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ABSTRACT 
.'......-----

. / 
The phênomenon of selective retention of cations from aqueous 

sol~~~ons by microbial biomass has been terme~ biosorption. SampI es . -
.... _- .. 

of waste microblal biomass, originating from industrial fermentations 

and biological waste water treatment plants, have been tested for their 
- / 

uranium and thorium biosorption potential. 
r 

Optimum biosorption 

conditions have been identified. Rhizopus arrhizus was identified asl 

the bi~ass presenting the"highest U or Th uptake capaci~y, in exeess of 
..... \ 

170 / Th ff f 1 · ----/ ( 1 +2 Z +2) h~~j-mg g. ('i e e eet 0 50 ut10n eO-10ns name y Fe , n. on t e 

equilibrium biosorptive uptake capacity of Rhizopus arrhiz~s has been 

examined. ~e study of the rapid kinetie~ of U and Th biosorption 

bas b~:rr' initiated: 
\ 

Accumulated experirnental and theoreticat information 

led tQ the formulation of a bi~sorptipn rnecbanism hypothesis for the 

syste~s U or Th - Rhizopus arrhizus. Biosorption of both U and Th by 

Rhizopus arrhizus oc7urs mainly in the cell wall of the mycelium. 

Complexation by the cell'wall ehitin, adsorption, and hydrolysis of the 

eomplex are the,proeesses participating in the pro~osed mecbanism 

hypotheses. 
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RESUME 

- ,\ 
La biosoTIltion es;t définie comme étant la retention sélec;tive 

- \ / ' • - • • t 

de cations d'une solutio~ aqueuse par une biomasse microbiennt. Des 

échantillons de biomasse, provenant du fermentations industrielles et 

de traitement biologique d'eaux usées. ont été analysés pour leur , 

potentiel de biosorption dei cations d'uranium et de thorium. Des 
o 

. conditions optimales de 'b~osorption ont été identifiées. Le/Rhizopus 

arrhizus a été identifié comme étant. la biomasse présentant la plus 
,'. 

haute capacité d'adsorption d~ranium et de thorium, soit en exces de -, 
~80 mg/go L'effet de co~ions CFe+2, Zn+2) en solution sur-l'équilibre 

biosorptif c::lIvRhizopus arrhizus a été étudié. L'étude cinétique de bio

sorption d'uranium et de' 'thorium a été initié. L'information théorique 

et expérimental~ obtenu' a co~it à ~a formation d'une hypothèse sur le 

,méchanisme de biosorption pour les systèmes uranium ou thoriÛm-Rhizopus 
~ 

arrhizus. La biosorption d'uranium et de thorium par Rhizopus arrhizus 
- 1 

. 
se produit dans l'ensemble dans le mur cellulaire de la mycelle. La 

chitin. l'adsorptio~-e~~::h~d~~U formation d'un complexe avec la 

complexe sont les procédés participant au méchanisme proposé. ~' 
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CHAPTER 1 , 

INTRODUCTION 

I-l THe PROBLEM 

1 
1 , , , , 

1. 

Industrial gro~th ?f'our civilization has been fostered from 
,/ 

its'very early years by thè use of fossil fuels. 
" 

In th~beginning coal, . 
apd in ~he r~~e~t deca~es oil,~ave ~layed a 

and transportation systems arou~ world. . - \ 

dominant role in production 

The limitations in thei? 
'-

su~ply have, however, been realized, and the search f~r alternative 

energy schemes has been intensified, especially during the last decade. 

The advent of knowledge on the ~tructure of the basic unit of matter, 
/ 

'the atom, led ta the development of the n,ecessary t;.echnology for the 

control1ed atomlc fission. A new energy source, atomic'energy, was 
1 -/ 

~, ~hUS mad~ available. Uranium, a natural element in rea~onab:ie abundance 

\, in the earth's crust, emeiged as the new fuel. The nuclear fuel brought' 

with it what-many thought of as a blessing and what others thought of as . ~ 

a nightmare; electrical power generated from nûclear ~ow(r plant; on 
/ 

one' hand, nuclear arsenals and radioactive environmental pollution on 

the other. 

The arguments for and against nuclear power have been developed 

by bath sides ta ~ considerable extent and depth: 
~., 

What has to be 

realized, however, is the simple fact that there is already consi~êrable 
. " 

investment in an extended industrial network..,ba;;ed on the nucl.ear fuel 
. ~ 

cycle,. and along with it there is a serious and difficult environmental 

problem'/for 1hich the currént solutions are inefficient. ~The 

.' 

'-.. 
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reali3ât~on of the implic~tions and the.intensity of the environmental 

problems associated with nuclear power generation were,at the beginning, , ) , 

intèntionally or not. Unde:estimated. 'Our recent awarenes~~ the! 

màgnitude of the problems related to :nti~~ear power gene,fati~n '~sts 
~ / '/ ~ - ~\ .. 
that until these problems have be met in a successful way - furthe~ 

_ eXPfnsion of the sector-may no be beneficial. 

/ '. . Canada is _ ac~iv y :nVO.1Ved in the .r~ of nuel •• r fuel 
, 

mining and processing. as weIl as in the area of nuclear reactor design 

and manuf~turing 5 ANDU system). 

aré of speci~l;>~erest to Canada, 

/ 

As a result, uranium and thorium 
o 

sinee: 

51) Both elements present chemical and ra~iologiéal toxicity. 
, ~ 

~ ,/ (2) Both elements presént interest as nuclear' fuels ,in .. 
'energy produétion, cycles. 

, 

Thorium is presen~_in~onsiderable amounts in Canadian 

uranium ores. l 

(4) Canada is the second' largest produçer,.of uranium in the 

world. l 
-~(S ;', 

During the last two ~des the increased demand f~r-uranium 
fuel has led to the exploitation.of lower quglit; o;~as weIl as 

fqrther exploration and location of new uranium ore bodies. 

~ 

/ , The processing of uranium ore results in the need ta d1spose 
1 

. 1·' 
of large quantities of solid wastes and liquid effluents. as the ore 

contains- as littleas 0.8S' kg of U308 per tonne. l Low level quantities 

," 

" ' 

" 

of uranium decay'chain radionuclides are -generated during uranium mill~n~ , 

l 

/ 
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/and find, their way in the ta,~lings or the process waste waters. 'By 
\ 

3. 

1976, in the Elliot Lake area alone. thereO werr::l:r 400 hectares of radio-

active tailiftgs~ tn genera1. ap;rOXimatelY 15% of t~i~~a1 radio-

activity in the ore l~ves in the final 'product, whereas, the remaining 
""" 

85% is discharged in t~e tailings. 1 The tail~ngs ponds May, in some 

cases. constitute a public nuisance and represent à-potential health ' 
/ 

hazard that may persist far more than 195 yea~ 

Appr~ximately 90-95~ of "the uranium is recov~~ed during the 
\ : p ) 

milling proeess.. Low concentrations of uranium are, however, prtsent 

in the Waste streams ~f the uranium mining and ~illin~ ,i~du~try .• 4,5 

Uranium is also present in concentrations as high as 5U mg/1 in certain 

copper' leach dumps, and can be extracted commerciàlly from the acidic 

~waste waters of the phosphoric acid produ~tion process whenever uranium

~bearing phosphate rock is ~~ing used. 5 In general, uranium-bearing 
1 

waste waters c~n be considered as unconventional uranium rasources. 

Table r.l presents some chemical and radioactive paraméte~s of uranium 

_ mining and milling waste waters: 
"'\ , 

/ , 

The l,ow concentration of uranium in the ~aste waters ,should 

not lead to t~e conclusion that urani~emova1 is of no considerable 

environmenta1 importance. The environmental ef~ects of a_pol1u~ant 

can.be best understood as the result of its accumulation in the environ-
,\. ~ 

ment. This is especially'tru; for non-biodegradable pollutants like 

uranium and thorium. Cons equently, one should not only examine the 
, " 

concentration of the pol lutant in a waste stream. but aiso the total 

mass rate at which the pol1utant is discharged. Given thé large volumes 
~ 

, 
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TABLE 1.1 

\: 
\ , 

Chemica1 and ~dioactive Parameters~ of Uranium 
/ Minin ~ and Milling Waste Wa ers 

1 

l' 

1 1 

Il 

.' 

,) ./ 

./ 
/ 

, 

1 
DischaJge Waste Water Tail'ing Areas Waste Water 

---------+I-----'----+I-------------------,~I'----------'-----. i~ (_ " 2.0(t) - 2.8(4) / 

total solids 4180 Ct) - 1340~(4) 
Soi 2280C~) ~ 7500(5) 

. ./; (~) _ 200 (5) , 

~ 1 (1) 
,." '- 1101 

Na 

Ca 
• J 

. - 30Q~4) - 960(1) 

,"' 1-/3" 6 (
4

) 1 

Q.97 1) _ ,9.4 (4) ---

Fe 

Mn 

Zn 
-- j .... 

, 0.96(1) _ 2.2(4) Cu ~ ~----
~----

U 1. 0 (1) - 19 (1) 

Gross a 

, /> 

2.0(4) _ 4.5 Cl) 

,200 (1) _ '7500 (S) 

7100(51 
\ 

50 cl) _ 600 (1) 

1.0(S) - 3.200(4) 

0.5 Cl) - 5.6(4) 

__ / 13000 pei/ 1 (1) 

*All.,va1ues in mg/1 e~PH and wherever specified otherwise. 
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\ 
of industri.! waste watèrs the mass r.tes can be very 19h. For \ 

ex;ample} one uranium mine in the U.S. al~~e disposes of lappro~atl?y 

s. 

~' \ 
five million gallons of waste water per day, resulting in a mass raie • 

of 10,000 to 15,090 lbs of U30S per month. 6 ,Generally, mine waste \ 
1 

water and process waste water combined together result ~n pumping i to 
, . , 

• "XZ 

\ 
the tàflings areas one tonne of waste wa~r p~r each to~e of ore m·ned. 

\ 

\ 

\ 
,Thorium is present in Canadian uranium ores ,in ratios usu~lly 

\ 1 1 ranging fro~ Th02/U30S - 0.15 to O~60. In the Agnew Lake area'of 
, '1 ~ 

Ontario, the'rount of thorium in the ore exceeds that if)f uranium. 'I?~/'Y- _ " 
12 known thoriym isotopes are radioactive .. Thorium presently i5 ~~ 

recovered. It lis simply discharged with the tailings of u~~UlÎÎ mi/ling• 

AS,a result, the activity of thorium isotopes is added to 'that of 0 her . 
/'/' 

radioactive elements unearthed (radium, polonium~ê~.) and aIl end up 
~~- 1 

in the environment. Thorium ~~s_beeh-1dentified as a potential nuclear 
Q .,--------~_.-- \ ' 

fuel e-=-e!~~,.fôr--tlfê nuclear ,reeder reactors that have been developed 
____ ---- 1 \ 

-------___ ~----------- recently. The interest, therefore, in the r,emoval of t.horium from waste 
~ ------- -r-

I 

o 

waters has extended bGyond thearea of envirdnmental protection 'and has 

approach~d the area of new ener~ resources development. Recovery of 
1 : 

thorium from the tailings may beçome a significant element of Cànadian 

e~ono~y as for every tonne of ur~pium ore tha\'has already been mined, . , 

1.0 ~o 0.35 lbs of Th02 are available in the tailings with the potential 

of?being recovered. 

The current dispôsa1 practice~ of the uranium mi~ng and 

milling industry are simi1ar to the ones practiced by other mining 

and milling' operations (Figure LI) ~: In general~ following mining 

/ 

" 1 

q 

'1 
! , , 

, 
-; 

.; 



1
0 , 

\, .. ~ __ ."., .. ",,, ~...:.~-+-----~-------~, 
' f 

Cl 

'0 

o 

• Cl 

~ 

o 

a 

FIGURE LI 
• 0 

a. 

o 

/ 0-rY" 

1) 

" 

o 

<) 

... 
o 

Schema tic presentation 
scheme e$nIoyed br the 
illdustry-:"l 0 

-" 
". 

-------------

, ) 

() 

)\ 

of current waste wafer treatment 
uranium mining and milling 

o 
o • 

t: 

-, . 

o 

.' 

6. 

l-

i 

J 
'! 

1 

\ 



.. _. AU 

" 
, 

7. 1 

) 

.-
.... 

1 .1 .. 

. -\. 1 

i 
".:;: 

fi J r' 
1 '" ..... ~ ..... 

" " o ~ lf'~i~ 
~ .... ,.~ 

, " 

1 

1 / 

! 

~. \ ,. 



o 

; .... ;~ 
~~'ît" 

o 

, l 

- - -- ~_ .. -...... _-..,.".-,---
./ 
" 1 

1 
1 . 

1 
and crushing the ore goes through a Ipaching-separation pro!ess that 

[ 

selectively removes uranium from the Pfocess golutions. The final 
1 

8. 

slurry of ~he solid and liquid wastes is, following pH neutralization, 

disposed ~f in tailings disposaI basins~ 

/ 

A contrchled wate~ outflow ,attempts to maintain a desired 

water level in the tailings pond. Seepage of waste, through the soil 

or the tailings dam, ~èwever. is a troublesome water loss due to the 

diffïcult~es in detection and control. Water may seep into an aquifer 
\ . 

and pollute streams and lakes or even cause the failure of the tailings 

dam. Seepage flows m.y be low in:,ol~~red to the outflow.t 

the decant, but their high concentrat~on of dissolved saits makes them 

significant. 

cates 

The low 'solubi,lity of most metallic ions at neutral pH indi
./ 

that neutfalization of the waste liquor, followe~ by sufficient 

detention time in the tailings pond for sedimentation, may render the 
, 
, 

waste waters,environmentally harmless. The immense abandoned tailings 

ar~as generated by the uranium industry have, h6wever, been pro~~ 

almost detrimental to the environment.. Inactive tailihgs areas con

taining pyrite (FeS2). as most Canadian ores do. gen~~àte acid'regard-
, ,-

/ 

" 

less of the degree of neutralization at the time of disposaI. Oxidation 

of pyrite is thermodyn~ically favored and is in~vitable in the pr.esence ~ 

of oxygen and water. Furthermore. pyrite oxidation is accelerated by 

the microbiar"action of a group of sulfur utilizing bacteria. Produced' 
. 

~' sulfuric'acid reduces the pH in the tailings pond to approximately two 
/ 

and resolubilizes previousiy precipitated radioactive and other cations. 

. Waste waters rich in pollutants result-· from the t;ailings areas and find 

/ 
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their way initially into natural water bodie~ and finally into the 

food chain. 

The currently practiced treat~nt of 
-, . nuclear 

. ' fuel cycle process waste waters is perceived as . efficient and th~re 

'--is a need -for more efficient yet economic~odS of treatmen~. The 
.... 

need 'becomes imperative if one considers treatment of nu~lear reactor 

wast~ waters that contain lethal concentrations of radioactive isotopes. ~ 

.' 
, " 

\' 

I-2 THE PHENOMÉNON OF BIOSORPTION 

p 

Liv~ng cells have bèen known to concentraté-êations,from 

their aqueous environment. Micr~bial ~iomass has been docume~ to 
.' 

exhiBit a selectiv~ retention of hi~h atomic number cations. 

Rothstein et aL:, "in 1948, presented evidence that uranium 

acts at the yeast ce-;; :~~~e "by camplexmg with ·.,{r..own groups 

associated with glucose metabolism". The complex wjs reported to have' '':",; 
J , 

a one-to-one ratio with certain active "groups" on the cell surface. 

A second complex was later postulated. with "groups not associated with 

glucose metabolism". 

pOÜkarpo;rIO, in his study on/th~ radioecol'ogy OI aquatic 

organisms, pointed out that radionuclides present in aquatïc (sea) 

environment are accumplated by marine miFro.nganisms through "direct 
1 

adsorption from the water". He pointed out that the above property 

appears mostly indepençant of the life functlon~ of the cells. A large 

number of microorganisms exhibited this property, equally weIl, whether 

alive or dead. 

"-

1 
1 
1 
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Tezuka, in 196811• suggested that the reversible flocculation 

of act\.vated sludge bacteri,a with the he1p of bivalent cations ~ike 

"'·"Ca·2 or Mg+ 2• is the resalt of ionic bond bridges fôrmed a.JI(ong negatively 

charged cell surfacès and cations in solution. 'This indicated the ability 

of microbial cells to retainocations from solutions. 

Cel! walls of both procaryotes and eucaryotes conta in different 

polysaccharides' as basic building blo_cks. The ion exchange properties 
,/ 

of certain natura1 polysac&arides have been studied in detai! and it . 
is a well-establishèd fact that bivalent metal ions exchange with counter 

ions of· tire polysaccharides as shown in the following example ,involving 

alginic acid. 12•13 

2 NaAlg + Me +2\ :t Me (AIg) 2 + 2 Na + 

c 0 

/ 

With the help o{ an, enri-chment culture, Chiu14 isolated from 

sewage certain fungi that cou1d take up uranium from solution. The 

mycelia were not identified. In his work. Chiu noted that uranium was 

taken up equally well by both dea'<;l and alive mycelia, thereby suggesting. 

a physical-chemical mechanism of uranium retention by the microbial cell. 

/ 
Jilek et a1. 15 investigated the capacity of "native" and "heat 

denatured" mycelium \t~ uptake uranium saI ts from solution, following 

at the same time the effect of uranium on the growth of the microorganisms. 

J'h~y tested different Aspergilli and Penicillia and sug~ested that the 

ce 11 acts as a ''mul tifunctiona1 ion-exchanger". Following a 24-hr 

"CUl~~~~,tim~'-" their "naturtl" penici~lum ch;rysogenum exhibited a 

....... : 
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. uranium ui>take of approximately 175 mg/g, while dry Mycelium exhibited . - . 
an uptake of almost 145 mg/go Attempting a technical application of 

the above property. they patented a product claiming to have a uranium 

uptake of approximately 100 mg/g. Samples' of the supposedly marketed 

product, how.ever. were not 'supplied when requested. 

Beveridge. in 197716 •17, wor~ing with pure cell wall prepara-

tions of Bacillus subtilis. reported that the microbial cell wall 

removed and rètained ions of high atomic number elements. Chemicai 
. . 
reaction among the cations and unknown a;1't ve cell wall sites was 

hypothesizéd ~s the process responsible f the observed uptake . . 
" 

Shumate ~ al. 18•19, in 1978 and 1979. reported rapid uptake 
- Q 

of uranium from solution by resting Saccharomyces cereviciae, Pseudomonas 

aeruginosa, a:nd a mixed culture ~f denitrifying bacteria ... Up~ake capa-, 

cities of up=to 140 mg/g were reported for uranium. 

----The ~bove information clearly Jndicates that microbial cells 

poss'ess the ability to bind with certain cations and .remove--tlrem from 

solution. This potential is expressed even when the micro6-i-a1 celÎs 

are not alive. Th~ pnenoD),.enon of select'ive retention of cat"ions from 

solutions by dead microbial cells ~s been termed biosorp~ion. The 

mechanism of biosorpt~pn"is poorly understood and the information 

available is fr~gmented and rather 1imited. 
" 

- J, 
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, (;:. 1-3 GENERAL OBJECTIVES OF THE PRESENT WORK ' 
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j 

"A 
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.. 

It is the general objective of the present" work ta examine 

the c~ndÜions that may allow' the application of 1?iosorption f.or the 

removal/recovery 'of uranium and thorium from aquêô~s solutions. - ' 

, • An increasing numbe~ of microbial pracesses are preséntly 

being used by food and pharmaceutical industries. By-p-ltoducts of game 

of those processes' are large quantities of waste microbial mass_ thfit 

is; in most cases, Being disposed of by' incineration or landfi!l. . . , 

Waste microbial biomass may have, howéver, a biosorption potential 

and could be used as an 'inexpensive material for the development of a 

waste 1 watel1 scheme tor the decontamination of waste streams containing 

elements su~h <as uranium, thorlum, radium, etc. The fir~t. stàge of 

the work aims at the collection of different types of, waste microbial 

biomass and their screening with the intention of ;dentifying the bio-

mass with the highest uptake capacity. for the 'biO selected elements 

of uranium and thorium. Fol~awing the' selection o,f the biaInasS'" the 

phenomenon of biosorption fts:-lf will be stùdied OJ? the selected bio-

mass type for the two elements of intèrest. The study will focus on 

the biosorption equilibrium for uranium and thorium. The preliminary 
, 

examination of the kinetics of the process will be carried ,out and the 
,'~ ..r 

'eJ.ucidation of the mechanism of: the proéess will bé attempted. 

1-4 URANIUM CHEMISTRY , 

~ J 
Naturally occuring uranium i5 a mixture of three isotopes 

(U238,' U23S an.:! Cu' 204) . • 99' 28' Go 0 a. ' 0 0064. \1. ln prop"ortl.ons • '" J • 7J:.", and • 11 ~ 
~ 
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respectiyely. It has bèen classified as a member of the actinides~ 20 

In solution, uranium can be pres ent as ions corresponding to 

'four states of oxidation: +3, +4, +S and +6. 'trivalent uranium reduces 
../ 

- water to free HZ' while being oxidized to UeIV) , Tetravalent uranium 

appears more stable, but it also can oxidize to UeVI), the react:i:on 
1 • 

being appreciably accelerated by light. Pentavalent uranium solutions 

readily disproportionate with the formation of U(IV) ànd U(VI). 

HeXavalent uranium is- the most stable oxidation state. Uranium is. 

in general, a fairly strong reducing agent, a~ has a strong complex 
r. 

/ formation abili ty wi th a variety of organic and inorganic ligands ~O, 23 

C-·", '\ The uranyl ion, U0
2 
+2, is the basic form in which U (~) exists in solu-

'. 
tian or even in crystal lattices ~ It possesses a linear configuration: 

O-U-O. 2~,22 Oxide ions cannot be displaced from the uranyl ion even,by 

concentrated HF. 22 The stability of the O-U-O structure is remarkable. 

Numerous oxides and hydr_o~ides are known and U02(OH)2.H20 is the stable 

phase at 2SoC. 22 

Htdrolysis of uraniUm is complicated and the available infor

mation in literature is not in complete agreement. Below pH _ 2.5 

uranium cYl) exists in solution ~xclusively in the forro of the uranyl 
Î- . 

• ' +2' 
~on U02 ' 

. 

At high'er pH values a complex simultaneous equilibria' system 

establishes ,11 Mononuclear ~d polynuc1ear ions appear as hydrolysis 

prodtîcts. The most probable m,ononuclear UO/Z hydrolysis species is ~ 
+' U02(OH) • In the dinuclear complex ion the uranium atoms are jôined 

by two hydroxy bridges: In the trinuclear complex--1on the utanium atoms 

.,' 
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14. 

form an equilatera1 triang.le. + The monomer U02(OH) tends to dimerize 

yie14ing (Y02)2(OH)2+2. The trinuc1ear (U02)S(OH)S+ is/ahother impor~ 

tant hydrolysis prod~ct.22 'Other species like (U02)3(OH)/+, ,CU02)4(OH)6+2 

) 
-1 20" , 

or even U30S (OH 3 ' have been proposed but their presence has" no~ 

been proven. 

/ 
~ 

Uranium solubility diminishes rapidly as pH 'increases-{ presenting 

1 minimtun between pH '""" 4 and pH - 6. 22 

1-5 THORIUM CHEMISTRY 

ThorilDll' is a fair!; abundant but,disp.ersed element in the 

earth's crust. Thorium has been assigned to the actinIdes a~though no 

;'definite conclusion has been reached on its e1ectron configuration:~24 

// 
Although the tetravalent state is the /on1y stable oxidation 

state for thorium ions. it has been sho/wn that 'under certain conditions 
. .-/ 

thorium may exist in the bivalent and trivalent states. 24 AlI known 

thorium isotopes are radioactive, with Th232 being the'most abundant 

natural isotope. Thorium ions are çhàracterized by high charge (+4), 
, 0 

a relatively small ionic radius (0.99 A) and colorless aqueous solu-

tions: Thorium shows a strong tendency for complex formation with 

coordination ~umber generally of 6 o~ 8. 24 ,25 

Hydrolysis of Th(IV) becomes detectable in solutions of 

ot:dinary concentrations between pH - 2 and pH _ 3. 22 
, 

The hydroxyl 

nlDllber of thé hydrolysis products increases rapidly with increasing 

pH reaching a maximum near pH .;;. 4: Hydrolysed solutions of Th(IV) are 

/ 
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15. 

extensively supersaturated with re~pect to pre~pitation of the hydrous 

----oxide and, expecially, the oxide. Available thermochemical da~a sug-

" gest that on1y about 5'.1O-6r.1 Th +4 would. remain in a sat~rated solution -
/ ' 

at pH = 3. 22 The hydrolysis of Th(IV) has been studied extensively. 

The complexity of the hydrolysis. process, however, explains the absence, 

up to the present time, of unanimous consent on the mechanism of the 

, " process. A number of probable hydrolysis products have been suggested, 
1 • 

among which are the following: Th+4 Th (OH) +3 Th (OH) +6 Th (OH) +8,21,22 
• " • 2 2' 4~, 8 

'Hydrolysis, most likely is mainly described by the formation of a solid 

..../ phase of thorium hydroxide: 

with particles below 300 î. 21 The sugges1;i6~ of t e solid thorium 
/' .' 

hydroxide formation is also supported by the very ow solubility of 

Th(IV) • 

, ~ 

,/ _/ 

Thorium hydrolysis products have been doc ented to exhibit ----increa5ed adsorptiVity.21,26,27 
_/ 

1- 6 ' CHITIN 

-----1- 6-. l Chi tin as a Po lymer \ , 

The term chitin of N-Acetyl-D-

Glucosami Te, wheré a minori ty of the acetyl groups has- been lost. 

Dea~etylated chitin i5 called chitosan. The official'n 
-

is Cl +;4) -2-acetamido-2-deoxy-a-D-glucan. 
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16. 

Chitin occurs in three polymorphie forms which differ in the 

arrangement of th~ molecular ehains within the crystal C;ell. X-ray 

âiffraction spectra have identified a-chi tin as the tightly compacted 

most crystalline fonu, _where the chains are arranged in an antiparallel 

fashion; a-~hitin as the form where the chains are parallel and r-chitin 

as the fom where two chains are '''(pli to every one "downll • By far ,the 

most abundant form i5 a-chi tin. Intersheet and intrasheet hydrogen 

bonds confer peculiar macro5copic phY5icochemical properties to the.

polymer. The three fonus of chitin may cb-exist. 33 

Most of the research work ~arried out on chitin concerns the 
33 

amino group, which i5 the most important function of the macromolecule. 
" 

The greater--effectiveness of the alephatic amine group of chitin as , __ 
34 

compared to aromatic amino groups has been documented in literature. 

The alphatic amine group acts as a Lewis base and complexes cations. 

Substituted anhydroglucosides, l~ke aminoethylceilulose containing 

relatively few amine groups (9.5-1.5% nitrogen), have been documented 

1 . f' .. 35 as comp eXlng agents or tranSl hon metaIs.. . 

,----
~ Ch~tin. a completely substituted pOlysaccharide carrying one 

amine or amide, group' per glucose ring (9% nitrogen), exhibits higher 

. 35- 36 
metai uptake. ' . - ~etalp like iron, zinc. lead, mercury. ur~~ium, etc. 

have been documentèd as being taken up by Chiti~~3,34,35 The formation 
Il 

of a coordination ooinplex between the metal and the chitin -nitrogen has 

been suggested. Metal uptake by chitin is d~pendent on--solution pH and 
~. 

i5 optimum between pH..,." 3 and pH -= ~/33,3S, 36,37 Alkali meta1s, 

------ammonium, magnesium,-~alcium, barium are not collected by chitin and 

, 1 

'I ..-----------------_ .. , ... , 
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-----ao not prevent collection of transitiol1 metals br chi tin. Ion exchange 

has also been suggested as a process that may be active in certain Jl 
ch

, 33,37-
metals uptake by chitin or 1tosan. When two or more transition , 
" 0" ____ 

metal ions are present in solution together, wi th a quantity of polyme~~ 

. '. insufHcie!lt for the complete collection of b~1;:h, the ,cat.ion that forros 

the most stable complex with the polymer will be preferentially collected 

1 ' , f h h ':, l' 33 1 l h eavl.ng most.? t e ot er catl.on 1n 50 ut10n. n genera 1 t e pre-

l , 33,37. 
ference of chitin for transition metUs follows the Irving-Williams senes.. . 

\ 

1-6 . 2 Chi tin in Fungi 

In living systems chitin occurs in the form of microfibrils 

or microcrystallites. Chitin is a struc-tural polymer of the fungal 
, 

cell wall. In general,'fungai celi w~lls càn be regardea as a.two-phase 

SlSt:~; one phase consisting of ch'itin microfibrils embedded in an 

/ /:morphous polysa:ccharidi~ mat~iX. 3'S ~s- much as 90%· of the dry matter 

" 
of fungal'-êell walls may be composed of homo- and heteropolysaccharides. 

Fungal cell walls present multilaminate architecture consisting / 
38,39,40 

of chitin stratified crystallites and polysaccharidic fi1ling material. 

A cell' wall "model clearly showing the above stratification\ has been'-

b reported by Beran ~ a~.4 A more recent study on the cell wall chi tin 
. ). 

architecture of Penicillium crysogenum has suggested that the inner 

sections of the fungal cell wall eon~ain an isotropie arrangement of 

'chitin fibrils 1 while the extèrna1· wall appears to eontain axially 

-----
oriented chi tin fibrils .41 
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The presence of chitin in the fungal cell wall.has been 

detected~nd measured~X-ray diffraction and microchem!çal-tech
~--

niques. 3~, 42,43 The chi tin conten,t 'o! ~he.--fUIîgSl cell wall varies 

~onsiderably from o!!.~pecteSt;-:n~her~4145-48 It ean be as low -------
as 2.6% oi-the ceU wa11~rY ~eight 'tNeurospora crassa), to 53% of 

18. 

the cell wall dry weight èRhizopus niiricans) .38 J 48 In certain cases, 
o 1 ~ 

f orm4'l" \struet~ral eell wa~l aminopolysaecharidès ~ay be present in the 
1 -

of ehitosan) as in the case of ~c~r rouxii~8 , It has been suggested 

that the chitin~ontent of the fungal cell wall may change during the 

growth of the mycelia~9.49 

Chit~n is the only crystal1ine com~onent o~the funga1 cell 

wall. 41 Chitin is. in general, wic!e1y distributed not only in fungi 

but also,in animaIs and less evolved taxonomie groups such as Protozoa~2 
, , 
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CHAPTER II 

EXPERIMENTAL ' 

r 

11-1 BIOMASS BIOSORPTION EQUILIBRIUM STUDIES 

11-1.1 Biomass Samples Collection and Preparation 

19. 
l _ 

/ 

/ 

Samples of waste microbial biomass originating ~rom industrial 

scale fermentations-were requested from major fermentation i~du~tries 

in Canada an~~ ,ConcurrentlYI retu~ ~ctivated sludge was co1- -' 

1ected from two waste water treatment installations in the-Montreal 

area; the~~icipal waste water treatment pl~t of Vaudreuil, Quebec, 
--,,' 

and the indus trial waste water treatment plant at the Gulf Refinery in 

Montr~al. Fermentation waste bio~~ was supplied in a dry form'by the 

manufacturers . 

AlI waste biomass samples that weTe supplied by the ~dustry 

"were ind1cated as sterile ~d were washed with distillèd water as soon 

a~ they ~ere ~eceived. 'Filtrasorb-400, a widely-used activat~d carbon 

(Calgon Co.), and lRA-400, an anionic ion exchange resin use~ by most 

uranium mills in the yellow cake production process, were also compared 
, 

with the collected biologica1 origin materia1s. Table II.1 presents 

the materiâls tested in the cour~e of the present work. 
1 .. 

-' 

11-1.2 Biosorption Isotherm Determination Technique 
~~. t:. • 

The standard method u5ed for the determination,of activated 

carbon adsorption isotherms was applied for the evaluation of uranium 

d<. h . b . .. th 50 an t orlum ~050rpt~on 150 erm5. 
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TABLE 11.1 

, , o 

Materials Examined in the Present Work for their U/Th Uptake Potent~ 

~ \ 

1. Aspergillus niger 

2. ' Aspergillus terreus 

3. StreptoDV ces niveus \ ) , 
4. Penicillium chrysogenum 1 

S. Pseudomonas fluorescens 

6. Rhizopus arrhizus . -.:::::: , "' 

\ <:> \ 

" 

.-
7~ Municipal return aetivated siudge (VSS ~~9.~%) '~ 

8. IndustTi~l-·tphenoHc}. retum activated sludge (VSS = 99%) 

" 9. Fl1trasorb 400 activated carbon 
l..! 

10. IRA-400, anionic exchange resin 

"t~ 
~ 

--~ <- -'- --~~ --- ---- - -~ ---- -

Pfizer Ine., Groton, Con. 

Pfizer ~nc., Groton, ~on. 
UpJohn Co., Kalamazoo, Michigan 

\ 

Wyeth Laboratories Inc .• West Chester, PA. 

Pfizer Inc., Groton. Con. 

Canada.Packers, Toronto, Ontario 
1 

VaÙdreuil Municipaf\W.W.T.P. 

Gulf refinery. Montreal. Quebec i 

Calgon, Co. 

B.~.H. Chemicals. Poole. U.K. 
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Uranium and thorium solutions of desired concentration were 

deionized water. 

Uranium and thorium solutions contac~ed t~ biomass samples 

in 500 ml ground glass-stopperéd Erlenmeyer flasks. Suspension volume 

was always' 10Q ml unless otherwise specified. 

Solutions were mixed at 230 RpM on a New Brunswi~k Scientific 

GIO Gyrotory Shaker capable of accommodating up to 40, 500 ~l Erlenmeyer 

flasks. 

The biomass was contacted with the'U or Th solutions for 16 hrs 

at 230 C, except for the "extreme" tests carried out at SoC and 400 C. 

Those "extreme" temperatures represented, respectively, the upper and 

lower limits expected in the' actual solu~ion process applications. 
.• «,,/ 

~ontact time was~termined by running preliminJry kinetic 

experiments using the same shake flask mixing system as the one applied' 

for the biosorption isotherm determinations. In'all preliminary kinetic 
/ 

experiments the contact time nec~ssary for equilibrium attainment was 

no longer than six hrs. The 16 hrs contact time applied was chosen 1 

wiih a substantial safetr margin to ensure equilibrium. 
, \ 

Initial uranium solution concentràtions ranged from 50 mg/l 

u+6 to 1000 mg~ u+6; whi~e thor!~ initial solution concentrations 

;ranged from 30 mg/! to 100 mg!l, ,aIl below'the solubility limits set 
'" 

by the solution pH values. i 
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.. 
Uranium and thorium biosorption isotherms were detemined 

within the range of initial concentrations described above and at three 

different pH values; namely thos e of pH-- 2. Ptl ... 4 and pH .... 5. The 

selection ~ of the pH values was based on the chemistry of the hydrolysis 
f 

of uranium and thorium aqueous solutions re~pectiv:lY. , " 
Values above 

pH - 5 were not tested because of the very low solubility of both UeVl) 

and Th (IV) . 

Microbial biomass increased the solution pH following initial 

contact (Appendix F). A similar observation has been rèported in litera

ture .18,19 Solution pH affects significantly the composition of ·'uranium 
• \r pY 

and thorium solutions, conseque~y the examined biosorption systems 

were buffered at the de~ired pH values. Potassium bipthalaie was used 

as a buffering agent for the pH - 4 and pH - 5 range; while HCI-NaCI 

. buffer was employed for pH ... 2. The 5 ignificance of maintaining a 

constant solution pH, during biosorption, will become evident in Sec-
• 

tions IV- A. 10 and IV-B .10 1 which deal wi th the mechanism of U or Th b io-

sorption by Rhizopus arrhizùs. 

Bipthalate and HCI/NaCl buffer solutions were tested for po s'-

sible interferenc~ with the spectrophotometric uranium and thorium 

analytical dete~inations. Uran~wm(); thorium solutions of a known 

U or Th concentration and different buffer content were analyzed. The 

absorbance values of buffer-c~taining solutions were equal to the \' 

absorbance values of the unbuffereâ solution indicating that the employed 

buffering agent did not interfére with the Arsenazo III analytical, 

determination method. 
/ 
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23. 
p 

\, 
The 'èmployed~ bufferiirg systems were also tested for possible 

Interference with the U or Th uptake capacity of h arrhizus. The 

eqûilibrium U or Th uptake capacity was determined for buffered and 
~ 

unbuffered biosorption systems, urider the same conditions of initial 

U or Th concentration and biomass dosage. The pH of the non-buffered 

system' was' rnaintained constant with the help of dilute HCI or NadH 
j , 

solutions. There was no appreciable difference observed between the U 

or Th uptake capacities determined in the presence of or in the absence 
< ' 

~ 

of the bipthaiate buffering agent (Appendix A, Appendix B). 

Following the 16 hours contact p'eriod, the qiomass was 

separaf~d from the solution. Separation was accompli~hed by vacuum 
v ). o' 

filtration using 0.45 llmSartorius membrane filters, _wh:i:chlj>resent the 
i·" ( 

least washable T.D.C. SI Each filter membrane, before being used, was 

washed with 250,ml of distilled deionized water. f The first 10 ml of 
) ... ,;~ 

the filtrate were also discarded in order to minimize p'Ossible change 

of the U o,r Th' equilibrium concentration of the' filtrate due to possible_ 

retention of U or Th br, the fil ter membrane. The equilibrium U or Th 

concentration of the filtrate (Ceq) was determined 
" ,"-

(I-A.3), an'd the 

q - M 

where v sample volume. 1. 

initial U or Th concentration, mg/l. 

Ceq - equilibrium U or Th concentration. mg/l. \ . 

M - biomass dosage, g. 

q U or Th uptake capacity, mglg. 
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II-~3 . u~anium Analytical' Detemination 

l'" . 
-Uranium was determined spectrophoto~etrically with the 

Arsenazo III, method. 23 ,28:29 Additional information on the method 

is given in Appendix F. The following'procedure was follo~ed: 
:: 

A's~ple containing no.~ore than 80 
. -- ~ 

\.Ig uranium 
./ 

was,transferred in a test tube'and mixed with approxi-

~
. ,IY 10 ml of 4, N HCI. 

~ r pellets of zinc were added and .~l1owed to 
r _ ~ ~ 

react·with the'mixture for no less than 15 min. 
o 

Th~ solution was, ~ransferred quantitatively 

to- a 50 ml volumetric<f.lask. The zinc 'was washed with 
\, 

~~Cl. . 

2~S ml of freshly prepared 0.05% Arsenazo II~ 

solution were added. / 

!he solution was diluted ~o volume (50 ml) 
, 

with 4 N HCI, 'and the absorbance was measured at 
• 'J . -

6~5 nm in a l cm light path length cuvette. 

24. 

.' 

For calibration purposes 'a '1000 mg/l standard U(Vr) solution was pre-
~. , 

pared and standardized according to the procedure described by Marcenko.28 

" 

Arsenazo III_solution was also prepared following the procedure suggested 

28 . ,by Marcenko. 

1 _ 

Absorbance values ~ere recorded from a Bausch and Lomb Spect-
j 

. ronic iO ~ingle 'beu ij)ectrophotometer employing a digital readout for 

better reading accuracy. 
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25. 

II-l.4 Thorium Analytical Determination 

Thorium concentratfon was determined anlytically using the 
• , . 25 28 29 Arsenazo' III spectropho~ometr1c method.·' The method 1s similar 

. -. 
to the one used for the s~ectroPhotometric determination o!uranium. 

Appendix F contains ~ddi~fonal information on the employed method. 

The following procedure was, follo~ed: 

~ A sample containing no more than 30 ~g Th(IV) was' transferred 

to a 2S ml volumetrie flask. 

- 6 ml of concentrated-HCl ~ere added and mixed weIl. 

2.5 ml' of O.OS% Arsenazo III solution were added and the 

mixture was diluted with distil1ed water to the mark (25 ml). 
. -

- -The absorbance was-measured at 6S1~nm in ~ l cm path length, 

cuvette. 

The molar absorptivity of the comp~is 1.15 lOS in 3 M Hel. 

A' 500 mg/~ Th(IV) stan4ard SOlutil was prepared for calibra-
• 28 

t10n purposes fo11owing the procedure sugge ted by Marcenko. A 

Bausch and Lomb spectroni~ 70 spectroPhotomeker was used to record 
1 

absorbance values. 
i 

l ' 

11-1.5 Analytica1 Determinations of lron--and Zinc 

;-

Iron was determined sp~ctrophotometrical1y using the 
, -, 30 

O-Phenanthroline s.tandard method. 
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Zinc was determined by atomic absorption spectroscopy using 

a Perk in Elmer 403 Atomic-Absorption unit. 
/. 

Fisher Scientific Co. atomic absorption standard solutions 

were emp10yed for calibration of the Spectro~ic 70 spectrophotometer 

(Fe) and the atomic absorption unit (Zn). 

11-2 PURE CELL WALL SAMPLE PREPARATlON 

The procedure described by Stagg and Feather was fol1owed 

f~r the disruption of ~ arrhizus mycelia. 44 1400 mg of biomass were 

mi~ed with 50 g of 0.2$-0.30 mm glass b~ads, previously cle~ed wit~ 

He.l, and 15 ml disti1led water. The mixture was',inserted in a Bronwill .. 
cell homogenizer for 21 min at 10°C. Following cell disruption the 

.,'" 
mixture was washed with 4% Sodium Dodecyl Sulfate (S.D.S.) solution. 

i ' 

The glass beads ,were separated by gravit y settling and the unbroken 

celis by centrifugation at 500 g in a J2-2l Beckman ultracentrifuge. 

The. suspension was washed once more with S.O.S. solution and rinsed 
,. 

eight times with distilled water. Cell wal1s were col1ected at 14000 

g, and immediately freeze-dried. Electron microscopie examination of 

, the preparation revealed compietely bro1cen cell walls. 

11-3 ELECTRON MICROSCOPY 

Electron micrographs were made on a Phi1lips mo~el 300 electron . 
microscope at an accelerating voltage of 40 kv. Samples were~fixed with 

• a 2.5~'solution of glutaraldehyde (E.M. grade), in 0.1 m cacodylate 

buffer (pH - 7.2) for two days at room temperature. Subsequently they 

/ 
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1 
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wêre dehy~rated with a series of ethyl alcohols and embedded in Spurr 
o 

epoxy resin. Sections (800 A thick) were cut with an LKB Microtome ,III 

and mounted on copper grids. 

11-4 X-RAYS ENERGY DISPERSION ANALYSIS 

X-rays energy dispersion spectra were recorded, using'the 
, 

thin sections, previously prepared for transmission electron microscopYr. 

The system employed consisted of a JEOL JEM-IOO CX electron microscope, 

an EDAX J-IOO C-154-l0 detection unit and a 707-A EDAX X-rays Energy 

Dispersive AnalY$is unit . 

. 
The microprobe was focussed at a magnification of 100,000 at 

BO kV acceleration voltage. 

II -S MASS SPECTROSCOPY 

Mass spectra were recorded from'an LKB 9000 mass spectrometer. 

at an ion source energy of 70 eV 1 at 2900 C and a current of 60 )lA .• 

Direct inlet temperature was l430C. ' 

II-5 INFRARED SPECTROSCOPY 

, 
Infrared spectra were r~corded from a NICOLET,6000 FTIR unit 

equipped with a digital pIotter. Some spectra were reéorded on the 

Perkin. Elmer 297 infrared spectrometer. AlI infrared spectra were 
Q, 

obtained using KBr dises. 

, " 
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II-7 CHITIN U OR 'nI UPTAKE 

1 

Poly N-acetylglucosamine (chitin), purified powder from crab 

~ shells (Sigma Chemicals C-3641), wa~ used to determine the chitin U and 

th uptake capacity. Optimum bios~-r;,tion pH was employed (pH .... 4'). 
Initial concentrations of 12, 20, 100 mg/l U(V1) and 12, ~8, 100 mg/l Th(IV) 

were tested. Additionsl information on the chemical properties and 

the structure of chitin polymer is avai1able in Section 1.6. 
~ 

1 

II- 8 N-ACETYL-D-GLUCOSAMlNE INTERACTION W!TH U OR TH 

N-Acetyl-D-Glucosamine from BDH-Biochemicals (#38001) was 
. 

usèd to study further the complexation of U, or Th and chitin. N-~cetyl-

D-Glucosamine is water soluble and was reacted with U or Th solutions 

at optimum biosorption pH (pH - 4). The infrared spectrum of the· BDH 

product corresponded weIl to the IR spectrum of the compound published 

. l' . 31 
~n' 1terature. Information on the 'N-Acetyl-D-G1ucosamine metai 

complexation ability is available in Appendix F. 

II .. 9 K1NETIC STUDIES 

II- 9.1 Instrumentation and A 

Preliminary kinetic informat"'on on biosorpt.ion of uranium 
, \ 

and thorium by Rhizopus arrhizus has indicated that the process is very 

rapid. Similar information w~s also.reported very recently for uxanium 
" -

biosorption by Pseudomonas aeruginosa.32 Because of the .rapidity of U 

or Th biosorption process, minimum Ume should be spent for the separatioh 

of biomass from the liquid, following a sample withdrawal: Immediate 
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separation would be ideal. Having the,above 4 objective in mind, the 

experimental re1îctor shown in Figure II.1 was designed and fabric ted. 
\ , \ 
\ -The fabricated reactor vessel was temperature con~rolled\by 
\ 

a ';tream of water from a temperature ,.control syst-em consistinl of a \ 

NESLAB U-Cool bath cooler and a TAMESON TX-3l50 thermostatically 

controlled water bath. 
/ 

e reactor mixture temperature was monitored by a CORE-

PARMER 8502- digital thermometer. 
/~ 

M~xin was provided by a four-blade propeller driven by a 
"." 

1 

ZERO-MAX electricàl motor equipped witH a,ZERO-MAX POWER/BLOCK capable 

of cpntinuous adj us tment "of the RPM delivered ta the propeller shaft. 

Propeller shaft RPM was monitored with a TAK-ETTE digital RPM meter 
, 

capable of measuring RPM with ~n accuracy of ± 1 RPM. Propeller shaft 
) 

RPM was also ehecked peri04,icallY with an adjustable·,ifrequency strobo- , 
) 

scopie ~ig~t source. Inside the reactor five baffles 145 mm lon~ by 

Il mm wfde prevented vortex formation. 

Th~,reactor interior was either pressurized or e~acuated 

\ 

l ". 
through a three-way solenoid-valve connected to a WELCH DUO-SEAL vacuum Il 

pump and a N2 cylinder. The so1enoid was activated by a programmable 

timer switeh governing the duration and frequency of the liquid sample 

withdrawal from the.reactor. 

The reactor bottom was slightly tapered and was threaded sa 

that a separate bottom piece could be attached. The separate bottom 

pièce housed a 0.45 ~m Sartorius membrane filter of 4 cm diameter. The 

,./ 
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FIGURE II.1 Schematic presentation of the experimenta1 set up 
that was used for the execution of the kinetic 
experiments. 
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f~lter membrane wa~ sandwiched be~ween.a perforated plexiglass and a 

Millipore 4 cm stainless steel filter support plate. A l mm thicK 

32. 

Teflon 'fI ange was a~so inserted.between the membrane filter and the·steel 
~ 

filter support ylate. Th~ space below the {il ter supp~rt formed a 
~~ 

funnel for the collection of the filtrate~ 
, 

The perforated (12 x ~ 

12 mm holes) pi~iglass plate was flush with the reactor botto~ once 

the bottom piace was fitted on the reactor. Figure II.2 presents a 

/ 

section of the sepafate bottom piece. _________ --'" 

, . 

II-9.2 Experimental Procedure for Kinetic Experiments r 1 ~ 
Under n~nnal operating cond:t~ions the reactor interid~ was ,'" 

maintained under mild ~um. The vacuUm was strong enoughtp pr~ven~ , 
thé reac~or liquid from leaking out through the bottom filtration 

assembly. Whenever a liquid sample was to be withdrawn the~lenoid 

valve was activated. switching the reactor interior to 20 psi pressure, 

thus forcing the ~iquid out through the filtration system 'into the 

receiving.éontainer. Approximately 5 ml of sample (filtrate) were 

,.., / 

} collected wi thin. 5 to 10 seconds. An a}most immedi~te separation of 

,. 
the biomass from the samp1e ?olution was achieved permitting withdrawa1 

of the 'first sample within the first 60 seconds of initial contact of bio

màss witH_the U or Th·solution. The sample was collected in two separate 

10 ml vol~etric cylinders. The first 2 to 3 ml of samp1e ~ere collected 

in the first cylinder and tested for~tion pH only. The second part 
/ . ----~- , 

of the sample was analyzed for U or Th concentrat'ion. _ 'A "flushing" of the 

samp1ing system was thu~performed each time a sample was withdrawn; . 

whi1e solution pH was ~ot tested in the same sample that would be analyzed 
! 

1 
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FIGURE II. 2 Schematic presentati~n of sep,arate bottom piece assembly. 
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for U or Th concentration, avoiding possible concentration changes. 

Because of the already mentionned (II-I.2) abili ty of the 

Rhiz~pus arrhizus biomass to raise'the solution pH and the decision 

not to use-buffer during the kinetic experiments, the following 

35. 

pH control technique was adopted. which resulted in good pH stability 

throughout ~ll kinetic experiments: 
l 

In a 2 l separatory funnel, 980 ml of the U or Th contact 

solution, with the 'appropriate pH, were prepared. In a second 250 ml 
/' 

separatory funnel the exactly weighed biomass dosage was mixed with 

20 ml of distilled water, the pH of the suspension adjusted with HCl/kOH 

solution to the desired experimental pH value. The U or Th solution anr 
the biomass suspension were brought to the temperature desired for the 

experimeht. Meanwhile. the reactor temperature contro~ystem was also' 

brought to the desired temperature equilibrium. Th:,U~Th~olution 
1"- .,.- .. " -

was first introduced in the reaetor' vom the' tqp port, while the reactor 

was ~intained under mild vacuum. 

The mixing system was started and the 20 ml of the biomass 

suspension were subsequently introduced in the reactor marking "time 
/ 

zero" or the beginning of the biosorption process. The loading port 
• 1 

was immedia~ely closed and t~e first samp~e was withdrawn within 60 

seconds. A complete volume __ balance was possible at any point.during 

the experiment as aIl volumes of solutions insert~d or withdtawn fro~ 
the reactor were carefully monitored. Because of the small sample size 

(3 to 5 II!!). as compared to the 1000 ml initial volume of reaction mix-

ture .. no volume col'rection was used for the data. The maximum total 
. c.. 

" 
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c. ' 

sample volume removed by the end of any exper~ment never.exêêeded 45 

ml or 4.5\ of ~he initial reaction mixture volume./ 

The response of the sampling system that was employed was 

examinedr-as follows: 

The reactor was filled with l l of Zn+2 solution of khown 

concentration. The Zn+2 concentration in the reactor was increased 

by"predetermined increments by injection of exact volumes of, a con

centrated standard Zn+~ solution. Following each ~njectio~, two 
~" r 

consecutive samples were withdrawn --irom the reactor and analyzed for 

thein;Zn+2 concentration. The analytically determined Zn+ 2 concen~ 
~ 

tratiori was compared to the calculated one. 
- ·l 
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CHAPTER lIt 
1 

~ 

RESULTS 

III-A 

take Studies 

e equilibtium uranium uptake capacities of~11 tested 
(':) 

materials were determined and are summarized in Table III-A.!. The-

table presents equili'brium loadings in mg of U per g of bi6mass or ,~ 
other materia1 at three selected equilibrium solution concentrations 

1) 

Thè biomass of Rhizopus arrhizus not only exhibited the 

highest uranium loading, in excess of 180 mg/g, but also reduced the 

equilibrium ~ranium ~oncentration to 'zero at apptoximately q -60 mg/g, 

indicating a desirable.steep biosorption isotherm (Figure 111-1\.1). 
, 

Rhizopus arrhizus was,.therefore, the biomass that was selected to be 
, , 

used for mor~ in-depth,investigation-which is reported in the subse-

quent parts of the present work~ Initial uranium concentration did not 

have an appreciable effect on observed biosorption isotherms. Howevet, 
~ 

solution pH affected the uranium uptake cons,iderably. In general, 
1 

lower uptake was observed at,pH - 2 (Figure III-A.2) than at pH - 4~ 

No discernible difference was observed between the uranium uptake of 

any material at pH - 4 and pH ..;. 5 (Figure III-A. 2). , 

: 
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FIGURE III-A.l Qualitative comparison of uraniumbiosorption'isotherms 
of some tested mate~ials. 
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----
III-A.2 Linearization of Biosorption Isotherms 

Table III-A.2 summarizes the fitting of two widely accepted 

and ea~ily linearized adsorption isotherm models,-namely those of 

Langmuir and Freundlich, to the uranium biosorption isotherm data. 

The two modeis are briefly described in Tablé III-A.3. 

Both modeis describe the available biosorption iSQtherm data 
'-

weIl. In-most cases, the Freüodlich model appeared marginally better 

-~ - ---:?'-~than' the Langmuir model as the standard errors of estimate 'were lower. 

. , 

0, 

The Freundlich equation was linearized by taking the nayural logarithm 

of both sides of the equation: 

q _ k C LIn 
eq 

ln q - ln k +,'1/n ln Geq 

Appendix C pr_esents a printout of the program employed or 

the estimation of ~he model parameters and the respective stan,dar 

error of estimate (S.B.B.) for each set of biosorption isotherm d ta. 

Linearized uranium biosorption isotherms for rials 

are--presented in Figures III-A.2' to III-A. 7. The effect of solu ion 

--pH on uranium biosorptive uptake is shown clearly by the lineari ed 

biosorption isotherms. 
"\ 

Reduced uptake was exhibited by!. arrh zus, 
. 

-------ê. niveus, "Phenolic" sludge, F-400, lRA-400 and~. niger at p ... 2, 

as compared to the üptake of the Sanie III-A.2, 

.... , 
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TABLB III-A.2 
, 

~.E.E. Va1aes for Uranium"Bios0!rtion Isotherms 

o 

, . 

Material" 

A. niger 

A. terreus 

P. fluorescens 

S. niveus 

Municipal 
sludge 

"Pheno1ic" 
'sludge 

R. arrhizus 

P. chpYsogenum 

lRA-40d 

F-4{)O • 

, , 
\ , 

. i 

pH - 4~~ 

Langmuir 

6.388 

1.311 

• 1 

Freundlich 
(Q; n) 

6.336' 
( 2.09; 1. 75) 

1 
,-

1.307 
( 2.26; 5.26) 

2.587 2.233 
(_5.72; 2.88) 

3.30'0 ---:-_ L 733 
( 5.17; 2.50) 

2.443 

13.831 

5.525 

1. 841 

2.523 
( 5 .. 3.3; 2 . 36 ) 

13.488 . 
(14.25; 1.37) 

14.067 
(33.52; 5.36) 

·6.102 
( 9. 36; 2. 14) 

2.088 
( 8. 15; 2. 56 ) 

*OVera11 S.E.E. values. 
/ 

.. , 

pH .... 2 

Langmuir 

1.17· 

1.31 

1.09 

"'. 
:;0. 30 

1.61 

13.83 

j3.-52' 

FreUnd1ich 
(Q; n) 

1.12 
( 6.92; 73.7), 

l' 

/ 1.30 
1 3.00; 30.24) 

0.91 
(5.62; 3.37) 

1. 73 
(10.75 j- 37.17) . 

1.19 
( 8.52; 53.28) 

13.49 
(14. 2S; 1. 31) 

14.06. 
(33.52; 5.36) 1 
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TABLE III-A.3 

Adsorption Isotherm Mode1s in a Li~uid-So1id System , 

Moael 
;-~ 

Langmuir 
(1918) 

FreundIich 
(1926) 

il' 

. , 

ct - cons tant. 

Equation 

be' 
q - qo 

es, 
1 + bCeq 

/JI. 

--' 

qo~ 

q _.kC lin 
eq 

/ 

b - ct 

k,n - ct 

/ 
, . 

. , 

, -~~ptions 
~-...-/ 

"',1. 
~ . 

Limiting adso~tion 
loading ~o, refers to , 
mono1ayer formation. 

2. 
'---'-

Homogeneous surface of 
adsorbant. ~ 

3. No lateral interaction 
among adsorbed mo1ecules. 

1. Exponentia1 distribution 
of surface si t'es ' 
energies. 

2. b constant of the 
Langmuir model is a 
function of q. 
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, III-A.3, III-~5, III-A.6 an~ III-A.7). Similar uranium uptake was 
. . 

exhibited at aIl examined pH values by~. fluorescens, municipal sludge~ ,. 
P. chrysogenum (Figures III-A.3, III-A.4 and IiI-A.7). 

The linearize~iosorption isotherms'of S. niveus (Figure 
, 

III-A.3), P. fluorescflns (Figure III-A.3), A. niger (Figure IU-A:.7) 

and P. chrysogenum (Figure III-A.7) d:0 not aècurately describe experi-

mental data at equ~librium uranium concentrâltions above 600 mg/l. The 

aoove materials were saturated with uranium at these high solution . "" "-

concentrations and the observed uranium uptake, q, did not change when 

the solution uranium concentration was reduced. On a non-linearized .. 

isotherm the ab~ve points would represent a straight line parallel to . , 

the Ceq axis. The uranium biosorption isothenn of A. terreus .has not 
,. 

been plotted becaU5~his biomass type exhibited negligible uranium 

uptake. , . 

D,etailed isotherm data for aIl ma terüi1s tested are avai.lable 

in Appendix A. 

II 1- A.'3 _ aTedlperature Effect on q 

l 
R. arrhizus w~s the microorganism used for the examination 

, -
of the 'affect of temperature on _ the biosorption loading (g) (Figdre 

III~A.2) . . ' ~ 
'. 

, . 
-

A small increase in urani~ biosorptive uptake was observed 

when the temperature increased from SoC to 40oC. Table I~I-A.4 summarizes 

the differences in uranium biosorptive uptake within the examined 
----~ 
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FIGURE-'III-A.6 Linearized yr/anium uptake isotherms for P~400 
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for Aspergillus niger, / 

(q = Z.S7C1/ 2•10 j·p = 4, 5; q = 2.10Cl/2.8~; 
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\ 

--t~~erature range exhibited by R. arrhizus at different Ceq values. 
/' 

~Observed differences can be considered significant fôr,temperature 
/ ' 

changes from 23°C to 40°C and fr~C to 40oC. 

tke effect of ~per.ture . ' 

In general, on uranium biosorptive 

. uptake 0t R.' ârrhizus was not very pronounced. 

_/ III-A.4 Pure Cell Wall Preparation Uranium Uptake' 

Following the selection of Rhizopus arrhizus as the microbial 

biomass to be used for further detailed study,'cell walls of this 

culture were isolated for examination (II.2)~ The uranium biosorpt~ve 

uptake capacity of the cell wall sample /was determined ai pH = 4 and él-t 

/230 C. 

The pure cell wall preparation presented marginally higher" 
,~ 

uranium uptake capacity than whole mycelia tlnder the same conditions 
" . 

(Figure III-A.2). 

Hi~her uptake capacity by the pure cell wall pteparation 
1 

might be interpreted as indicating that the cell wall is the biosorptively 

active pa;t of the R. arrhizus mycelium, but confirmation was mandatory. 

III-A.S Électron Microsèopy of Uranium Biosorption 

./ 

Following the initial indication (III-A.4)·that the cell wall -~ 
.;~ \ 

might be the biosorptively active part 'of t~e fungal cell, further 

evidence was su~lied by the examination of t~in sections of uranium-

\ 
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, 
equilibrated !. arrhizus mycelia undér a transmiss~on electr n micro-

scope. Figure III-A.~presents a typical electron micrograp of a 

f 
..~ 

R. arrhizus mycelium cell wall be ore exposure to a uranlum- onta~nlng 

solution. Uranium uptake is obvious on the typical electron 
/ 

icrographs / 

of uranium-exposed myèelium taken at three different magnific 

(Figures III-A.9 to III-A.ll). The uranium uptake of the spe ~fic 
- I\., , 

sample presented on the electron micrographs was 186 mg/~ at 

Upon,biosorption of uranium, the electron scattering ability 
/ 

of discrete inner layers of the cell wall increase~ (Figures 1 I-A.9 

to III-A.ll). No other part pf the Mycelium appeared to take , 
, . . 

as was indicated by the absence of electron dense areas in othe regions 

of the cell fo~lowing exposure to the uranium solution (Figure II-A. 9) . 

ln order to confirm the identity of the electron dense material 
~ 

·that concentrated in the fungal cell wall upon its exposure to uranium 
\ 

soiution, X-ray Ene~gy Dispersion Analysis was implemented. Spectra 

of the cell wall, t4é cell interior and the thin section background , _ 0 ~ 

were recorded before and after uranium uptake. The instrument micro-\ 

probe (11.4) was first focussed on the electron dense areas that 

appear~fter bios0TP.t1o~ of uranium. Figures In-A.12 to III-A.iS 

present typical examples o~the-~ecorded X-ray. Energy Dispersion 
\ 

Analysis (E.D.A.) spectra. 

Figure I!I-A.12~resents the X-ray E.D.A. 'spectrum of uranium

equil~~ted_R. arrhizus celi wal1s. The section of the spectrum 
,,> 

containing the uranium M spectTal line is shown. The exact poSltion 

of the line is indicated by the white marker line. An energy level 
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Virgin R. arrhizus cell wall electron micrograph. 
( 80,000 X) 
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R. arrhizus mycelium following uranium biosorption. 
Electron micrograph (19,750 X). 
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FIGURE III-A.lO R. arrhizus cel1 wall fo1lowing uranium biosorption. 

Electron micrograph (41,000 X). · 
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FIGURE III-A.12 Typical X-rays E.D.A. spectrum. Uranium M line of 
R. arrhizus ceU wali electron dense areas following 
UCVIj biosorption. ~, 

/. , \ 

'" 

/ . 

,pIGURE III-A.13 Typical X-rays E.D.A. spectrum. Uranium M line of 
-\ R. arrhizus ceU wall before biosQ,rption and of 

ëell wall interior before a:nd after U(VI) biosorption. 
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,/ :( 

consideribly higher than-the background was observed, at the M uranium; 
, / 

line. This revealed the presence of uranium in the analysed sampl'e. 

- Figure III-A.14 <presents the section of the spectt+um containing the 

.uranium spectral line following uranium uptake. Again, an energy level 

significantIy higher than the background was observed. The _combined .< 

identification of energy lev,aIs significantly exceeding the background 
---- " 

at.:ge ~ and M uranium spectra~\lines. confirm~d that the electron dense 

areas of the uranium-equilibrated R. arrhizus cell walls contained 

uranium. A scan of the spectrum did not indicate the presence of 
~ . 

another new element in the cell wall. 
/ 

./ 

~~ 

Figures III-A.13 and III-A.l5 p~esent.typical X-ray E.D.A. 

spectra' at t~e Land M uranium li~es ~osition that were recorded when ( 

the microprobe examined the background and the celI interior of R. arrhizus 

before-and after uranium uptake. The celI wall of unreacted a. arrhizus 

ceI1s~was also examined. Both spectral lines were at background energy 

levels. The absence of uranium from the unreacted cell wa11s confirms 
, . 

,. ~ the hypoth-esis that aIl uranium det~d in. ~he uranium-,~~ra ted 

R. arrhizus mycelia was the product of_ biosorpti.on. The absence of ...----
~ 

\ 
\ 

\ 

.f 

détectable uranium from the cell interiqr and the backgroupd confirmed 2;\ 

that biosôrptive uptake of uranium by !. arrhizus is a phenomenon 

~'" ~ occurring mainly in the cell wall of the microorganism. 
~ ~ 

/ 

() 
-" 

~~ Pure Chi tin Uranium U]?take 

~ 

Ch'tin ls an insoluble natural aminopo1ysaccharide. 

equilibrium u~ani uptake capacity of ch'i. tin was determJned 

.. 

/ 
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FIGURÉ III-A.14 Typical X-rays E.O.A. spectrum. Uranium L line 
of R. arrhizus cell wall electron dense areas 
following UeYI) biosorption. 
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~~ 

FIGURE III-A.IS Typical X-rays E.D.A. sRectrum. Uranium L line 
of R. arrhizus cell walls b~fore uranium bio
sorption and of cel'l wall,: in~erior before and 
after U(VI) biosorption." , 
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to the method described in Section II. 7. The uranium uptake capacity 

of~hitin at pH .... 4 and in absence of other cations was dete~in~d- to ./ 

be 6 mg/g (Appendix A). Following uranium uptake, a sample of the 

~ polymer was separated by filtration and~washed with distilled water. 

The. infrared (IR) and mass spectra of the reacted chi tin were recorded. 

Figt,lres III -A..16 and III-A. 17 present the chitin i~frared spectra 

before and after uranium uptake. - . 
1;; 

The recorded infrared spectrum of 
l 

pure chitin corre{5ponds to that published in the literature. Discernible 

differences were not' observed between the chiti!}" spectra recorded 

before and after uranium up,take. The range where the characteristic 

uranyl "3 absorbance band (931 cm-~ to 908 cm- l ) was expected, is 

occupied by deep absorbance bands of the c,hitin spectrum (Figures III-A.16, 

-
...;- III-A. 17) . The characteristic absorbance band of uranyl ipn (\13) was not 

T , observed. 

-
\ 

The mass spectra of ~tin before and after uraniwn uptake 

were aIso recorded (II-S). The mass spectrum of the U-chitin complex 

did not show any species with Z ~ 130. 0 In other words, fit. did not 
1 

indicate the presence of uranium (Figure III-A. 18) ~ 

fiE III-A.7 N-Acetyl-D-Glucosamine Interaction with Uranium 
/ 

\. 

. i: .... ~ /~-Acet;l-D-Gl""OSamine "(NAG1r is the basic building bl':ck 

(monomer) of the chi tin molecule, the int~raction of NAGI with u anium 

was in estig~ted (II-8). The effort ,l'fas focussed towa:t;ds isolat 'ng a 

uranium-NAGI complex • 
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" 

Reactjori,between uranium and NAGI at 1:1 molar ratio was 
/ ~ 

, carried out at pH = 4 '.for a short period -of approximately 20 min 

under conditions of mi!~irr(ng.' It'yielded ~ prèciPi;ate insoluble-' 

ih water J absolute ethano~ or acetone. The precipitate (Pl) was left , 
.,. 

to settle for'48 hours. The solution was fi~tered (through a 0.4~ llm' 
, /. 

(jlter paper) and left standing. Two hours later new precipi~ate was 

observed (P2). Th~ solution was !iltered aga in and was left standing . 
./ 

Additjonal precipit~~ ~eared much later (P3). The two cQntrol 
,?" • 

• soluÙons ~ontaining only NAGI or uranyl nitrate under Othe sam~ exp.e,ri-
~ , -

~ mental con4itions did not exhibit precipitate formatioij~ Twelve days 

later 20 mg qf NAGI were introduced into the u~anyl nitrate,control o 0 

. • 1 
, f /~ 

sol~tion and the system was Aeft standing. Approximately 48,hours later 
~ '_/' .. : " -

the precipitate appeared again~ confirming that theoobserved precipitate .... 

was the resul t'of the inter~ction between the uranYl ion and the NAGI, 

molecuies. The experiment wa~repeated with different concentrations . . -+2 --' / -
of U02 and NAGT (0.1 M, 0.03 M, 0.003 M), always yielding similar 

• "Itf: 

results • 
, 

/ 

- --'The infrared spectra o~ the precipitate~ were recorded in an 

effort to obtain information on their chemical composition. 

~ 

AlI precip~tat~s gave similar irifrated spectra indicating 

similar chemical composition: Figure 1 II- A.19 present~ a ~typical 'I.R 
./ 

• 
spectrum of the precipitate Pl after drying under vacuum at an ambient 

- '/ 

temperature (23~C). Figure III- A. 21 presents the lnfrared spectrum of 

the same preiipitate following oven drying at gOOe for 12 hours. Comparing . ~ -
both spe~tra with the pure NAGI IR spectruBl (Figure 1 II- A. 20), it -can . 

.. . 
'...--/ b,e seen that ijAGI moiettes were not presen~ in the precipitate aS J for 
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FIGURE I1I-A.19 P,.! pr~c9itate infrared spectrum following vacuum 
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, e~~p~/e~ all', amide, bands are not pres-edrl' ''A simple in~rgani~ rather 

. than organic, èfiemi~ai composit~on is s~~gested,_ showi~g" that the 
t • 

examined precipitate ~~s not a,uranium-N~GI_complex. The presence 
''', 1 ~. • // 

,6f uranium in the.precipitate was confi~ed Py the positive res~lt, 
,; 1 • , __ ----.... \ ~ 

of the Arsenato lIt test on a solution containing precipitate (Pl) 
" 

dissolved in HCl. 

III-A.8 Uranium uilibrated 

" 

, , 

In the preceedin~ sections the data were presented.whlch led 

one -to the con,clusion that! the cell wall of !!,. arrhizus is the part . . 
of the mycelium responsible for biosorption of u~anium. The infrared 

spectra of R. arrhizus cell walls before (Figures III-A.22 and'III-A.25) 
" -

" 
and after.urani~ uptake (Figures III-A.23 and III-À.26) were recorded 

, 
with the intention of acquiring information on the nature of thé' 

chemical int'eraction betwëeri ur~niUl}l and the ceU wall. 

A comparison of the 4000 cm- l to 400 cm-1 range of the IR 

spectra (Figûre ÎII~A.44), while revealing no discernible shifts in 

the chara~~istic absorbance bands, exhibits one ~ew peak at 908 cm-l, 
'1 

'lb , / 

on the uran~tim-exposed ce1l .wall spec~um (Figure III-A.13). This new 

peak wa~ assigned to thev3 uranyl ion characterist~c frequency. 
'. . /. ' 

detailed discussion of the recorded 4000 t'o 400 cm- l IR spectra 

A 

is, 
l 

presented in Chapter IV. 
, 1 

The 400 to 340 cm-1 range of the cell wall IR spectrum before 

and;Eter uranlum"uptake is presented in Figures III-A.25 and III-A.26, 

-~respectively. After uranium biosorption a new peak appeared at 374 cm- 1 

;; 

o 

-~,. li" .. :,-, ----,:-"""-.!"t:~,.'... ~~~':;:'j~:;:,,7" ---., .~~"ff!!IIII_.d!ll' _ _ ".1 7l1li __ • __ ' __ " ___ 1 __ • --'-

'1 
i 
l 

,,' 

1 ,-, 



o 

." 

/ 

FIGURE I.II-A:.22 

/ of 

.. , 
" , 

,- 'li' -,~-.~I r -

'". 

-----
'/ 

;, 
/ 

\ 
'. 

~ 

~'>-[ , 

~ 

-. 

i 
. / 
1 

! / 

/' 

,j 

"\ 

/ 

1 
-~ 

fi r! 

. , 

lnirared spectrum o~virgin R. arrhizu~ cell wal1~. , -

\ 

! 

.' 
, , 

88. 

, ' , , ., 

,/ 



}. 

( 
"-

) 

~ 

.q 

./ 

/ 

C-
o 1 
< ;/ 

, 

, , 

• 

, 
j ,..-

,0 

"-
'1 

* 

~ 

-----;-

OL~99 06" t9 

" 

, . 

\-

, . 

;; 

/ 
::--- / 

"'t. 

-

.. 

Dl "SiS ,OS" 9;' OS· 1 ~ 
S:JNtjll IWSNl:i81 

" 

'. 

" 

OL'~S 

'89. 1 / { 

.... 

1 

J 

1 ~ " l 
1 
1 

1 

~ i 
1 

-~ 

\ l, 

l~ 

, -t 

.; 



f' o. 
f 

__ ... ~r"")_lt ... "----;7'"" • 

. . 
• 1 

c) / 

----
1 

, 

.• f' 

\ 
f 
" \ 

---- ~~ 

\' 

• 

F~GURE IIl-A.23 

! 

o 

, .. 

~. 

'f 
Infrared spectrum of 
ura~ium biosorption. 

90. 

0/ 

\ 

l, 

./ 
R. arrhi~qs ceil walls following 

\ 

.' 

, 1 

1· 

.' , 

/ -

" ' 

1 
1 

f 
1 

• 1 



() 

c 

~ 

f 

OS'21 

<, 

MiIlm\llnl~~~ __ ......... _. __ • __ ~_.,L ,k'" :a-...U Q-~ ."'. i o. 

, 0 ~//~-'I 

OS"OI 

\ ' 

'-j . 
,~ . 

---- --- --

OS'6 oe'L OS'g 
3:JNt:J+.l l WSNt:Hdl 

\ 

, .-/ 

91. . 

aen 
Il: 

m'UJ .... m 
:L 
:::l 

oZ 
(OW 
m> 
(\J~ 

" 

0 

.J 

4 

, ,~ 



'-:: 

, 

-, 

FIGURE III-A. 24 

, 
\ 

/ 

o ' 

/ 

Comparison of the 
cel! wa!ls before 
sorption. 

" . 

/ 

< • 

/ 

'J 

infrared spectrum of R. arrhizus 
(1) and after'(2) uranium Qio-

/ - t. 

- \ 

.' 

-I-
I 
\ 

92. 

. -r 
1 

" 

1 

! 

, ' , 



~ "1' .. ~. j _ .-~_ ... _~ ....... _-L..,.. _.~~-- .... - ....... " 
, .' T"~ , .. 

~ 

1 

\ . 
' .. \' 

' , 
' ............... !lJIl5!U""' ... ito:eRl1il 

, ~// 
_WIM~4 

• _I!.t~, 
. 

• 
. -,' 45. " 

/ 

~ 
-t: ~ 

93. 

~-, 
"'"'" " 

,,-.; ..... 

l, e 1 

" 

'!) 
'./ 

1 

,.. ':'!-

1 

./ 
:v 

1 
\ 

! 1 
.... 

, 
__ d~ 

!' . ./ 
$:)uenlwsueJl ~'\I 

r 
'='" N 

î , 
1 \ 

~-st/:. t 

'r " 
..!! 

1 

-
\ 

1 
.-: ":(-; 

/: 
!! -'i ""', 

1 " 
~ 

" 

/ '" .,. - r -. .. 
" 
1 E 
" 

.? 
• -_/ 

::1 

! ë ,.) 

! 5 .. N 
'r 

./ 
j 

1 .- -

1 

". 

./' 
0 

1 

o. 
~ .... ..::. 

o ... .... , . 
? 

..r:a 

/ 

E 
::1 ./ c : • .. 
1 .. .. 7 

../ 
' . 

l . \ .. ~ ~ 

, , 

~ .l-~, 
j' = 

0' 

" ,y' J> 

': .. '-~;-~~i" 

• 
-j.{:-~ 
.-.. 
.;- , 

• ,. 

. ~ ./ 
.... 

'0' 

() " 
''''' ... 

;1'" " . 
..:z::..: 

:~ , 

r 

l ':.~ 
o , 

... , 

t ~ 
\t 

.' 
, 

" 

.A 

~ 

,/, ~1 
r 

:if 
'.' , .... , 

.! 

(- , "/- ~ 
-' -..... 

., 

" 

\ 

, ./ \, 

, 
,. :' 

" 

, 

" ------ l, 
0, 



r-
I 
1 

1 

1 

1 

.1 

l 

" :', 

... ,,,:>,' "-'1"' .. 

" ' 
< -' r' 

" 

/, 

, '-, ',: :' '::;'j,.;---,;:-~:::. ~-\~;, ";T;::i,;r;~~~' ,~<~~~..,: -,,--r:-L~,~-~-~:"'i:::;\,. ::::'C'~, ' .: '; 
1 1 ~t'r- .r:." '" r t.4{ _ ~ J -1~: ,"; 

,4 

.~ 

" 

94. -
" , ' 

FIGURE III-:-A.2S Far infrar~d_spectrum of!. 
beforEf U(VIY'bio·sorption. 

arrhizus cell walls 

,.. 

\ 

. " 

, .ç;' 

" 

1 
l' 

'~.T 
--/' 

• 

,,' , 

, , 

f '! 

l,,; . 

'. ' 

i 

.. 

" 

.' '1' , 
-' , 

/ 
.-/' . 

.' 

'// 

i( 

" 

,0 

- . 



J 
1 

-1 
i 
1 

! 
1 
1 

! 
! 

1 
t 
\ 

1 
t 
1 

·1 \.-1 
,i 

1 _ 

" , 

/ 

• b J 

Cl 

,-

, 
lU 

f 

/ 

." ... 

le 

" v \ 

" 

" 

~'-'i'-", , .... , _ .... , ........ ,,--' _r_-:---:-.,..--.....,-....7~,_~L..., ..... ;~--..... ........--. 
, 1 l ' ~ l " . " "", 

u' , -- ,./ 3 

. l,~, { 95. 

• ./' 

/ . 
../' 
Ln 
iD 

Ln 
1"-

.:t< 
f.D 
/ 

, , 
.../cn 

a 
~I 

f.D 

'" {Y') 
,W.:t< 

? U 
Z{Y') 
<I:f.D 
1-
t::,.... 
L'I'-<no 
ZN 
<r:lO 
a: 
1--

..... 
N 
lO 

li) 
.:t< 

-lD 

CD 
1'-

/ 

If 
~ , 

IJ) 

. , 

'-. 
" 



\, 

. ' 
,j 

! 

1 
\ 

, 1 

1/ 

1 J 

~/ 
1 

-1 
~ : 

/ 
,/ 

/ 

, " 

FIGURE III-A.26 

. " 

/ 

al. i .1_ '11 

'/ 

/ 

-, 

" 

/ 

1 
M 

/ 

1 

Comparison of far (400-3S0,cm-1) infrared spectra 
of R. arrhizus cell walls before (l~ and after (2) 
U(VÎ) biosQrption. , / 

/ 

/ 

./ 

, J 

, . 

, , 
" ,"" \ 

96. 

• 

/ 



1 

1 

1 1 

1 
i 

/1 

1 
1 

~, 

/ 

. . 

<.: 
), 

\ 

J 

/ 

) 

. ' " 
/ " " .... ,',';;.". , 

, 

400 3" 354 
W8Y8numbers • 

" , , 
' ~; \ 

. , 
r ," " " " 

t 
" '" '-, 

, ' .. ' - ~ "',;' 
... ./ 1 

97. 

'r' 

,'f 

1 Unreacted ce .. w .... 

2: Ur.nlum be.rlng C'ell weill 

, ' 

,'" ,,. r-... · 

fi 
,\ , 

", 



- . \ 
~"'~'il.-J'--~r4ftl\t'~--""' _____ "' ____ ~ RljI;4 ItitlCas ".lIoI~ ..... _r IHI iii tal .... .l1li" Lb 

_ J 

" .. 

,èFigure III-A. 26). This new peak and the 90S ,ém-1 shifted v3 uranyl 

'"i~çn peak provide evidence of the.AcoorcUnation of uranium _with the 
,: 

chitin'nitrogèn. Rele;ant disc~sion'of the cel! wall IR"spectrli 

~he range from·400 to 340 cm~l is also presented ~n Chapter IV. 

, 

III~A.9 Co-ion Effect on Uranium Biosorption 

/ 
The effect of tbe presence of the co-ions Fe+2 and Zn+2 in 

solution 
, '" ' ~ "r- ) 

on the uranium biosorptive uPtake capacitY,of R. arrhizus 
, .. 

was examined. The percentage changes of uianium uptake are prese~ted , 

in Table III-A{S. At pH - 4 and constant initial ur~i~ concentration 
! 'i , ... 

. {SO mg/l) , bivalyht iron suppressed the uranium 'biosorptive uptake -
~ . ~ 

capacitYff ~: arrhizus in cl~rect· propo~tion ~o the init~al irorî con-' 

centr?-ti, n in solution (Figure III-A. 27) . , . 

~ . 

1 Zinc caused similar suppression of u~anium biosorptive uptake 
/ , , +2 / 

/' capacity for the two initial Zn concentrations examined at pH= 4 ~nd > 

\ 
the same initial uran~um concentration (Figure 111- A. 29) • 

/ A '+2 +2 . j 
- o:r:Jte mechanism through which Zn and Fe s.uppres~· 

~ni~ biosorptiv~ upta~e capacity of R. arrhizus will be discussed 

in Section IV-A.lO. 
, 

! 
( +2 +2 ./ At pH - 2; neither Zn nor Fe had an ~ppreciable effect 

. , 
én R. arrhizus uranium~~ake capacity, regardless of tne initi~l co-

/ -
ion concentration (Figures III-A.28 and III-A.~9). 

- J 

\ . The co-ion uptake by R. arrhizus was determined, for either' 
. - 1 

or --;n +2, to be between 5 mgl g and 9 m'gl g. 

/ 

j 
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Conditions pH =.4, 80 mgll 'U,:", - , p~. = 2, 80 mg/l U 1 

\ . 
~ . Co-ion present Zn+ 2 F +2 . Zn,+2 - . e 

l .-

~ 
\ .' , '\ .-\,' 

Co-ion concentration 
, 

v 

r":'50 
\. 

~ mgl! 
\ 

(, 30 100 1000 , 20 ;, 30 500 .(, 20 -~ . . 
~, " 

+6· " . -
1 ~ - -U uptake capacity 0 - . . 
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\ change bf U+6 1 
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III-A.IO Urani~'Biosorption Kinetic Data 

v 

~ 

The instrumentation and the experimental techniques that 
" 'i.j 

r . 
were employed durlng the',:-p.reliminaiy investigation of the kinetics 

o 

, 108. 

of uranium biosorption by .!! .. arrhizus have been described in Section 
..r 

II-S. '. -, 

The response of the sampling system is summari~ed in Table 
. . + ' 

~III-A.6 where the analytically determined Zn 2 ~oncentration of the 
.- .' 0 +2 ~ 
sample 1's cOlllP.arEf to t~known Zn concentration i,:-,-~e reactor 

ylutien. Th~ data in ~~ table cle8.;rJ.y indica;Jte-ithat the sample 

concentration represented the'reactor solution co centration accurately. 
. ' 

Sample cross-contamination was not observ8d either ;s a step iilcrease 

of the reactor solution Zn +2 concentration was accu~ately represented ... ~ 

br respective sample~ withdrawn. 
IfS 

a 

Table III.A.7 briefly presents the parameters under which 

typical,-kinetic experiments were executèd. Kir.etic experimentsJ',1#} and - , -
, 

#4 were considered reference experiments. The effects of solution pH~ 

te~erature, initial uranium concentration and biPmass dôSâge~ may be 
. 

seen in experiments #8, *7, #4 and 16, respectiv:~y, 

AlI urani~'biosorption kinetics curyes determined at pH - 4 

share common characteristics (Figures III-A.31 to III-A.33). Withirt' 

the first 60 seconds of contact, the U(VI~iOmass systém r~ached ~n 
initia} equilibrium plateau that corresponded to approximately 66% of 

, . 
the total uranium uptake eapacity of R. arrhizus. l'he biosorption 
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TABLE III-A.6 / 

" 

Sampling Srstem Response Examination 

~ F 

'Caléulated Measured 

~ 
Sample Concentration C~ncentration Cm/Cc 
Ntunber Cc~ mg/l Sn, mg/1 % 

/ " 
lOt; 

1 10.0 10.0 100 

2 12.0 12.0 100 
~ 

/3 13.9 f- 102 . , " , 
17 .~' 4 99 

5 21.9 21.5 98 
.---

6 23.9 24.0 100 
c' 

.r . .J'I'~,_ 

. l 
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) 

. 
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""- TABLE III-A.7 
1 

Typica1 E~erimeotal .Conditions EmE10led 
in Uranium Kinetic E~eriménts 

\ 

.-/ 
~~ 

1; 
»", 

Experiment Set \ 

It 1 2 3 4 5 6 7 8 

" -
Agitation Rate 
RiPM - 80'0 1100 -" 1300 1300 \1300 1300 1300 1300 

Initial U+6 
't, ... 

Concentra tion 
mg/l 50 37 39 20 79 40 42·------ 42 

-Biomass .---~ -mg , ISO 120 ~48 148 143 77 149 i3S 
.c:.. 

Reaction Mixture 
Volume 
ml 995 989 990 997 1015 1000 ,lOlO . 985 

-;-. 
J 

\ 
pH 4.0 4.0 4.0 4.0 4.0 4.0 4.'0 2.0 

;-

T °c~, 23 23' 23 23 '·23 23 6 23/ 
'''" 

/ 
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FIGURE I]I-A.31 Uranium uptake rate curves. 
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>system remained·stable at this initial plateau for appr~ximately 0.5 
_/ 

hours. -Within the next half-hour the biosorption system gradually 
, , 

reached, tiie find equilibrium plateau_59rresponding to 100% °or the 

uranium uptake capacity, of the biomasse polution pH strongly af!~c\ed 

the rate of uran~~ uptake. At pH'!'.2 the uranium uptake rate 'was \ 

significantly lower ~gure III-A. 33) ~ Detailed exp'erimental-kinoe~ic 
data for the experimen~s presented ar~ available in Appéndix E./ A 

discussion of the kinetic results is availahle in Chapter IV • 

. --' 
III - B THORIUM "-

11I-B.l Thorium Equilibrium Uptake Studies 

/ ' 

The experimentally determined \thoriu~ equiliorium uptake 

capacities ~ aIl tested materials are ~ummarized in TableoIII-B.l. 

The thorium uptake capacities (mg/g) are pres~nted at three selected 

thorium equilibrium solution concentrations .. 
D 

Rhizopus arrhizus exhibited the highest thorium uptake capa-
'---. 

city of ... approximately 170 mg/g, and a steep biosorption isotherm with 
1 " 

high loadings at ~ow equilibrjlum Th(IV) concentrations (Figure III-B.l). 
- -

The bio~ss of Rhizopus arrhizus was, therefore, select~d to be used' 

r .-f~~ more in-depth investigation of ,-thorium. biosorp~~OI).. 
1 j 
1 

- \ 
) " Initial thoriUII concentration did not ha1Îll a diseernible 

effect on the observed thorium biosorption isotherms. Solution pH 

affected thorium biosorptive uptake. In gefteral, lower thorium uptake 
, 

\ 

was observed at P~~j: than at-p~ .... 4 o_;:..-pH- 5 (Figures III-B.Z,: III-B.3) .. 

No differe~~e in thorium biosorptive uptake was observed between ~H- 4 

and pH -S (Figure III-B.2)., The effect of solution pH and initial 

r,..-
I ~ 

! 

1 ' 
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TABLE III-B.I _rit.WH .. Uptake Copac1ties. '. (-a/V, pII- <.-
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MATERIALS \ 

----- -_ .. ~-_.~--~-- . \,:~ 

. Municipal Phenolic Ionex Act. Carbon 
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\ ~ r- -- ----- ---- - -- - ------. 

l 3 10 - 8 la 36. 27 ll8 t- 132\ 3' 29 
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Th(IV) co~~entration on q are discussed in Chapter IV. 

III -B. 2 Linearization of Thorium Biosorption Isotherms 

." 

The same methods as the ones described in Section III-A.2 
/ 

were applied to linearize the thorium biosorption isotherm data and 
/ 

fit them to the adsorption isotherm models presented in Section III-A.2. 

The S.E.E. values that resulted from the fitting of the, 
\ 

Langmuir and Freundiich adsorpti~n isotherm models to the,experimentally 

determined thorium biosorption isotherm data are summarized in Table 
1 , 

II'I-B.2. Both models successfully describe the biosorption isotherm 

data. Figures ~II-B.2 to III-B.8 present lineafized thorium biosorption 

isotherms for the materials tested. 

For some of the materials tested the,Preundlich model was 
./ 

somewhat more successful in describing the eXp~rimental isotherm data~ 

its S.E.E: values we;e slightly lower., AlI experimentally determined 

thorium ~iosorption isotherms ,were linearized 'âCCOrding(\~91 the Freundlich 
, _/ 

mo~eJ. Detailed data for aIl thor4.um bios0rPtion isotherms are available 
, 

in Appendix B. / 

III-B.3 Temperature Effect on q 

, \ 
The biomass of R. arrhizus was used to examine th~\e~~ect of 

:.!-omperature on the th~ biosoi-ptive uptake cap"ci ty. q (Ft~~ ..;~!I -B. 2) . 

- -.. , 
A small increase in thorium uptake was observed when the 

./ 
t~mperature increased from SoC to 40oC. Table l1I-B.3 summarizes' the 

/ 
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TABLE III-fB. 2 . / , .... 

S.E.E.· Values for Thoriùm BiosoE2tion Isotherms 

Material 

A. niger 

"-
A. te1:reus 

P. fluorescens 

S. niveus 

Municipal ~ ludge 
.-/ 

. "PhenoIic" sIuage 

R. arrhizus 
- ""'"9:r---

! .. : chrysogenum / 

~ 
lRA-400 

F-400 

* Overall-S.E.E. 

pH - 4,5 

Langmuir 

0.84 

3.46 

.2.21 

3.'38-

9.98 

2.52 

Freundlich ~ 

(Qj n). 

1.29 
( 5.63; 3.14) 

4-.-06 
( 5.82; 76.04) 

0.77 
( 6.68; 5.61) ,! , 

,2.39 
~ .. ( 10.37; .3.50) 

8.29 
( 16.34; 2J4) 

~-

5.79 _-
-:.:: ( 7 . 81; 2 • 74) 

47.44 

\l~: 34 

1.85 

/12.56 

22.09 
( 63.84; 3-.--os) 

16.01 
(107.27; 9.48) 

1.08 
C 1.31; 1.92) 

1 

12.82 
( 10.68; L~) 

• 

pH - 2 
) 

Langmuir 
PreWldtich 

(Q; n) 

0.84 

'0.14 

09.98 

4.06 

18.18 

8.93 

1.12 

1.29 
( 5.63; 3.14) 

1.30 
()I. 79; 77.78) 

2.39 
(10.76; 3.76) 

8.30 
fI9.31; 3.27) 

.3.37 
(21.44; S.Os) 

18 t 18· 
(52.42; 5.43) 

10.65 
1 (92.08; 28.68) 

1.10 
( 0" 31) ; 1. 29) 
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" TABLE III-B.3 

Temperature Effect on q . Th(IV) 
~ 

Aq* \ 
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Temperature Increase' (Tl ~ T2 °C~ 
\ 
\ , 

Ceq 

mg/1 Th +4 5 -+ 23. 23 -+- 40 
~ 

lS + 14 + 28 

" 

" 
20 +11 + 26 . 

~ 

30 .' + 6 + 2S . 

.*q,. values calculated frQJll regTes'sion equati9JlS # 

, Ji qT - ~tl ' 
âq - 2 , x 100. 
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FIGURE 111-8.4 L~nearized thorium bi?sorptio~/!s~~herms for 
Aspergillus niger (q ~ 6.08 C . , pH - 2,4,5). 
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observed changes in thorium biosorptive uptake with temperature at 

three selected equilibrium thorium concentrations. Observed dif

ferences were signifiçant for tem.perature (changes from 230 to 400 C 

and from SoC to 40°C. 

138, 

The effect of temperature on the thorium biosorptive uptake 

cap~ci ty of !'./ arrliizus was not vèry pronounced. 

1 

--------Hr-B.4 Pure Cell Wall Preparat~on Thorium Uptake 

/ 
Thé thorium uptake capacity of the R. arrhizus cell )faU 

preparation was determined at pH - 4 and at 230 C. As in the case of 
~.. . . / 

uranium (III-A. 4J,- the cell wall sample presented maz:ginally higher 

thorium uptake than the whole mycelia under the same conditions (Figure 

III-B.2) . This indicates that the cell wall of the R. ~rrhizus mycelium 
/ 

is' mainl}:/responsible for the biosorptive uptake of thorium. 
; 

Confirma":' 
./ 

tion of this indication was 1 however 1 necessary. 

III"1'B.,5 Electron Microscopy of Thorium ° Biosorption 

oIn order to further investigate the indication that thoriUm 

is mainly taken up by the !. arrhizus cel! wall, electron microscopic' 
) 

examination of. R. arrhizus mycelia before and after thorium biosorption 

was 0 undertjlken. The same metho~ as the one applied for uranium (II:-3 

and III-A.S) wàs employed. Figure III-B.9 presents a typical elect.ron 

micrograph of a R.' arrhizus myceÜum cell wall before thoriwn biosorp- . 
/ 

, . 
tion. The absence of any electron-dense mate_rial_ is. _QbYious • Thorium 

uptak~ is evident, as there are electrono-dense regions, on the typical 

\ electron micrographs of thorium-expos~ R. arrhizus mycelium cell wall! 
/ . ',/ , 
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141. 
/ 

taken at two different magnifications (Figures III-B.10 to III-B.11). 

The-thorium uptake of the specifie sample presented on the micrographs 

was 168 mg/g at pH""" 4. Figur~ III-B.12 presents an electron micrograph 

.// of R. arrhizus cell wa1l following thorium uptake at pH "'" 2. 

, Following thorium biosorption by !. arrhizus at pH = 4, a strongly .. 

electron dense area appeared on the outer section of the.cell wall 
1 

(Figure III-B.lO). The appearance of this band indicated that the 

_/ outer s;ction of the mycelium cell wall had retained most of the· 

biosorbed thorium. 

/ 

The obse+ved electron dense area can be considered to contain 

mos.t of the biosorbed th<?'pum as no other parts of the celf increased 

,their electron scattering ability following thorium uptake. , 

Conclusive determination of the'identity of ~he electron 

dense material as thorium was achieved through X-ray Ene~gy Dispersion 

analysis of the thin,sections that were examined under the electron 

microscope. .Thorium was only detected in the outer, electrop. dense 

areas of the cell wall. Figures IIÏ-B.13 and nI-B.l4 present-typical 

X-ray E.D.A. spectra of the outer regian of the R. arrhifus cell.wall 
. / 

befare and after thorium uptake. Th~ section of the 5~ectrum containing 

the M thorium spectral line is shawn. The white marker line indicates 

the exact positi~n-af the thori~ spectral line. An energy levei , . , 
cansid~rably above the background was abserved~~llowing ~horium uptake 

(Figure IlI-B.14). Figures III-B.IS and III-B.16 present typical x-ray 

E.O.A. spectra recorded when the probe W~! facussed on the i~er cell 
\ 

wall region, the
1

cytop1asmic region and. the background. Before thoriW\ 

uptake (Figure III-B. rSr and after Jhorium biosorption (Figure IU-B.16)" . ~,. 

" 

" . 

. \ 
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the energy leveI at the thorium M spectral line remain~d at background 
/ 

levels, clearIy demonstrating the absence of detectable thorium from 
" 

these regions of the mycelium. 

II~ Chitin Thorium Upfake 1 1 

-'\ 

The thorium uptake capacity of pur~ chitin was determined at 

pH - 4 in, the ~bsenC'(of othér·-câ:ùons. )he thorium chitin loading 

was 8 mg/g (Appendix B). 

" 

Foilowing t.lYprium \lptake, a sample of the polymer was separateè!" 

by filtrati?n and rinse~'with distilled water. The infrared and mass 
... 

spectra of the reacted chitin were recorded. Figures I~I-B.17 and 

III-B.18 present the reacted and unreacted chitin IR spectra. No . , \ 

~iscernible shifts wer~ observed on the chitin spectrum'fol1owing 

thorium uptake', 

'. 
The presence of thorium on the <teacted c!!-itin was not iridicated 

, 
by the recorded mass spectra (Figure III-B.19). 

~ 

The '~~corded IR and mass spectra are discussed in Chapter IV. 
"' 

I1I-B.7 N-Acetyl-D-Glucosamine Interaction with Thorium 

The 'interaction between thorium and NAGI was investigated in 
, ~-----

the same way as for uranium ~nd NAGI (1I~8,III-A.6), Unlike uran~um, 
1 

,thorium i~teraction with N-Acetyl-D-Glucosamine did not produce a pre-

cipitate t~at could be interpret~d as an indication of eitner insoluble 

complex formation or of compl~x hydrolysis: 1t is possibl, that a 
. , 

NAGI-thorium complex would'be.water sOJuble 'and not easily hydrOlysable. 

i 
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E uilibrated 

The in rared spectra of virgin and thorium-equilibrated 
'" 

R. arrhizus cell Walls were recorded in an effort to acquire sorne 

information on th1e nature of the interaction between thorium and the 
'1 . 

mycel~~ cell wall' Figures 1II-B.20 and III-B.21 present the 4000 / 

to 400 cm-1 ran~~' of t.1].e R. arrhizus ~ell wall-before ',' 

and after thoriunl\ uptake. ~ 

-~ 

1 

Following thorium'biosorption sorne changes in the texture 

of sorne absorbance 'bands were obvious. 
~ 

However, discernible shifts ' 

wer~ not observed (FigUre,III-B.22). The 4000 to '400 cm':l range of 

the IR spectrum of the R. arfhizus ceU walls did not provide informa
-'~ 

tion on ~henature o~the interaction between the R. arrhizus cell wall 

and thorium. 

. 
Figures III-B.23 and III-B.24 present the 400 to 340 cm- l 

part of the infrared spectrum of virgin and thorium-equilibrated 

\ R. arrhizus ceU walls. A new absorbance band that appeared following 
" 

up~ake of the cell wall at 362 cm- l has been a~signed to thorium-' 

nitrogen bond strech vibrations.· The~ew peak indicates the coordina-
1 

tion of thorium with the chitin nitrogen (Figure II 1- B. 24J~· 
\ . 

• 1 

Discussion of the recorded infrared spectra is available in\ 

chapter IV. 
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FIGURE Il.I~B.20 Infrared spectrum of virgin R. arrhizus cell walls. 
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I1I-B:9 Co-ion'1!ffect on Thorium Biosorption 
/ 
, -

The effect of the co-ions Fe +2 an~ Zn +2 on the thorium bio'" 

sorpti'{e uptake of R. arrhizus was~ examined. TIte percentage changes 

of thorium uptake at the examined co-ion initial conc~ntrations are 

presented in Table III-'B.4., .!J.'he results clearly indicate that neither 

+2 +2 h d ., b ff h h' k • ~n nor Fe a any apprec~a le e ect on t e t or1um upta e capac1ty 

of !. arrhizus Jl11d'er any,of the conditions examined. Figures III-B.25 

to 1II-B.28 pFesént R. arrhizus thorium biosorption isotherms deter-- , , 

", JD.ined in the presen~e of different co-ron concentrations and solution' 

pli values. ' 

The c9-ion uptake of R. arrhizus was determined to be 

ap oximate1y 5 to 9 mg/g for bath Fe+2 and Zn+2 at pH - 4. 

'1 
1 

/ "\" 
III-a.lO ~orium Biosorption linetie Data 

/ 

.. The instrumentation and the experimental techniques employed 

-in the preliminary examin~tion of thorium biosorption ,kinetics by 

R. arrhizus have been described in :Section II-9. 
,., / 

-----Table III- B.5 swmnarizes the average values of the main 
\, 

,p~~ameters of the kinetic ê-~er~ments. ,Al! exp~rimental thorium bio-

sorpt~on rate eurv'es that wer~ete~ined at'~pH - 4 exhibited common 
. \ ~ 

characte~istics. The thorium-R. rrhizus bioso~tion system reached 

equilibrium within the first pO seco ds of contact and ~emained stable. 
,'~ \ 

thereafter. thoriUm upt~ke calculàted or the biomass in the reaétor 

/' at equilibrium was simil,r to that ihdics' ed by the biosorption isotherm . ' 

",- .:; 
at the same equilibrium Th(IV) concen~~~io 
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TABLE III-~.4 

Co-Ion Effect on Thorium BiQsorptive Uptake Capacity of/j(. arrhizus 
~ 

./ 

\. /./ . ' , . 
c 

pH = 4, 30 mg/l Th+4 /' p~ = 2, 30 mg/1 Th+4 - . \. -, 
Conditions 

~ 

\ 
-"\ Q \ . 

, ~ 
Fà+2 v~ " +2 Co-Ion Present Zn . ~ 

,.. 
. 
~ Co-Ion Concentration 

mg-jl \(J 30 10D 1000 ~ 20 

, . 
'" Th+4-

-
, 

Uptake Ca~acity at 
20 mg/ 1'~ 4 . 170 162 170 174 170 172 

. 
- ~. l 

Change of . . \ 
t4 Uptake Capacity - _Î 7%. 0% "'_ 2% - + 1% 

'\ 

~ ------- ------

~ 
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1$ 
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411 .)(;:*:'jiR";'J"-'"~~· ·_.,.3~~.':::;,,,\,:,,.'· .• i'''''~' ,.' q 1 lf i .• 
1: .. ",_ ~ i"A':~ '1- ~~~ .. v. .... ~ ~ ,Or J,..--"l' 'l' < ", ~ .. ",,,?:; ~_ ~~ 1, 

, 
'l 

Fe+.2 

. \ 
50 ~ 30 500 ~ 

, 
" 

1 . - -. • 

-• 173 89" 87 90 89 

+ 2% - ~\ + 1% -, 
, 

-----~ 

, 
Zn+2 . 

.,) ~O ,\ . 50 

/ 
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~ 

+ 14% + 4% 
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FIGURE 111-8.26 . Fe(ll) effect on Th(IV) biosorption plateau~ pH - 2. 
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TABLE III-B. 5 

Typica1 Experimental Conditions Emp10yed 
ln Thorium Kinetic Experiments 

:/ '. Set' 1 2 .3 4 5 

" 

Agitation Rate 
RPM 

" , 
Initial Th +4' 
Concentration 
mg/1 

Biomass 
mg 

~eaction, Mixture 
Yo1Ullle 
ml 

pH 

t Oc :-v· > \ 
" 

\ 
\ 

1000 

, '21 

·80 

1100 ' 

. ..-/ 4.0 

?3 

. -

1300 1300 1300 1300 

17 15 16 30 . 

~s 40 21 40 

1008 1000 1000 998 

3.9 3.9 4.0 4.0 

23 23 23 23 

./ 

/ 

, 
/ 

6 7 

1300 1300 

17 14 

40 38 

1005 1000 

2.0 4.0 

23 8 

,/ 
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/ - Temperature change within the range of.8oC to 23°C did not 
1 1 

affect the observed thorium uptake rate. / Within the range examined 

neither initial thorium concentration nor biomass dosage change (Table 

III-B.S) had a discernible effect on the thorium uptake rate (Figures' 

IIt-B'.29, III-B.SO, III-B.SI). Solution pH, however, appeared to 

---significantly affect the overall "thorium uptake rate (Figure,III-B.3l). 
- . . 

Detailed data'for the presented kinetic experiments are available in 
-----

Appendix E. 
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CHAPTER IV 

DISCUSSION 

, IV -A URANIUM 

IV-A.l Uranium Biosorption E{uilibrium Uptake Studies 

_ _Sections III-A.l aruL~II-A. 2 presented the uranium biosorption 

isothermsof aIl the materials that ~ere tested. The effects of solution 

pH, initi~l uranium concentrati~n and solution temperature on q will be 

discussed in the following section. 

IV-A. 1.1 pH Effect on q 

---
The examined biomass types can be separated into two groups. 

/ 

The first group was comprised of the biomass types that did not exhibit a 1 
1 / 

significant difference in uranium uptake between pH :::0 2 and pH = 4. The 
~ F , 

biomass of Pseudomonas fluorescens (Figure III-A.~), Aspergillus terreus, 

and municipal waste activated sludge (Figure III-A.4) belong to tnis group, 

~~iCh, in genera1 exhibited low uranium uptake capacities. 
/ 

The seo~nd group exhibited significantly lower uranium uptake 

at pH = 2 than at pH = 4. Industrial waste activated sludge (Figure 
l , 

III-A.5), the iOQ exchange resin IRA 400 (Figure III-A.6), the activated 

carbon F-400 (Figure III-A.6) and R. arrhizus (Figure III-A.2) exhibited 
. 

such behaviour. 
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, < 

No discernib1e difference in uranium uptake was observ,ed 

between pH = 4 and pH == 5 for aIl materials tested (Figures-- III-A. 2 ta 

III-A. 6). 
\' 

Activated carbon and IRA-400 presented th~ ',highest difference 

in q betweén pH == 2 and pH = 4.- More-5pecificaI1y, lRA-400 exhibited 
J 

zero uptake at pH.= 2 and a Ioading of about 80 mg/g at pH = 4. lRA-400 

is an anionic resin an4 at pH = 2 uranium ions exist in the form of the 

simple urafiyl èation U02+2, which exp1ains the observed zero yptake of 

uranium22 . / However. negativel.y charged hydrolysed complex uranium ions 

- 20 
that exist between pH == 4 and pH ;: 5 , can be retained by -'IRA-400. 

" . 

Hydrolysis products are in simu1tane6us-dynamic equilibria and consequent1y 

the resin could reduce the solution uranium concentration down to zero 

(Figure III .. -A.l). 
" 

, 

Filtrasorb 400 also exhibited zero loading at pH = 2 and a 

m~ximum uptake of approximately 150 mg! g at pH = 4. 
,> -

The activated carbon 

ShOW!d a preference for the adsorption of:he hydrolysed uranium ions that 

exist above pH = 2.5, rather than the simpler urany1-ion. The reduced 
/ ( 

solubility of uranium ions at pH = 4 or pH = 5 and the narrow overall pore -- -' - ~/" 

volume distribution of this act ivated. carbo~may have resul ted in the /'-. 

observed behaviourSO , 51, 52 

The U02+2 
hydrolysis products distribution curves avai1able in 

tpe literature22 suggest that for low total U(VI) concentrations and ,for pH 

2 1 • \ 

bl 5 UO + . b f h . e ow, 2 contInues ta e one 0 t e predomlnant uranilfU ionic 

species in solution. 

/ 

, 
1 

The following equations most probably describe 

./ 

./ 

" 

., 
1 
1 
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(VI) ........ h dl' . . d' /20,22 U, ~ ro ySJ.s l.n_.non-complexing me la' 

~ +'1 + 
U02(OH) + H (log KI = -5,8) 

K
2 

./\ 
+2" , +2 + 

~ 

(l~g K2 
-5.62) /2U?2, + 2H2O of"' ,(U02) 2 (OH)î + 2H = . ' 

J/ 

'"' K3 
3UO +2 

+1 + 
. ~ .:.- 5H2O ~ (U02)3(OH)5 + SH (log K3 = -15.63) 2 ... 

One can assume that the ab ove reactions approximate,t~e hydrolysis 
;;. 

equilibri,a in the dilute uranium aqueous solutions usel' in die present 
, -' 

work. A uraniüm mass balance along with the three ~quilibrium e~~essions 

yield a system of four e\uations, the numeriçâl solution of which allo~s~', ., 

estimation of the distrib~tion of U(Vl) among the principal hydroryse~ __ 

uranium ionic species. For a total U(Vl) concentration of 100 m~/l, 
, +2 . 

about 80% of U(VI) exists in the form of U02 at pH~4, while at"pH = 5 

+2 
the U02 'percent age drops to about 9%. 

• .- l- ' 

At pH = 2 0 +2. h..l ' ,U 2 J.S t e ",omJ.nant' 

species present. .}t is evident fram this analysis that the 20% reduction 
... : AJ - t" 

i~ U02+2 content of the' souttion, when solution pH changes from pH = 2 to 

pH = 4, does not account for the large difference in uranium uptake 
- , 

observed for some of the microorganisms, such as Rhizopus arrhizus (Figure 
/ 

III-A. 2) . ,In addit:lon~' the major decrease ilb U02 +2 concentration. b;tween 
( 

e pH = 4 and pH = 5 was not acco;panied by" a disc,ernfble change in uraniunî'. 

Therefore the conce~tration o~ the Uo2
2+ ions in soiuti'~n uptake capaci ty . . 

does n?t appear to be a main factor influencing the urani~iosorptivèQ 
/ 

"""'take capaci ty of tJ:te biomass,' 
'1 

o /' _.' 

1 
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Uranium solubtiity diminishes significant1y with increasing 

pH 22 The difference in solubility is much greater between 'pH = 2 and 

pH = 4 than between pH = 4 and pH = S. Consequent1y. there appears to 
{J _ - ," 

be â qualitative correlation be/~een observed biosQrptive uptake' capacity 
/ 1 

A further increase in solution pH, beyond pH ::;: 6 .. "has 
1 

and "soluoility. 

been reported to significantly redu~e.uranium biosorptive uptak~. \ 

'This reduction in uptake coincides witn an increase of uranium solubility 
o 

in· the forro of uranates, and is in line with the indicated cqrrelation of 

urânium ,solubility with uranium biosorptive uptake. Solution pH appears 

as a para~eter that can· affect considerablY the uranium biosorptive uptake 

thr6ugh the control of uranium solubility, . The effect of uranium solu-

ô bility on q will be discussed further in Section IV-A.IO which,deals with 

the hypothesized mechanism of uranium biosorption. 
-q 

o 

Effect of Initial Uranium Concentration on, q 

(J 

Initial uranium concentration h~d no discernible effect on the 

/ -------determined uranium,biosorption isôther~s (II'I-A:2). Starting wit;h 

different 1conditions of initial uranium concentration and biomass dos~ge, 

- the same isotherm curve was derived. ~ This observation, coupled with the 
. , \ 

reproducibility of experimental results, indicate that the observ;d equi-
0' 

, " 

librium uptake-capacitie: can be considered to represent true equilibrium 

a \of the 'biosorption systems examined independent of the experimental 
\ . ""-

1 conditions. 
/ 

In ~ddition, it can be concluded that the equifibrium curves 

are independent. o( the samples used in each individual experiment and that 

.> 

f 

, , 
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the biomass types "exantined behaved like uniform materials; the 

particle confi~uration (e.g. agglomerated mycelia) had no apparent 

effect on observed equilibrium uptakes, 

°IV-A.l.3 Temperature Effect on q 

192. 

'The effect of temperature on uranium biosorptive uptake of ~. 

"arrhizus was not very pronounced (II~1.2, III-A.3). In terms of process 

application this conclusion is signific~nt as it indicates that the 

biosorptive uptake capacity of R. arrhizus does not change significa~tly 

within the 50 C-40oC temperatur~ange that covers most actual waste water 

operations. 

IV-A. 1.4 

" 
Comparison of U Biosorption Equilibrium Data with Results 

Reported in the Literature 

Some experimental data on biosorptiQn of uranium by Penicillium 

chrysogenum were reported by Jilek et al. 15 . Theil' resu1ts indicated 

that, at pH = 3, "dried" f:. chrysogenum mycelium was capable of maximum 

uranium uptake of approximately 145 mg/g, while "natural" mycelium took up 

approximately 175 mg/g, both resul ts referring to a 24 hrs "culture time,,15. / 
j 

Reinfo1ced Penicillium chrysogenum biomass containing approximate 35% 

reinforcing inactive agents, has also geen reported by the same r 

group as exhibiting uranium uptake capacity of ap~roximately 

uranium pel' gram of dry biosorbent (pH not', reported) • 

The above resul~s correspond weIl with the uranium biosorptive 

uptake capacity of about 165 mg/g Cat pH~ 4 and Ceq of about 7[0 mg/1) 

1 
-,-;' .. 

, 
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âetermined for P. chrysogenum in the present wo~k. 

Chiu14 also reported uranium/uptakes by dry dead myce1ia of 
~ .J 

unidentified species in the range of 160 mg/g. Resu1ts by Chiu cannot 

be compared directly with the resu1ts of the present work since his 
_/ 

microorganisms were not identified. However vague his observations were, 

they can serve as an indication of the order of magnitude of uptake 

capaciti.es that may be expected from some mycelia, a!ld in that sense they 

correlate weIl with data obtained during the present work .. 

( . 
Shumate et al. IS , 19 have indicated uranium uptake'capacity of- _________ 

140 mg/g for a mixed living culture of denitri~ying bacteria (pH = 3 to 
, 

pH = 4). A temperature change from 2soe to sooe had no discernible / 

effect on the uranium distribution coefficient between the solution and 

the culture. Microorganism~ grown independen~ly over a\period of 14 

months yielded the same uranium biosorption isotherm, indicating the 

uni formi t y of their culture and the sta~ility of the respective biosorption 

charac~eristics. ~Al1 information reported by ~humat~ et ~1. corres~?nds 

weIl with data obtained in the course of the present work regarding the 

possible uranium biosorptive uptake capacities, temperature affect on q 

and, the uniformity of the biomass in general (III-A.I.2). 

IV-A. 2 Linearization of Biosorption Isotherms 

Seçtion III-A.2 has shown that both Langmuir and Freundlich 

adsorption isotherm models de scribe uranium biosorption isotherm data 

\ . 
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reasonably weIl (Table III-A.3). Higher S.E.E. values were determined 

for certain biosorption isotherms, as for example for ~. arrhizus 

(Table III-A. 3). In such cases the respective biosorption isotherm 

comprised a few points of different loadings at zero residual concen

tratlon; Points of that nature, (qi' 0) ObViOUSly/can~-~scribed 
by either of the two models, resulting in higher S.E.E. values. 

For sorne of the examined materials, linearization of the data 

w~~ best fitted by ~wo intersecting lines, (e.g. F~gure III-A.2 or 

Figure III-A.5), indicating a change in the response of the biosorption 
• 

system below a certain equilibrium concentrati~n. 
, ... ,l--.. 

Similar behayior 

is sometimes noticed with activated carbon adsorption isotherms. 

The good fit of both physicochemical adsorption isotherm models 

to aIl available biosorption isoth~rm data may be interpreted as an-

indication that adsorption is invo}ved in the phenomenon of uranium bio-

sorption. This subject is~discussed further in section IV-A.IO that 

deals with ~e uranium bio~orption mechanism hypothe~is. 

IV-A. 3 

/ 
/ 

Pure Cell Wall Preparation Uranium Uptake 

In Section III-A.4 it was suggested that the higher uranium 

uptake exhibited by the pure cell wall preparation may1be interpreted as_ 

indicating that the ~. arrhizus cell wall is the biosorptively active 

part of the mycelium. Indeed, cell walls make up a considerable fraction 

. 41-44 of the total cell dry welght . Assuming that the same average 

) 

, 
~ 

î 

1 
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quantity of uranium is taken up by each celI wall, regardless'of whether 
.... , 

the wal1 is,part of a mycelium or has been sep~ated in a ce!! wall 

~preparati.on, then a somewha! higher q should be expected by the cell wall 

,~~'preparation since the ~ame ur~nium quantlty i5 taken up,by a lesser 

weight of biosorbent. 
_/ 

IV-A.4 Electron Microscopy of Uranium Biosorption 

Thè available electron micrographs (III-A.5) of virgin R. arrhizus 
, 

cell walls (Figu~e IU-A.8) indicàte that the cell wall architecture 

exhibits a multilarninate or stratified architecture: This observation 
. -

agrees weIl with the extensive inform~tion published in the literature on 

. d h - f h f 13v, 38, 39. 41-44, 41-49 -the composItion an arc itecture 0 t e ungal cell wal 
. , 

Biosorbed uranium app~ars to concentrate ln 'discrete layers within 

" the ceU wall which is apparently the biosorptively active part of the R. 

-~ârrhizus mycelium. Together the determination of the uranium uptake 
/ 

.capacity of the pure cell wall preparat~on and the electron microscopy 

- Xrays E.D.A. study of !. arrhizus thin sections confirmed the above 

suggestion. 

IV-A. 5 Pure Chitin Uranium Uptake 

As ~lready ment~onéa (III-A.6), the infrared and mass spectra 

of uranfum-equilibrated chitin did not reveal any informatio~ on th~ 

nature of the interaction between them. ~irgin chitin IR sp~ctrum 

.masked the areas that could reveal such information. The very low 

) 

/ 

ri" Il' - pu JI1CIifI4.< 
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volatility of uranium precluded:usefu1 infoTJllation-from 'the mass 
" 

196. 

./ 

spectra. Usually a volatileorgano~etallic compound is fo;rmed whenever ~ ) . .. 
high atomic num~er \eleme~'ts are to be !.studi~d by mass spectroscopy. The 

1 , 
mass spectrometer emp1oy~(I!.S) uses a small sample size of approximately 

q, 

50 llg. 
," 

As a resul t1. the total urar;ium mass pr(JSent in the samPle, given 
~ 

the low (6 mgjg).;uranium uptake capacity of chitin, was approximately / .. 

~~3 llg. The very low~uantity of uranium in t~ sample, the Io~ uranium 

~ola~pity and the <(adt, that "any ion contributing less than /1% to the 
- • _~" ., 1 

total ionicr current is not detected by the instrum~nt, may have resulted 

in the'inabil~ty of the method to detect"the presence of ur~ium in the 

complex. 

The ability of chitin to ferm a uranium'comp1ex is suppor~, 
J' \ , 

however" br, the \iirect experimenta1 data as well as by similar resul ,s 

; reported in -.the literature33- 37 , 53, 54. As for the uranium uptake c pa

city of chitin, Andreyev et a1. 36 have reported the value ofs 4.5 mg/g ..-,-- ". 

(pH = 3), which corresponds weIl to the 6 mg/g uranium uptake capacity 
----

of chitin determined in the pte sent wor~. 

The observe4·6 mg/g loading means that, on the average, 1 a 
, 

of every 180 glucosam~ne rings has a coordinated uranium ion on it. 

+ 
The competition between uranium ~d H30 ions for coordinations w' h the 

chitin nitrogen (IV-A.IO) is probably one of the factors respon ible 

for the ca1culated 1:180 ratio of uranium bearing to uranium ~ee rings • 
./", ---- / '" 

As a result of the competition only sorne of the glucosamin~nitrogens 

become avai1able ta hydrolysed uranium ions for coordinat'on: The equi-

librium is influenced by solution pH. 

1 

" 



, . . ". 

1 
1 

j 
. . 

. \ 

•• 1 • AU sue Lb 

'l~7 • 

IV-A. 6 N-Acétyl-D-Glucosamine Interaction with Uranium 

o 

In Sec~ion' III-A.7, an inorganic precipitate, the p~oduct of 

t~e interaction between ura~um and NAGl, was described. The precipitate 
1 

contained uranium and exhibited a simple IR spectrum (Figures III-A.l9 to 

III-A. 21). 

-

The as'signment of the observed absorbance bands has been based 

~n published information. 
Q 

~1 
The broad band at 1630 cm has been-assigned to H20 bending 

vibrations in/accordance with simi1ar assignments in th~ I1teratureS7 ,S8,64 

This explains the significant weakening of the band upon drying the pre-
" 

cipitate i~ ~n o~én at 90oe'for 12 hours (Figure III-A:21). 

-1 The deep band at 922 cm has been assigned to the uranyl ion 

antisymmetric stretch (v 3) vibrations, ~011owirig simila~ as~ignments in 

l'the literature. More specifically, the v3 vibration of the uranyl nitr..ate 

hexahydrate is cente~èd at 950 cm-1 58, 59 In a crystalline,compound 
'"\ 

the u-o distance in the linear O-U-O 6? ~roup depends on the structure of 

the érystal lattice in question, or, more sPcecifically, on the symmetry 

--- ,-of the site occupied by the U(VI) atom and the extent to which it is bound 
_/ 

. 61 62 to the nearest ne1ghbour atom' . The length of the u-o band and the 

resulting v3 position on the spectrum have been correfated in the 

, 61 62 following formula developed by Veal et!l. ' 

where: 

- R = 81.2 V-2/ 3 + 0.895 

R = u-o bOJld length in A 0 

V = v3 frequ~ncy in cm- l 

" 
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. "J' The examination of a series of organic and inorganic uranyl 
, S9 " -1 1 -1' , 

complexes by Bullock showed a range fr9m 900 cm to 1000 cm for the 

\1
3 
vib~~ion of the uranyl ion, while in certain uranate compounds "3' fi' 

vib;aj~~ns in the 784 cm- l ,to 964 cm-1 ra~ave been repo~ted61, 62 

It;1~'~felt, therefore, that tFe assignment of the 922 cm-1 absorbance 

band to the antisymmetric vibrations of the uranyl group in the precipitate 

Pl is justified. 

-,' 

The weak or very weak symmetric stretching frequency of the 
if 

• l, 1 0 

uranyl ion, \Il' is' usually ,Icentered around 850 cm· , but c~)Uld not be 

/ definitely identified on the recorded IR spectr~57-S9J 63. Simi'lar 

experience has, however, b~en reported for' a large number of uranyl ' . ' 

• 59 63 
complexes by Bullock as weIl as by Addison ~ ~. 

1 -1 The broad band at 720 cm has been assigned to coordinated water 

molecules rocking, according to similar assignments reported in the 

, 57 64 11terature' , The aS5ignment 15 also supported by the simu1taneous 
, -1 

presence of the 1630 cm H20 band vibrations, as weIl as the disappearance 

of the 720 cm -1 band and the wéakening of t'he 1630 cm -1 band upon drying 
1 

the precipita"te at 900 e for 12 hrs (Figure III-A, zli: 

The wide double band at 3160 c~-l and 3500 cm- l can be assigned 
, 

to H20 molecules l, stl:':etth vibration, more specifically to hydroxyl anti-

, dt' . "t h' 'b ' 57, 64 d' f' symmetrlc an symme r~c stre c lng Vl ratlon Upon rylng 0 the 
./ 

precipitate, the above bands became less intensive, while'the v3 uranyl 

f h Oft d to 908 cm- 1 ,,' r~q.uency S 1 e 
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·t~ , 
..Ji-- 1 i ,.' The weakening of the water absorbance bands upon drying 

j 
1 indicates a partial' dehydration of the precipitate. The remaining water 
f 

.~ 

() 

." 
is held in the lattice of the crystal more firmly, as can be seen fro~ 

the difficulty in evaporating it comp1etely and the disappearance of ~he 

water rocking molecular vibrations. 'The IR spectrum of the preçipitate 
o 0 

suggests the chemiçal composition of a hydrated uranyl hydroxide. This 

suggested chemical composition is support~d by the fact that U02(OH)Z' 

H20 has been sugge,sted as the stable phase of the UeVI) hydroxid'e, at 2soè',22 
~ 

The observed shift of the v:) uranyl frequency upon further 

drying of the ·ptecipitate suggests that the U-O bond length changed. 
. 0 

Applying the Vea1,formu1a, an actual change can be calculated"from l.752A 

to 1. 761 A o.' The change is not very large; nevertheless, it indicates 

some rearrangement within the precipitate with the uranyl ion appearing 

less free a; indicated by the elongation of .the U:O bond61~ 

The results of the analysis of the precipitate indicate that the 

end-product of the reaction between uranyl nitrate and N-Acetyl-D-Glucosa~ 
./ ' 

mine is uranyl hydroxide. 

The initial objective of isolating the U-NAGI complex was not 
~ ~ / ot<o J 

met. The complex under examination appeared to be water soluble along 

with the excess reagents. 

The difficul ty experienced duri,ng the present work in tifè! 

attempt to isolate the uranium-NAGI complex is not uncommon. Some metal-

glucosamine complexes investigat~d in the literature presented similar 

',t 

~ 

'. 
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, 
The abi~ity o~ glucosamine, however, to forro metal 

. . b d" t th . 't h b confl'rmed33, ,65, 67 complexes y coor lnatlon 0 e amIne nI rogen, as een 
'1 

/The stability and equilibrium constants of seven metal complexes of glu-
, ' 

" 66 cosamine have been reported in the 1iterature . , Usual composition of 

complexes are 1:1 and Z:l of glucosamine to the metal ion. 
l 

Certain 

'complexes are susceptible to hydrolysis66
. The end~product of the 

hydrolysis o~ glucosamine-metal complexes has been suggested as being 

th~ metal hydroxide~ 

In sho~t, the above-cited literature informàtion, the/results 

of the IR analysis of the precipitates observed during the present work, 

and' the, fact that the ob'served precipi tat,e is the product of the uranium-
\ ' . 

NAGI int~raction, indicate that the isolated uranyl hydroxide is the 

hydrolysis product of the water-soluble and easily-hydrolysable U(VI)-
, 1 

NAGI complex. 

"l 

IV'-A.7 Infrared,Spectroscopy of Urani~-Equilibrated 1. ~rrhi&us Cell Wal1s 
o .~ 

Band assigrunents of the recorded spe~tra were based on published ,.. 
information . 

........ , 

The broad band cenfered at àpproximately 3480 cm- l has been 

,assigned to the hydroxyl group stretching vi~rations55, ,56, 57, ~8. 
1 

Polysaccharides constitute up to 90% of ~e dry cell wall weight 50 the 
\ 

observed strong -OH abso'rbance should be expected. -1 At about 3260 cm ~, 

N-H stretching vibrations absorb as weIl, but in that range t~eoO-H and 

N-H bands overlap, and their separate identification i~not possibl~. 

;. 

. . , 

o 
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C> -1 
The medium b~nd at approximately 2930 cm hâS been assigned 

to-CH3 and-CH2 stretching vibrations, while the double peak close to 

2350 cm-1 has resulted from the atmospheric COZ that was not purged 

60-63 completely 

n 

The strong band at 1650 cm -1 has beên characterized as ~e amide 1 

band of the spectrum. 

55 
spectrum (I~r-A.5) . 

The band is aiso present in the pure chi~in 
; , " 

The absorbante exhibited by -the amide l band i5 . / 

considered64 to De the combined effect pf the carbonyl (-C = 0) stretçh 

64 
mode, the C-N stretch, and to sorne extent the N-Jl band .' The presence 

of the band on the cell wall.spectrum was expected because chitin con

- -- tains the _N_C'lO -CH3 group. Pr~ry ~ides exhibi~~~nd band of' 
, . - ~ -', 1 ~_._~--- ---------- . 

-weaker intensity. very~ close to~he main--"éarbony1 absorption band, in the 

1650-1620 cm-
1 

range. The in~f thb seco,nd band (amide .. II) is 

usually approximately one half to on~ third that of the carbonyl absorpt~on 

band. and is'>the product of N-H bond vibrations. .The p~ak centered at 

-1 ' approximately 1550 cm on the recorded spectra fulfi1s the ab ove 
j 

characteristics. 

, ~ 55 56 69 In the 1ight of similar assignments in the 1iterature' , 
~ j 

it has been assi~ed as the amide II band of the spectrum. 

-1 The strong, wide band centered at around 980 cm covers the 

range where c-o stretching vibrations, primarily of the a1coho1 groups, 
-1' .' 

absorb (I~OO-1l00 cm ) as weIl as the- range where the oxygen bfid'ge 
: • -1 55 . 

stretching modes absorb ll110, 1155 cm ) • The band is common in the , 

\ 
\ 
\ 
\ 
\ 
\ 
i , 

/ 
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infrared spectra of the cell walls of fungi and is attributed to tne 

. 40 69 \ 
polysacchar1des of the cell wall' The band is also present in 

the IR spectra of po1ysaccharides40 

-1 The sharp peak at 640'cm has been assigned to out-of-plane 

bending of the hydroxyl groups, fo11owing similar assignments in the 

literature57. 58 

-1 The new peak at 908 cm that appears in the IR spectrum after 

biosorption of uranium has been assigned to the v 3~stretc~ vibration of 

the uranyl ion following the reasoning presented in Section III-A.6. 

The infrared spectra of the cell walls i~dicate a situation 

similar to the one encountered during the stu~ of the uranium-chitin 

complex IR spectrum. . No discernible shifts, for example in the amide 
. 

/ 

bands, can be observed. However, the presence of the v 3 uranyl absorbance 

band shifted to 908 cm-1 indicates that uranium is mostly retained by the 

cell wall in- a form similar to the one i~ which it exists in the NAGI-U 
jl 

" 

complex hydrolysis product, which also e~hibited the v
3 

uranyl peak 

-shifted to 908 cm-1 (III-A. 6) • ". 

The 400 cm-1 to 340 cm-1 range of the cell wall IR spectrum 

J , 

-'- .... 

before and- after uranium uptake is presented in Figures III-A.21 and III-A.22. 

A new, moderate peak at 374 cm- l appeared after uranium biosorption 

(Figure III-A. 26). In th~ IR spectra of coordination compounds, the 
~l r ~ 1. 

300-500 cm range has generally been assigned to the metal-nit~ogen; -,"/ 
, 
)' , 

Q 

..... 
./ ' 
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h 'b . 57 strete Vl ratl0ns . i A large number of metal-amine complexes 
o 

exhibit abs~rbanee bands ~ithin that Fange as a result of the M~N bond 

'-
h · 'b ' 57, 70 strete lng Vl ratlons . Metal-nitrogen band stretehing absor-

-1 . 
-bance bands have also been reported at 358-367 cm for complexes of 
J 

with heterocyclic amines7l thorium 'Ca metal similar to 'uranium) 

This justifies ass~gni~g the new 374 
-1 r " cm peak to the uranium-nitrogen 

bond stretching vibrations. The new peak ~rovides evidence for the 
\ 

" \ 

proRosed qranium coordination to the chitip ni'tro~en .O,f the cell walf'. 

The infrared spectra of pure eell wall preparations of different 
\ f .. \ 

fungi reported in the literature present remr:rkable simi~~rities among, ',,' 
~ .,.. ~40 69 

-themsel ves a;:; weIl as to the spectra obtained during thepresent work ' " 

This similarity can be understood if one'considers the fact that poly-
-= 

saccharides d~minate the chemical composition of the cell wall of fungi 38 , 
~ 

and therefore impose the'common characteristics of their infrared spectra 

40 69 on the fungal cell,wall infrared spectra ' 

. 
IV-~.8 Co~ion Effect on Uranium Bioso;rption "' 

/ 

The results in Table .JII-A. 5 indicate that bot~- Zn +2 ~nd Fe +2 

inhibit ,uranium biOsorptfon' even at low initial co-ion concentrations. " 

Zinc appears to be more ~ffective than iron. An initial zinc concentration 

of 20 mg/l resulted in a uranium uptake decrease of approximately 34%: 

while even higher iron concentration pr~uced somewhat smaller U uptake 

inhibition", C?6%) , 
\ 

It is also interesting to note that zinc -is ahead of 

iron in t~e Irving-Williams series of complex. s-taoÜfty. 
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The uncertainty in th~'determined co-io&uptake capacity" 

resul ted from the very small c~ange' ob~erved in the co-iou concentrat;on .. 
, • li-

following-,ii)'iosorption. The measured co-ion concentration d~j'ference was 

very small afld close to the accuracy of the analytical techniques 

employed. 

IV-A.9 Uranium Biosorption Kinetic Data 
't;, 

. 
The v/Ùues of the main pararneters that characterized the kinetic 

exp,eriments have been presented in Table III-A.7. 

. +6 
The 40-8"0 mg/1 U initiàl concentration range. was

j 

selected 

because: , 
\ 

a) In that range sarnple prqcessing and U+6-eoncentration --- ,. 
deterJû'ination were direct, without any interrnediate dilution step that 

would,introducè additional experimental error. The recorded absorbance 

Q • ... 28 
values also fell within optl.murn range , thus improving the accuracy of 

u+6conce~tration determination. 

b) Similar uranium concentrations were aiso employed in the 
) 

uranium biosorption equilibri~m studies. 

~ -------.;,-----;:-'Pollowing the ,selection of the iJl-itial and finalÛranium concentra-

/ ..' 0 

tians, the ëiomass dosage w~s calculated on the basis of a uranium upt~ke . ~ 

.Q 
A d()sage of 135 mg biomass resulted ~ èapacity o.f)1pproximate1y 1.60"mg/g. 

, 0 '~ 

in ap~r/OXimatelY ,30% to IC% reduction of the initia1'U(Vl) 
1\ 1\ : ,. 
, - )'-

concentrat ion: 

l' 1 

./ 

o 

" ) 
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It was, decided to detërmine experimen~ally' the1gitation rate 

necessary to obtain kinetic-data independent of the mixing rate in the 

teactor. The kinetic processes involved in biosoTption reactions can be 
• 

envisioned in ~ way similar to those of ion.exchange or activated qarbon 
// ~ 

adsorption. The observed initial uranium biosorption. uptake ~ate (III-A.IO) 

depends upon the relative rates of the following steps: 

~. Transport of uranium ions from the bulk solution ta the 

external surface of the boundary film around the microbial cell. . , 

2., Transport ~i uraniwn ions 
~ 

the ceU surface • 

t:r~ Je boundary 

/' 

"' film to 

3.-- Transport of th.e uranium ions inwards, through the ce"!l 

, wall, to the active sites of biosorption. ' 
1 .. 

Actual biosorption of the ion in the ·microbial celI. 

It has been canfirmed that urahium ions are biosorbed. 

throughout: the ceU wall in distinctive layers. 
1 

The slowest of the foux 

steps woul~ control the ove'rall rate of uranium uptake observed in the 

reactor. 1 

1 In a well-mixed batch reactor such as the one used in the 
: 

present work, step l is n.~t exp-,ted to l'imit the remov'al rate. 

conCtmt~atfon of the ,biosorbate is U,nifOTm in the bul~ liquid phase. 

'Actual bio~orptive retention of th.e uranium ions (step 4) is a1so a rapid 
1 ~ 

process ~s'discussed in section III-A.IO ... 

1 

~e kinetics of biosorption is therefore dete~ined by either 

of steps C 2
1
0r 3. Film diffusion processes are generally dependent on 

stir~ing~r~te, while i~traparticle diffU$~n processes are essentially 
1 

1 . . 
1 

o / 

o 

~. 
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a:ff d b .. . t 75 un ecte y agl.tatlon ra es' . After the experimenta1 runs l, 2 .and 3 

~ere"co~leted, the mixing r~te of 1300 RPM was selected for ~he subsequent 

kinetic experiments. At 1300 RPM the observed biosorption rate was very 

rSlpid and thère was no discernib1e increase of the uranium uptake rate when 

inixing increased from 1100 RPM to 1300- RPM. Bfbsorption rates' observed 

in subsequent runs (4 to 8) are, for aIl practical purposes, not dependant 

on the diffusion thxough the partic1e boundary film. 

The CÔDDIlon characteristics of the detemined uranium concen::-/ 

tration rate curves have been presented in Section III-A. ID. The shape 
ç 

-
of the concentrat~on curves suggests that at least two different phenomena 

contribute to, the observed overall uranium biosorptive uptàke, by .!!., 

arrhizus. The first phenomenon is very rapid, reaching' equilibrium very 

rapidly, whi1e the second appears slower and takes place at a later time. 

Final equilibrium was reached within approximaté1y 1 hour. The relation 
./ , 

-------,of the suggested' two phenomena ta the uranium biosorption mechanism is 

discussed in Section IV-A. 10: 

Within the range examined, 
, 

concentrations 

------- +6 had no apparent effect on U uptake rate (Figure III-A-.32). .Initial 

. ' equilibrium plateau was ~onsis:tently reached within 60 seconds. 

pH, however •. strongly affected the initial uranium' removal rate, 

Solution 

(Figure III-A.33).· At pH = 2, initial uranium uptake was very slow.. In 

addition, the two distinct equilibrium p1ateaus as observed at pH = 4· 

were not apparent (Experirnent #8). Acidic pH is unfavourable ta uranium 

equilibrium uptake capacity of R. arrhizus as weIl as to the rate Qf uranium 

/ 

/ 
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removal. ' However. the total time necessary for attainment of final 

equilibrium at p~ = 2 was approximately 60 minutes, similar to the total 

time necessary to attain final equilibrium at pH/", 4. 
\ 

/ 

Kinetic data on biosorption of uranium by ~', arrhizus are not 

'available in the literature. There is, however, som~ information on . 

uranium uptake rates by different mycelia. Chiu14 reported kinetic data 

on uranium uptake by uncharacterized living mycelia obtained from a 
---~ 

shake-fr.{sk system. An approximate 15 minute equilibrium time was 

determined. Sh 1 19 1 d'" k h l' . umate et a. a 50 reporte uranlUID upta e yy lVl.ng -, 
1 il 

Saccharomyces cerevisiae and Pseudomonas ae;Uginosa, ag\in using a shake-

flask system. The respective equilibrium times were reported as 60 
\ 

minutes and 10 minutes, and exhibited strong dependency ~n pH, temperature 

and initial uranium concentration. The pH of the contact system was 

" 
not controlled and shifted during the -contact period'. 

~ 

The data of Chiu
14 

and Shumate et al.
19 

cannot be directly 

correlated to the presently reported uranium biosorpfion rate data, 

- for the fo11owing reasons: 

Ci) The microorganisms used in both studies were different, 

and were 1 i ving . 

(ii) Experimental conditions were not controlled. Mixing 
j/ 

rate was most likely inadequate, and the pH, whose, strong effect on bio-
, 

sorption has
a 
been../documented~ was not f::onstant . 

... 
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" 72 
Hradkova !! al. ,however, have reported data on uranium uptake 

rate by ~einforced aead PeniciUium chrysogenum. They indicate a very 

rapid attainment of equilibrium within the first 90 seconds of contact. 

Their results ,correspond weIl to the results obtained in the course of' 

the present work. 

9 Rothstein and Larrabee h~ve reported a very high initial rate 

of uranium uptake -liY live yeast ceUs. Within the short est time possible 

for sample withdrawal (120~dS), their 

removing 48% of the uranium in 1olution. 

system approached equilibrium, 

r 32 "" 
Similarly, Stramberg et!!.. have reported u!anium uptake rate 

. , ' 
data by resting Pseudomonas 'aerug.inosa ceUs, indicating attainment of 

equilibrium within the shortest period possible for sample withdrawal 

(40 seconds). 

Although the result~ of both Rothstein et al. and Stramberg 

~ !l. were derived from different biosorption systems. they support the 

validity of the ~inetic Tates determined in the present work as they 

indiéate that uranium biosorptive uptake can be very rapid. 

The general conclusion that can be.drawn is that biosorption of 

uranium appea!s to be a very rapid process. 

~, 

IV-A. ID Mechanism HyPothesis on Uranium Biosorption by Rhizopus arrhizus 

The information discussed in the previous Jections IV-A.I to 

IV-A.9 allows the formation of a hypothesis regarding t~ mechanism of 
, , 

;" 
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retention o~ uranium oy the mecelium of R. arrhizus. 
( 

The proposed 

uranium biosorp~~on mechanism cons~sts of three processes that are 
\ 

described below: 

Process A ' / 
; , 

• Process A invo! ves a ~omplex formation between di~sg101 ve.d 

uranium ionic species and the chitin chains of the ~. arrhizus ,cell wall. 

Uran~um coordinates to the amine nitrogen of the chitin crystallites, and 

15 retained within the c'~l wall of tHe mycelium. 

Support ive evidence for the proposed process A ls: 

1. It was concl~d in Section IV-A.4 that biosorbed uranium, 

r is retained bY,the !. arrhizus cell wall. 
,/ 

2. Cell walls of fungi present a multilaminate architecture 

38, 39, 40 In general, the cell wijll can,be regarded as a two~phase' 
"j 0 

system consisting of a chitin skeletal framework embédded 'in an amorphous 
" 

1 h · d' . 38.3 9 • 40 , 41 CF' IV Al) Ch' 1 l' po ysacc Ul ~c matrlx 19ure -. • 1 emlca ana yS1.5 

of the cell wall of Rhizopus nigricans has confirmed a high content of 

chi tin (58%)48. 38 
Chiti~has als~ been confirmed in RhiZOPU5 by Frey 

. 
through the application of X-ray diffraction. The traflsmi~ion electron 

micrographs of E. arrhizus mycelia before uranium uptake, presented in 
1 

this w~rk,~co~firmed the expected stratifi~ation of the chitin in the 

R. arrhizus cell wall.' 
, .. 

3. The abilîty of chitin to form complexes with metal ions 

has been weIl documented in the literature28,~ 29, 30, 31 

\ " 

, 
" " 
î 
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In Section 1.6 the general metai uptake capacity of chitin was pre~ented. 

Chitin is carrying one linear amino-group per glucose ring (Figure IV-A.2). 

The ami no group has an electro~ pair available for coordination and behaves 
o " 1 

like a strong Lewis base33 , 36, 53.< 0 her Lewis bases present in the 

cell wall are the 'hydroxyl groups of t e polysaccharides. 
.... "'l 

Their complex 
, 

formation ability, however, has been r ported to be quite small or 
-' 

negI1"g1"bl'e36 , 65, 66, 67 Ch"t" th" t' "t' ~ ~n eme ges as e ma1n reac 1ve S1 e ln 

the cell wall of R. arrhizus for the coordination of uranium. It is 

therefore reasonable to expect the forma~ion of ~ coordination complex 

betweèn uranium and th~ nitrogen of the celi wall chitin. 

4. The uranium uptake capacity of pure chiti9 was experimentally 
/ 

confirmed d~ring the pie~ent work (Section III-A.6). The formation of ' 

~ chitin-uranium coordination complex has been reported in the literature35 ,36. 

5. The electron micrographs of uraniÜm-equilibrated!. arrhizus 

,thin sections have indicated a stratification of biosorbed~ uranium inside 

the cell wall (Figures III-A.IO to III-A.12). The observed stratification 

of biosorbed uranium is similar to the chitin stratification in the ceU 

wall (Figure III-A. 9), providing additional indirect eviden~e of an 

association between biosorbed uranium and chitin. 

6. The infrared spectrum of .uranium-equilibrated.E.. arrhizus 
../' l pure cell waiis presented a hew absorbance band at approximately 372 cm-

As discussed in Section IV-A.7, th~s new ban~as been considered the 

result of the uranium-nitrogen band vibrat~ons. The presence of the band 

o . supports th~ proposed coordination of sorne of the biosorbed uranit.üli to the 

chitin ni.trogen. 
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7. Some data on the'complex formation between uranium and 

the chitin' mQnomer N-Acetyl-D-Glucosamine have been presented ..in Sections 

III-A.7 and IV~A.6. Although the complex itself was notisolated, its 

hydrolysis product, uranyl hydroxide, was observed (IV-A.6), providing 

additional evidence of the proposed complexation of uranium by ch~tin. 

-\8. The infra~ed spectrum of uranium-equilibrated~. arrhizus 
" 

cell walls presented a new strong absorbance band at 908 cm- l This 
, 

band has been assigned ta the v 3 characteristic frequency 'of the uranyl _:. 

ion tnat has sh~fted fram the original 950 cm- l position in the U02(N03)Z' 

6H20-spect~ (IV-A.7). T.he new position of th,e v.3 uranyl ion frequency. 

"in the R. arrhizus cell wall is the same as the one abserved in the ,IR 
-

spectrum of the NAGI-uranium complex hydrolysis product (IV-A.6). Conse-

quently the complexation of uranium by the cell wall can be postulated,as 

part of the biosorbed, uranium is present in the cell wall in the form of 

the complex hydrolysis product. 

9. Iron and zinc complexation by chitin-has been documented 
1 

-. 33-37 in the 11terature . The stability of the chitin-met~l complexes 

follows,'as for most ligands, the"Irving-Williams series33 ,3? Both 

lAs a iron and zinc compete with uranium for complexàtion by chi tin. 
-. , ~ 

resUlt of the competition reduced uranium uptake was\observed 
, . (III-A.9 J 

IV-A.8). The reduction of uranium uptake by R. arrhlzus due to possible 

competition of th~ co-ions for the cell-wall chitin'sites constitutes --- . , 1 
additional indirect evidence of the proposed uptake of uranium by 

;0. 

canplexation. 

) 

'"'"- / 
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7. Some data on the comp1ex fomation between uranium ~nd -
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the chitin monomer N-Acety1-D-Glucosamine have been presented in Sections 

III-A.7 and IV-A.6.,. Although {he complex its~lf was noCisolated,1ts 

hydr01ysis product, uranyl,hydroxide, was observed (IV-A.6),·providing 
t 

additional evidence of the proposed complexation of uranium by chiÜn. 

8, The infrarea spectrum of uranium-equilibrated R. arrhizus 

-1 celI walls presented a new strong absorbance band at 908 cm This 

.,. h j band has been assigned ta the \1 3 c aracteristic frequency of the uranyl 

ion that has shifted from the original 950 cm- l position in the U02 (N03)2' 

.6H20 spectrum (IV-A.7). The new position of tne \1 3 uranyl ion frequency 

in the R. arrhizu5 cell wall i5 th~ same as 'the o~e observed in the IR _ri-

$pectrum of the NAGl-uranium compi ex ~ydro1ys is Pl-$duct ('IV-A. 6) . Conse-

quent~y the complexation of uranium by the cell wall can be postulated/as 

part of the biosorbed,uranium is present in the cell wall in the form of 

the complex hydrolysis product. 

9. Iron and zinc complexation by chitin has been 'documented 

in the literatur~33-37. The stability of the chitin-metal complexes 

follows, as for most ligands, the Irwin-Willi~ms series33, 37 Both - . 
iron and zinc compete ~it~ uranium for complex~tion by cHitin. As a 

result of the competition reduced uranium uptake was observed (III-A.9, 

IV-A. 8). The reduction' of uranium uptake by R. arrhizus due to possible 

competition of the co-ions for the ceU-wall chitin sites constitutes 
J 

additional indirect evidence of the proposed uptake of uranium by / 

complexation. 
' ...... J 
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Procéss B 

Process B of the hypothesized 1,lrani1,1J1l bioso~tion mechanism 

involves the adsorption of ladditional uranium by the chitin network, close to 

the complexed by chitin nitrogen. ~e followiJ}g experimental re5ul.ts 
, -

provide evidence supporting the proposed adsorption process. 

1. r The experimentally determined\-uranium uptake capaci ty of 

chitin at pH = 4.is 6 mg/go R. arrhizus uranium uptake capacity, 
.. / 

under the same conditions. i5 180 mg/go Uranium taken up by !./ arrhizus 

is concen'trated in the cell wall of the myce'lium which' contains less, than 

100% w/w chitin. Uranium taken up by complexation alone can only account 

for a very small fraction «6-ïng/g) of the determined ovetall uranium bio-

sorptive uptake capacity of E. arrhizus. Consequently. additional pro~ 

cessees) must contribute to the observed overall uranium uptake by bio-

, sorption. ---'. 

2. AlI biosorbed uranium bas been located within the cell wall 

of the mycelium (IV-;A.4). Biosorbed uranium exhibits a 5tratificatton 

that coincides with the chit~ stratification. 
,\ 

f 

3. The ava'llable biosorption isotherm data' fit ,the conunon 

adsorption isotherm models very weIl (III-A. 2), indicating the adsorptive 

uptak~of uranïum by the~. arrhizus cell wall. 

4. Adsorption is a very fast phenomenon when it is net 
.-. 74 75 
" limited by mass transfer ' The fungal ceU wall can be viewed as a 
J 

./ 
porous structure because it allows the passage of intracellularly manu-

- ) , 39 41 V 
factured enzymes and ether 'macromolecul es' . The kinetÎc data on / 
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" 

~ uranium bioso;Ption by R. arrh1zus,presented în Section rII-A.lO clearly 
~ -

indicate that the initial equilibridnt platea'tt is' 'established 'wi~Jdn 
60 seconds: The processes involved in the first equilibrium plateau 

must, therefore, be very rap~~. Chemi~al comp.lexation and adsorptio? 

are both 'T~!d proces~es and can t~erefore aceount for the observed rapid 

establishment of initial eq~·ilibriuh1. 
1 -

: S. 
14 his work on uranium uptake by unidentified 

/' . ~:':" penicill,ia. ais ",",~hat adsorption is orie of "the processes -in-

-' .. 

\ . . 

\ .. 

1 

n 

" volved in urani~ biosorptive uptake by fungs.1 mycelia. 

,--' ./ 

6. Chitin'nitrogen confers basic characteristics to this 
\ 

aminopolysaccharide; Representing the chitin monomer as GN, th, 

d~ssociation e~u~~f the amide would be: 1 

\~ 
", \ 

~e equilibrium is obviousry a function o( solutioh pH. MOietie1 GN+:~ 
~ ~:~d rut: are both available on tmY'chiÙn chain in<Ùcating that d~r~ng 

1 

process "A uranium has" to compete with H30 + for the complexation si~es on 

. ' chiti~ ~I;")\.S). When other co·ions are also present in ~olution~ 
../ '-

chemical eqUilibria"become more complex. Blocking of chitin comp~exation 
sites by the'co-ions reduces the quantity of chitin-complexed u~an~um 

(IV A 8) Th d . f -. k - b . ~ F +2 Z +2 ct' -.. e re uctlon 0 uram.um upta e y e or n exte~., 

'<-1 
however. beyond the 6 mg/g limit ~ total U(VI) uptake by complexatfon, 

as weIl as the additional 45 mg/g of Process C (IV-A .. I0). Table l I.~A. 5 

clearly shows,a 125 -mg/g decrease of q at 1000~g/1 Fe+2 
p 

This strong U uptake, suppression can be accounted or , ,., 

o 

" " 
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when we consider' that ~cti~n 
i5 followed by a ~ed~ction of the 

-- .. [ 
il t1! III JI et .,li ,. 

\ 

of the quantity ~f complexed uranium 

adsorbed uranium as weIl. A relation 

" is clearly indicated between complexed and a?sorbed uranium. In a recent 

presentation on uptake of metals by the cell wall of ~. subtilis. 

Beveridge7h suggested that chemically retained metals may act ~s nucleatibn 

sites for further "deposition" of metal in the' celI wall. The co-ions' 

effect on ~. suggests_a similar r~_ played by the chitin coordinated 

uranium in the biosorptive uptake of uranium by E. arrhizus. 

7. In IV-B.IO, where.the mechanism o~ thorium biosorption is 

discussed: the "experimental evidence available-Jûidicates that adS&rption 

ls involved in the thorium biosorption mechanism. Thorium adsorption by 

the outer layer~ of the!. arrhizus cell wall indicates the general 

ability of the cell wall ta function as an aÀ~orbant. It is the same , 

adsorption potential of t~e cell wall that is considered responsible for 

the proposed P3Pcess B of the uranium 9iosorption mechanism. 

Process C of the ~ranium biosorption mechanism by ~', arrhizus 

i~v-!?lves the hydrolysis --<if the ur~um-chitin complex formèti. during 

/ 

.. -~ 

Process A an~the precipitation of the nydrolysis product Curanyl hydroxide) 
~ 

-ln the cell wall. Upon hydrolysis-the freed chitin nitrogen may re-

engage in uranium complexation u~til the accumulation of hydrolysis 
1 

products inhibits the complexation-hydrolysi5-precipitation cycle. At 

such a ~me the biosorption 
c , 

'1 __ 
) 

. 
"'-", 

system arrives at final equilibr'ium. 

, / 
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" ./ 

Representing by GNU the chi tin-uranium co~Jex, Process C may be presented 
/ 

jSéhematically as follows: 

.. HlO 
GNU + .GN+ U02(OH)2 r 

./ 
U ,. 

GN + GNU f- ( 

+ .. ~ t'-t' 

;. P-

,....:;:;~ ~-:tJ 

H20 

GNU 4- GN + U02 C.~I,P2 + 

Experimental evidence supporting the proposed Process C is 

discussed be.l6w: 

1. The examined U-R. arrhizus biosol'ption system reach"ed an 

!nitial equilibrium plateau within the first 60 seconds of contact 
/ 

/ ~ 

. (III-A.lO):" This plateau represent,ed approximatel:x: .... 6ç% of the. total bio-

sorptive uranivm uptake and is the cumulative result of the proposed 
Î 

Processes A and B. T,he secondary increa~e in~U{Viiuptake observed 

approximately 0.5 hours later clearly indicates the presence of an 

additional process. The new process is distinct from the first two as 

it takes place at a considerably later time. 

2. The U-NAGI hydrolysis product appeared at a later time 

following the initial complex formation (III-A.7). NAGI is the dominant 

menomer.unit of chitin. Both uranium coordination to the amine-nitroge~ 

and the subséquent hydrO~YSis of the complex are';1de-endent of the 
) , ~ 

gIUCOSid~.îinkage of the NAGI units in chitin. Tt is therefore 

reasonabl~ to acc~pt that the uranium-chitin complex hydrolysis is similar 

to éhat of the NAGI-U complex, resulting in the precipitation of U02(OH)2 

in thé cel! wall'. 

(' " 

• 1 
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1 

3. The infrared spectra of the uranîûID-equilibra~ed 

R. arrhi~~ walls and the NAGI-U hydrolysis product presented the 

same v
3 

characteristic frequency of the uranyl ion (908 cm-l). The 

presence of U-chitin hydr~lysis pr~luct in the cell wall (Process C) is 

therefore indicated by the IR spectra. 

, 
4. Hydrblysis of complexes ois not usual.lY oassociated with . 

low solution pH values. Consequently. bibsorption of uranium at pH = 2 
, " 

should not exhibit the secondary uranium uptake increase that has been 

attributed to the hydrolysis of the U-chitin complexe The uranium . 

uptake kinetic, curve at pH = 2 (Figure III-A.29) confirmed the above 

predict;on, thus supporting the proposed Process C. 

S. The precipitation of m~tal,hydroxide'as a product of the 

'" hydrolysis of the glucosamine-metal complexes has been reported in the 
. 66 1 - -

llterature ,and supports the proposed Process C of the uranium bio-

sorption mechanism hypothesis. ~ . 

"Figures IV-A.3 to IV-A~S present schematically the proposed 

l' mechanism of uranium biosorption by~: arrhizus. 

Three processes have been proposed for the uranium bio~Qrption 

mechanism hypothesis. Process A ~ppears to contribute the ,least , 

«6 mg/g or <3%). The signific~ce of Process A. however~ if judged , .. 
exclusively by the initi,al contribution to, the total biQsorptive uptake, 

would be miscalculated. 
~ , Processes.B and C are closely related to Proc~s~ A~ 

There appears to be a strong interaction among the three processes. 

'0 
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Complexation of uranium by ch~tin (Process A) triggers Process C and 

assists Process B. On the other hand, the accumulation of the adsorbed 

uranium by Process B affects the equilibrium ~f,Process C. AlI three 

processes are important as they are interrelated and affect the overall . 
equilibrium uptake capacity of the m~elium. 

A decrease in solution pH has been confirmed to result in a 

reduction of the .total U uptake capacity. Solution pH affects: 

(i) Hydrolysis of the chitin amine. Low solution pH 

. H 0+ \ . 1ncreases ~ concentrat1on 
, ~ 

and int~nsifies tQe competition among H30+ 

and uranium ions for the chitin complexation sites. 

(ii) Uranium adsorption which is a process that"depends 

significantly on the physical and chemical ch~racteristics of tKé 

j 

51 adsorbate . At pH below 2.5 uranium exists in solution in the simple 

U02+
2 form, while at pH~ 2.5 it hydroly;es extensively (1.4)20,22;77,78. 

Hydrolysi5 is accompanied by significant reduction in solubility. Lower 

solubility promotes adsorption., Higher solution pH, therefore, favours 
~ 

Process B by reducing uranium solubility and also by favouring uranium 
>,..-/ 

complexation by chitin (in the absence of other co-ions). 

Hydrolysis of the uranium-chi tin complex which is a 

strong function of pH (Process C) ';'.: 
\ 

/ 

In terms of .tecnnical application, it i5 important to'note that, 
! 

at pH = 4, the described uranium biosorption syst;m approaches 66% of 

equi,librium within the first 60 seconds of contact. This partial 

J 
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equilibrium is maintained for some time (III-A.IO). High rate contact 

processes such as fluidized bed reactors could therefore be implemented 

efficielJ.tly. The ui:iUzation of even 66% of the equilibrium capacity 0 

provides an available equilibrium loading in excess of 120 mg/go which ~~ 

1 
1-,-

still very attractive compared to other materials (Table III-A.l). It 
~,--_/"'-.'", 

, 1 
becomes ev en more attractive if we consider the rapid kinetic,s of~e' ~ .. ' 

J ~ 0 

uptake. Solution pH should be close to 4 as at that pH value the u~take 
• 1 

rate and the load~ng are optimum. At t~at pH, attention should be!paid 
1 
'i 

to the co-ions present in solution which can impare the ôverail pro~ess 
\ 

performance. 

IV-A. 11 J Precision of Urânium Analytical Determination 
::::::zs ~t 

./' An estimate of the precision of the uranium analytical method , 
was obtained by analysing a uranium standard solution 16 times. The data 

are presented in Appendix A. Tabl~ IV-A.l summarizes the sta'tistical 

evaluation of the repeated tests. 

TABLE IV-A.I 

Statistics of Uranium Analytical 

Determination. Absorbance 

j 

Variable Mean (A) ~d., Deviation(S) Sample Size(n) 

Absorbance 0.263 0.004 0.013 16 

" 

• 

1 . ' 
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A.frequency histogram of the determined absorbance values is also 

presented in Table IV-A. 2 below: 

'TABLE IV-A. 2 

Absorbance Values Frequency Histogram 

Frequency 

7 
6 
5 
4 
3 
2 
1 

0.256 

5 

* 
* 
* 
* 
* 

0.259 

2 

* 
* 

0.262 

2 

* 
* 

0.266 

7 n = 16 

* 
*0 

* 
* 
* 
* 
* 

0.269 

The 95% confidence limits computed from the data above give the 

following range: 

./ 
Lower limit = A - ta S/m::: 0.261 

Upper limi t = A+t a s/Iij = 0.265 

The 95% confidence limits range extends to approximately 2% of 
l" 

the mean value, indicating good precision of the analytiéal technique. 
/ 

An estimate of-t~e accuracy of the technique was obtained by ~omparing 

the mean' concentration calculated from the absorbance precision data 
q 

ab ove, (Appendix A) to the actual uranium concentrj1tion (30- mg/l) . 

" of the standard solution used. Table IV-A.3 prp~ents a statistical 
t 1. " 

, b / 

evaluation of the U(VI) concentration determination. 

Q 

, . 

"J 
1 . 

'. 

" 
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TABLE IV-A. 3 

,', 

UeV!) Concentration Determination St~tistics 

Variable 

c, mg/l U~ 
t 

Mean (C) 

_28.9 

Std. Deviationes) 

0.49 

1 .' 

Range 

1.43 

Error 

1.1 

i 

The-'difference (error) between the mean concentration value and 

the standard 'solution concentration was not smallev than 1 mg/l. ,The . . -

relative ~rr~r i5 expected ta increase at very low or high absorbance 

values; a charact~ristic inherent to aIl spectrophotometric techniques28 

. -) 

An estimate of the p~ecision of the overall experimental technique 

used for the determination of the uranium bioso~tive uptake ~~pacity (q) 
'" 

was oJ;>tained by preparing "and analysing 8 separate s~les, al1:! with 
, . 

/ 

identical in~tial UeV!) concentr~tions, pH, te~perature, sample volume and, 

as close as possible, biomass dosage (Appendix A). 

Table IV-A.~ presents a summary of the statistics co~cerning the 

experimental accuracy of q determination. 

Variabl,e 

q emgf.g) 

~TABLE IV-A.4 

Statistiés of UeVl) Biosorptive Uptake 

Capacity Determination 

Mean (g) Std. Deviation(s) 

144 7.9 21 

/ 

Sample Size (n) 

8 
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The 95% confidence limits --é'alculated ,from t1J,e above information 

q :!: t '7 .9ili = '144±7 a 
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IV-B. THORIUM 

IV-B.I Thorium Bi~sorption Equilibrium Uptake Studies 

-
Sections III-B.l and III-B.2 presented àll thorium biosorption 

isotherm data obtained in this work. The effects of solution pHt 

initial thorium concentration and solution temperature on q are 
~ ~ l 1 

discussed in the sections that fol1ow. 

IV-B. !. 1 pH Effect on q 1 1 

•• j 

1 

With the exception of Aspergillus niger and the municipal waste 

activat~d sludge, aIl materials examined exhibited lower thorium uptake 

at f :: 2 than at pH ~ 4 ~ or' '5. 

~ ~ 

-""' One of the profound effects of solution pH on the !. arrhizus .. 

f 'thorium biosorption system is the rapid decrease of tnorium solubility 

r~~~h·increasingpH22. Thorium hydrolysis_is~ more complicated than 

uranium hydrOlysis2l , 22, 26, 27 Thorium star~s hydrolysing at pH = 2, 

and at pH ~ 4 exists in solution mainly" in the form of the hydroxide, 

Th(OH)4' occurring as colloidal particles belbw 300Ao.in diameter21 • 

Thorium solutions are supersaturated at pH = 3, at as low concentrations~ 

There appears to be a qualitative correlation 

between a reduction in thorium solubility and an'increase in q. This 

correlation will be dïscussed furthe~ in Section IV-B. ID. It is 

similar to the correlation, suggested in Section IV-A. 1. 1 for uranitim. 

.~ 

'" 1 



1 
! 

_~ ___ ~ _____ ~ _____ ""',,"I"""J"'.'_;U""!,, ___ .. __ A ••• ra ... II!ILd!llllMIIl'IIIIIII.uu_n.w III'l!U!:s!llllC __ "",...,Q a;::z;---~:.._ _____ "I"""-___ ------

--". 

t 
! 
i <P 

\ 
t , 

! 
i 

1 
-1 
1 

, " 
" ' 

, : .,.""( 

/ 

233. 

The ion.exchange resin lRA-400 exhibited, as expected, poor thorium 

uptake. Act:ivated carbon. F-400, following the known correlation of--". 
_/ 

adsorptive uptake with the solubility of the adsorbate, exhibited 

higher uptake (over 60 mg/g) at pH = ~ than at pH = 2 (5 ,mg/g). 

IV-B.I.2 -------~ , Effect'of Initial Thorium Concentration on q._ 

_/ Initial thor~um concentration had no effect on the thorium 

biosorption isothems,!!f ail materials tested. The same equilibrium 

curve was approached. from different ~~mbinations of initial thODium 

concentration and biosorhent dosage, thus indicating, as in the case of 

uranium (III-A. 1. 2), true equilibrium resul ts indepen~nt of the 

specifie sample used. 
/ 

. IV-B.l. 3 Temperature Effect on q 

As with uranium, thorium biosorptive. uptake by R. arrhizus 
, 0 

was not strongly influenced by temperature cha~ge; in the SoC ,ta 40oC' 

range. In terms of process application, the significance of this 

conclusion is the same as that suggest.ed in IV-A.!. 3. 

IV-B.-i.4 Relation of Th $iosorption Equilibrium-Data ta Other 

Biosorption Equilibrium Data 

Data on thorium bioso;rption are almost non-existent' in the 

literature so as ~o compare with th~- results determined in the course 

of the .. p.resent work. HoweYer~ in the light of the chemical 

../ 

• 
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similarities between uranium and thor~um~ the knowledge on uranium 
-/ 1 

biosorption serves as an indirect, indication of the potentïal of 
\ 

thorium biosorption. 
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Comparing the results reported in Table III-A.l and III-B.l, 
/ 

'urànium and thorium biosorptive uptake data correspond reasonably well 

for all matèrials tested. 

Linearizat'ion of Thorium Biosorption Isotherms 

The higher S.E.E. values observed for sorne thorium bio~orption 

isotherms may have"been in part due to the presence of zero equilibrium 

concéntration points (q,~ 0) on the isotherm that cannot be described 
1 

successfully -by either model. A similar observation has been made in 

Section IV-A. 2 regarding the uranium biosorption isoth~rms. 

The good fit of both physicochemical adsorption isotherm , 
/ 

models to aIl available thorium biosorption isotherm data was interpreted 

as an indication that the process 

nomenon of thorium biosorption. 

IV-B.lO. 

of adsorption'is involved in the phe

This is discussed furtherlii --sec,t-;'or: 
/ .. 

IV-B.3 Pure Ce~l Wall Preparation Thorium Uptake 
/ 

Fol~ng reasoning similar t~hat presented in Section IV-A. 31 

the higher thorium uptake exhibited by the E. arrhizus pure cell wall' 

/ 
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-
preparation suggested that the myc~lial cell wall of ~. arrhizus was 

mainly responsibIe for thorium biosorption • 
r 

IV-B.4 Electron Microscopy of ThoriUlll "Biosorption' 

23S. 

f The data presented in Section III-B.S "confirmed that thorium 

biosorption is concentrat~d in the celI wall of ~. arrhizu5." The 

concl\1~ion reached in Seition IV-A.4 i5 not similar. Bi050rbed 

uranium was distributed throughout the R. arrhizus cell wall in di5-

crete strata similar to t'he chitin layers (Figur~ III-A. 10) . 

Thorium, on the contrary. was" deposited on the outer surface of the R. 

arrhizus cell wall in a single layer (Figure III-B.10). This difference 

is significant as it indicates that there is sorne difference between 

the biosorptive uptake mechanisms of uranium and thorium br R. arrhüus. ' .. -
, 1 

Fi~re III ... B.12 presents a typi'cal thin sectiQn e1ectron micrograph of 

R. arrhizus following thorium uptake at pH = 2" . The. e lectron dense 

layer that.appears on the outer surface of the cell wall when thorium is 

takeh up at pH = 4 does not form when thorium is taken up at pH = 2, 

- This difference is discussed in Section IV-B.lO. 

o IV-B.S Pure Chitin Thorium Uptake 

Mass spectroscopy was unable to revea1 the presence of thorium . 
in reacted chitin probably for the same reasons it failed to indicate 

the presence of uranium in ~ne u~anium-chitin comp1ex (III-A,6). 
! 

/ 
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Information on the thorium uptake by chitin is unavailable 

in the Iiterature.' The expertffiental det~rmination of the 8 mg/g uptake 

capacity of thorium by chitin is the only available direct evidence of 
, 

thorium binding by chitin. Metal-chitin comp.lex formation, nowever) ,/ 

has been studied extensively, and reports abound in the Iiterature .. 

There is strong evidence for the formation of coordination comRlexes 

between metai cations and the chitin nitrogen (Appendix F). The data 

presented in this work on uranium uptake by chitin (III-A.6), the 

generai information in Appendix F.4 and the experimentally~etermined 
"-~' / 

8 mg/g thorium uptak~ by pure chitin suggests ttiat thorium forros a 
1 

coordination comp1ex with chitin in a manner simi1ar to that of uranium. 

1 " 

The observed uptake of thorium by chitin (8 mg/g) means that, 
~ 

./ 
on the average, 1 out of 130 glucosamine monomers has a coordinated 

thoritDI ion on .i t . The competition between thorium and H30+ ions for 

coordin~tion with the chitin/nitrogen is probably one of the factors 

responsible for the ~a1cu1atrd 1:130 ratio of thorium-bearing to 

thorium-fre~ gl~~samine m070mers (IV-A. 5). AlI ni"trogen e1ectr~n p~irs ~ 

.do not.~ppear to be availablf for thorium coordination, the equi1ibrium 
, 1 

-": being infl uenced by soTlihon pHlIV-A. 10) . 
.. 

IV-B.6 N-Acety1-D-G1ucosamine Interaction with Thorium 

. " ,-
The observed abi1ity of chitin to take up thorium a110ws the 

suggestion that NAGl"the chitin monomer unitf als~ interacts with 
". 

thoriÙDl. However, the NAG1-Th complex appeared watier soluble and not 

1 

\ 
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easily hyd.ro~Y5ab1e (III-B.6) • Similar cases of water soluble and not 

easi1y hydrolysable glucosamine-metal complexes have,been reported in . 

h l ' f '. t-I 65, 66,67,79 t e 1terature or some trans1t10n me as. These cases 
<t 

supp~rt the proposed existence of the chitin-Th complex, 

IV-B.7 Infrared Spectrosçopy of Thorium-Equilibrated R.. auhiZu§ 

CeU Walls 

Thus far, the cell wall of/ R. arrhizu-s has been confirmed as 

the part of the myce1ium that is responsib1e for the observed biosorptiv~ 
------

uptake of thorium. Chitin has also been confirmed as capable of 

retaining thorium, most like1y by coor4ination of thorium with the chi tin 

nitrogen (IV-B:5). 

The band assignments of the recorded 4000-4'00 cm -1 IR spectra r 

are the same as the ones presented in Section IV-A.7 and will not be 

repeated in the present Section. 

In the 400 to 340 cm·1 section of the IR spectrum, absorbance 

bands centered at 397'cm-1, 391 cm-1 368 cm-l, 352 cm- l and 341 cm- l 

• 
have been considered to be due to the presence of w~er vapour, and due 

\ . 
to metal-water vibrations that occur in the 700-3S0 cm -1 range 57 • The 0 

"..IIJ,. 

-1 -1 ,J' ~ 
341 cm and 368 cm bands,. for example, are also present in the gaseous 

, 57 64 ' l H20 IR spectrum' The ~ew band that was identified'at 362 cm7 

~ 

was assigned to the thorium nitrogen bond stretch v~brations. This' 

assignment i5 supported by the fo11owing aiterature information: 

," 
. --

\ ' 

. \ 
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i. Absorption in the range of 358 cm -1 to 367,cm- l in 
. 

_tqe spectra of quinoline and isoquinolin~-thorium complexes, absent in 
} 

the IR spectra of the' iree bases, bas been assigned to thorium-nitrogen 

bond stretch vibrations71 . 

ii. 
..1 ..-----

The 362 cm new absorption band lies, wiehin the range 

genera11y assigned to the metal-nitrog~bond stretch vibrations~(III-A.7) 
/ 

57. 70 

.. 
Hi. A'simi1ar case was observed following uranium uptake by 

the cell wall. 
~ -1 
The new peak at F4 cm thas been assigned to the 

'" uranitun-nitrogen coordination bond stretch' vibrations (IV-A.7). 

-1 The proposed assignment of. the 362 cm absarbance band ta 

the metal-nitrogen bond stretch vibrations supports tJle suggested 

coordination of thorium by the chitin nitrog~n (IV-B.5). 

IV-B.B Co~ion Effect on Thorium Biosorptian 

Table III-B.4 suggests that. in contrast ta the case of 

" 

uranium biosorption, competition of other cations for the chitin comple------~

xâtion §ites doe5 not h~ve an apprecia~le effect on the avera1l thorium 
" 

biosorptive uptake. This, in tutIl, 'suggests that a mechanisll\ different 
1 

from the one presented in Section IV-A.lO for uranium i5 respon5ible for 
-,-

the biosorptive uptake of thoriUm.' Section IV-B.IO will pres~nt the 
~ . " 

thorium uptake mechanism hypothesis, and will discus:s further the 
/ 

observed co-Ion effect on q. 

\ 
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In terms of process applisation, the r~sults ~n Table III-B.4 are 

encouraging as t~y point out that, unlik~ uranium biosorption, in the case 

of thorium oiosorption there w~ little effect of co-ions present inl 
" +2 +2 ,. 

solution, namely Fe and Zn ,on the overa1l thorium biosorptive uptake 
- / 

capacity of~. arrhizus. 
J j 

IV-B.9 Thorium Biosorption Kinettc Data 

Table III-B.5 presented the experimental conditions employed 

during the thorium uptake kinetic experïments. 

.... 

The 15-30 mg/1 Th+4 initial concentration range was selected for 

the following reasons: 
/ 

a) Thorium hydrolyses in solut-ion. Hydrolysed solutions of 

thorium are e~tensively sppersaturated with respect to precipitation df-the 

hydrous oxide or the oxi'de. Low thorium concentrations were therefore used 

to ensure the stability of ,~he solutions, especially at.pH = 4 (1.5). 

b) Sample processing and t~,determination of Th+4 concentration 
.ê. " ./ 

are easier, as within this conc~ntra.tion range there is no need for samp,le 

dilution. The elimination of sample dilution increases the accuracy and 

~ the presision~ of the analytical procedure. 

Fol.lowing the selection of the initial thorium concentration', 

biomass d~sage was calculated as explained in Section III-A.9. , 
" . 

The agitation rate was also sel~ted following the same 
1 / 

considerations as in Section IV-A.9, drawing also experience from the 

uranium experiments. The kinetic,processes involved in thorium 

-j 
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biosorption can be regaràed ln~ way similar to that described for 

uraniUm (IV-A.9). Th~ overall rate of thorium uptake depends up'on the 

limiting one of the fOllowing steps: 

,1. 
\ 
'Transport of biosorbing thorium ions from the bulk 

solut~on to the external surface of the bounçary film around the microbial ' 

. celI. . j ---
. 2. Transport of thorium ions through the bOwldary f~lm to 

th~ microbial celi surface. 

3. Actual biosorption of thorium by the external section of 

the cell wall. 

4. 1 Transport of thorium ions through the cel! wall to 

internaI active sites (IV-B. 10) : 

5. Biosorption of transported thorium ions by the internaI 

active sites. 

The slowest of the previous processes controls the overall rate of 

thorium uptake. In a well~mixed batch reactor, as the one used ·in the 

present work, step 1 does not represent any limitation. Thorium 

concentration is uniform in the bulk Iiquid phase. Biosorption of_ 
/ 

thorium by internaI celi wall active sites is independent of the uptake 

by the external celi wall (IV-S.IO), and contributes insignificantly to 

the overal! biosorption uptake capacity of R. arrhizus. Steps 4 and 5 

therefore are not expected to affect significantly the overall bio-

sorption uptake rate • Actuàl b~osorption by the externa~cell·wall/ 

., 

I, 

j 
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(Step 3) is also considered to be a rapid process (IV-B.lO), thus leaving 

step 2às the process that rocst likely influences significantly thorium 
-

biosorption uptake rate. The mixing rate emerges as an important para-

meter that may considerably affect the Qbserved overall biosorption uptake 
.../ 

'\ 

rate. Following the experience with urani~ biosorption, agitation rates 

of 1006 RPM and 1300,RPM were tested (Figure III-B.25). At 1300 RPM 

.the thorium ?ptake rate was not limited by film diffusion as equilibrium 

was "S.ttained within the first 30-60 s~conds of contact C!h.e shortest· 
.../ 

time possible for'sampling). An agitation rate of l30~RPM was therefore 
i 

used,for aIl subsequent kinetic experiments. 

The common characteristics of the thorium biosorption rate 

curves have been presented in section III-B.lO. Unlike ~he case of 

uranium biosorption, the equïlibrium plateau attained within the first 60 

seconds of thorium biosorption remained stable thereafter'. The plateau 

corresponded to the thorium equilibrium uptake cap~ity of R. arrhizus 

indicated by the biosorption iso.therm~for. the respective thorium equ,ili-

\ brium concentration in ~he reactor. • 
\ 

Solution temperature, biomass dosage and initial thorium o / 

concentration did not have a discernible effect on the dete~ined 
" ) 

thorium uptake rate within the range examined. Solution pH, however, 
. .' 

appeared to affect significantly the overal! thorium uptake rate ' 
, /"'. 

(Figure lII-B.27). Acidic pH does not enhance either the equilibrium 
, ' 

thorinm uptake capacity ôf ~. arrhizus (III~B,.l) or the respec~ive rate 

of thorium biosorption. The reasons for ~he effect of pH on ~horium 
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biosorption uptake will be discussed in S,ection IV-B.lO. 

Kinetic data on biosorption of thorium by ~. arrhizus are not 

available in the literature for comparison with the experimental data 

obtained in the course of the present work. However. uranium'uptake 

rate data can be considered relevant information in support of the thorium 

biosorption ~inetic data d,etermined. Both uranium and thorium biosorp-

tion.uptake rates appear equally rapid at the beginning of" the process. 

Thorium, howeve~. does not exhibit the slower secondary increase in 

uptake as was apparent with uranium. This will ,be discussed further in 

Section IV-B.IO. Solution pH a~d agitation rate appear ta be. the 
l 

_paramet~rs that, within the examined range, influence more effectively 

uranium and th~rium uptake rates. 

IV-B.lO ~echanism Hypothesis on Thorium Biosorption by Rbizop#s arrhizus 

,~e information accumulated on biosorptive uptake of thorium 

by R. arrhizus all~ws the formation of a mechanism hypothesis on th~ bio

sorptive sequestering of thorium by the mycelium:- The proposed mechanism 

involves twô separate proces~es that are described below. 

Process A 

" Process A of the proposed mechanism hypothesis involves the 

formation of a coordination complex between thorium and the nitrogen of 
- '<> 1 ~ .. 

" 
the c;ll wall chitin. This is similar to the formation)of the ur~i~~ 

chitin complex (IV-A.IO): 

.1 
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./ 

f Thorium coordinates with the cell wall chitin nitrogen and 

is retained by-the cell wall of the mycelium. Evidence supporting 

the proposed Process A is supplied by the following experimental results. 

1. In Section III-B.S it wa5 co~cluded that ail biosorbed 

thorium is concentrated in the R. arrhizus cell waIt-which contains chitin. 

2. The ability of chitin to retaln thorium was experimentally 

confirmed in the present work. At pH = 4 pure chitin exhibited a 
/ 

thorium uptake capacity of 8 mg/g~ Although not exclusively conclusive, 

this fact is a sfrong indication of the chitin role. 

3. Both uranium and thorium have empty 6f orbitaIs and 

partially filled Sf orbitais 73 -(Table IV-B.I). The Sf orbitaIs are 

more likely to engage in-bonding, and there i5 sorne evidence of th~s 
60· 

behaviour . --

TABLE IV-B.I 

Outer OrbitaIs Electron confi~ration of U and Th 
.1 / 0 

, "' 
r:::::;: (~ Sf 7s 

Element ! 
! / 

1 
U 3- 1 1 2 

; ! 
~ 

1 
-

Th 0 2 2 1 1 . 
'1.. 

The electron configuration suggests a considerable Simil,fity in the 

chemical behaviour of U and Th20~ 24 The similarity between the 

1 
1 

J 

l 
j 
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'chemical behaviour of U and-Th suggests that, like uranium, thorium may 

coordinate with the chiti~ nitrogen (IV-A.ID). As can be expected 

because of the similarities in the chemic.al behaviou'r of the two 
.r. _ 

elements, the ~horium uptake by chitin determined at 8 mg/g is close ta 

("the_ chitin-ura~ium uptake (6 mgJg)ro 

4. . Follow.ing thorium uptaké, a new absorbance band appeared 

at 362 èm-l on the IR spectrum of t~e R. arrhi,zus cell walls (Figur~ 
'l ' 

II~-B. 20). Th-e 362 cm -_absorbance peak has been as~igned te the 

thorium-nitrogen borid vibrations (IV-B.7). The presence of the peak 

supports the proposed coordination of, thorium with the- cell wall chitin 

nitrogen. 

Process B 

Process B of the proposed thorium bi~sorption'mechanism involves 

the adsorption of hydrolysed thorium ions by the outer layers of the R. . -
arrhizus cell Wall. The following experimental results support this 

hypothesis: 

1. Thorium uptake by pur,e chi tin has been determined to be 
ç. 

only 8 mg/go Chi tin constitutes a fraction of the ceî~ wall dry weight. 
; 

Consequently, thorium uptake by mycelial èell walls by'chitin complexa~ion 

accrunts for 1~ than 8 mg/g. '->the experi~entally determined overall 

biosorptive uptake of thorium bY!l.1 3:rrhizus' i5 much greater (PO mgfg)', 

. suggesting the presence bf a second process other than complexation by 
, 

chi tin. Thi~ second process contributes the màjor part ~~~~) of the 

overall thorium biosorptive uptake observed. • 
1 

\ 
(' .. 
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, '- Thorium biosorption isotherms' were successful1y described 2 .• 

by the weIl accepted adsorption isotherm models of Langmuir and 
. '1 

Freundlich (11I.8.2). This indicates that adsorption is one of the 

processe's involved in thorium biosorptive uptal<e by!!: arrhizus. 
~ 3 

3. Thorium starts hydrolysing at pH = 2 and above .pH = 4 
," 'I!~ 

exists in solution main~y in the form of fine hydroxide~~ticl~S of 

\Th(OH)4 21 . Thorium hydrolysis ~ollows complicated simultaneous equi-

Thorium hydrolysis p~cts exh~~i: a strong tendency to 

d b d d . ' h l' - 21 ~ 26, 27 Th' d . a sor', as ~cumente ln t e lterature Q 1S ten ency 

ribria. 

.~ 

supports the proposed adsorption of, thorium DY' the fungal cell wall. 
J ~ 18 

/ 

o 

! 4: ... The t-a~'\ of biosorptiv.e up:take Q.f thorium by !- ,arrhizus 

was disc1.lssed i~~ectio~s,-III.B~ IO~d I~-B. 9. The exper~rnental results 

indi~ that ~norium b~sorption i. a very rapid process. ~Gonsequently, 
! . . \. 1 

t~ ~rocesses'proposed to\participate in the tho~ium bio$orption ~è~hanis~ 
\ 1 

~ must be rapide Adso~ti~~.in the absence of mass transfer limita~ons 
" 74 " 

has b~en documented as a rapld proce~s. The proposed adsorption'of 
1 

hydrolysed thorium ion~ by the R. arrhizus cell wall i5 therefore cQm-
\~ ... -

,patible with the observed experimental ,kinetic results. 

's. Adsorption of thorium hydrolY5is products oy, the extérnal, 
J 

cell wall appears 'to. be unrelated to the thori.~ which 1'5 complexed by 
. 0 • J , -

~ the stratified chitii microfibrils -in the inner layers of the ce Il wa~l. 

Th . 'f" 'l' k p" +2 Z +2 (IV B 8) 1 1 ...... d e presence 0 \·cO-l.ons 1, e e" or n -, resu ts, a'S ~J r"'f y-

discussed~ in competit~on, amongl' the catiQns for the chitin complexalion 
.,- 1 

/' 

• "0 fil 
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c , 

sites. Any reduction in the quantity of thorium taken up by complexation 
>"" , 

of co-ion competit~on would only constitpte a small proportion of 

verali biosorptive upia~e. 
~. 

'Consequently, the presence of co-ions 
, 

olution-should have an insignifican~ effect on the observed overall 

by R. arrhizus. The experimental results confirmed this) 

'() 

Unlike the case of uranium biosorption, ~here the propo~ed 
; , , 

three processes appear to be interacting (IV-A.IO], thorium biosorption 
, 

processes (~ and B) appear unT~lated. Thoriwn biosorption by R. arrhizus 

at pij: 4 is dominated by the ads~rption of t~rium'hy~rolysis products.~, 
~ 

As ~ result. the observed effect of pH on thorium uptake can'be better 

understooœ. A reduction in solution pH would affect: 

i. The hyd:t:0lysis of the chitin amine. resulting in an 
<>' 

increased competition by H30+ for the complexation sites (III-A.IO) . 

~, 

ii. The adsorptivity of thorium ions. The configuration as 

. w~l1 as the' solubility of.. thorium hydrolysis products is a strong ,function 
"\ 

of solution pH. , 
1 

Reduction of solution pH r&sults in increasêd 'splubility 
-----~ and consequently in reduced ads~rptivit)!. Reduced adsorptivity diminishes 

" 

" 

t~e biosorpti v~/ upt~ke capaci ty of the biomass. 'as was observed at pH ,.; 2. I( 

. ~ "\. ,. ' .. 
)'~, 

... L.... # 1 • 

No thorium uptake kinEttic curve, at pH = 4, exhibited 'the 
. _/ 

secondaty increase'in uptake that was a common characteristic of aIl 
~ . 

iJ 
uranium kinet~c cUrVes at the .same pl}. As a resuIt, it is, reasonable 
~-

'.iô accept th~t process C of the uranium biosorption mechanism 
; 

hypothesis is not applicible to the c~ie of thorium biosorption. This 
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is supporteç by the information in Section ~YI-B.6 which indicates that 

the chitin~th9rium complex is water soluble and not easily hydrolysable. 
1 

,Unlike uranium, thoriqp1 was adsorbed by the outer layers of 
') 

the !. arrhizus cell wall, probably because of the size of the hydrolysed 

thorium ion at pH = 4. This hypothesis was supported by the thin 

section electron micrographs of R, arrhizus cell wall taken at pH = 2 
- e , 

.----following thori?ID uptak~ (Figure III-B.12)~~ The distinct electron dense 

layer was ,not fo1"IDed at pH = 2. At pH = 2 thorium exists in solution 

mainly in the forro of Th+4, which i~ considerably smaller than the . " 
-- '+4 

The smaller Th ions Th (OH) 4 particl~s ,that predominate at pij = 4. 
, "". r. 

penetrate ~nd absorb within the celi wall. The low contrast on the 
/ 

electron micrographs is probably due to the lower thorium uptake exhibit~d 
c- .-) " 

by R. arrhizus at pH =-2 (90 nig/g) than at pH = 4' (170 mg/g) and the 
- ~ !" . , 

increaséd dispersion of the electron dense thorium within the cel1 wall 

Confirmation/of thorium presence through Xrar-E.D.A. was 

not possible bècause thorium concentra~ion was below the detection limits 
, 

., of the technique. 

It is significant for the process application of thorium , 

biosorption that:the e~amined thorium ~iosotPtion system reached final) 
. 

equilibriumîiéry quickly. Consequently, the implementation- of high . --

rat'e contact processes (e,g. fluidized bed read:ors) appears p,?ssible .• 

The understanding of the p~ocesses involved in thorium biosorption by 

.!. a~rh~zus should lead to the rational design_of new technical 
~ . ' 

applications for thorium biosorption. 
/ 

\ 

r 
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i ( IV-B.II Precision of Thorium Analy;ical Determination 

1 
..----- , 

An estimate of the precision of the employed thorium analytical 

~ 
1 

method was obtained by analysing a thorium standard solution 10 times. 
J\. 

i 
j 

The data are availab1e in Appendix B~ Table IV-B.2 summarizes the 

\ l statistica1 evaluation of th& test of precision. 

1 ~ 1 / 
t TABLE IV-B.Z 

f 

1 
r 

Statistic~ of Thorium Analy;ical Determination Absorbance 
,1 --

~AJ 
/ 

Variable Mean Std. Deviation (52 Range Sa!!!)2le Size (n) 

~ 
l Absorbance. 0.067 0.004 0.011 10 
t 

1 A frequency histogram of the determined absorbance values is 
, 

presented in Table IV-B.3. / 

TABLE IV-B.3 , 

\ 
\ 

Absorbance Va~es Freqtiency Histogram 

, 
9 Frequency: 3 li' ;5 2 n :: 10, 

6 ,~, 
1 

5 * 
1 

) 1 
/ t , 

4 1 * 
1 

1 1 
3 ." --~l * 1 

1 
1 

2 >ft ." .,. 
1 * 1 ." .,. 

, « ~ 

0.060 0.063 O. 066 1 _____ 0.069- -" 0.012 

/ 

~ J 1 

d < 

/' 
F, 

/ 

-------"----~ .. --"-----------------



/ 

, # 

\ 

,( 

/ 

, , 

, 

The 95% confidence limits computed from the above data are 
'1 

The range of/the 95% confidence limits is equivalent to 

~pproximately 4% of'the samPle mèan absorbance value . 
. / 

249. 

An estimate ot the accuracy of the thorium concentratio~ 

determination technique can'be obtained bi comparing tliè ~ean ,concen

tration calculated from absorbance precision data above (Appendix A) to 
j , +4 "J..-'\?' 

the actual thorium concentration. 20 mg!l -Th J, of the standard solution 

used. Table IV-B.4 summarizes the s~atistical evaluation of the 

thorium concentration defermination test. 

Variable 

C, +4 mg/l Th 

.-/ 

-{ 
! TABLE' IV-B.4 
i 

Thorium Concentration Determination Statistics 

-' - Range 

~. 
Std. Deviation (sJ 

'1 

18.7 0.464 1.23 1.3 

The difference between the mean ~oncentration and the known 
) 

standard solution concentration, error, i5 not smaller than 1 mg/l, and 

is very close to the value estimated for the analytical determination / 
j 

of uranium concentration. 

.' 

, , 

" . 
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An estimate of the precision of the overall experimental 

procedure used for the detèrminatians of-the thorium bio~orpt~ve upta~e 
/' 

capacity, q, was obtained by preparing and ana1ysing 7 separ~te samp1es. 

~11 samp1es had identica1'initial thorium concentration, pH, temperàture, 
~ 

samp1e volume, and, as close as possible, biomass dosage (Appendix B~. 
J 

Table IV-B.S presents a summary of the statistical eva1uation of the 
1 , , 

test. /1' 

TABLE tV-B.S 

Statistics of Thorium Biosorptive 

Uptake Capacity Determination . 

"-
Variable Mean (g) -Std. Deviation(s) Sample Size (n) 

q (mg/g) 141 S.96 15 7 

./ , 
The 95\ confidence limits calculated fram the above information, 

(Table III-B.I0), are: 

q ± t . sllii ... 141 ± 6 a -

--~~" 

1 The calculated 95% confidence 11mits range e.compasses 

Ja~roXima~elY ±4% of the Mean, q, value. 

1 
i / 

-, .... j' .,' 
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CHAPTER ' V 

CONC{.USIONS 

, .. 
-,. 'V -1 'J.;-CONCLUSIONS 

/' , 
In the previous chapters the materials, methods and'expefimental 

results of th!? pre'sent \tIork were presente~. The information accumulated 

iD' the course of the present study leads.ta- the followiJlg conclusions: 

1. It is possible to remove uranium and thorium from aq~eo~s 

~tions using the phenomenon of biosorptfon. 

2. Microbial biomass of !. arrhizus is an effective bio~orbent 

for both uranium and thorium, witli uptake capacities from respective pure 

. J+6 +4 solutions of approxlmately 180 mg U Ig and 170 mg Th Ig . 

pH == 5. 

.3. Optimum biosorption pH lies in the range of pH = 4 to 
- \ 

Reduce~ biosorptive uptake is exhibited ~~ R. arrhizus, as weIl 

as by most of the tested bIomass types, at lower solution pH (pH = 2). 
-" 

4. Solution temperaturecllanges in the range of SoC to 400 C 
/' 

have little effect,on!. arrhizus uranium and thorium biosorptive uptake 

éapacity. , 

S. Changes in initial uranium or thorium concentration and 

biomass dosage had no d!§_cernible 
) l, 

effect on R. arrhizus biosorptive""uptake 

""' 
ca~acity of either of the two elements within the examined range. ' 

, 

J 
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C
' , 
.. ) 6. The presence of other cations i~ solution maYI at pH =- 4 as 

- .. 

indicated by the eXamined cases of Fe +2 and Zn +2. reduce significant ly -~' 
. / 

the uranium biosorptive uptake capacity of R. arrhizus. 

have no effect on the thorium biosorptive uptake capacity of R. arrhizus, 

7.' Biosorption of U and Th by !. arrhizus are rapid processes. 

Uranium uptake reaches approximately 66% equilibrium~within 60 seconds. 
1 

attaining final equilibrium within approximately 60 minutes. Thoriwn 

biosorption by~. arrhizus reaches final equ~ibrium within the first 
, 

60 seconds of contact. Reduction of solution pH to pH = 2 significantlYr~ 

reduces the rate of uptake of both uranium and thorium. 

, 8" ~iosorption of uranium is concentrated in the ceU wall of 
, 

R. arrhizus and involves three separate but interacting pr?cesses: 

~ 

(A) Coordination of V{VI) by the primary amine nitrogen of 

the R. arrhizus cell wall chitin. 

(8) Adsorption of uran,ium by the Je 11 wall chi tin network. 

(C) Hydrolysis of the uranium-chitin complex and micro-

---- precipitation of uranyl hydroxide in the cell wall chitin 
-----

network. 

'. 
9. Biosorption of thorium is a phenomenon concentrated in the 

cell wall of !. ar:}iZus and involves two separate processes: 

CA) Coordination of thorium by the primary amine ni trogen 
• 

of ,the cel! wall chitin. 

~, 
1 
1 
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(B) Adsorption of thorium hydrolysis products by the 

~ 

(extemal) surface of the,mycelium cell wall. , 
,. 

) 

10. The proposed mechanism hypotheses for biosorption of 

uranium" and thorium br~. arrhizus are not identical. It is/ therefore 

reasonable to accept that biosorption is not a phenomenon with one single 

mechanism. Each bio~orption system investigated should be·examined 

separate1y, perhaps in a way similar to t~e one followed in the present 

work. Some of the individual processes involved in biosorption (e.g. 

adsorption) appear to be common. Their interactions. however~ in a spe-
) . 

cific biosorption system are not common, as they depend on1the physical and 
't 

chemicai characteristics of ,both the biosorbent and the biosorbate. 

V-2 ORIGINAL CONTRIBUTIONS 

The present study constitutes the first systematic examination of .--
the phenomenon of biosorptio~. As a result, severai elements ,of the present 

study are considered to be orig~nal contributions to the advancement of 

knowledge: 

~ 

1. Testing of the uranium and thorium bio'sorbent properties 

of the following biomass types: . . 

Aspergillus niger 
-

Aspergillus terreus 
, 

Streptomyces niveus 

Pseudomonas fiuorescens 

....!.......I ,/ 

'/ 
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1 • 

Penicillium chrysogenum 

Rhizopus arrhizus 

MUnicipal waste activated sludge 

Industriàl waste activated sludge ("Phenolic") 

.. 
2. The determination of the uranium biosorption isotherms for 

the above.materials under controlled conditions and at pH values of 2, 4 

and 5. 

3. The determination of the thorium biosorption isotherms'for 

the abôVe materials under controlled conditions and a~ pH values of 2, 4 

and 5. 

4. Comparison of the uranium and thorium biosorption isotherms 

of the above materials to the uranium and thorium uptake isotherms of 

activated carbon Filtrasorb 400 and the ion exchange resin lRA-400. 

s. +2 The examination of the effect of the presence of Fe and 

Zn+2 upon the uranium and thorium biosQrption uptake capacity of the bio: , 
mass of R. arrhizus. 

6. The design and' construction of a special reactor assembly 
,~ ~ 

, ---
.. ' for the study of the kinetics of uranium and thoriUm biosorption. 

" 

7. The detèrmination of the rate of UP\ake of uranium and 

thorium by g. arrhizus biomas~ under controlled con4itions.<., 

'8. The formulation of a mechanism hypothesis for uranium bio-
1 

sorption by R. arrhizus. 
Cl 

Th~ mechanism hypothesis is consis~ent with 

availab~e experimental data. 
j 

.. -
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9. 
/ 

The formulation of a mechanism hypothesis for biosorption 

of thorium by R. arrhizus. The hypothesis is consistent with available 

experimental data. 

10. Examination of the R. arrhizus cell wall sequestering 

pattern of uranium and thorium deposition by tran~ission electron micro

scopy and X-rays Énergy Dispersion Anatysis. 
/' 

-, 
Il. Infrared spectroscopie analysis of uranium and" thorium ' 

biosorption by the R. arrhizus cell wall. 

In general, thé work resulted in a ~etter understanding of the 

phenomenon of biosorption and the constituent mec~anisms. 

\. 
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CHAPTER VI 
.,.-

1 

RECOMMENDATIONS l' ') 
\ 

" 
~/ 

The present work has indicated the potential of developing novel 

s~uestering agents, biosorbents, for the removal aqd~covery of high 

atomic number cations from solution. At least five industrial scale , 

appl ications appear feasiblè 

1. Recovery of nuclear fuel elements frolll process' solutions. 

, 
2. Decontamination of radioactive wa~te waters'originating 

from uranium ore mining and processing operations. 

3. Recovery of el~ents from s~a water. 

4. Decontamination of radioactiye waste waters from nuclear 

~ower reactors. 

5. ~7covery of radionuclides from nuclear reactor waste waters. 

Future res~arCh in the subject of biosorption may be directed 

towards providing information that will facilitate the proposedDindustrial 

.appl ications o. bio sorpt ion •. 

1 
.... 1 

( 
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The general obje~tives of the proposed research should aim at 

the expansion of available biosorption data to include~ore elements an~ 

more types of biomass. More specifically, the followblg objectives may 

be pursued: , 
tt 

Testing of new biomass types for their biosorption uptake 

capacity. 

2. Investigation of the potential of biosorption of selected 

elements other than uranium and thorium, identified in the nuclear fue1 

cycle solutions. 

3. Testing af selected biomass types with actual process waste 

waters containing a mixture of elements • 
. ' 
4. Examination of different methods to impart desirable 

1 

mechanieal properties to the biosorbing biomass to be used in actual 

processes. 

In paralle~ to the application-oriented research objectives 
; 

described above, addi,tionaI research 1s aIso recoJIlJllended towards further 
----,---/ 

examinatian of the kinet~cs of bios6rption as weIl as the elucidation of 
...-

the mechanism involved in the biosorptive uptake of elements by other 

types of biomass. 

A more complete understanding of the phenomenon of biosorption is 

desirable for further efforts towards the manipu!ation of it for imprôv~d 

selectivity and efficiency. 

" 
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, i 
1 

Cell Wall Preparation Plateau (Samp1e Volume 50 ml) 

0.0054 73 / 23 
0.0085 65 31 
0.0116 50 46 
0.0110 55 41 

Penicillium chrysogenum (230C~ 

0.0201 
0.0505 
0.O~96 
0.1497 
0.2063 
0.0196 
0.0398 
0.0460 
0.0694 
0.0265 
0.099~ 
0.1980 
0.4167 
0.4597 
0.0205 
0.0252 
0.0276 
0.0424 
0.0489 

) 

i 
34 '- /12 e 

14 /32 
10 / 36 

6 1 40 
l k rr 45 

78 / 20, 

~~ '/ 'J~ 
51 \,..--.47 

-~to 1, 27 
840 / 160 
676 l, 324! 
339 f 661 l 

260 / 662 
77 ,/ 23 72/ 28' 
74 26 
64 36 
60 ~O 

213 
182 

-198 
186 

1 

! 60'1 
63 
36 
27 --22 

102 ;. 
" 

7S / 72 
68 

102 . 

161/ 
16'4 

~ 11 
94 
85 -
82 

j' 

) 268. 

1 

23 !. 4 
23/ 'M ..... 
2"/ :J/ 4 
23 4 

j 
1 

4 
4 
4 
4 
4 
5 
5 . 
5 
5 
5 
4 
4 

L' 4 
4 
2 

......... 2 
2 
2 
2 

----- --------- ------ - - --- -:.- ------ - -- ----- --------------- - ----- - _..: - - ---
1 • 
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( 
Biomass C +6 6.C,U+6 U+6 eq'U q, 

g mg/1 mg/1 mg/g pH 

3. Aspergi1us n~ger (250C) 

0.3037 863 93 31 4 
0.5086 795 161 32 4 
0.7128 707 / 249 35 4 
0.9324 663 293 31 4 
0.0484 47 8 17 4 
0.1003 38 )8 18 4 -l' 

, . 
1 

0.2068 31 2S 12 4 
1 0.5997 12 44 7 4 
1 0.7976 10 . 46 6 4 1 

1.2199 3 53 4 4 
0.0270 51 5 19 S 
0.0610 46 10 16 5 
0.1240 40 16 13 5 
0.5795 7 49 8 5, 
0.7191 5 51 7 5 
0.1765 34 ... ) 22 12 5 ,; 

~ [ .. 0.0059 50 1-- 17 5 
1 0.0494 47 4 8 / ........ a,. 2 1 

r O.J.126 42 9 8 2 po 
0.4965 19 32 6 2 t 

l, 
0.6~58 13 38 5 2 t ~ :.. S 0.0339 48 ( 3 9 2 ~'}t., .. ~ 

t 

J 0.~027 36 , 15 7 2 
---------------------------------------------------------------------- <c 

~ 4. Aspergilus terreus (J30C) 

1 
/ 

0.0562 935 0 0 ) 4 
0.1031 932 3 3 4 

! '0.3101 923 12 4 4 1 

1 

J 

0.5029 935 0 0 4 
0.6548 890 45 7 4 
1,,0237 930 5 0 4 
0.03,06 46 1 '3 4 

.-. 
r 0.0510 46 1 2 4 

1 

0.1095 45 ra. :2 2 : 4 , 

0.2977 - 42 ;:-:- 5 2 / 4 
0.4990 38 9 2 4 
0.7118 47/ o .; 0 4 
0.9189 47 0 0 . 4 
1.0972 

1 

~ 
2 0 r. 4 

0.0568 0 0 5 
, ("\ O.~29 0 0 5 .J . 

1 ) r ' 0.2051 43 3 1 5 , 

0.3944 41 5 1 
-\ , 

5 

/ .•..• (cont'd.) 
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271. 

\ 
0, 

ù 

( 
- 1 , 

, 

C +6 ilC,U+6 ,: U+6 Biomas's eq'U q, 

Î g mg/l mg/l mg/g pH 
v 

i 

6. Psèudomonàs f1uorescens (23°C) j 
0.0156 46 1 6 4' < 

~'~ 

0.0474 45 2 . 4 4 1 
J 

S 5 4 
, 

0.1103 42 i 

0.3130 28 19 6 4 1 
0.4985 21 26 5 4 u 1 

0.7325 1,8 29 4 4 -' 1 
0.9716 16 31 3 4 1 

" 
1 1.1979 15 3L 3 4 

0.0503 967 3 6 4 
0.1001 964. , 6 6 4 

'" 0.20Q9 95S 15 7 4 
0.4149 937 0 33 8 4 
0.7191 915, 55 7 4 
1.0261 873 97 9 4 èu 

[ 
0 

1 1 
Q 0.0209 46 1 5 2 

0.0410' 45 2 5 2 
0.0999 41 6 6 ' 2 i ---- 0.3075 29 18 6 2 l , 0.5006 24 23 5 2 ' 'l w 

./ 0.6690 20, , 27 4 2 " 
" ; j 

" 0.9'487 18' 29 3 . 2 

i - r , 1. 7489 12 35 2 2 
" ,,' 7 '7 5 " 0.1023 42 

0.2158 36 13 6 ' 5 1 
" 0.4119 26 23 6 S :'1 

'. 0.5896 22 27 5 ' " 5 ~ 
" '1 

j 

0.8426 19 30 4 S J : 1.0460 _ll 32 3 5 
7 ) 

" ( 1 
----f---------------------------~--------------~------ -------------~--~ .~ ; 

1 , 
~ ,1 
1 7. Municipal Waste Activated Sludge (23°C) ,1 1 
; 

! 0.0308 52 4 13 4 
1 0.0507 49 --- 7 14 ~ 4 , 0.1004 42 14 14 4 / 1 

1-, 0.2004 34 22 11 4~ 

0.3967 24 
" 0 

32 8 4 
0.5953 15 41 ." 4 , 

1 

t 0.0471 956 '24 51 -4 ,-- ~ 
0.0996" 928 52 -52 4 , 

~ 0.2017 877 103 51 " 4 1 
1 0.3072 832 148 48 4 

C 
) 0.5020 748 232 46 4 1 

0.8375 624 356 43. 4 ' .. ~/ 
0.0731 45 11 lS 5 
0.0208 53 3 14 5 " 
0.1220 39 17' 14 5 ! 
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V 

(cont'd.) 

Biomass 
g 

0.3423 
0.5792, 

'0.6907 
1.3260 
0.0188 
0.0445 
0.0988 
0.3037 

Ceq.U 
mg Il 

1~ 
12 

8 
.) 

44 
, .40 

34 
13 

+6 
, 

LlC,U+6 

mg{l 

37 
44 
48 
53 

2 
6 

11· 
32 

J 1~ 

q, U+6 

'mg!g. 

11 
8 
7 
4 " 

11 
13 
11 

,10 

pH 

5 
5 
5 
5 
2 
2 
2 
2 

, 
-

'272. 

l' 

----------------------~~~--------------------~~---~-------~-----------
" 

.8. Industrial Waste Activated Sludge (Phenolic) ~230C) 

0.0285 
0.0541 
0.1019 
0.1971 
0.3970 , 
0.5976 
0; 7650 
1.0"781 
0.0510 
0.0999 
0.2988 
0.5069 
0,6976 
0,.9319 
0.0192 
0,.0507 
0.1203 
0.5102 
0.5680 
0.6876 

, 1.0947 
0.0945 
0.3037 
0.4531 
0.7756 
0.9S99 

49 ' 7 ~ - 4 
42 t:,.. 14 26,' 4' 
31 2S 24 4 

,,18 38" 19 4; 
8 48 12 4 
5 SI 9 4 
4 S2 7 4 
2 S4 S 4'· 

928 40 '\ 78 4 
894 7S) 7S 4 
733' 236 79 4 
594 375 74 4 
476 493 71 4' , 
3S1 , 618 "66 4 . \ 

51 S 26 ,5 
42 14 28 5 

olt' 26, 0 30 2S 5 
5 51 10 5 
1 55 ft", 10, ' 5 
1 55' Il 5 

h 

1 55, 5 5 
61, 10 .: 11 2 / ,,'.-
37 33 / Il. ,;r·~ ,2 
20 51, il' ~, 2 
6 65, c8" 2 

, .) /.., 68 } ,,' 2'( 
~ )" 1 

-----------------~-------------~---------~-------~---- ----------------
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'273. r 
~ 

.-/ 
'-~ 

é U+6 6.C,U+6 q,u+6 Dosage ./ 
~ 

.. g :ail mg!l mg/g pH 
~~ 

9. Activa. ted Carbon: Filtrasorb 400 (23°C) 
,/ 

0.0159 41 6 38 4 
0.0530 30 17 ' 32 4 
0.1022 20 27 26 4 
'0.3081 4 43 14 4 
0.5038 2 4S 9 4 
0.1010 815 154 152 4 
0.1931 ~ 662 307 159 4 
0.3685. 474 495 134 4 
0.5034 350 619 12"3 4 
0.0117 42 5 43 5 
0.0548 29 18 33 5 
0.0992 19 28 28 5 
0.2978 4 43 15 Q5 
0.5040 10 31 19 5' 
0.4533 48 0 ,. , 0 2 
0.09aI 48 0 0 2 
0.3003 46 2 1 2 
'0.5012 45 3 1 

... 
2 

0.6935 42 6 1 2 
0\9031 39 9 1 2 . 

------------~-------------------------~-------------------------------

10. Ion Exchange Resin: IRA-400 (23°C) 
'-..::-

0.0439, 27 20 45 4 
0.06.J.2 .23 24 37 4 
0.1618 4 43 26 4 

[1 
0.3430--~ 2 45 13 4 
0.5327 0 ,47 9 4 . 
0.7448 0 47 6 4' 
0.0619 900 56 90 4 
0.3224 666 290 90 4 -'- ''). . 
0.5205 ~8 408 78 4 
0~8643 325 631 - 73 • 4 
0.0913 12 34 37 5 a 

0.1100 9 37 33 5 (~ 
1 , 

0'.3254 2 .44 13 5 
0.5087 0 46' 9 5 
0.0360 -# 47 0 0 2 
0':0820 -~- 47 0 0 2 
0.1330 / 47 0 0 2 
0.3194 . 4.7 0 0 /r~ i' 

0.~47 47 0 , 0 2 ;;'''~';'' .. 
0.6862 ,47 6 

, 
0 2 <~,t ',' 

1.0957 
<il' fr 47 0 0 2 ... ~ ( ... 

" 

r 

.. 
() 
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A.2 Chi tin UraniUm Uptake 

The 'table that follows sununarizes the four experiments 

executed in 01r 
chitin. 

to determine the urani~ uptake capacity of pure 

A.3 Precision-accuracy of UeVI) Analytical Determination 

Microorganum: Rhizopus arrhizus (pH .... 4)r, 

Q • 

Analysis # Absorbance Concentration (mg/I) 

1 0.258 28.301 
2 0.256 28.082 
3 0,.257 28.194 
4 0.260 28.521 
5 0.259 28.411 
6 ·0.259 

1. 
28.411 

7 0.267 29.289 
8 0.267 ,29.289 
9 0.267 ' , 29.289 

10 0.267 29.289 
11 0.261 28.630 
12 0.265 '1 29.069 
13 0.265 29.069 
14 0.269 29.508 

. 
/ :. 

~ 

<::t:t 15 0.267 29.289 
16 '0.267 29.289 

cl 

, 
/ 
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The correlation coefficient of the calibration curve was 
/ 

r .... l~OOO. the standard error of the regression coefficient 0.967 and 

the standard enor of estimate was 0.483. The followin~data." were 

used for the de,\l1nination of the calibration curve: 

~ 
Concentration (mg/1 UeVI)) Absorbance 

o 
10 
20 
30 
40 

o 
0.085 
0.183 
0.269 
0.369 

A.4 Precision of Uranium S · . u' k 'C:c· . l.OSOWt1ve pta e apacl. ty (q) Dete~ination 

Microorganism: Rhizopus ~rrhizu5 (pH - 4) 

Biomas-i 
+6-' ~C. u+6 

CerU 
g m Il mg/1 

0.0309 59 41'" 
0.0313 55 45 ) 
0.0300 55 45 1 

0.0309 54 46 
0.0300 54 46 
0.0293 60 - 40 
0.0300 59 41 
0.0305 53 47 

, ' 

q 
mg/g 

133 
144 
150 
149 
153 
135 
137 
154 

. / 
~-

'1 
! 
1 

1 

'.; 

/ 
/ 
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c= ) 
A.5 BiEthalate Effect 

~icroarganism RhizoEus 

../ ." 
1 / Biomass +6 

Ce~'U 
g , g/1 

f 

0.0295 48 
0.0300' 49 

..../ 0.0303 48 

on 9" Uranium 

arrhizus (pH - 4, 230 C) 

~ 
C,U+6, q q 
mg/l mg/g mg/g 

46 156 
45 150 153 
46 152 

. / 

q fram 
Biosorption Isotherm 

148 

• f 
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APPENDIX B 

THORIUM !JPTAIŒ DATA 

Thorium Bios0!Etion Isotherms 

Rhizo~~ arrhizus (23°C) 

'" ./ 

Biomass +4 AC,Th+4 Ceq • Th 
mg mg/l mg!1 

0.0112 14 16 
./ 

0.0507 0 . ./ 30 
0.0981 0 30 
0.0048 22 8 ',( 

0.0152 9 21 
0.0317 2 28 
0.0353 / 

1'1 o . 30 
0.0154 

---
69 28 

0.0402 . 31 66 
0.0696 5 92 
0.0096 33 17 
0.0201 17 23 
0.0291 9 41 
0.0050 30 8 
0.0049 .30 8 
0.0076 25 13 
0.0180 14 16 
0.0274 7 23 
0.0174 14 16 
0.0051 34 5 
0.0098 21 9 
0.0043 35 ,4 
0.0084 33 7 
0.0166 25 15 
0.0299 15 43 
0.0303 14 44 
0.0298 15 43 
0.0297 16 42 
0.0309 15 43 
0.0301 13 45 

277. J 

1 
/ 

q 
~g/g pH 

./ 
143 4 
59 4 
31 4 

166 5 
138 5 ~ .. ,\ 
88 5 ' ~ >-' 

85 5' 
182 4 

t164 4 
132 4 
177 4' 
164 4 
141 4 
160 4 
163 4 
.171 4 

89 2 
S6 2 
92 2 
98 2 1 

92 2 
93 Z 
83 2 
90 2 

144 4 
14S 4 
144 4 
141 -~U' 4 
139 4 
146 4 

.•.•. (cont'd.) 
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( 
-

° I~j ) l. (cont'd,) (5 C) 
". -

\".--;-J 

~~4 A€:,Th+4 <..--! 
Biomass .!~e7ti q 

mg mg/1 
~ 

mg/g pH l' " '1 
t 
1 

./ < 1 , 

-~ 
..... 

0.0246 32 130 4 
0 .. 0117 19 162 4 
0.0163 25 ...... 24 147 4 

'-,' 0.0218 19 30 137 4 
0.0260 HI 31 119 4 
0.0305 10 38 125 4 
0.0101 31 17 ~. . " 168 ~' 

0.0201 '20 28 139 4 
-----------------------------------------.-----------.----------------

" 
1. (40°C) 

0.0101 28 21 208 4 
0.0153 18 31, 203 4 
0.0205 13 / 36 176 4 
0.0301 4 45 150 4 

'0.0103' 28/ 21 ,204 4 
0.0203 13 36' 177 4 
0.0247 7 42 170 4 

----------------------------------------------~------------~----------

CeH WaH PreEaration Plateau (Samp1e Volume 50 ml) (23°C) 

0.0079 18 32 202 4 

J e'.0037 26 14 189 4 
0.0038 25 16 210 4 
0.0065 13 27 207 4 

2. Penicillium chrysogenum (23°C) 

Ce~' 
... 

Biomass Ile q 
"\ , 

mg mg 1 mg/l mg/g ./ pH " 

0.0081 46 13 160 '4 ! 
ftT 0.0248 25 34 , 137 4 

0.0399 8 St 128 4 
0.0609 1 59 97 'r 4· 
0~0200 50 30 150 4 

() 0.0581 10 70 120 4, 
, , 

0.0691 2 78 112 4 \ . 
l' 

H. 
" 

~ ..... (cont' d.) , /r-!,t -
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K 
279. ~ 1 

.-... C> ' -, 

1 ./ 
2. (cant' d.) 

./ 
.. 
;;.~ 

~ 
Biomass 

. 
C Ll.C q 

Ij 

mg' m~l mg/1 mg/g pH 1 
1 

1 

/ 

0.0196 70 30 153 5 
0.0158 il0 20' 126· 5 
0.0452 0 " 30 66 5 
0.0194 S8 34 175 5 
0.0494./ '20 72 146 5 
0.0722 7 85 118 5 

\; ) 0.1312 0 ,92 70 5 , 

0.0215 68 36 167. 4 
0.0510 30 64 125 4 

,. . 
0.0714 11 83 116 4 1 

0.0~41 0 94 100 4 
0.0214 .71-- 20 93 2 

'" 
0.0499 43 48 96 2 
0.0694 23 67 ' 96 2 

./ ""\ 0.0902 7 82 \ 91 2 
0.0,412, 19 '41 99 2 

1 0.0150 46 19 100 2 
0.0257 36 25 97 2 
0.0413 17 44 106 2 

.0496 17 44 89 2 --
'" 

3. Asper~iger (23o
C) 

1 
.. ,~,~ 

0.0215 27 3 14 4 
,() .0524 22 8 15 4 
0.1046 15 15 14 4 
0.3021 3 27 9 4 
0.5014 1 29 6 4 
0.0545 . 80 . 

14 26 4 
0.0710 77 17 24· 4 
0.1106 68 26 23 4 

, 0.2358 50 44 19 4 
Q ,4440 21 73 J6 4. 
0.0509 21 8 16 5 

,1 

0.1012 14 15 15 5 
0,1981 7 22 11 5 

..,- ..... (cont rd.) 
() 1 \ J " 

\ ~ ~;~:C' 
1 
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( ,1 
3. (cont 'd.) 

! 1 

--. 

Biomass +4 +4' " ...... ee~' Th lie, Th, q 
g g/l mg Il mg/g pH 

~ 

'1 0.5566 1 28 5 5 - 1 

\ 
\ '0.681'Z 1 28 4 5 

o .ÔSQ9 3'2 8 16 2 
0.0687 28 12 17 , 2 .. 

l 0'-.0,900 25 15 17' 2 , , 
1
1
\ . 

/ 0.1041 18 12 \ ' 12 2 , 
~' 0.6160 -~ 

./ 30 5 2 
" ... 

l' ~ \\ 

4. ASEerg!Uus terreus (23°C) ~ 

• Q 

./ 0.0499 27 
"~ 

;' 
6 4 ./ 

, 

0.1~1 25c 5 4 
0.3000/ 15 15 5 4 
0.5014 11 c-" 19 '4 4 /' 

\ 0.0529 89 5 9 4 
1 0.0722 92 2 :3 4 \ 

f 0.1195 85' 9 ., 4 
i 0.2019 78 15 7 4 
! r 0.4943 64 30 6 4 

i 0.0506 26 :3 6 5 
i 0.0997 21 '~ 8 -8 5 
r. 0.2013 .18 11 5 5 ~ 

0.4073 12 - 17 4 5 

t 0.5900 9 20 3 ;5 

~ 0.6977 / 6 23 3, 5 

\ 
/G.02Z0 30 0 o ' 2 

~484 30 ~)), 0 2 
P .1000

j 

29 1 1 2 
O. 010 29 1 1 2 
0.3778 27 2 1 2 
0.5811 26 3 ·1 2 

. 0.7365 25 5 1 Z 
1 

,/ 

1 

., 5. StreEtomrces niveus (23QC) ') , 

0.0213 24 6 28 4 

1 
0.0508 17 , 13 25 4 
0.1011 8 22 21 4 
0.3023 1 30 10 4 

i 0.5032 0 30 6 4 
0.0528 76 18 34 4 

C'; '" 0 :0702 67 27 ~8 4 

...•. (cont'd.) . ' 
" 1 

,,/ 1 

::-
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/ 

/ -' 
/' 

~( 
, 

5. (cont' d.) 1 , -

r', Biomass Th+4 dC Th±4 Ceq , - , q, 
g mg/1 mg/l mg/g pH 

" 
- ,~ 1 

0.1007 59 35 35 4 ! 
0.2082 35 59 28 4 
0.4144 9 85 16 4 
0.0500 . 17 12 24 5 
0.1015 

, 
9 20 20 5 

0.1973 2 27 13 5 
0.4102 1 28 7 5 
0.5064 0 :l9 6 5 
0.0304 24 6 20 2 

/ 
0.0494 19 11 22 "2 
0.1005 Ir 19 19 .... 2 
0.2028 3 ~. 27 13 2 
0.3831 0 30 8 2 / 
0.5532 0 30 5 '2 

'( 0.0199 35 5 25 '2 
0.0297 33 7 23 2 

~ 
0.0401 31 9 22 2 , 

6; Pseudomonas fluorescens (23°C) 

0.0228 27 3 _.I3 4 
0.0469 24 6 13 4 
0.1008 17 13 13 _/ 4 
0.3008 6 24 8 4 
0.5028 1 29 6 ~4 

-" 0.0721 83 13 18 4 
J _____ 

0.1001 77 18 17 4 , ' 

.0.1989 63 33 16 4 t 

0.4385 34 62 14 4 
" 0.6001 24 -- 72 12 4 
~ 0.050 

./ 23 6 12 5 
O. 8 18 11 11 5 ....-

~--o. 2020 10 19 9 S' ,---
0.3939 1 28 ,/7 "- 5 , 

./ 

0.7054 0 2~ 4 5 
0.0218 28 2 9- 2 
0.0507 26 4 8 2 

t 0.1103 22 8 '7 2 , . 0.1982 16 14 t 2 

1 0.3971 8 22 5 2 
0.5912 4 26 4 2 _, 
0.7467 3 27 4 -~ 

('f 
, 

~t::r~~"'-----

f ," ... -, ... 
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J 

.() 7. MuniciEal Waste Activated Sludge (23°C) 

, ( 
~é 111+4 Biomass Lle, Th +4 q 
e~' mg &/1 mg/l mg/g pH 

~ ..... 

"" '" 'j 
0.0100 24 5 50 4 : 
0.0546 5 24 44 4 
0.1093 2 27 25 4' 
0.2040 1 ~ 28 14 4 
0.3937 1 28 7 4 

_/ 0.0410 . 58 20 49 .~ 
0,,1314' 13 6S 49 4 
0.0806 35 43 53 4 
0.2014 4 74 37 4 / 

0.4046 1 77 19 4-
0.0305 14 lS 49 5 
0.0692. 7 22 31 5 
0.1019 3 26 26 '5 ' 
0.1953 0 ~ 28 14 5 

v 0.3956 0 29 7. 5~ 

0.0263 20 10 38 2 
0.0984 . 0 30 30 ' 2 
0.0100 33 4 40 2 
0.0200 27 10 50 2 
0.0239 29 8 33 

~ 
/ 2 

J 

8. Industria1 Waste Activated Sludge ÇPh(molic~ c230C) 
~ 

\1 0.0201 19 9 45 4 
0.0532 

> 

10 18 34 4 
-{j' 0.1012 4 24 24 4 ' 

0.1730 2 26 15 4 
0.3547 0 28 8 4 
0.0398 60 18 45 4 
0.0788 41 37 47 4 
0.1236 22 56 45 4 ; 

0.1986 7 J 

71" 36 4 ; .. : 

0,.3703 2 76 20 4 
) 0.0326 14 14 43 5 

d.0642 
! 

8 20 31 5 
o .10g1 4 24 22 5 
0.1973 1 27 14 5 
0.3872 0 28 7 5 
0.0199 22 7 35 2 
0.0490 13 17 35 2 
,() .0695 5 25 36 2 
0.1478 0 30 20 2 
0.2970 0 30 10 2 

( 0.0198 3i 0 7 35 2 
0.0301 27 11' 37 2 
0.0397 23 15 

/ 

38 ~ 1'; '1-..... 

(-..J 2 ... 'I<! 

~--\~~ 
• ~ l' /' 

;;. 

.-/ 

~) 
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( 9. Activated CaTbàn FiltTasoTb 400 .~F-400l (23°C) 
(} 

Dosage +4 ~CJTh+4. Coer Th ,q 
/ mg/ g'/1 mg/l mg/g pH 

tJ '1 
0.0209 / 18 10 48 4 
0.0509 l, ,11 18 ~ 35 4 
0.0942 7 fi 22 23 4 
0.2009 3 26 13 4 
,0.4090 1 28 7 4 
0.1435 17 63 44 4 

.. / 0.2156 10 ]0 32 4 
0.2921 6 74 25 4 
0.4005 4 7~ 19 4' 
0.0298 15 14 47 5 
0.0695 8 20 29 5 , 

, , 
0.1053 6 22 21 5 
0.2022 Z, 26 

'fi 
13 5 

0.4083 1 27 7 5 
0,.5276 0 ' 28 5 5 
0.0328 28 2. 6 2 i 

0.0587 27 <3 5 2 
0.1086 25 . 5 5 '2 

;, 

0.2132 22 8 4 2 
0.3565 19 11 3 2 

",0,.4604 17 13 3 2 
0.6219 14 16 2 , 2 

/ 10. Ion Exchange Resin IRA-400 (23°C) J 
,~ 

, " 
0.0465 - 27 3 6 4 
0.0959 24 6 6 4 
0.2500 11 14 6 4 
0.4733 11 19 4 • 4 
0.7576 25 53 7 4 
0.3886 54 , 24, 6 4 
0.0278 26. 2 7 5 

~ 

0.0439 25 3 7 5 
0.0934 21 .7 ""'" 7 5 

f 0.2777 
, '\ 12 1'6 6 " 5 

0.5532 7 21 4 ,/' 5 
0.8139 5 23 . ,. .... 3 5 
0.,0622 29 1 2 2 
0.1045 29 , 1 1 2 
0.1789 ---r- 29 1 ·0 2 

( '\ 
v .•.•. (cont 'd.) 

; , 
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If'" t l , 
- 10 (cont'd.) 

Do:;age 
mg 

- 0.3185 
9 .3892 
0.6162 
0.5400 
0.1866 

C Th+ 4 
ea' mg/l. 

30 
30 
29 
36 
72 

B.2 ChitiIL Thorium Uptake 

~C,Th+~ 
mg/ l' 

0 
0 
1 

54 
28 

... 
q 

mg/g pH 

----

0 2. 
0 2 
0 2 

10 4 
15 4 

.J' 

The table that follows sUlJl.:lllarizes the exp'é'rimental deter-

mination of pure chi tin thorium uptake capaci ty. 

Experiment 
# 

.~ 

1 
2 
3 
4 

Chi tin Dosage 
g 

0.0050 
0.0193 
0.0300 
0.0300 

Th(IV) Uptaken 
mg 

0.04 
0.15 
0.24 
0.24 

. q • 
mg/g 

8 
8 
8 
8 

T 
pH oC 

4 23 
4 23 
4 23 
4 23 

B.3 Precision-Ac'Curacy of Thorium Analytical Determinatiôn 

Microorganism: Rhizopus arrhizus, pH .". 4, 23°C 

, . 

f 

JôV.'n Il'::d. ; ~.aw i C&1 ~';.{~~1~.-wo .. 
/' 

284. 
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B.3 (cont'd.) 

Ana1ysis 
# 

7 
8 
9 

10 

Absorbance 

0.167 
0.169 
0.161 
0.172 

.. f 0 

, +4' 
Calcu1ated Th 

mg/l 

18.72 
18.94 
18.05 
19.28 

, . 

Concent ra t ion 

Concentration values were computed from the following 
/' 

calibration curve: 

') 

Concentration 
+4 

(mg/l' Th ) Absorbance 
" 

,ù 0 0 
10 0.080 
20 0.178 
30 0.273 . 
40 0.354 

~' 

1 

'lJ1e correlation coefficient of the, calibration curve was 

if"B 

r == 0.999. The s':a,ndard error of the t:,egression coefficient was 1.267 

and the standard error of estimate 0.618. t 

B.4 Precision of Thorium Biosorptive Uptake Capacity (g) Determination 
, 

Microorganism: Rhizopus arrhizus, pH """ 4. 2.3°C 

....• (cont' d.) 

( 

--' -----_-! ------ -._~---,----_ .. -

, 

\ , 
"\ 

:l 
\ 
(~ 
'< .. ,,: 
<~ .. 
,~ 
' .. . ,. 

"1 
,"; 

J , 
. .: ... 

1 , 
1 
1 

, 
j 

r 

<' 
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1 
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.1 
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L J\ 
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\ 

i t, 
'1 
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-
, f-~l 

0 

-... 
8:4 (cont'd.) 

Biomass . , +4 
àC,th+4 '.", c~' Th ~ q 

g .' g/1 mg/l mg/g , 
.... /' 

0.0299 IS 43 144 
0.0300 ---. 14 44 '147 
0.0298 15 43 ].43 
0.0297 16 42 140 
0.030'4 40 133 
0.030! h 44 146 
.0.0304 \... ~5 - 40 132 

If 

"-.. 
~ 

'"? 

B.Sr BiEthalate Effect on 9.. Thm-ium 
,.) 

Microorganism: 
c 0 

'Rhizopus arrhizus, 'PH - 4, 23°C 

Data with ~o'biphalate buffer ~resent: . 

Biomass 
g-

àC Th +4 , 
mg/l 

q q 
mg/g mg/g 

q from \ 
Biosprption Isotherm 

,8 

0.0303 4' . 36 ~19 
0.0293 4, • 36 123 123 120 
Oe0282 4 36 128 
0.0294 4- 3t?t~ °122 

.' 
_7 

« 

/ 

o .- '\ 

/ 

28~. ' 

(\ 

: ~ 
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5 
5 
7 
I:i 
ijI 

010 
1 1 
12 
IJ 
14 
15 
16 > 

\7 
1~ 
! 9 
?O 

~ 
23 
24-
2::-

-26 
27 
~d 
~9 

C~' ~:> 
,) 31 
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; MPENDIX C 

IMPLEMENTED COMPUTER PROGRAMS 

C.I 81osorptive Uptake Capacity (g) Calculation 

The following program was used to calculate the biosorptive 

uptake capacity (q) at diff~rent equilibrium concentrations. The 
. 

regression coefficients Ao' Al' ... ~ were supplied, as ~onstants, 
. -

following"a separate regression through the calibrati~n_poin~s. A 
l 

calibration curv~~as not accepted unless the COrrel(>~ t1ioO,nn c co~ficient 

was beuer than"·'Q)'995. 0 >~ 

$\11 AT F' 1 V • T 1 ~E:; l 0 , p ,Ù;E S =5 0 • "OE x T • NOWA R N 
DIMENSION 1310\111(20) .910W2.0~-O)dHONT(~(),VtH20) 0 

Dlf-IENS ION CEQ( 2:0), D<:!:OC 20) .Ul:lIOS( 2.0). ULOAi~( 2t0) 
AP=O.O > - ~ 
~1=509.62231 1 • 

.\2=0.0 
A3=O-;O 
VOBL=O.197 
NOO=4 
SAMVOL"'. l 
DD 100 1 =1 ,NOD 
RE AD (5.40) 13 IOW 1( 1). B [O""::? <I ) 

QO FO~MAr(Fl0.S.~10~~) 
". 8IDNT{ I)=610W2( I)-arOwlC 1) 

100 CONTINUE 
• aLNK=A3~(Vo.aL.~~)+A2~(vOBL~~~)+Al~V08L+AO 

DO 150 I=l.NCl.(> 
~eAD(5.120) VO(l) 

12' FC~MAT(FI0.S) 
C EO ( 1 ) = A 2 * ( "C'( 1 1 *' lit 3 ) ... A 2 * ( vo ( 1 ) ,. * 2 ) +A 1 >« vO ( 1 ) + AC 
OCEQ(r'=éLNK-C€Q(l) 
U8IO~( 1 )=DCEO( 1 )*S4~WOL 
ULOA O{ 1 ) = ua lOS ( 1 ) /81 Ol-JT ( l ) 

t50 CDNTlNU5 ) 

, , 

"'R 1 TE ( 6 • .s;::() ) " - , ' , 
520 f" OJ?~/l.y{ l !; X.l Hl .3 x • 51i81GNT. ex t3~e-Q. QX4HDCfa.. 8XSHUB ICS t7 x. 5HULC/1d)') 

D~o. [::: l..J.IOo, ' __ 
\',1/ hl f -T E ( 6 • 60Cl) h 131 ON, ( 1 ) 1 ce: Q ( 1 t "be E Q. ( 1 ) • II BIO 5 ( l ) .!4L 0 ~ 0 ( 1 ) 

600 FDRMllnl·S~oI2 • .5>;. ,F7.~.S{~I(.F7.~» -
5 6 0 COI)IJT t NU E ',,--->\\ ' J' 

srop \ - , /" ' 
END l "'",~~<;(' \ 

1 # \ 

! J 
-~j ; 

" " ' 
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0001 
0002 
00 cu 

AGa.''''' 
- 0305 

000'" 
0007 
0008 
ooo~ 
0010 
0011 
0012 
00 Il 
03H 
00115 
oot!> 
0017 
0018 
OO'Q 
0020 

0321 
OO~2 
0023 
oon 
0025 
OU!) 
0021 
oot''' 
0029 
0330 
0031 
0332 
0033 
00'3. 
00'35 
oo,!> 
0037 
00'3'\ 
0039 

ô~ 
00.' 
OO.~ 

"" 00" 
0044 
OO~' --
0045 
00"" 
0048 
0049 / 

000;0 
0051 
0052 
00'11 
ooe. 

0055 
00'56 
005'1 
00!58 
00'5'" 
0060 
0061 

0062 
0063 
0064 
0065 
0055 

006" 
0051J 
0069 
00"0 
00'" 
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C.2 Biosorption, Isotherm Model Fitting 
g 

The followtrig program, developed at the University of Toronto. 
[ 

and kindly supplied by Dr'. Lou' s office, was ~ed to estimat~' the model 

e 
c 

43 
30 9. 
96 

C 
C 

915 
100 

C 
C 

200 

TH! S!ST VALU! ~ TH! ~UNCTJON _~D TH! ClRq!SPON)ING YA~J!I 
IIM.~ ( 
DO 43 r-I.N 
!CS (11 • X ( Il 
CONTINUE 
CONft.,U! 
IjRtTE(KO.96' J. NO, "M. (ICS( Il ,1., ,N) 
~ORMAT(' •• 17.1'4."'4.s.e"II.!5) 
TH! q!GJON 15 AtOUC!O GY TH! QU_~TI~Y _ec Ol'JNI) IN ST'T!~N~6 
00 95 t.,.N 
REGII' • R!GCI,._BC 
XI'I(I' • lCS(f 1 
CONTINUE 
CONfI'IU~ 

CALCULATI THI STANDARO !RROq 0" !Srl~_'1 
!OV.("M/~B) ••• S 
~qIT!IKO,JOO' s~v 
FOAMAT(IIII,'SX,'ST_NOt.RD !~QA 0' !!TI~,Ar! ., ... 10.6. 
!lTOP . 
I!NO 

/ 

--

/ -:----

, , , 
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~APPENDIX D 
1 

() . 
CO-ION EFFECT ON q 

D.1 Effect of Fe-l-2 on Uranium Uptake of .8.. arrhizus 

../ 

Biomass C U+6 lI.C U+6 q,u+6 Initial, Fe+7-
./ '" eq' , 

mg mgll mgf1 mg/g mgl1 pH 

0.0152 72 ~ 7 46 1000 4 
0.0103 74 5 48- 1000 4 
0.0046 77 2 43 1000 4 
0.0268 70 9 '43 1000· 4 

J' 0.0317 \, 65 14 44 1000 4 
0.0674 ' 50 29 43 1000'-" 4 
0~0121 71 . 9 74' 100 ·· .... ··4 

0.0212 '65 15 71 100 4 
0'.0309 58 22 71 100 ~ 4 
0.0463 46 34 73 100 4 
0.~2 35 45 n 100 4' 
0.0 0 58 22 71 100 4 
0.0118 65 16 135 30 4 
0.0159 60 21 132 30 4 
0.0254 47 , 34 135 30 4 
0.0306 41 40 131 30 4 
0.0408 31 50/ 123 30 4 
0.0497 25 57 115 , 30 4 
0.0300 40 41 137 30 4 
0.0156 65 15 . 96 30 2 
0.0259 56 24 93 .30 2 
0.0356 45 35 98 30 2 
0.0454 37 43 95 30 ' 2 
0.0577 27 53 92 30 2 
0.0208 61 19' 

, 
91 500 2 

./ 0.0308 S6 24 78 500 2 ... 
" 

0.0400 45 35 88 500 2 
0.0301 53 27 90 SOD ../ 2 
0.0549 30 50 91 500 2 

',' 

'''\ .. . . 
. 

C~) 
;<~ , 

'.' 

) / 

/. 
" '" .' ~, 

,!I~I' 

" , .' , ';' 

'" 
/' ",L 
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1 ( ) D.2 Effect of Zn +2 on Uranium !!Etake bl R', - arrhizus 

1 \ 

1 
-> 

Biomass -C U+6 AC,U+6 U+6 Initial Zn +2 eq' q, 

f 
, \. 

mg- mg/1 mg/l mg/g mgll pH 
t 

l 0.0160 60 20 125 ,50 4 , 

1 

\ 0.0253 51 29 114 50 4 
0.0364 40 40 -110 50 4 
0.0414 35 4S 109 50 4 

J 0.0489 30 50 102 50 4 

1 
. 0.0042 74 5 119 20 4 

0.0095 68 11 /116 \/ 20 4 

~ 0.0141 63 16 113 - 20 4 
0.0200 57 22 110 20 4 
0.0303 43 36 119 20 4 
0.005,2 7S 5 96 50 2 
0',0150 66 14 93 . 50 2 

,0.0209 61 19 93 
,-

~, 50 2 
0.0532 47 33 99 50. .2 
0.0422 ~~ 38 90 50 -' 2 
0.0076 7 92 20 . . 2 
0.0386 45 34 88 

J 

20 2 
0.0190 60 19 100 20 2 
0.0260 S5 24 92 ::20 2 
0.0301 52 27 90 20 2 

, "4 D.3 Effect ~f Fe+2 on' Thorium QEtake b~ R. a!;rh!zus ~ 
, 

Biomass +4 AC, Th+4 q,Th+4 Initial Fe+ 2 Ceq,Th 
mg mgl1 mgl1 mgYg mgl1 pH 

'" :; 

0.0046 22 8 174 1000 4 
0 • .0095 1'6 14 147 1000 4 
0.0097 16 14 144 1000 ' 4 
0.0149 10 19, 127 1000 4 
0.0268 1 :. 29 108 1000 4 ' " 

./ 
0.0330 1 29 . 88 1000 4 
0.0097 16 15 155 100 4 
0.0139 9 21 '151 10'0 4 
0.0202 3 27 134 100 4 

..:: ••.•• (cont'd.) 
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i 

( D.4 (cont Id.) 
i - ) I~ 

j 

i , , 
C • Th +4 AC.Th+4 J'h+4 Bioma!is q. 

mg ~gil mg/l mg/g pH 

0.0082 21 8 98 50 2 
~ 0.0146 14 15 1103 50 2 '" l;t 

0.0228 8 21 92 sa . 2 
" 0.0260 4 25 j96 50 2 

0.0050 24- 5 100 20 2 
0.0088 20 9 102 ,,) 20 2 

(\.. o ,J>163 13 16 98 20 2 '. 0.0211 7 22 104 ' 20 2 
. i 0.0288 ( 3 26 90 20 2' 

1 
" , 

,1 
j t ... ' 1 0> , 

h r 

1 
1 
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APPENDIX E 

KlNETIC DATA 

Appendix E presents the numerical values of th~ data points 

reported on the typica1 kinetic curves of Chapter.III. 

E.I Uranium Uptake ~1n~C Data 

Time C U+6 
0' 

min . mg/1 

:II! • 
"'1 

'( Experiment #1, 

0 

pH'- 4, 

50 

• , 

J 
j 

() / 

, , 

r: 
1. 

0 .. .5 
3 
5.5 

~ 16.5 
30 
60 

120 
240 

Experiment'#2, pH - 4 

o 
1 
5 

15 
30 
60 ' 

120 
1.80 
360 
640 

50 
50 
50 
50 
50 
50 
50 
50 

/ 

37 
3i 
37 
37 
37 
37 
37 
37 
37 
37 

36 
33 
34 

",29 
28 
24 ' 
23 
24 

,29 
27 
26 
27 
23 
22 
22 
23 ' 
22 

93 
113 
107 
140 
147 
113 
180 
113 

67 
84 
92 
83 

117 
125 
125 
117 
125 

.... ·icont'd.) 

" 

" 

/ 



/ 
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() E.1 (cont'd.) 

Time CU:+'6 Ct ,U+6 +6 

r 
0' qt'U 

min. mg/1 mgLl mgJg 
'" 

i ~ 

t 
Experintent #6 (cont 'd.) 

! 
J / 40 40 30 130 -

[ 
45 40 "~O 130 

·1 
! 

5,0 40 30' 130 
1 55 40 30 130 
{ 60 40 29 143 è-' . , 

120 40 29 143 
/ 240 40 30 130 , 

360 40 29 
" 

143 

/ < • E~eriinent #7! EH - 4 

o , 42 
0.5 42 

0-

27 101 l 
1.5 ·42 27 101. 0> 

i 3 42 27 101 

.) 
5 42 26 107 

10 42 26 107 / 

lS 42 . 2S 114 
30 42 ./ 23 128 

t 

-, 35 42 . 24 121 
40 42 23 128 
45 D42 24 121 
50 42 23 128 / 

~\ 

60 42' 24 , 121 
il 

1 
90 42 23 128 

1io 42 23 128 
240 42 23 128 ' 

~ " 
~~eriment #8 l ~H .... 2 

0 42 
, O. S 42 42 0 '0\ 1 42 40 lS 

3 (.. 42 39 22 
5 42 39 22 

10 42 38 30 
~ - 15 42 36 53 

30 42 
~ 3S S2 

45 42 33 67 
... 60 ' 42 33 67 

90 42 . 

~~ 
74 0 

. (~) 120 42 J ..ft 1 .. 
"180 42 31 81 ! .. 

,,\ 
~ 

-" _/ 

~ 

./ 
'è-
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r 
1 

f 
f 
< 

1 
. ! 

1 
1 , 
! 
1 

Y 
~ 
! 

i 
j 

1 

f 
~ 

1 
t 

\ 
! 

j 

, , 
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É.2 ThoriÙJn Uptake Kinetic'Data 

A-------j+.,'-----------------~-4----------~-------------------~-
-, Time Co,Th C

t
,Th+4 q,Th+4 cr 

, 1 

min. , mg/1 ·mg/l mg/g , ' 

Experiment H, pH ~ 4 

E 

o 
1 
5 

·11 
16 r

\' 31 
A---40 

60 
120 
360 

o 
0.5 
1 
3 
7 

10 
15 
30 
50 
60 
90 

120 
360 ' 

H.: 4 

Experiment 14, pH .,.. 4 

o 
0.5 
1.S 
3 
5 

~ 10 
./ 17 

30 
47 
60 

120 

21 
21 
21 
21 
21 
21 [ 
21 
21 
21 
21 

17 
17 
17 
17 
17 
17 
17 
17 

, 17 
,,' 17 

17 
17 
17 

16 
·16 
16 
16 
16 
16 
16 
16 
16 • 
16 
16 

12 
9 
8 
,.~ 

( .7 
~ T 

'7. 
6 
7 

13 
12 
13 
12 
12 
13 
11 

~2 
12 
12 
12 
11 

1,.3r 
13 
14 
13 
13 
14 
13 
13 
13 
13 

112 
ISO 
162 
175 
175 
175 
175 
187 
175 

-, 
114 
143 
114·, 
143 
143 
114 
171 
143 
143 
143 
143 t 

171 

143 
96 j 

143 
143 
143 
, 96 
143 
143-' 
143 
143 

•...• (cont t d.) 
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(: E.2 (cont' d.) 

Time C 111+4 C Th +4 Th +4 
l 0' t' q, 

l' . ..... min . mg/l mg/1 mg/g 
~ 

1 « 1 ? i J r E!Eeriment #5, EH'- 4 1 

1 ; 

1 0 30 • 
! 

) 0.8 30 '23 175 1 
1 

1.5 30 22 200 1 ft 
. 3 30 23 175 

, S 30 è> 23 175 
Î 10 30 23 175 -1 

IS 30 23 175 
1 30 30 24 200 
; 

60 30 . 23 175 1 ~, . , 
1 

,1 

175 120 30 23 
1 
& 

~ 1 Exp eriment #6, pH .... 2 
" i .. ' 

i 
! 0 17 '-
1 l 17 16 25 j , 

! '2 17 lS 50 1 

~ 
5 17 14 ]5 

10 17 15 _~ 50 
i 15 17 13 100 r 
! 30 17 13 100 

f 
45 17 14 75 
60 17 13 100 

r 120 17 13 100 

t 360 17 13 1ÔO 

\ ./ EXPerifènt #7, EH ,...'4 f 

t 
t 

f 
0 14 '-1 

i 1 14 9 132 
1 -

,1 3 14 9 132 
1 

1 5 14 10 105 1 
r 11 14 9 -l32 

1 ~ 30 14 9 132 ' -
(-, 50 14 10 ..;:, 105 

60 '7 14 9 132 
120 14 , 9 132 
360 14 1- g 132 . 

fi 

(\ \ 
1 ~t ~ , j / 

1 

-, , 1 

i 
I.-/~ 

1 ,\~~' 

I-
I 
1 -- _ .. _~._- --_ .. _ .. -.. _-~------
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APPENDIX F 

Additional InfQrmation on Biosorption 
of Uranium and Thorium 

F.l Co-ion Effect on U and Th Bipsorption 

, 

298., 

1(' 

Actual waste wat~ntain a variety of anions and cations. 

Table 1.1 in Chapter l has summarized the most important chemical and 

rad!oactive parameters for thC:uranium mining-mil1ing process waste 

waters. Iron, zinc, lead, copper and manganese appear as common cations 
" 

in most waste waters. Iron is present in the highe;t concentrations. l 

Waste wat~r pH ranges from pH = 2 to almost neutral, depending on whether 

the tailings area is active or inactive and on whether the waste water 
<, • 

I is a surface runof,f or seepage flow. 

ft was decided to select the two co-ions most abundant in 

usual waste waters and examine their effect on~. arrhizus' U and Th bio-
/ 

sorptive pptake capacity. Initial co-ion concentrations were selected 

according to their respective e~ected concentrations in waste waters. 

As a result initial 'iron concentrations of up to 1000 mg/l were tested,' 

while zinc ïnitial concentrations were limited to a maximum of 50 mg/ l • 

~ 

JJro-..different solution pH values were tested, pH = 2, and 
j 

pH - .4. Idle tailings areas, because of the acid generation pro~ess, 

generate acidic waste water with pH values from pH = 2-io pH = 6.5. 1,4 

The proposed V and Th biosorptive mechanism hypothâSes have indicited that 
o 

1 J 
sol,ution pH affects strongly too overall U and Th biosorptive uptake capacity 
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of R. arrhizus (III-A.lO. 'III-B.lO). The significance of solution pH 

wide range of âctual waste water pH value~ictated ~he need 

the co-ion effect on'the U and Th bi~~t~ve uptake capacity 

~ values of pH "'" 2 and pH _ 4. 'The same buffering systems é1$ t~e~ ones 

and the 

to test 

.,. 
• J 

described in Section II.1.2 were applied. The buffering systems did 

not interfere with the applied analytical,methods, as it was indicated 

after following the procedure described in Section II.1.2. 

F.2 Uranium Analytical Determination 

.. \ 
As already described in Section~II.l.3. the Arsenazo III 

at the 

spe~tro~otometric'method developed by Savvin was ~mployed.29 Arsenazo 

III. a reagent developed in 1959, reaèt~ with uranium (rV) in a strongly 

~cidic medium ;nd gives a violet comPlex.2~ThiS method is ~e most 

sensitive of aIl spect7ophotometric methods capable of determining 

uranium. The method gives the best results with a two to five molar 

excess of the re~ The color ap~ears instantaneously and remains 

st~ble fo~ at least two hours. Absorbance depe~ds o~ the acidity of 

the medium and i5 constant over the açidity range of 4 N ta '8 N HCI. 20 

The fairly narrow peak of the complex absorbance curves and the high 
'\ 

stab,ility of the complex raise the ~sensitivity of the reaction. The 
"-

influence of anions aqd cations. with'the exception of Zr and Th, is 

very small. Zirconium can be masked when oxalic acid is introduced in 

the sample. Thori~. however.~resents a serious problem and needs to 

be separated from uranium before the U(rV) determinatio~.20 

Î 

'1 
1 
1 
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Uranium (VI) can, also, , be determined 'with the help of 

Arsenazo III. The sensitivity and the selectivity of the method, 

however, a~,~ reduc~d. Iron zirconium, thorium and other elements 

int'erfere ·stro~gly. Uranium (VI) can be effectively determi!led by 

reducing U(VI) to U(IV) with the help' of 'granular zinc in 4 N HCI. 

300. 

The mo1ar absorptivity of the Arsenazo III-U(IV) compleox in 

4-8 N HCi, wi th at lepst three-fold 1II01ar excess of -Arsenazo III; is 
28 

approximately 1.27xl05 at,A - 665 ~; _ 

F.~ Thorium Ana1ytical Determination 

The Arsenazo III spectrophotometric method for the analytical 

.determination of thorium was used, as outlined in Section II.L4. 
. , . 

Arsenazo III- reacts with thorium in strongly ac~dic solution to form 

o 2i 
a grey-green water soluble complex. With excess of Arsenazo III, a 

2:1, comp1ex with thorium is formed.; The method is very sensitive. and 

the absorbance varies only sligh.t1y with change inl"J HCl concentration 
f>. 

between' 1 and 10 N. 

The Arsenazo Ur method has a high selectivity ~or thorium. ' 
" . 

Wi,th oxalic acid" as ·a masking. agent. thorium can be determine'd in; 2.5 ---

ta 3.5 N HCl in thé presence of zirconium, hafnium and._niobium.
28 

\ 

Aluminum and rare earths. do not interfere. Uranium, however, presents 

a problem. ,0 

~ " 
The molar absorptivity of the complex at 3 N HCI is' 1. 15xlOS 

Q r 

"~tr\ - 655 nm-. 28.!. 
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F.4 N-acé lucosamineJmetal Co lexes 

/ 

~he chitin monomer unit. 

The complex formation ability of D-glucosamine has been confirmed in 

li t~rature for a 'large n~er of metal ions: 66 ~ 67,79 In general, the 

cOJllPound behaves like a Lewis base. The complex formation ability may 
,/ ~ t\ 

be the result of either the oxygen (hydroxyl groups) or the n(tTogen 

atoms. The complex for.mation ability of the -OH groups has~ however, . 
been suggestep" as quite' small or negligible 6'6, thus 'leaving the amine' 

-', 
/:"r,~', 

nitl'ogen on the active complexation site. The stability constants of 

nine Metal complexes have been ~eported in literature. 66 ,67 The sus

~esibility of the D-glucosamine-metal complexe~ to hYdr}lYHS is not 
./ 

,/ uniform. Easily' hydrolysable complexes have been' suggested on yielding 
- \ / 

~)meta~ hydroxidè as the final hydrolysis/product. 66 The complexes ha~? 
\ 

been-suggested as being susceptible to ~imerization. Certain D-glucosamine-
!......".,..._~ oF Q 

~ ~ 

.. metai complexes have been isôlated as precipita tes (Cu); ot1}ers, however,-
~\. 

\b_Q.ve not (Co,Fe). 65,66 - Comp1ex formation preference follows J in genera1, 
, , 

the Irving-Williams series. " 

Effect af Biomass on Solution pH 

In earlier sections (11-1,2, 11-9.2), it was noted that üpon 
~ ...... ---~~ 0 --

contact ,b~omass raised solution pH and necessitated the !lse of a buf- .-./ 

~ , ------
fering system during the ~uilibT~um and die kinetic studies. In view 

1 

of the information reported in the present work~~his behavjPr may be 

consi.dered as the result of uptake of H30+ ions bY' ~~a~! cell 'wal,i 
• /1 

" " active sites llke th~ chitin nitrogen, as described qualitatively below: 
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Once equilibrium is establis~d no further change of solution pH should 
'{ 

, be observed as 'a resul t of the biomass presence. Such a béhavior was 

\\ expe~ien.ced during Fbe kineti~ experiments and was implemented as the 

'n~cessary pH control method (II.9.2). 

~ . 

. . 
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