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Abstract 
, 

Effeéts of growth conditions bn bioma~s production 
,/ 

and subsequent metaf uptake behaviouI'of Bhi.ZQPUS ~avaDi1;as 

biosorbents (cell walls) have been examined~ In defined 

, glucose/urea/mineral sal ts media the biomass sequestered 

essential trace elements to the extent that growth 'lias limited. 
\ 
Studies of mineral toxicities led to a high-saIts'medium which 

, 
allowed rapid growth of 1h jaY$lniçu§ 'to a concentration of 

'. 

8 9 biosor~ent/L~ 
, 

",1 Th~ biom~ss was grown at di'ffeient rates in similar 'media by 
,'" . " , ' 

,modification of pH,- illumination, or timing of harvesting. 

Copper uptake by the biosorbent (mod~lled ~s ion exch~ge by one 

., type of metal uptake si te) was affected; the strength of bindin~l ,l, 

, , .. 
" decreased and the number of sites increased as the grow~h rate 

, ~ 

increased. Variations in uptake behaviour were related -to 
, j ,--

changes in the cell wall~structuIe durihg maturation~ . , ' 

. The chemical composition of ~ 'jayanicus biosorbents wâs 
-, ! • 

:à~fectéd by the divalent cation cO~,tent of the growth' medium .. 
< 

. These ions are knOWn to ~ct as ,c9factors or inhibit9rs of, enzymes ., 1 

fo~' synthesis 6f cell wall components (chi~in/ch,itosan al')d poly-
, 

glucu~onic·acld). In turn, uptake of eu(II), Mn(II) and Cr(lII), 
" ' 

which was chiefiy due to ~on exchange'ot complexation with 

'phosphate and'earboxyl groups, was'àffected by the biosorbent 

composition; Removai of ionie amine groups resulted Îin increased-. , -

s-trengths. of bincÜn;g' for "-aIl metals because ,.the -cations': ~ère th en __ " 

not electrostatically repelled. 
" L 
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Resumé 

" Les effets ~es condit~ons de la culture sur lâ production de 

biosorbents (p~rois des cellules) de Rhizopus jayanicij§ ont été 

examinés. 
, ,~ 1 

Dans les milieux de culture contenant glucose, urée, ,-
. , 

et des sels minéraux, la moisissure a a~sorbé dE;ts Metaux , 

essentiels, à tel point que -:la croissance fut limitée. Etudes' 

sur la toxicité d~s mineraux ont résulté,à un milieu contenant 
, " , 

. une grosse partie des sels, dans lequel 1h javanicus a_"pousse 

rapidement à une con~e~tr,ation de 8 9 piosorbent/L. 

, La cr'Oissan~e de la biomasse a été suivie à vitesses, 

, 

, 'i , \ ~ ~ 

differ-entes dans des milieùx de culture similaires, en 'modifiant 
" 

soit ~e pH, l'éclairage, ou la date de' la ,récolte • .' 
, , , 

L' insolubilisation du cuivre par les bio,sorbents, 

Mathematiquement model'é connne étant un échange d' iaOns sur un 'seul . , '~ .. 

,ty,pe de site, a ét,é affectée: la force de' la liaison. a diminpé 
, '" -

et ,le nOJDbre des sites ',d'adsorption- a augmenté quand la vitesse 
• l ,\' 

de la croissance augmentait. Les variations quant- ~ . 
. , 

l'insolubilisatipn du metal ont été reliées ,aulx changemen'ts qui 
~ - J t, 1 

, " 
ont pris place dans les pa,roi,s des cel,ll,lles pendant 'la 

maturation. , \, 

La composJ:tion 'chimique des biosorbents de L j'ayMiçUs a .' ' 

été affectée par les cations divalents du milieu de culture. Cés , . 
ions ont des rôles comme cofacteurs ou. iÏl-hibiteurs des enzymès 

, , 

responsAble de la synthèse des" coptpOsants des parois cellulaires 
1 1 ~, _/ - -

, , 

Cchitine/chitosane et- acide Poly-gl~cu'ronique). En r~tour, 
, , , 

- , 

l'insolubilisation du-CUÙI)~ du Mn(II), et'du Cr'(III) a été, 
, '\' ~ " '" r ~ - - " - '1 - , j 1 

'aff~tée par la ~OIÙPOS.:Î. ti'on du ·Di9ào~·bent • .' ~., ~nsolUbill.~iatio~' a 

, .' 
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été principalement due' à l'échange des ions ou à la compléx~t'ion 

par des groupes phosphates et carboxyl'iques. Les interaçtions 
., , ", ,~. • r j l 

electrostatiques avec léS groupes amines cationiques ont diminué 
• f 

la fo'rce de la liaison avec tous les ions rnetalliques. 
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1. INTRCDUC'l'ION 

Plentif~l. supplies of clean water have long been tak'en for 

gtanted in the industrialized areas of North America, but the end 

of' that situation is in sight. Water ia becoming an i~creasingly 
! ' f' 
valuable commoditl', of s~eadily declining quality. There are 

many reasons for this. AC:ld rain and agricultural chemicals 

decrease the pH and increase the- mineral, pesticide and herbicide 

'content'~f water over large areaa, while chemical dumps, mines 
, r 

'and industries are ,point-sources of pollution. Governments 
. 

attempt to régulate effluent compositions, setting supposedly 
~ ~~ ~ .. 

~afe limi~s on effluents, but unfortunately, given the ~omplexity 
.', ~ 

C?f the biological, systems involved, these decisions are somewhat 

arbitrary. As well, the innned:i:ate. financial cost of pollution 

control devices i~ ~ ~ajor fact~r i~ negotiations between \ 

governments and industri~s~ P. O., Anderson (1981) answers the 
< , 

question, of whether environmental quality criteria for individual 

"s~stances provide adequate protection with a resounding "no". 

He describes -multiple ~oxicity", which arisea from c~xisting 

pollutants whose respective levels are within the permissibl~, 

ie. "safeM range, as ·one'of contemporary soc.iety's MOst 

insidious as weIl as ubiqui tious Medusas". 0 

1 

, 

a 
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The SUIn of small changes in the environment has gl<?ba~ 

implications. G. W. Woodwell (1981) said,- tlDespite man' s success 

in turning nature to his own purposes, we still 'live as guests in 

a biosphere dominated by natural communities that operate 

according to a çomplex and poorly recognized set of laws that 
. 

have their basis lin evolutionary processes •••• Sudden changes in 
"l 

environment, whether they are physical, chemical or biotic, will 

bring sudden changes in the biotic system of that place." One 

must keep in mind that nsudden changes" on an evolutionary time 

scale may not be immediately recognizable, being of the order cif 

years. This has further implications, as Whitfield (1982) 

explains. As ecosystems are simplified by man's unintentional 

extermination of sorne species, thé systans 1 balances become more 

fragile and the altered- ecosystems are ~ess resilient.in t~e_ face 
'" of fu(ther changes ln the environment. 

The iIID11ediate problem in o.ur society is that; intensive 

agriculture and industry, and ~Xpanding urban populations requirE~ 

large supplies of high quality water~ whem the fact that we are 

living in a closed system ~cômes a political and econamic 

reality, it is Inevitable that more ~tringent controls on 
, '. . 

effluents will be imposed. R~ry of toxic mate~a1s. from 
, 

increasingly dilute solutions will have' to be carried out. There 

are many commercial methods of waste-water treatrnent, based ~n 

one of two general principles. The contaminant may be 
-

- precipitat~ by evaporati~n of the solvent, or adjustment of pH 

or addition of a counter-ion which forms ~ highly-insoluble salt, 

and subsequently separated by settling or f il tr~tion. 

Alternatively, pollutants may be collected by ~ second phase 

2 
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such as ion-exchange resins, adsorbents su ch as activated 

charcoal, organic liquids containing water-insoluble ligands, or 

electroche~cal devic~s (Patterson, 1977). Biosorption t the 

séquestering of rnetals by materials of natural (biologicaJ.) 

origin, falls within the second method of contaminant recovery. 

1.1 The Phenomena of Biosorption and their Significance 

1.1.1 Metal uptake in the environment 

The fact that organisms sequester metals from their 

environment has long been recognized, and in fact led to the 

first recognition of rnany components of sea-water as they were 

detected in seaweeds before methods were available to measure 

them directly (Riley, 1965, pp 23-24). In more recent years the 

quantity of metal associated with a variety of marine organisms, 

particUlarily algae, has led to the study of them as biological 

indicators of possible poll~tion problems arising from industrial 

effluents (Haug ~ sl., 1974; Trollop and Evans, 1976) • . 
Biological monitoring of heavy metal-Pollution is not restricted 

to aqueous environments, however. Martin and Coughtrey (1982) 

reviewed·monitoring of airborne pollutants and geological events, 

as weIl as geochemical prospecting in the terrestrial environment. 

Major environmental d'amage may be incurred when mining and 

metal processing industries àwnp large quantities of biologically , 

patent and valuable (but not economically recQverable) metals 
, 

into the waterways. Many industries in major population centers 

are Subject to more stringent effluent guidelines than are 

• industries in sparsely popùlated areas, although the'surrounding 
, , . 

ecosystems are of~en not very resilient. However, streams do 

.' '( 

_ l /1' , 
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, 
tend to be self-cleansin~, and much of the toxic metals in the 

-.- -
water will be deposited ~ rQute to population centres. For 

instance, purification of water by algal meander systems has been 

reported in the Missouri lead-belt (Hassett, 1979~ Gale and ~, 

Wixson,1979). The removal of metals from water f10wing through 

swàmps or-beds of plants, both-in fresh and saline water, is not 

uncornmon and often involves cooperation among macro-species, 

wpich do not themselves bind large quantities of metals, and 

microbial populations attached to the stems and leaves (Anon., 

1975~ Corpe, 1975~ Sch1ais, 1980). Bacteria in this environment 

not only 'sequester metals wi thin the biomasf;! or extracellul'ar 
. 

materials, but also affect the destiny of minerals. Microbes -may 

oxidize, reduce, methyl~te or demethyl~te metals, or oxidize 

sulphide artd solubilize metals as'acid is produced (reviewed by '--
both, Si1ver, 1984;,: TotIna and Bosecker, 1982). , , 

" 

~ Metals which are bath toxic' to the environment and valuable 

may be recovered from di'lute solution to the benefit of all 
... 

ïnvolved. One example of such serendipity arose in Flin FIon, 

Manitoba, where both municipal 'sewage ~nd mining and smelting 
. 

waste-waters ,weré fed to a series of small lakes and streams. 

Trace'metals were removed as they wera"immobl1ized by algae and 

entrained to the bOttom, and s they'were precipitated as 

sUlphides-. by'-the mining opera'tion was reduc,ed 

to sulphide in the lower The sediments may 

evéptually be mined and the tals récovered (Jqckson, 1978). 
\ -

However, it is important ,to recogn~ze that metals depasited in 

the sediments by such processes are'not removed from the 

, eCosystem ,entirely, an~ the 'po~sibility exists that" they may 
, . 

4 
__ .l_ ~ ______ , __ , 

.. 

. " 

" , 
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reappear in solution shou1d the environment change. Nevertheless, 

the formation of a variety of minerals has been attr ibuted to 

,prolonged geological compaction apd heating of organical1y bound 

met~ in sediments (Ferguson and Bubela, 1974; Beveridge, 1980) • 
• 

-' r 

1.1.2· Metal uptake by cultured organisms_and'their' pr?ducts 

1.1.2.1 Metal ~ptake by misce11aneous materia1s of biologica1 
. 6rigin 

Biosorption'is an ubiquitous phe~omena and therefore has 

rarnifioatio~s in many areas. In the sQils and waterways the 

binding of metals by an "organic ~raction", which Qften is 
.' 
clas'sified as fu1vic or humic acids, May affect signif~çant1y the-, 

, ". 
cycling and deposi-tion of metals in 'the environment (Giesey and 

,- • • if 

Br·iesé, '1978; .Rarnamoorth-y and Ruse, 1978). The mode1ling of 
~ . , -

metal comp~exation by.humic ma~eria1s has been discussed by 
, ~.. .. 

-Perdue and Lyt1e (1983). 
, 

Metal uptake by a wide yariety o~ 

'oeganic materiâls has 'been examined. ~at MOSS ·bound 200 mIOOl/k9 
- .. ~ "-

','of Ni, Cu, Cd, and Zn at metal,coqcentrations of 10 mM and· 
~ or ~. l' _ ~ 

, , 

pH>6.1, and, aIl metals except for Ni could be recovered ~t pH '" 

<l.S (GOsset and Trancart, 1986). Even fi1ter paper- has been 

ex~ined for its abi1ity' to bind copper (Frew and pickering, " 
J , ~ \ 1 ..... 

1970),' and it was found that at lc;>w solution concentrations ion 

exchange was responsible ~or uptake, while adsorption was 
- , 

responsible for uptake a.t concentrations above 1 mM •. > Masri ,~. 

'sl. (1974) me~s!1red uptake of m~tals by a va'riety of ·~te'rial~.· 

inclùding a selection of bark samples, leaves, needÎes, 'peat 

." mOss, 1ignin, o~ange pè~l and chitin, and. found that 
, ,\ \ ... - '\ "-

, J .. _ 

- '. ·Milorcjanite .... ian ,activated sewage sludge) exhibited higher 
<' l" " 

, . aptak~ Qf ,'éa;, Ti,' er, Cu, Zn, Sr,', Zr r, Pb, 'and Hg' than ,th~ o~ér· 
, • '~ • ~ , l ,,, 

" 

, , , 
l' , .-

" ~.. - , .' . , 

., 

" 

. ' 
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misterials~ Mercury uptake-by all the materials ~as-~reater than 

uptake of the oth~r cat:i0ns. In another experiment' chito~n took ./ 
- - 1 

up moie Hg, Cd~' Pb; > Zn, <'0,. Ni, _ Cu, Ag, ~t and Pd than the , 

act~vated si~dgé, and ,it cOmmOnly,exhibited an uptake capacity 
, ' , , - , 

greater-thao 1000,pmq1/g. However, no mention was made of the 
-

concentrations or ~H of-the metal solutlon~. 
, 

-Thère has been considerable lnterest in metal uptake by 
, , 

chitin and chi~osan." elti.tin is a major- component- in shells and 
-

ls available in large quantities ~s a waste trom sea-food 

processing. Deac~tylatiQn q,f' chitin (P-1 ~4, N-acetyl 

glucosamine) ta form chitosan greatly enhances the, uptake of Many 
d , - • , • \ 

, , { . , 

metals, par~icu1arily copper (Yang and Zal1, 1984) and metal 

uptake by chitosan has' been studied èxten~ively~ uptake ~~ due 

, -to comp1exation -with ,the amine nitrogen and ls de~reased 

~ignifican\:.ly' below pH"'6- (Yaku, and Koshi~ima~: 1978),,_" The 
• ", t 

-' capacity df the polymer for coppet may be enhanced by ~actors of 
, ... -

-,2.2-47 by p~eparing, the' c~~~xYlmethy). -derivative/ or- cy reacting 
, ..J .. - - \ 1 ~ ,,~ 

the amine group'with salicylaldehyde, and_sub~equently redu9ing 
, '"\ 

. tge ë&omethine g~<?up with cyanoborohy-dride (Hall an~ Yalpa~i·, , 

1980). Qne problem with the use of chitosan- as a biosorbent is 
_ ' 1 )~ ,\ l • , ' 

its solubility in acid, whïch may 'prec1ud'e' metal recpvery' ~t, 'low 
" -' " ,. , 

. , 

- , 
" 

. , 

'pif ~n inCiustrial applications. ,SOlubil.tty· prob1ems may be - " , 

'circumvented by' cross-l:.Lnking with 91ut~,raldèhYde~ but results, !'Il' . 

• de'creased ~etal uptake (Masr! ~d Randal1,' 1978;' Yang and' ZaJ.,l1 " 
.- ~ . 

,1984) • 
.. \ 1 _ ' 

M~t~ recoyery fr~ commercial,chitos~ QY' short~term 

e~suJ;e to sulphuric acid 'at conéentrations leg~ than ,3% -has' 
~ - ~ ) 1 1 ~ .. ~ 

" ", ' , '" ' \ ' 

, , -b~en reported to result ,in little. d,eterioration ,of th~ part1Ç1es,. 
-' ~ - l , 

, ('Hauer,. 1978). Chitosan, and a chitosan-gluœ.n pomplex frot:(l' ,"" ' " 
" 

,,' 6 
, . " ' 

, " 
o • 

.', 
" 

" i' , 

" 
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A1u~er.gi1J.us niger, have beel1 used in cO~WflDs for separati,on and' f, 
, . ' 

co1lection' of, ~~t~lic' ions ,(MUzz~rd~i: ~ Al., 1969', 1970, 

.1980a,b~ Muzzarelli and Sipos, 1971). 

1.1.2.2 Metal uptake by algae 

" , 

, ' 

Algae (as discussed above) have been'u~ed as' indicators of 

the' extent of water contamination. Their analysis has also ' 

contributed ta an understanding of the cleansing of industrial , 

waste-waters in meander systems. Metal uptake by isol~ted algal 

cultures has a1so been studied. Sequês~ering by Vaucheria (Crist 

~ Al..., 1981,) was, ascribed to i~>n exchange on the surface, (celi , 

wà!l). A cation exchange capacitY'of 1000 pmol/g was measured by 

titration with NaOH between pH ,3 and 8. .. ' . , . " 

1 • 

Ferguson and Bubè1a 

(1974) examined metai seq'uesteri!lg' by' species ?f Ulothrix and 

ChlamYrlomonas, and Ch10rella yulgari§. Tney postul,ted that ion 

exchange was the main ~echanism of uptake because the data could 

. be fitted to Langmuir's ~uation and sorption was strong1y 

. supre~sed ·at Iower pH ,values. Data' from low solution metal 

conëèritr~tions (<0.2 mM) cou1d be extrapo1ated to an uptak~ .. 
. " 

\ , - --
capacity of, about 500 pmol'divale~t cation/g b~omass for two of 

, .-
'r _ ~ . , 

~-' , 
~ 

,l, ,,-

the algae, but the Ch10telia biomass in contact with,hig~er ~etal" 
\ \ ~ -

.concentrations· exhibited anomalously high values' of copPet 
, . , \ -

, , 

,uptake. This 'lias attributed to precip.i.tation, of copper 
, , . 

"phosph9tes., It was also noted·that zinc was quite weakly bound' 
.;', " , ' , . '. as it'~ou1d be displaced by'sodium and magnesium. Mixed algal 

r _ _ J~ \' ~ l " 

cult.ur'è,s 'c~lIected from MissOl\'rî":s' lead be1t' exhibited cation"c 

, .~x~bange capacities up ta 6~O··péq/g ~;~~ss' on ~h~ basis' of le~d < ~ , 

':" , , " , , 
... ,~ l ' ,~ ... , 

, --'uptà,ke (Gërie and wixsoni 1979') '., Th~- uptake co~ responded ,'to the' ", ~ 
.. - ~ ~ , J ~.. '}' ' ", _ • 

• 1 ~ ~, { , ~ - 1 

f - '- telease of ot~er cations ~ssoéiated 'with th~ 
l "\ , J. \ l 

'r ,l' 

" " 

7 .. ' 

f ' 

,,ç , 
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qell walls and wa~ reversed by washing with E~A. Large 

di'ffetences iri the tolerance of li'!ing ?rganiStnp to load.!ng, with, 
, , 

lead and zinc were obserVed,' and the signifiaance of this in the 
1 

,removal of vagrant metaIs :Ln contact with growing alga'e- was 
( \ --

noted. 

,. Accwnulation of cadmium by 1 Chlorel1a yU1ga,is specimens 

grown in media w~th andwi~hou~ the,meta! has peen studied, and 
1 

it was found that uptake ovec an extend~d- period of cu1~ivation 
~ 1 t .. t f \ 1 c! 

was' greater than wou1d be eXPected dU,e sfrnp1y to 'surfaèe 1 

" ~ ) ! 1 

.adsorpt~on èK~ummoI1:9k~1 ~ Al., 1982). The· e~tra accumul~tiOri \ . \ ' 
, 1 

was,ascri~d to intracel1ular deposi~ion of the metal, even 
, . 

., 

~ 1 - , J \ ~, J .. J \ 1 .... f, 

though no evidence of such 'loçal'i~~tio~ was presented, and the . , 

POSSj.bl~' effects Ç>f cadnu:um. in th~ gr~th medium 'on .~hé' C~ll' Wal'l,', 
, 

we~e no~ discuss~ç1., The observation 'th4t the' metal uptake by , 

older cells was Iess than tha~ by younge~'ceIls was· ascribed.t~ 
~ , . . 

changes in the medium éom~sition~ ~ecognizing that medium 
, ' 1 \ ~ ~'- R _,,' \ ~ '~~, 

. ècirnponents may; ç:ornplex the: meta! and thereby change' the' uptalte 

,'behaviour'. ',Howeverl 'the possibility that the, cells themselves ,. 
, .' - , 1 ~ .. ~ , _ ... 

-l, ~ 

, ~ • " - ,. - 1 • _ 

. migh't be' dlfferent was ,not, r~coghized. , l ,J 

. " . " 
, , 

,''',-:-' 1.~.2.3 
, , 

, , - . - - \ 

Metal, taken up by bqcte~ia mêly' be loéated ln the cytoplasni,-' 
.. ... ~ ... ~ , • _ - ~ ,:'" l '," , ( 

... ..' - _ - "_M '1 Mo ' , 1 

'" ._. ,,' e~tracellUlar pOlys~ccharides or, cell, wall.'" 
, ' 

,~ _ , b 

Active tr,ansport into the cytopl~sm, "and ~rnroobiliza:ion of " 
, . 

~ r ~.J" , ~ 

, . 

1 '--" 

, ' ',: metals in vesicles or ,granules, ·are the 'results of relatively , . 

,: l, ~"'.'. ", : sl~ ~roce~se~' which ar~ se~si ti~e to bQth ten~'r~tù/e ~d ' " ", ' 

~ '" ,~'metabàlic 'innibitors (Lë~tèr:, 
, ,-' , ~ " • - -,.. ~ - !', , 

" , 

_.. l ' ~'I 
1 ~- '.' 

,( 
, . , " 

" \ ' r ;', 
,,;, ' " 

, . 
~ - , 1 

" \ 

8 
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1983). Such accumulati,on May be associated wit'h mechanisms' of 
, 1 

re~ist~ce to toxic metâls in the growth medium.' (Uternatively, 

. , inoreased specifie traqsport of metals out o.f the cell May result~ 

in decteased aocumulation 'by" res.istant· species (Silv~r, 1984). 

, Bollag and Dus~ota (1984) fo~n~ no correlation bet~een ~admium-
.. 

resi~tance and uptake abilities of a variety'of bacteria. 
, , 

'Presumably' individual species àdopted one,of these two . ~ , 

,'diametr ical-Iy Qpposed mechanisms of adaptati on, ,invol ving ei ther . 
: 1 ~ .;.. , 

" JI" 

,'ei;lhanc~d inunobilization 0"[ exclusion of 'thelltoxic Metal by the 

ëells. 
'. . 

~n,many studies of,bacterial J'œtal upt;ake' using'whole cells, 

~xtracellul~r'polysaccharides' or capsular mat~tials play a ' 
" ' 

signific,ant role. Lead recove~ by no~çàpsulated Mic[ococcus' 
,. \" 

~ _.....! • 

. '~luteu§ was about qn~sixth'of that by capsulated Azotobacter Spa 
, -, ,- ~ ... 

'. when both were grown ,in, media containing lead 1 (Tornabene and 
"' '-. , - J; {' 

1 " _, , ~ 

Edw~rds, ~97'2) •. , Similaçly, high upta~e of cadmium, by ~g"owing ahd 
,; 

resting. Citrobàcter sp., compared to uptake by other ,specie~ 
, ~ - 1 \ 
1, • __ ~, _. , ., 

, 1 _ ' 1,-

unde,r 1nvesti,gation, was possibly due',tô' an exopolymer (~caskie 
~ ~. l ' (1. . l 1'-' ! ~ 

.,' ,'. > ,', ,- ' .. " and Dean, ~1982).' Capsulated Bac:i,llus meqAteriUm was ,fou'nd to 
- 1 _ - - • ,\~ , ~ - - -~, ~ \ , , 

:, , , bin~ 'non":toxic cUvaIent cations,. and to be less senslf.ive tp' ". 
-,-- ~': 

) 1 _~ \ _ 

" , 

copper ~ mercury and: s!lver- than a small-cap$u1e' mutant' {Cassity· . 
1 l ' .,. " ~ ,'> ,--' 1 l/ ~ ..-... l, 

_, -and,~~lodziej, 19~4). Copper, uranium a~d1ca~ium,;b?und' by 

, 1 

","- r 

• ~. - , '} 1-

zooglOea rAmigera biomass' (1·7% cells;, 83% polyaa,ccharide,) was - -\ ~ r. .. , , 

" '-' ~e~~vered in acid solution, and the biomass co!uld 6e reuséd ' . 
\ .. " \, -~ -. ~ ~,~ " .. ' ~ , 

, '-' . ,'. :: -'-', -, ,"(Norbè-rg and Perss~m, ,19~4). Emulsan,' the isol~t~ extrac~ll':llar' . 
, , • 1 

-' , _ _ 1 Tl .. 

, " " polymer. of ,'Acinetobacter RAG-l, effectively, bounQ ,uranium. , . This, 
" 

. ' -. 
- -' ",' .. 
, " 

, ' ~" 

_, WAS ,ascribed to c0J.l!plelÇa~on 'by uronie. acid resi~ues whicn make, 
, , 

, .', _u~ about ~3% of the', polymer (zosim It' Al. / ~983). 
, ' 

Strength of 
, " 

,1 1 ~ 

" - , ,9 
, 

, , 

, ' .. 

, , 
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~, binding wa~ enhanced when the pqlymer was constrained by 

adsorption o~ a hexildecane-water interface. Metal accumulation' 
'~ 

~ mi~robial~y produced polymers, with emphasis on subsequent -floc . , 

'- formation' ~o 'aid separation and recovery of met.als and 9r9~nic ' 
" 

material, was revieWed by Dugan and Pickrum (1972). 

Beveridge and Mut;ray (1980) èxamined uptake, ,of a variety of-
~ l' , -

~ ,,- ~ 

,metals'by BaçilluQ subtifis cell walls,by'c~émically modifying 
, i • 

, ionizable groups. ,They demonstrated complexatïon/i0r:t exchange 

and precipitation of hydroxides or salts within cell walls. The 

. removal of7 ~ei~~ic acid (phosplate) resulted:.in 'stoichio~triG ' 

" reduction in uptake, while nucleation of microcrystals was 

a~so_c;~ted witp' th~ carJ>oxylate 9roup~,., BiÏlding of a ca~<?nic '-

'osmium probe corresponded te> the carboxylate groups of the - _ 
,. 1 J • 

peptid~glycan- and'.was 'aff~cted, l'itt:J.e in tei'choic- acic;l-,.depleted ~ , 
"1 1 1 r' 

, ,; \ (( \ 1 l' ~ - 1 ~ 

walls (Beveridge and Jack, 1982). Metal binding by ~cherichia . , , 
, , 

__ ,.', :~~ K-12 cell wal,ls haS also be'en' attributea- to the carboxyl 
- ~ - ~ " 

. - groups of the'Peptid6-g1ycan sàcculus (Hoyle ~d Beveridge, 1983, 
- 1 1 l ' ., 

'1' 

, 1984). 
" , " 

T 

,-
" 1 

',-Studieà_of metaI uptake by some fung~ initially arose:ftom 
~ . ~,-- , -

" concerns regarding fungic:i;des and the subsequent f'~rm~ntabiiity 
, • _ • _ ~ 1 _ ,. _ , ... ~ 

- . ~, , 

,-' .,THe' pattern O:f ~pPer uptak'e by AùreobasièU\Jm pullUlans ~as fourld 

t~' depend~ upon' th~ -f~rm of the 'o~ganism '(Gadd an~ Mowll', 1986~ .~ .. 
- - ". '- . 

./-". ,-Yeast :an~ mYcelia exhibited initial rapid, metabolisnrindepe~dent, 
- , 

binding to the cell surface, fOllowed, by slower uptake which was 
, ., 

-' ,'" ,uiètAbo11sm-dé~dent. ChlàmydosPô~'es exhibi ted' ,much greater 
.... 1 1..,' i, ~ , 

, , 

" ~ , 1 ~, 10 

-- \ . 

1 -

.. 

'.' 

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

- 1 

",' 
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uP~~ke~ aIl of wqich was me~_àbolism-independ~~t. 'Initial' bindi'ng 

- - "-by the mycelium was reduoed by 43% at pH 2.5 .c6mpared to pH 6.5, 

'wHile ~ptake by the yeast-like celis and chlâmydospores was 
. . 

'r~uced by 77% and 84% respectively. Simila~ biphasic uptake 

_ behaviou'r was observed for zinc accUmulation by the yeasts . 

SpQrobolomyces roàeu§ and saccharomyces cereyisiae (Mowll and 
• ft 

tadd', ,1983~. Ip s.a. cereyisiae cadmium resistance/was found-to , 

correspond to decreased uptake by the cell wall l lower levels of 

the metal in the cytoplasm, and the production of a low molecular 

weight metal-specifie protein in the cytoplqsm (Joho ~ âl., 

1985) • . , 
-\ , ," , 

Studies of m~tal uptake by moulds has more frequently arisen 
, , , 0 

from interest in·biosorbents. Both growing and pré-cultured 
.. 1 \ '\ 

pênicill~ym ,bio~ass samples sëquestered uranyl :i,.on f'rom solution - , , , 

(Zajic and Chiu, 1972: Galun ~ sl., 1983a). The,presence-of ~ 

uranium i~ the mediùm 'had a dele~erious effect on metal uptake by 
~ \ " ,( , , 

-(- the -growing organ,ism, whil-e treat:mentsto. kill, the moUld did not 
_- - ..J \ ~ 

, - , 

decrease, and in some cases_ enhaneed uptake~ Si~ificant uptake 

, . " -"was Qbs·e;ved· ~t' pH 2.5, and this-wa-s ~scribed tO-'b-'i~i~g -py 
'phosphate or 'sulphate .groups. ' Wi'th a view to commercial . , 

exploitation of a I;>~Os'o~b~nt', investig~t'ions ~er~ ca'rried out: 
l' ..,. , 

- usil:lg pre-cult~r~ whol~ C~lls, whiefl reveale9. th~t. iron (l,II) 
" , ~ , 

'..1 - ~.~' , _ l' .,_ _ _ _ , 

severel~ interfer~ wit;h urani~ llptake" although divalent Ni" 
, . 

, '_ / èli; Zn,· Cd . and' Pb, as weIl as z:iIcil-ybcla té ,and ch roma t~ had 

r.el~tive'l~ .~ittle eefec't~ 'Q.ranium could be' :êffici~ntî-y reco~erëd -
/... . .,; 

fram the biomass using alkali carbonateS ~ 61% ,r'~overy ~âs- • 
,- ) r", '. • l '... ,~ ','" > ... 

obtained in 0.1 M EDTA and,little was rec·overed· in aqu'eOu~ - " , 
~ - 1. ) ~~ ___ ,_, _ _ Fr '~. 'l" '" .: 1 l ' " ~ • ~ t _ \' -; ~,. ~. 

1 .... "'- \ : - ~_l ..... 1 .. l~ • 1 -' 

.. ' 
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aDIDOnia' or organic acid'solutions at pH 4~6 (Galun'~ Ù.-, :1983b, 

1984). 

A series of studies of RhiZQPuS blosorbents was init,iated 

when Tsezos and Volesky (1981) discovered that RbizQPUs arrhizus 

w~s' the best of a variety of ~aste biomass sample~ for .- -
,sequestering uranium and thorium from solution. ~e meta1 was 

associated with the ce11 wall. and uptake was- ascribed ta 

coordination with chi tin nitrog~n, as well as precipitation and 

hydrolysis (Tsezos and Vo1esky, 1981, 1982a,b). Tobin ~sl. (1984) 

measured uptak~ of a variety of metal cations br ~ arrhizus 

biomass and propos~d-that uptake was primarily, due to association 
, " .' . 

~ , 

~it,h phosph~te and carboxyl groups, based on the fàct that- upt~k,e 
-, ~ \ \ , -

waa a"functi,on 'of the .i,onic radius ,of the ~etal ions.' Tr~en- . 

- "'-sears ~"âl.. (1984) studi~d uptake of 'the ~'ran;1 ion by species. 
/ 

'~f RhiZQPuS and found that ~llthough"ehe apility ta sequesteJ:' 
- J ' , _ .... 

, ~-., 1 

'u'ranium -èffectively was a charactetisti'c of' the, genus, the groWth -­, 

':- conditions and m~iurn composition-significantly affected this 
- -, _,. - ,,_ 1 _ 1 

·abili,ty. A model of ion exchange or complexation described -
, , -

_ uptake by a -sample of R. oligoSporus, 'in that, ùpt'ake 'was found _toi. ~ 
1 ~. - _, ' 1 , 

, . 

'~é largely reve~~ible upon adjustment o~ pH ~o â v~lue'less, than 

pa 2, or additio~4lts_or ligands such as EdT~. Rh~ZOPU~ 
Arrhizys ~as propagated as sm,all', ~tro~g pell,età, which when 

P,2lclted in a' cOl~:~rep,eate~llY c;ilec1;~ uran;i.Um from dilute ---', 
, " 

néutrai',:soluti~n ~d released it,.:in' a more concentrated form-in--~ 
} - • 1 _ ... ,. - _ \ , " ,,- f 7 ~ '\ ' 

O'~'~-l M acid ,so1ut~,ons'.' Ion e~~hange ~f 2 W:l 0022+ ~~s' - -- ' 

~bse~,ed· during th~- cour~e of, this ~tu'dy. ~ '" 
" ' " 

-- l' 

'- . , , \.--/ ,\ '" 
l . 

~ ~ .. , ~~, 

- ,1 • )~- _', ' 

-I~, , 
" 

., , 

~ 1 \ \ 
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There are a few report.s of comparisons of meta1 uptake by a 

vàriet~ of organisms. In an investigation of cadmium uptake by 
, ' 

'eleven soi1 microorganisms, Streptomyces sp. and the mou1d Mucor 

racemosus exhibited the greatest'abi1ity to sequester the metal 

(KU~ek ~ gl., 1982). cadmlum uptake by a large number of 

organisms growing in di1ute media was studied ~ Macaskie and 
\ 

~ean (1982), who deter~ned that there was no significant, ---p 

difference' in general between the metal uptake ability of 

bact~ia and moulds. They studied no mucora~ean fungi. In a 

rather poor1y documented study of mercury uptake by unspecified 

'yeasts ~d bacteria, Glot;nbitza _& sl,. (1984) found that bacteria 
,./ 

'cultivated on methahol sequestered more than twice as much m~tal 

as yeast cultivated on hydrocarbons.' Horikoshi ~ gl. (1981) 
, ' , - -- .....' 

J, 

l '- __ ' 

examined sequestering of the uranyl ion by a variety of organisms 
r) , , 

, ' 

and concluded that in general the or-der of affinity was 

actinomycetes > bacter fa > yeasts > mou1ds, ral thou9h ilie~e wer'e 
" ...' \ \ - \ ,J \ 

exceptional species. Rbizopus oryzea was the.only mou~d examined 
, , . 

, whic~.effectively sequestered uranium. Tsezos _and Vo1esky (1981) 

-a1so examined' uptake of the u~any1 ,ion ,by severa1' samples of 
, ,'\ 

_! "w~~te 'biomass _and found -th~t RbizQPYS -arrhizus was the most 

effective biosGrben~ among those studied.' It is of int~rest 'that 

,in a~l of the studies' in whiçh mU,CC?ralean ,fung! were includeç'l 

,- ~ong the species,examined, these otganisms were among the best 

. for 'renoval of bOth'cadmlum and u~ariium ,from solut,ion. This 

providès some, rational/for 'e'xamina,tion, Of -RbizopYS biQsorbents in 
_ • 1 , _ 1 

'the present:work. 
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1.1.3 'Industi!al aPPlltcationS of oiosotbents 

In populous 'areas the natural resilieney-of the ecosystems 

CaMO,t be de~ded upon to inunobilize' toxie metais dumpe~ by many 

'industries. passive meta! reèovety systans such as the Flin FIon 

or Missouri examples are'no.t universally applicable'because 

,intensely populated areas do not have large land areas free for 
- -, 

such applications. As weIl, growth in waste waters is often 

inhibited ~ metal toxieity (Hatch and Menawat, 1978). Other 

methods of reduction of leve~s of toxie metals have been devised 

, which- involve,c9~lection of metals by mîcroorganisms growing iri 

the'wastè in biological reactors, sueh as collection of metals 
"- ' -

',: from,meta).':finishulg wastes by baèteric1l used to reduce nitrate . .' 

~ev,els (Shumate ~ Ù., 1980 ~ . Hollp ~ Û,., 1980). Anaerobie 

,digestion and sewage treatme~t of dilut~ mètal~eontaining st,reams --, .' 
.' , 
also, may result in-immobilization of,substantial quantities,of 

, " 1 1 

, l (,- , \ • 

, heavy metals from dilute streams (Callander and Barford, 
t " . 

1983a,b; reviewed by Lester, 1983).·· Although propagation 'of 
l ,- • 

organisms- in a smaller,'contained biolo.gical reactor to remove 
" ~ - ~ 

undesirable metallié ions, 'f~om w~stes in a manner similar to 

the natura! i,umobiH.zation pI:ocesses ls elegant in' concept, It is 
\ 1"' 0 k 

1 - ~ 1 

not widely app).ic::able due ta the taxicity· of effluent streams. 
J " , ..' 1" 1.... ~~ 
\' , ~ 

,MinérJll leVels must. be reduped by a pretreatment 'step -or- by. 
, '. ~", '1.: , _ 

\' ' 9ilu,tion,,' '~r, the toxie m'et~ls may. destr:oy th~ pdp,:!,lation of ci , 

{ , 

·The,façt that 'bi6sorption of '~tals is often attributable to 
l , " ~, ~ Ir ... .. ... 

, • ~ r .....! ~" , th.e physical-chemiéal' make-up of tl:le, biolagfeal mater'lal -suggests 
~ - ~ \ t 

,.: tbat ~O~icity probiems', ~Uld be'aVoided 'by ,~ro~gating biomass 
i ' ,'~' -' ~ 1 ..> - ,1" 1 ~ _ L ... 

" ,and subs~ently 'using it- tO' take up Metal i9nS. In térms of~ 
,l. -' 1 

, ' 
.' 

, r ' 
'. -

- L - ,_ 

, ' 

'. ' 

, ' , 
, -

-~,>. 
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could e~~iSage either disposable 
\i. 

industrial processes, one 

biosorbents, o~ a reusable bi0109i~1 ion-exchange resin or 

'sorbent. This approach was evident in the course of research 

discussed above, and was noted by Macaskie and Dean (1982). . 
.... 

Several applications of biosorbents are presently patented 

or rnarketed: 

~ Chitosans of various descriptions are commercially available, 
• 
and have been cornpar~d fàvourab1y with other weak-base anion 

exchange or chelating resins (Hauer, 1978). Character ization of 

these mate~ials has been discussed by Muzzare11i ~~. (198Ia). 

- Derivatives of qhitin, chitosa~ and other polysaccharides 

which are usefu1 for complexing-metals as well as other 

- appli~tions have beeh patented by Hall and Yalpani (1984). 

- Algae,7 immobi1ized in silica or polyacry1amide gels, and capable of 

immobilizing 5-10 times as much metal as conventional ion 

exchange resins are being licensed by New Mexico State University 

, ,(Anon., 1985)., Preparation~ bind gold very strongly and are 
Il , 

tolerant to acid and high salts concentrations. 

'- Selective 'sorbents prepared by irnm:>biliiation of microbial 

sid~rophores (extracellular chelating molecules) have beep 

patented by Devoe-Holbein Inc. (1983) • .... 

.. 

- Application ~f a proprietary microbially-derived metal recovery 

, agent has been engineered and comme~ialized by Advanc~d Mineral 0 

Technologies (Golden Colorado, N.M., U.S.A.). The 'sorb~nt is • 

: amorphous, irregularily-shaped pellets which shrink as they takë 
1 

• up meeal. Counter-c -rrent fluidized bed continuous operation 

'1 pi.lot plants are available (Anon., 1986). 

-,Rbizopus biosorbents have been patented by Volesky and Tsezos (1981). 
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1.2 Description, Taxono~ and Growth" df ~ecies of'Rhizop~s 

Rbizopus species are ubiquitous in the environrnent and c~use . .' 
J 

rot of fruit, vegetables and other foo~s:lJ,~species cqpabl'e, ~f 

growth at 370C rnay cause rnucormycosis in mammals (Hesseltine and 

Ellis, 1973). Extracellular products of RbizQPuS which are-.. 
economically sign"ificant are' organic acids, 'par'ticulGl.rilY lactic 

and fumariç (ibid), lipases, proteases, arnylasés and-péctiC' , 

enzymes. Sorne species also -carry out selective transformations 

of steroids (Fogarty, 1983). Rbizopus speciés have long' heen 
• { • '1. 

used in the preparation of oriental foods as they are present ,in' 
1 ~ 

chinese yeast and starter cultures which break down st~rch ang 

protein before fermenting beans or other mater iaI s for' soya sauce 

or alcohol production, or for production of tempeh (rnoulded soya 

beans) (lnui ~âl., 1965; Hesseltine, 1985). Rhizopus 

oligosporus, which is a common organism for eempeh'pr6duction, 
, . 

also pî'oduces he,at-stable antibacter ial comP9unds which aid in 
-

C2mbating infections in those consuming it (Steinkraus ~ gl.; 

1983) • 

Taxonomy of ~ungi is extensive1y debatèd, in'part because 

little is known of their origin and evolution, but also because 

these rather cornplicatecl organisms rnay exl1"ibit different , . " 

morphology, metabolism, chefuical composition and modes of 
< 

- reproduction when grown under different conditions. The genus 

Rhizopua ,is classifled according to AlexopOlous and "Mims (1979, 

pp'31-39, ch. 9) in the division Ama~i96myoota' (fungi with'no~' 

centrioles bu,t functioning spindle pole bodies; no. motile cell~i~' 
. 

subdivision zyqomycotina ,Csaprobic or parasit~c .fungi, t~cally -
" 

coenocytic mycelium, asexual reproduction usually by ; <" 

, ~> -<'-

" '" " 16 ." . ~ 

'" r ". 
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sporangiospores, sexual reproduction by fusion .of gam~tangia to 

form zygosporangia containing zygospores), class Zygomycetes . 
(sexual reproduction by fusi.on of usually equal garnetangia ••• ), 

----order Mucor al es (mostly saprobic, coenocytic hyphae with septa 

principally at the base of rèproduc!tive structures), and ~amily 
J 

Mucoraceae (the largest and MOSt primitive farnily in the order). 

J?igure 1.1 illustrates three life cycles of Rbizopus, 

althou9h generally one or two cycles predominate for any 

particular species grown under given conditions. '&hizopus is a 

member of ZY9,omycetes in spite of the fact that few species have 

actu~lly been observed to form zygospores.. RbizQpJ1s sexuglis 

~ forms homothallic zygospores, while IL. stolonifer and IL. 

nigricans forlJ1 peterothallic zygospo'res upon the mating of, 

+ and - str ains • 
..... , 

, \ 

. " 

, 17' 

, 1 

" 

l,' 1 

" . , 
" ' 

, , 

" ' 



JI r • 

, ' 
, , . 

" ' 

.' , , 

,/ 

" ' 

, 1 
, 

, 'r 

Figure 1.1: .Growth and Reproduction of RbizQPus 
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1.3 Objectives - ~ 

This work ls a continuation of a Mastèr's thesis on ahizopu's' 

biosorbents (Treen~ 1981), the maîn resu1ts of which were 
, . 

published (Treen-Sears tt Al., 1984)., ' Although the genus . , 
# 

RhizQPus. was found to exhibit very 900d biosorbent properties" it 

was observed that the uranium uptake ability of 1h oligospQrus 

was strongly affècted by the growth' conditions. The desire to 

propagate biosorbénts with differènt metal uptake charac,teristics 

led to tbis detailed study of "propagation of Ra. javanicI,Js and 

characterization of its biosorbents. 'Phe three rrtain objectives 

were to: 

1. Estab1ish rnethods for defined and reproducible produ~ion and 

assessment of biosorbents. This includes.,deve1opment of 

synthetic media in ",hich, to' propagace 1arg,e quanti ties of 

RbizQPus biosorbent. 

2. ASsess the effects 'of growth conditions' oh biosorbent . 
l " ; 

ptOd~dtion (both qUàntity and quality}~ , 

3. ' Study 'the 'dff,f~rences in metal, uptake behavioùr ~d ) , 
, _ ~" , l" 1 ~-

,composition c;>f bio~orbénts isolated f,rQIn,'bi,oInass pr6pagatè~ un~e~ <. 
, ~ 1 (' , 

differ-ent 'conditions ~h~ch"atfécteà 'the bioso,r·bent qua1ity.. 
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2. MATElUALS AND' METHODS ~ 

, 
~ l' 1 -

,All wa~èr 'used in the 'course of th~S work, for ,biosQrben't 
, \ 

1 

prepara~ion,as weIl "as aIl other experiments, was dlsti~led,andr {. 
1 ~ , ,~ ........ '.. r • ~ 

then d~ionizeO (Barnsted 4-cartridge water'purification columns, 
• l ' 1 

'Sybron; colwrqls less th.an, 2% eXhausted)" al,1d aIl cheridcals, were , . , 
• .... - ( , , 1 ~ ~ ., ~ 1 

analytical reage:nt grade, u~less it ls noted that they' were, 

'pur ifi.~d ,furtl)er. 

• ~ J, 

2.1 
~ ... 1 1 -

Propagation. of nhiZQPus and ,Pc ëpa ration 'for Further An~ly~is' 

2.i'.1 ',Growth of biomass , -', l, - 1 - .. , 

1 • , 

1 .' :Th~ 8hiZQ~u,S species used, in t;h~se studiéà ~r'è list,ed in , ' , 

. Table 2.1. ,1 " " 

" ~I ; \','; ,~i'" .... ' - ..' l' ~ .. ' 

" ,.- All' organisms were maintained ,on al\ 'organic medium .'C<;l ucO se , 
.... l'" ; 1 ; (, ~ - .. 

- " , 

20' 9/t; neopeptone, 10 'gft,; NaNO), 1 g/L; M9SO~'~ ~0.5' g/L;, and 
~\, _ \1' 1 • " _. ~ 

,'aga'r, ,2~ g/L) , ,ta. avoid 'l08s of the or,ganism should _ i t Ilot grow" 
,\ , , f 

we'll 01,1 a synthetic ~ediùm. sYnthetic media -(Table 2'.2) w~re:' . " 
, ,_ ,. ~ ~ , ,- ~,~ , 

1 ." ~ 

1 prepared by steam"7sterilizing a~solution of glucose and mos~, 'l 
- ~, .. - - ( , l ' 

, , 
's~ts bef6re>mixing with,fl1ter-stèrilized urea,~d'KH2P94 ' 

_ ~... -,_ ' ,-, \ ) _ 1 _' ' ~ , ~.:t. , 

solution,a_.' This minimized hydrolysis of, the 'urea anQ , ': " 
J, " \ ... .... t 

":_'ç~ç~~~I~z~t,~~~"'Of" the 91~Cose'.,·' ',", ' ' : ':--, , ' " ," " 

1 _ , ~~ 1 ) , , 

;, 

" 
'" 1_ l " \/ .. ,\ 

, _ ~ 1" {J l' 

, (1 \ ,'1, ~ ) ~ \~~ ,~', ) " ~ .. 

~ "~, '!!~',' J' l, _: ri) ~'J '" 

,r ... \ .. 
i , . , 

j::' Il· 
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Table 2.1 
" . 

~ CUlturès of,Rh~zQPUâ 

lb. "arrhizÙs Fisher 

'~ chiDensis ~ità 

L de1uar var •. Inultiplici- ' 
sporus ~nui ~ AL. l, ,-, 

,~. f9rmosaensis Nakazawa 

R. iapOnicus Vuillemin_ 

'Ra.. j avaniéus -Takeda . ~-

-, ~ oJ,igQsporus Sai to 

RL oryzea W~nt ~ 
prinsen-Geerlings 

'-

* obtained from Canadà packe~s, Toronto. Canada 
'. \ -' 

, " 
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Table 2.2 

Synthetic Media for ~ropagatlon of RbizQPUs,Species 

unlts* . 

glucose ' ,(cj/L) 

urea , (g/L) 

,'- (g/L) ItH2P04 -
12HP04: ig/L) 

, 

MgS04 (pM) 

Ca~2 , ' (pM) 

,Feel3 '. - (11,.) 
~ .... : 

~04 ' (pM). , 
" 

" 

znS°4 "f (pM) 
, 

CrI (004) 2, (pM) 
, 

(NH")~0:!4 (~M) . 

CoC1
2 

, , (JÎM) , 
- . 

N1C12 ' (pM) . 
, 

--~o4 ' . ''.fIlK) , 

""­
" . 
Preli~inary Media 

(A) .(A2) 

30 . 10 

3 ,- l -
,) 

" 

, 1 

- -
.0.3. g/L 0 .. 07 g/L 

0.2 IIKJ/L o .01 mg/I:. 

. 2 rag/L . 2.g/L 
, 

20 flg/L' 20 pg/L 

, 4,0 pq/L 40 Ilg/L 
, 

20 pg/L 20 Jlg/L, 

20 pg/L - ,20 Ilg/L 
, 

40 pg/L . 40 pg/L 
, 

. -
'co pq/L 40 pg/L . 
' '2 P9fL , 2 pg/L ' 

, 

* unless Qtherwlsé' stated 
. '-

~ 

,g 

Unsupplemented Hlgh'Salts 
Medium Medium 

(B) (C), (H5I1) 

3.3 1 20 

0.33 0.2. 
. .. . " 

, 

0.33 0.4 4 -
- - -.. 

-
0.5 g/L 0.5 8000 

0.07 RIgIL 0.04 9000 
, 

0.7 rag/L 4 400 
, 

7 pg/L- 0.04 40 .: 

~l( pq/L 0.04 40 -
, 

7 pg/L Q.04 0.5 
~" 

7 pg/L 0.04 , 0:5' . 
" 

, " -
'14 'pg/L 

, 
0.04 0.04 

~ 

_ 14 pg/L 0.04 '" ''0.04 --
- , 

0,.7· pg/I} ,"0.04 ", ' O.~4_ 
.. 

, " 
.1 

~ , 
" 

~ -', 

l' 
~ " 

", 

;' 

Séreening 
Medium 

(SM) 

20 

.. 
,4 

, 

,- -
8000 . 

40 

40 
-

4 . 

4 
,/ 

0.4 

" . 0.4" 
~ ~ '1 ~ ( 

0.04 

0.04 . , 
, , 

0.04 , 

\,--

, . 

.-
, '", 

--<J 

" 

.... _ 'v~ 

Minimal 
Medium 

(MM) 
, ; 

10 1 

.. , 

3 

1.2 

4 . 
4 

4 "-

0.4 

0.4 
, 

0.4 

0.4 

< O!O~ 

9·04 

. 

, , 

. 0.p4. 

, -- .-
, ' 

, ~ 

, ". 
"'High Ca,' Zn 
: Medium 

(HCZ) 

: 
20 

" .. 
4 --- / 

- , , 
',1 -

4000 

18000 

400 
, /: 

40 ..... , i-.o 

, 80 

0.4 -
0.4 

; 
0.04 

0.04 
-

" 0.04 -

1... 

',0 

'. 

N 
N 

.. 
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AlI cultures were incubatéd at 250C. Cultures on solid 
- , 

media. -were gr'own within 1 m of a 40-W incandespent lamp f.or ,5 to· 
. 

7 days to achieve' healthy sporulation. Stock 'cultures were th en 
," .: ~ 

, , 

stored at 40 C with routine transfers every '3 months. Before 

'spore suspens;ons were,prepared as inocula for liqQid media, the 
~ 1 ~ .. 

organism was subjected to a mininum of' 5 transfers (a loop was 
1 _ \ C , \ 1 /.,'!.. ~' " • 

used to transfer a small quantity o~ aerial growth) on agar 

(20 g/L) slants of ~he same medium. Spore inocula were prepared , , 

aseptically in. two steps. Water (5 mL) was added to a freshly 
, , 

groWn agar sla~t and a9itated, and l .mL of the spore suspension 

. was used to inoculat~ a 30 cin2 agar surface. Af~ei 5' to 7 days 

of -g~owth, the spores were 'suspended in water, fil tered through ,a 
" '1 . 

ao-pm mesh nylon screen, and c911ected on a 0.45 pm membrane 

filter. The spores were rinsed and suspènded in water befote 

inoculation of the liquid medium. ' Spore ~onèentrati~ns were 

determlned using a Petroff-Hauser counting chamber. Althou'gh 
, , 

spore J~ocula wete used i'n the ~jority of experiments, a 

dis~rse' vegetative inoculum ~as used in on~ exper'irœnt, as 
, 

indicated. Thes~ were young {early-exponential phase) 'cultures'. " \ 
. ,,, - ' 

.~, The moulds were grown in suspension in Erlenmeyer ,flasks" i 
1 1 \ ... 01,\ 

Wh,~aton bottles and fermentor~. The ~y~e of grow'th vessel ,i~ " 
\ 

noted in each exPeriment. 
... 1 ~. -

In general:, shake flask exper iments 
, \ 

were carried out wi th 50 mL or 100 mL of medium in ,250-inL 

Etlenmeyer fIask~ stoppered with foam Plugs, and agit~ted at 
, 

, 250' rpm, '2.5 'Ctn displacement .on a rotary shaker. Sealed and 
, , 

_ " J.... "" 

agitated ISO-mL 'Wheaton bottlea' containing 50 mL of medium we'('e 
~ .. ~. - 1 • • 

used in an investigation of di~orphic growth.' AlI shake flask 
, , 

experimenta. were pèrforme~ .in duplicate or triplicate, although 
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9rea~el: numbers of flasks w~re used when larger quanti ties of 

biomas~ than would be producéd in only a couple of flasks were 

require4 for Metal uptake determinations. water-jacketed, 2-L 

versatec\ fermentOl:~ (~egasus Industrial' Specialities, Agincourt, 

Ontario, Canada) with 1.5 L of broth were al~o used. Dry air was 

métered~; 'moistened, fil tered through sterile glass wool, and 

supplied to the base of the agitator shaft b~low a 6.S-cm 

diameter st,ainless ste'el horizontal ,mixing plate. The plate had 
. 

21 hol~.s wi th bevelled edges pointing' down, so tha t when the 
~ 

shaft was vibrated verti~lly (60 Hz) by a "Vibra-Mixer" (Pegasus 
.,~- f 

Ind. Special.) downward pumping action resulted. The pH was 

',controlled by autanatic addition of 2.0 r~ NaOH (Chemtrix, type 

45). Samples were withdrawn through a tube, which was kept clear : 

when'not; in use with a slow flow of air. propagation of larger 

quanti~iea of biomass for extraction and detailed analyses of 

biosorbe~t cpmposi tion and behaviour was carried out in la L of 

~edium'at pH 6 in 14-L fermentors (Microferm, New Brunswick ., 

Scient~fic ,Co." ~, U~). The cultures were aerated at la L/rnin 

1 

- , , /0-, ':. - ana ag~tated at -400 Fpm, by two 4-blad~ turbi~e impellers o~ 10 cm 

, . 
" , 

" 

- " 

,"< 

di-amete~, with 2-cm sqL!are blades. 

Glucose in the fermentation broth was rneasured using -the ONS' , 

reduclng sugar assay (Fischer and Kohtes, 1951). A 2-mL' s~ple 

containing less than~2 mg of glucose was mi~ed with 2 mL ~f 
, \( t _ • ' 

reagen~ (3,5-dinitrQsalicylic acid, 10 g/L; sodium hydroxide, 

- - -16 g/L; and 'sodium potassium tartrate, -300 g/t) and heated for 
~ .. " ... ! 

, . 
five minutes at, lOOoC. Aft~i cooling, 6 ~ of water was added, 

'/ ~ ~ 

tlie s~ple was' mixed' weIl and the 'ab$'otbance ·w~s,cmeasu'r,ed at ,560. nm . , 
, ' , 1 \ ~ ,\ -

using round ,-l~cm glass test tubes ,in -a Beçkman spectroph<?tometer. 
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There. was no int.!rfere~ce f~,om compor:-~nts of the growth lIledi~. 
. '\. '. 

2.1.2 Harvesting and extraction of biQmass ' " 

Bioma~ss was 'routinely harvestèd by '~filtration' on paper, . ," _. 

(Whatm~ me(:H~) • It \lias then' resus~nded in 'water ~~a~;-;J 
. ' : ~ ., 

, blender at high speed for 15-30 s, filter'èd" resuspenâed in 0.1 ~1 

BCI in the blender, filtered, 'and repeatedly. resuspend~d in'wate". 
~, \ ~ ~ -

in the blender and filteted until the clear~ 'çolQurless filtrate 

, was of neutral ,pH. -The pale, pa~r-like bio'sorbent (mater~ai for 

Metal uptake studies) was then either dried'a~r60m temper~ture·' 

if the samples were very small, or at suce in a, vacuum oven., ' 

Microscopie exami-nation revealed.hyphal ghosts and debris. Very 
" , 

, ' 
.1ittle, if any, of the eytoplasm ranained after the acid treabnent. 

, . 
Three large 'batcheè o~ biomass for extraction' and detailed 

~ly~es of composition and Metal' tiptake behavioùr, which were 

propagated in the, Microferrn fer:mentors, welJ~ repeate,dly . suspènd~ 
, 

in water"in' a Wating blender, dried and th,e{l ground 'te) a,fine ". , 
~ " " ; 

.,powder in é) ceramic ball "mill: Tc prepare standard and extrà~te9 .----' 
- -, ",, 

biosorbents 3-g quantitie~ of powdered biomass were mixed ' 

continuo~sly at rpern temperature in 500 mL of eithér O.Ol,M HCl 
_ r. ' • , \.. \' 

~ or 3 M HN02 fo~ 3 h, or in 5 M LiCI over~ight. The nitrous acid' 
l, 

"Et~t,r,ac;:tion was carr~eg" out. by '~x~g equal ,quantities of cold' • 
, '. 

NaN02 and HCI s'olations wit~, th~ ~iom~ss in aS-L, flask (sorne 

initial foamin9_Occürred) and covering the mouth with plastic 

film (Parafilm), to minimize leakage of gas. The extracted 
!; 

biosorbents'were centrifuged, and re~atedly washed with water 

until all wat;er samples.were colouilèss and of neutral ·pH. " c 

,. .... --

~ 1 _ ,'" ' , \ 

T~e biosorbent was' dr ie,d an~ ,b,roken "~p or- ground, and _,then 

1· ~I 
.1 

, 1 ;. _ 
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Table 2.3" 

. Wavelengtbs and Molar Extinction Coefficients for: the Analysis '. 

of~DED!C-Metal ~âmplexes 
l ' -

, ' 

Species Salt Wave1ength 
(nm) 

. 

Mn (II) '. MnS°4~B20 . 354 . 
, 

pe (III) Pec13•6820 347 . 
J 

Co (II) COC12·6820 325 . 

Ni (II) , ~1e12·6H20 
, 

.co 324 
) . 

Cu (II) CUS04 • 5820 . 
. 433 . 

Zn (~I) znS°4•7820 . 262 

Cd' (II) " Cd. (NO)') 2. 482° ( 262 
. ' 

Ag ('I) ~9N03 . 262 
, . . 

: . 
Pb~I), Pb (N93) 2 262, 

, , 

1f9 "(II) BgC12 . . 275 
- - , ., 

0 

Cr (III) " . CrK(S04) 2·12~20 ,300 

, , 

-

\ 

, , 

Ma1ar Extinction 
. Coefficient 

(L/mol/cm) 

5.0 ~ 103 

7.0 x 103 
, 

'26 x 103. 

38 x 103 . 

13 le 103 * . 

'17 x 103 
. 

20' ~ 103 
1 

9.6 x 103 
, 

18 x ~03 . 

32 x ~O3 
, 

6.0 x 103 

. - * .' , , . ' , 
, For çamparison§ 'r~rted values for Cu II complexes are 

·12.1-13.4 x 10 (Bulanicki" 1967), -" ... 
_ \ • l '- ........... r 

.... , 1 

. 
, ' 1 

J\ _1 

.. , 

" . 

- " 

~ . 

" , 

~ , Y~ .. l' ~ ,~ '. '-
\ .. - \ 

" " ~ 
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, , 
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accurately ~eighed wi~h an analytièal balance (0.05 9 ta 0.1 g) 

for Metal contacting experiments. Either 20 or 25 mL of metal-

bearing solution was shaken with the biosorbent at 250 C for 15 to 

20 h (experiments outlined in Section 3.1(.3 showed that equilibrium 
• 

was reached af;er la hl, the pH,was measur~d, and samples were 

examined microscopically for evidence' of microbial growth. 

Most of ~he metal assays were perfor~ed by atomic absorption 

spectroscopy using an Instrumentation Laboratory AA/AE , , 

Spectrophotometer 551.' The copper assays in preliminary 

experiments and those studies leading to the development of the 
~' ' 

high-salts medium"however, were do ne by measuring the 'absorbance 

of the diethyldithiocarbamate (DEDTC) complex at 433 rom 

(Hulanicki,1967). A sample (O.02 to 0.2 mL) containing 0.01 to 

0.1 pmol of metaI, 5 mL of a freshly-prepared 0.1% 'aqueous 

solution of sodium DEDTC, and 5 nIL of 'ethyl acetate was mixed 

thoroughly in a test tube and allowed to separate. The 

absorbançe of the ethyl acetate layer containing standard or 

unk~ metal concentrations was measured against a blank 
\ . . 

obtained by contacting ethyl acetate with'the appropriately 

diluted O~ solution. " One-centimeter quartz cells were, used Tn .' 
a Coleman Hitachi 124 double-beam spectrophotometer. Beer 1 s law 

was obeyed up to an absorbance of 0.7 w~th a molar extinçtiori 

coefficient of 1.3 x 104 mol/L/cm. Metal-free as weIl as 

biomass-free controls w,ere routinely examined, and they matcheà 

the blank and standa,rd Metal ~olutions respectively. Analysi s of 

a variety of other metals using a similar systen was. investig~ ted, 

and used for analyses reported in 'Table 3.3. The wavelengths and -

mol~r extinction coefficients for these assays are listed in 
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Table 2.3. AlI analyses were pone in duplica~e or triplicate.,. 
) " ,< 

Metal uptake by the biosorbent was dè'termined as the 
- , 

d~fference between the initial and final concentr.ations of metal 

, in solution. In ,solutions of final concentration g~eater than 

3 mM the solids' metal content was c, also determined directly after 

boiling Jn concentrated nitric acid. Both the spe<!:if lc uptake 
" 

Cmicromoles of meta.! bound per gram of dried biosorbent}, and the 

biosotFtive yield (specffic uptake x biomass"concentrati.on in , , 

'grams per litre of medium) were calculated. Metal uptake results 

werf! fitted to an e<;Iuilibrium model assuming one or two types o~ 
, . 

sites using a BASIC computer program (Appendix 2). 

2.3 Sulphite OXidation Measuranent, of Oxygen Transfer 

Oxygen transfer was measured at 2soC in a Versatec fermentor 

(Pegasus Industrial Specialiti'es, Agincourt, Ont., Canada) wi th a 

2-lJ jar, and a Vibra-Mixer wi th a standard 6 .s-cm diamete~ mixing 
. 

plate positioned at the top of the hèmi-spherical bottan secti-on _ 

of the fermentor. '!'Wo liters of' reaction mixture containing 
il: ' 

.... ~ :"," 
100 mL of a 0.2 M borax-cobal t bUffer-catalyst solution (19.07 9 

, . 

Na2B4Û7 .10H20 plus -0.5 g. CoCl2 .682° werE} diluted to l L, stirred 
", 

at 250C overnight and f i,l tered) and .100 mL of a 0.2 M sodium 
~ 1 _ \ 

sulphite solution (25.2 9 Na2S03/L}-were prepared, and an 
, • < 

additionÊll 25 mL of water was, added to coÎnpensate for th~ volume 

removed for the zero-time sample. The stirring and aeration 

condiUons- were set, and 5 min was allowed for the gas and 

solution to, equil,ibrate Creach pÊleudo-steady-state). A bulb and~ 

25-mL pipette which hàél,been flushed with nitrogen was then used " " 
, .... 1 'Q. 

to remove the zero-time sample from -10 cm below thé'surface. 

'l'hree s-mL samples were then mixed with 5. mL of a 0.02 M' lOdlne-' , 

" .", 28 
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iodide solution (2.5 g 12 pl?s 12 9 KI were dissolved in l L of 

r and fil tered through sintered glàss), and then titrated 

with a a.oo? M sodium thiosulphate solution (2.5 9 Na2S2ÛJ.5H20 

plus 0.2 9 Na2C03 'dissolved in 2 L of boiled water) to a starch 

~ndicator end-point. The thiosulphate solution was standardized 

using potassium iodate. After 15-20 minutes a second 25-mL 

sample was removed from the fermentor and treated in the same 

manner. The rate of sulphite oxidation was determined as the 
f 

difference between the initial and final concentrations divided 

by the time of reaction, .and was twic.e the rate .of oxygen 

co~sumption. This'-syst~m resulted in a zero-order reaction 

during oxidation\p~ more than 75% of the sulphite. 
-" 

2.4 . ~hemi~al AnalYSis~i-e~ents and Extract Samples 

Biosorbent samples were hydrolys~d (0.02 9 / 8.5 mL) in 

sealed tubes at 1000C ~der two sets of conditions determined by 

prelimina~ experiments to be optimum for various analyses 

(Appendix 1). Mild hydrolysis in 1.2 M HCl for 2 h preceded 

analysis of neutral and' acidié sugars, while harsh hydrolysis in " 

'6 M Hel for ·10 h was necessa~ before analyses of }?rotein and 

glucosarnine were carried out. After hydrolysis the samples were 

drie'd Jyacuo and then redissolved in water, the solids were 

remov~ by centrifugation, and the supernatants were diluted to 
~ 

~o mL. Extract samples containing HN02 ~ere purged with air for 

5 h at room temperature before assaying, but this ,treatment was 

\ . not safficient to avoid interference during sugar assays which 

were very sensitive to nitrous acid. All colorimetrie' 
:.' 

measurements were carried out in duplicate using l-cm round test­

tubes in a Beckman single-beam spectrophotometer. 
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2.4.1 phosphate 

Phosphate was measured direct1y .. in both, mUd and harsh 

hydrolysate samplês. Extr_act s~ples were digested by wetting 
~ 

with 0.2 mL of 3: 2 (vol/vol) concentrated H2504 and 70% HCI04, 
. . 

,and heating over electrical elements for 30 min •. The syrup was ...... 

then diluted 100 times with water and heated foro 10 min at 100oe. 
J • , 

The method of King (19~2) was modified for sma11er volumes and 

constant .sarnple size. AS-mL sample «200].lM P) was mixed with 

0.2 mL of 70% perchloric acid,. 0.2 mL of 5% anunonium mo1ybdate 

and 0.1 mL' of l-amino-2-napthol-4-sulphonic acid solution (Fisher 

Scientific, dry mixture containihg sodium bisulphite and sodium , 

.-

sUlphite, prepared as directed). The colour was allowed to develop 

for 15 minutes at room temperature and the aQsorbance was read at 

660- mu. No interferences wer~ encountered ~ing thi. as say. 

2.4.2 Neutra! sugars 

Neutra! sugars were measured directIy in both the mild 
, / r 

hydrolysate and in the extract samp1es uSing anthrone (Maddy, 

1976) with glucose as a standard. The reagent was prepared by 

dissolv;ng 0.5 9 of anthrone and, 10 9 of thiourea in a cooled 

sulphuric acid solution (concentrated '~ulphur ic acid added to 

'280 mL of water to make up 1 L). It wa~ st~reC\ at SoC and qsed ~ 

within 2 weeks. Al-mL samp1e containing 26-200 Jl9 sl1gar 

(glucose equivalent) was mixed with 5 mL of. the r.eagent, heated 
• 

for 15 minutes at 100oe, and cooled. ~ 
The absorbance watt measur ed 

o '. • 
at 62"0 nm and was linear with concentration ovei the range .... 

Analyses of tthe ni trous acid extrélQt samples wer;e discoun'ted 

because interference resul ted in high readings. 
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Gluou~onic aéiÇl levels were determineà in the mil d 

hydrolysate and extract samples using carbazole (Bitter and Muir, 

1961) with glucuronolactone as a standard. Al-mL sample 

containing less than the equivà!ent of 40 pg of glucu~onolactone 

was added careful,ly with constant mixing to 5 mL of a cold 

solution of 0.05 M sodium tetraborate in concentrated sulphuric 

acid, heated for 10 minutes at 1000e, and coo1ed. Carbazole was 

recrystallized from ethanol, and a 0.25% solution in ethanol was 
, 

prepared as needed. A O.2-mL portion was mixed"with the sample, 

heated at IOOoe for 15 minutes, cooled, and the absorbance was 

measured at 530 lUl1. The blanks were less than 0.025 absorbânce, 

as recommended. More than 0.4 M chloride may suppress the 

colour, and nitrate may.enhance the colour in th~s assay. Thus 

analysis of the 3 M Lie1 e~tract samples was not carried Otlt. 

2.4.4 Protein 

Protein was measured in the harsb hydrolysate and extract 

samples using the Folin phenol reagent (L~wry ~ Bl., 1951; 

Schluf, -198l) using bovin~serum albumin as a standard. Stoc~ 
, 

solutions of (A) 2% (wt/vol) CUS04; (B) 4% (wt/v01) sodium 
, l 

potassium tartrate; anQ (C) 3% jwt/vol) sodium c~rbonate in 0,.1 M 

NaOH, (prepared in" boiled water) were used to prepare fre.s',ly a 

solution containing 2 mL each of (A) and (B) and 98 mL of (C). A , 

5-mL portion of this was mixed with a O.5~mL sample çontaining 

betwéen 10 pg and 100 )1g of proteine After 10 minutes it was 

mixed viqorously wi~h 0.5 mL of phenol reagent (Folin-Clocalteau 

dilut;ed 1:,1 with w'!-ter) and aft~r an addit~onal 30 mirtutes the 

absor~c~ was measured at 700, nm. 
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,Ninllydrin vas also u'sed ,to estimatè quanti ties of 

glucosamine ~us protein (Rosen, 1957). Al-mL sample containirt9 

, 0.02 pmol to 0.4 pmol amine groups w~s mixèd with 0.5 ~ of 

sodium cyanide in 'acetate buffer '(20 mL of 0 .01 ~1 NaCN was 

diluted to t L with buffer prepared bY,diluting 360 9 of sodium 

acetate trihydrate and 67 mL of glacial acêtic acid to 1 L) and 

0.5 mL 9f 3% ninhydrin in 2-methoxy ethanol, and heated,at'lOOoC 
~. " 0 

." 
for 15 minutes. Inunédiately 5 mL of 1:1 isopropanc;>l/water was 

added and the sarnple was mix~d vigorously. After cooling to rodm 

ternperature 'the absorbance was read at 570 nm. 

No inter~erence with either of the protein assays was evident. 

2.4.5 Glucosarnine 
<,. 

qlucosamine and HN02-reaction productà were me~ured by high 

performance liquid chrornatography (Beckn'lan 3~2 gradi,eflt, liquid 

çhromatograph witrr a refractive index détector and a 2i cm 
• 

, Brownlee polypore CA dolumn, 10 pm c'arrier 'beaq size, ~t spoe, 
, . 

1 ~ .. \'~ 1 ) 

eluted at 0.3 mL p~r minute .with degassed water). 'Protein plus .. 

, , 

• , gl,ucc;>samine wa'S also est;imated using ninhyd~in (Section 2.4.,4). 

, , 

. 
2.~ Al~ali TitratlQns of Biosorbent Samples . 

- " 

,samples' of 'tbe: oUi HSM b10sO'J:b,ents (proi?agated for 45 h in' 
- ,1 '\ ~" , , • 

the 'high saI ts medium) were fin~ly ground in a cer~ic MI'I mUf ' -

and Ool/''';';i>J,es .1n. iOmL ~ater were titr~ti!d. S~~lY und~r . . 

, j, • 

,1 1 1 

nitr0gen with 0.01 ~'NaOH using a Radiometer Tit~i9raph'tYpe' SBR . . ' 
'2e and a Tltrator type TTT lb, (Radiorneter, Copenhagen, ~nmark,) .• ' 

" 
'!'he ,sodi~ hydroxide SOI!ltio~ 'was pr'epared in boiled water fr,0l'\ a 

,2' ~ 

SOt sy~up, and ,standardized usirtg o'xalic acid. ânldîsodium 
1 __ \, ,/t, _ \ , 

'ethylenediaminetetraacetic aci.a solùtions. The ~uipmentwas 
! - 1 1 

, ' , '" ' 

4~usted' s~ ,that the 'biomass was titrated in 6 ~o 8 'hours. 

, " 

, , , ,32 
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3. RESOLTS 
, . , 

, ; 

.' 

3.1 Background Exp~riments to Establ,ish Experirœntal, Me,thods 
~ \ , , 

The' lirst object;.iv~ of this' work was to establish methods to' 

propagate repeatably the biosorbents which were to be the subject 

Qf study. These methods had to.be such that· grpwtb conditions 
\ , 

were as careful1y defined~as possible and were 'amenable to 

contr011ed variation. Two,aspects of this were the handling of 
\.. 

\ :the. organisms 'and, the prePar10n of a t~tall~ d~f.!.ne~ ~yn~~t+c 

t ' growth medj,um. prepara,tion and ~efin,ement,_of: th~ growth ,meqium 
, 

,is -dj.scussed in sections ,:3.2 ana 3.3.· 
l, 

~ ... - , 

, 3.1.'1.-, ,Inoculum'prepé\rati'on, 
Î ' 

" 

~ , - \ 1 \ 

'- , . i " ' '~ spor e in9~ul~ was', used il) the majo~ ity of', e,q"er,inents " 
- \. l ' 1: - " l " , t " 

" : 

., ' 

.0, 
.l.. '\ .. , 

. 
\ ~)" -' ~ , \~ 
" , , . 

. , 
1.' . 

be~~use :li: was easi1y, qUa.nÙ,fi,eq usih'g. a' counting O,h~e~, and ~ 
, . . 

" the growtt:t pattern fol1owing inO?Ulati,~ with ~pores 'las:' ", 

repeatable as long a~ the,mu1tiple-transfe~ protoco~ describe~ in 
'-- ' - __ \ - ~ 1 • > ' , : ' ' 

• l , , ' ''1. 

,Section '2.1.1 was 'fo11owed and the inoçu1um'levél was COl1sta.rtt~· 
• ' l 1 \ - - ~ \ 

The latter, was ~ccomplisl)ed by çhecking spore concentr.ations' 
, , ' . . 

,1 , before e,ach inOCUlation. The importance' of the ser ies of 

, ' 

/ , l ' 

, transfars on solid ,media ,whiCh 'preceded, groWtb in any pat ticu1a r: 
\ , \ ' , ' 't...!~ , l" \ l' ~ " \ '_ l '~ ~ \. /' J 1 _ ~ 

medium in suspension cultur:ei was most obvious' wnen workirig' with ' 
~ ~' .....' • - v '1 - ~ , , 

~: ~ ... "1 ~ - ,1 \ ,,' $ - ,', l ' ,- , ," 1'-

L.·japon~ç~I[I~, :~hi~ ,mo~.ld',g~~W-we1~,and'Ptod~c.ed,·a _th~5=k ,._ .... " 

, 'II 

1 j', , 
.. 1 ,.... __ 

1 _ '~,_' 

" . ' , 
1 

" , 

'\ , 1 

, . . . , , ,,, ~ , 
. ~ ' ... 

:3'3 
:' - ~ 1 \ 

_ ... ' ... J 

, , \ , , . ' . J ~ 1_ 1 

l ,~ ,1 .. ~ 

.. 
, , ' 

, ' , " 

; . 



, 1 

" . 
" 

, \ ~ ~ , 

vegetative "tur,f" on both organiç (ne,opeptone)~ and ,synthetic: 

c media, but produeed very, fe~ 'sporangia on the otganic medi,~m. 
J \ • \ / 

" . 
rive trans~ers were neeessary before a consistent,morph~l~gy was 

, , ' " 

c observed (te. one that was the sarne' on' suosequent transfe~~) when 
" ' 

, . " ',~ changing eith~~ from the or,ganie to the synthédc medium' qr v~ce' 

ver~a. Sorne of the figures and .tabl'es 'pre$ente~ ,in foll'owing 

, .' 

" , . , 
, , 

l' 
; 

, ,,-

) " , _ " 

se~tions were not obtained from ,a single experiment,' but 
" -

reproducibility of growth 'lias such thât results wère compi:ed 
, • , 1 

.froro indépendent experiments which were repeated ,with different , 

ov.erlappinq sampling,sehedules. ' 1 , 

" 

In 'the coursé of expe'riments to devise pre1imirtary defined ' , , 
, , 

", ~edd.a'~ R.à. jayanicua, 'iL.. ,u:rhizus, III gelemar var~ multipliei-, , , \ 

,'ipdrus" ~,bli90§~Orus and R...: Oryzea 'a1l gr~ and' sponÙatea w~l:l 
'.' l' , ' , , " " ' " 

, 'on 7301id medi,a ~d' thei., spores, \Ii,ere readily' recovex:ed in ,wat~r, 

wh~'ch ,facilita'~~ 'prèparatipn ,C)'f' il1œula'~ Of, these, 'lh .' 
.1, _ \~ 1 1 l ,- ' , 

a' " , 
" jayanicu$, a.. 'arrhizus and lk. ,Qryzea ,~xhiblt'ed,\ 9009 g~o~th in. 

l '~/, ' \ '> f ! l '1 1 1 / 

" ' ~u~~nsi~n in ,fihÇlk~ 'flaEjksi', ~ey gr~ rapidly and for~ed a fuie "\ 
J ~ j - \ ... 1 1 / J" , ~.' " ' , 

pisperslon. 'pellet's were con$idered ,undes~tà'pJ.e in this' wor~ 
,\ J , ' \ , " ~, ~ 

1 1) ~ 

, , becauae co.nditions 'in ,the inter'ior would be, unknown and thé : "-" - , 

, -' 
biomasà could not'be cons1dered/un!form: Most studies were 

• {: , 1 ~ _ ,#_ -, \ '" 1 r 

; ,'qa~riéd o,ut :~ith lL. javàOicus", although ,tr~~s 'were cheéked wi~h -
1 ~ ~ 1 1 1, \ /' 

, - . ~' -~, ,,~' qther-:sJ?8ci~~, (Secti.on 3.3 ~l) .. " 
_ -'" \ ~ 1 \,. r '\ ~ 

"~' t.:, -~:', ,''l'n gen~ral'~a spOre ï~Ocu.l'wn_ u~âer~o~, ~--io'n:1~'r lag phase ,'., 
, ' 

• f ~ ~ ":>1, ~ 1 ~ y'.... - , " ~ 

than a vegetative inoculum, but such an:inoculumwas not used-in 
, ~ .. " 

" _ most of ,this ,work: The -'exception wa~ the' toxicity studies 
- _ . .,., l ,t ~ 

, ' -(Section '3 .2.4~2) which were perfo~ed using a v~ry young," 
• 1 ~ -, - \ ' , , 

'. "': ~!~~'rse ·iooculum ta ~{mic conditions of pre/ioùs experiments. 
r' " ,_ , .. \ 0, 

,.However, a mycelial inoculunt ia difficult tç> dispense repeatably .. 
,~ .. ' ,~ 

, , , 
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(particularily when, working wlth an aseptate mOuld ~uch' lié' ~ 
,-. \ , 

RhizQPUs which is not amena,ble ·to partfal homogenization b~forè'-
, v ' " 

dispensing), and is not as easy to quantify rapid'ly às are spore' 
• - J - < , 

and' yeast inocula •. -Rapid assessment of 'the, irioculum is ~ecës'sa~yJ. . . '- ," 
-

if its, level is to b~ kept constant 'ln a number of different .' . , 
J , \f . 

exper,imentsr. and spqie and yeaSt inocula May be counted. 

Some species of Mucor were reported te> exhibi t yeast-

.mycelial dimorppism under a variety of conditions (Rogers ~ ~., 

1974), so the possibility of propagatiryg a yeaat-like vegetative 

, inoculum of B.... jayanicus was investigat'ed usfng 50 mL of 

synthetic medium A in 150 'rn,L sealed Wheaton vials. The 

c~mpos.i tion was adj usteP to include up to 130 9 glucose', 20 9 

ethanol or 100 9 calcium carbonate per litre.~of ~ediurn. The 
~ . ~ 

calcium carbonate did not dissolve completely, but resulted in 

,Jincreased pressure and C02 levels in the gas space as acid was 

,: proauced. The vials werél sealed when hot, Cooled and inoculated 

with 107 spores. The oxygen level was adjusted in one of three 

ways; the medium and' gas space was either left undisturbed, was 

initially flushed with nitrogen, or was vented daily tO,release 

excess gas before l mL of sterile air was added. Ne> growth was 

observed in the flasks which had been flushed with nitrogen, and 

no evidence of yeast-like growth was observed under any of the 
1 

" 

other conditions, even when growth was severely limited by the 02 

supply. In the bottles to which ethanol had ëeen added smal1 
, . 

strong pellets formed, although growth was slower than in the 

other cultures under the sarne conditions of aeration. Sin ce - \ 

,1 - , ~ 

disperse'-growth was desired, tl1is observation was not pursued 

further. 
, , 
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'rable 3.1 

Ufec1:. of Ac1c! 'l!reat:lUnt of B.. 1ayanisus 011 

sub.equent CU2+ ~tak>. ancl a10111&1I. ViabU1ty 

8iœu. ·t:eatment·, -
before ~.ter-wa8hinq 

-, 

A Acid wash (pa 1)* 

a Acic! wash (pa 2)* 

C Water wash 

A 

.,a 

C 

A, 

.} 

~" 1 

cu2+ Concentration Optake 
InJ.t:j,al (mM) ,Pinal (mM) (JlDlOll'q) 

1.16 210 
~ ~ f 1 

1.05 230 

1.10 220 

o ~3'6 ~ -:' l60 

-0.38 l60 

0.37 l60 

0.11 68 

Fin.l -
Solut:i'on 

pB 

3.1 
" 

3.5 

3.6 
i 

1 
- 3.2 

1 -
3.8 

·3.8 

3.4 

S 

G 

2-.0 

2.0 

2.0 

1.0 

1.0 

1.0 

0.2 

0.2 

0 .. 2 

- qrowth of ltCuld' -" 

- _.'q;,Owth of mould 

\ . ' pB 1 c;orresporv.!s te 0.1 toi ECJ,; pB 2 corresponds to 0.01 M eCl 

a1œu. was fr01ll fermentation '2, Table 3.7 

\ 
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3' .. 1.2, )~~iosor.bent ,p~eparation 
, , 

It wa~ necessag to tr,eat the biomass before'dryi~g, to, 

prepare biosorbents"fQr subsequent an'alY'sis of, métal uptake. '. 

The biosorbents '(cell walls) had ~o be "clean" so they would not 

" , 

, ~elease solùble _ compounds which might affect the metal uptâke 

determination. Possible components ~nclude residual cytoplasm . 

which could c~plex the metal in' solutio~. Às well, lnet~s \. _ 

sequestered from the growth medium could result in reduced uptake 

of the, ion of' interest or cause release of a large number of 

unknown metals into the=-<:ont;acting solution, wh~ch mi9ht inter'fere­

with analysis~ For! these r-easons it was decided that the biomass 

" sho~ld be filtered and water-waso'ed to remove th~ ma~ority o{ the 

nutrfent broth, and' then homogenfzed in water in a Waring 

blenqer, ~iltered, resuspended in the blender in acid, filtered, 

'" 

- , 

and then repeatedly resuspended in wat_er and filtered until a 
clear, colourless, neutral fil trate was obta-ined. This usually 

involved about ten,water-washes. prelirndnary water-washing an~ 

hom~genization res~lted in ~ large proportion of ~phal ghosts, 

leaving oo1y sorne tips intact where they were separated from the 

1a.rger mass by septa. Subsequent washing with hydrochloric acid, 

resuspension and water-washing resulted in elimination of intact. 

hyphal segments. In an invéstigation into the effects of acid 

strength on subsequent copper ~take (Table 3.1), the pH of the 
/ 

acid wash did not greatly aff~ct the' uptake. at final copper 
" 1 

concentrations of 0.4 mM and 1.1 mM"although the fi'nal pH of the 
j 

copper solution was lower/when .the copper uptake was higher' / . 
(increased exchange wit~ hydronium ions occurred; Treen-Sears i.t 

/ 
il., 1984). However, jan aci,d concentration' of at least 0.1' M was 

/ 
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-neêâed to kill the mould (Table 3 .~) • The acid caused a marked 
\ ,,)-

soften~ng o~, the biom~ss.structur~ (the filter-cake ~as_much more 
~ " ~ , -

, compact and offer~d, a great~r tesist~ke to' flo~) and made ,the 
1 l ' 

'_int~ct segments_s~sceptible to ,homogenization. 
_ 1 J, 

3.1.3 Metal uptake deter~~ation - , 

, Sm8J.I -pieces of unground biosorbent (less th~' 3. Irim smallest-' 
., f ' 

dill\~~s~ipn) were used in the metai upt~ke 'assaye'. 'This' -

facil!tated the separation of the solids and the liquids (it, 

obviated l:h~ ~~~d t-o filter the li.quid), and was more realistic-
~O "';: ...... 1 -- , 

than;using finely ground biomass in that any commercial -

biosorbent would probably be pelletized.' In.prellminary 
",- ,,' , , , 

, . J'experiments copper uptake by t~o tyPes o~. ~~os~rl:>e-~t~ was, ,fo,~n~ 
, . 

to be!r~pid initially as' up~ak~ ~uivalen~ to 70% 9f the final 
- " 

l," \ 

value océurred ~ithin the first half hour (Figure 3 ~Ù. EqUi/li~riwn -

,l", was reached within 10 hours or less, so the standard contact time 
, - . 

of 15 hours which was ~dopted_for.routine assays was ample. 
, - l '- (, . , 

InitiaIIy the copper solutions were of neutral pH, but the 
\ H 

pH dropped to 3-3.5 as metal ~ons exchanged with hydrogen ions on 

the acid-washed biosorbent (Treenisears ~ âl.; 1984). The final 

p~ of the contacting solutions was rou~inely ~easured, although 
. . 

was not.adjusted, nor was it controlled with buffers. Sorne 

samp s left for more than 24 hours were,found under microscopie . ' 

examdn tion to be extensively contaminated with bacteria, 
.j' 

-, 

particularily at lower mètal. c~ncentrations. This was 
_ 0 

accompanied by elevated pH ~evels and/or cloudiness of the 

solution, as weIl as anomalously high values of metal uptake • 

All samples were th~refore chec~ed microscopically for evidence 

of microbiological activity and the final solution pH was 
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~ " , \ ftbl., 3 .2, 

W~ -of 13.1~~o~ent; '''~onçeAr.tion ~ on 
, ' 

CU2~ 'Optake, by' ~.jAY;nicus 

, , 

Siosorbent 
. Mu. (q) 

-, - l' 

, , 

0.0999 1.99 1.S5 110 , ' " , , 1 

0.1006 1.99 ., 'l •. S5' 10'9 
. , , , 

0.2050 3,.19'- . • 2.26 113 
, , " 

-0'.2033 
, , 

3.19 2.33.-:-' 106 , 
~ '-- - - -; 

a ;05lS, 1.40 1.16 112 
, 

0.0489 '1.40· " 1.19 1 103 
, . 

1he ,~iosorbe9t wu ,prePared frOID stationat'Y-~haSe' 'biomass 
prop&qa'1:8d' "l'ithout p~ control in ~edium A in Versatec ~ermentors 

, " 

- . 
l' 

\ ',.. , ~ 

l> -, . " 
l' 1 -

1 -

.-
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m~aéured. No bacterial contamination w~~ 'dete~te~ with the 15 

hour contact time routinely us~d. 

rrqe ratio of biomass weight ta solution volume in" the metal 

uptake dete~riations was found not to affect the saturation 

eqUilibrium metal uptake value (Table '3.2) ~ This indicates that 

the m~thods used to clean the biomass were adequate because 

release of interfering substances from âifferent quanti ties of 
- , 

bioso~bent in the same volume of s~tion would otherwise have . 

caus~d a trend of decreasing \,lptake with increasing mass of 

b~bent in suspension. 'Analysi~ of the limited data in Ta~ble 

, ' 3.2 reveals that the standard deviation of the enti re metal 

uptake ~etermination under this variety of conditions was 3%. 

Sources of error occur r,ed in every step of the assay l' ifl~luding 

the met~ concentration determinat~ons, weighing of the biomass 

and measurement of the liquid volume. In most cases the metal 

uptake 'was determined as the difference hetwee,n the ini t'ial and" , 
~ - " /, , - ~ - ~ 

-0,' ',,, ,final" metal concentrations (although, above -2 mM f in'al metal 
, ,,- \ f ~ ~ .. 

concentration this:~~s checked by aoalysis-o~ the bound metal 

after -hydrolysis, of, the biomass) '50 -the errar i.n the' 
> .., ~ _ c, 

~ , -' ~\ 

determination depended upon bath the~accuracy, of the, indiviàual 
• 

1 

metal concentration de termina ti ons , and the relative magni~u.des of , 

the initial and final concentrations. For a single determinat!on 
" ,.-

, , 
the diethyldithiocarbamate assay was accurate to~within 3% and 

v 
the atomic absorption method was accurate to within 4% at tn~ 

, 
lowe~t concentrations and 1% at higher concentrations~ This was 

impr'oved to 0.5 - 2% by using the average of from two to five 

measarements •. The biosorbent weight was determined to within 

+/- 0.Ô003 g, so at lower concentrations in suspension the error 
' .. 

-' '. 
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was pro~rtionate1y greater, approaching 1% with U.OS 9 
• 

, "' 
" e 

biosorbent in suspènsion. The metal, solution was dispensed with· 

automatic pipettes which were accutate to within 0.2%, but' . 

repeated dispensing (up 'to 5 times) meant that t~e '~rro( Wà~,~i~, 

fact ~% (the precision was much better thari the accuracy). Th~ 
, , 

same'errors must be ~plied to the dilution of the meçal 

solutions' prior to'analysis. C~ining these erro,s, the ~etal 

- uptake determination was' accurate to within 3%. Additiç>nal 

sources of error were imperfect preparation of the biosorbents, 

leading to interferences iIl' the'metal determinations, ,'ps weIl as 

many ~ther indeterminate factors whicn are common in wet chemical 

ana~yses. 

Estination of the meta! sequestered on the biomass by 

analysi$ of the hydrolysate was sUbject to errois which were~less 

, rè~dily quantif ied bècaùse the r i11sing of the biomass was a • 
, 

. , '" e9Qrly'controlled procedur~. Removal of the int'erstitial metal-;-
'.. ,\~. 

'containing solution ,wi,thout de~orbing anything frdin' thé biomass. ,", 
, ~ - \ - - , ' - ... ..,. .... - t. ... -~~ • 

was clearly impossible, an4 the'best that could be hoped.for was 
\ . ~ __ "''/.. .." _ , 1" .:. ~ 

b' 

~' 

\' 

.1[ 

" ,a c6mprOmi~e.'· The~e determina'tions: agr'eed wI.t:hin 10% wl th'" the ~ u' 
t! ) 4< "st- "'\'" i..~ 

, ~eas~r'ement's by "diffe'r,ence 'at Ïnetal.' ~èon~entrati6ris of l-2~, so , , 

they were ~ccepted. , , 
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Ion 
v 

Co2+ 

Cu2+ 

Ni2+ 

Z-n2+ 

Cd2:f" 

,Ag+ 

Pb2+: 

i 
} 

- 1 

~, '\ \ 

.. 
Table 3.3 

Optake' of, a VaJ: iety of Metals by , 
l' 

Ra. jaYanicus and .ru.. arrhizus Biosor~.Rts 

. ' , ' 

L. j,avaniç;us* ~ 
, . 

, .. 

Final Metal ~ , , , 
pH Concentration (mM) ~ ftUptake (Jlmo1/9) 

3.3 

3.1 

3.4 

3.4 

3.3 

3.2 

,2.9 

, , 
; 

0.38 

0.80 

0.42 

0.42 

0.68 
. 0.7-7 

o .4~. ' 

. ,-
, ' 

-~' '\. 

. ' -. " 

1 

, \ 

; 

; , 

; . , 

, . 
\ f • ~ ~ 

t 320 
.-

300 
, 

290 

280 
, , 

; 

; 
" 

, . 
\ , , 

. , 

160 

'140 
.' 

32P 
< 

. ' 
, .. 

\ ' . 
" 

, , " . , 
, ~, 1 ";} . . 
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Saturation 
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sequestering 'of a variety of metals of possible commercial 
, , 

interest, or of interest because of their complex chemistry, was 

examined. uptake measurements for RL ;avaoicus biosorbent grown 

in medium A in shake-flasks are compared with saturation values 

fQr ~ arrhizus samples (Tbbin,~ Ql., 1984) in Table 3.3. 
J -: 

Comparison is not straightforward because no strength of binding 

or other mathematical,model ~rameter was rep~rted for the 

HL arrhizus biosorbent, 50 uptake at comparable solution , ,.. 

concentrations could not be calculated. However, assuming that a 
-" , 

large fraction of the maximum possible uptake occurred with the 

HL jayanicus sample, the results wer'e similar f~r copper and 

zinc, while the cadmium, lead and ~il ver uptake values were much 
-' 

higher for the ~ arrhizus biosorben~. The low value of silver ... 
uptake for the li&. ;avanicus biosorbent indica t~ that very little 

• r , 

of th~ chloride introduced during ,the acid-wa~hing remai~d 

because any residue would contr ibute to the immobll ization of the ., 

silver in the fonn of extremely insoluble sil~er chtoride. 

'Copper was chosen for subs~quent eJq)eiiments t~o'~examine th~ 
of 

, ... 

effec;:ts of growth conditions on biosorbent production c1lnd quali ty J_' . ~. " 

because it has a simple solution chemistry at the P.H of t.he 

biosorption assays, and it Wps taken up to a simiiaf ex~ent by 

both species. ~ These facts 'uggest hat the copper ~as taken up 

by a common ~rocess which was direc y attributable ~o the . ' -

biosorbent composition rather than to oth~r factors ~ie~ ion .. 
exchangè rather than collection of col oidal sübst~çes or 

adsorption w~s occurring). 

assay of ccpper was less 

metals (Table 2~~) • 

... 

r. 
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3.2 Effects of Medium Composition and Growth COnditi6ns on 

Biosorbent Production 

Once reliable experimental methoqs .were established, the 
, 

effects of various medium components and growth conditions on the 

quantity of biosorbent produced were investigatErl. Generally, 

the ter.m wbiosorbent" refers 'to the material used for metal 
't;l 

'uptake, while "biomass" refers to the ~iving organism in 0 

suspension culture. However, to avoid confusion with the 
~ 

conditions used in metal uptake experiments and to emphasize that 

reference is being ,made to growth experiments, "biomass 

concentration" refers to the b:i.osorbent recovered from the 

biomass in a unit volume of growth medium. The biosorbent was 

\ highly refined and consisted chiefly of cell wall material, ~o 

the values determined in,this work represent only a small 
o 

fract~on of the quapti ty which one would f ind using a 

conventional dry weight assay of whole cells (Section 3,.4.1). 
no 

, ' 

ThLs 'it must:be emphasized that the figures, given for ~iomass 
i" 1 

cÇ>r1centrations in cultures cannot be cornpar~d clirectly with l' 

" , 

literature values.' 
" 

Biomass\production ~as not in itself the aim of thi,s work;, 

'c+ea~lY pradubtion of sm~l~er quanti ties of a very effective . , C' , , " . . \.... " ' 

metal ,sequest~ring agènt, is preferable to propagation of larger 
" ' 

, • , 4) ': 
1 ., , ' 

~ounts of material which do es not ~ssess the desired meta+', 

uptake 'characteristics. The quantity "biosorptiye yi,el~~r "~hich 
, 1 - ~ 

, ,-

, , , '. 

, , ,J~5 t~e, product o~ thé bioma~~ c(;>ncent~at~on, and ~~e m~t,~l 4Pt,ake,l, : : : ;, 

"-, capac,ity at a given Metal concentrati,on in solution'wàs uàed to - , ,',', 
~ , 'l, \ -, ' " ' J' \ 

l " '; ~ , 

" .. 
,. 

a,66ess biosorbel1t propuction." Relatively bighi sol~tion metal", " '*" 
\ ", " 

, , \ 1 t , ~ 

c~:mcl~ntrations were; use.d so thel3biosorbent wOIl~'d b.e' clos~ ta 
'1 " ), ~ " ,1 ,f , , 

, 1 ~ ) \ 
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satura~ion and this wD,uld be more a ·measure o~. bind,ing c,apacity". 

than strength of binding: "However. it h,as subsequently be-en . , 

f.ound that the measur~ent of low'~val~s of biosorptive yield. at, 
, , 

concentrations in the' neighbourhood of '2 mM may signify low 

~ bjndjng _eu.ength., ,For compari~on of biosorbent, samples metal 

uptake wa'S' modell af1- an lequilibr'iUIn between' the solution and 
, -

wi in the salid '(Tréen-sears ~ gl., . , 
'1 

1'98'4). Onless uptake is measured over seyera! orders of 
. ' 

magnitude, calculations assuming only one type of site ,are 
J 

possible. Thus' the number of sites (W, JlIl1oJ./g) and the apparent 

st'rength of bin'~ing (k" ~-l) a~e frequently quoted, a~,though -it 
. 

is recognized that in ~uch a conipl~x material theY,repre.sent an 
.. '1 "'1 ( 

average value arid' do not necessarily co~respond to' a singl~ ty~ 
J '1 J .... __ .. J 

,of site ... -' 
~ ... - ' 

The firs~ ',media on which the" Rbizows ..s~~i_es .were 
\, '" 7"~ _ ~ _ 

(med'ia A, ',A2"'and B,t ,~ble ~.2~, wer,e bas~d qri a"variety pf less' :- -~ .. 
, 1 \) 

, w~I'l' 'defined media, and 'inf,o~mation r'egarding tht;!",mineral ", , , ,'-
" .. l ,/-.... 

- '-; ".' ' ,r~uir,ements 'Ç>f 'fungi {BoWen,' 1979) '. This' ,secÙoQ deals' wi'th how '. 

'('-, ,,' ", ,-, ,,', t~ ,~~o~~ate 'ef~~~~'ive -b~OSQr,'~n't' in co~cenfratErl ~uspe~sion',. ," 
,II '1 ,Ir 

" ' " , ,'~rel'iminàry' in,?~sd.g~tlon~ of the effècts of medium-c~mposition,' , 
,', \ ' ' 

- , ' 

, 'v 

-, 1 l ,"\ ',: 1 

<, and grçwth ÇO~dit:ions on ,b,iosoçbent' product~on poirited o'ut that;; ,',', ' 
1 \ \ ,\ 1 \Jr.. \ \ ~ '~~_ _ f \, - \ 1 ~ 1 .,r 

, ,'-' ", 'v~ry:-littl~d?ioma!?s was being' ,propuced, but investig~tions' of the' ' 
, ~ l _ ~ \ , • • • , 

l, 
\' \ , ~! \ , \ ~, \ ~ 

, ',' ~91e,,~f ~he ~ation, content ?f the med:L.um' led to the dev~l'Opment 
1 1· 1. " l, f 1 

, -of'" a h!~~~~alts medium' for~'cQp,iO~s pr<>duction, of li&. jàyan!ç,u§ 
( , , , 

, " 
) \ - 1 l ' , 

, .. ' ,/bip~orbetlt. \ st~dies of the 'ef,fect' of' cations in, the groWth 
l , ,,' 1 _ , ,IL ~ , 

. " ",," m~diUm ,on' bio~orbent' '~uality a~e reiated\n S~~ti~n 'j.~: ' 
! • • ,\ ( , \ . ' ( _ \ l '<. 1 • 1 1 1 
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3.2.i Effect;s 6f "maér? ft medium componen~ and pH on biosorl;>en,t 
prodU:c~on 

.,." 
'The .components in the grow~h medium present in- the hi9hes~ 

, concentratiobs were ,th'e tirst to be examined., , 
,~\ p: • -- - ~ '. ,~ 

-~<, - , 

The effeçt of tn~ carbqri",s~rce oh the 'produçt,ion qf 
, . ,... -

Rbizopus biosarbents wa~ not investigated; the only, studies wh,ich_ 
" 

were c~rried out involving carbon in the medium were related to" , 

the po~sibili ty 9f growth of a yeast-like inoculum . (Section 

3.1.1). It, was found that glucose levels up to 13.~ g/~ di.d not 

inhiqi't growth, and that when ethanol (20 g/L) was added ta the, 
, ' 

'medium smal~ (1-2 'mm) r strong pellets we~e ·~roduced. R~+ZOpus 

,species 'are known ta grow vigor,ously on' 'a iarge- number of sol~ble 
, , 

and insolubl-e substrates (lnU1 ~ si. 1965),' 50 the question of 
l' , 

the carbon sour'c~ 'should he approa-ch~d ~'ith econoInics in mind, 
, ' ~ ~.. - ."'.. " ~ 

'. ,~nd ii! 'the absence af di,r~tion on thi~ issue, investig~t~pns, 
\ ~ \ l 1 

, would have be~n i,ntraotab;Le,'and of dURious praètic~l ~~e.' 

Giucosê was readily assimllated by all 'of ,the species 'studied so 
- - \ l, -, 

" 
" ' 

Àll 'cUltures ~tûâIed'were.typ~cal'of t~e genus ~n that t~ey 

. ~jid not 'gro~ 'wi th' ni t~at~ as', 'the sore .ni t:rog~rJ sourèè .(!n'ùi ~ " 

' .. ~., 1'9(5). ' Tni~ '~as 09n{inn~~ i~' th~ co~rse, of ~rly' at~ern~t~ 
, '" , \ 

tQ devis~. a 5ynthetic grewth' mediurn< All ~pecies grew, weIl or)., 

. , 

ammonium salta' or urea, however,- ~ the' latter(was -chosen 'for '.'" 
, ' , ' ,~ , • r" 1 _ _ - - , ~ ~ 

~.' . -
-subsequent work, to avoid accum~lation -~f :acid as ammorlia was 

~emow~d from solution. -
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, 

,~fect of M9S0. IAvell OD BiolorbeDt pt*ct1on 

. --1D, lIIêS1ua A 
--, . 

, - -,- ~ 

0.25 

0,.5 

0.75 

2.2 

8io~on 
Final CU2+ CU2+ 

.Concentration . Optake 
(1111) (pIIIOlIq) 

2.31 

2.41 

2.7 

170-

~o. 

160. 

8101OC'ptl.ve 
Yiel.d -

(pmol/L) 

370., 

350. 

320. 

-' 

-

-

" . 

r 
r ......... _ 

, 'fable 3.' 
• 

c.=ec;tI of ~te' Bufter:LDq on à.1.aor.beat Produc:t.iOll in Medium· A 
T , • r -_ ~ , • \ 

. 
-. --_.0..0. 
, 

0.2 " 

·Ô~S ' 

1.,0. . 

" 4..5 
"'6 ' 

6' .-; 
, "' 

" ' 

, 

tiCIIaU 
COncentration 

"'C9ltr" 

2.3 

%.2 

1.8 

J,-.7 

:, 810.orption 

.. Ml CU2+ CU2+ 
COncentration Optûe 

" , (.Il (~l.(g) 

_/.) , 
2~" 

' , " .. ->- 140 

2.1 150 

\ 2.3 . 230.' " --
2.3 

, - 28'0. ., 

... ~ • .~ ,~, __ ~ __ 1 ~~ J ~', _ .... 

b&lanc~ 1Œ21'Oil lêV.~ tqU1valent to o..! q/L lŒ2id4 

B1ol,orpti ve 
Yh1d 

(j.UII01/L) . 

320. 

360 . 

410 

480. 

, - -
~ . .1....... .... . ~ c .. 

l1aau.' vu propagated for- 68 b ln' 50-~ Md1um in Erlieraeyel! flukl. 'H&rVcS1:lnq 
occlure&! at leut, 12 b alter growtb med1um ruc:bec;! _pH 2. 
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,The effects of miner al èongentra:~ions in the growth medium 
. - , 

on biosorbent production were studied' 'in a preliminary manner, 
~ , 

and then returned to later in the development of the research. 

The effects of rnagnes ium· sulphate levels were studied ln 

variation~ of medium A, but little difference was ebserved in . - , 

b~osorbent, production i~ shake-flasks in wpich th~.media MgS04 
concentrations were increased from 0.25 g/L to 1 g/L (Table 3.4). 

Calcium is reported not to be essential to fungi (Bowen, 
1 

1979), and in some early experiments Rb1zQPuS species were 

successfully grown on media containing, no added ~alcium. 

However, biomass production was improved 25% in the presence of 

calcium chloride (1 mg/L) in medium A so it was thereafter 

" included. Growth was not improved upon addition of boron or 

vanadium, which are also reported not to be essential (ibid), so 

th~y were not included in subsequent medium formulations. 

When K2HP04 was' the only source of phosphate in medium A" . , . 
both biomas~ production and Cu2+ uptake improved' às the salt 

concentration was increased from 0.5 g/L to 2 g/L (Figure 3.2). .' . ' 
The effect of buffering by the-phosphate was èxamined QY varying 

, . 
the ratio of the mono- to di-hydrogen salt, keeping the phosphate 

level constant' (Table 3.5). This resulted in different initial -
,~ .. , 

pH values. The, maxinum biomass production occur red in the medium~ ,'. ", 
" -~" \ 

with the lowest initial pH (4). -However, the optimum biosorbent 

production occurre? in the medium with the highest proportion of 

the dipotassium salt, which off~rred the maximum buffering 

'eapacity ~s the mould produced acid. Thus the biosorbent 

'production was related to thè medium pH and buffering_ 'capacity 
J 

~-~~ 

rather than to the phosphate level. 
\ , ...... ~., 'i' 1 1 

, ,-
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Figure 3.2: Eff~t of K2BP04 concentration on 
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Table 3.6 

Variatioh of Copper Opt~e and Biosorptive Yield 
, , --, 

vith 'rime of Propaqation of li.. iAVanièùS -
, , 

~" in MediÎlm A2 in Shake \ Plasks 
, ' 

'L -

, , 

Growtb Conditions 

Biomass 
'rime Cénc-entrat:ion Medium 
.ch) (g/t) pH 

15 0.048 - 4.3 
"'-

16 0.091 4.3 

19 0.28 4.3 

20 0.17 4.3 . -( .... 

22 0.36 3.8 
, . - -

24 cr .34 3.6 

26 0.48 3.2-

27 0.49 3.5 
, 

28 0.68 2.9 
J 

Biomass was propaqated in 

Biosorption 

Finü Cu2+ Cu2+- - , 
Concentration Optake 

(~) , (~ol/ 9) 

3.4 900 
1.5 450 

1.4 -- -340 

1,.4 145 

3.4 410 
1.7 360 , 

1.3 160 

' 3'.5 290 
1.6 2~0 

'" 
,,1.3 18b 

"-/ 1 ~ 

3.6 210 
1.7 }70 

1.2 160 

.' , 

Bio$orptive 
Yie1d 
(~ol/L) 

43, 
22, 

33 

41, 

70 
58 

58 

98 
75 

'"86 

100 
83 

110 

100 tÎlL of' medium in Er1enmeyer f1~~,Ks. 
''', - -

Thesè resu1t:s are from two experiments; results for 15, 20 , 
24, and -27 h were from an experiment wi th an inocu1um of 
1.'2 'X '1'08 :spo.:es/L and the rest were from one with 
l\.,~ x '108 spqr,es/L. 

, 
" 

- , 

\" ... 

, -
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The dynamics of growth ":'ld biosorbent production by 
J, 

R. jayaoicus were studied in a preJ.iminary manner in -medium A2 
" ~ \ \ J • _ 

- ,/ , .... 

(similar 1:0 medium -A with higb levels of the trace metals' b~t 
,- -

lower levels of MgS04' Iœ2P04 and ur ea; Table '2.1) in shake' 

flasks (Table 3.6):. These results are the worst example of 
'.. ~ ~ ~~ .." " ... ..... 

'-~:tèproducibil~ty. Th~ most likely occ~r_ed-,~au~e of the--
-

" 

, formation of fairly large pellets (several mill1meters, i~ 
~, \ " 

diameter) with' the rathe'r l~ inoculum -level~. - Th'e _ c~p~r' uPtake 
l , _ _ , Il 

~ A , _ 

~ of the 'r~sultant biosorbent sampl'es at a-concentration of' 3.4 ~- ~_ 
, l ,,- 1 ) 

, 1 \-

'., .-
, '~ .drè?ppe,d fr,CID; 900 JU1!Ol/g very early in the fermentation to as ' -

" 
" 1 ( • 

'" "l'lttle as 200 pmol/g, and the biosorptive yi.eld, stabilized -at , "'- - ,,,-, 

-loà"pmOl/L as gr~h' sloWed and the medium pH dr~pped. The" \ , 

biO~~p~i~e yield ~at cOpPer cOncentrations ,between 1.2 and L 7 

mM) increa.séd sl~ly as ~e, growth _rate deClin,ed. -

'Growth of ~ jaYaniCUs in a v~riety of media under- several 

different growth conditions was followed during the course of 

nine -growth experiments in Versatec fermentors (Table 3.7). In _ .,' 

the following paragraphs, run numbers to which the observations 
- 1 & 

refer are quoted in parentheses. 
, 

• The t1mâ required to- reacb 0.1 g/L biomass concentration was 
~ • I~. _ .. ~, \ _ , 

r~lated to both the la9 dU;,in9 _ germinatio~' of" \he spore inoculum 

and the inoculum concentration. The 1a9 was extended if the pH 
é • 

vas 4 'or 5'~ 5-6 rather thah the ~ptimum pH 5 (runs 4, 6-8)' or tn 

the p~esencè ,of 2' CO2 in the gas stream (runs 8 ancf 9). 

... 

9 
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Table 3.7 
r~~ • .. 

'io. 
,~, 

r " su-ary of ~ javan{cuB Growth 'in '·Versatee· 'Fer.entors 1 

Run . ' 

1 

'2 

3 

.. 
5 

6 

7 

8 

9 
--

Mediull 

CocÙposltion 

.A + 1.7 g/L Ha2SO.d 

• 
A + 0.3 g/L NaCld 

B 

A 

B 
" 

B 

B 

B' 

, 

pH 

5.5 

,4 
-, 
5.5 

5.4 

5 

4' 

6 

. 5 

S 

Air Inoculu. 
F10wrate 
U./min) (spores/L) 

1.0 5xl08 

, 1.0 • • 

0.4 (101) 

4.0 3xl09 
, • • 

0.5>4a 5xl07 . 
; • If .. 

3.0 4d08 

3.0c • 

\ 
a Aeration inereased after formation of spore-bodies 
b growth rate varied as aeration chang&d 

Tille t9 
0.1 g/L' 
~iomass 

(h) 
, 

-
-

-
29 

24 

16 
~' 

1 20 

' .2.' 

,14', 

24 
, 

. 

Specifie 
Growth 

Rate 
(h-1 ) 

0.:05 

~ .... ~~, 0.05 

:, 0:08 

.... t 0.1 ' 

0.08 -
< 0.16b 

O.13b 

~ 

, 

0.16 ' ! 
' , -

0.13 

, 

, Tiœ of 
'Initial HaOU 

DelDand 
(h) 

42 

44 

30 

, 29 
-

--, , 

24 - , 

)5 
. , 

- 1 

23 ' . 

)2 -
, , : 

\... 

e 2' C~ added to air 0 

d additlonal salts had ~itt1e effect on growth and biosorbent production (S~ion 3~2.~) 
not determned ' . 

Propagation was carried out in 1.,5 L of JDedium. l ' 

, 

~ 

, 

,," 
!LI, , , 

Tt-e'of 
Growth 

HaJt 
(JI) 

45 , 

47 

45 
-

, 3S ' 

3'1 
, 

2sb 

'36b 

<24 

, 36 " 
, 

. 

, 

, 

Specifie growth rate was calculated as the slope of a aemi-logarithmlc plot of the growth eurvel 
5-8 biomass determinations ~ere earried out in each case. - . ' 

.' ' 

:) " 

~, 

o • 

" 

'~inai Post-growth 
8iOlMB&" , • ConaUlDption 
Conc' n f Glucose NaOU 

(g!L) 

1.1 0.92 0.31 
1 

'().82', 0.59 0.16 , 

0.46' 0.4 0.18 

0.41 ' - -
0.85 - , -

-
0.42 - - -. 

0.35 - -
1 

0.44 - 0.53 0.28 

0.38 ' 1.0 0.17 

\il .. 



o 
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," 

"once, the spores germinated, hyphae grew-rapidly, branched, 

and formed a cottony mycellum as the biomass increaseq ,. . .' , 

e~nential~y.\ The spe~ific growth rate did not always lncrease 

_ .as the .lag' time dec,reased, (r~ns 3'~'-, indicating that factors . .' 
_ ) l " ) , 1 ' - - , 

'~~biting ~ermination'did no~ nece~sarily influence growth an~ 

v~ce-yersa. ,The initial pa 'of the, medium affected the growth 

rat~ during ~xpo~ential growt~" w~ th ~ IlIélximum rate being 

~ observed at pH -5, ~ both media (runs l, 2, 5 in medium A; runs 
1 1 j - \ .. 

, 4, ,6-8 in medium B). ~A lower growth rate, (0.08 h-l ) ~as ob~erved 
- -

in médium A' ~haJi i~ the ~re dilute medium B (0.16 'h-l ). In both 

.. -. medla,' the rates were about 25% làwer at/ pH 4 and 6 than at 'pH 5. . , ' 

~t a very low biomass concentration {usually less than 

v1 9fL), growth stopped and acid prqduction began. Thickened 
_r-~'-I 1 ~~r' ~ ~ ...... ' 

-hyphae. septa'and ~arge globular ~pore_bodi~s'formed, and, the 

broth, exhibi ~e~' àn increased teridency to .foam.'· When the 
- f, , " ", 

, 'C pà w~ controlled, acid wa~ produced and gluc:ose was consumed at-
~ , 

0_ , 

const~t rates which were proportional to the biomass 

concentration, although acid equivalents were produoed faster and 

more effi~iently at higher pa (r~s l, 2) and at elevated levels " 

o~, CO2 (runs 8,9). Under pB control the biomass concentration 

changed little' during the 10 to 20 h after the commencement of 

acid production, whe~eas without pB control, the biomass 

inereased slowly and some spore bodies germinated • 

. ' , , . " 
, 1 
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Table 3.8: ' Effect of Light on'qrowth and 

Subsequent CU2+ Uptake by RL'jaYAQièÙs 

, , L ' 
G ' -~

. 

Biomass , 
Time' Conceptrat;iop 
(h) (g!L) 

25 0.168 

25 0.133 

27 0.241 
" 

'27" , 0.187 

,32 0.577 
'1 

, 
32 

J 
, -0.369 

, , , 
, ,- , - -/.' 0'.4:20: 34.- - , - 1 

'àiosorption , 
'Cop~r', ' . 

'Concentration qptake 
(mM) (pmo~/9) 

'1.71' 240 

1.74 280 

1.47 370 

1.63 330 

1.28' 340 

l..42 390 

-- ,. -
~, ',,1.31 '420, " , 

, \ , : 
, , -

" \-

, \ 

, ' ~ , , 

- , 

Biosorpti ve 
, ,Yie1d ' 

", 

, (b1mo~/Ll. 

41, 
, 

38 ' 

90 

63 

, - 180 

- , 

init.i,a.l'lc:oPPei'~6,~ç~ntr~ti6n'~ 1.9-8 mM. ",: ,'.'.-
l, ,'- \.t ; - - ( , :.... 1_,' 

- l ,,'" -, 
I,,,, , 

, , 
- , 
J ~, _ 
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3.2.2 Effects of Light, on Biosorbent production , 

Li9~t is known 'to stim~1ate grow~h of Phycomycetes- '(Befgman' . . 
\ . 

~ âl.., 1969; Raudaskoski and ViitéÙlen, 1982), and on solid media" 
, " ." 

Rh,izopY;~ spotangio~hores were found to be phototropic and, ~ight 
- -

was ~ecessary for qifferentiation leadirtg to profuse sporulation • 

. MOst studies in fermentora were carried out under the nO,rmal low 

laboratory light but the effect of 1ight on growth in sus~nsion 

was investigated in two Versatec fermentors 1 one of which was 

wrapped in foil while the other was exposed to a bank of six 

f~uorescent tub~s. 

In two replicate e~eriments, growth in medium B at pH 5 '~s 
... p ; 

-. more rapid in th~ lighted ,fe;melltor Jspe~i~ic grÇ>Wth rates wer~ 

" ·O.~~ h"7l and à.23 h-l ) than ~n the wrapped fermento,r' (0.14 h-1 

and Q .16 h-l ):. ~hé lig~t did- not affect the spore germinat~on 

~ lag pe,rio'd, but. did affect th~ "copper u~ake behaviour. Light 
• Ir l 

_ "cauS~d an." increase in the biosorptive yiel~-at anY{Par~ic~lar 
\ime 'durin~ the fermentation (Tab~e 3.8)'- alth~uqh the c~pe'r ~ 
uptake. was not constant; i t w~nt' thro~gh a 'maxiIl1llm which was 

observe9 earlier for the biosorbent from the illuminated 
.. i. ;: 

fermel)tor. Illumination also affected the shapeB 'of the' Cu2+ 

uptake curves for the final biomass samp1es harvested after the 

commencement of acid production in such a way that the strength 
~ ~ ~ 

of copper binding was decreased while the number o~ ~Ptake sites 

was incJ;eased (Figure 3.3). The standard growth conditions in ;~. 

the fermentors ûnder lôw light levels led to a spécific growth 
-

rate simi1ar to that observed when the material was proPÇlgated in 

thè dark (ru!" 8, Table 3.7)._ 
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Figure 3 ~ 3: Copper' uptake by Ra. jaYanicu~ Bioso-rbents propagated 
~ ~ \. . , . 

in the Dark' an4 the Light 
" 

o dark ,- harVested after 44 h of growth 

Â light 'harvested after 34 h of growth 

400r---------------~~----~------------~------~ 

- 2001-

-~ IOO~ 
0-

, \ 70 .... -.:' !SO 1- -)II ., .. 
. Q. 

- -:1 ,"30 ~ 
+ 
N~ 201-U. 

" ' .. 

• r 'i 

O 
1 1 1 1 J ,,- ., ,. J 1 J J 1 1 O~--~O~~--~~~--~~~~~~~--~--~--~~~ 

. 1 . 2 .03' .Oe.07 0.1 0;2 0.3 0.5 0.7 1.0 2.0 3.0 5.0 1.0 10.0 

( 
, , . 

finol 'Cu2+ concentration (mM) 

1 i ~ 
,1 

57 

'. 

, , 

" 

.. 



, . 

, 

\ ... 

o 
" 

f} 

.v 

ti' 
J ...-

3.2.3 Effects of aeration on biosoibent.~roduction 

Oxygen supply to submergeti cultures of ,aerophilic organisms 

ls crucial to their successful and rapid gro~th, and in' the 

versatec.fermentors it was found that the air flowrate' affected 
CI -

both biomass and acid prodUction; at low ~ir flowrates 

(0.33 VOl/VOl/min) acid production began at lower biomass 

concentrations (runs 6,7 Table 3.7). In fermentations with 

variable air flowrates the rat-e was increased ta 1.3 VOl/VOl/min 

once alkali was demanded, Whicfi~çaused a rapid hal ~ ta acid " ~, -
production, germination of the spore bodies -which had forrned and 

, ~ 

reconunencement of growth. This cycle was later repeated when the 

aeration rate was increased to 2.7 vol/vol/min. Unless stated . . 
otherwise this maximLUII air flowrate was used in all growth ... .., 

'n' studies. There was no evidence of oxygen limit~tion under 
~. 

~ this condition. 
t > 

Air dispersion, flow patterns and gas r etention in the 
,l. ~ ~ ,~ J 1 

V~rsatec fermentors varied dri:unaticaliy unde~-' 'different' 
r . 

conditions of ~ir flowrate, and ·agit~tor power ",Rbserved during 

the course of routine work), sa oxygen. tréinsfer in the Vibra­

Mixer system' wa,s, ex~ined. Oxygen ttansfer was studied usiÏl9' 
/ 

sulphite oxidation (Figure 3.4) us1.pg a reaction mixture wH:h 
o 

cobalt catalyst apd boI:ate buffer which exhibited a èonstant , ' 
"·'i ' J ~, l' 

~ ~ ... ... 
rcaction rate vat both low ~d~ high oiygen transfer rates over' 

greate~ than 75% of the .possible range of sulphite . . 
.. ~ ;, 1 ~ , 

concentrations • .', Th~ee impo~tant fl~w r~.9imes w~re observe:d :in ' 
\< ' ,. ~ 

the fermentor:' at low power «3e w)~t'hè aii--wa~ "poorly Oispersed . 

and oxygen tr~fer: was .,siow bes~us~' ~be gaS-:-liciuid~ interfacial f_ 

I l' ~ ~ " • • 

area wak small ,,(the' bottan sUIifac~ of the gas trapped undèr, the ... 

t .,' 

5~ 
, ' 

, .... ' 
J • 

,,'" .... 

, 

1 ..... , 
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-
, mixing plate was relatively smoot:Q and the bubble' size, \tIaS very , r, •• 

large); at intermediate Power ('" 70 W) the gas ttapped unde'r the 
- 1 

1< 

plat~ wa~- broke~ up ~ut there was littl,~ pUmping ac'tion- so 'th~' 

, bubblês wen,t straight up and the gas retention in the bulk of - the' 
l , • ..,. 

~luid' was re-latively IO~H' at_ high power there was greater 
" , dispersion of the gas (the bubble size was smaller) and greatèr' 

pumping of the fluid (the bulk was increasingly filled witn 

bubbles and the gas retention was increased). At all power 

settings whic;:h resulted i,~ dispersion of 'the gas the oXygene 

transfer rate increased with air flow rate until the agitator' 
\ 

, plate could not disperse the gas quickly enough and started to . ' 

. 
becolne "flooded". A slight drop in the oxygen transfer rate 

occurred at this point- bècause of the ',ihcre~sed bubbl~ size, ,b~t 
". ,/ 

the rate then, continued to rise 'as the air flow rate was 
" ' -

i~creased. At low power s,ettings the flooding C?f the, plate- W~s 
, ..... ..'; ~ ~ '" -' 

,~re seri~u~ and was -cha~acterized, ~by large bûbble 'formàtion., : ' 
, • 1 t 1 ( -, l ' i ' ,-' '\ ~ - _ ~ , \ , 

During growth-'of -the mo~ld' fÎle' agitators were rnairitàine'd . on' 
,.. "- ' ), ,-' '-, ' 

'full pOwer ârtd only' the air flowrate was' vqried. This strateg:y , c 1 
1 (", , ~ ~ >...' f 

., was adopted becausé hyph~ sus~ènf~ions ,r~uire high sh~ar-~ ratés, ' 
, , ~, . . , 

, , 
,. 

, , 

" 
" . 

~ '. \ ~ 

i, 

, . 

.. , 

, ( 

ta iIl~in~ain ~as 'dis~rs,i6n' (BL~erel~' and Steel, f959) and- the 

Vlbra':'Mixer is' a~ inhe,rently low-she~r, rnixing ~pparatus. ,At ' 

, ,f 

[ . 
J' , 

" ~ ~ , , 
maximum pàwer" and air ,flowrate$' <,4.5 L/rnin. thé hubbles in the 

~cfo~~us ,sUIPhi~~ rea.ct~()n mixtur~ were f;nely dü:~pérsed~ ',Mo're , " 

( .. t<>- ~~ , 

power would be required to disperse gas in a thick my<:elial '. 
~ 1 -~.. , r - 1 1 

, -
~ \ \ ' 

-,~·!ni'sPensioil; but little flooding 'of _th~ agitato! plate in th-~ . 
- ... .' ' - , 

fermentors,containing t~e' growing moùld occurred 
, ' -

r ,avldence. of. large -bùbble formation. 
/" , , '\ # ..' 

, , 
, 

,_ f -" , . ,. 
" . ,', 

. , 
; , 

", r 

, ' 

" 
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'l'he effects of aeration ,a:l)q i,nocu1um' size on biosorbent, -
l ,1 l' " \ _ " 

,\ 1 \ 

, : ,produ'ctd.,OI) 'in ',Erlemn'~y~r fÛltlks èc;m,taining' e~,ther 50 ritL OI . 
, ,~ ... 

1 
'100 mL of m~di~m B, were' aJ.so' 'ex~ned Cti'9ure 3 .S't. Thè ~urfac;~ 

, , 

to,v01ume'rat~os were appr?xi,matelY:0.7'~d 0.3 cm-2,. 
l' ~~_ li _ 

- \ ' - 1 

" , ~ 

.. 

, 
, ,1 

- j, 

, • 1 

'" 

): ,~, " " 
I" __ (l , 

« ~ ! l' f \ 

'\, #, ~ 

" 

" 

{ . " 

, ' 

resPective1y,. 
, 

,Qxygen ~imitation was,sus~cted because the flasks\ 

wi~h' the highèr ,q'tedium ,v~~ume, sm~lled ,strong1y of, alcoho1 and " ':, 
, , , 

• r , 
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Ef~ect~ of" Irt()Çülum Si~e' ~~ . AercV-iO~ on Bios()tbent 

production in' Sp~e Flàsks 
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Table 3.9 
, ~ 

. Variation of cu.~+ Uptake ,and Fi~ B,i~s 
" 

, Concentration in,Media A anqoB , i 

1/ 

Medium' " . BioJl\ass 
Concentra tion 

(g/L) , 

Copper 
Uptake 

(pmo1/g) 

Bio$orptive 
Yield 

(pmol/L) 
"" 1 

A (pH 5) 0.82 ' '. 
- 270 220 

, '1 . -
A (pH 6) 1 1.1 .. 210 230' , ,/ , 

B (pH 5) 0.35 220 , 71, 
" , ~ \ , ,t " 

B (pH 6) 0.42 ' 180 76 
" 

Biomas~ was propagated in 'Versatec iémtÉmtors :and' harvested at 
. the commencement of acid production . . . '. , 

çopper uptake' was, determineâ at ,pH 3, wi th 'final' :CO~J: ': ,.~,. 
concen~r~tions of 1 mM for th,e qioma.ss propagated at pH 5 'and 
1.2 mM ~pr the bioma~~ propagated at pH 6. '. 1 

. , 
" 

. ' 

, .. 
- , , . ., -
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~ \ 1 ..... 1 ~\' ~. 
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3.2.4 Development of thé Bi~h-Salts Medium for Grow~h of 
RL jav~icus 

_ H 

3.2.4.1 Effects of addition of a mixture of metals to t~e growing 
cultures 

, ' . . 
As discussed in Sections 3.2.1 and 3.2.2, growth in both 

; 

'media A and B was fair1y rapid (specifie growth rates up ta ,,' ',' 

0.23 h-1 were observed)" b.!.lt bi'omass product.ion was 1 imited ,as' 
- ' , 

growth stopped at low biomass concentrations (usua11y 1èss than 
, 

1 g/L) and acid production 'commenced. Moreover, varlation of the , , 

concentrations of individua1 ma,cro-com~nents of' t~e medium' or 

the Aeration rate did not greatly affect ei~~e~ the final biomass 
1 .... "_ 

~,concentration or the biosorptive yield; all changes were much' , 

less than an order of magnitude. When propagated in "Versatec" , . , ' \ 

fermentors, final biomass conc~ntrations and ~opper uptake values 
- l' 

for the biosorbents varieà inverse1y such that the biasorptLve , , 

yield, at final.copper concentrations ~'1 to 1.2 mM, for a 

given medium rElllained constant bath at pH S, at which the rnost ,', ,~' 

rapid growth was observed~ 'and at pH" 6 (Table' 3.9). The' 
" 1 _ !. 

biosorptive' yield from mèdium A was approximate1.y three tirnes , ' 

th~~ from medium B and w,is propor,tional to the concentrations of 
, , 

iron"ca1~ium, and trace metals in, the media. 

,l' ~ l' \ 
'The~e resu1ts, in ,particu1ar the observed strong dependence,\ 

... \ ~ 

" 'of the biosorptiv~'yie1~, on medium composition, ~ndicated that 

, >.,:', essèntiëlf tliace minerals 'were ,~eing màde unavai1able for growth, 
, ,;, • - ... • '" .... ~ 1 

/ ... - 1" ~ ~ , 

,possib1y as' -they were being sequestered by 'the biomasse Ta test 
1 ~ '1 - ',-' I_J'! ' " -,''' .' 1 l )'C" 1 \ • 

tlii. hypothesis twice the normal amo\.lnts.: of minèrals (Ca, fe, Mn, ~ , -
\,... ' 

Zn, ~~, Mo, "co, Ni, Cu) 'were 'initifllY added to rnedi\lIll B. The 

broth was 'fur,1;her ,supplemented wi th the original quanti ties of .. 
, '\ .... .1 ~ j 

'/ these e1-éments at ~lfferen~ t'imes' d~r ing , growth in 100 mL of 
, 

,\ ..... 
, J' 

,'- " , 
64 " " ,; 

,t , , 
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. , 

-medium in shake flasks .(Figur~ 3.6). When three additions of 

trace metals were made after spore germination' but before 
g 1 1- ~ 

" 

, r 

commencement of acid'production~ 'growth continued.without the 

formation of spor~ podies, acid produètion was delayed, and tb_e" 

biosorptive yield was increased from 150 jlMol/L to 250, 'Jlmol/L. 
, , 

';rhis experiment was repeated in ver~atec fermentors, with earlier 
, 1 - , 

and more frequent sampling (Figure 3~7). By gradually increas~ng 
, 

the trace metals in the fermentor 9-fold during.active growth, 
, " 
~ 

the biomass concentration ,was increased from 0.5 to about 1 g/L, j' . 
and the bios~r~ive yield was increased from 1.30.' )lmt:>l/L to 

~ t ~ • j "". 

450 pmol/L when the experiment ended. There was some evidence of 

t~xic effects of ,the minerals solution because growth,w~s slower 

in the augmented medium compared to growth in the medium tO,Which 

no supplementa·ry trace metals were added. 

Tra~e metals were added to a fermentor culture in the 

stationary phase~' 60 h àftet inoculation (Figure 3 .8), a~d after 
-

a further 3 h the mfcelia showed signs of recommenc~ent of .. . 
growth (appearance of thin h~hal stubs ~n old, thickened hypha). 

Copper uptake by the biosorbent was i"mprov~ by 3(li at 65 h, but 
1 ~r { 

dropged again after 68 h, presumably when growth ceased. 

This indicates that the living biomass may'be "activated" to 
. " 

inctease subsequent metal uptake._by the biosorbent. 

.' " . 

' . . , 
, \ 

\ ' 

" 

65 
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Figure 3.6: Biosorbent Production.iri Shake Flasks During 

Additions of Trace Metals 

, 0 'Wi,thout additions of trace metals 

~ trace metals inçreased by 100% Ç>f thefr initial 
concentration at.times indicated with arrows 
. 

Medium B was used with two times the initial concentration of 
metals 
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Figure 3.7: Biosorbent Production in Fermentors ouring , ' 

Additions of Trace MetaIs 

6 wi~out additions o~ trace metals 

trace metals incrèased by 100% of their initial o concentration at tilDes indicated with arrows 

Medium B'was used with two times the. initial concentration'of 
metals 
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Figure 3.8: Enhancement o~ CU-sequestering Ability of 91d 

Biomass Grown in Medium B 
e ,,~, 

, . 
Trace metals were added at five times their initïal level al:. 

the time indicated by the arrow. 

This experiment was perfor.med twice, alternate points are the 
results of one of the replicas. 
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3.2.4.2 TOxicity experiments 

,Although adding a mixture of trace metals to the culture 
1/" _ ' 

demonstrated that at least one essential element was being 
J 

"depleted, th~ possibility existed that others were toxic. 
" 

,iEssentiality and toxicity of the salts in the preliminary media 

were investiga~ed by augmenting an even more minimal medium 

(mediùm Cf Table 2.2). V~ry-low salts concentrations were used 
J -

to minimize the possibility of toxie concentrations in the base~ 

line medium. In a shake-flask exper~ment, a 20-h-old vegetative 
j) 

inoculum propagated in medium C, rather than a spore inoculurn, 

was used -tQ mimic the previous experiments in which metals were 
, " 

1 

added àfter growth had _commenced. Biomass concentration was 

measured after another 20' h, 'at which' time 'the pH started to drop 

in the flasks with the highest bioma$s concentrations, but the 

glucos- w~s not entirely depleted (Figùr'e 3.9)" .,' Copper was thè 

_..:;...2!ID"iiLJoo'~' ~. e::t!~'.~race metal s a~. i t t~tally inh ib,i ted growthat. 

a concentrati~n_ of ~"PM, fO~lowed by nickel ,and cobalt which 
- , 

inhibited growth at· a concentration of 40 pM. Manganese and . ' 
, . 

molybdenum resulted in slightly lower biomass concentrations at 
, " 

all levels, whereas z{nc,had little or no effèct. - Chromium was ~ - , , 

stimulatoiy at a ti .5' pM' concèntràti~~ but· ,slight~y 'toxic at highér 
J ( 

levels. Among the salts ~Qde~: in l~rger ,qUant~tiés, 5.3 mM çaCl2 

and 10 mM M9504 stimul~teq growth' slightly,' ~d 40 mM KH2P04 ',and 
, 

0.53 mM FeCl3 enhanced growth markedl-y.' At concentrations of 20 

and 200 ~,' NaCl 'r es u! ted ~~ lower biomass concentrations, 

,whereas 2 M NaCl was extremely toxic. This" salt was investigated . 
thinking that-other essential element~ might be displaced' from 

the biomas~ by NaCI, but stimulat~on of growt~ was not obserired. 
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Table 3.10 ; 

Ra. jayaoicus B10mass Production in H1gh sal t~ , M~j.~ 

Salt Concentration in Medium 
Metals KH2R)4 Mgso4 

Bi Hi Hi 
) 

Hi Hi Lo 

Bi Lo Hi 

Hi Lo Lo 

Lo Hi Hi 

f- --~o---- 1fi -~-~-~ -- ---- - 1.;0 

Lo Lo Hi 

Le Lo, , Lo 

Concentration design~tion~ are: 
, : " 

\ 

i 

i 
r , 

,./ 

" ,. " > 

.. 

• Bioma.és _ 
Concentration 

(g'/L) 

: 3.5 
1 

3.'2 

3.2 

3.6 

1.1 

--~~--- - -

{ 

0.53 
( 

0.60 

metals -- 'Hi = FeC13 , 400 pM; ZnS04' 40 )lM; MnS04' 40 pM; 

~ '\ > , 

~ ., 

~ 

to =. one. tenth of the high" 1eve1s 

,KB2P04 -- Hi = 5 ~g/L; Lo ='1 g/L 

Mgs04 -- Bi = 1 g/t; LO = 0.2 g/L 
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3.2.4.3 Growth of ~ jayanicu§ in the, high' salts' medIum 
.... t' :: • "', 

'. -
~ed on the abQve fil1dings, .:the Jlign sa,lts' ,~edipm (HSM, 

< '-
__ ~' d... \ ~ • t ~ ,. 

Table 2.2) was devised. ~Gl\1cQ,se.ând urea concentra~ions were set . ~. 

at 20 _ and 4 g/L respectively. ': caJ.~ilJ!I\·- was added, ~t_ a' r.elati~ely" 
" . " .. ... 

high ~çoncentratioir (9 mM), ~d m01fBdenum and l:hr~miU~ wèi~ àdded' 
~, fi. ~ 

at,a"S.5 'pM concentrâtion. ,Çopper, CO~b' and, nlc~el"were- added 
~ . 

• irr low concentration (0.04 pM). beçause'-:th~y a:çe con~ider.e,d 
, ~.. lJ. '". Jl ,L ... 

, essential (BQWen,' 197~), and-y~t ~ were found to be .,toxie.; . 
~ ~, 

Before settling on the ~ifi~ ~edium composi~ion" sy~ergisrn , 
... . . 

-aInong the' remaining, Ingredients was', checkèd''i-n a three-squared ' 
• >; <: • 

~ ~ \ 

" 't." • 

experim~nt wi th 50 "mL of medium in Erlenmèyer fiasks, harveste~r 
" .... ,\~'. ." 

~ \. 

c shortly after the commen~emer:'t o~ .~Cld production ,,(Table 3 .l~),: ,~ 

The lev.el~ o'f po~assium pnosphate .. ?hd .magn~sium sulphate ~ere two 
, . "l, ... 

i ~ 

of the ,variables', w,hereas the metàlf i ron~ man~ane$-e and zinc' 

w~re groupe~ "as 'the. th~rd." \wïth the high rnetal conc~ntrations, 

biomass ~oncentrations of àbout 3.4 g/L were at~ained, regardless 

of 'the levels o.f t~e ,othe~, salts. , At low' met al concentrations, a 

biornass conc~ntrat\ion of' l'~/L waf3 obtain~d with a 'hi9h 'level of' 
c , 

'KH2Po4 (5 g/L), compared with a concentra~i~n of 0.6 9/L biornass 
, .' 

,ytl1 less KH2PQ4 n g/~). .Magnesium sulphate levels did not 

" 

< • 

. affect the biomass concentration. : Thus, high levels of all component~, ' 
~ . 

were included in the final HSM .. " .' 
, 

: .. 
' . 

\. 

" ' 

" ql 

, . 
~~ •• _ : ~-...- ____ • ~,- _~!bl.,..i._ ... _f.k-_~ _~~_- :.~_~ '- ~ '( _ 1 # 72 
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.FigUre 3.10: Propagation o~ Ra. .iaYanicQ§ Biosor~nt in ~h~ 
• 1 

High-Sal ts MédiUllt-

This ex~eriment was performed twice, and individual points are 
" fr~JiI One of the two replicas,: -'. , 
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~rowèh ~d b~os_or~tive yi!!l~ w~~-e fol~owed in t~e ~M i~ , 

. Versatec fe~entor's '(FIgure· 3 ~10) '. ~e ,speclfic çu2:t" uptake' 
b .' - "-, \ t,' 1 <' \. 

decreased frœ about '900 1;9 300. pmol/g, whil'e the bi~sorptive' 
'",! - , -, 

yield increased' ta 5,00 -PÙJol/L as' the b'ioin~s co~c,entr~t±on ' 
, - 1 \ ' • ~ 

, surpassed' 3 9/t at a growth rate of 0_.23 h-l ~ Although ,a, 
, 

precipitate was present initlally; 
, \. 

i t was not eVident' ',' 
.,i 

1Ûicroscopically at' 20 ,rand 'after. 

3.3 , Effeots ôf' Biomass 'Ag~ ~d Divalent cation~ i~ the Gr'owth 
- Medium on Biosorbent Quali ty , ' 

Once the' probl~ of' propaga:tion of biosor bent in quanti ty 

had been sati'sfactorily' addressed, the ,propagation of biosorbents 
• .- ..çI , '- q , 

with ~ifferent Metal uptake character~tics was investigated. In 
~ l '_, ' • '''' 

r ' " r 

Ws, s~tion <ff work" the previous observation that copper 

~~ake,\'behaviour'. va~ied with the time of harvesting (Tables 3~6 
, < , , 

and 3 _ 8) ·was investigated' further. It was then hypothesized tl1a t 
',\ , 

this was àt least in part due to fluctuations in the medium ' 
, 1 l ," 

composition duiing blltch gr6wth, and ;i'nvestigatlons into the 

effects of àivalent cations in, the growth' medium on biosorbent 
- 1 ( • 

, . 
quality illustrated hciw to propagate a biosorbent with metal 

• t, ~ 1 .,. , _ 

, - up~ke characteristics which wére different from ,tbat ~rown in 
, , 

'the original BSM. 
l' 

'3.3.1 Variation of subs~quent metal upt~ke behaviour with 
culture, age 

<> 

.' ,~- -Eigl)t RbizQPUs species were screened for shiftâ in meta! 

uptake behaviour with the time the organism spent in culture. In 

prelimdna~ experiments RL chinensis and ~ forIDosaensis grew 

very POO~lY on HSM solidified with 2% agar, but all grew ,,!ell on 

the screening medium (SM, Table 2.2) wi th reduced calcium, Iron, 
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Table 3 ill' ' 

, 
, .J 

", 

) , 

'" .. 'screerdng of WZQpUB Spec-ies 'for, Variation of . 

" . cu2+ ~~in9 Str~9tb wl~ B~O~Qr:bént ~Age'·· / ' 
..)0 1 ';; ~ .. ~ 

• 1 

, 

"' , /" 

of cul tu ring , ' "l~ h \ , 22 h 
, , , . , , ' , 
, , - - -

1 - " 

Biomass ,w " k "'B10mass - W 

\ . 

< , 

. 1 

: 
" r 

! ,.' 

/ 

' , .' k. 
" 

, 
" , 

(g/L) (pmO~/9) : (l/mM) 1 

<,9/L) !'~JDIlOl/g) (l/mM , , 
\ 

" 1 " 
" , , 

Ra. A'[biZUI Pisher 3.31 
NRCCC' 2828 - - . . 

, 
) 

Ra. ~hiDmlliii Saito 3.3 
A~C' 22958 > NRCCC' 2834 

\ 

Ra. gglemaz: var. llUJ.tiQU~i- 3.81'.' 

II~'YI Inui GAL. 
A'OCC' 24864 )'NR:CC' 2829 

Ra. formouensie Nakazawa 2.4 
A'OCC' 26612 

[, > NRCCC' 2835 

4.21 ,'~aponiçus VUillemin 
II~ f 24863 > NRCCC' 2836 
1· 
1 Ra. j Avani~l,ui Takeda 3.91 
~TCC' 22580 > NRCCC' 2830 

Ra. 211gQIU.12[UIi Saito 2.5 
ATCC' 22959 > NRCCC' 2831 

. -
1 RA. 2[yzea l'lent Iii , 1.8 
l~insen-Geerlin9S 1 

ATCCC" 12883 > NOCCC' 2832 i 
1. gluê:ose utilized, ~H 3-6 
2. gluCQse LJti~1zed, pH 6-8 

" 

--
\ 36 

" 

240, 
' ' , 

" 

93-
\ 

323 

, 
,110 
\ 

1 

800 

350, 
, , 

132 . 

-
, 

7~2 . . 
0.3 " 

" , 

0~.5 

, 

0.13 

0.4 

0.06 

0.21 
\ 

0.56 
, 

" 

, 

' . 

3.82 

4.01 
" 

3.92 ' 

\ 

3.8 

5.41 . 
4.02 

3.7 

2.S 

", \ 

.. Otherwise glucose remained in the growth medium and the pB wu 
lees thon 6 1 

The ln1 tlal pH was ". 

o •• 

75 

1. 

, 

~ 

51 2.8 

, , 
," '91 1 , 

' , , 
-

50 2.5 " 
, . 

172 1.4 

96 0,3 , . 

92.3 ' 0.76 . 
" • 

60 . '1.6 
, ~ 

40 , 5.3 
, 

, , 

: .. 

.' 
, 

" 'f , 

,. 
, .., 

. ' 
," 

/ 

o 



.. ,..1\ 1 \ 

o 

~ ...' ~ 1'.' ~ 

manganese and zi~c cond~n~'r~tions.. presumably one or more of, 
, 

~ ,'" these eleirients were at, toxic levels in the HS1. The moulds were 
~ .... ," ~ ;' 

1 .'" propagated for 18 h and 22 h from similar' inoculum levels (1.5 -

4.5 x 109 spores/L) and the growth patterns and copper, uptake 

behaviour are sununa'rized in Table, ~ .11. The species wer.e not aIl 
i 

a~ ,the same stage of growth at the timè of harvesting, as 

indicated by differences in the glucose levels and pH in çhe 

~rowth media. ,'The pH of the growth media decreased ini tially, 

and then in some cases rose after the glucose was depleted and, 

primary'metabolites w_ere oxidizèd. Many, of the organisme formed 
. 

)." 

large pellets in the flasks, although disperse growth was observed 

, C ' 

with iL chinensis, ~ delemar var. multiplici-sporUs, ~ 

j aponicus and Ra. j avanicus. 
, 

Copper binding strength (apparent equilibrium constant, k) 
- 1 ... i ' 

t::....!Il: r .J • 

and total numbers of sites on the biosorbént'~ (speçïfic uptak~ at 

saturation, W) were calculated from four determinations at final 

solution concentrations between 0.5 and 1 mM usiP9 the 
\ 

equilibrium model (Section"3 .2). This was in fact a linearized 

form of Langmuir's equation (inverse uptake versus inverse 
" 

solution Metal concentration). The lk arrlUzu§ samples exhibited .. 
very low uptake values which were accurate to within 10% due to 

,1:' "the small differences between initial and final solution metal 

-concentrations, and this is not sufficient accuracy to draw 

conclusions about the relative magnitudes of the W and k values. 

Otherwise, the concentration of sites was similar or lower on 

"older" biosorbents compared to the "younger" ones, and these 

sites were either of the sarne strength or stronger on the "old" 

biosor bents compa red to the "younge r" ones. 
Cl 

76 



o 

o~ , 

a 

" , 

3.3~2 Effects of dlvalent cations in the growt~ medium on 
st:lbsequent copper uptake ~ 

,In aIl of these studies the moulds have been' grown in batch 

culture. This,means that there is a strongèpossibility thàt the 

"aging" of the myceliwn was due to changes in the levels of 

nutrients as they were utilized. The effects of fluctuations of 

'concentrations of medium components may be eliminated by growing , 

the'organism in continuous culture, which'is v.ery difficult with 

this mould.' Failing that, these effects may be mkimiZed by 

propagating the mfcelium to low final biomass concentrations in 

media in which components are severely limited or in excess. 
1 •• , 

In light of previous experience that the cation content of 

the-medium was impprtant. IL. jaYaniqus was propagated in shake 

flasks (100 mL medium) in four media based on a mini~al , , 

,medium (,MM, Table 2.2) which was supplemented with 'one~9f eit~er 

manganese (II), zinc, calcium or Magnesium at ten times the ~evel 

of the othez:: three metals. The basal concentration of these 

cations (4 pM) was low compared to previous media in order t'O 

hlghlight the roie of the dominant cation. The mould was grown 

for 4. hours from an in~culum of 9 x 108 spores/L and the Cu2+' 

qptake of the resulting biosorbents was measured (Figure 3.11) • . 
poor growth was observed in the high-Mn medium; the pH rose to 8, 

the flasks smelled of ammonia, and only 0.13 grams of biosorbent 

per litre of medium was produceà. This biosorbenFDwas' saturat~d 
~ 

at 0.2 mM Cu2+, with a total of 60 pmol Cu2+ bound per gr am of 

biosorbent. In the high-Zn medium gr?wth was somewhat better 

(0.18 g/L), and the biosorbent had an apparent equilibrium 

constanto of 16 -mM""'l and a total' of 220 pmol si tes/9 biomass. 
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Figure 3.11: Cu2+ Uptake_ by Ba. jaYanicus Bioso~bents 
, " 

pr.:o~gated in th.e ,Minimal Medium Supplemented vi th 

, zn2+, Ca2+, M~2+; or Mn2+ 
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The organism grew even I;>etter in t,he high-Ca medium (0.22 9/L), 

and the bi'Osorbent exhibited copper upt,ake simUar to the sample 

from the high-Zn medium over the concentration range examined, 
1 

al though -the bi1'!ding was stronger (apparent equilibrium constant 

was 62 mM-l) and the total number of sites was lower (HiO Junol 

sites/9 biomasa.. The highest biomass concentration (0.39 9/L) 

'was attained in~Othe high-Mg medium, but this biosorbent had' an 

apparent equilibriûm constant of only 10 rnl~-l 'and 110 pmol 

sit~i79 biosorbent. 
, , 

The question still rÉmained whether differences in the~. 
-

bj.osorbents were directly attributable to the designed 0 . , 

predominance of cations in the or iginal mediunt or whether,o in 

cultures with varying biomass concentrations, depletion of 

another medium component led indi rect1y to the differences. The 

best biomass production and the largest differences in binding 

co~stants were attained with eith'er calciLJ.Fl or magnesium as. the 

predominant cation, so this resul t was pursued using the Sf.l with 

ei ther 4 pM or 40 pM of these ions. The organism was grown under 

conditions which were simila.r ta those of the previous 
\ ~ l 

experiment; it was-propagated for ,46 h from an inoculum 

concentration of 3 x 108 spores/L in 100 mL of medium and final 

medium pH values were 7.1-7.2 for the high-Mg cultures and 6,.3-

6.6 for the lOW-Mg ones. There was a marked difference in the 

morphology of the cultures 9rown with high calcium levels, _ 

compared to the low-calcium cultures. Under microscopic 

examination the hyphae were about 5~% larger in diameter in the 

high-calcium medium. 
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Table 3.12 

Properties of Ba. 1aYanicUI Biosorbelits ....... ~ 

Propagated in the Sçreening Me.sUum with Various concentra~ons of 

~9neSiuDr and Calèi~ 

Concentration Uptake Parameters 
, J 

Mg2+ 'Ca2+ Biomass W k 
(pM) . (pM) .(g/L) (pJDOl/g) (mlr1) . 

Q 

40 40 1.2 400 3 
'" 

40 . 4 0.8 290 7 
. 

~ 

4 . - 40 0.35 250 0.8 
, 

4 4 0.25 . 270 16 

\ • 
\ 

' .. 
'. - r 

'. 
\ 0 

80 
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- Biosorbent production and chara~teristiès are summarized in Table 
. ' 

3.12 and the 'copper-uptake curves are presented as Figure 3.12. 

High levels of magnesium in the'growth medium resulted in an 
. ~ 

incre~ed biosorptive yield, principally beca~se biomass 

concentrations in the growth media were higher. Biosorbents from' . 

growth media with low calcium levels exhibited much stronger 

binding o~ the cupr~è ion than qid biosor,bents fro~ high-Ca .' 
. 

media. The obsetved role"of calcium ill determ.ining the apparent 

strèngth of binding was not due ~o fluctuations'of other medium, 

components brought about by variatiClns in' the biornass ' 
" 

concentration in thé growth medium. The~~ ~as no correlation 
. ' 

between the amount of growth (biomass concentration in the growth: 

medium1 and the apparent strength çf binding. o 

, e 

j 

,'<fi 

... , ., .. <J 
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Figure 3.12:' Cu2+ Uptake by Ra. javaoicus Biosorbents Propagated 

in the SM with ,4 pM (L) or 40 pM (H) Magnesium and CalclUJD 

o H Mg, H Ca 

C L Mg, H Ca 

A H Mg, L Ca 

v L Mg, L Ca 

This experiment was performed twice, and individual points are .., , 
the results of one of the replicas 
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) 3.4 

\ 
Extraction and Characterization of ~ jayanicus 
Biosorbents propagated in Two Media 

In the previous section it was discovered that the 

biosorbent characteristics could be affe~ted by 00 th' the growth 

~~e and the medium.composition~ With this knowledge it was 

possible to grow samples to be used in the f mal "section of this 

work, in which differences in the chemistry, ion exp·hange and metal 

.' uptake behaviour of B.. jayanicus biosorbents which had been grown 
-;.... 

under three different conditions were analysed. Samples of each of 

the three biomass tyPes were subj ected to an ,acid-wash similar to 

the standard treatment used in the previous studie~, as weIl as . 

to mild extractions at room tanperabue with lithium chloride and 

nitrous acid'to remove polar polymers with minimal disruption of 

the rest of the biosorbent. Theo chemical composition of the nine' 
1 

resulting biosorbents was ~etermined, and the ion-exchange 

beha~iour of one set of three samples (standard plus two 

extracted biosorbents derived from a single biornass sarnple) was , 

examined by titration with sodium hydroxide. Uptake of manganese (II),. 

chromium (III) and copper (II) by aIl of the biosorbents 

'~ was me~ured to investigate the possibility of variations in the 

~relative strength of binding with changing culture conditions. 

, The concentration range q,ver which metal uJ;rt:ake was measured was ~ 

" extepded to cover four orders of magnit4de, to allow calculation 

of strength of binding of more than one apparent binding si te, 

should su~h a model be appropriate. 
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3.4.1 propagation, extraction and chemical analysis of biosorbents 

Three large batches of Rbizopus jayanicus for detalled 
) . 

analysis of the b_iQsorbent chemistry and metal uptake benaviour " 

were propagated in ~ew Brunswick fermentors (14 L Microferm; 10 L 
.. , ' \ ~ 

nutrient broth). '!'Wo lots wer~ 9r~n for different periods of 

time (26 h and 4S h) in ~he high-salts medium (HSM) and one batch 

of the mould was grown to a low final biomass concentration in a 

variation of the,.B91 with higher 1evels of calcium and zinc and 

lower leveis of Magnesium (HCZ, Table 2.2). "Morphological 

differences between thé B91 and Bez obiosorbents were observed as 

the'~hae growri in the higher'calcium concentration were about 

50% larger in diameter. In this section of work the acid wash 
o 

was not performed initially; repeated wa~er-washes and 
• 0 

resuspension in a Waring blender were carried out until a clear, 

colourless filtrate was obtained for several rinses. This 

_, entailed more than ten washes. As was obser~ed previously 

(Section 3.1) the preliminary water-washing .and suspending' in a 

Waring blender "resulted in a large proportion of hyphal "ghosts", 
\ 

leaving only 'some tips intact where they were separated from the 

larger mass by septa~ The drying and grinding procedures caused 

disruption of the intact segments, and the final washed or 

extracted materials were microscopically free of cy·top1asm (only 

sheets of what appeared to b! debris w~re observed) and had 

undergone losses of 12~72% of the weight of the ,P8rtially 
, 

purified water-washed samp1~s (Table \3.13). Differences in the 

structure of the biomass samples were inuœdiatel.y evident as the 

BCZ biomass was the most susceptible to' extractioq,...,. while the 

young BSM biomass was the JOOst refractory. 
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Table 3.13 

Extractions and Çbemical Analys11J of B1os~rbents 
\. \ ... 

, , 

sample* Fraction no~ 
, Extracted* 

Oronie Ae1d 
(pDIOl/g) t 

(huoosamine 
(J.IDIO 1/ g) 

Young BSM 

AH (0,.88) , 1240 1390 1700 
;. ;-

LE 0.87 830 1320 1930 
" . 

NE , .0.60 300 1200 2860 , 

01d BSM. q 1 

< 

AH (o.n) , '1130 . 1270 1620 
-y _. , 

LE 0.77 830 
,. 

1710 2140 
l 

NE 0.45, 180 '1650 3270 

Bez . 

JBlO 
, 

>..f . 
AH , (0.S7}' 1450 1480 . 
LE 0.69' 

~ 

710 - 1470 2180 

NE 0.49 ,29 1000 2420 

" 

* AH. acid-wasbed, LE - LiC1-extractedl NE. BN02-extraeted 
** \ 7 

Figures in brackets are th~ mass' fraçtion of the water~washed 
samples whieh were not extract:ed by the ac1d wash, other 
résulta are on. the bas!,. of the ac1d-washed samples. 

" 

" 

-, 

1 , 

'85 
, , 

~ , 

Prote1n 
(9/9) 

'0.18 

0.20 

0.24 
, 

0.14 

Or 17 

0.24 

0.43 

0.16 

0.19 

t , :~ 

• 

( 

\ , 

/ 



o 

• 

, 
i 

The water-washed, dried and ground biomass samples were 

washea with 0,01 M HCI (standard treatrnent) or extraa.ted with 5 M --
LiCl or 3 M HN02 solutions. The results of the extractions and 

chemical assays are presented in, Table 3.13. Lithium chlor ide 

extracted about 40% of the phosphate from aIl the samples, as 

weIl as varying quantities of uronic acid, chitosan and proteine 

Nitrous acid rernoV'ed MOst of the phosphate, aIl of the 

unacetylated glucosamine residues and varying quanti ties of 

uronic acid and protein, leaving material that was in aIl cases 

enriched with glucosamine. 

The phosphate levels in the biosorbents were quite high (800 

- 1200 umol/g). As weIl, the phosphate was labile and was 

totally dissolved by the mild hydrolysis procedure (2' b at 10Qoe­

in 1.2 M HCl) as weIl as by the harsh treatment (10 h at IOOoe in 

6 M HCl) (Appendix 1). Therefore both the mild avd harsh 

hydrolysates were analysed for phosphate. The results agreeo 

" within 2%, which indicated that no major losses occurred during 

the hydrolysis procedures. 

Neutral, sugars (glucx>se equivalent) as measured by the 

anthrone method were in aIl cases less than 15% of the uronic 

acid levels, and at this level may be attributable to 

interferences from proteins and uronic acids (Shields and 
, 

Burnett, 1960)., FQr this reason neutral sugars were disregarded 

Qin the final compilation of the data. Nevertheless, there were 

quite probably small quantities of them in the samples, as 

variable but small amounts of mannose, fucose, and galactose have 

been reported in cell walls of mucoralean fungi (Bartinicki­

Garcia alid Reyes, 1968a, Daterna ~ 91. t 1977a, and Dow tt Al. 
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1983) ~ Glucuronic acid was the only acidic sugar found in the 

samples descriged in the literature, and this was assume8 to be 

the case here as weIl. 

Glucosamine was ~easured directly by HPLC, and those 

determinations agreed wi thin 20% with the 'difference between the 

ninhydrin measurement of protein plus glucosamiae and the Lowry 

measurement of proteine The accuracy of the protein measurement 

cannot be asses-sed--beC8tlSe the standard was not necessari1y 

appropriate (Lowry ~ êl.., 1951). The degree of acetylation of 

the glucosamine was assessed by high-performance liquid 

chromatographie analysis of the nitrous acid degradation products 

of unacety1ated gluCX)sam~ne, and analysis of the glucosamine in 
. 

the mi1d acid hydrolysates. Chitin-p1us-chitosan c~ntent of the 

acid-washed sampI es ranged from 37% in the young biosorbent grown 

in the HSM to 28% in the old biosorbent. The degree of 

acety1ation of these polymers was radically different as nitrous 

acid reacted with only 10% of the glucosamine in the young HSM 
. 

biosorbent, 30% in the HCZ biosorbent and 55% in the old HSti 

biosorbent. Nitrous acid most probably reacted wi th not only 

glucosamine. but other components of the biosorbent as weIl, such 
\ 

\ , 
as pr·oteins, to produce nitrated coumpounds and nitrosamines 

(Nol 1er , 1965). Contamination with such highly-coloured 

compounds would account cfor the slightly darker, orange-brown 

colour of these extracted mater ials "compared to the other pale 
--:--==---

biosorbents. 

Both' the extracts and solj.9S were analysed for phosp:tate, 

neutral sugaru, uroni~ aCia:' gl~cosamine ~d pr~tein, and' mass 

balances among th\~ extract, biosorbent and water-washed biomass 

/' 
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sample assays were generally within 10\, although high chr~ride 

or nitrous acid levels interfered with sane assays of the 

extracts (Section 2.4). The materials detected account for 85-

100% of the mass of the sarnples, which may'he considered 

virtually aIl of the mass because of the uncertainty associated 

with the protein assays. 

3.4.2 Alkali titrations of old biosorbents propagated in the 
high sa.J. ts medium 

Finely ground samples of acid-washed and extracted old H901 

biosorbe"nts were 'titrated slowIy under ni trogen in aqueous 

suspension w.ith sodium hydroxide and the curves are presented in 

Figure 3.13. The acid-washed biosorbent had the highest overall 

buoffering or ion exehange capacity, although in all cases about 

half of the oxygen-eontaining ionizable groups (phosphate and 

uronie acid) present according to the chemical analyses were 

available for ion exchange. The ni trous acid-extracted sample 

had the lowest buffering capacity, reflecting the ranoval of 

ionizable 'po1ymers from the samp1e. In particuIar, the absence 
, ~ 

of buffering by the nitrous acid-extracted biosorbent at higher 

pH values. (>8) corresponded to the removal of free amine groups. 

During these titrations the pH measurements were accurate to 

within 0.05 units, and the alkali consumption was accurate to 

within 1%. 

r-
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_Figure 3.13: Titration of ~ JayAnicug Biosorbent Slurries 

1-- with NaOB 

o Aëid-washed lA LiCl-extracted o HN02-extracted 

IO~-~--~~-~-~--~~-~----~---T----~--~ 
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3.4.3- Cu2+, Mn2+ and Cr3+ uptake by the biosorbents 

" Uptake of. co~pe r (II), manganese (II) and ch rornii.lITI (III) ~y aIl 
./ 

nine biosorbent samples was measured at metal concentrations 

between 1 '!lM and 104 pM and the curves are presented as Figures" 
, , 

3.14, 3.15 an~16. The acid-washed HSM biosorbents exhibited 

behaviour which was similar to one another" with copper and 

manganese uPt~k~ curves superimposed and much lower uptake of 
~ 

chromium (Figures 3.l4a and 3.15a), whereas the Hez biosorbent 
1 

exhibited lower binding of manganese than copper ~t a given 

solution concentration (Figure 3 .16a) • AlI ext,acted samples had 

a lower affini ty for manganese than copper; as:'d compared to the 

rest of the biosorbents, the nitrous acid-treated samples 

exhibited much stronger binding of aIl the metals, ~lthough the 

capacity was lower. 
, 

Fitting of the data to a multiple-site equilibri~ mode1 was 

carried out (Table 3.14). It must be noted that the equilibrium 

constants and concentrations of' sites, were he$i1Y coupled and 

this data is of empirical value only. A single-site model was in 

most cases inappropriate over the entire range of meta! 

cORcentrations examined, but the introduction of a second type of 

uptake aite to the mode1-resulted in good fits. This summary of 
• 

'the uptake'behaviour is useful for comparison of various samples, 

and makes clear that the uptake capacity of- the biosorbents, as .) 

weIl as the relative strèngths of binding of several mêtal~, may 

be influenced ~ the conditions of propagation and the tr~atment 

of the biomass • 
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, Tabl~ 3.14 
Apparent Equi1ibrium 'Constants and uptake Site' 

Concentrations for ~ jayonicUi Biosorbents 

Cu2+ 
k ' .. W 

Mn2+ 
k w 

Cr3+ 
k 

Young HSM - -
-~ ... -

AW 23 67 14 120 . 84· 
. 

0.31, 260 .. .. .... 2.5 

LE 160 15 90 7.9 180 . 
0.76 240 0 .. 94 96 b 1.6 

NE 120 70 340 38 32 . 
0.41 110 - 0~9g-~ 41 ** 

- ' .... 

01d BSM ~ ~...: --
.Il , 

p.jl, 69 . 50 49 67 6'5-. 
0 

1.2 240 2.1 - ·130 0.83 
. 

LE 0.86 170 0.43 140 - 0,.53 
d- .... * .. .... • .... ** 

'i 

NE 1400 28 850 14 " 130 ." 
, 

: 0.75 102 3.6 36 0.2'1 -

HCZ . r . -::. 

'AN 39 27 42 8.3 , 1.1 . 
0.42 24,0 1"0 130 '** . 

LE 0.37 390 o.or 1300 0.13 
-

** .. * ** **, ** 
NE 190 21 66 ~4.5 420 

0.51 110 0.11 46 4.5 
., 

-

w 

14 01 

91 

5.3 

70 

51 

.. * ,; 

40 
/ 

96 

103 

..* 
31 

18 

110 

.. * 
~ 

250 

.. * 

·8.5 
; 

19 ~ 

* . AH • acid-washed; LE = LiC1-extracted; NE a HOO2-extracted 

~ 

0 

>-

** Oo1y one value was needed to mode1 the meta1 uptake.behaviour, 
or the 2-site mode1 did not converge. \ l " 
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4. DISCUSSION 

4.1 propagation of Biosorbent 

4.1.1 Inocu1um preparation 

,Reproducibility of growth experiments inv01ving any 

microorganism depends upon careful control 'not only of the period 
, 

~ . .:. 
of gÎ'owth during the experiment itsel'f, but of all the steps 

leaaing up to it. - . This is particularily true in the case of the 

---
more complicated microties such as moulds which comm::mly appear to 

have a -memory- of their past growth conditions which is much 
, . \ 

longer than could be explained by institution of new metabolic 
1 • \ - - ~ 

pathways, or by carry-over of traces of previous media in . - . 
successive transferq. One obvi6us manifestation of this i5 the 

long period of adaptation n!!ded before moulds May be 

reprod~cibly grown on any,particular medium. In this work the 

most dramatic demonstration of the phenomenon occurred when 

. transferring ~ joponicus from solidified organic medium on which 

it sporulated only occ08iona11y to the synthetic media which 

supported profuse formation of sporangia, or vice-versa. The 
It 

fact that th~periods for adaptation were the s~e for transfers 
,1 ' ... 

between eitller medium indicates that dilution of ,a component of 
-~ 

the pra,rious medium W4B not resp'onsible for the changes in· 

, cul tUI e . morphology • To ensUI e that the morphology of 
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" 
the mould was related as closely as possible to the medium 

" \ . 
composi tion, the standard procedure which was adopted for all 

growth experiments was t1;lat at l.east five successive transfers on 

s1ants of any pàrticular solidified medium must precede 

preparation of spore inocula. The number five was chosen because 

after four transfers of R.a. 1apQoiçus as disc;ussèd above the 

morphology on sUbsequent tran~fers, was consistent, and the fifth 

transfer on a slant as well as the sub~equent transfer to a 
J 

larger-.Surface of solid medium were considered an adequate safety 
" 

margine T~ represented a month of growth on solid medium 

before grcwt~n suspension' (Si: transfers times five days per 

transfer). Application of this procedure demanstrated that any 1 __ 

particular medium was complete (would support good growth) and 

resulted not only in repea'table harvesting of spores, but also in· 

repeatab1~ g;owth patterns and subsequent metal uptake be~aviour. 

The overall experimental reproducibility was illustrated by 
) 

several sets of results, such as those in Figures 3.3, 3.8, 3.10, 
, 

3.12 and Table 3.6, which show data from réPlicate experiments. 

During the course of other experiments 'Which were performed only . " , 
once, replicate samples were taken and analysed. è • 

1 \ ---.,.- -- -- J .. 
The multlple-transfer procedurewhich was adopted minimized 

, " 
, ( 

the lag period in suspension culture (about half' a day) • 

Extended lag periods were commonly obsdtved in the flrs~ stages 
v't 

of adaptation to àny new medium. In other work not dirÊctly 

related to ~this (Treen-Sears, unpublished) a lag period of two to 

" four days was observed before significant quan~ities, of.;bi9r1taSS' • 
were produced when RbizQPuS spécie~ ~er~ trànsferred from the 

-
solidified organic medium to sterUe whey, a. radically different 
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. 
growth medium, witbout the successive transfers to a110w the 

, 
organism to {ldapt. Dur ing the' course -qf this wor kit was not , 

practica1 ta reduce the 1ag period by using ,a vigorous v.egetative 

inocu1um because aseptate hyphae Whichl are not amenab1e to 

partial homogenization before dispensi~g ~re difficU1t to ~andle 
1 

reproducibly. As weIl, atteml2ts to g!row a more easi1y 

manipulated yeast-1ike inoculum of B... 1. . under a variety 

of conditions r ~rted to induce such in s~cies of the 

closely-related genusA Mucor, were uns cce~sful. The absence of 

yeast cells of several other Rhizopus sp. under anaerobic 

conditions which caused such growth in Mucor has been observed 

previously '(Bartinicki~arcia and Nickerson, 1962a; Hesseltine i.t 

Al., 1985). In previous studies, however, the organisms did grow 

anaerobical~y • The -absence of such growth by R.a. javanicuEl' in 
• , / . 

this study may be a characteristic of this species, or may be due 
, , 

to increased nutritional demands under anaerobic cOnditions, as 

was observed,for Mucor rouxii (Bartinick~-Garcia and Nickerson, 

1962b; Elmer and Nickérson, 1970). When any microbe is being 

grown for profit, long delays due to extended 1ag phases must be 

.' avoide~, as the maintenanc~ of thè unproductive orgarlism' in the" 

growth medium wastes bath energy and time in the fermentation 

vesse1 and increases the 1ikelihood of contamination. 

The reason for thése organisms' "memory Il of previous growth 

conditions 1s not entirely clear, altl10ugh the' genetic material 

is MoSl: pro~bl'y. ill1101ved. As reviewed by Burnett (1976, pp 480-

481), Phycomyè:etes are heterokaryons {wi thin on~ hypha there_.are 

many nùclei, ,which do nO,t aIl contain identical genetic materia1), 

~d they 9row from, multinucleate sp?rangiospores ~hich themselves 

, -, 

( 
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arise fram the collection of nuclei rather than the splitting of 

one original nucleus. In Muooraceae, which in pure cultu.re do 

not undergo hyphal fusion, mutation and selection are the only 

means of evolution of the fungal morphology. Since the time .; 

scales normally involved in uninduced mutation are much greater 

than in these- studies, the adoptation of a new rrorphology during 

successive transfers on a single medium following transfer from a 

different medium must be due to selection which led to a new . 
stable distribution of the" various types of nuclei'. As long as . , 
no genetic material is actually eliminated in ~e process of such 

selection, reversion of the mo.uld to its previous morphology . and 

physiology upon transfer to the original medium would occur, as 
') 

was observed in this work. The occurrence of such reversion . , 

inâicates that mutation did not, occur, and in general could be an 

indicator of strain stabil~ty, which is always a concern in "'. 

industrial fermentations (Pirt, 1983). In further recognition cff 

. the possible variation among heteroka,ryot'ic s~~cies, recent 

investigations of the DNA complementarity of Rhizopus species has 
o . 

lid to proposed simplifications of the taxonomy of the 

~ arrhizus-~ oryzea group as sorne species exh"jited high 

relatedness to one another (J.J. Ellis, 1985). 

Another implication of variations in fungal rrorphology on 

different groWth media is that they may be valuable taxonomie 

indica tor s. Traditionally a variety of traits includ';ng the. 

maximum temperature .at which- they will grow, metabolic 

charaqteristics and the morphology of reprod';lctive structures 

have been used to delineate Rbizopus species (Inui ~ ~, ~9651 

0.8. Ellis, 1981). Bowever, sane confusion has resulted fram 
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.. difficulties in describing sporangial appearance unequivocally 

because of both strain variations and failure of sorne • 

investigators to recognize the extreme effeets whieh growth 
. -

conditions may have on morphology (J.J. Ellis, 1981). "Synthetic 

Mucor Medium" (Hesseltine and Anders~n, 195~) has been 

recommended for taxonanie studies of Mucorales. (Hesseltine and 

Ellis, 1973). In fact, however, this is an ineomp1ete medium. . .. 
The essential trae~.JDinerals presumab1y were supplied by 

impurities in the ehemicals or water, or during transfer from 
( 

• 
other maintenance media. ~he synthetic media developed.in this 

work are the first defined ones for Rbizopus species which were 
-

proven over the course of severa! transfers to be complete. They 

would not be sui table for Muco" however, beeause this genus 

" requires vitamins which were not included. Variations of 

morphology during growth on different media are not common 

taxonomie indicators, no doubt because extreme and e1ear-cut 

~,~ variations such as that observed for R... japonicus are unconunon 

and purely serendipi tous. Such phenomena may, however, provide a 

simple test ,for the species. 

4.1.2 Pattern of growth of &.. jayanicus in suspension culture 
1 

AlI propagation of biosorbents was carried out in batch' 

~spen~~~~ culture, so a picture ~f the dynamies of growth i~ 

essentlal 'before addressing the- effects Qe growth conditions on, 

subsequent biosorbent quality. 

A lag period of several hours preceded èommencement of .rapid 
~ ~ 

growth (Section 4.1.1), but then the mould grew exponentia11y at 

specifie growth rates which were observed in the Versatec 

fermen~rs to be from 0.08 h-l to 0.24 h-1, anç in the high-salts 
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medium (HSM) exponentiaI growth continued to a biomass 

concentration of 3 g/L (Figure 3.10) ~ The fact that this type of 

_ growth was observed rather than linear growth, as is often the 

case with mycelial organisms which do not divide as do 

unicellular microbes, indicates that the organism was vigorous 

and that frequent hyphal branching occurred (Morrison and 

Righelato, 1974; ·Latge and MOletta, 1983). Clearly maximization 

of the rate of exponential growth would be desirable for 

industrial propagation of biosorbents, should aIl else be equal. 

However, biosorbent quality was also related to the rate of 

growth, and this is discussed in Section 4.1.4. The rate of 

exponential growth was affected by the medium pH (optimum pH=5), 

the presence of light and the level of carbon dioxide. 

The fact that mucoraceous fungi are sensitive to light has 
, , 

long been recognized; effects of light include phototropism and 

the necessity of light (often periodic light and dark periods) 

for differentiation of sporangia. The rate of growth of the 

sporangiophore at different stages during development of the 

reproductive apparatus may also be affected by the presence or 

absence of light, and ~-carotene production is stimulated and 

alcohol dehydrogenase production is inhibited by illumination of . \ 

sorne org'9lisms (Burnett, 1976; Bergman ~ gl., 1969; reviewed by 
~~ ~ 

Senger, 1984). Chitin synthesis and breakdown h~ve been 

implicated in the light growth response; 10%-30% stimulation.of 

chi tin synthetase upon illumination of crude extracts of 

Pbycomyces blakesleeaous and 50% stirulatï:0n of the synthetase .in 

m2 wère reported (Herr,era-Estrella and Ruiz-Herrera, 1983). In 

Aspergi~lus gigantus -mut,. ü.b.â~ which is less closely related to 
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RbiZQPus, the presence of light was found to stimulate chitin 

sym:hesls, :and the chitin content of illuminated cultures was 

50%-80% greater than those grown in the dark (Fiema and 

Globiewska, 1981: Fiema, 1983). 
1 
\ 

During the course of this work the specifie growth rate in 

suspension culture was increased by 50% in the illuminated 

cultures compared to the ones in the dark, and the metal uptake 

behaviour was also affected. This is remarka~ly similar to the 

stimulation of chitin synthetase in ~ blakesleeanus (Herrera­

Estrella and Ruiz-Berrera, 1983) mentioned above. In bath wrapped 

and illuminated fermentors only vegetative growth occurred and 

ther~ was no rndcroscopic evidence of increased differentiation of 

the hyphae in the illuminated culture. This was most likely an 

effect of mixing because-gHvitational orientation is also 

i~rtant for sporangial development (Bergman & Ü-." 1969). The 

phototrophic response was also noted for aIl Rbizopus species on, 
, 

sOlidîf,ied media, but was not always obvious when they formed 

short turfs on which the response was difficult to detect. 

Sporulation was also greatly improved when the organisms were 

grown in the pres~nce of l~ght, which led to the standard 

procedure of incubatinC] cultures on solid media within l m of a 

40 W incandescent lampe 

As a major metabolic pr~duct carbon dioxide affects growing 

fungi in numerous ways, including inhibition of growth, and the 

yeast-mycelial dilOOrphlsm of Mucor sp. noted above. The roles 'of 

carbon dioxide in fe~entations were extensively reviewed by Jones 

and Greenfield (1982). Inhibition of mould growth occurs at 
( ~ 

.q~ite ~ow partial 'pressures (e.g. 0.002 atm results in a ,10% 
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decrease of the growth rate of Aspergillu§ 'sp., while inhibition 

~f f..a. chrysogenum OCcurs above 0.04 atm). The 20% inhibition of 

the growth rate of Ra. jçlYanicus upon addition of 2% C02 to the 

air supply observed in the versatec fermentors is therefore. 

within the range of inhibitions observed for other moulds. 

Furthermore, in most fermentations slow nucleation of CO2 bubbles 

limits the rate of- .desorption, 50 many broths are supersaturated. 
-

This will be discussed in connection with aeration, mixing and 

scale-up (Section 4.1.3). 

Following the exponential period growth slowed and f inally 

ceased: in preliminary media in versatec fermentors a very sudden . 
cessation"was observed, but more graduaI slowing was observed in 

h~gh-salts media. If glucose remained., ~he slowing of growth woas' 

accompanied by the commencement of acid production (no bases 

which could be metabolized, such as ammonia, were inc1uded in the 

medium formulation). The acids produced were not idenlifieù, 

although RL jayanicuâ is known to produce organic pcids including 

fumaric acid (Inui .tt Ù., 1965). The fact that acidic 

equivalents were produced ~ore efficiently (more moles of 

titratab1e acid equivalents were produced per mole of glucose ) 

consumed, Table 3.7) when the medium pH was high ~ndica~es 
that either amuI tifunctional acid, or ·more than one type of acid 

with only-one carboxyl group, was being produced. The result of 

the acid production wa's that if the pH was not controlled it 

dropped much more quickly in culcures grown at higher pH values 

or ab- higher biomass concentrations than it did in cultures grown 

at lower pH val}1es or in more dilute suspension. In ei.ther event , , . 
the pH levelled off at abOut pH 2, at whièh point, growth was v.ery 

, . 
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slow (the PRa values of common organic acids are greater than 

two, so continued acid production would not cause a further drop 
• in pH). These dynamics must be kept in mind when interpr~ting 

all growth results. The observation of continued acid production 

at low pH by i.. javanicus is different frcm the behaviour of 

Mucor rouxii which ooly produced acid above' pH 7 when grown in a 
1 

complex medium (Bartinicki-Garcia and Nickerson, 1~62b). 

Slowing and halting' of growth is in general due to either 

depletion of an essential component for growth or accumulation of , , 

toxic or inhibi-ting compounds. The cessation of growth due to 

depletion of one or more trace minera~s fr'om the medium at very 

low biomass concentrations in preliminary media A and B is 

discussed in Section 4.2. Accumulation of a growth-inhibiting 

compound was not investigated, although the production of 
. 

siderophores (Holzberg and IArtis, 1983), which would have 
• J 

complexed èssential metals (particularily iron) in the medium, 

might have resulted in growth patterns during the "fe~ding" 
, , 

of trace metals experiments similar to those which were observed. 

'Tflis is a dubious exptanation for several reasons. 
, . 

Ptobably very 

little siderophore was produced in the 1-3 day old cultures in 

this work as signi,ficant production of these compounds by • 

B.a. arrhizus and R. oryzea was reported to have accur red after 

extended periods of time in culture (eight week's) (ibid), and 

production by Ra.. oryzea was not observed at aIl in human serum 
.' 

(Rastinejad and ALtis, 1984). As weIl, siderophore production is 

supposed to result in ·enhanced fungal growth rathér than the 

contrary (Lavie and Stotzky, 1986). In any case, had 

siderophores been secreted into the solution, one would not have 

103 



o 

-

-" . , 

expected the correlation, between medium trace metals content arid 

the biosorp~ive yield, which is a property of ~he sOlid"which 

was observed in this work. 

Other components which are important for the orga~ism's 

-
metabolism are o~gen and carbon dioxide, which must be ~ 

transferred to and from the growth medium respectively. Gas 

transfer and agitation is discussed in Section 4.1.3 in ,-~ 

connection with scale-up of biosorbent production. 
- ~ 

To illustrate the importance of understanding the dynandcs; 

of the growth in culture when interprëting experiments, the shake 

flask study of the effects of inoculum levels and liquid volume , 

on,biosorbent production.will be discussed. As illustrated in 

Figure 3.5 a 2-fold difference--tn'" the surface-to volume ratio in 

250-mL Erlenmyer flasks was important in determining both the 

final.biomass concentr~tion and the subsequent met al uptake 

behaviour (aIl of the.flasks were harvested at the same time, 

after they had reached pH 2). The rates of o~gen absorption, -carbon dioxide desorption and shear were aIl lower in fl~sks 

containing 100 mL than in those containing 50 mL. 8L jayanicuij 

biomass propagated in 100 mL broth grew more slowly than the 

~celium in the lower medium volume, 'but i~ achieved a"higher 

biomass concentration, 'and underwent a more rapid decrease in pH 

-when gro'!1:h slowed and the metabolism sw1tched to acid 

-t.!' producti~n. The biomass in the flasks containing 50 mL gr ew 

rapidly initially, but experienced much earlier onset of acid 
\ 

production, and at low biomass concentrations experienced slower 

, ' 
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decreases in pH; In general, at pH 2 the mould did not grow, and 

changed its metal uptake behaviour extrenel{t slowly, whereas at 
'!"" 

lntermediate pH values biosorbent was produced which reflected 

the current rate of growth. The correlation between growth rate 

and metal uptake behaviour is discussed in sec~ion 4.1.4, ~ut it 

is suff~cient to say here that the copper uptake ability was'­

generally greater when the mycelium was propagate~ at a higher 

average growth rate during active-growth. ~his experiment, which 
, ' 

must be interpreted in light of knowledge of the dynamics of 
... 

growth, highlights the fa~t that the behaviour of the organism 

must be thoroughly understood to avoid arriving at a totally 

erroneo~s concfusion (ie. that in general the copper uptake 
, ( 

behaviour May be improved by growing the mould wi th a lower 

Aeration rate). This false conclusion would be a consequence~of 

the fact that aIl the flasks were harvested at the ~ame·time, . 

after the period of activ~ growth. 

The inoculum level did not have as large a~ effect on 

biosorbent production in shake flasks as did the medium volume, 
, ' a . ",.' , 

41though at 107 spores/L pellet formation was more pronounced and 

biomass production was -lower. An inoculum level of at least 108 . 

spores(L would be recommended,for this organism growing under 
~, 

these conditions. This is a higher level than tQe 106 spores/L 

whicn Bartinick!-Garcfa and Nickerson (1962b) found resulted in 

good growth of Mucor rouxi! in,a co~lex medium. However, they 
. 

ro~tinely us~d a higher. !noculum level more in line with that 

which was found to be necessary here. In further studies of 

propagation of RbizORUs biosor/benté one mi9,ht wish to grow 

pellets because this form of gr~r'esults in better oxygen 
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tr~sfer in a fermentar (Brierley and Steel, 1959). As weIl, 

pellets could be used'directly as a" recyclable ion exchange material 

- (Treen-Sears ~ êl., 1984). Pelletization was found to be 

affected by both the inoculum' level and ,ethanol in the growth medium. 

4.1.3 Scale-up Qi biosorbent production 

When scaling up production of microbial biomass both gas 

transfer and agitation must be considered. . 
Oxygen demand by a growing mould ls a function of the rate 

of growth,ahd the efficiency of oxidation of the substrate. 

___ Ratêsr"~+ oxygen uptake for a variety of fungi ranging from 0.3 
, ..;r, 

~~l/~ dry weigQt/h for the yeast Debaryomyces formicarius 

growing a;_O .11 h-l (panikov and Bondarenko, 1,981) to 6 rnroo1/g/h 

f9r Candidê utilis growing at 0.8 h-l in non-limiting oxygen 

concentrations (Vorob'eva and Filomenko, 1982) hav~,been 

reported. In the latter case"an oxygen transfer rate of , 

0.,6 mmol/L/min was necessary to avoid oxygen limitations. . -. 

Intermediate oxygen uptake rates of 1.1 mmol/g/h to 2.1 mmo1/g/h - , -

have been reported for the filamen~ous fungus Neurospora crassa 

and the yeast SaccharYmvces cereviseae (Giese, '1973, P ,438). 

~suming the maximum rate, in a culture of 1 g/L the oxygen , 
-

demand would De almost two-thirds the maximum oxygen transfer' 

rate ~f 0.18 mmol/L/min measured by sulphite oxidation at an air 

flow rate of 2.2 VOl/vol/min in the versatec fermentors, and, 

would be greater than .the rate of transfer at lower ai~ flow " 

--rates. The sulphite oxidation measurements cannot be related 
, l 

directly to- oxygen transfer in the growth medium because the 

presence of disperse mou Id ~celium in the broth has'been 'found 
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to decrease profound1y the oxyqen transfer ra~e (up to 50% at 

1.5 q biomass/L) as bubble dispersion and coalescence was affected ~ 

the solid (Brierely and steel, 1959). Clearly oxYgen limitation 

in the Versatec fermentors at low air flow rates and high growth 

rates could occur at very Iow biomass concentrations (less than 1 
l, 

~ .. 
g/L). As weIl, orqanic components, particularily surfactants 

which manifested themselves in this work as foaming,occutred 1ate 
~ 

in the growth experiments, affect the rate of oxygen transfec 

(Bull, and Kempe, 1971; Eckenfe1der and Barnhart, 1961). However, 

there is no general rule regardinq the effects of surfactants on 

oxyqen tr-ansfer. 
- ; 

Oxygen transfer cannot be considered in isolation from 
J 

Agitation and carbon dioxide desorption from the medium. The 

growth rate of Mucor jayaoicu§ has been found to be directly 

related to the rat~ of ~itation (Tanaka and Ueda, 1975). The 

shear rate experienced bf Aspergillus niger (a septate mould) -has 
, 

also been reported to affect the growth rate, cell morphology and 

cell wall structure as shear deereased the sensitivity of the. 
• 1...-

wall to lytic enzymes (Ujcova ~ Al., 1980; Musilkova ~ 91., 
} / --

I98l(. As weIl, the >-rate of desorption of carbon dioxide from 

fermentation media is often limited by the rate of nucleation of __ 

~bbles and is therefore enhançed ~ increased agitation and air 

flow rate (Jones.and Greenfield, 1982). In this work a 20% 

decline in the specific growth rate was observed in med~um B when 

2% C02 was added to the air st~eam (Table 3.7). 

Balting of acid production and resumption of growth upon 

increasinq the air flowrate in the ~ersatec· fermentors was 

demonstrated with low initial aeration rates (0.5 L/min; 
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0.3 vOl/vol/min), but at a rate of 4 L/min (2. 7 vol/vol/min~' .' 

constant groWtQ in the~i9h salts medium at a 'rate of 0.2~-h-l, 
fram biomass concentrations of 0.03 g/L to 3 g/L was observed. 

These were both a high rate of growth,' and the hig~est blomass 

concentration attained in this type of fermentor, and the fa ct 

that growth did not~low with increasing culture density ,,-. ( , 
indicates that ~eration was adequate. Thus oxygen transfer was 1 

not a cause for concern in other experiments with this equipment 

at lower culture densities with the sarne air flow rate. However, 

it should be noted thàt-the dissolved oxygen'concentration in the 

broth ~as not measured. 

'The'mould grew rnor~ quickly and a higher final'biomass 

concentration was a~tained in the ,large, baffled, impeller­

'agitat~ New Brunswick ferm~ntors used to propagate large 

quantities of biomass than in the Vibrarnixer-driven "Versatec" 

fermentors (S.2,g and 61 9 acid-washed biomass/IO L broth after 

26 and 44 h of growth compared to 0.06 and 3 9/L after 26 and 40 h).' 

~e increaseg growth rate was not du~ to improved aeration, 

b~~~se adequate aeration w~s ~rovided in the Versatec 

fermentors. However, as discussed above, increased shear 

stresses within the liquid may have affected the growth rate. 

~ 

4.1.4 Effect of growth rate on biosorbent quality , 

The effect of growth rate alone on'biosorbent quai~ty is 

difficult to a~ess, because there must be different growth 

èonditions causing the differences in growth rate. Variation of 

the dilgtion rate in continuous culture iS,a common method of 

controlling growth rate whi~e holding other parameters 
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essentially constant, but the Rhi;Qpu~ moulds do not lend 
oJ 

thel1Jselves v~ry readily to this mode of cultivation. After 3 to 

4 days in the fer,mentor they exhibit a great deal of wall growth, , 

form a thick broth.~bich does not behave properly in'an overflow 

even at very low biomass concentrations, and.grow through aIl 
, . 

orifices (including' those on pH probes) and up tubes such as air 
• inlet and sampling tubes, regardless of their size. They also . 

• 
at~ch themse1ves to every small discontinuity in the f~rmentor . 
and start to form lumps which if left undisturbed may achieve 

) 

impressive dimensions. Obviously one needs a ditferent strategy. 
~. 

The comparison of similar biosorbe~t samples which, çecause 

of rèlative1y small differences in their growth conditions, grew 

at differ~nt rates, illustrates that there ~1as a general trend ,of 

variation of metal uptake with growth rate. Three conditions 

which individually led ta variation in growth rate were intensity, 
.. 

of light, medium pH, and tlme of harvesting of biomasse When the 
. 
coppet uptake at 1.2,- 1.8 mM concentration in solution was 

compared, under two of these ·three conditions, the s~ple which 
, 

was growing at a greater rate took up the most metal per gram of ' 

biomass;-, That is, the sample grown at optimum medium pH=5 (Table 
'-

3.9°) and the younger samples of sever al RbizQPuS sp. (Tables 3.6 
o ' 

and 3.11) took up more metal than the sample grown at pH 6 and 
'\ . 
the older· samples respect~~ely.~ However, ttiere was op consistent' 

trend 'among the samples abtained during the fermentations in the 

light and the dark (Table 3.8) because'the copper uptake went . 
through a maxillllm at diff~rent times. In general, among a 

varlet y of organisms, the pattern of metal uptake variation with 

, culture age is not; predictable • ., Biomass of the' capsulated 

" 
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bacteria Zoogloea ramigera exhibited an age-dependent maximum in 
l' 

copper and caàmiurn uptake (Norberg and Persson, 1984), while 

little difference ,in cadm~um uptake with culture agé of the 

bacteria Parracoccus sp. and PseudoIDonas putida has been observed 

(Bollag and Duszota, 1984). However, higher uranium uptake by 

young ..mycellal cultures of penicillium spp. than by older on es , 

' . ..-- has been measured (Zajic and Chiu, 1972). As well, decreases in 

uranium 'uptake abillty of ~ arrhizus biosorbents with increasing 

time spent in culture have been made observed '(Treen-Sears tt 

gl., 1984). Analysis of' the results pr~sented ln that paper 

reveal that the biosorptive yield was constant during the period 
" 

of growth which was examined • 
. 

Altheugh it was originally thought that the copper 
" 

concentrations of 1.2 - 1.8 mM used in these assays would result 

in near-saturation of the biomass, this was not the casè wh en ~he 

:;trength of binding wavow, as was repeatedly d'emonqtrated in 

studies of metal uptake. Thus the enti re metal uptake curve 

should be considered. In arder tb compare copper s,equestering by 

a vari-ety of samples the metai uptake wàs moqelled' in terrns of an 1.-
- , . 

equilibrium (Treen-Sears ~ 91., 1984), assumi~g-~ne type of 

site. This was not rigorous- with ,such a complicated material, 

but described the data very well and allowed direct, meaningful 

9omparison of sampI es • When grown in dilute suspen.sion, six 

RhizQPuS species exhibited a decrease in "w" (the metal uptake 

observed at saturation of the biosorbent) and an increasp. in, ,"kil 
= \ 

(apparent strength of binding) with increasing time.in culture 

(decreasing growth rate) (Table 3.11), as did thf! young and old , ~ .. , 

HSM biosorf;M!nts (Table 3.14). RhizQpUs jayaoicus biosorbents 
• 
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whicb bad been propagated in the light and~e dark and harvestèd 
6 ~ 

at the time of commencement of 1 acid production exhibited a 
, - j 

similar trend; the biosorbent propagated in the light, whicq had 

grown at a greater rate, exhibited a higher ~w and a lower "kW 

compared to that grown in the dar k. The strength of binding was 

not measured for the samples propagated at different pH values. 

Another situation in which the growth rate was changed was 
-

the experlrnent in which a trace-metals mixture was added to an 

old, ~tationary-phase culture. This caused a temporary (5" h) 

increase in the copper uptake by the biosorbent, which 

corresponded to the microscopic'o~servation of initiation of 
, 

fresh growth of the hyphae. This pointed out the possibility of 

'al.teration of the biosorbent behaviour by initiating a short 

period of growth in a stationary culture. If biomass which has - . 
been propagated for ~ome other purpose (eg. synthesis of organic 

compounds) is subsequently ~o be used as a biosor bent, i t May be 

worth carrying out a short trea~ent such as this in the 
• 

fermentor, and timing harvesting to optimize the meta! 

uptake characteristics. It might be considered surprising that 
J 

such a large change in meta! uptake behav iour of the biosor bent 

was observed as growth was 1nitiated in the biomass, considering 
l 

that little new mater,ial was actually incorporated into the 

~ce1ium. However, the ~or.mation of new growing tips involves 

extensive lys1s and rearrangement of material within the existing 

cell- walls (Gooday' and Trinci'l 1980). These changes in both the 
. " ," \' 

composition. an~:r str'ucture of' the existing material would 

contr1'bute to the observed changes in copper up~ake behaviour • 
" : 
l , 
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In summary, a genera;tly observed trend was that. under 

similar conditions of growth,·t~ strength of copper binding 

decreased and the total number& of uptake sites increased with 

increasing rate of growth. When the media corn~sitions 'were 

'different, hawever. these trends were not followed, as was :most 

vividly -demonstrated by the effect of variation of the 

predominant dival~nt cation in the ,growth medium on subsequent 

metal uptake behaviour of the biosorbent (Figure 3.,11). 'l'his is 

discussed further in Section 4.3.6. 

4.2 Development of a GrO\olth Medipm for Copious Biomass Prod':1ction 

In section 4.1 the pattern of nwcelial growt~in suspension 

cplture was described. The fact, remained, however, that the 

biosorbent concentration in the growth~edium was low (often 

, 

less than 1 g/L) , and this was the next problem to be addressed. 

The strategy of the series of experirœnts leading to the 

development and study of the high-salts medium for copious 

production of Ra. jayanicus biosorbents was e related in the Results 

section and will not be repeated here. This was done for _t.he 

sake of conti nuit y, because the results of these experiments were, 

self-evident and the conclusions from one experiment led to the 

\ design of the next. The results of this series of experiments 

are ~iscussed below. 
'" ' 

"The observation that the trace metals cOlltent of the growth 
\ /"" " 

medium was directly related to the biosorptive yield of 

"' /" Ra. jayaoicus sugge~ted that the growing mould was seq~esterlng 

essential elements from the growth medium t9 such an extent that 
1 

-
it was limiting its· own growth. SimUar limitations of growth 

1 
1 

{. 

..... \ 
\ 
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have been observed i~ activated sludges which contain microbes 

which either sequester metals themselves or secrete compounds 

which complex them, making them unavailable to the growing 

organisms (Callander and Barford, 1983a,b). In this case the .. 
slow production of biosorbent which continued arter the 

commencement of acid producti<?n in' the absence of pH con~rol 
~ 

would be expected as tpe metals were displaced from the biomass 

by ion exhange reacftions similar to those observed with a 

R. oligosporus biosorbent (Treen-Sears et gl., l~84). Metal 

uptake by ion exchange has been observed for a broad range of 
, 

algal, bacterial and fungal biomass samples f as was related in 

the Introduction, and is considered tq be the chief'mechanism of 

uptake by the biosorbents in this work (Section 4.3.4). 

, The fact that toxici~y (slower growth) was observed when 

~dditional trace metals were presen~ initially in the growth 

- medium led to the batch feeding experiments, which supported the 

hypothesis that the mould was limi,ting i~s own growth by 

sequestering essential elements from the growth medium. 

'Additional evidence o~ toxicity of the original stock trace 

metals mix~ure during the feéding experiments maoe obvious the 

necessity of the·toxicity studies. Extreme toxicity of copper, 
-7 

nickel and cobalt is a common phenamenon among moulds (Somashekar 

o 

G -Al., 1983), and was observed in this woIk as weIl. Fungi May o. 

adapt thems,elves to gro\/ in normally lethal concentrations of 

most of the cations investigated (Bowen, 1979; Doelman and 

Haastra. -1984), but higher concen~rations of less toxic cations 
o 

May c~nteract ?r exacerbate the effects of more toxic metals 
- . 
(Mohan and Sastry, 1983). Therefore. the concentrations of the '/ 
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metals which were found to reduce the quanti ty of growth in the 

toxici ty experimenf were kept very low in the high salts medium 
, ' 

(HSM). The toxicity studiès were carried out in media to which 

the -or9anisrn was not adapted; in an attanpt to mimic the traçe 

metalst feeding experiments the mould was adapted to the 

unsupplemented dilute medium C. The absence of growth in 2 M NaCl 

observed in this work may be a consequence of this lack of 
./ 

- adaptation, as B,. javanicus is reported to exhibit goOO growth in 

5 M NaCl (Inui et S,l., 1965). It is possible that following 

adaptation the mould would grow weIl, in higher concentrations of 

cations than appeared to be toxie in these studies. Nevertheless 

sueh a study"points out the relative toxicity·of a variety of 

ions. 

The toxieity studies illustrated that the original trace 
'\ 

" 

metals mixture was poor, and adjustment of the composition led to 

" a prelirninary HSM which supported much better growth of the 
" 

mould. Moreover, after it was determ.i.ned that there was no 

antagonism of biosorbent. production due to the levels of 

potassium pho~phate, magnesiurn sulphate, and iron, zinc and 

manganese levels a HSot was devised which supported rapid' growth 

in the "Versatec: fermentors (0.23 h-1 specifie growth rate) 

leading .to rnueh higher biomass concentrations (3 gfL at th,e time 

of harvesting from the "Versatec" fermentors, and 8 9/L in tl}e "New 

Brunswick" fermentor). The latter biomass concentr ation compares 

fa~ourably' wi th those achieved when growing IL- arrhizus and IL. 
,.- J' , 

nigr;icans to produce fumaric 'acid, for which concentrations of 

6 f!f'L to 8.5 9/L were reportea (RhOdes !itt Ü, 1959~ Burnett, 1976 

p 246). In these studies the concentrations of zinc, phosphate 

114· 
, Q 



.. 

• 

and ID8gnesium' affected signif icant~y the quanti ties of both 

biomass and aci-d in the fina~ culture. The "biomass 

concentration" measut.ed in this work was ~ower than a 

conventional dry weight assay (Section 3.2), so the final 

concentration of R. jayanicus propagated in the HSM was actually' 

h.1gher than those reported in the literature. 

4.3 Effects of Growth ConlUtions on Biosorbent Quality 

Studies of the effects o( age in culture and the predominant 

.divalent cation in' the growth medium on subsequent metal uptake 

behpviour demonstratéi that metal uptake 'behaviour by biosorbent~ 

- derived from a single species may be profoundly affected by the 
" 

.conditions un~er wh~ch it was propagated. However, they shed 
.' 

little. light on the reason for these variations. In the final 
& 

set of experiments large quantities of biosorbent were propagated. 

under three different conditions. They were grown for short and 

long ti~s in the high salts me~ium to pr1u~e young and old H91 

biosorbents, and to a low. biomass concentration in a medium wi th 
r1 

a lower leyel of magnesium, and higher concentrations of calcium r 

and 'zinc, HeZ. Thes~ samples were acid-washèd with 0.01 M HC~ to 
, 

produce standard biosorbents <?oll)parabl,e to those stùdied 

previous~y, and were aiso extracted with l·ithium chloride and 

nitrous ac~d at- roan tenperature. The chemical composi tion of 

;he standard and extracted biosorbents, as well as their uptake 

of copper (II), manganese. ~II) and chromium (III) ~rOm solutions 

of single salts over several orders of magnitude of solution 

concentration, were determined. Slurries of the old HEM 

biosorbents were also titrated with sodJU!D hydroxide. 
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The objective of these experiments was to provide information 

which would allow elucida tion of the relationships betwÊiën the 

condi tions under which the biosorbent had been propagated and the 

subsequent metal uptake behaviour. The discussion of these 

relat10nships will be dlvided into a series of steps. The 

biosorbent chemical composition will be examined, and information 

from other st_udies of the synthesis of cell wall components will 

be reviewed. Following this the structure of the biosorbent will 

be discussed, and only then will the metal uptake behaviour -be 

examined\,and related to the information on the biosorbent make-up. 

4.3.1 Biosorbent chemical composition 
-" 

The biosorbents contained, by weight, 8-12% phosphate (P04), 

23-26% uronic acid (glucuronolactone basis), 28-37% glucosamine 
• 

and 14-43% protein, and despite differences among the sâmples, 

their chemical compositions were typical of mucoralean cell 

wa11s (Bartinicki-Garcia and Nic~erson, 1962c; Bartinicki-Garcia 

and Reyes, l.%8a,b~ Datema ~ ~., 1977a,b1 Dow ~ 9l., 1983). 

The correspondence between the biosorbent a,:;says and cell wall 

assays, along with the microscopie observation of freedom from 
- " 

cytopl.asmic contamination and the substantial. weight losses 

during extraction (Section 3.4.l.), indicate that the biosorbents 

were principally cell wall material (Bartinicki-Garcia and 

Nickerson, ;L962c). The proc~dure used to pur if Y the biosorbent 

would result in a èell wall preparation which was not necessarUy 
'" -

free of ltpids, al though their absence is not oonsidered essential 

for "pure- mould cell wall prepatations (Burnett, 1976 pp 19-21) • 
/ 

Lipids were -not expected ta participate in Metal uptake, so in 

this work the lipid content of the biosorbent was not' assayed, 
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although it is repo!'=ted to represent 5%-8% of the cell wall 
, . 

material of Mucor rouxii (Bartinick!-Garcia and Nickerson, 1962c; 

Bartinicki-Garcia and Reyes, 1968a). The high phosphate levels 

often observed in isolated mucoralean walls, and observed here as 

weIl, were once tnought t~ be due to cytoplasmic contamination 

duri~g, purification. However .. X-ray microprobe analyses and 

evidence thae-the phosphate is firmly bound and is impervious t,o 
, 1 

prolonged washing has convinced invest1.tOJ;s that it is a true 

cell ~all componerl't (Campos-Takaki et /., 1983) •. Many of the 

reports in the literature of muooralean cell wall composition, 

structure and synthesis are examinations of the walls of Muco," 

rouxii and M.... mucegQ, and originally stan from inves'tigatiohs of 
J • 

the yeast-mycelial dimorphism of these organisms. However, 
... '}, 

Zygomycetes are aIl thought to exhibit the same general 

mec_hanisrns of cell wall synthesis because the wall composi tion is 

similar among gener-a (Bartinicki":'Garcia, 1968), as is the 

structure (Sengbusc:h ~ Al., 1983). 

4,.3.2 S}rnthesis of cell wall component,s 

When examining the i~fluence of the growth medium 

composition on th~ -cell wall make-up i t is convenient -to start b~ 

examining the synthesis of tbe ce!l wall polysaccharides, 

particularily chitin (poly-N-acetyl glucosamine) and chitosan 

(unacetylated chittn). In ~pJ:actice these polymers are rarely pure , 

and the terms usually describe substances which are predominately 

acetylated or deacetylated respectively. In the follow~ng 

arguments they are ~sed to refer to the appropriate pqre ' , ' 

fractiôns of the glucosamine polymers. Chit~n. is the name for, 
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fully acetylated chi tin, but this term will not be used, i~ 
, 

recognition of the ~act that -this materia1 does not:' occur in 

these fungal walls. Before examining the observations in this 
, . 

work, synthesis of individual cell wall polymers will be reviewed. 

Chi tin synthesis has been studied in vitro using particles 

called chitosomes, as weIl as subunits-thereof, which have been 

isolated from several specie~'of fun9i (reviewed by GOoday and . 
Trinci, 1980). Chitin synthetase has an absolute requirenent for 

a divalent cation, land Mg2+ is most probably the on~.actin9 in 

viï2. -In vitrQ stimulation of v1rtually all enzyme preparations 

occurred in the presence'of;magnesium at 10 mM conc~ntration, and 

for sorne manganes~ was as effective at a 10w concentration (~mM), 

but inhibitory at higher concentrations. In various preparations 

cobalt was also stimulatory, or at least not inhibitory, to - , 

chitin-synthetase, and iron (III) was also slightly stimulatory. 

With magnesium in the reaction mixture'substantial inhibition of 

the enzyme was observed when zinc was added1 barium was less ... 
inhibitory and calcium ~as ~ven less so (ibid1 Lopez-Ramero and 

Ruiz-Sérrera, 19761 Peberdy and Môore, 1975; McMurrough and 

Bartinicki-Garcia, 1971; Huizar and Aron~on, 1985). 

Chitosan synthesis in Mucorales is a two-step process in , , 

which chitin is formed and subsequently deace~yl:.ated to a greater 

or-lesser degree to form chitosan. The deacety1ase has no 

requirement for a divalent ~ation, but is.inhibited by acetate 

(an end product) and acts only on polysaccharides (Araki and Ito, 

~974). A chitin synthetase plus chitin deacetylase, enzyme' 

Dd~ture for in vitro preparation of chitosan exhibited the sarne . -
requirement for a divalent cation exhibited ~ the chitin 
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synthetase ~lone. Magnesium was stimulatory over a broad range 

of concentrations, and manganese was stimulatory at low 
> , 

concentrations and inhibitory at-- high > concentratiôns. Calciùin, 

zinc, rron (III) and cOPPer (II) éach inhibited 'the enzyme -

mixture, calcium had the, smallest eff,ect,' 'copper had the great~st \ 

and zinc and' iron had intermediate effects in the order listeà. 

Sodium, potassium and anunonium had little effect on chitosan 

formation (Davis and Bartinicki-Garcia, 1984a) f Although the, 
, , 

factors which control the extent of deacetylation of the chi tin 

are not weIl understood, it is thought that th~ crystal lini t y of 
, " 

the nascent polymer May p~ay a role. In a reaction mixture in 

vitro, int.'act chitosanes exhibited poor formation of chitosan, 

but, when the enzyme complex was dissociated so that nascent 

chitin could not inuœdiately crystallize into microf ibr ils, the 

acetyl residues were accessible to ~he deacety1ase and marked 

improv:~ent in éhitosan formation was observed (Davis and 

Bartinicki-Ga~ci,a, 1984b).' This work led to the hypothesis that 

deacetylation of ch,itin within the cell wall was controlled by 
1 

the degree of organization of the chitin synthetase on the -cel~ 

surface. 

The formation of uronie acid polymers in muooralean cell 

wal1s has be~n investigated much less than ehitin 'and chitosan 

synthesis. However. in yitrQ studies using erude membrane 

fractions from Mucor rouxii which possessed glucuronosyl 
1 

transferase activity have demonstratep an absolute requirEment by 

the enzyme for a divalent cation; 4 mM manganese was the most 

effective and magnesium was one-thir? as effective (Flo~es­

Carreon G Al., 1985). Inhibition was not reported. 
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Ip this work the inhibition of chitin 'synthesis in the Hez 

-~-- medium was clearly demonstra,ted; the glucosamine content' of the , , 

standard biosorbent was lower. . -

. , 

As weIl, phosphate levels were 

lower and ùronie acid levels were 'higher in the Hez biasor bents 
, , 

than in the HSM biosorbents. The balance ~f anionic and cationic 
1. 

~ '" " 

, residues within the cell ~~ll- is important to its structure and 

, must ,be maintained. ,If the majority of the ionizable species are 1 

• 0 

polysacchar ides' and phosphate,' then' when th~ rates of pr oduction , . 
, , 

of chitosan and uronic acid polyrners are fixed by the divalent 

cation content of, the growth medium, the only- remafning varia,ble 

ls the quantity of' ianizable phosphate ta be incorporated in th'e 

structure. This wou Id, explain the observe.d shift in the 

'quantities of anionic residues within the Hez biasorbents ' 

compared to 'the Hs-! sarnples. Presumably the glucuronosyl 

transferase was not affected in the sarne manner as the chi tih 
, . 

synthetase. It is possible, however. that vàri'ations in th~ 

qùantity and quality of protei~ ,may also play a role in this 

instance. Growth in the ~ez' was' slawér and the hyphae were on 

a,\erage abo~~ 50~ .larger . in diameter than those in th,e HSM. 

Similar variations in the hyphal rnorphc>logy were observed in the -, 
, 

shake flask studies of the effects of magnesium and calcium on 

biosorbent production. ' As weIl., the recovery af cell wall 

material fram the water-washéd biomass was Iower tP!1n in the case 

of the Hs-t biarnass, aIl of which indlcates that there wa$ a 

shortage of cell wall rnateriai compared to the volume of 

cytoplasm. Protein levels were between 2.5 and 3 tirnes higher in' 

. the standard BeZ biosorbent sample than in 'others; which suggests 

that it was used to reinforce the- cell walis when chitin and 
\ , . 
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chitosan werej in short supply.· This finding corresponds to that 

, 

of Mauro and I?ietrich (1981) who found that pro,~n levels in 

cell wans of l\UCor ~ were increased 80" when !;he mould 

was ,propagated in a com~lex medium containing calcium rather than 
i 1 

'. the synthetic Mucor medi',um which supposedly contained no calcium 

(the inoc.ulum was propagated on potato-dextrose agar, so sorne 

calcium would have) been carried over dudng inoculation). 

The ehitosan content varied among the samples, but those 

with both th~ higheElt and lowest degree of deacetylation of the 

~glucosamine .. polymer were grown in the HStI. The growth ,rate oç 

rate of ch,i tin formation appeared to be the controlling factor; 

the near-stationary old HSti undetWent the gr eatest deacetyl~tion, 

while the very- rapidIy growing young H8M underwent the least. 

The biosorbent propagated in the Hez medium; in which .chitin 

synthesis was paitially suppressed, exhibited an intermediate 

degree of deacetylation. As weIl. the degree of deacetylation of 

the glucosaminé polymer varied inversely wi th the concentration 
1 

of 'chitin in the acid-washed biosor bent. Whether the 

crystallini ty of the nascent chi tin in these samples was indeed 
o • 

different. as was ï;>reviously postulated (Davis and Bartinicki-

Garcia, 1984b), or the deacetylase enzyme system which only. 

operates on the nascent polymer was the rat&-limiting step in~. 
1 

chitosan formation remains unknown. It is also possible that 

crystallinity of the hyphal tip was affected by cations in the 

medium as calcium causes increased' rigidity of the tip wbile 

hydrogen ions (mineraI acids) cause tip bursting (Gooday and 

Trine!, 1~80). However,' there was no indication in this work 

that calcium de~reased th!! rate of ehitlÎn' deaeetylation, although 
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the effects' of the acid on the filter cake and the susceptibility 

of the myceliwn to homogenization in the Waring blender during 

biosorbent preparation were noted. Softening of Rbizopus 
r 

biosorbents in contact with minera! acids has been observed 

prev~ously during uranyl ion elution from a packed column of 

R.. arrhizus beads (Treen-Sears ~ 9.l.., 1984). 

4.3.3 Biosorbent structure 

OThe structure of Mucorales cell walls contatning posi tively­

charged chitosan and negativel~-charged phosphate and glucuronic 

acid residues is maintained at least ln part by electrosta~c 

interactions between ionizable groups. Both extraction solutions 

caused distuption of ionic binding within the mateFials; the 

lit~ium ion acted solely by interfering,in the actual .ionic bonds 

(Dow ~ gl., 1983-), ~hile the nitrous aC\d reacted with the 

primary amine groups of chitosan, causing depolymerization as 

wel1 as ,el-imination of its 'charge (Datena.tt Al.., 1977). 

One problem which arose in the course of attempts to relate 

/ 

the biosorbent comPosition to metal uptake behaviour was that the ' 

chemibal analyse~ gave no information regarding differences in 

the structure' of the materials. For instance, phos];i1at~ may be 

present in many different forms, only sorne of which participate 

in biosorption, and the total phÔsphate assay diç not distinguish 

among these forms. Discrepancies between the quantities of 

Potentially ionizable species present according to chénlcal 

assays and those available for ion exchange were evident during 

titrations of the old HSot biosorbent samples. The nUIqPer of 

titratable sites was half the sum of the phosphate,. uronic acid 
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and chitosan content according to the chemi~~l assays. However, 

the maxillLUIl uptake of metal s by the old HStt biosor bents, as 

calculated .and tabulated in Table ~.14, was comparable to the 

cat10n exchange measured during titratiol} to pH 6. The 

titrations of soiids is a simple procedure 'and is conunon in 

investigations of materials containing ionizabJ..~ groups. Tne 

cation-exchange capacity May be deternuned by displacement of 

alkali or alkaline-earth cations, or by titration, an~ is 

routinely quoted for commercial ion exchange resins. 

Determinations by ti tration have been carr ied out in studies of 

al gal cell walls (Crist ~ gl., 1981), bacterial cell walls 

(Beveridge, 1978), humic acids (Perdue and Lytle, 1983), peptides 

(Saudek, 1981) and chitosan samples (Masri and Randall, 1978; 

Muzzarelli ~ Al., 1981a; Park ~ âl., 1984). 

4.3.4 Mechanism of Metal uptake 

As was descr i'bed in the Introduction, metal uptake by 

materials of biological origin has beeri ascribed to many 

different mechanisms including active transport, ion exch'ange or 

complexation, adsorption of simple sPecies as weIl as hydrolys!s 

products, entrapment of'cOlloids; and precipitation 'of insoluble 

compounds. Active transport May be inunediately ruled out for the 

Rbizopus biosorbents examined in this worJc because it on1y occurs 

in living Organisms. As well, the biosorbent preparation methodso 

l ' 
. -

removed materials which might fQrm collOidal metal, products in . 
J' , 

solution. The other possibilities weIl be exami~~Q in turn, in 
. 

light of others' work with similar ayst,ans: . 

,/ - > 
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It was wi th the .intention of st'udying ion exchange phenomen~ 

that the ions copper (II), manganese (II) and chromium (III) were 
n -

chosen for investigation. They undergo virtually no hydrolysis 

in solution at the pH of the metàl uptake assays (Baes, 1976), so 

uptake wou Id be due to ion exehange rathe~r than. adsorption of 

polynucleate hydrolysis products. The latter is probably what 

"occlJrred during thorium deposi tion on the exterior of Ra. arrhizus 
1 

cell walls (Tsezos and Volesky, 1982b) because thorium undergoes 

extensive hydrolysis to form polynucleate species and lS 

extremely insoluble in the presence of phosphate (Cotton and 

Wilkinson, 1972). It is probable that chitin was not the major 

component on the exterior of the stationary-phase B,. arrhizus 

cell walls stuQied by Tsezos and Volesky, and that phosphate, a 

major cell walJtc component. was present in significant quantities. 

During maturation of fungi the prirnary wall of the growing tip, 
'. J 

whieh consists mainly of microfibrillar material (chitin), is 

covered 'by other amorphous components (Burnett, 1976, pp 81-84; 

Goodayand Trinei, 1980). AS weIl. chitin was not exposed on the 

exterior of sporangiophores of EL nigricans (Sengbusch ~ gl., 
[ 

1983). Deposi ts of lead on walls of mucoralean fungi, which 

appeared to be sirnilar to tbose of thorium, were ascribed tq 
, , 

phosphate (Campos-Takaki ~~., I983). 

, . 

The possibili ty of precipitation of insoluble compounds in ,. 

the cell wall must also be considered. In studies of metal 

uptake by Bacillus subtili§ cell walls a two-step process was 

proposed, in which cations were complexed by amine, phosFbate or 

carboxyl groups and additional metal was deposited as 

microcrystals or aggregates to such an extent that more metal vas 
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. bound than eo~ccounted for by the nùmbers of ~lar site:-

within the biomass (Beveridge and Murray, 1980). The deposits 

were ini tiated by complexation by the earboxyl groups of 

peptidoglycan, and were observed for iron (III", ceriW!l (IV), 

palladium (II) and gold (III). Howeve~, this is no basis on 

.' 

.. 

which to conelude that similar oehavio1r may have oceurred in the 

present study. The rnateriais whieh pr1eiPi tated have a more ~ 

eomplicated solution eh~istry than th~ ions investigated in this / 

study. As weIl, the quanti ties of metals taken up by the Ra: 

jaYNlieus biosorbents weJ;e ress than could ~e aser ibed to 

comPlexati~n by ionizable groupsi as asJayed by chemieal or 

titrimetric methods (Section 4.3.3). 

Argwne~ts were advanced by Tsezos and VOlesky (1982a) that 

chitin was the cell wall component chiefly responsible for uptake 

'of'. the uranyl', ion by a BbiZ9.PQ§ a,,:hizulij biosorbent. Uranyl ion 

uptake at pH 3-4 by chitin was 4.5-6 mg U/g, compared to 180 mg 

U/g by the biosorbent (ibid1 Andreyev ej: gl., i962) el with no 

oth~r Fssibility available, the balange of the uptake by the R.. 

arrhizus biosorbent was ascribed to adJorption and lnorganic 

precipitation of uranyl hydroxide. Inorganic precipitation was' 

said to occur at pH 4, and to result iri slOWE}r accumulation of 
{ il 

the \lranyl ion, taking place after hal~ an hour, on the basis fof 
'- -' 1 . , 

kinetic data. At pH 2 such precipitat~on was not supposed to 
1 

~~, have taken place, but equilibrium w~s ~ot reached rapidly, a: 

~. W~Uld be expected if ,the slow preCiPi~tiOn process was not ' 

occurring_ This is. not consistent. e of the main message$ of 
, ' 

, . 

1 1 

this current work is that more than one type' of site is .. . 
\, 

responsible for metal uptake, either by complexation or ion 
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exct,(ange, and under such conditions complex kinetics of uptake 

processes are possible (Helfferich, 1965). Tsezos .and Volesky 

did not recogniz~ that mucoralean cell walls contain large 

quantities of phosphate and glucuronic acid, and therefore 

ignored the possibility of extensive participation of these .,' -- . " 
oxygen-containing ligands in metal binding. Their electron 

microscopie evidence of layering of the uranium deposits within 

the cell wall dOÉ!~ not prove that chitin was extensively involved 

because the electron-dense layers could easily have corresponded 
--' 

to amorphaus polyuronide, .polyphosphate and protein which are 

interspersed between the layers of ,.fibrillar structural 
\. 

) 
polysaccharides (Burnett,.~976; Gooday and Tr inci, 1980)." Layers 

~ '--...... 
of lead deposited within mucor' cell walls have been ascribed 

q • 

to binding with phosphate (Campos-Takaki Al., 1983). . 
. 

In other studies of uranyl ion uptake by a variety of 

RbizQPuS biosorbents (Treen-Seats g .êl., 1984) metal uptake was 

found to be due to ion exchange. In a packed co1umn of acid-

washed Ra.. a,rhizus biomass exchange of l 002
2+:2 H30+ was, 

observed, and a ,mUI tiple-si te .equilibri,um model described the 1 • . 
patterns of meta! Îlptake at different pH values and in the 

1 • 1 

presence of c~tiri9 ligands:. uptake at high pH in 'the absence' 

of these ligands was reversible upon adjl1stment of the solution 
, c'" -9 

composition. ' Tobin ~ il. (1984)' also concluded that uptake of a 

variety of metals by a R. arrhizus biosorbent was due to 

coordina!=ion, with anionic_residues. ~ it is evident that _ 

metalA uptake by the Ra. laYanicus bi/Ior~nts can reasonably be' 
, . 

ascribed to ion exchange. 1 
1 

~. 



l ' 

... ... 

1-

. , . 

Table 4.1 

Metal uptake by Biomass Samples 

Materia1 
Metal Upt~ke 

, Cu2+ Mn2+ cr3+ 
(pmol M/g 'sorbent, unless otherwise stated) 

R. ar'bhual 
.- . 250 220 590 . 

(untreated) 2,* 
. 

~ .tmW.J. 56\ 54\ 59\ 

(boiled in 40\ NaOS) 2, * 
-

~œWJ. 100\ 48\ 84\ 

aigg,gLllUD ~ chitosan-glucan3 ,* 87-98\ 82-40\ 90-97\ 

chitin4 , ** , 
25.0\ - ~7.8\ 

\ 
chitosan4, ** 70.5\ - 53.4\ 

activated sludge5 150 - 690 

chitosanS 3120 1440 460 \ chitosan, g1utera1dehyde crosslinked6 570 110 660 
~ 

ch itosan 7 2290 191 2.6 

chitin8 
D 60 - '. 1 -

chitosan8 . 180 - r" -
carbo~ethyl derivative of chitosan8 400 - -
salicylidene-chitosan (substituted pheno11 8620 - -, 1 

reduced sal.-chit._ (less dense material) 8 3030 - - -1-

Bacilluq 8ubtilis cell walls9 
untreatEÎi , 2990 801 -
amine groups > electronegative 860 880 , -
carboxyl groups > neutral' 993 732 -

-' 
carboxyl groups > slightly e1ectroposi ti ve 506 680 - -
carboxyl groups > vety el ectroposi tive 260 100 -
mdnus teichoic Acid JP?4) 2488 650 -

o 
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Table 4.1 continued 

Rbizopus jayanicus biosorbentslO 

young HSM, acid-washed 330 120 

young BSM, LiCI-e"tracted 225 104 

young HSot, HOO2-extracted 180 80 

old HSM, acid-washed 290 200 
1 

old HEM, LiCl-extr acted 170 ·140 

old BSM, BN02-extracted 130 50 

BCZ, acid-washed 270 140 

BCZ, LiCl-extracted 390 1300 

BCZ, HOO2-extr acted 130 50 

* uptake conditions: pH • 7.5, 200 mg solid/50 mL, of 0.05 mM sol\1tion 
values are percent removal of the metal ion from solution 

**uptake condi Hons: pif • 6. S, 5 g • Borbent/SOO mL solution 'containing 
l mg of each of Cu, Zn, Cd, Cr and Pb per mL 

values are- percent removal of the metal i~n from solution 

1. Tobin ~ Al., 1984 

2. Muzza~elli ~ Al., 1981b 

3. Muzzarelli .& Al., 1980a 

4. YanC1 and Zall, 1984 

s. Hasri ~ Ü., 1974 

6. Masr! and Randall, 1978 

7. Yaku ~d Koshij im, ,1978 

8. Hall and Yalpani, 1980 

9. Beveridge and Murray, 1980 

10. sums of W's from Table 3.14 ., 
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51 

140 

103 

50 

110 

250 
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4.3.5 Roles of biosorbent c~nents in Metal uptake 
: 

Values of copper (II), manganese (II) and chromium (III) 

uptake by a variety of biomass samples and polymers described in 

the literature are compiled in Table 4.1. The ~atu.ration uptake 

val~es calculated for the biésorbent sarnples studied in the final 

section of this work (sum of W's, Table 3.14) are also presented • . 
This is usefullboth for ~omparison of the performance of various 

biosorbents, and deduction of the role~ of groups within the 

biosorbents during metal uptake. In many instances the values 

reported in the literature did not represent saturation of the 

materiali rathet uptake under similar conditions was reported for 

comparative purposes. 'Thus the percentage temoval of the metal 

ion from solution under set uptake conditions was reported for 

sorne samples. As weI!, the Metal uptake reported by other 

authors was generally measured at pH values of 6-7.5, which are 
, . 

~ 

much higher than pHN 3.5 in this study. It is evident that metal 

uptake values comparable to or much greater than those observed 

in the course of these studies have been observed for other' 

biological materials and their derivatives, particularily for the 

Bacillys sybtilis cell wall and chitosan. The former was 

discussed above. Uptake ~ c~itosan is considerably diminished 

below pH 5i, at pH 3.5 il is decreased ~ a factor of four, and at 

pH < 3t it is almost negligible (Yaku and Koshijima, 1978). .. 
The information on Metal uptake by Mucor rouxii was included 

'because i t is supposed to represent the enhancernent of Metal 
. 

uptake 'ability (un~orrected for weight 10ss in preparation) after 

boilihg the II'!Ycelium :Ln ~odium hydroxide to remove other polymers 

and deacetylate the chitin. Howeve~, the untreated mycelium was 
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o 

• ' 

only rinsed wÜ:h water, dried and grol:1lld. Undoubtably large 

quançities of soluble components from the cytoplasm w~re -

therefore present in th~ Metal solution, and these compounds 

could have interfered with Metal uptake. These materials would 

have been removed in the course of the hydroxide treatment, which 

might account for the apparently enhanced metal sequestering 

abilities of the boiled mycelium. In any case, tHe enhancement 

of copper uptake relative to manganese uptake following the 

hydroxide treatment demonstrates that Metal uptake behaviour 

typical of chitosan was bestowed in this way. Copper has a much 

greater affinity for these,nitrogen-containing groups compared tO l 
manganese or chromium, which are bound extremely weakly (Park ~ 

Al., 1984). This was clearly demonstrated by both by the Metal 
~ , 

uptake data for chit'osan, and the shift in uptake by Bacillus 

subtilis cel~ walls upon modification of the amine groups. 
, i 

In complicated materials such as the Rhizopus biosorbents, 

several types of ionizable sites affect the Metal uptake 

capacity; phosphat~groups; carboxyl, groups on u;onic acids and 

proteins; and nitrogen-containing ligands on }?roteins as weIl as, 

of course, on chitin or chitosan. Ion exchange ,behaviour would 

ch~ge as the predomdnance of various species or structure of the 

network of polymers was affected 'by the conditions of growth. 
l' 

Th~, three metallic cations investigated did not in aIl 

instances interact with the biosorbent in the same manner. Had 

aIl of- the metals been bound to the same type of si te, the 

maxi~um chromium uptake would haye" been two-thirds 'that for bOth 
- -

manganese and copper (Table 4.1) • This was'the relationship 

observed for the lithiwn chloride-extrac,ted old H9t and HeZ 
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biosorbents when the hwnber of ~ites for copper aJ)d chromium 

uptake were compared. On the other hand, typical ion exc'hange 

behaviour was observed ~~r six of th~ nine biosorbents when the 

manganese and chromiwn :values of the SUIn of W' s were compared. - , 

Anomolously 'high values of the surns of w' s for. copper wer47 IOOst 

probably due to its strong affinity for nitrbge~containing 

groups, discussed above. 

It is diffic\Ùt to predict "Metal uptake behaviour with 

complicated materials su ch as cell walls because the 

configuration of binding sites within the cell wall may confe~ a 

degree of specificity. This was discussed by Gale and Wixson 

,(1979) in connection with sequestering by algal cell walls for 

whlch the order of selectivlty did not correspond to the charge 
~ 

density of the cations. As welle the stability of complexes May 

be a function of the Ùgand mixture ~hen a \, variety are present in 

the biosorbent matri~ (ibid). The preferential binding of copper 

by amine groups is one example of this. Furthermore, in a mixed 

polymer of acetylated and unacetylated gluoosamine, copper may be 

" bound to either (;me or two amine groups (park et ·âl., 1984). 

Copper taken up by chitosan membranes has, also been found to 

associate wi th one or two amine groups, depending upon the pH 

(Muzzar,elli ~ 91., 19~Oc). Flexibili ty of metal binding by 

bacterial cell walls has also been observed as anionic groups 

paired w,ith on~ or two cations, depending upon the solution 

composition (Marquis ~ SÙ., 1976). Mother example of the 
, 

signifiœnce of 'parti'cular ligands in a complicated material was 
, . 

demonstrated by the binding of uranium at pH 2.5 by penicillium . ' , 

biomass, which 'was ascribed to the presence of strongly aeidic , ~ 
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groups_such as phosphate (Galun ~ jl., 1983~). TObin (1986) 

ase~ ibed uptake of a variety of ca tions to ion exchange by 

o~gen-eQntaining ligands in a Rbizopus arrhizus biosorbent, and 

described binding by hypothetical sites of configurations which 

were suited to ions of different sizes. 

Although it would be desirable to assess quantitatively the, 

contribution of each of the different groups or types of sites to 

Metal uptake, only one or two theoretical sites were needed i~ 
'" 

eaeh case to model mathematically the metal uptake behaviour 

(Table 3.14). This indicates that there were not large enough 

differenees in the equilibrium constants, or that one or two 

groups predominated. There was also heavy coupling-between the 
t 

calculated equilibtium constants and concentrations of sites'on 

the biomass, so the values were of descriptive use but not of 

physical significance. Similar problems have been observed 

previously by Perdue apd Lytle (1983) who tried to model metal 

uptake 'by humie acids in·the sarne manner. Neverthe1ess, it was 

possible to make severa! qualitative observations whicn clarified 

the roles of various biosorbent components in~etal sequestering. 

Consideration of the nitrous acid-extracted biosorbents led 
\, 

to two ~onclusiQns regarding the roles of chitin and chitosan in 
, 

meta~ uptake. These. samples haâ higher levels-of chitin and 

lower levels of uronie acids and phosphate than the ~~rrespbndin9 

acid-washed or .lithium ch10ride-extracted biosorbents, and also 

exhibited a much lower Metal uptake capacity. Thus the phosphate 

and uronic acid residues were more important ~han the glucosamine 

components for the sequestering of these metals. This conc1usi:on 

132 

•• 



• 

vas àlso supported by similarity in the Metal ~inding 

by the standard youn~ a old HSM biosorbents, despite the large 

uantity and the quality (degree of 

acetyl~tion) of the g, uoesamine ~lymer. 

The second conclusion regarding the roles of chi tin and 

chitosan in metal- uptake arises from the' fact that the chitin in 

the nitrous acid-extracted biosorbents vas tota~ly acetylated. 

All cationic amine groups within the biosorbent matrlx would be 
, 

removed by this extraction treatment (Datema ~ gl., 1977), and 

it vas evident upon examination of the titration curve of the . 
nitrous acid-extracted old HSM biosorbent that these, groups, 

vhich are titrated at a higher pH than carboxyl or ~hos{ilate 

residues (Skoog 'and 'West, 1976, ,pp 784-5) had been elimihated. 
. . 

, When both anionic and cationic groups were present in the 

biosorbent matrix the apparent binding constants (Table 3.14) 

were low (40-80 rnrl for the stronger types of sites on the acid-­

washed biosorbents). This could correspond to the copper binding 

constant of 110 rnrl for chitosan, but binding constants for 

other metals are considerably lower (Park ~ gl., 1984). For the 
" 

nitrous acid-extracted samples, which did not contain fixed 

positively-charged amine groups on the chitosan, the binding 

constants for the strong types of sites increased by an order of . , 
magnitude (300-1000 mM-1). Although these values were still 1ow, 

tbey then approached the values of constants for cornplexation by 
r 

phosphate or carboxyl groups in free solution (log (k) for . 
po1yphos{ilate cornplexation of Mn 2+, Cu2+ = 5.5; log (k) for 

ci tric acid binding of Mn2+ • 3.7 and of Cu2+ = 5.91 log (k) for 
n acetic acid binding of Cu2+ = 2.1) -(Cal1ander and Barford, 1983b1 

, -
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, .Skoog and West:, 1976, p 786). This points to the strong 
, , 

possibility that weaker binding by the acid-washed anarlithium 

cPloride-extracted samples compared to the nitrous acid-extracted 

ones was because of silIRlltaneous înteraction of the catiorti:c 

residues in the biosorbents with both thé anionlc residues in the 

biQsorbent and the Metal ions. Rigidification of the cell wall 
, 1 

has been in part ascribed,to electrostatic interaction between 

these residues, so they would be in close enougb proximity for 

simultaneous interaction with the Metal ions. This would account 

for the <observations of Tsezos and Volesky (l982a, b) that amine~ 

~ groups were involved in Metal binding, even if they were not th~ 
{ 

primary reason for ~ts occurrence. ' 

The roles of phosphate and uronic acid residues were 
- 1 

elucidated further by studying variâtions in biosorbent 

composition and met al uptake behaviour among acid-washed and 

lithium chloride-extracted samples of the same biomasse There 

was no general correlation between tne ratio of uronic acid to 
( 

phosphate and"the relative strengths of binding of the metals. 

None was found because of the limittt ons of the chemical assays 

with re,garâ to structural informati n. However, a common trend 

was observed upon comparison of standard and lithium chloride­

extracted samples of any single type of biosorbent. Consider 

first the young BSM biomass, which was the Most refractorYI its . . 

composition was changed the 1east by the extractions. When the 
'!' 

J.'" 
# acid-washed and extracted biosorbents are compared, it is evident . 

that lithium chloride extracted primarily phosphate, along with 

seme uronic acid. This caused a shift in the ~elative uptake of 

the three metals at concentrations between 0.01 and l JIIM. "Copper 
/ 
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was sequestered by the extracted sample in a manner similar to 
. , 

the acid-washed biomass, but rnanganese uptake was decreased fô 

levels slightly greater than or comparable to the chromium 

uptake. Similar, but much more dramatic shifts in relative 

uptake of different metals were observed for extracted samples of 

the old HSM and HeZ biosor~nts, to the extent that more chraniwn 

- than mangartese was bound by the extracted Hez sample. This 
0' 

sample exhibited very weak binding of all metals. Thus the 

absolute strength of binding of individual metals, as well as the . , 

relative strength~ of __ ~~nding of different ones, were affected. as 

the ratios of uronic acid to phosphate were increased by lithium 

chloride extractions. 

The role of protéin in metal uptake by biosorbents was not 

studied extensively, as no isolation or characterization of 
• 

proteins was carried out. In fact the composition of the 

proteins of the cell ~all May be altered by growth conditions, as 

was found for Mucor rouxii (Dow and Rubery, 1977). The standard 

HeZ biosorbent contained much higher protein levels than the 

other samples, and if protein was responsible' for a large . 

frac~ion of the Metal binding this sample should have exhibited a , 
correspondingly greater metal uptake, which it·did note The 

pattern of metal up~a~e by the acid-washed Bez biosorbent was 
. , 

different from the other two acid-washed samples, and the extent 

to which this May be attributed to the protein itself or to 

" differences jn the molecular arrang~ents or struCture. of the 

material as a whole (which would be affected by the protein) was 

not determined • 
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o 4.3.6 Relationships between growth conditions and subsequent 
Metal uptake behaviour 

Du~ing the course of these studies Many' unextrac::ted 

bi'osor~ent saJ:llples w~re e~amined, and elucidation of the 
, . 

relat~onships between the_growth'conditions and the subsequent 
, , 

metal uptake behaviou~ is the culmination Of this WQrk. 
- -

To summarize the above arguments, the' ove'rall strength of 

binding of metal was affected by the cationic ami~e residues 

within the biosorbent; ~hey interacted with both the metallic 

cations under investigation and the anionic ligands re~ponsible 

for immobilization of the metals. The effect on the strength of 

I------___ tbinding was related to the degree of deacetylatio'n of .the 

'. 

--------, 
glucosamine polymer and the-configuration of the polymers in the 

biosorbent matrix. When chi tin synthesis was inhibited in the 

prese~ce of high concentrations of appropriate div~lent cations, 

protein played a role in the structure of the cell wallsr and 
. , 

wit~fewer fixed positive charges within the biosorbent Metal 

binding tended to be stronger. The degree of deacetylation of 

the chitin increased as the rate of synthesis decreased, 

" 

suggesting that this step was the rate-limiting one in chitosan 

synthesit; in-tiYQ. The ratio of phosphate to carboxyl residues 

could be influenced by the cation composition of the growth medium, 

or by extraction of the biosorbent with a lithium chloride solution. 

The relative strengths,of binding of different metals were found 

/) to be related to this ratio, and may be related to the 

selectivity of the biosorbent for the metals. Such was thought 

to be the case for metal uptake by algal materials and a Rhizopus 

arrhiz'a biosorbent (Ferguson and Bubela, 1974; Tobin 1986). 
~ . 
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The structure of the,hyphal wall is known to change as the 
1-

mycelilDD ages. Although tpè processes of rigidification are 

Po0rly understood the older or more mature wall is characterized 
b 

bf increasing stiffness and degree of crystallinity which is 

reflected in a decreased susceptibility to lytic enzymes (Gooday , ' - . ~ 

and Trinci, 1980; Gabriel, 1984). The increasing crystallinity 

corresponds to closer bonding between the anionic and cationic 

cell wall components, which in the biosorbent results in an 

increase in the apparent strength of metal binding and a dect=ea'se 

in the total number of uptake sites. This would occur because 

close association of the free amine group~ with anionic residues' 

precludes simultaneous interaction.with metallic cations, and the 

remaining ionizable residues (in aIl samples analy'sed there was 

an excess of potentially anionic groups) within the biosorbe~t 

were free to bind metàls in an unhindered fashion. 

In future work it would be desirable to rropagate 

biosorbents with given p~operties. This would involve 

exploitation of the differences in responses of chitin and poly­

glucuronic acid synthetases to divalent cations, as they act as 

"" cofactors or inhibitors of the enzymes. As weIl, growth rate is 

a variable that affected the degree o~ chitosa~ formation and 

~could be controlled independently, so there are enough variables 

to -tailor- a biosorbent to a particular situation. with the 

knowledge that the growth conditions affect so profoundly the 

behaviour of biosorbents, their potential awaits application. 
" 
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5. Conclusions' 

, , 

, ' 

~tally defined glucose/urea/mineral salts media for 

propagation of Rh~US sp. hav~ been described •. one'of these, a 

high salts medium, supported rapid growth of a. javanicus to a 

high final biomas$ concentration (>8 9/L) ~fter 45 h. 

Rhizopus·sp. did not grow with nitrate as the sole nitrogen 

source on synthetic media., This ,confirms the observation of ~nu~ 

&.91. (l9~5) using other media • 

. R.' javanicu§ did not grow under anaerobic conditions, and 

grew as a rnould rather than as a yeast in sealed ~asks under 

oxygen-limited conditions, in media containi,ng concentrations up 

to: glucose, 130 gjL; ethanol, 20 9/L; CacOJ' 100 9/L• 
\ Variation oj. the morphology o~ RL,japQn~cus'grown on organic 

and, synthetic media has been descritsèd. This is of taxonomie. 

srgnificance and illustrated the importance of repeated transfers , 

to preparemould 'inocula of stable reproducible morphology. 

In synthetic med~a ~. javijOicus exhibited a maximum specifie 

growth rate a~ pH 5 • 
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Liqht affected cultl,1res of Rbizopus sp. on solid media, in 

that it was necessary for differentiation of sporangia and the 
" 

sporangiophores exhibited positive phototropisme In suspension 

culture Ra. jayaoicus experi~nced a 50% increase in the specific '/ 
1 

groWth rate during exponential qrowth id illuminated cultures 
\ 

compared with those grown in the dark. ,Under microscopie 

examdnation'this was not accompanied by evidence of 

differentiation of morphology. 
, . 

The toxici ty of metals in a dilute syntheti c- medium 
1 

decreased in the order: copper (II); cqbalt and nickel; 

manganese (II) and molybdenum (molYbdat~); and chromium (III). 

The chemical c~position of- lt... javanicu~ biosorbents was 

affected ~ the divalent cation (esp. Mn, Zn, ca and Mg) content 

of the growth medium. This was ~elated to the roles of these 

cations as cofactors or inhibitors of enzymes for synthesis of 

cell wall components (chitin/chitosan and poly-glucuronic acid) 
, 

which contain ionizableogroups. 

Uptalce of Cu (II), Mn (II), and Cr (IIIJ at pH 3.2-3.8 was 

affected by the biosorbent composition as it was varied by 
, ~ 

Alteration of the growth conditions. Uptake was chiefly due to 

ion exchange or complexation with phosphate and carboxyl­

(glucuronic acid) .residues within the cell wàll, although , ' , 

chitosan amine groups participated in copper uptake. 

, 
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When the biomass was grown at different rates in similar 

media by modification of pH, illumination or timing o~ , 

harvesting, copper uptake by the blosorbent was affected. The 

strength of binding decreased and the number or sites increased 

as the growth rate increased. Variations in uptake behaviour 
, -.. '\ 

were related to changes in the cell wall structure during 

maturation. 
..... 

Metal uptake was affected by extraction of the biosorbent 

with lithium chloride. When compared to acid-washed biosorbents 

(unextracted), this resulted in an increase in èhe ratio o~ 

uronie aeid to phosphate in the biosorben,t, and an increase in 

binding of chromium compared to manganese. 

The strength of binding of aIl metals investigated was 

inereased by an order of magnitude after removal of amine- groups 

by extraètion with nitro,us acid. This suggests that . -,- , 
electrostatic interactions between chitosan, and acidic residues 

, QI 

• 
in the biosorbent and metallic cations, tend to decrease strength 

of binding by the biosorbents. The removal of the,primary amine 

residues was evident upon titration of biosorbent slurries with 

sodium ~droxide. 
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6~ Original Contributions 

It is felt that'original contributions have been made in two 

areas: the studies of the phenomena of biosorption, which May 

lead to exploitation of such substances; and the prC?pagation and 

cell wall formation of RbizQPuS sp., 

6.1 Phenomena of Biosorption by Rbizopus 

Relationships between the biosorbent composition and the Metal 
\1 

uptake behaviour were elucidated: 
, 

The relative strengths of binding of metal cations were 

affected by the 'ratio of phosphate ~ .uronic acid residues. 
, , 

The strength of binding of Metal cations was decreased when 
'" eationic amine groups on the chitasan "were available to 

, 'ç-~ . .'v 

interact with the metallic ions. 
<;, • , 

Aspects of the effects on t~e tUosorbent t'tal uptake behaviour 

of the growth medium composition (particularily the divalent 

metal content), the pilysical conditions of growth (in part as 
'" 0 

they affected the gfowth rate of the biomass), timing of the , ~ 

harvesting of the biornass, and/or extraction proçedures'" used on 

the harvested biomass were elucidated. 
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6.2 prop89ation and Physiology of Rhizopus 

Totally· defined glucose/urea/mineral sal~s growth medià, ~ne of 

which supported growth of B..-- iayanicus to high biomass 

concentrations in suspension culture, were described. 

A protocol leading to reproducible propagation of RbizQPus sp. tJ 

was reported. 

A gro~th medium-dependent variation of li.. iaponicus morphology 

was reported. Such JTariations may be of taxonomie 

significance. 

Aspects of the effects of growth cond~tions and medium 

composition on IL.. jayani.cus biomass propagation were reported. 

Illumin~tfon, shear and gas transfer aIl affect ed , the mycelium. ' 

It was discovered that, in suspension culture li.. jayanicus biomass 

sequestered trace metals from the nutrient broth to such an 

extent that i t limi ted its own growth. 
# G 

The biosorbent (cell wall) comP9si tion (and subsequen~ metal 

uptake behaviour; see above) was found to be affected by the 

divalent cation content of "the growth medium. This was related 
. -

to the synthesis of cell wall polysaccharides containing 

ionizable gr~~ps. 

(] 
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7. Suggestions for FUrtber Work 

These studies have elucidated aspects of the physiology of 

Rhizopus in batch culture and have illustrated the possibili,ty of 

changing the biosorbent characteristics bY,altering the ~ation 

content of the growth medium. Many' interesting questions 

regarding the physio1ogy of the org_anisms _remain to be answered, 

and these will be addressed below. However, the time has come to 

apply biosorbents commercially, and this will be discussed first. 

7.1 Application of Biosorbents 

Although it ls possible to grow biomass solely for use as a 

biosorbent" the economics of the process would doubtless be 

_improved if waste biomass could be obtained. It is on this basis 

that the following suggestions are made. 

1. Identify applications for biosorbents; ie. waste streams or 

process streams from which metals, are to be concentrated. 

2. Identify possible SOUI;ces of waste biomasse 

3. Investigate the possibi~ity of modifying the medium and 
\ 

extending the time in the fermentor by a few hours to improve 
, 

uptake capacity and/or selectivity. \ 

4. Investiga te harvesting, washing and processing of the biomass 

to produce biosorbent in a forrn which ls easily transported and 

amenable to solution ,contacting. This would include drying and 

pelletization, if the organism is not already in such a forme 

5. ;Investigate the behaviour ,of the bioso~bent in terms of 

loading and breakthrough behaviour in packed and fluidized beds. 

6,_ ",cafine the opetati6n to be used, either one-tirne Metal ù;' 

contacting after which the biomass would be disposed of (possibly . \ 
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slJlelted to recover va1uable,,çomponents) or .repeated contacting 

" with recycle of the solid, )i.n which case the bioserbent wou1d be 

utilized much as a convent~onal ion-exchal)gé iesJn or adsorbent. 
\ 

In either case the treabnent of the biomass af'ter the initial 
" 

metal-contacting period must be determtned~ The li terature 

regarding' blosoiben" reuse should be reviewed in the context of 

particu1ar applications. 

7.2 Physiology of Rhizopus 

1. Investigate the roles of anionic phosIflate and uronie acid 

groups in stabilization of the 'Wal'.l. structure. Te what e.xtent 

are they interchangeable, and to what extent does phos[ilate 

incorporation increase when poly-glucuronic acid synthesis is 

partia11y inhibited? 

2. What is the function of the protein in the cell walls, and 

what differences in composition occur when the chitin/chitosan 

formation is partially inhibited? 

3. Investigate the changes in cel! wall cornpos}!:ion-and-
-

structure which occur d.ur ing a_ shor:.t---peêiod of growth following 

stimulation of a staÜonary culture. 

4. Investig~te further the effects of growth rate on chitosan 

formation using other methods to vary the grow.th rate. The 

ternperature of the culture is one wssibiÜty. 

5. Investigate pelletization of the gr~ing biomass with a view 

to propagating a biosorbent more ~arnenable te commercia~ use. 

This 'may include the effect of ethanol in the medilull on mould 

morphology, or the growth of the mould on a s01id substrate. 

6. IllVestiga'te the effect of acetate in "the growth medium on 
... 

chitin deacetylation, ~ell wall make-up and biosor bent qualit,,, 

144 

. \ 



~ 

• 

l , , 

8. REFERENCES 

" 

AlexopoloUs, .. C.J.' ~d C.W. Mims'., 1979. Introductory Myco1ogy; 
third' edition. ,Jolui 'Wiley and Sons Ltd., Toronto. 1979. ' 
. 1 . ; 

Andelman, J.B'. 1973. Incidence, variability and control1ing 
factors for trace elements in natural, fresh waters. pp 57-58 
in Trace Metals and Metal-Organic Interactions, in Natura1 
Waters, P:C. Singer (Ed.). Ann Arbor Science Publishers Inc., 
Ann Arbor, Michigan, U.S.A. 

Anderson, P.o. 1981. paradigms in multiple toxlcity. ch. 5 in 
Management of Toxic Substances in our .Ecosystems. B.W. Cornaby 
Ed. Ann Arbor Science PUblishers, InC~Ann Arbor, Michigan, 
U.S.A. 

Andreyev. P.F., E.A. Plisko and E.H. Rogozina 1962.' Reaction 
of dilutEt-solutions of uranyl salts wi th chi in and sorne 
cellulose esters. Geoc:hem. 6.: 624-628 • • 

Anon. 1915. Green systems for wastewater treatment. Environ. 
Sei- Technol. i (5) : 408-409 • 

Anon. 1985<. Algal gels rival ion exchange chelating resins. 
Bioprocessing Technol. 1(10):5. 

Anon.... 1986. Process using microbial agent for "\-enoving metals 
from wastewâter' go es commercial. Bioprocessing Technol • 
.§.(1} : 9-10. 

Araki. Y. and E. Ito. 1974. A pathway of chitosan formation in 
Mucor rouxi!: enzymatic deacetylation of chi tin. Biochem. 
Biophys. Res. Comm. 56(3) :669-675. 

Baes, C.R., Jr. and R. E. Mesner. 1976. The Hydrolysis of 
Cations. John Wiley and Sons Inc., New York, U.S.~. 

Bartinicki-Garcia, S. and.W.J. Nickerson. 1961. Isolation, 
composition and structure of cell wal1s of filamentous and \ 
yeast-1ike .. forms of MUco, rouxi!.. Biochim. Biopbys. Acta, 
Si': 102-119 • 

... Bartinicki-Barcia. S. and W.J. Nickerson. 1962a. Induction of 
yeast-1ike growtn in Mucor by carboh dioxide. J., Bacterie)!. 
ü(4) : 829-840. 

u 
Bartinicki-Garcia. S. and W.J. Nickerson. 1962b. Nutrition, 

growth and morph'ogenesis of MuCor roux!!. J. Bacteri01 • 
ü(4)': 841-848. ~ 

145 



o 

• 

~ 

.' 

• ! 

------ -
~ 

Bartinicki-Garcia, S. qnd W.J. Nickerson. 1962c. ~solation, 
, composition and structure of filament~s and yea.stl..i>tike forms 

r • of Mucor rouxii. Biochim. Bio~hys. Acta ~: 102-119 •. ' 

Bartinicki-Garcia. S. 1968. Ce11 wall chemistry, morphogenesis 
and taxonomy of fungi. Ann. Rev. Microbiol. ~:87-1Q8. 

J 
Bartinicki-Garcia. S. and E. Reyes. 1968a. 

of spOrangiophore wa1ls of Mucor rouxii. 
Acta l.62.:32-42. 

Chemica1 composition 
Biochim. Biophys. 

BAr~inicki-Garcia. S. and E~ Reyes. 1968b. pOlyuronides in the 
cel1 wa11s of Mucor rouxii. Bi~chim. Biophys. Acta lln:54-62. 

Bartinicki-Garcia, S. and E. Reyes. 1968. 
çf sporangiophore w&lls of Mucor rouxii. 
Acta. ~:32-42.-

Cheffiical composition 
Biochim. Biophys. 

Bergman, K., P.V. Burke, E. Cerda-Olmedo, C.N. David, 
M. Delbruck, K.W. Foster, E.W. Goodell, M. Heisenberg, G. 
'Meissner. M. Zalokar. D~ s. Dermison and-W~ Shropshire, Jr. 
1969. Phycomyœs. Bacterio1. Rev., J.l(l) :99-157. ' 

,Beveridge, T.J. 1978. The response of cell walls of Bacirlus 
subtilis to metals and to electron-microscopie stains. Can. J. 
Microbiol. U:89-lO_4. 

Beveridge, T.J. 1980. Mètal binding by bacterial wa1ls. 
presented at·A.C.S. Microbia1 Processes for Metals Accumulation 
Symposium, San Francisco, U.S.A. 

Bev~ridge, T .• J. and R.G.E. Murray. 1980. Sites of metal 
. deposi tion in the cell wall of Baci411us mb.ti.la. J. 

, Bacterio'l. ill(2) ~87,6-887. 

. 

Beveridge, T.'J. and T. Jack. 1982. Binding of an inert, 
cationic.osmium probe to ~al1s of Bacillu§ subtilise J. 
Bacteriol. lli (3) : 1120-1123. 

1 

Bitter, T. andB.M. Muir.' 1962. A modified uronic acid 
"Il carbazole reaction. Anal. Biochem. i:330-334. 

Bo1lag, J.-M. and M. Duszota. ~984. Effect of the physiological 
state,'of microbial cells on cadmium sorption. Arch. Environ. • 
cont~. TOxicol. 1l:265-270. 1 

Bowen, H.J.M. 1979. Essentia1ity, deficiencies and toxicities 
of the elements •. ch.8 in Environmental Chemistry- of the 
Elements. Aca~emic press,' Toronto. 

Brierely, M.R. and R. Steel. 1959. Agitation-aeration in 
. submerged fermentation' II. Ef-fect of solid disperse phase on 

oxygen absorption in a fer.mentor. App1. Microbiol. 1:57-61 • ... 

.' 



• 

Bull, D.N. and L.L. Rempe. 1971. Infl~ence of surface active 
agents on olCYgen absorption to the free interface in asti r red 
fermentor. Biotechnol. Bioeng. ll:529-547. 

Burnett. J.H. 1976. FUndamentals of Mycology, 2nd edition.\ 
william Clowes and Sons, Ltd., London. • 

Ca1lander. I.J. and J.P. Barford. 1983a. Precipitation; 
chelation and the availability of metals as nutrients in 
anaerobic digestion. I. Methodology. Biotechnol. Bioeng. 
~:1947-l957 • 

Callander, I.J. and J".P. Barford. 1983b.-, Precipitati-on, 
chelation and the availability of metals as nutrients in 
anaerobic digestion. II. Applications. Biotechnol. Bioeng. 
~: 1959-1972. 

Campos-Takaki,' G.M., G.W. Beakes and S.M.C. 
Electron microscopic x-ray microprobe and 
iso1ated ce1l wa11s of muooralean fungi. 
Wl(3) :536-541. 

Dietrich. 1983. 
cytochemical study of 
Trans. Br. mycol. Soc., 

Cassity. T.R. and B.J. Kolodziej. 1984.' Role of the capsule 
produced by ascillus megaterium ATCC 19213 in the accumulation 
of metallic,cations. Mrcrobios tl:117-125. 

Corpe, W.A. 1975. Metal binding properties of surface materials " 
from marine bacteria. Dev. Ind. Microbiol. l[:249-255. . 

Cotton, F.A. and G. Wilkinson. 1972. Advanced Inorq~pic 
Chemistry. A Comprehensive Text, third edition. Interscience 
pub1ishers, John Wiley and Sons Inc., Toronto, Canada. 

Crist, R.H., K. Oberholser. N. Shank and M. Nguyen. 1981. 
Nature of bonding between metallic ions and algal dell wa1ls. 
Environ. Sei. Technol. li(10):1212-1217. 

Datema, R., H. Van den Ende and J.G.H. Wessels. 1977a.- The 
hyphal wall of Mucor mucedo. 1. polyanionic polymers. Eur. J. 
Biochem., 8.0.: 611-619. 

'Datema, R., J.G.H. Wesse1s and H. Van den Ende. 1977b. The 
hyphal wall of Mucor mucedO 2. Hexosamine-containing 
polymers. Eur. J. Biochem., 8.0.:621-626. 

DaviS, L.L. and S. Bartinicki-Garcia. 1984a. Chitosan synthesis 
by the tandem act~f chitin synthetase and chitin 
deacetylase from 0 rouxii. Biochem. ~:1065-1073. 

Davis, L.L. and S. Bar 'nicki-Garcia. 1984b. The coordination 
of chitosan and chitin synthesis in Mucor rouxii. J. Gen. 
Microbiol. ~:2095-2102. 

DeVoe-Holbein, Inc. 1984. Insoluble che1ating compositions • 
European patent application no. 831071378. published 04.04.84. 

147 



o 

• 

---~--------

Doelman, P. 'and L. HaëlJ)stra. 1984. Short-term and long-tèrm 
effects of cadmium, chromiwn, copper, nickel, l\!ad and zinc on 
soil microbial respiration in relation to abiotic soi1 factors. 

_ PIBl1t and 50il Z1:317-32~. 

~, J.H. and P.H. Rubery. -19-77. -Chemica1 fractionation of the 
ce11 wa11s of ~celia1 and yeast-1ike forms of MucQ',rouxii: a 
comparitive study of the POfysac~aride and glycoprotein 
components. J. Gen. Microblo1. ~9:29-41. 

DOw, J.H., D.W. Darnall and V.D. Villa. 1983. '!'wo distinct 
classes of polyuronide from the ce11 wa11s of a dimorphic , 
fungus, Muco, rouxii. J. Bacterio1. ill(3):1088-1093. 

Dugan, P.R. and H.M. Pickrum. 1972. Remova1 of mineraI ions 
from water by microbially produced polymers. Pur due Univ. 
Engineer. Ext. Ser., Engineer. Bull. ill(2):1019-1038. 

Eckenfelder; W.W., Jr. and E.L. Barnhart. 1961. The effect of 
organic substances on the transfer of oxygen from air bubbles 
in water. A. l.Ch. E. Journal 2(4): 631-634. 

Ellis, D.H. 1981. 5porangiospore ornamentation of thermophi1ic 
, RbiZopus species and sane allied genera. Mycologia ZJ.: 511-523. 

Ellis, J.J. 1981. The effect of medium, temperature, and age on 
Rbizopus ge4eroar sporangiospore size. Mycologia 1a:362-368. 

Ellis, J.J. 1985. Species and varieties in the Rhizopus . 
arrhizus-Rbizopus o,yzea group as indicated by tbeir DNA 
complementarity. Mycologia 12(2):243-247. ~ 

• 
Elmer, G.W. and W.J. Nickerson: 1970. Nutritional requirenents 

for growth and yeastlike deve10pment of Mucor royXi1 under 
carbon dioxide. J. Bacteriol. l2:l.(2): 595-602. 

Ferguson, J. and B. Bubela. 1974. The concentration of'Cu(II), 
Pb(II) and Zn(Il) from aqueous solutions by particu1ate alg~l 

, l' matter". Chem. Geol. U: 163-186. 

Fiema, J. and T. Golebiewska. 1981. Chitin synthesis during the 
growth of Aspergillus giganteus mut. ~ in 1ight and 
darkness. Acta Biologica Cracoviensia, series Botanica 21:1-6. 

Fiema, J. 1983. Sorne aspects of nitrogen metabolism in 
Aspe,gillus gigaoteus mut. glQg. l. Chitin content in the cell 

\walls. Acta Physiologiae Pl~ntarium 2.(3) :113-121. l ' 

Fischer, E.H. and L. Kôhtès. 1951. Purification de l'invertase 
de lévure. He1~,. Chim. Acta J,!:1123-1131. 

Flores-Carreon, A., R. Balcazar and J. Ruiz-Herrera. 1985. 
Characterization of glucuronosy1~ransferase from ~ ,ouxii: 
requirernent ,for POlYUrOnid~rs~,Exp. Mycol./ i:294-301. 

-~ 

148 



G 

• 

, 

Fogarty, W.M. 1983. Microbial Enzymes and Biotechno10gy. 
Applied Scienoe p~blishers. N.Y., N. Y., U.S.A. 

Frew" R.G. and W.F. Pickering. 1970. The sorption çf metal 
salts by 'filter paper.. J. Chromatog. 41.:86-9!-

Gabriel, M. 1984. Inhibition of the cell wall regeneration and 
revers ion in protop1asts of Rh~zOPus nigricans. Folia 
Microbiol. 12.:365-374. 

Gadd, G.M. and J .L. Mowll. 1985. Copper uptake by yeast-like 
cells, hypha~ and chlamydospores of Aureobasidium pullulans. 
Exp. MYcol. 1:230-240. 

Gale, N.L. and B.G. Wixson. 1979. Remova1 of heavy metals ,from 
indus trial effluents by algae. Dev. Ind. Microbiol. 2.Q.:259-
273. 

Galun, M., P. Keller. D. Malki, H. Feldstein, E. Galun, S. Siegel 
1. and B. Siegel. 1983a. Recovery of uranium (VI) from solution 

using precultured Penicillium biomass. Water, Ai r Soil Pol lut • 
2..Q.: 221-232. 

l' 

Galun, M., P. Keller, H. Feldstein, E. Galun, S. Siegel,' and B. 
Siegel. 1983b. Recovery of uranium (VI) from solution using 
fungi II. Release from uranium-loaded biomasse 'Water, Air Soil 
Pollut. 2.Q.: 277-285. t 

Galun, M. P. Keller, D. Malki, H. Feldstein, E. Galun, S. Siegel 
and B. Siegel. 1984. Rernoval of uranium (VI) from solution by 
fungal biomass: Inhibition by irone Water, Air Soil Pal lut. 
li: 411-414. 

_ Giese, A.C. 1973.. Cel1 Physiology. W.B. Saunders Co., Toronto, 
Canada. 

Giesy Jr., J.P. and L.A. Briese. 1978. Metal binding capacity 
of selected Maine surface waters. Environ. -Geol. 2J5) :257-268. 

'Glombitza, F., U. Iske, Chr. Gwenner and M.R.V. Krishnan. 1984. 
Biosorption of mercury by microorganisms. Acta Biotechnol. j 
J.(3) :281-284. ~~ 

Gooday, G.W. and A.P.J. Trinci. 1980. Wall structure and 
biosynthesis 'in fungi. In The Eukaryotic Microbial Celle G.W. 
GOoday, D. Lloyd and A.P.J. Trinci Eds. ' Cambridge University 
Press, Cambridge, ,U.K. pp207-251. 

Gosset, T. and J.L. Tranoart. 1986. 
peat. Kinetics and therrnodynam~cs. 

Batch meta! removal by 
water Res. ~(1):21-26. 

Hall, L.D. and M. Yal.pani. 1980. Enhancement of metal-chelating 
properties of chi tin ,and chitosan. carbohydrate Res. B.l:C5-C7 • 

,,\ 
1 



o 

L 

o 

Hall, L.D. and M. YalpanL 1984. Derivatives of chitins, 
chitosans and other polysaccharides. U.S. Patent no. 4424.146, 
Jan. 3. -

Hassett, J .M. 1979. Heavy metal accumula tiQn by algae. 
thesis, ~racuse University, N.Y., U.S.A. 

M.S. 

Hatch, R.T. ~d A. Menawat. 1978. 
recovery of' trace heavy metals. 
i1:191-203. -

Bio1ogical remova1 and 
Blotechnol. Bioeng. Symp. 

Hauer, H. 1978. The chelating properties of kytex H chitosan. 
',Proc. First Internat. Conf. Chitin!Chitosan. R.A.A. Muzzarelli 

and E.R. Parisier (Eds). MIT Sea Grant 78-7. Boston, Mass. 
U~S.A. pp 263-276. 

- . 
Haug, A., S. Melsan and S. Onang~ 1974. EstimatioÏ) of heavy , 

metal pollution in two Norwegian fjord areas by analysis of the 
brown a19a Ascophy11um nodosym. Environ. Po11ut. 2:179-192. 

---~ - ---

Helfferich, F. 1965. Ion-exchange kinetics. V. Ion exchange 
accornpanied qy reactions. J. Phys. Chem. ~(4) :1178-1187. 

Herrera-Estrella, L. and J. Ruiz-Herrera. 1983. Light response 
, in Phycomyces blakesleeanus: evidence for ro1es of chitin 

biosynthesis and breakdown. Exp. Mycol. 1:362-369. 

Hesseltine, C.W. and R.F. Anderson. 1957. Microbio1ogical 
production of carotenoids. I. Zygospores and carotene produced 
by intraspecific and interspecific crosses of Choanephoraceae 
in liquid media. Mycologia !2.(4): 449-451. 

Hesse1tine, C.W. and J .J. Ellis. 1973. Mucor al es. ch. Il in 
The Fungi. An Advanced Treatise vol. IVB. G.C. Ainsworth, 
F.K. Sparrow and A.S. Sussrnan (Eds). Academie Press Inc. 
London, U.K. 

Hesseltine'fC,~., C.L. Featherston, G.L. Lombard and V.R. Dawell, -
Jr. 1985. Anaerobie growth of molds isolated from 
fermentation starters used for foods in Asian countr ies •. 
~col09ia 12(3):390-400. ' 

, Hesseltine, c.w. 1985. Fungi, people and soybeans. Mycologia. 
11(4) :505-525. 

Hollo, J., J. Toth, R.P. Tengerdy and J.E. Johnson. 1980. 
Denitrification and removal of heavy metals from waste water by 
immobilized rnicroorganisms. Immobilized Microbial Cel1s 73-86. 

HOlzberg, M. and W.M. Artis. 1983. Bydroxamate siderophore 
production by opportunistic and systanic fungal pathogens. 
Infection and Immunity ~(3):ll34-1139. 

150 



o 

• 

Horikoshi, T., A. Nakajima and T. Sakaquchi. 1981. Studi~s on 
the accumulation of heavy meta! e1ements in bio10gica1 systens: 
XIX Accumulation of uranium by microorganisms. Europ. J. App1. 
Microbio1. Techno1. 11:90-96. 

Hoyle, B. and T.J. Beveridqe. 1983.. Binding of ~tal1ic ions to 
the outer membrane of. &lcherichia~. App1.-· Environ. 
Microbiol. ü(3): 749-752. ' 

Hoyle, B.D~ and T.J. Beveridge. 1984. Met~ bindinq ~ the 
peptidoglycan saccu1us 9f Escherichia &Q!lK-12. Can. J. 
Microbiol. ~:204~211. 

Huizar. B.E. and J.H. Aronson. 1985. Chitin synthetase of 
Apodachlya sp. Exp. Myco1. i:302-309. 

Hulanicki, A. 1967. Complexation reactions of dithiocarbamates. 
Talanta 14.:1371-1392. ' , 

-----AHumphreys, A.M;-and<G~GoOday~. ,1984. - p-rôperties of~hitinase 
act~vities from MYcot mucedo: Evidence for a membrane-bound 
zymoqenic forme J. Gen. Microbio1. ~:1359-1366. 

Inui, T., Y. Takeda and H. Iizuka. 1965. Taxonorndca1 studies on 
qenus RhizQQus. J. Gen. Appl. Microbiol. li, supplement. 

jackson, T.A~ 1978. The biogeochemistry of heavy meta1s in 
'po11uted ,lak~s and streams'at Flin FIon, Canada, and a proposed 
method for 1imiting heavy,meta1 pollution of natura1 waters. 
Environ. GeoI., .2,(3) :173-189. . 

Joho, M., M. Imai and T. Murayama. 1985. Different distribution 
of Cd2+ betw,en Cd-sensitive and Cd-resistant strains of 
Saccharomyce§ cereyisiae. J. Gen. Microbiol. 1ll:53-56. 

J~nes, R.P. anl P.F. Greenfield. 1982. Effect of carbon dioxide 
on yeast grotth and fermentation. Enzyme Microb. Technol. 
!:210-223. ' 

Keleti, G.'and W.B. Lederer. 1974. Handbook of micromethods for 
the biological sciences. p 73. Van Nostrand Reinhold Co., 
Toronto. 

Khummongkol, D., G.S. canterford and C. F~er. 1982. 
Accumulation of heavy meta1s in unicel1ular a1gae. 
Bioenq. ~:2643-2660. 

, 
Biotechnol. 

King, E.J. 1932. The-colorimetrie determination of phosphorus. 
Biochem. J. ~:292-297. 

Kurek, E., J. Czaban and J.M. B011ag. 1982. Sorption of cadmium 
by microorganisms in competition with other soil constituents. 
Appl. Environ. Microbiol. {l(5):1011-101S • 

151 

f • 

- \ 



o 
',1 

• 

Latge, J.-P., and R. Moletta. 1983. Cinetique de la croissance 
~celienne de Conidiobolus obscurus. Ann. Microbiol. (Inst. 
Pasteur) ll! &:267-279. 

Lavie, S. and G. Stotzky. 1986. Interactions between clay 
mineralS and siderophores affect the respirati~n of 8istop1asma 
capSulatum. 'Appl. Environ. Microbiol. ll(l) :74-7'9. 

Lester, J.N. 1983. signific~ce .and behaviour,of he~vy metais 
in waste water treatment processes. 1. Sewage treatment and 
effluent discharge. Sei. Total Environ. lQ:1-44. 

Lopez-Ramero, E. and J. Ruiz-Herrera. 1976. Synthesis of chitin . 
by particulate preparations from Aspergillus f1ayus. Antonie, 
van Leeuwenhoek !a:261-276. 

Lowry, O.H., N.J. Rosebrough, A.L. Farr and R.J. Randa11. 1951. 
protein measurement with the 10lin phenol ~agent. J. Biol., 
Chen., ID: 265-275. -~- -~- -

MacaSkie, t. E. and A.C.R. Dean., 1982. Cadmium accumu1atiçm by 
micro-organisms. Environ. Techno1. Lette~s 1:49-56. 

Maddy, A.H. 1976. Biochemical anc?Iysis of membranes. ....P 323. 
John Wi1ey and Sons, Ine., NY, USA. 

Màrquis·, R. E., K. Mayzel and E.L. Carstensen. 1976. Cation 
exehange in ce1l wa11s of gr~positive bacteria. Cano J. 
Microbiol. ,~:975-982. 

Martin, M. H. and P. J. Coughtrey. 1982 '. Biologlèa1 Mo ni tor ing ·of 
Heavy Metal Pollution'. Applied Science Publishers Ltd .. , Essex, 
U.K. 

, 

Masri. M.S., F.W. Reuter and M. Friedman. 1974. Binding;of 
metal cations by na:tural substances. J. App1: polymer Sei.' 
J.a.:675-681. 

Masri. M.S. and V.G. Randall. 1978. Chito~n and ehitosan 
derivatives for removal of toxic metallic ions from 
manufacturing plant waste streams. Proc. lst Internat. Conf. 
Chitin/Chitosan. R.A.A. Muzzarelli and E.R. Parisier (Eds.). 
Boston, Mass., U.S.A. pp 277-287. 

Mauro, C. and S.M.C. Dietrich. 1981. Effect of cu~tùre 
conditions on the cell wall composition o_f -MucQr j aYanicus 
wehmer (ZY90~cetes). Rickia ~:107-111. 

McMurrough. l,. and S. Bartinicki-Garcia. 1971. properties of a 
particulate chitin,8Ypthetase from Mucor rouxii. ~J. Biol. 
,Chem. 2!6.(12); 4008-4016. 

/ 

"ohan, P.M. and K.S. Sastry. 1983. Studies on copper toxicity 
in nickel-resistant strains of Neurospora çrassa. Current 
Microbi,ol. i:127-l32. 

152 

- . 

, ... 



Q 

• 

\ 
\ 

Morrison, K.B. ~d R.C. Righelaeo. 1974. 1 The ~elationshiP 
between hyphal "branching, cspecific gr~h rate and colony 
radial growth rate in Penicillium chrysogenum. J. Gen. 
M!crobio1. al:517-520. 

Mow11. J.L. and G.M. Gadd. 1983. Zinc uptake and toxicity 1Iv 
the yeasts Sporobolomyces roseus and Saccharomyces cerevisiae. 
J. Gen. Microbiol. ~:3421-3425. 

Musi1kova, M., E. Ujcova, J. p1acek, Z. Fencl and L. Seichert. 
1981. Release of protoplasts f~om a fungus as a criterion of 
mechanical interactions in a fermentor. Biotechnol. Bioeng. 
2J.:44~ 

Muzzarelli" R.A.,A. and o. TUbertini. 1969. Chitin and chitosan 
as chromatographie supports and adsorbènts for collection of 
metal ions from organic and aqueous solutions and sea-water. 

__ Talenta 1.6.:1571-1577. 

Muzzarelli,' R.A.A., G. Raith and o. Tubertini. 1970. 
Separations of. trace e1ement~ from sea water, brine, and sOdilJm 
and magnesium salt solutions by chromatography Qn chitosan. J. 
,Chromatog. fi: 414-420. . 

Muzzarelli, R.A.A. and L. - rupos. 1971.' Chito~n for the 
collection from seawater of natura1ly occurring zinc, cadmium, 

_lead and copper. ,Talanta l.8.:8~3-858. 
- " 

Muzzarelli, R.A.A., F. Tanf~ni-and G. Searpini. 1980a. 
Ch'e1ating,- film-forming and coagulating ability of the 
,chi-tosa~'"'9lucan complex from Aspergil1u§ niger industrial 
wastes. Biotechpol.- a:ioeng. 22,:885-896. 

. - ' 

Muzzarelll, R.A.A., F. Tafani, G. Scarpini and E. TUee!. 1980b. 
Removal 'and recovery of eupr ic and merèur ic ion~ "f rom solutions 

. using chi tos~n-glucan' from Aspergillus nige,. J. Appl. Biochem • 
.2,= 54-59. 

-
Muzzarelli, R.A.A., F. Tafani, M. Emanuel li and S. Gentile. 

1980c. The chelation of cupric ions by chitosan membranes. J. 
Appl. Biochem. ~:380-389. 

Muzzarelli, R.A.A., F. Tanfani, M. Emanuelli, M.G. Muzzarelli and 
G. Celia. 1981a. The production of ehitosans of superior 
qua1ity. J. Appl. Biochem. 3.:316-321. 

Muzzarelli, R.A.A., F. Tanfani and M. Emanuelli. 1981b. The ~ 
che1ating ability of chitinous materials froro streptomyces, 
Mucor rouxii, phycomyces blakesleeaous and Choanephora' 
cucurbitArum. J. Appl. Biochem. l:322-327. 

Nol1er, C.R. 1965. Chemistry of Organic Compounds, third 
edition. W.B. saunders -Co., Lo~on • 

'\ 

153 



o 

o 

Norberg, A.B.and B. Persson. 
. ions by ZQogloea r~igera. 

1984. Accumulation of heavy-metal 
Biotechnol. Bioeng. ~f239-246. 

Measurement of panikov, N.S. and T.F. Bondarenko. 1981. 
respiration intensity of microorganisms 
Trans~ation of prikladn~ya Biokhimiya i 
12(5) : 728-733. 

in continuous culture. 
Mikrpbiologiya 

Park, J.W., M.-o. park and K.K. Park. 1984. Mechanism of, metal 
ion binding to chitosan in solution. Cooperative inter- and 
intramoleeular cbe1ations. Bull. Korean Chem. Soc. ~(3):108-
112. ' 

patterson, J. W. 1977. Wastewater Treatmê'nt Technology. Ann 
Arbor Science PUblishers, Inc., Ann Arbor, Michigan, U.S.A. 

peberdy, J.F. and P.M. Moore. 1975. Chit~n synthase in 
Mprtierella yinacea: Properties, cellular location and 
synthesis in growing cultures. J. Gen. Microbiol. ~:228-236. 

Perdue, E.M. ahd C.R. Lytle. 1983. A critical examination of 
metal-ligand complexation models: application to def ined 
multiligand mixtures. ch. 14 in Aquatic and Terrestrial Humic 
Materials. R.F. Christman and E.T. Gjessing (Eds) Ann Arbor 
Science PUblishers, Ann Arbor, Michigan, U.S.A. ~ 

Pirt, S.J. 1983. l'he role of microbial physiology in 
biotechnology. J. Chem. Tech. Biotechnol. lla:137-l38. 

Ramamoorthy, S. and B.R. Rust; 1978. 
processes in sediment-water systems. 

Beavy metal exchange 
Environ. Geol. ~(3):165-

172 . 

Rastinejad, F. and W.M. Artis. 1984. Siderophore secretion py 
filamentous fungi cultured in physiologie conditioned serum. 
Abst. Am. Soc. Microbiol. Ann. Meeting F12. ' 

Raudaskoski, M. and H. Viitanen. 1982. Effect-of Aeration and 
tlight on frUit body induction in Schizophyllum' commune.' Trans. 
Br. mycol. -Soc., Ia.(l) :89-96. , 

Rhodes, R.A.,~A.J. Moyer, M.L. Smith and S.E. Kel1ey. 1959. 
Production of fumaric acid by Rbizopus arr~zus. Appl. 
Microbiol. 2:74-80. -

r ' 

Riley, J.P. 1965. Historical introduction. dh Id in Chemicâl 
Oceanograpny. J.P. Riley and G. Skirrow (Eds.). Academie 
Press, London, V.K. 

Rogers,' P.J., G.D. <:lark-Walker and P.R. Stewart. 1974. Effects 
of o~gen and glucose on ~ner9Y metabolism and dtmorphism of 
Mucor qeneyensis grown in.lcontinuous culture: reversibility of .. 
yeast-mfcelium conver~~on. J. Bacteriol., lli(1):282-293. 

154 
• ~. "Cl 

.' 



1 

,* 

" 

1 

, " 

, ' 

Rosen, H. 1957. A modified ninhydr;in colorimetrie analysis 
j)for amino acids. Arch. Biochen. Biophys. e6.Z.: 10-15. 

~ 

Saudek, V. 1981. Use of potentiometric titration for 
determinatipn of .t- and ~-peptide bonds in poly{aspartic acid) 
and 'po1r(glutamie acid). Biopo1ymers 2jl:1625-l633. -

Schlais, J.F. 1980. Pollution: cleaning up with tl\e water 
hyac:inth. Environ. tt(5) :35-43. ' 

Sch1uf, ~.F. and P.c. WeQsink. 1981. Practiea1 methods in 
moleçular biology. Ii 7'5. Springer-Verlag. 

Sengbusch, P.v., J. Hechler and U. Mueller. 1983. MOlecular 
architecture of fungal cell wal1s. An approach by use of 
fluorescent markers. Eur. J. Cell Biol. 3.[:305-312. , ~ 

Senger, H. (Ed.). 1984. .Bi~ Light Effects in Biologica1 
Systans. Springer-Verlag, 'New York, U.S.A. 

Shields, R. and w. Burnett. 1960. Anal. Chem., la:885. 

Shumate II,. S. E., G. W. Strandqe~g, D. A. McWhirter, J. R. Parrott 
Jr., G.M.· Bogacki and B.R. Locke. 1980. Separation of heavy 
me~a1s from aqueous solutions usiqg "biosorbents" -- deve10pment 
of contacting devices for uranium~emoval. Bioteehnol. Bioeng. 
Symp. ~:27-34., 

~ , ; .. 
Silver, S. 1984. Bacterial transformations. of and resistance to 

heavy meta1s.. in Changing Metal Cy'éles and Human Health. J.O. 
Nriagu ,(Ed.). Life Sei. Res. Report 2a:199-223. 

~ , 

\, Skoog,' D.A. and D.M. West. 1976. \Fundamentals of Analytica1 
. . Chemistry, third edition. Ho1 t, Rinehart and Winston, Toronto, 

. Canada. - -' . 
'\> 

Sanashekar, R.K., M...D. Ku1ashekaran and M. Satishchandr'a pràbhu. 
\ 1983. Toxicity of heavy metals to sorne fungi. lnt. J • 

. \ Environ. Stud. 21.: 277-280. ' 

.. '\ 
o 

Steinkraus, K.B. (Ed.), R.E. Cullen, c.s. Pederson, L.F. Nel1is -~ 
(Assoc. EdS), and B.K. Gavitt (Assist. Ed.). 1983. Handbook-of 
lndigenous., Fermented FOods. , Marcel Dekker, Inc., N. Y., N. Y. , 
U.S.A. ~ " '" \0 G 

Tanaka,~ H., and K. Ueda. 1975. Kineties of. nrlcelial growth 
accanpanied by leakage of intracellular nucleotides caused by 
a9itation. J. Ferment. Techno1. a(1) :27-3,4 • 

. Tobin, j.K., D.G. Cooper and R.J. Neufe1d. 1984. Uptake"of 
Metal ions by Bhizows arrhizij§ biomas~. Appl Env,iron. 
Microbiol., !l(4):821-824. .. 

,- Tobin, J .M. 1986. The Uptake of Metal Ions by RbizORu's arrhizus 
biomasse Ph.D. thesis, McÇil1 University, Montreal, Canada. 

• 1. 

_. 
\ 
.\ 

155 

- -, 



, 
J 

.' 

1 -

Torma, A.E. and ~K. Bosecker. 1982. Bacterial leaching. prog. 
Ind. Microbiol. li:77~118 

Tornabene r T.G. and H.W. Edwards. 1972. Microbial· uptake of 
lead. Science 11.6.: 1334-1335. 

Treen, M. E. 1981. Bio'sorption of the Uranyl Ion by Rbi;opus. 
M. Eng. thesis. Dept. of Chem. Eng., McGil1 Univ." Montreal, 
Canada\ 

Treen-Sears, M.E., B. V~esky and R.J. Neufe1d. 1984. Ion 
~xchange/complexation of the. uranyl ion by Rbizopus biosorbent. 
Biotech. Bio~ng., 2.6,.: 1323 -1329. 

Tro110p, D.R. and B. Evans. 1976. Concentration of copper, -' \ 
.iron, 1ead, nickel and zinc in freshwater a1gal b1oans. Environ. 
pol1ut. li': 109-116 • • 

Tsezos, M. and B. Volesky. 1981. Biosorption of uranium and 
thorium. Biotechno1. Bioeng. ~:583-604. 

Tsezos, M. and B. Volesky. 1982a. 
biosorption by RbizQPuS arrhizus. 
401. 

~ 

Tsezos, M-. and B. Volesky. 1982b. 
biosorption by Rbizopus arrhizus. 
969. 

The mechanism of ur anium 
Biotechno1. Bioeng. 2i:385-

The mechanism of thor ium 
Biotechno1. Bioeng. 2!:955-

" 

~uchihashi, H., T. Yadomae and T. Miyazaki. 1983~ Structural 
analysis of the cell-wa11 D-g1ucuronans from the fungi Absidia 
cy1indrospora, Mucor mucedo, and Rhizopus nigricans. 
Carbohydrate Rés., ll.J..: 330-335. 

Ujcova, E., z. Fenc1. M. Musilkova and 'L. Seichert. 1980. 
Dependence of re1ease of nucleotides ,from fungi on f'ermentor 
turbine speed. Biotechnol. Bioeng. Z2.:237-241. 

Volesky, B. and M. Tsezos. 1981. Uranium separation by 
biÔ'sorption. u.s. patent no. 4~20093. 

Vorob'eva, G.S. and N.N. Fi1onenko. 
growth, respiration rate, and cell 
in batch and continuo us cultures. 

"Mikrobiologiya ~(4): 581-587 • " , , 

1982. Effect of oxygen on 
morphology in Candida utilus 
Translation of 

Whitfield, M. 1982. The salt sea -- accident or design. New 
Scientiste April l, pp14-17. 

~ 

Woodwe11, G.W. 1981. Toxie substances: clear science, foggy 
poli tics. ch. 2 in Management of Toxic Substances in our 
Ecosystans. B. W. Cornaby Ed. Ann Arbor Science BUblishers, 
Inc., Ann Arbor, Michigan, U.S.A. 

156 



o 

o 

, 
) :. 

1 

( 
.) . 
t 0 

"-\ -, ' 

," 

.. , c 

. , 
, .' 

~ , 

Yak~, F. and T. Koshijima. 1978. Chit6san-metai:c~P1éx~s and 
their function. Proc. First Intemat. Copf,. Chitin7chitosan. 
R.A.A. Muzzare11i and E.R. Parisier (Eds). MIT Sea Grant 78-7. 
Boston, Mass. U.S.A. pp 386-405. 

yang, T.C. and R.R. Za11. 1984. Absorption of metals by natura! 
po1ymers generated ,from seafood processing wastes. Ind. Eng. 
Chem. Prod. Res. Dev. 1l:168-172. 

Zajic, J.E. and Y.S. Chiu. 1972. Recovery of heavy metals by 
microbes. Dev. Ind. Mi'crobiol. 1.l:91:-100. 

Z6sim, Z., B. Hutnick and E. Rosenberg. 1983. Uranium bind1ng 
by emu1san and emulsanoso1s. Biotechno1. Bioeng. ~:1725-

~ 1735. 

l) 

/' 

- .. 

. 157 " 



.. 
" 

Appendix 1: Optimizatton of Biosorbent Hydrolysis CQndi tions , o Prior to Chemical Analysis 

'. 

prior to analysis of phosthate, protein, and neutral', acidic 

and amine sugars in biosorbent samp1es, these components had to be 

solUbil~'Zed. This was accomp1ished by hydrolysis of 0.2 9 of solid ' 

in 8.5 mL of 1.2 M or 6 M HCl at 1000C in sealed tubes. To 

detennine the optimum times of ~dro1ysis, samples of the acid­

washed old HSM biosorbent were treated for 1 to Il h and assayed 

for the components (Figure A-l). Neutral and acidic sugars were 
. 

liberated after two hours of mild hydrolysisGin 1.2 M HCl, and 

~ubseqUent1Y underwent degradati~. Harsh hydro1ysis for ten 

hours in 6 M BCI was chosen for th~pr_~paration of samp1es for 
, < 

analysis of r-lucosamiÏle -and proteine PhosIbate was. Iiberatm by 

both proc~dures and was assayed in both sets of samples, both in 

the preliminary experinents ,and in 'those reported in Section 

3.4.1. These analyses were within 2% of one another., thus , , 
. 

demonstrating that -no serious errors occurred during manipulation' 
, , -

of the 'samples ~ 
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Figure A-1: Time Study of Re1ease of Acid-Washed O!d HSM Bio~orbent 

Components During Hydrolysis in-1.2 M and 6 M HCl 
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o Appendix 2: 'Non-1inear Regression program for Mode1ling of Metal 

Optake Behaviour as Egu11ibrium with One, TVo or Three 

Theoretica1 Sites on the Biosorbent 

15 
16 
20 
30 
40 
50 
60 

-7Ô, 
75 
80 
90 

100 \ 
105 
110 
120 
130 

- 135 
140 
150 
160 
170 
180 
190 
200 
210 
220 
225 
230 
240 
250 
260 
270 
280 
290 
300 
302 
303 
310 
311 
312 
320 
330 
340 
350 

: 

Input"Data to come from file? (filename or n) ",CS 
If C$<>"n" And C$<>"N" Then Goto 4000 
Input"number of independent variables ",fol 
Input "number of rneasurements ",0 
Dim Y(O,1),V1(O,M),V(M),wt(0) 

For J=l To 0 _ 
@ : @"experiment no. ";J 
Input"Y value ", y (J, 1) 
Rem Y = uptake vé!-lue 

For K=l"To M 
@"variab1e no. 
Input V1(J,K) 

";K; 

Rem Vl = metal concentration remaining in' solution 
Next K D, 

Next J 
@"expt no. 
@ 

y • independent variables {in order)" 

For J=l To 0 
wt (J) =1/ {Y.(J ,1) *y (J ,1) ) 
@" ",~J;" "~Y(J;l)_f~ 

For K=l To M 
@"' ";Vl(J,K); 
Next K 

@ 
Next J ' 

n. , 

@"Do you want to make any changes? "; 
Input"Input lrow no.(O to skip) ",J 
If J<l Or J>O Then Goto 302 
@"experiment no. ";J 
Input"Y value " , y (J, 1) 

For K=l To M 
@"variab1e no. '" ;K; 
Input Vl(J,K) 
Next K 

Goto 130 

J . 

Input "Da ta ~o go to fil e? (Fi1enarne or n) ft, C $ 
If C$<>"n" And C$<>~"' Then Goto 4120 
Input"number of te~s in béta ",N: Oim'B(N) 
Rem No. terms in Beta = twice the no. of theoretica1 sites 
Rem odd B's = k*W even B's • k . 

For J=l To N 
@"initia1 beta";J; 
Input B(J) 
Next J 
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480 Dim A(N,N),U(N,N),L(N,N),Z(N,N),Yl(N,N),Ai(N,N) 

0 485 Dim X(O,N),Db(N),Xty(N),CYdb(N) 
490 For Iter-l To 20 
500 Mat A-O : Mat U=O : Mat L=O . Mat Z=O, : Mat Yl=O . 
505 Mat x-o : Mat xtY"lQ 
510 Ssq-O -- .... ~ 
520 For.J-l To 0 • 
530 For Kml To M 
540 V(K)-Vl (J,K) 
550 Next K 
560 ~V(1)*B(l)/(1+B(2)*V(1» 
561 If N-2 Then Goto 570 
562 ~-~+V(1)*B(3)/(1+B{4)*V(1» \ 

\' 

563 If N-4 Then Goto 570 
" 

564 ~=~+V(1)*B(S)/{1+B(6)*V(1» 
Il 

570 Y(J,O)-Y(J,l)-~ 
580 Ssq=Ssq+wt(J) *Y (J,O) *Y (J,O) 

. 585 Rem Residua1 uptake weighted by division by· 
586 Rem the solution conc'n 
590 - Next J 
600 @ : @ Iter;" ";Ssq;" " . , 
610 For J=l To N ,0 

620 @ B (J) ;" "; 
630 Néxt J 
640 @ : If Iter=1 Then Goto 740 
650 If Abs(Ssq1-Ssq)/Ssq<1E-08 Then Goto 1970 
660 If Ssq<Ssq1 Then Goto 740 
670 Damp=Damp+1 ' 
680 If Damp>lO Then @"Process not converging.": Goto 2150 
690 For J=1 To N 
.700 Db (J) =Db (J) /2 
710 B (J)=B (J) -Db (J) .-
720 Next J 

. 730 Goto 510 
.740 oamp=O ~ 

750 For J=1 To 0 . 760 For K=1 To M 
770 V(K)=Vl (J,K) 
180 Next K 
790 Qydb(l)=1/(1/V(I)+B(2» 
800 Dydb(2)=-B(1)*oydb(I)*Dydb(l) -1 
805 If N-2 Then Goto 890 
810 Dydb(3)=1/(I/V(I)+B(4» 
820 Qydb(4)=-B(3)*Qydb(3)*Dydb(3) 

•• 821 If N=4 Then Goto 890 
822 Qydb(5)=1/(1/V(I)+B(6» 0 . 
823 Dydb(6)=·B(5)*Dydb(5)*Dydb(S) 
890 For K=1 To N 
90d' X(J,K) =Dydb (K) 
910 Next K 
920 Next J 
930 Rem calcula~e xTx 

• 940 Mat Ai=O 
950 For 1-1 To N 
960 For J-I To N 
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979 
980 
990 

1000 
1010 
1020 
1030 
1040 
1050 
1060 
1070 
1080 
1090 
1100 
1110 
1120 
1130 
1140 
1150 
1160 
1170 
1180 
1190 
1200 
1210 
1220 
1230 
1240 
1250 
1260 
1270 
1280 
1290 
1300 
1310 
1320 
1330 
1340 
1350 
1360 
1370, 
1380 
1390 
1400 
1410 
1420 
1430 
1440 
1450 
1460 
1470 
1480 
1490 
1500 
1510 

For K=l To 0 
A(I,J)=A(I,J)+Wt(K)*X(K,I)*X(K,J) 
~ext K 

A(J,I)=A(I,J) 
Next J 

Next l 
For J=l To N " 
A (J, 0) =J Il Q 

Next J 
Row=l: X1=Abs(A(1,1» 

For J=1 To N 
If Abs(A(J,1) »X1 Then Row=J : Xl=Abs(A(J,l» 
Next J 

If Row<>l Then K=l GosUb' SWitch 
For K=l DTo N 
U(l,K) =A(l,K) 
Next K 
-For 1=2 To N 
L (l, 1) =A (I , 1) /U (1 , 1) 
Next l 
For K=2 To N 
If K=N Then Goto 1290 
X1=0 
Row=K 

For J=K To N 
Y2=A(J,K) 

For P=1 To K-1 
Y2=Y2-L(J,P)*U(P,K) 
Next P 

• 

'If Abs(Y2»X1 Then X1=Abs(Y2) : Row=J 
Next J 

If Row<>K Then GOsl,lb SWi tch 
For J=K To N 
U(K,J) =A (K,J) , 

For 'P=1 To K-1 
U(K,J)=U(K,J)-L(K,P)*U(P,J) 
Next P 

Next J 
If K=N Then Goto 1440· 
If Abs (U (K,K) ) <lE-50 Then Goto 2145 

For I=K+ 1 To N 
L(I ,K) =A (1 ,K) 

For P=1 To K-1 
L(I~K)=L(I,K)-L(I,P)*U(P,K) 
Next P 

L(I,K)=L(I,K)!U(K,K) 
Next l 

Next K 
If Abs (U (N,N) ) <lE-50 Then Goto 2145 

For K=1 To N 
Z (K,K) =1/U (K,K) : YI (K,K) =1 
Next K ' 
For J=2 To N 

For I=J-1 To 1 step-1 
For K=I+l To J 
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1520 
1530 
1540 
1550 
1560 

• 1570 
1580 
1590 
1600 

,1610 
1620 
1630 
1640 
1650 
1660 
1670 
1680 
1690 
1700 ' 
1710 
1720 
1730 
1740 
1750 
1760 
1770 
1780 
1790 
1800 
1810 
1820 
1830 
1840 
1850 
1860 
1870 
1880 
1890 
1900 
1910 
1920 
1930 
1940 
1950 
1960 
1970 
1980 
1990 
2000 
2010 
2020 
2030 
2040 
2050 
2060 

Z(I,J)-Z(I,J)-U(I,K)*Z(K,J) 
Next K 

Z(I,J)-Z(I,J)/U(I,I) 
Next l 

1 Next J 
For J-l To N-1 

For I-J+ 1 To N 
For K=J To 1-1 
YI (I,J)-Yl(I,J)-L(I,K)*Yl(K,J) 
Next K 

Next l 
Next j 
For J-l To N 
COl=A(J,O) 

For 1=1 To N 
For K=1 To N 
Ai(1,C&I)=Ai(I,Col)+Z(I,K)*Yl(K,J) 
Next K 

Next l 
Next J 
For J=l To N 

Fot K=l"To 0 
xty(J)=xty(J)+wt(K)*Y(K,O)*X(K,J) 
Ne~t K 

Nèxt J 
For K=l To'N 
Db(K)=O 

'1 For J=l To N 
Db(K)=Db(K)+Xty(J)*Ai(J,K) 
Next J 

B(K)=B(K)+Db(K) 
Next K 

Ssql=Ssq 
Next Iter ~'--

@"Process has failed to converg~." : Goto 2150 
*SWitch 

For J=O To N 
Xl=A(K,J) . 
A (K,J) =A (Row ,J) 
A(Row;J)=X1 
Xl=L(K,J) 

1 L (K,J)=L(Row,J) 
L (Row ,J) =X1 
Next J 

Return 
@ : @"Process has converged. n; 
@"B values and standard deviations are:-" : @ 

For J=l To N 
@ J;" ";B(J);" +/- ";sqr(Ssq*Ai(J,J)/(o-N») 
Next J 

@ : @"Correlation coeffecient matrix:-" : @ 
C$::an-. ttt" 

For 1-1 To N 
For J=l To N ~ 
@ Using C$,Ai(1,J)/Sqr(Ai(I,I)*Ai(J,J»;" "; 

163 

'., 



0-

1 

l' 

2070 
2080 
2090 
2100 
2110 
2120 
2130 
2140 
2141 
2145 
2150 
2160 
2170 
21&0 
2190 
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4010 
4015 
4020' 
4030 
4040 
4050 
4060 
4070 
4080 
4090 
4100 
4110 
4i20 
4125 
4126 ) 
4130 
4140 

. 4150 
4160 
4170 

~
80 

4 90 
.4 00 
4210 
4300 
4310 

; . 

Next J 
@ 
Next l 

Stop 
@ : @"NO. Value Residua1" 

For 1=1 To 0 
@ I;" ";Y(I,l);" ";Y(I,9> 
Next l 

Goto 2150 
@"Matrix singu1ar." 
Input"Do you want to try again? ",C$ 
If C$="n" Or C$="N" Then stop 
Input"Do you want to change the data? ",C$ 
If C$="y" Or C$="Y" Then Goto 130 
Goto 310 
On Error Goto 15 
Open\I\C$ 
On Error Stop 
Input \1 \M : Input \1\0 

JDim Y(O,1),V1(O,M),V(M),Wt(O) 
For J=l To 0 
Input\l\Y (J, 1) 

For K=l To M 
Input\l\Vl (J,K-) 
Next K 

Next J 
Close ( 
Goto 130 '--.J 
On Error G6to 4300 
Open\I\C$ 
On Error stop , 
@\l \M : @\1 \0 

For J=l To 0 
@\l\Y(J,l) 

For K=l To M 
@\I\VI (J,K) 
Next K 

Next J 
Close 
Goto 310 
Create C$ 
Goto 4125 

\ 
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