AND DISCUSSION

3.4.1 Equilibrium adsorption isotherms

i) Preliminary Experiments

Preliminary adsorption tests were carried out 
using A. niger mycelium in different forms as described in 
Section 3.2.1: washed and resting cells in filamentous
and 'pellet1 forms, freeze dried filamentous and 'pellet' 
mycelium, heat-killed 'pellets' and homogenised and freeze 
dried cell wall material. As can be seen from Fig. 3.1 
(for which measurements were made on a final dry weight 
basis), there is very little difference in the adsorption 
of uranium by A. niger in the various forms. This, of 
course, is not unexpected when uranium uptake is limited 
to the cell walls, a result which is in broad agreement 
with previous findings with other organisms where slightly 
higher adsorptions were observed with cell walls (244) and 
after heat treatment (222, 234). Energy dispersive X-ray 
spectra were obtained on the whole cells, cell wall 
material and untreated cell walls (Fig. 3.2) show very 
little difference between the spectra for A. niger whole 
cells and cell walls. These coupled with the results in 
Fig. 3.1 are indicative of a surface association with cell 
walls rather than a metabolic related uptake.

Preliminary tests also indicated that the
adsorption was affected by pH and concentration of
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Fig. 3.2 X-ray energy dispersive spectra of A. nigercell walls (a), whole cells (b), granular Pruteen (c) after treatment with uranium; and A. niger cell walls before treatment with uranium (d).
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uranium. At high pH and concentration uranium forms a
series of hydrolysis products (350-352) and consequently
the solution becomes unstable. Under these conditions,
uranium adsorption results in the formation of very fine
yellow colloidal particles discretely settled on the
biomass. This highlights an interesting side issue - the
preferential adsorption of colloidal uranium onto the
biomass. This observation was consistently made with

-3higher concentrations (> 1 0 0 0  gm ) of uranium, but has
not been followed up in detail in this work. At lower pH

24-values and uranium concentrations UC> 2 is the predominant
species. For instance at a uranium concentration of about 

-3 -4 2 +100 gm (4.2 x 10 M) UC> 2 is the dominant species at pH 
below about 4 and continues to be until pH 6  when the 
dominant species becomes (UĈ )3 (OH)5 *(352).

U022+ + H2O ^ U 0 2 (OH)+ + H+ (3.5)
kx 2 = 1.585 x 10~ 6

2U022+ + 2H20 (U02)2(OH)22+ + 2H+ (3.6)
k2,2 = 2.399 x 10~ 6

3U022+ + 5H20 (U02) 3  (OH) 5+ + 5H+ (3.7)
k_ j. = 2.344 x 10" 1 6

As can be seen from equations (3.5) - (3.7) aqueous
uranium chemistry can be complex. The work presented here

. 2+ has been carried under conditions where UO2

predominant species.
is the
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ii) The Effect of pH on uranium adsorption

The effect of pH on uranium adsorption by A. 
niger and Pruteen was investigated by constructing 
adsorption isotherms at different equilibrium pH values 
according to the procedure described in Section 3.2.1. 
Fig. 3.3 shows the isotherms for A. niger at pH values 2, 
4, 5.8 and 7.8. It is clear from the figure that pH has a 
very important effect on the adsorption process: at pH 2,
the amount of uranium adsorbed was low. Higher uranium 
loadings were obtained at higher pH values. The highest

— fi — 1 _ O _ "Iuranium loading of 901.7 x 10 mol g (215 x 10 g g )
was obtained at pH 5.8. Fig. 3.4 shows the adsorption
isotherms for Pruteen at pH values 2, 4, 5.8 and 7.6.
Uranium adsorption onto Pruteen, as was the case with A.
niger, was also dependent on the solution pH. However,
the highest uranium loading of 550 x 10  ̂ mol g  ̂ (130 g
g was achieved at pH 4. Comparative adsorption
isotherms for Pruteen, Nutrin (Pruteen from which nucleic
acid has been removed) , and a commercially important ion
exchange resin (IRA-400) are shown in Fig. 3.5. The
isotherms were determined from a solution containing 100 
-3 -4gm uranium (4.2 x 10 M) at pH 4. Full tables of

results are given in Appendix 3.1. These curves relate 
concentrations of uranium in the solid and liquid phases 
at equilibrium and indicate that under these conditions A. 
niger, Pruteen and Nutrin have a higher affinity for the 
metal than the ion exchange resin. Pruteen was 
essentially saturated at 510 x 10 mol g~ (120 x 10 g
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Fig.3.3: Adsorption isotherms for A. niqer at different pH values.
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Fig. 3 . 4 :  A dsorption isotherm s for Pruteen at d ifferent pH va lues.
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Fig. 3 . 5 :  C om parative adsorption isotherm s for A. niqer CO ) , 

Pruteen ( • ) ,  Nutrin ( A )  and I R A - 4 0 0  (A)  at pH4.
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—  1 —6 “3g ) in equilibrium with 150 x 10 M (35.7 gm ) or more
of aqueous uranium. There was a sharp increase in

6 "“3adsorption from 18-80 x 10 M (4-19 gm ) aqueous uranium
concentration. In contrast, adsorption onto A. niger
showed a steady and linear increase in the amount adsorbed

—  6over the concentration range 10-360 x 10 M (2.4 - 85.7
_3gm ) aqueous uranium. However, as can be seen from Fig.

3.6, over a wider concentration range, the adsorption
eventually reaches a saturation loading of 800 x 10” mol 
-1 -3 -1g (190 x 10 g g ). These differences may be 

explained on the basis of differences in composition and 
available surface area. Firstly, the similarities in the 
adsorption isotherms of Pruteen and Nutrin would seem to 
indicate that nucleic acids are not very important in 
uranium uptake by Pruteen. A chemical analysis (Appendix
2.3) of Pruteen shows that more than 70% of its weight is 
made up of proteins containing various amino acids (283, 
353). The amino acids (containing carboxyl groups) occur 
in various polysaccharides found in bacterial cell walls 
(354, 355). The major component of bacterial cell walls
is a peptidoglycan complex (also known as glycopeptide or 
mucopeptide or glycosaminopeptide or murein) (354) , 
composed of two different acetylhexosamines
(N-acetyl-D-glucoseamine and N-acetylmuramic acid) and 
several different amino acids, of the type given in 
Appendix 2.3. The peptidoglycan is built up of 
polysaccharide chains cross linked through peptides. In 
contrast, fungal cell walls contain a mixture of fibrillar 
and amorphous (matrix) components. The microfibrils are
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Fig. 3 . 6:  Uranium adsorption by A. niqcr over a wide 
concentration range ( upto 1.8 x 10 “ M).
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made up of either chitin or cellulose (in Oomycetes)(355), 
the former being most common. These are linked polymers 
of N-acetylglUcoseamine and glucose, respectively. The 
matrix consists mainly of glucans and protein (251,356- 
358). This mixture of fibrils and matrix has been likened 
to a glass fibre-reinforced plastic (358) because of their 
high strength relative to weight (a desirable feature for 
a protective cell wall). For Aspergillus species 
representative chemical analyses (251,355) show that their 
cell walls consist of glucans (glucose anhydrides, 43%), 
chitin (19%), protein (11%), lipid (5%) and mannans (2%). 
As will be seen later, carboxyl groups of the proteins and 
glycoproteins are active in uranium bisorption.

It is clear from above that although 
microorganisms may contain similar active groups in their 
cell walls, they occur in complex (and different) 
associations with mono and polysaccharides. These 
associations and their possible effects on the adsorption 
behaviour are discussed in more detail in Section 3.4.3. 
The observed differences in the magnitude of adsorption of 
A. niger and Pruteen may be a reflection of their relative 
surface charge concentrations and different physical 
structures: A. niger mycelium consists of porous cell 
wall fragments while Pruteen is in form of spray dried 
spherical granules. Attempts to measure their 'surface 
areas' were unsuccessful.

The equilibrium isotherms for Pruteen and A. 
niger have been fitted to the Langmuir and Freudlich
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isotherm models (359) , respectively. The Langmuir and 
Freudlich equations may be written

V = aC V e max/(1+aC ) e (3.8)

and V = k C 1/n (3.9)

respectively, where V is the amount of solute (uranium) 
adsorbed per unit of biomass (mol g "S, Cg is the 
equilibrium (aqueous) uranium concentration (M) and a, k 
and n are constants. V monolayer capacity.

The Langmuir equation (3.8) can be re-arranged to

C /V = C /V + 1/ (a V ) e e max max (3.10)

A plot of Ce/V versus Cg should give a straight line of
slope 1/V and an intercept of 1/a V , if the model *  max *  max'
applies.

The Freudlich equation (3.9) is readily 
linearised by taking logarithms of both sides.

log V = (l/n)log Ce + log k (3.11)

A plot of log V versus log Cg should give a straight line 
of slope 1/n and intercept of log k, if the model applies.

The adsorption isotherms for A. niger and Pruteen 
have been fitted to the Freudlich (Fig. 3.7) and Langmuir 
(Fig. 3.8) isotherm models, respectively. The following 
isotherm models may be written.



Fig. 3 .7 : The Freudlich isotherm  plots of log V  ve rs u s  lo g C e  fo r  uranium  a d so rp tio n  o n to  A . n ia e r 

at d iffe re n t pH va lu e s ; pH 4  (O), p H 5 .8  ( • )  and pH 7 .8  ( A ) .
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Ce ( x  106 M )

Fig. 3 .8 : The Langmuir isotherm plots of C e / V  versus Ce fo r uranium
adsorption onto Pruteen at different pH values; pH 2 ( A ) ,  p H 4 (A ) ,  

pH 5 .8  ( O )  and pH 7 .6  (• ) .
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A. niger

PH 4.0 : V = 9.12 x 10"3[Ce]1/3*°5
PH 5.8 : V = 14.20 x 10“3 [Ce]1/3,00
PH 7.8 : V = 2.48 x 10”3 [Ce]1/3,71

Pruteen

pH 2 : V = 1.76 [C ]/(0.022C -1) (Vr e e max
80.9 x 10"6 mol/g)

pH 4 : V = 9.6 2 [ C ] / (0.014C +1) (V v =e e max
694.4 x 10_6 mol/g)

pH 5.8 and 7.6 : V = 6.67[C ]/(0.025C +1)e e
(V = 269.2 x 10̂  mol/g) max ^

As will be seen in Chapter 4, these types of models can be 
useful in predicting the performance of counter-current 
multistage adsorptions. It is interesting to note the 
similarities between these models (especially the 
Freudlich model) and the derived ion exchange model 
(Section 3.3). However, the ion exchange model is more 
appropriate as it was derived from first principles, using 
mass action law and a defined mechanism (ion exchange).

iii) The effect of co-ions and counter-ions

Fig. 3.9 shows the effects of the presence of
3+ 2+ 2 +comparable concentrations of Fe , Zn and Cu on the 

adsorption of uranium by A. niger. These cations might be
present in a uranium process liquor, and evidently have a
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-4Fig. 3 .9 :  Th<2 effects of the presence of Zn (1 .4 6 8  x 1 0  M ) ,  Cu
- 4  -4

( 1 . 5 6 0  x 10  M) and Fe (1.701 x 10 M ) on the adsorption  

of uranium by A. niqer.
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detrimental effect on uranium biosorption. It is noted 
3+that Fe has the most effect in reducing the absorption

of uranium: at an equilibrium uranium concentration of
200 x 10 6 M, the amount adsorbed per unit mass is reduced
by 40% (from 500 x 10” m̂ol to 300 x 10 m̂ol g . At

2+ 2 +the same concentration, the presence of Cu and Zn ions
— 6 _ ireduce the adsorption by 32% (500 x 10 mol g to 340 x

10  ̂mol g "*■) and 27% (from 500 x 10  ̂mol g  ̂to 365 x 
_6 — 210 mol g ) . In the presence of all the three ions the 

reduction in adsorption is almost 48% (from 500 x 10  ̂mol
— 1 — 6 _ ig to 260 x 10 mol g ) . However, in the presence of
all the ions, uranium is preferentially adsorbed, except 

3+for Fe ion (Fig. 3.10). The order of preference is 
therefore Fe^+ > UC>2 +̂ > Zn̂  + > Cu^+. Fig. 3.11 shows the
corresponding competitive adsorption of uranium onto

• 3 +  2+ 2+Pruteen m  the presence of Fe , Cu and Zn ions. In
3 4* 2 4* 2 "l"this case the order of preference is Fe° > UC> 2 > Cû  > 

2 +Zn . The selectivity of uranium adsorption by Pruteen is
somewhat less than that of A. niger as higher simultaneous

2+adsorption of ions other than UC> 2 is obtained.
Fig. 3.12 shows the effects (which are quite

2 -  -  2 -  -small) of the counter-ions SÔ  , Cl , NÔ  and CĤ COO on
the adsorption of uranium by A. niger at pH 3.9. Uranium
adsorption from the nitrate medium was marginally higher
than that from the sulphate, chloride and acetate media.
The presence of excess sulphate ion concentration does not
significantly affect the uranium adsorption. This is
important as it shows that uranyl sulphate (UĈ SÔ ) and
other sulphate complexes (See Fig 1.16) are not involved
directly in the biosorption process. This further

2 +supports the argument that only UC> 2 ions are exchanged.
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Fig. 3.10: Competitive adsorption of Uranium (• ), Zinc ( ^ ) ,  Copper ( O )  and Inon ( ■ )  
onto A. niqer from a solution containing 4.306 x 10“4 M U (102.5 gm~3 ) ,  
2.418 x 10"4M Zn (15.81 gm- 3 ), 1.44x10"4 M Cu (9 .1 5 g m “ 3 ) and
1.701 x1 0 '4 M Fe ( 9 .50g m~3 ).
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Fig. 3.11 : Com petitive adsorption of Uranium (• ) , Zinc ( J k ) ,  Copper (O) and Iron (■ )  

onto Pruteen from  a solution 4 .5 5 7 x1 0 “4 M U (108.5  g m~3 ) ,  2 .6 0 9 x1 0 '4 M

Zn (1 7 .0 g m '3 ), 1.53 x 10'4 M Cu (9 .7 2  gm ‘ 3 ) and 1.884x10"4 M Fe (1 0 .5 2 gm "3
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Fig.3.12: The effects of the presence of nitrate ( □ ) ,  chloride ( O ) ,  
acetate ( A ) ,  and sulphate ( # , A )  ions on the adsorption  

of uranium by A. niqer at pH 3.9.
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It has been seen above that uranium biosorption 
by A. niger and Pruteen is essentially non-selective. 
Non-selectivity normally precludes the use of conventional 
cation ion exchange resins in the treatment of uranium 
acidic leach liquors. However, use might be made of a 
biosorption process for liquor derived from alkaline leach 
circuits where competing cations would not be present at 
high concentrations. Other possibilities include the 
treatment of process streams from alkaline solution mines 
and from seawater. Of course, some pH adjustments might 
be necessary - although these may occur automatically if 
the biomass is in the 'acid' form. As mentioned in 
Section 1.2.2 most recent applications of uranium solution 
mining use the alkaline leach process. This technique is 
now receiving considerable attention especially in the 
United States (Section 1.2.1) and its application as an 
alternative to conventional open pit or underground mining 
has been argued (354) . Uranium recovery from seawater (pH
8.2) also seems possible in view of the fact that 
microorganisms are efficient in dealing with dilute

Qsolutions (seawater contains >4 x 10 tonnes of uranium at
-3a concentration of 0.0033 gm ).

The non-selectivity of the biosorption process, 
can become a virtue in applications where selectivity for 
a particular metal cation is not the first priority such 
as in 'cleaning up' of waste and effluent streams. 
Although biological ion exchange systems are presently 
used mainly in North America (Section 1.3.3) there is 
potential for their use in Europe, especially in the
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countries with large heavy metals industries such as
France, United Kingdom and West Germany, and in Japan.
Another potential area of application is in the nuclear
processing (and reprocessing) industry, where large
quantities of effluents containing very low concentrations
of heavy metals are discharged into the sea (at Sellafield

6 3 —Inuclear reprocessing plant, over 2 x 10 dm day are
discharged into the Irish sea) . The work presented here

-3is limited to about 0.2 gm U, by the analytical methods 
used. However the indications are that the biomass would 
be effective in removing uranium at concentrations below
i “31 gm

iv) Adsorption and desorption characteristics

A plot of the adsorption and desorption of 
uranium onto A. niger as a function of equilibrium pH is 
shown in Fig. 3.13. In the adsorption cycle, the 
equilibrium pH was initially set at 2. There was little 
adsorption at this pH value ( 17%). However, raising the 
pH dramatically increased the adsorption until nearly 100% 
of the available uranium was adsorbed at pH of about 6. 
Above this pH value, the adsorption started to fall off. 
During the desorption cycle, the equilibrium pH was 
gradually reduced to pH 1.0 when more than 80% of the 
adsorbed uranium was desorbed, with little hysteresis. 
Subsequent adsorption and desorption was repeated five 
times by changing the pH between 1-6. In all cases after 
the first adsorption/desorption cycle more than 90% of the
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uranium adsorbed was desorbed. Full tables of results are 
given in Appendix 3.1. This characteristic is very 
important. It shows that pH control may be used without 
great changes in process conditions for the adsorption and 
subsequent desorption of uranium from A. niger biomass. 
This additionally substantiates an ion exchange mechanism 
involving protons. It is not quite clear why nearly 20% 
of the adsorbed uranium was retained by the biomass at 
pH 1 during the first adsorption/ desorption cycle, and 
less than 10% in subsequent cycles. It is possible that 
another process (irreversible) might be taking place 
simultaneously, but this is obviously less important than 
the main process. Higher desorption might be obtained at 
lower pH, but this was impractical as it would necessitate 
unacceptably large volume changes during processing. From 
this work it seems clear that little or no intracellular 
uranium adsorption occurs (see also Section 3.4.3).

3.4.2 Electron microscopy

Figures 3.14 and 3.15 show electron 
photomicrographs of thin sections of A. niger mycelium 
before and after contact with a solution containing 100

_3gm of uranium at pH 4. The thin sections were cut after 
fixation according to the procedure given in Section
3.2.2. As can be seen from Fig. 3.15 an electron dense 
layer surrounds the cell surface, once again suggesting a 
surface association between the cells and uranyl ions. 
This type of observation has been known in biochemical
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cell w all

Fig. 3.14 Electron micrograph of A. niger before 
uranium accumulation (xl07,000)

Electron micrograph of A. niger showing 
surface accumulation of uranium (xl07,000).

Fig. 3.15



165

electron microscopy for a long time, for a wide variety of 
microorganisms (360-363). Indeed, uranium 'staining' of 
cells is a standard technique for histochemical studies 
where the objective includes determining whether cells are 
intact or have been disrupted. In the latter case, the 
usual observation is the distribution of uranium (i.e. 
high electron density) throughout the cells. However, 
Figures 3.14 and 3.15 shows that uranium accumulation is 
limited to the cell surface. This result indicates that - 
unlike the cell structures of many organisms, especially 
bacteria - A. niger mycelium is not substantially 
disrupted by pretreatment processes (364) (Section 4.3) 
involving heat killing. It also exemplifies the toughness 
of the fungal cell wall which will be essential in any
industrial process application.

2+The UO2 cation is believed to induce cell surface
inhibition by interacting with membrane proteins and (or)
polyphosphates (260,365,366). These postulates are

2+reasonable as UC^ is known to form strong complexes with 
carboxyl groups of glutamate and asparate residues of 
proteins and occasionally the hydroxyl groups of threonine 
and serine (367, 368). In the present work, there was no 
evidence of phosphate involvement. Tests carried out with 
mycelium from phosphate rich media did not indicate any 
increased uranium uptake. Several other interactions 
involving microbial cell walls have been reported 
(369,370) . No doubt, these form the basis for the use of 
uranyl acetate for contrast staining in electron 
histochemistry (370-371) , and, of course, have a bearing 
on mechanistic discussions in the present work.
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3.4.3 Microelectrophoresis

It has been in Section 3.4.1 that pH has 
significant influence on the adsorption of uranium onto A. 
niger and Pruteen. Electrophoretic mobilities of A, niqer 
and Pruteen have been obtained as a function of pH in an 
attempt to correlate the adsorption behaviour with the 
surface properties of the biomass. A full table of 
results obtained according to the method described in 
Section 3.2.4 is given in Appendix 3.2. As can be seen 
from Fig. 3.16, the iso-electric points (IEPs, otherwise 
known as the points of zero charge) for A. niger and 
Pruteen occur at pH 3.7 and 3.5, respectively. These 
values are similar and may suggest that similar groups are 
involved. In order to correlate this with the pH 
dependence of uranium adsorption, the theory of electrical 
double layers is briefly discussed in Appendix 3.2.

Fig. 3.16 Electrophoretic mobility as a function of 
pH for A. niger (•) and Pruteen (o).
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It is noted from Fig. 3.16 that at pH values 
below 3.7 both A. niqer and Pruteen are positively charged 
and continue to be so with decreasing pH. Above the iso
electric points the surfaces are negatively charged, and 
the magnitude of the charge is higher for Pruteen. This 
behaviour can be explained by the ionisation of charged 
groups on the surface of the microorganisms, such as 
-COO and -NH^* (372-374) . At high pH values the weak acid 
carboxylate groups become ionised while the weak base 
amino groups such as -NH2+ lose protons to become -NH2. 
At low pH, -COO groups become protonated by the 
adsorption of H+ in the electrical double layer. The weak
base amino groups remain protonated as -NH^*. The

. . 2+ 2+ 3+ 2+addition of cations such as U02 , Cu , Fe and Zn
leads to competition for the negatively charged sites,
with simultaneous displacement of H+ ions. Thus the
adsorption capacity becomes a function of pH. This pH
dependence has been seen in Section 3.4.1; at low pH, low
adsorption of uranium was obtained owing to high
concentrations of H+ ions? at lower concentrations of H+
ions, it became increasing easy to displace the H+ ions
from the negatively charged sites, hence the increased
uranium adsorption. This behaviour is, of course,
consistent with an ion exchange process occurring at the
surface.

2 4" 3 *4* 2 4* 2 4*Cations such as U02 , Fe , Zn and Cu may be
incorporated into an ion exchanger by (i) strong acid 
exchange involving functional groups such as -SO^- (ii) 
electrolyte sorption and (iii) weak acid exchange
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involving groups such as -COO . Mechanism (i) can be 
discounted since -SO^ groups are unlikely to occur on the 
surfaces of these organisms. Electrolyte sorption, 
implies the uptake of uranium without the displacement of 
other ions.

Electrolyte sorption has been observed by 
Rothstein and Jennings (254) on Saccharomyces cerivisiae, 
in the form of an induced phosphate transport system. 
More recently, Strandberg et al. (242) have reported the 
extremely rapid intracellular sorption of uranium by 
Pseudomonas aeruginosa by what appears to be mechanism
(ii), although the manner in which this takes place is not 
known. However, mechanism (ii) does not happen 
significantly here, since uranium uptake is accompanied by 
a fall in pH. Mechanism (ii) is further discounted as 
uranium is not significantly removed by washing with DDW. 
Weak acid exchange involving functional groups such as 
-COO seems most likely. The observed pH dependence of 
the adsorption capacity is consistent with ion exchange 
involving the carboxylate group: pk values for this 
functional group are in the region 4-6, where the 
adsorption is best. The occurrence of such groups in the 
numerous amino-acids found in microorganisms is well known 
(353, 355, 373, 375) . As can be seen from a typical 
chemical analysis of Pruteen (Appendix 2.3), carboxylic 
acid groups occur in all the major amino-acid groups.
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Figures 3.17 and 3.18 show infrared spectra for
A. niger and Pruteen, respectively, over the range 4,000 -
400 cm before and after treatment with uranium.
Comparison of the spectra reveals a new absorption band at
918 cm * in both cases. The presence of this band is
confirmed by Fourier Transform Infrared Spectra (FTIR) on
the same KBr discs, as shown in Fig. 3.19 and Fig. 3.20
for A. niger and Pruteen, respectively. The new band can

2+be assigned to the symmetric stretching of the UC>2 ion
(376, 377). Absorption at 918 cm  ̂ is in close agreement
with results obtained by Tsezos and Volesky (265) for
uranium adsorption onto Rhizophus arrhizus. Diffuse
reflectance spectra were also obtained on the materials in
situ (i.e. under the same aqueous conditions as uranium
adsorption occurred), and these are shown in Fig. 3.21 and
Fig. 3.22 for A. niger and Pruteen, respectively. In
addition to the U=0 stretching observed by FTIR, a
presently unexplained shift of the C-0 stretching

- 1  -1vibration from 1,110 cm to 1,075 cm occurred.
Far infrared spectra using Fourier transform were 

obtained on the materials in a further attempt to discover 
any possible weaker bonds, such as would result from 
charge transfer reactions (377). Figures 3.23 and 3.24 
show the spectra for A. niger and Pruteen, respectively. 
As can be seen, an absorption band occurs at 264 cm ^. An 
exhaustive search of the literature failed to reveal any 
records of such a peak with regard to interactions

3.4.4 Infrared Spectrometry (376, 377, 386-390)
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Fig. 3.17 Infrared spectra of A. niger mycelium before (a) and 
after (b) equilibration with uranium solution
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Fig. 3.18 Infrared spectra of Pruteen before (a) and after (b) equilibration 
with uranium solution.
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Fig. 3.19 FTIR spectrum of A. niger mycelium after 
treatment with uranium

Fig. 3.20 FTIR spectrum of Pruteen after treatment with uranium
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Diffuse reflectance spectra of A. niger mycelium before (a) 
and after (b) equilibration with uranium solution.
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Fig. 3.22 Diffuse reflectance spectra of Pruteen before (a) and after (b)
equilibration with uranium solution.
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Fourier transform far infrared spectra of A. niger mycelium before (a) 
and after (b) equilibration with uranium
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involving uranium. In their work with Rhizophus arrhizus, 
Tsezos and Volesky, (265) found a new peak at 372 cm , 
and assigned it to the uranium-nitrogen bond vibration on 
the hypothesis that some of the biosorbed uranium 
co-ordinated with the nitrogen on the amine group present 
in the cell wall component chitin. However, pure chitin 
could only adsorb a small fraction (< 5%) of the amount 
adsorbed by R. arrhizus mycelium. In the present work, no 
peak was observed at this wavelength. Although chitin is 
sufficiently common to be regarded as a characteristic 
cell wall component of fungi, it is not necessarily the 
major component (356, 378). In particular, chitin is 
absent or in very small amounts in many yeasts and is 
completely absent in Oomycetes (356, 378, 379). Some 
yeasts such as Saccharamyces cerivisae have been shown to 
accumulate uranium (up to 15% of their dry weight) in 
their cell walls (242) . However, chitin makes up only 
about 1% of their cell mass (356, 378).

It has been seen in Section 3.4.1 that the cell 
walls of Aspergillus species consist mainly of glucans 
(43%) but also chitin (19%) and proteins (11%). The 
presence of proteins in cell walls of fungi has been a 
matter of some controversy (380, 381); it is often 
difficult to establish whether protein material is a bona 
fide cell wall component or a cytoplasmic contaminant. It 
is now firmly established, however, that glycoproteins 
form a structural part of the fungal cell wall (381-385). 
These consist of polysaccharides closely resembling 
genuine cell wall components and at least a small part of
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the polymeric amino acids are known to be closely 
associated with the glucan/chitin complex (385) .

It is clear from the foregoing that the 
structural composition of fungal cell walls is not clearly 
understood. It seems likely that a better understanding 
will emerge with more careful studies of cell walls. For 
instance Wessels and Sietsma (381) have suggested that a 
careful study which does not involve the risk of 
separating polysaccharides and peptides (an inherent risk 
in cell wall analysis) could reveal that materials now 
identified as pure polysaccharides are linked to the 
peptides in the cell walls. The presence of amino acids 
(of proteins) in bacterial cell walls capable of 
ionisation is well established. The preponderence of 
these acids in Pruteen has been established (Appendix
2.3) .

Returning to Figures 3.23 and 3.24, the new 
absorption peak of 264 cm  ̂ may be assigned to the 
uranium-oxygen stretching in the carboxylate-uranyl 
complex. It is known that most metal-oxygen stretching 
frequencies occur between 1,090 - 250 cm  ̂ (377) . The
highest frequencies are associated with double bonds such

2 + - 1  as U=0 m  the UC^ ion. Frequencies below 600 cm are
generally associated with metal-oxygen single bonds, while
the lowest arise with co-ordinated oxyanions where a large
ionic contribution must be expected, as in the present
system.
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3.4.5 Ion exchange equilibrium

In Section 3.3 an ion exchange model involving
+ 2 +the stoichiometric exchange of H with UC>2 ions was 

proposed to explain the biosorption of uranium by A. niqer 
mycelium. Experimental data collected to validate this 
model are shown in Table 3.1 and plotted in Fig. 3.25. 
Fig. 3.26 shows the derived plot of log [H+]/[UO^* ] 
against log 2 (M (UÔ "1") (max) “ M (UÔ **") ) /M (UO^*)] over the pH 
range 1.5 - 5, according to equation 3.4. As can be seen 
a reasonably straight line of unit slope is obtained, thus 
substantiating the model (Section 3.3). The equilibrium 
constant, k, was determined from the intercept to be 0.45. 
More careful observation indicates a slight curvature in 
the line - so the model has only semi-quantitative 
validity.

3.4.6 Kinetics of uranium biosorption

Fig. 3.27 and Fig. 3.28 show typical plots of uranium 
uptake rates by A. niger and Pruteen, respectively, at two 
concentration levels. It is clear that in both cases, the 
bulk of the exchange capacity was used up within the first 
few minutes of contact with the solutions. Complete 
equilibration was gradually approached over a period of up 
to 2 hours. The approach to equilibrium by A. niger is 
the more gradual. This behaviour is typical of an ion 
exchange process where film diffusion is rate limiting. 
Full table of results are given in Appendix 3.3. For a



TABLE 3.1 RESULTS FOR URANIUM ION EXCHAGNE ON A. NIGER

pH [H+]
(xlO3 M)

2 +
[u°r](xl0° M)

2+MUO?
(xlO^ mol g 3)

log [H+]/(U02+] log 2(M(U02+) (max)-M(UO

1.5 31.6 396.8 79.4 1.89 1.29
2.0 10.0 370.8 130.3 1.43 1.04
3.1 0.794 202.0 461.2 0.59 0.22
3.9 0.126 103.1 655.0 0.09 -0.24
5.0 0.010 37.5 783.4 i o • •u -0.80
6.0 0.001 1.3 839.5 - -
8.0 0.0001 5.6 830.3 — —

M(UO2+)2 (max) 845 x 10  ̂mol g ^

2+
2 ))/M(U02 )
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EQUILIBRIUM pH

Fig. 3.25 A plot of M (U O ^ * ) versus PH .
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Fig. 3.28: The rate of uranium uptake by Pruteen at 30° t 0 .5° C from a solution containing 4.938 x 10 4 M

uranium (A )  and 7.18 x  10"5 M ( A ) .
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first order exchange process which is diffusion controlled 
and, the selectivity constant^ 2 *̂  1/ the following

uo2
equation may be written (269, 391-393).

2.303 log (M /(M - M̂ )) = kt + b (3.12)

where and are the amounts of uranium per unit of
biomass at equilibrium and time t, respectively. k is the
apparent rate constant. A further simplifying assumption
is made that aqueous uranium concentration is relatively
high compared to the eluted hydrogen ion concentration.

Fig. 3.29 shows a plot of log(M̂ /(M -M )) against
t, for uranium uptake from a solution containing initially 

-4 -34.398 x 10 M (117.5 gm U) . As can be seen, a straight 
line is obtained with a first order rate constant k = 0.19 
min  ̂and b = 0.18, indicating that uranium adsorption by
A. niger mycelium is diffusion controlled. Uranium 
adsorption by Pruteen granules does not follow the first 
order diffusion model (equation 3.12). This is, once 
again, a reflection of physical structure of the granules. 
A more detailed diffusion model developed by Crank (394) 
(and widely used in gold adsorption by activated charcoal) 
(395, 396) would involve the estimation of the effective
diffusivity, volume of solution served by each biomass 
particle, apparent biomass densities and an iterative 
determination of functional derivatives. This has not 
been attempted here because of the general difficulties 
involved in the determination of the variables.

Fig. 3.30 is a schematic diagram of the
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Fig.  3 . 2 9 :  A plot of Log ( M c  /  ( M c -  ) ) v e r s u s  t .
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Fig. 3.30 A schematic diagranj+of a fungal cell wall showing the diffusion
and effusion of U02 and H , respectively (modified after Burnett
(356) and Deacon (251)) .
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biosorption process showing how the uranyl ions may be 
exchanged for protons of the amino acids carboxylate 
groups in cell wall proteins and glycoproteins. Detailed 
chemical structures of the major components of cell walls 
are given in Conn and Stumpf (397) , and Williams et al. 
(398). Although different fungi contain varying 
proportions of the cell wall components, Fig. 3.30 
illustrates the general feature of fungal cell walls, 
namely the inner part of the wall contains the fibrillar 
materials embedded in matrix components, and these are 
overlain at the outer part of the wall by further matrix 
components (251, 356).
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3.5 CONCLUSIONS

From the results of the work carried out in this 
chapter, the following conclusions can be made.

1. All the tests are consistent with an ion exchange
2+mechanism involving the uranyl cation, UĈ  and 

protons of the carboxylic acid groups, -COO . 
These are:
i) adsorption and desorption tests
ii) electron microscopy
iii) microelectrophoresis
iv) infrared studies
v) ion exchange equilibrium studies
Although other mechanism(s) may occur (to the 
extent of some 10% of the adsorption), ion 
exchange is at least 90% effective. The
adsorption is insensitive to anions such as 
sulphates and chlorides.

2. A. niger mycelium and Pruteen granules behave 
similarly, but mass for mass, A. niger is best. 
Both biomass materials adsorb uranium better than 
the resin IRA-400.

3. The biosorption process is non-selective. It is
therefore best suited to ’cleaning up'
operations, rather than primary recovery
processes.
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4. The process is reversible, involving small
changes in ionic strength: best adsorption is
obtained over the pH range 4-6. At pH 1, greater 
than 80% of adsorbed uranium is eluted. A. niger 
is relatively tough and durable (unlike pruteen).

5. The biosorption process has been modelled as 
follows:
i) an ion exchange process developed from first 

principles using mass balance equations
ii) an adsorption process using Freudlich and 

Langmuir adsorption isotherm models
iii) a diffusion controlled process.

These models substantiate an ion exchange 
mechanism in A. niger involving diffusion in and 
out of the cell wall structure.
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CHAPTER 4 SEMI-CONTINUOUS FLUIDISED BED BIOSORPTION

4.1 INTRODUCTION

As noted in Section 1.3.1, theoretical pre
dictions of likely resin performance based on small scale 
chemical test work are often complemented by laboratory 
simulations of performance under plant operating con
ditions. Poorly defined characteristics - such as the 
effective concentration of active sites, details of 
biomass physical structure, and predominant mixing 
patterns - make simulations important. In the present 
work, these initially involved (i) determination of 
breakthrough and elution curves in packed columns and (ii) 
batch generation of data simulating a continuous counter- 
current operation on a small scale (399,400). Results for 
both A. niger mycelium and Pruteen granules are described 
and discussed in Section 4.3. The behaviour of 
industrially important resins such as Amberlite IRA-400, 
IRA-430, etc. are well known (16, 183, 172, 401) and have 
not been repeated here.

The main part of this chapter deals with a larger 
scale laboratory simulation of intermittent countercurrent 
biological ion exchange, analogous to the NIMCIX system 
(127, 402) employed industrially for uranium recovery by
resin ion exchange. As explained in Section 4.3 and 4.4 
the choice and design of this contacting system have been 
based on previous work in the Department (281) and a 
detailed literature review (Section 4.4.1).
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The conclusions from Chapter 2, together with those from 
Section '4.3, led to the adoption of fluidised beds of A.  

niger pellets in combination with a solution flow of 
uranium (as dilute uranyl nitrate), which is successively 
adsorbed and desorbed by pH control. The theoretical 
basis of this work is separately described in Section 4.2. 
Important aims have been to provide a 'model' system for 
uranium biosorption and to study the various advantages 
and drawbacks of uranium biosorption in comparison with 
conventional strong base resin ion exchange. The results 
obtained are considered in Section 4.6. Finally, con
clusions are given in Section 4.7.
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4.2 THEORETICAL (399, 400, 403, 404)

Fig. 4.1(a) shows a flowsheet for a multi-stage 
countercurrent operation. Let A and 0 be the flow rates 
(in g min”'*') of the aqueous uranium solution and biomass, 
respectively. The stage effluent concentrations are , 
C2 * * * Cn ^  uranium per gram aqueous solution) and the 
mycelial uranium loadings are V̂ , V^ • • • vn+i (g uranium 
per gram mycelium).

The material balance over n stages is as follows

A(C - C ) = 0(V- - V -) (4.1)o n  1 n+1

Rearranging equation (4.1)

A/0 = (Vn - V ,,)/(C - C ) (4.2)1 n+1 o n

Theoretical predictions of the performance of ion exchange 
systems are often based on McCabe-Thiele diagrams (Fig.
4.1(b) ) . Equation (4.2) represents the slope of the
operating line shown in Fig. 4.1(b) , the coordinates of
which are (C , V ^t) and (C , V..) n' n+1 o' 1 • The number of
theoretical (ideal) stages required is found by drawing 
the 'staircase' construction between the equilibrium curve 
and the operating line in the manner shown in the figure. 
Alternatively, the adsorbent/solution ratio for a pre
determined number of stages may be found by trial and 
error or, as in this case where the equilibrium curve is 
conveniently described algebraically, by the Freudlich



194

Solution flow

c
n ^ n -1 ^ 2 1

EFFLUENT CONCENTRATION

C
0

(b)

Fig. 4.1 (a) Countercurrent multi-stage adsorption (b) McCabe-Thiele diagram (404)
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adsorption isotherm.
It has been seen in Section 3.4.1 that the 

Freudlich isotherm describes the A. niger system satis
factorily. This isotherm together with material balances 
can be used to calculate the minimum amount of biomass 
needed to efficiently ion exchange a given volume of 
aqueous uranium solution. This value can also, of course, 
be estimated from the slope of the operating line in the 
McCabe-Thiele diagram.

For a typical two stage cascade with fresh 
adsorbent addition to the second stage (i.e., Vn+  ̂ = 0), 
equation (4.1) reduces to

A(C - C0) = 0V- (4.3)o z i

The Freudlich isotherm (equation 3.9) applied to the first 
ideal stage is

V1 = k C11/n (4.4)

Substituting (4.4) into (4.3) and rearranging yields

A/O = kC1 1/n/(Co - C2) (4.5)

The operating line for the second ideal stage is

A(C1 - C2) = OV2 = 0 k C21/n (4.6)

Equations (4.5) and (4.6) can be combined to eliminate A/O
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to yield (4.7) .
Co/C2 = (C1/C2 ” 1)(c1/c2>1/n + 1 (4.7)

Equation (4.7) can be used to determine the
intermediate concentration for specified initial and
terminal conditions (C and C~) . The value of C. thuso 2 1
calculated can then be used in (4.5) or (4.6) to calculate 
A/0. Charts relating (^/C^) and (C2/C ), facilitating 
the solution of equation (4.7), are available in standard 
texts (399, 400). Similar treatment can be applied to a
greater number of stages involving iterative techniques. 
This has been discussed in detail by Hanson and Somerville 
(405) .
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4.3 PRELIMINARY EXPERIMENTS

4.3.1 Procedures

i) Breakthrough curves

A glass column (1.1 cm internal diameter and 25 
cm length) was filled with a known amount of fully 
hydrated biomass (8-10 g Pruteen or 0.15-0.20 g A. niger). 
To remove any air trapped during filling, the biomass was 
allowed to settle after fluidisation in an upward flow of 
distilled deionised water (DDW). The biomass was held 
between glass wool packings at both ends. The settled 
volume (bed volume) was noted. A solution containing 86.2

-3gm uranium was pumped downwards through the bed at a 
flow rate of about 0.15 bed volume/minute. The effluent 
uranium concentration was monitored by analysing samples 
periodically until the influent and effluent uranium 
concentrations were the same.

ii) Elution curves

Elution curves were determined in the same manner 
as breakthrough curves except that the eluant solution 
(1.0 M HNO^) was passed through the column at about 0.10 
bed volume/minute, until the bed was stripped or uranium.
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In order to simulate a continuous multi-stage 
countercurrent operation, the scheme shown in Fig. 4.2 was 
used (399) . This technique is similar to that used in 
solvent extraction shakeout tests (400) . Each circle 
shown represents an equilibration stage. The experiment

3was started by equilbrating 50 cm of fresh uranium feed
_3solution (Sp) containing 104.5 gm uranium at pH 4.1 with

0.10 g of fresh A. niger pellet mycelium (Mp) (flask (a)).
As will be seen in Section 4.3.2, this weight of mycelium
was determined from adsorption isotherms and mass balance
calculations. After equilibration, the mixture was
separated by filtration. The 'effluent' from flask (a)
(C ) was then equilibrated with a fresh 0.10 g of mycelium a
in flask (b). The 'effluent' (Ĉ ) and the loaded mycelium 
(Vb) were transferred to the subsequent stages shown and 
equilibrated in the manner indicated. This procedure was 
repeated until the final aqueous uranium 'effluent' 
concentration became constant. Care was taken to 
equilibrate exactly the same quantities of uranium 
solution and A. niger mycelium at each stage. All

3equilibrations were carried out m  closed 250 cm flasks 
at 30±0.5°C. The products, C2 , and
represented the final and intermediate concentrations of 
'effluents' and loaded mycelium. Uranium concentrations 
in the mycelium and V2 and in the 'effluents' , C2
and were determined as explained in Section 2.1. The
uranium concentration in was determined by mass

iii) Batch simulation of countercurrent decantation
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Fresh solution
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Fig. 4.2 Batch simulation of a 3-stage countercurrent biosorption of uranium (399)
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balances at (k) and (i) . Uranium concentrations in the
3'effluents' and were determined on 0.5 cm samples

taken prior to the final equilibrations at (k) and (i) , 
respectively.

4.3.2 Discussion of preliminary work

i) Breakthrough and elution curves

Figures 4.3 and 4.4 show the breakthrough curves 
obtained for A. niger pellet mycelium and Pruteen
granules, respectively. These are plotted as the ratio of 
uranium outlet/inlet concentrations against the total 
volume of solution passed through the bed. In comparing 
the performance of different resins, the ratio of the 
breakthrough volume (ie. the volume corresponding to the 
maximum allowable outlet uranium concentration, often 
arbitrarily set at 2% of inlet concentration) to the 
saturation volume (total volume passed through the bed 
when the inlet and outlet concentrations become equal) is 
often employed. An ideal performance gives a ratio of 
unity. A ratio of 0.5 or higher is generally regarded as 
satisfactory in uranium extraction operations involving 
two ion exchange columns in series (16). This ensures the 
achievement of the desired outlet concentration while 
utilising as much as possible of the full resin capacity.

As can be seen from Fig. 4.3, the breakthrough
3and saturation volumes for A. niger pellets were 40 cm

3(about 4 bed volumes) and 500 cm , giving a breakthrough 
to saturation volume ratio of 0.1. The corresponding
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breakthrough and saturation volumes for Pruteen granules
3 3were 1000 cm (about 50 bed volumes) and 2500 cm , giving

a breakthrough/saturation volume ratio of 0.4. It is
noted that the breakthrough curve for Pruteen granules is
steeper (Fig. 4.4) (a reflection of larger breakthrough/
saturation volume ratio), suggesting the desirable
characteristics of a small amount of uranium passed
through the column between breakthrough and saturation.
The packed fungal pellets tended to compact under the
pressure of liquid flow (a packed column of 20 3cm
compacted to 9 cm^) leading to pressure build up, and
uneven and slow flowrates.

The elution curves for uranium from A. niger and 
Pruteen with nitric acid are shown in Fig. 4.5 and 4.6 
respectively. It has been seen in Section 3.4.1 that 
nitric acid readily eluted uranium from A. niger mycelium 
and Pruteen granules. As mentioned in Section 1.3.3, other 
solutions (such as sodium hydroxide, sodium bicarbonate, 
sulphuric and hydrochloric acid solutions) can be used. 
However, the use of nitric acid was favoured on the basis 
of compatibility with uranyl nitrate (or sulphate) and the 
simultaneous regeneration of the ion exchanger (quite 
unlike sodium hydroxide or sodium bicarbonate, which would 
require acid regeneration before further use). As can be 
seen, greater than 90% of uranium adsorbed by A. niger

3mycelium was eluted with 20 cm ( 2  bed volumes) of the 
eluant. The concentration of the uranium in this eluate

-3was 1,400 gm , a concentration factor of 15. Similarly,
greater than 90% of uranium adsorbed onto Pruteen, was
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F ig . 4 . 5 :  Uranium  elution cu rve  fo r A. n iq e r p e lle ts .
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eluted with 100 cm (5 bed volumes) of the eluant. The
-3eluate contained 700 gm uranium, a concentration factor 

of 8 .
It is clear from the foregoing discussion that 

although A., niger mycelium elutes well in packed columns, 
it is unsuited to packed column adsorption. On the other 
hand, Pruteen is suited to both packed column adsorption 
and elution. However, further work would require 
stabilisation of the granules: after prolonged hydration
(2 weeks) Pruteen continues to swell until the point of 
disintegration, thus losing its granular structure. It
could, of course, be treated chemically to preserve the 
granular structure by hardening using glutaraldehyde or 
other organic polymers (Section 4.4.1), but this would 
increase inherent costs which are already considerable 
(406) and may interfere with the biosorption process. By 
analogy with the AMT-BIOCLAIM process (Sections 1.3.3 and 
4.4.1), treated Pruteen might merit further investigation, 
but has not been considered further in this work. Further 
progress with A niger mycelium clearly required a system 
avoiding compaction - for instance fluidisation. As
mentioned in Section 4.1, previous work (281) has shown 
that A. niger pellets readily fluidise in an upward liquid 
flow. A prerequisite is the simulation of a continuous 
countercurrent operation by small scale batch testwork in 
shake flasks (399). This would provide an estimate of the 
ultimate steady stage biosorption attainable - against 
which the performance of an operating countercurrent 
system can be matched.

3
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ii) Batch simulation of countercurrent biosorption on 
A. niger

Fig. 4.7 shows a McCabe-Thiele diagram based on 
two equilibrium adsorption isotherms previously determined 
(Section 3.4.1). An operating line has been constructed

- 3based on an inlet uranium concentration of 100 gm (420 x
— 6 “310 M) , a final effluent concentration of 1 gm (4.2 x
—  6 _310 M) and a final mycelial uranium loading of 150 x 10
—  1 —  6 ”1gg (630x10 mol g ) (a value some 75% of the maximum 

exchange capacity of A. niger mycelium). The slope of the 
operating line is the ratio of the aqueous to organic 
(mycelium) flow rates. A higher slope (high aqueous/ 
organic ratio) at the same inlet and mycelial uranium 
concentrations would lead to higher effluent discharges 
for the same number of theoretical stages. In construct
ing the operating line, the mycelium feed was assumed to 
be completely stripped of uranium. A re-circulating load 
of uranium would reduce the aqueous/organic ratio and lead 
to a higher number of stages for the same terminal con
ditions. The theoretical number of stages was found by 
'stepping off' horizontal and vertical lines from the 
upper to lower extremities between the operating and 
equilibrium curves. Each point of intersection of these 
horizontal and vertical lines on the operating line 
represents the analysis of the aqueous and organic for an 
ideal (theoretical) stage. This ideal mixing stage assumes 
complete equilibration and 1 0 0% stage efficiency in phase 
transfer. In practical operations it is normal to add one 
stage to account for the lack of complete stage efficiency 
and other shortcomings, such as type and intensity of
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EQUILIBRIUM URANIUM CONCENTRATION ( x  106 M )

Fig. 4.7 McCable-Thiele diagram for the extraction of 
uranium (420 x 10 M (100 gni ) with A. niger 
mycelium at two equilibrium pH values; pH 4.0
(o) and pH 5.8 (•).
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mixing and changes in pH following adsorption. These 
matters are discussed in more detail in Section 4.4

The Freudlich equation (Section 3.4.1) at pH 4 is

V = 9.12 x 10" 3 [C ] 1 / 3 , 0 5e
Now

CQ = 100 gm"3 (420 x 10~ 6 M)
C2 = 1 gm 3 (4.2 x 10  ̂M) 
n = 3.05

~ hence C2^Cl = ^*^17 (see Treybal
(399)) .

C1 = 1/0.217 = 4.6 gm" 3 (19.4 x 10" 6 M)

On substitution into equation (4.5),

A/O = 9.12 x 10" 3 (19.4 x 10”6)1/3•05/ 
(420-4.2) x 10" 6 
= 0.625

3or 1 . 6 g mycelium/dm aqueous solution.

3Thus, to treat 50 cm of a solution containing 
-3100 gm uranium, a minimum of 0.08 g of A. niger would be 

required. Although this figure is based on a 2-stage 
cascade, it may be used as a general guide for the 3-stage 
cascade simulation, since the corresponding value is 
unlikely to exceed this value. Increasing the number of 
stages increases the effective contact time thereby 
reducing the minimum amount of mycelium required for the



210

same task. Thus, in the 3-stage batch simulation scheme
(Fig. 4.2(a)), 0.10 g of mycelium (an allowance of 25%

3above the minimum predicted) was contacted with 50 cm of 
aqueous uranium solution. The results obtained are 
summarised on Fig. 4.8.

CQ = 103.4 gm 3 = 69.2 gm 3 C2 = 37.5 gm 3 = 1.1 gm

Fig. 4.8 A summary of the results of a 3-stage batch 
simulation of continuous countercurrent bio
sorption of uranium (asterisked value has been 
calculated using mass balance; all other values 
were measured directly).

The flowsheet shown in Fig. 4.8 should represent 
the ultimate steady stage results that would be obtained 
in a truly continuous counter-current operation. It is 
clear that this can reduce uranium concentration from
103.4 gm” 3 (434 x 10” 6 M) to 1.1 gm” 3 (4.6 x 10” 6 M).
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4.4 FLUIDISED BED OPERATION

4.4.1 Review

Freely dispersed biomass (at micron sizes) is 
difficult and expensive to separate on a large scale from 
a moving liquid phase. When used as a simple packed bed, 
it usually offers an undesirable resistance to liquid flow 
leading to pressure build-up and eventual blockage of the 
columns (Section 4.3.2). Fluidised bed technology 
provides an alternative. Acceptable fluidisation can be 
achieved using aggregated cells (407-409), adsorbed cells 
(410-413) and entrapped cells (414-417). Each of these 
systems has characteristic advantages and drawbacks. 
These are now briefly reviewed. Systems using algae in 
ponds and stream meanders have already been discussed in 
Section 1.3.3.

i) Aggregated cells. These systems generally involve
the use of the natural floe forming properties of
microbial cells. For instance, bacterial cells of
Arthrobacter sp. have been flocculated using
polyelectrolytes and subsequently extruded through heated 
discs to form cylinders (407) . As already mentioned 
(Section 2.2.3), fungal mycelia can be grown in such a way 
that pellets of a specified size can be formed. Fungal 
pellets have been used successfully in the sugar industry 
for continuous hydrolysis of raffinose (409). More 
recently, King (281) used A. niger pellets grown in-situ
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in a fluidised fermentation-leaching column, for leaching 
nepheline. The advantages of the aggregated cell system 
(particularly with regard to fungal pellets) is its 
relative cheapness, simplicity and ease of production. 
Its disadvantages include low density, chemical instability 
(in some cases), and lack of mechanical durability of the 
aggregates.

ii) Adsorbed cells. Microorganisms become immobilised by
a non-specific process involving weak binding of cells to
solid surfaces (411, 418, 419). In most cases organisms

2will only attach to positively charged surfaces (cf. UC>2
adsorption discussed in Chapter 3) and, where they are
attached, the process is dependent on environmental
factors such as pH and ionic strength. Immobilised
microorganisms have been employed in various metallurgical
processes. Livesey-Goldblatt et al. (420) carried out a
pilot plant test on a bacterial film oxidation process
(Bacfox process) used for the production of acidified
ferrous sulphate to leach uranium ores. Hancher et al.
(413) developed a fluidised bed bioreactor for
denitrification of waste waters using a mixed population
of bacteria grown as films on anthracite coal particles.
Subsequently Shumate et al. (240) used the same bacteria
in a countercurrent continuous contactor to reduce the

_ 3uranium concentration in synthetic effluents from 25 gift 
-3to 0.5 gm . A recent application of the adsorbed cell

system is the Homestake rotating biological contactor
3 -1(421-423) used to detoxify 21,000 m day of cyanide and 

heavy metal wastes. Other (non-metallurgical) systems
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that have been reported include the immobilisation of 
Saccharomyces cerevisiae on a strongly basic anionic 
exchanger (XE 352) (410). Cells of Pseudomonas aeruginosa
have been immobilised on plastics such as polyvinyl 
chloride (PVC) fibres and polypropylene (PP) webs (412), 
by simply immersing the support materials in a growing 
culture for 72 hours. Microporous silica embedded in PVC 
has also been reported as suitable for cell immobilisation 
and subsequent fluidsation (424). Gerson and Sajik (419) 
and Kolot (418) have given detailed reviews of these 
systems.

The main advantages of the immobilisation process 
are its amenability to a wide range of support materials 
and the ease with which attachment is achieved. The major 
drawback is in the weakness of the microbial attachments: 
cells may be released by pH and ionic strength changes, or 
even fluid flow. This renders them unsuited to fluidised 
column operation where high flow rates (and shear) would 
disrupt the adhesion. Of course, in processes like 
Bacfox, some dispersion of bacteria may be desirable.

iii) Entrapped cells. In this case, the microbial cells 
are entrapped within synthetic polymers (414, 415, 425,
426), polysaccharides (417, 427, 428) and wire mesh 
compactions (429,430). The latter system has been 
extensively studied by Atkinson et al. (429-433) in
fluidised fungal beds. In principle his design should 
enable the production of 'biological particles' of any 
given size, shape and density. The major drawbacks of
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this design (for metals treatment and recovery) are 
diffusional limitations and potentially great investment 
costs. Other entrapment systems generally use poly
saccharides such as kappa-carragenan (417) or calcium 
alginate (434, 435) and synthetic polymers such as poly
acrylamide (414) . Although the polysaccharides are 
sufficiently stable for industrial use (417), their 
performance is improved by 'hardening' with glutaraldehyde
(436) , hexamethylenediamine (417) or polyethyleneimine
(437) . The use of chemicals such as glutaraldehyde to 
'harden' the microbial cells is often accompanied by the 
loss of cell viability, which is, however, of little 
consequence in biosorption by surface ion exchange. An 
important recent example is the microbial cell compactions 
developed by Advanced Mineral Technologies, Inc., Denver, 
Colorado, for the treatment of heavy metal wastes (230, 
438, 439) (Section 1.3.3). Another process using 
granulated Rhizopus biomass has been described recently by 
Tsezos (440-442) .

It is clear from the above that a wide range of 
methods for microbial cell immobilisation have been 
reported in the literature. Although most of these systems 
are primarily aimed at the fermentation industry, some 
have found applications in the minerals and metals 
industries, particularly in effluent control and treat
ment .

Of this wide range of systems, the simplest - and 
probably inherently the least costly - such as immobilised 
pellet mycelium, have received the least attention for 
metal adsorption applications. Clearly they warrant
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further investigation. A, niger pellets have been adopted 
in this work in the form of a fluidised column in an 
aqueous stream, as a 'model1 biosorbent for comparison 
with conventional materials used in continuous ion 
exchange systems.

The study presented here examines the character
istics of A. niger pellet mycelium (chemically unaltered, 
but preserved by heat killing) as a stable inexpensive, 
non-selective, cation exchanger. The work deals only with 
uranium and aims to describe biosorption onto the 
fluidised pellets in a semi-continuous countercurrent 
system modelled on the NIMCIX design that is employed 
industrially for uranium concentration by continuous resin 
ion exchange (71).

4.4.2 The fluidised bed ion exchange equipment

Fig. 4.9 shows a diagram of the major components 
of the ion exchange equipment: the fluidised,
compartmentalised, column; solution feed pump; mycelium 
recirculation pump; and stock bottles. A brief 
description follows.

i) Fluidised column (Fig. 10). This is a borosilicate
glass cylinder (75 mm internal diameter, 300 mm height)

3with a capacity of 2.6 dm . The fluidised bed chamber is 
fitted with perforated orifice plates (2 mm diameter 
perforations) at both ends. The bottom orifice plate is



Fig. 4.9 Apparatus for continuous (interrupted) biosorption of uranium (not to scale)
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supported by another larger diameter perforated plate (1 
cm diameter perforations). The column is divided in up to 
5 compartments by means of perforated Perspex discs (2 mm 
holes), carried on a central, vertical, perspex shaft, as 
shown in Fig. 4.10.

Fig. 4.10 Compartmentalised column for uranium biosorption

Plastic tubes (2 mm outside diameter) were provided for 
the purpose of sampling each compartment.

ii) Solution feed pump. The choice of the pump was
determined by the maximum solution flowrate through the 
ion exchange column without lifting the whole pellet bed. 
After preliminary tests, a Watson-Marlow (Model 5025) 
peristaltic pump in conjunction with a 15 mm diameter 
silicone tubing was found to be adequate.
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iii) Mycelium recirculation pump. In continuous (inter
rupted) countercurrent tests, it is necessary to remove 
loaded mycelium and replace an equivalent amount in the 
uppermost column chamber. Preliminary tests indicated 
that the physical structure of the pellets - non-rigid and 
flexible - is such that they can be removed from the 
chamber, through the orifice plate perforations by merely 
reversing the direction of flow (i.e., by suction). Thus, 
a dual track peristaltic pump was used to remove 
incremental amount of mycelium from the bottom 
compartment.
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4.5 EXPERIMENTAL

4.5.1 Production of fungal pellets

A large number of small cultures (typically 40
3batches of 100 cm cultures) were prepared under precisely 

controlled conditions in a LH fermentation orbital 
incubator (Section 2.2.3). To preserve the mycelium, the 
pellets were heat killed after harvesting by boiling at 
90-100°C for 15 minutes. Heat treatment in this way did 
not appear to significantly affect the structure of the 
pellet nor its ion exchange capacity. Fig. 4.11 shows a 
photograph of A. niger pellets (hydrated diameter 4 mm) . 
Typical yields from each shake flask culture was 0.25 -
0.30 g (dry mass) of mycelium. As mentioned in Section
2.2.2 changes in inoculum size did not affect the yield 
but resulted in different sizes of pellets. Thus each 
batch of cultures was preceded with a haemocvtometer count 
(Section 2.2.2) of spore suspension concentration. A 
digital precision micropipette (Jencons Scientific Ltd.) 
was then used to innoculate each flask with the required

7number of 10 spores.

4.5.2 Equipment commissioning

It was seen in Section 4.3 that packed columns of 
pellet mycelium under downward solution flow resulted in 
unsatisfactory breakthrough behaviour. In the fluidised
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column work preliminary tests showed that a flowrate of
3 - 1between 50-60 cm min (giving a bed expansion of about

20%) was satisfactory. This parameter predetermined the
amount of pellet mycelium that could be charged into the
fluidised column - 4-6 g (dry mass). Higher solution
flowrates at the start of the operation resulted in the
whole pellet bed being lifted until the pellets were
forced through the orifice plates and eventually out of
the column chamber. However, upon adsorption of uranium
the pellets increased in effective density and an

3 -1increased flowrate (up to 80 cm min ) was needed to 
maintain fluidisation. This effect is clearly indicated 
in Fig. 4.12, where pellet mycelium which has not been 
treated with uranium (a) retains a larger settled volume 
than the same (dry) mass of mycelium which has been 
saturated with uranium (b). Fig. 4.12 highlights another 
aspect of the biosorption process - preservation of
mycelium as discrete and intact pellets. Fig. 4.12(b) 
shows treated pellet mycelium which has been preserved for 
over six months. Fig. 4.12(c) shows the corresponding 
pellet mycelium untreated with uranium, which has
decomposed.

Preliminary tests with column compartment-
. . 3alisation indicated that similar flowrates (50-60 cm

min )̂ resulted in adequate fluidisation in each compart
ment. Furthermore, it was possible to remove incremental 
quantities of pellets by reversing the solution flow as 
previously described.
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Fig. 4.11 Hydrated A. niger pellets

Fig. 4.12 (a) Untreated fresh (settled) A . niger pellets
(b) Treated (preserved) A. niger pellets
(c) Untreated (decomposed) A. niger pellets
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4.5.3 Procedure for column biosorption

Fig. 4.13 shows a photograph of the apparatus
used for the testwork. Typically, a solution containing 

3 —65-100 gm (0.42-4.2 x 10 M) uranium was pumped through
3 -1the column at 50-60 cm min with the aid of a

peristatic pump. As the pellets became loaded with
uranium, their effective density increased and the

3 -1solution flowrate was increased to 80 cm min to
maintain adequate fluidisation. Fig. 4.14(a) and (b) 
show photographs of a compartmentalised column before (a), 
and, during (b) fluidisation. In semi-continuous
multi-stage tests, effluent samples were taken over a

3period of 300-400 minutes until 20 dm of solution had
been passed through the column.

In continuous (interrupted) countercurrent
experiments, an additional peristaltic pump was employed
to simultaneously remove loaded pellets from the bottom
compartment and add an equal volume (one compartment
volume) into the uppermost compartment. In these tests
the uranium solution was pumped through the column at 

3 -150-60 cm min , for a predetermined period of time (10 
minutes), after which the solution flow was interrupted, 
while the second peristaltic pump was started to remove 
and simultaneously add compartmental volumes fresh of 
mycelium using the dual track peristaltic pump previously 
described. This procedure was repeated until either the 
uranium solution or the fresh pellet reservoir was 
exhausted. Samples were taken as before. All samples
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Fig. 4.13 Biological ion exchange apparatus

Compartmentalised column operation before (a) 
and during (b) fluidisation

Fig. 4.14
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were analysed according to the methods described in 
Section 2.1.

4.5.4 Uranium elution

Initially, elution tests were carried out by
passing a solution of the eluant (0.1 M nitric acid
solution) through the column at 40 3 . -1 cm mm and
monitoring the effluent concentration until all the
uranium was eluted from the pellets. This technique was 
found to be unsatisfactory as the concentration of the 
eluate was much lower than indicated by the elution curves 
under ideal conditions (Section 4.3.1). In semi- 
continuous countercurrent tests, loaded pellets were 
removed and eluted separately under batch conditions. In

3one test 500 cm of 0.1 M HNÔ  was used to elute loaded 
mycelium (120 g U/g) to give an eluate containing 1,200
_3gm uranium (i.e., a concentration factor of 12).
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4.6 RESULTS AND DISCUSSION

Fig. 4.15 shows loading curves for packed columns 
of A. niger pellets at pH 4 and 6 in comparison with a 
pellet-free profile obtained by passing uranium solution 
through the column (filled with DDW) and monitoring the 
effluent concentration as before. Greater adsorption was 
obtained at pH 6 than at pH 4, as expected by comparison 
with the equilibrium adsorption isotherms (Section 3.4.1). 
In comparison with the packed glass column previously 
employed (Section 4.3.2), similar uranium loading, and 
ratio of breakthrough to saturation (/vO.l) was obtained. 
However, the amounts of uranium adsorbed at saturation 
were lower than indicated by equilibrium isotherms. The 
corresponding maximum values obtained after saturation
were 120 x 10“3 iQ

i •-* (504 x 10”6 , - l vmol g ) and 84 x 10"3
-1

g g (200 x 10”6 mol g“1) at pH 6 and 4. These low values
might be due to a number of factors: poor mixing
characteristics, insufficient equilibrium to allow 
complete diffusion, channelling, and pH change in the 
column.

Figure 4.16 to 4.20 show the loading curves
obtained with the column divided in up to five
compartments. These curves are plotted as the ratio of
effluent (C) to the inlet (C ) uranium concentrationo
against the total volume passed through the column. The 
uranium loading profile in each compartment was determined 
by sampling each compartment, as previously described. As 
can be seen, increasing the number of the fluidised
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compartments progressively improves the loading, by 
delaying breakthrough. For example, with five-stage
operation (Fig. 4.20) the effluent aqueous uranium 
concentration decreased steadily from stage 1 (feed) to 
stage 5 (effluent), each stage being individually well 
mixed. Dividing the column into stages restricts the
mixing of the pellets to within each stage. The result is 
a multistage contact which allows for higher uranium 
uptake. Similar principles are used in the NIMCIX ion
exchange technique (127, 402). The US Bureau of Mines
have also developed a similar system (183, 443) for
treating low uranium concentrations. Due to height 
limitation, the column could only be tested with a maximum 
of five stages (while retaining a column height to
diameter ratio greater than or equal to unity).

From the results of batch equilibrations, 
simulations, and calculations (Sections 3.4.1 and 4.3.2),

31.60 g mycelium (dry weight) is required per dm of
aqueous feed, under ideal conditions, to reduce the

-3concentration from 100 to 1 gm uranium. The dotted line 
in Fig. 4.21 represents the corresponding ideal break-

3through curve based on a packed bed of pellets (2.6 dm
3wet volume, 6 g dry weight, 2 dm free water) . Thus, 

under ideal plug flow - equivalent to a large number of 
fluidised beds in a tall column - breakthrough would occur 
after 4 bed volumes have passed. Evidently the column 
operated inefficiently under the conditions employed, 
presumably due to bypass and pH change within the column, 
thus preventing full equilibration.
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Fig. 4.15: Single stage uranium loading curve at pH4 (O )  and 6 (• ) in comparison
with a cell free run (A).
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Fig. 4.16 : 2 -  stage semi -  continuous fluidised column loading curve for uranium

adsorption by A. niqer pellets.
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F ig .4.17 : 3 -s ta g e  sem i -  continuous flu id ised  colum n load ing  cu rve  fo r uranium
a d so rp tio n  by A. n iqe r pe lle ts .



C
O

N
C

E
N

TR
A

TI
O

N
 

R
A

TI
O

 
C

 /
 C

230
*

Fig. 4 .1 8 :  4  - stage semi - continuous

a d s o rp tio n  by A. n iq e r

fluidised 

p e lle ts .

column loading curves for uranium
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Fig. 4.19 5 - stage sem i-con tinuous flu id ised  column load ing c u rv e s  fo r  uran ium
adso rp tion  by A. niqe r p e lle ts .
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0  5  10 15 2 0

VO LUM E TH RO U GH  BED  d m 3

Fig. 4.20 A c o m p a r is o n  
5 ( A )  s t a g e s  
( in t e r r u p t e d )

o f u ra n iu m  lo a d in g  w ith  1 ( 0 ) ,  2 ( A ) ,  3 ( B ) ,  4 ( B )  and
in a  flu id ised  co lu m n  w ith  a  c o n t in u o u s  -  c o u n te r c u r r e n t  
lo a d in g  c u r v e  (□ ).



233

The column performance can be improved by 
increasing the column height (or volume) or, as in the 
present work, by introducing an intermittent counter- 
current flow of pellets. The results of interrupting the 
aqueous flow every 10 minutes in a 4-stage operation to 
replace one compartment volume of pellets are also shown 
in Fig. 4.21. The concentration ratio was reduced to
0.05-0.10 and maintained at this level up to 4 bed 
volumes. The adsorbed uranium was readily stripped with

_30.1 M nitric acid to give an eluate containing 1,200 gm 
uranium, a concentration factor of 12.

One of the major problems of continuous ion 
exchange operations is the removal of loaded resins (for 
elution) from the column without disrupting the solution 
flow or causing damage to the resins. Packed column 
operations, of course, do not have these problems; they 
usually consist of two or three columns, one of which can 
be eluted while loading the other columns. Several 
arrangements are used industrially to remove loaded resins 
from columns, most involving expensive valve arrangements. 
However, with the fungal pellets, the need for this may be 
entirely eliminated by virtue of their non-rigid 
structures: preliminary tests indicated that by careful
control of the pellet size and the diameter of the 
perforations in the orifice plates dividing the com
partments, it was possible to remove the pellets by simply 
reversing the direction of flow (from upflow to downflow). 
This mechanical flexibility of the pellets allowed them to 
squeeze, without significant damage, from one compartment
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to one below.
Notwithstanding this flexibility, it is evident 

that A. niger pellets will not compete with synthetic 
resins in conventional uranium production. An equivalent 
mass of resin (IRA-400) occupies one twentieth of the 
volume of hydrated pellets, sustains several times the 
flow rate during fluidisation, and, as an anion exchanger, 
has better selectivity for uranium. The fungal pellets, 
however, achieve a lower ultimate effluent concentration 
(on a dry mass basis). They deserve further attention for 
possible application to weakly alkaline media - such as 
those produced in uranium solution mines and tailings from 
carbonate leach processes. In alkaline media, any com
peting ions will be present in low concentrations and the 
hydrogen ions from the biomass (released as a consequence 
of biosorption) will be consumed, thus aiding the bio
sorption equilibrium.

There is potential for the use of waste biomass 
as an inexpensive, non-toxic and non-selective adsorbent. 
However, unless compacted and granulated as in the AMT- 
BIOCLAIM process, the biomass is unlikely to be compatible 
with capital intensive plant, because of its high wet 
volume to dry mass ratio. Untreated (and therefore less 
expensive) biomass should be investigated in conjunction 
with systems of ponds or countercurrent decantation 
thickeners. If a small concentration factor can be 
achieved on stripping (as seems possible), the stripped 
solution may be suitable to join with the feed line to a 
conventional ion exchange or solvent extraction process.
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Fig. 4.21 shows a design which may be more 
suitable for use with pellet mycelium, although it has not 
been investigated experimentally in the present work. 
This design takes advantage of the high wet volume to 
dewatered or dry mass ratio of the pellets and employs 
dewatered pellets assumed to be available direct from a 
citric acid plant. A launder meander is filled with 
pellets and water in the same wet volume/dry mass ratio as 
in the NIMCIX analogue previously described. The meander 
provides a long horizontal 'column' of loosely packed
biomass of high effective surface area - which should
facilitate a ready flow of effluent and good solid/liquid 
contact without significant 'bypass'. A simple rake
system gives a countercurrent flow of mycelium.

In operation, an effluent feed containing 1-5
3 3g/m U enters at A and leaves at B with <1 g/m U.

Fresh/stripped mycelium is admitted at B and leaves at A

as loaded biomass containing 0.10 g U/g (dry mass). The
loaded pellets are dewatered on a screen at C (the
underflow returning to the feed stream) and eluted with
acid in a small volume elution tank. To reduce the
long-term effects of putrefaction, part of the eluted
biomass is bled to incineration while the remainder is
recycled (probably via washing and reslurrying steps)
together with new pellet make-up to the launder. The

3eluate containing 1000 g/m U goes to a conventional 
concentration system.



MEANDERING LAUNDERS SOLUTION FEED

Conceptual flowsheet for continuous countercurrent biosorption 
of uraniumF i g . 4.21
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4.7 CONCLUSIONS AND RECOMMENDATIONS

From the results of the testwork carried out in 
this chapter, the following conclusions can be made.

1. A. niger pellets are unsuited to packed column 
adsorption, but fluidise well. Pruteen granules 
adsorb uranium well in packed columns and are 
efficiently stripped, but disintegrate rapidly. 
They require further development (in particular 
chemical stabilisation) before a proper assess
ment of their potential can be made.

2. Simulations based on McCabe-Thiele plots and 
batch equilibrations indicated that - in an ideal 
contacting system - the uranium concentration can

-3be reduced by A. niger pellets from 100 gm to 1 
-3 .gm in a three stage countercurrent biosorption 

process.

3. Measurements of C/C indicated that a single
fluidised column of pellets gave poor biosorption
efficiency. The efficiency was improved by
dividing the column into compartments and
providing an interrupted countercurrent flow of
pellets. Although the concentration could be

-3 -3reduced in this way from 100 gm to 5 gm , the 
high wet volume to dry mass ratio will preclude 
the employment of this system in capital 
intensive plant.
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4. Replacing the NIMCIX system by that illustrated
■ in Fig. 4.21 takes advantage of the particular 
characteristics of A. niger pellets: low spec
ific gravity, high surface area and a non-rigid, 
but 'tough', structure. This new system may be 
suitable for recovering low concentrations of 
metals from plant effluents and should receive 
detailed consideration in any future study of 
uranium biosorption.
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APPENDIX 2.1

Typical data print-out of a multi-element analysis by
ICPAES
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APPENDIX 2.2

Typical print-out for direct uranium analysis by XRFS

X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X

Run No.  1,  F i l e n a m e :  UREM1. RF , Window No.  2 ,  F i t  4 
E l e m e n t  : U L i n e  : L N e t  I n t e G r a l s

X X X X X X X X X X X X X K X X X X X X X X X X X X X X X K X X X X X K X X X X X X X X X X X X X X X K X X X X X X

STANDARDS DATA

SAM. EXT IN P UT MEASURED CALC . % CALC .
NO. NO. CONC . COUNTS COUNTS D I F F D I F F CONC.

2 01 1 4 . 3 0 136,950 138312 1362 .99 1 4 . 1 9
7 04 9 4 . 9 0 963,65 1 965945 2294 .24 9 4 . 6 2
8 05 4 8 . 3 0 541/673 527901 -1 37 7 2 - 2 . 5 4 4 9 . 6 0
9 06 2 4 . 0 0 235,689 255479 19790 8 . 4 0 2 2 . 3 3

11 07 4 . 9 0 0 29871 20183 - 9 6 8 8 - 3 2 . 4 3 5 . 6 5 8

C-OEFFS OF REGRE S SI ON  L I N E , STANDARD ERRORS,
& EQN . OF L I N E ARE : -

- 4 . 3 1 8 4 E ♦ 04 +_ 1 . 9 4  E+04
•1.3057 E + 04 +_ 1. 11 E+03

- 2 . 5 5 3 9 E + 01 +_ 1 . 06 E+01
Y = -4-3184 »■ 130 57X - 2 5 . 53 9 XA2
3 1 a n d a r d E r r  o r o f  F i t=  1 .85 E+04 C o u n t s

UNKNOWNS DATA

SAM EXT MEASURED CALC .
NO NO COUNTS CONC .

5 02 42218 6 . 6 2 6
6 03 829 3 . 3 9 3

ro 
>o
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APPENDIX 2.3

Chemical composition and size analysis of Pruteen 
granules

% ( w / w )

Protein 72
Total Lipids 8.2
Ash 7.7
Nitrogen 11.5
Nucleic Acid 2.2
Phosphorus 2.4
Moisture 10.0
Others (Na, K, Ca, Mg,

Cl, S, Fe)

Amino Acid composition

Amino acid Chemical Structure % (in Pruteen)

Glutamic acid
O H\\ IC-CH-CĤ ,-C-COO _/ 2 2 Io nh3 +

7 . 6

0 HW IAspartic acid C-CHo-C-C00 6.5-/ 2 1 +
0 “ »3

C H ,  H\ 3 I
L e u c in e  / C H -C H „ -C -C O O  5 . 2

/  2  ' +
C H 3 NH3

Alanine
Hl

C H -j-C -C O OJ 1 + nh3
5 . 0
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(cont.)
Amino acid Chemical Structure %(in Pruteen)

Lysine
H+ 1 - H2N-CH2-CH2-CH2-CH2-C-COO 4.9
V

Valine
C»3 f _
CH-C-COO 4.1/ 1 +CH3 nh

Glycine
HlH-C-COO 3.8 
1»3*

Arginine
H1NHn-C-NH-CH„-CHn-CĤ -C-COO 3.6 2+,| 2 2 2 ,

nh2 NH

Isoleucine
Oh H \ 3 1CHo-CHo-CH-C-C00 3.4 3 2  1 + 

nh3

Threonine
OH H 1 1CH_-CH-C-COO 3.3 3 1 nh3

Others include Phenylalanine (2.6%), Proline (2.4%), Serine (2.4%), 
Tyrosine (2.3%), Methionine (1.8%), Histidine (1.4%), Tryptophan 
(0.7%) and Cystine (0.5%).



Size analysis of Pruteen granules

SIZE(jjm)
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APPENDIX 2.4

Fermentation Pilot Plant (60 litres)
The medium was made up as follows:

Ingredients % w/v weight (g)
Ammonium nitrate 0.25 150
Potassium dihydrogenphosphate 0 . 1 0 60
Magnesium sulphate 0.025 15
Trace element solution 0 .1 0 % v/v 6  0  cm̂
Polyethylene glycol 3(P2000) 0 .0 1 % v/v 6  cin

Batching instructions. 40 dm3 of distilled water was
heated to 70 °C and the above ingredients added in the
order given at 2  minute intervals with mixing. The3volume was made up to 55 dm with distilled water and pH 
adjusted to 4.2 with sulphuric acid. The medium was 
sterilised at 121°C for 20 minutes. Glucose solution 
(1 .1 %) was sterilised separately.

Inoculation instructions. The medium was allowed to coolgto 27°C. Aspergillus niger spores (47 x 10 , ex 15 
'slopes') were inoculated.

Running instructions. The temperature was maintained at
27°C. A fast agitator shaft speed (367 rev min )̂ was
used and air passed through the fermentation vessel at 3 -130 dm min . Samples were taken at two hour intervals 
over a fermentation period of 47 hours.
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The results of the fermentation were as follows:

time
(hrs)

£H wt% weight
la!

0 3.90 0.0092 5.5
5 3.82 0.0062 3.7

1 1 3.74 0.0030 1 . 8

16 3/4 3.74 0.0043 2 . 6

23 3.52 0.0066 4.0
29 3.17 0.0157 9.4
35 2.91 0.0414 24.8
40 3/4 2 . 2 0 0 . 2 1 0 126.0
47 2 . 0 0 0.357 214.2
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APPENDIX 2.5

2 Factorial Experiments
3Sulphuric acid distribution ratio for 2 factorial experiment

3

Mo Mi
Factor Ao Ai Ao Ai

Co ci Co C 1
Co ci Co ci

Ro 0 . 2 0 0 . 1 2 0.03 0.02 1 . 1 1 0.98 0.03 0 . 0 2

3.00 3.12 1.75 1.67 30.96 21.77 1.49 1.48

Analysis of Variance (Yates Analysis)

Source of Variation Sum of Squares Degrees of freedom M.S. = S.S.Df F

Main effect R 245.94 1 245.94 46.58H M 143.58 1 143.58 27.19H A 205.59 1 205.59 28.94n C 5.51Interaction RC 4.98II MC 5.39II AC 5.26 8 5.28 -II RMC 5.28II RAC 4.83II MAC 5.56" RMAC 5.44II RM 123.15 1 123.15 23.32II RA 157.19 1 157.19 29.77II MA 149.02 1 149.02 28.2 2II RMA 128.20 1 128.20 24.28

As can be seen frcm the F values all the main effects and interactions are significant at the 99% confidence limit (FQQ 11.3). 9 9

their 
1,8 =



NOTE
The following coding has been adopted;

R = Reagent concentration R̂  = 0.25M; Rq = 0.01M
A = EL.SO, concentration A-, = 0.25M; A = 0.005M2 4 1 o
M = Modifier concentration M- = 0.25M; M = 0.01M

1  o
C = Replication

Suffixes 1 and o denote high and low factor levels, respectively.
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APPENDIX 2.6

Sulphuric acid solvent extraction results
0.50 M A336 in Kerosene
N = 0.50 M
[R3 N] = 0.50 - 

0
- (l+x) (H-A)

PH H A Di [R3 N]o log Q+x) log D1 ([H+
[R,N13 O [H+r

2.96 0 . 0 1 0 0 0.00085 11.4 0.4817 -0.317 2 . 0 0 5.09
2.73 0.0199 0.00152 11.9 0.4632 -0.334 2 . 0 0 4.68
2.55 0.0290 0.0019 13.9 0.4458 -0.351 2 . 0 0 4.41
2.47 0.0397 0 . 0 0 2 1 18.9 0.4248 -0.372 2 . 0 0 4.40
2.43 0.0495 0 . 0 0 2 1 22.9 0.4052 -0.392 2 . 0 0 4.42
2.38 0.0593 0.0025 23.0 0.3864 -0.413 2 . 0 0 4.33
2.35 0.0690 0.0025 25.8 0.3670 -0.435 2 . 0 0 4.33
2.29 0.0787 0.0031 24.6 0.3488 -0.457 2 . 0 0 4.20
2.27 0.0884 0.0032 26.3 0.3296 -0.482 2 . 0 0 4.20
2.23 0.0980 0.0037 25.8 0.3114 -0.507 2 . 0 0 4.12
2.16 0.1172 0.0043 25.0 0.2742 -0.562 2 . 0 0 3.99
2.08 0.1362 0.0051 24.9 0.2378 -0.624 2 . 0 0 3.86
2.06 0.1550 0.0065 22.3 0.2030 -0.693 2 . 0 0 3.78
1.97 0.1738 0.0086 19.4 0.1696 -0.771 2 . 0 0 3.58
1.89 0.1923 0.0104 17.7 0.1362 -0 . 8 6 6 2 . 0 0 3.42
1.79 0.2153 0.0132 15.2 0.1059 -0.975 1.95 3.21
1 . 6 6 0.2381 0.0179 12.4 0.0794 -1 . 1 0 0 1.91 2.94
1.51 0.2607 0.0252 8.9 0.0526 -1.279 1.90 2.60
1.38 0.2830 0.0317 7.9 0.0401 -1.397 1.83 2.39
1.15 0.3271 0.0549 5.0 0.0209 -1.679 1.76 1.92
0.96 0.3701 0.0870 3.2 0.0116 -1.934 1.725 1.51
0.83 0.4128 0.1188 2.5 0.0076 -2 . 1 2 2 1.67 1.26
0.80 0.4306 0.1246 2.4 0.0067 -2.172 1.612 1 . 2 0
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0.25 M A336 in Kerosene

N = 0.25 M

[R3 N]o = 0.25 - (l+x) (H-A)
PH H A.

D 1 [R 3N ] o
log (l+x) log D1 ([H+]+0.012)/
[R̂ ]o [H+ ] 2

2.51 0.0080 0 . 0 0 2 0 3.1 0.238 -0.623 2 . 0 0 3.69
2.32 0.0159 0.0029 4.4 0.224 -0.650 2 . 0 0 3.51
2 . 2 2 0.0238 0.0039 5.2 0 . 2 1 0 2 -0.677 2 . 0 0 3.41
2.15 0.0318 0.0049 5.6 0.1962 -0.707 2 . 0 0 3.33
2 . 1 1 0.0396 0.0059 5.8 0.1826 -0.738 2 . 0 0 3.28
2.04 0.0474 0.0070 5.9 0.1692 -0.772 2 . 0 0 3.18
2 . 0 0 0.0552 0.0080 5.9 0.1566 -0.808 2 . 0 0 3.11
1.95 0.0630 0.0092 5.9 0.1424 -0.846 2 . 0 0 3.04
1.89 0.0707 0.0105 5.8 0.1296 -0.887 2 . 0 0 2.94
1.85 0.0787 0.0016 5.8 0.1158 -0.936 2 . 0 0 2 . 8 8

1.76 0.0938 0.0143 5.6 0.1029 -0.987 1.85 2.74
1.65 0.1090 0.0182 5.0 0.0820 -1.086 1.85 2.54
1.54 0.1240 0.0227 4.5 0.0626 -1.203 1.85 2.34
1.80 0.1390 0.0283 3.9 0.0507 -1.295 1.80 2.16
1.35 0.1539 0.0357 3.3 0.0372 -1.429 1.80 1.97
1.23 0.1723 0.0468 2.7 0.0291 -1.536 1.76 1.74
1.4 0.1905 0.0569 2.3 0.0229 -1.641 1.70 1.57
1.03 0.2085 0.0711 2 . 0 0.0178 -1.750 1.69 1.38
0.97 0.2264 0.0839 1.7 0.0149 -1.828 1.65 1.25
0.89 0.2441 0 . 1 0 1 0 1.4 0.0124 -1.860 1 . 6 6 1.07
1 . 6 6 0.2617 0.1174 1 . 2 0.0104 -1.98 1 . 6 6 0.93
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0.10 M A.336 in Kerosene

N = 0.10 M
[R-N]3 O = 0 . 1 0 - (1+x) (H-A)
pH H A

D 1
[R.N1 3 O

log (1 +x) log D1 ([H+]+0.012)/
[RjN]3 o [H+ ] 2

2.14 0.0080 0.0057 0.40 0.0952 -1 . 0 2 2 . 0 0 2.17
1.93 0.0159 0.0096 0.67 0.0874 -1.06 2 . 0 0 2.06
1.80 0.0239 0.0133 0.80 0.0788 i

• O 2 . 0 0 1.95
1.69 0.0318 0.0171 0 . 8 6 0.0706 -1.15 2 . 0 0 1.83
1.61 0.0396 0.0209 0.90 0.0626 -1 . 2 0 2 . 0 0 1.74
1.52 0.0474 0.0251 0.89 0.0554 -1.26 2 . 0 0 1.62
1.45 0.0552 0.0299 0.85 0.0494 -1.31 2 . 0 0 1.50
1.37 0.0630 0.0350 0.80 0.0440 -1.37 2 . 0 0 1.38
1.32 0.0707 0.0400 0.80 0.0388 -1.41 2 . 0 0 1.32
1.25 0.0784 0.0452 0.74 0.0336 -1.46 1.97 1 . 2 0

1.16 0.0938 0.0579 0.62 0.0282 -1.55 2 . 0 0 1 . 0 2

1.05 0.1090 0.0703 0.60 0.0226 -1.61 1.95 0.883
0.98 0.1240 0.0818 0.52 0.0156 -1 . 6 8 1.85 0.743
0.91 0.1390 0.0941 0.48 0 . 0 1 0 2 -1.74 1.82 0.632
0.84 0.2253 0.1723 0.30 0.0050 -1.94 1.70 0.352
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[R3 N]q = N - (1+x)(H-A)

0.05 M A336 in Kerosene
N = 0.05 M

PH H A
D 1 [R3N]o log (1 +x) log D1 ([H+]+0.012)/

[R-N]3 o [H+] 2

1.91 0.0080 0.0070 0 . 1 0 0.0480 -1.32 2 . 0 0 1 . 2 0

1.64 0.0159 0.0132 0 . 2 0.0446 -1.35 2 . 0 0 1.16
1.52 0.0239 0.0195 0.23 0.0420 -1.37 2 . 0 0 1.03
1.41 0.0318 0.0254 0.25 0.0372 -1.43 2 . 0 0 0.925
1.32 0.0396 0.0320 0.27 0.0348 -1.46 2 . 0 0 0.848
1.25 0.0474 0.0373 0.27 0.0298 -1.53 2 . 0 0 0.765
1 . 2 0 0.0552 0.0430 0.27 0.0280 -1.55 1.80 0.707
1.14 0.0630 0.0486 0.28 0.0255 -1.59 1.70 0.654
1.08 0.0707 0.0552 0.30 0.0244 -1.61 1.65 0.616
1.04 0.0784 0.0612 0.25 0.0208 -1.680 1.70 0.492
0.96 0.0938 0.0750 0.25 0.0180 -1.745 1.70 0.403
0.89 0.1090 0.0875 0 . 2 0 0.0145 -1.838 1.65 0.230
0.82 0.1240 0.1007 0 . 2 0 0.0127 -1.896 1.60 0.154



APPENDIX 2.7

Uranyl sulphate solvent extraction results

Uranium extraction data: N = 0.20M; U = 4.135 x 10~3 M; [(R̂ NH)2 S04 ô

H
(x103 M)

pH A
(x103 M) [U]A(x103 M)

TUI°3(xlO M) ° 2
logD2

2.5 3.96 0.99 3.434 0.7037 0.205 -0 . 6 8 8

5.0 3.65 1.46 2.516 1.622 0.6446 -0.191
8 . 0 3.42 1.80 1.344 2.794 2.079 +0.318

1 0 . 0 3.33 1.85 0.624 3.514 5.631 +0.751
25.0 2.83 4.50 0.00723 4.1305 571.3 +2.757
50.0 2.32 1 2 . 0 0.00118 4.1366 3505.6 +3.545
6 6 . 0 2.13 16.5 0.00092 4.1368 4496.5 +3.653
75.0 1.94 24.0 0.00080 4.1370 5171.3 +3.714

1 0 0 . 0 1.94 24.0
133.2 1.73 35.5 0.00029 4.1374 14,266.9 +4.154

(H-A)-(1+y)([U] ) o

(1 +v) [(R3m ) 2s o 4 ]o
(xlO m)

log[(R3 NH)

1.85 0.2082 -3.68
1.94 0.3933 -3.41
1.97 0.6958 -3.16
2 . 0 0 1 . 1 2 2 -2.95
2 . 0 0 12.238 -1.91
2 . 0 0 29.726 -1.53
2 . 0 0 41.226 -1.38
2 . 0 0 42.726 -1.37

2 . 0 0 89.42 -1.05
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Uranium extraction data: N = 0.10M; U = 3.958 x 10_3M; [ (R3NH) 2S04]q = (H-A)-(l+y) ([U]Q)

H
(x103 M)

PH A
(x103 M)

[U]A
(x103 M)

c?
o
 0 D 2

logD2 (l+y) HR3m)?soA]Q
(x 10~m )

log [ (R3 NH)

1.0 3.65 1.0 3.840 0.118 0.0307 -1.51
2.5 3.32 2 . 0 3.617 0.341 0.0943 -1.03 1 . 1 0 0.1249 -3.90
3.75 3.10 2.9 3.431 0.527 0.1536 -0.81 1.30 0.1649 -3.78
5.0 3.02 3.2 2.962 0.996 0.3363 -0.47 1.52 0.2861 -3.54
6.25 2.92 3.7 2.635 1.323 0.502 -0.30 1.64 0.3803 -3.42
7.50 2.89 4.0 2.275 1.683 0.740 -0.13 1.80 0.471 -3.32

1 0 . 0 2.82 4.5 1.480 2.478 1.674 +0 . 2 2 1.90 0.792 -3.10
25.0 2.35 1 1 . 0 0.0458 3.912 85.41 +1.93 2 . 0 0 6.18 -2 . 2 0

50.0 1 . 8 6 27.0 0.00567 3.952 697.00 +2.84 2 . 0 0 15.096 -1.82
75.0 1.60 45.0 0.00424 3.954 932.55 +2.97 2 . 0 0 22.09 -1 . 6 6

1 0 0 . 0 1.45 60.0 0.00382 3.954 1035.08 +3.01 2 . 0 0 32.09 -1.49
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Uranium extraction data N = 0.05, U = 4.138 x 10 M [(R^NH^SO^l

H
(xl03 M)

pH A
(x103 M) [U]A(x103 M)

[Ul°3(xlOJM) D 2
logD2

1 . 0 3.55 0.95 4.12 0.018 0.004 -2.40
2.5 3.20 2.30 4.00 0.138 0.034 -1.47
5.0 2.93 3.6 3.33 0.808 0.242 -0.62
8 . 0 2.70 5.6 2.97 1.168 0.393 -0.41

1 0 . 0 2.64 6.4 2 . 6 6 1.478 0.555 -0.26
15.0 2.45 9.0 1.76 2.378 1.351 +0.13
25.0 2 . 2 2 14.0 0.616 3.522 5.717 +0.76
66.7 1.65 40.0 0.0187 4.119 220.3 +2.34
75.0 1.45 61.0 0.0134 4.124 307.8 +2.49

1 0 0 . 0 1.44 63.0 0.0161 4.122 256.0 +2.41
133.2 1.24 8 6 . 0 0.0174 4.120 236.8 +2.37

(H-A)-(i+y)( t u ] o )

[(R3NH)2S04]o 
XlO M

log [ (R3NH)

.0 0.0062 4.21

.1 0.5111 -3.29

.35 0.8232 -3.08

.65 1.1613 -2.94

.80 1.7196 2.76
2.00 3.896 -2.41
2.00 18.462 -1.73
2.00 5.752 -2.24
2.00 28.756 -1.54
2.00 38.960 -1.41
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APPENDIX 3.1

Uranium adsorption by A. niqer at different pH values

pH 2

Wt of mycelium 
(xl03g)

Equil.
(gnf3)

U cone. 
(xlÔ M)

U loading
(xlÔ molg 3)(xl03g g

% uptake

5.4 97.5 409.6 97.2 23.1 2.5
10.0 96.3 404.6 77.5 18.5 3.7
20.6 95.0 399.1 51.0 12.1 5.0
51.3 86.3 362.6 56.0 13.3 13.7

101.1 71.3 299.5 59.6 14.2 18.7
151.2 58.1 244.1 58.2 13.9 41.9

pH 4.0 

4.6 86.2 362.1 676.1 160.9 14.6
9.8 75.8 318.4 617.6 146.9 27.5
18.8 51.9 218.0 507.4 120.7 46.7
28.7 34.3 144.1 461.1 109.8 64.7
45.5 20.4 85.7 388.7 92.5 80.5
70.3 3.0 12.6 281.8 67.1 96.9
94.5 0.0 0.0 232.5 55.3 100.0

pH 5.8

5.8 70.1 294.5 901.7 214.7 26.2
12.7 47.8 200.8 780.7 185.8 49.7
25.0 19.0 79.8 638.6 152.0 80.0
40.2 4.6 19.3 472.3 112.5 95.2
57.1 3.1 13.0 338.1 80.5 96.7

102.0 1.2 5.0 193.2 46.1 98.7
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(cont.)

Wt of mycelium Equil.
(xl03g) (gm“3)

U cone. U • loading % uptake
(xlÔ M) (xlÔ molg "S (xlo\ g

pH 7.8

12.5 92.3 387.8 319.2 76.0 17.1
27.6 74.4 312.6 280.8 66.8 33.2
42.5 57.0 239.5 268.4 63.9 48.8
62.7 44.1 185.3 225.1 53.6 60.4
105.3 17.7 74.4 186.7 44.4 84.1
151.9 2.0 8.4 151.2 36.0 98.2
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Uranium adsorption by Pruteen at different pH values

Dry wt. Pruteen Equil. 
(xl03g) (gnf3)

U Cone. 
(x106M)

U loading
(xlÔ molg (xl03g g

% uptake

pH 2

12.3 92.62
23.8 88.11
54.2 74.49
72.6 63.48
93.0 54.19

389.1 100.0
370.0 91.8
312.9 93.0
266.7 101.2
227.7 100.0

23.8 6.0
21.8 10.5
22.1 24.4
24.1 35.6
23.8 45.0

pH 4.0

4.5 85.4 358.8 587.8 140.0 12.9
10.0 73.0 306.7 525.0 125.0 25.5
23.3 41.9 176.0 505.8 120.4 57.3
39.3 14.9 62.6 444.1 105.7 84.8
50.4 12.0 50.4 358.4 85.3 87.8

100.8 6.1 25.6 191.5 45.6 93.8
149.9 4.3 18.1 131.3 31.3 95.6

pH 5.8

7.0 86.7 364.2 249.3 59.3 8.7
23.1 68.2 286.5 243.7 58.0 28.2
39.9 56.3 236.5 203.8 48.5 40.7
59.3 41.3 173.5 190.2 45.3 56.7
106.9 10.6 44.5 165.9 39.5 88.8
151.9 5.1 21.4 124.3 24.2 94.6
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(cont.)

Dry wt. Pruteen Equil. 
(xl03g) (gm 3)

U Cone. 
(x 106M)

U loading
(xlÔ molg 3) (xl03g g

% uptake

pH 7.6

13.9 95.0 399.1 246.4 58.6 14.6
24.5 86.3 362.6 214.3 51.0 22.5
54.2 54.3 228.1 220.9 52.6 51.2
74.6 37.9 159.2 206.7 49.2 65.9
104.7 21.6 90.7 180.0 42.8 81.6
146.1 6.9 29.0 150.1 35.7 93.8

Uranium adsorption by Nutrin at pH

Dry wt. Nutrin 
(xl03g)

Equil. 
(gm 3)

U Cone. 
(x 1 0 6M)

U loading
(xlÔ molg (xl03g g

% uptake

15.7 58.7 246.6 553.9 131.8 41.3
34.9 22.2 93.3 468.9 111.6 77.8
52.9 10.0 42.0 332.7 79.2 90.0
81.9 4.7 19.7 247.4 58.9 95.3

110.0 2.4 10.1 190.7 45.3 97.6
156.5 1.3 5.5 134.0 31.9 98.7
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Uranium adsorption by IRA-400 at pH 4

Dry wt. Resin 
(xl03g)

Equil.
(gm~3)

U Cone. 
(xlÔ M)

10.7 112.9 474.3
24.3 112.3 471.8
32.6 109.5 460.0
57.7 107.5 451.6
86.5 97.5 409.6
140.2 86.9 365.1

U loading % uptake
(xlÔ molg "S (xl03g g 3)

35.3 8.4 1.6
20.6 4.9 2.1
33.2 7.9 4.5
26.0 6.2 6.3
41.6 9.9 15.0
41.6 9.9 24.2

Uranium adsorption by A. niger over wide concentration range_3(up to 1.8 x 10 M uranium)

Dry wt. mycelium 
(xl03g)

Equil
(gm“3)

U Cone. U loading
(xlÔ M) (xlÔ molg (xl03g g *)

5.0 411.0 1726.0 789.0 187.8
18.9 365.9 1537.0 785.0 186.9
57.8 216.0 907.5 777.2 185.0
102.9 91.7 385.2 690.3 164.3
177.5 46.7 193.3 453.7 108.0
192.2 33.4 140.3 433.5 103.2
239.1 19.3 81.1 360.9 85.9
409.6 13.8 57.8 213.4 50.8
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Uranium adsorption by A. niqer in the presence of co-ions

In presence of Fe3+ = 1.78 x 10-4M; U = 4.47 x 10 4M

Wt,. of mycelium Uranium cone U loading
(xl03g) (xlÔ M) (xlÔ molg

9.83 366.3 410.5
23.29 282.4 353.4
47.23 172.1 291.0
69.60 110.0 242.1
92.80 45.0 216.6

In presence of Zn2+ = 1.468 x 10-4M; U =' 4.217 x 10“4M

12.62 306.2 457.6
29.23 206.1 368.8
48.52 126.4 304.3
63.24 101.0 253.6
99.48 0.0 212.0

2+ „ „ -4 -4In presence of Cu = 1.56 x 10 M; U = 4.315 x 10 M

9.5 337.8 493.1
23.6 254.1 375.8
50.6 132.8 295.2
65.6 79.2 268.5
99.0 0.0 217.9

In presence of Cu2+ i „„= 1.44 x 10-4M Zn2+ = 2.418 x 10”4M
3+ „ -4 -4Fe = 1.701 x 10 M U = 4.306 x 10 M

Wt,. of mycelium U cone. U loading % metal uptake
(xl03g) (x 106M) (xlÔ molg U Cu Zn Fe

10.20 359.9 346.6 16.4 2.4 6.1 90.9
23.10 292.0 300.0 36.4 3.9 16.9 91.5
46.49 198.9 249.2 53.8 10.0 22.7 93.7
71.92 115.2 219.3 73.2 10.1 29.4 96.7
95.76 47.5 197.6 89.0 16.4 35.8 98.1
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2+ -4Uranium adsorption by Pruteen in the presence of Cu = 1.530 x 10 M,

2+ -4 3+ -4 -4Zn = 2.609 x 10 X  Fe = 1.884 x 10 M and U = 4.557 x 10 M

Wt. of mycelium U cone. U loading % metal uptake
(xl03g) (xlÔ M) (xlÔ molg "S U Cu Zn Fe

10.78 351.6 482.5 22.9 6.6 7.1 92.8
26.96 216.8 443.0 52.4 13.9 23.3 96.7
53.94 25.5 498.7 94.4 48.9 40.8 98.1
80.91 16.3 271.6 94.9 71.7 51.5 100.0
108.95 14.3 202.6 96.9 79.2 54.9 100.0

Uranium adsorption by A. niqer in the present of counter-ions

Chloride medium (404.1 x 10“6M)

Wt. of mycelium U concentration U loading
(xl03g) (gnf3) (xlÔ M) (xlÔ molg 3) (Xl03g g-1)

10.5 74.75 314.0 429.0 102.2
27.3 46.18 194.0 384.8 91.6
47.3 29.94 125.8 294.2 70.0
65.4 14.99 63.0 260.8 62.1
84.6 4.62 19.4 227.4 54.1

Nitrate medium (420.0 x 10”6)

15.1 62.96 264.5 514.9 122.6
29.0 41.56 174.6 483.0 114.9
49.5 17.70 74.4 349.1 83.1
66.5 13.56 57.0 272.9 65.0
86.8 0.06 0.3 241.8 57.6
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(cont.)
Wt. of mycelium U concentration U loading

(xl03g) (gm 3) (xlÔ M) (xlÔ molg 3)

Acetate medium (393.1 x 10” M̂)

10.4 69.59 292.3 484.6
19.9 57.21 240.3 383.9
42.3 31.22 131.2 309.6
61.8 16.03 67.3 263.6
86.1 4.53 19.0 194.6

Sulphate medium (429.8 x 10~Sl)

14.4 69.73 292.9 475.3
19.9 60.63 254.7 439.9
37.3 37.50 157.5 365.0
62.7 14.50 60.9 294.2
80.3 2.54 10.7 260.9

_3High Sulphate medium (1 x 10 M)

12.9 59.30 249.1 462.4
23.6 42.62 179.1 401.0
41.6 26.39 110.9 309.5
66.8 6.73 28.3 254.6
88.3 2.31 9.7 203.1

(xl03g g""1)

115.3
91.4
73.7
62.7 
46.3

113.1
104.7
87.1
70.0
57.0

110.0
95.5 
73.7
60.6 
48.3
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— 6Initially 1 dm3 of a solution containing 437.3 x 10 M (104.1-3gm ) uranium contacted with 0.520 A. niger mycelium.

Adsorption/desorption characteristics of uranium onto A. niger

Equil. pH U
(gm"3)

cone.
(x 1 0 6M)

U loading
(xlÔ molg (xl03g g 1)

% uptake

1.9 85.13 357.6 153.3 36.5 18.2
3.9 24.93 104.7 639.7 152.3 76.1
5.9 0.12 0.5 840.1 200.0 99.9
8.5 7.47 31.4 780.6 185.8 92.8

5.7 2.22 9.3 823.1 195.9 97.9
4.0 15.93 66.9 712.4 169.6 84.7
1.9 75.11 315.5 234.6 55.8 27.8
1.0 81.81 343.7 180.0 42.9 21.4
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APPENDIX 3.2

The electrical double layer theory (359, 450, 451, 452

When a solid and liquid phase are brought into
contact (e.g., biomass particles in aqueous solution)
there is often a transfer of electrical charges from one
phase to the other: the solid aquires a surface charge
which is balanced by an equal number of charges in the
adjacent solution. This surface charge and the
countercharge constitute an electrical double layer. The
local charge separation across the interface results in
an electrical potential difference, which although not
large (± 1 V, maximum) is equivalent to an enormous field

9 -1strength (potential) gradient (10 Vm ) across the few 
nanometer thick interface. The electrical potential in 
the liquid (Y) decreases exponentially with distance from 
the charged surface, of potential Y •

The simplest qualitative treatment relating the 
surface potential with distance were derived 
independently by Gouy and Chapman (444, 445) based on the 
following assumptions.

1) a flat and uniformly charged surface of infinite 
length.

2) ions are point charges distributed according to 
Boltzman distribution.

3) dielectric constant does not change with Y andox .

4) only coulombic forces important.

The Gouy-Chapman equation simplifies to
■ . V y  „ Q

Y = YQ e , at YQ«  25 x 10 V (A 3.21)

" k xand Y - (4kT/ze)e , when Y  is large (A 3.22)
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where 1/k is the "thickness of the double layer" and z is 
the change number. The Gouy-Chapman model suffers from a 
number of defects. In particular, the assumption of 
point charges leads to absurdly high ionic concentrations 
near the charged surface. Stern (446) proposed another 
model which divides the double layer into two parts, a 
compact (Stern) layer and a diffuse layer, separated by a 
plane (Stern plane) located at a hydrated ion radius from 
the surface. He also considered the possibility of 
specific ion adsorption involving counter-ions attached 
to the surface by electrostatic and/or Van der Waals 
forces. Fig. A3.21 shows a schematic diagram of the 
electrical double layer according to Stern's theory. 
Grahame (447) further divided the Stern layer into inner 
and outer Helmhotz planes, representing the centre of 
charge of chemisorbed ions and the locus of nearest 
approach of hydrated counter-ions (i.e. Stern plane), 
respectively.
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^ 1/k
Distance

Fig- A3.21 Schematic diacrram of the electrical double 
layer according to Stern.
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The electrophoretic behaviour (and other 
electrokinetic phenomena) of particles depends on the 
potential at the surface of shear between the charged 
surface and the bulk solution (electrokinetic or zeta 
potential $ ) . Although this cannot be determined 
directly, it is generally assumed to be the same as the 
potential at the Stern plane (Ytf ).

Micro-electrophoresis is a widely used method 
for the determination of electrophoretic mobility of 
charged particles in suspension under an applied 
electrical field. The electrophoretic mobilities may be 
used on their own or converted to zeta potentials using 
the Helmholtz-Smoluchowski equation (448, 449).

Ve
E E e5

= electrophoretic velocity (ms )
* - 1  E = electric field strength (Vm )
£, = permittivity of the medium

_2^  = viscosity of the medium (N.sm ) 
(iE = electrophoretic mobility

(A 3.23)

Equation (A 3.23) is limited to use when 'ka', which is 
the ratio of radius of particle to double layer 
thickness, is large (>>1). When 'ka' is small, the 
Huckel equation can be used

Se.
1.5

(h 3.24)

Henry has shown that both equations (A 3.23) and (A 3.24) 
are limiting forms of the equation

^E
1.5

f (ka) (A 3.25)

where f(ka) varies from 1.0 for small ' ka' (equation A 
3.23) to 1.5 for large 'ka' (equation A 3.24).
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Because of the general uncertainties involved in 
equations (A 3.23) - (A 3.25) , only electrophoretic
mobilities can be considered accurate. No attempts have 
therefore been made to calculate the zeta potentials.

Electrophoretic mobility data

From equation (A 3.23),
V  eElectrophoretic mobility (n_) = — —

h i  £ j

VE was determined as explained in Section 3.2.4.
E = V/l, where V is the voltage applied and 1 is the 
inter-electrode distance (8.35 cm).

Now,
V _  = grid length/time = 50 x 10 ^/t

Xj
where t is the time (seconds) taken by the particle to 
cross one grid length.

E=50/8.25 V cm ^

Hence,
HE = 8.25/t x 10  ̂ ms ^v ^cm ^

When different grids or vlotages are used (as
was the case with Pruteen) 
used to calculate juE .

A. niger

pH t
(seconds)

1 2 . 2 11.34
10.5 3.73

8 . 1 4.68
5.8 7.44
4.4 25.34
4.0 23.94
3.4 24.21
2 . 0 7.30

the appropriate values were

V
(volts)

^E-1 - 1  (urns v

50 -2.91
50 -2 . 2 1
50 -1.76
50 -1 . 1 1

100 +0.65
50 +0.34

100 +0 . 6 8
50 + 1.13
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Pruteen

£H t V

1 2 . 0 8.85 50 -3.73
1 0 . 0 7.93 50 -4.16

8 . 0 8.17 50 -4.04
5.6 1 0 . 0 0 50 -3.30
4.0 1 2 . 0 1 100 -1.37
3.0 25.18 100 +0 . 6 6
2 . 0 18.39 70 +1.28
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APPENDIX 3.3

Rate of uranium uptake by A. niqer (pH 4)
31 dm initially containing 493.8 x 10 

contact with 0.0928 g of mycelium
'6M (117.5 gm'

Time t 
(min)

Eqm. cone. 
(x 106M)

U adsorbed 
(xlO^molg )̂

0 493.8
1 373.5 259.3
2 383.9 236.9
3 347.9 314.4
4 342.4 326.3
5 360.0 288.4
6 267.6 487.5
7 267.6 487.5
8 257.1 510.1

10 276.9 467.5
15 249.5 526.5
30 240.1 546.7
60 2 1 2 . 6 6 605.9
90 205.42 621.5

120 203.7 625.3

A. niger uptake -3.gm ) uranium m
at pH 4, initially 71.8 x 10~^M 
contact with 103 mg of mycelium

Time t 
(min)

Equil.cone. 
(xlO^M)

U adsorbed 
(xlO^molg *)

0 71.8
1 40.8 285.9
3 39.9 294.2
5 36.6 324.7
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(cont.) 
Time t Equil.cone. U adsorb^
(min) (xlO^M) (xlO^molg

10 35.3 336.7
15 34.9 340.3
20 36.1 329.3
30 34.9 340.3
45 32.3 364.3
60 31.5 371.7
90 30.2 383.7
180 120 29.0 394.8
20 HRS 26.5 417.8
22 HRS 29.0 394.8

Rate of uranium uptake by Pruteen granules (pH 4)

3 .1 dm initially containing 493.8 x 10"6M (117.5 <
contact with 0.099g of Pruteen

Time t Eqm .cone. U adsorbed
(min) (xlO^M) (xlO^molg

0 493.8
1 296.6 398.4
2 291.9 407.9
3 260.0 472.3
4 262.9 466.5
5 279.8 432.3
6 272.2 447.8
7 289.0 413.7
8 296.6 398.4

10 285.7 420.4
20 279.8 432.3
30 269.3 453.5
60 249.5 493.5
90 248.4 495.8

120 240.1 512.6

) in
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— fi — ^Pruteen uptake at pH4, initially 71.8 x 10 M (17.1 gm °) 
in contact with 100.8 mg of Pruteen

Time t 
(min)

0
1
3
5

10
15
20
60
50
40

120
90
240

22 1/2 HRS 
24 HRS

Eqm .cone. 
(xl06M)

48.3
48.3
47.5
46.6
42.4
42.4
39.5 
35.3
36.1
36.5
28.1 
31.9 
31.1
28.6 
31.5

U adsorbed 
(xlO^molg

232.9
240.9
249.8
291.5
291.5
320.2
361.9
353.9
349.9
433.2
395.6
403.5
428.3
399.5


