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ABSTRACT

A study of the sorption of hazardous erganic pollutants by live and dead microbial
biomass (biosorption) has been made.” Biosorption of lindane, pentachlorophenol, diazinon, 2-
chiombiphcnyl. and malathion by Rkizopus crrkizus and activated sludge were investigated.’

Malathion was found to be removed b_v‘ a chemical decomposition process when cont;ucted with
dead b.itiama;fs. The other compounds were observed to be sorbed by the biomass, and the
sorption process was found to be reversible. The biosorption isotherms could be represented
by the Freundlich equatjon and were found to be nearly Iineax; ‘over the range of
concentrations 'examincd. The biosorptive uptake is positively correlated with the
octanol/water part{tion coefficient for the compounds. Heats of sorption were estim.;xt.ed and
indicate that the biosorption process invloves a physical rather than a chemieal mechénism.
.The'biésorption phenomenon appears to involve both surface adsorption and absorption into
the cell interior. Biosorptive uptake generally appears not to be sltrongl_v affected by
~
_ competition from other sorbing compounds. The kinetics of biosorption of lindane are
characterized by a rapid initial uptake followed by a slower accumulation process. In general,
live and dead biomass were found to exhibit a different level of biosorptive uptake, however:
no generalizations could be made concerning the direction or magnitude of the diiTerez;.ces.

The order of magnitude of removal of non-blodegradable hazardous compounds in biological

treatment plants can be predicted from the biosorption isotherms.
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CHAPTER ONE

* INTRODUCTION
11" THE PROBLEM .
Many hmrd6u§ ox;génic pollutants have béen i‘t-"lent.iﬁcrd in t.He inﬂuehts emuénts

. and sludges of publicly owned wastewater: t.reatment fac1l1t1es in North Amcnca (Blshop,

R 1982 Bndle 1982 Burns and Roe Industnal Servzccs Corp 1982; CIexengcr 1983 Lue ng :

et al 1980) These pollutants, many of which are not readxly b:odegradable may come from
dischgrges_ from-mdustrxal p]ants“or from contgmmatcd t;unoff whxch. enters _thc sewer '
system; It has beén est.imat.él'l th;t there ar‘e 50 000 di.fferé.n.r.-chem'i.calsl iﬁ ind'usﬁrial use’in |
- North Amenca and that more than :00 new chermca.ls are mr.roduccd cach }cur (Jackson andv _ '
.Weller 1982) Even chemxcals whlch are no longer manu.factured such as polychlonnatcd )

bzphenyls (PCB's), continue 1_:0 ﬁnd thexr way into v\fa:stewa_ter_'treatmcm sy;tems.
E‘,ﬁvifonment;Canéda has'devellopcd g‘w;o'rl-c'ing' list of '.'S:.ispc.ctJPriori‘ty“quic C_he’m.icz'xls"
‘ containi;':g 150 compouhds or groupé :f;.r.:.ompounds geemed to bc-of -pbime izﬁportaﬁce
_enwronmentally (Bndle 1982) In the Umted St.ates the Env :ronmental Prot.er_t.xon Agency
has estabhshed a hst of "Priority Pollutants contammg 129 compounds including 114

'orgamcs (B:shop, 1982). These_ lists contam only a fractlon of the potentially hazardous‘
' ‘élhémicals I_ikelyto?epre'sénf in‘wgst'cwater discﬂax:gés. - o o 7

The '_fa't:z o'i;.toxic o'rgan'ic pollutants enterihg biological wastéwater treatment L
plal;xts is not- well understood. Volatxle compounds may be partzally removed by air str:ppmg
'ondegradatmn ma} be a v:able process for some compounds but the products of

biodegradation may be other hazardous compounds. Another possible _removal mechamsm is

_ sorption of the chemicals by the microbial biomass or other particulate matter. The uptake or

e



' accumulatlon of chermcals by orgamsms has been termed b1osorptxon. The term bxosorptzon
| wxll be used to descnbe thls pro-cess m the present study The mechamsms mvolved in the

) accumulatlon may mvolve surface adsorptxon phenomena or absorptxon into various

. components of the cells. Accumulatmn of hazardous pollutants in the sludges results in their
removal l'rom the wastewater stream but ultlmate d:sposal oi' the waste sludges then poses a

,potentxal envxronment;al hazard partlcularl) if the pollutants are not 1rrever51b1y bound to

the sludge.- A better understanding of the processes and mechanisms whmh control the fate of
hazerdous pollutants in b:ologxcal wastewater treatment systems is needed 1f we are

-ult.xmately to be a.ble to predxct theu‘ behavmur and des:gn for their effectxve removal

N . , . o »
.12 - OBJECTIVES AND SCOPE OF THE PRIESEANIT STUDY

The overall aim of the present work is to develop a better understanding of the

mechanism of the biosoi?ption process. The following are the specific objectives of.the present -

work; .
1. "To develop equilibrium bwsorptlon 1n.format10n for selected hazardous orgamcl‘
| compounds with representatwe types of mzcroblal biomass and to model the data
2. To deterr_‘nlne the e_f'feet of temperature‘ on biosorption equilibria and to estimate
basic tl;ermodynamic parameters rele.ted to the mechanism _ol' biosorption. |
3. To examine the reversibility of biosorption. - |
4 To resolve the contribution of ccllula'r components (cell walls) in the biosorption
process. | : . ' .
: s
S. To examiné the kinetics of the biosorption process.
6. T.o examine th_e effects of competing sorbates on biosorptiou equilibria.

~)

To formulate a preliminary mechanism hypothesis for the biosorption of the

selected hazardous pollutants.



Fwe orgaoxc compounds were sele ed for study in the. prcsent work The St
‘ lcompounds were pxcked from Envu-onment CanMQUADAT hst of pest:dxdes and tho j-‘
U.S. EPA list of priority pollutants (McNeely et al., 1979; Bx;hop,‘ 1_.982):. .’I‘he seIectcd -
.compoonds represent two sighii'tcane fémilies of .pesticides, orgmi'oehl'orin‘e pe'sti_'eicfes 'e.nd'
organophosphorus pestlczdes and the f'a:mly of polychlormated blphenyls The -epecif-'xcl ) " b
compounds were chosen because they possess the charactenstxcs of reasonably hxgh ;vat,er'

solubility, low vola'uhty, and h1gh envxronmental hazard and ‘are currently, or were .

formerly, in mdespread use. ReIatwely water so‘luble-compounds were selected betause they

have the potentml to ex1st in relahwely l'ugh concentratxons in wastewater dxscharges and
" their blosorptwe behaviour could be observed over a w1der concentratxon range Compounds

of relatwely Tow volatility were chosen to rmmxmze the losses of compound by evaporatlon

during sorption studies. AIso nonvolatile compounds would tend not t.o be removod by alﬁ

‘ -
.

-stnppmg in biological treatment plants and therefore the b1osorptlon process would )e 8
more important removal mechanism for these compounds The E‘:ve compounds seiected are
" lindane, pentachlorophenol, dlazmon malathxon and 2-chlor0b1phenyl Lmdane ('gamm.a-
hexachloro-cyclohexane) is a widely used organo-chlorme msect.xmde Pentachlorophenol isa |
common wood presarvmg chem:cal. Dm;mon (Q,O-daethyl O-(2-;sopropyl_-6-m_ethy1-4-
pyrimidinyl) phosphorothioatc) and malathion (O,l'Oedi;oef;hyl. $-1,2 diethoxycarbonyllethyl
phosphorothioate) are organophosphorus insectioioee in'w_ide_i use. The Zlc.hl_ox_‘obi.‘pheﬁyl‘ is ° .
representati\;eo‘f the I;CB family of compounds.. Although ho longer maoufaceux:ed in North’
Ameriea, PCB's were formerly in v%idespread use as dielectric ﬂuide in elect_.ljicel eciuiproene T

and in a variety of other applications and are still found in the eniriroﬁrﬁent. Figixre'i‘i_.“Z._‘l .

. shows the chemical stmcture of the five compounds.
. Two typesof microbial bxomass were chosen for mvestxgatzon of the bxosorpnon‘

phenomenon. The selected biomass types represent two important classes of mzcr_‘oorgamsm,
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: f'ung; and bactena A pure st.ram Rhizopus crrhz..u.s a fung'us used in mdustnal fermenta-
. N RN

. t:ons was selected to represent the {ung1 R arrhz.,us was selected because: (1) It has a well . e

known structure; (2) It has been extenszvely studied 1 in relahon to bxosor'ptmn of ions (Tsezos

1980 1983 1984 Tsezosand Keller 1983 Tsezos and Volesky, 1981 1982a 1982b) (S)It has -

‘ -( R

been shown to exhibit relatwcb high uptake of chloroethanes LTsezos and Seto 1985) and o

(4) It has a relatively large cell size which might facilitate meqhanistic studies.._ The-other

type of biomass, chosen to represent the bacterial class of microorganisms, was activated L

. - . ~ A
sludge from a biological wastewater treatment plant. Activated-sludge is a mixed culture of -

. - i ” L ] .
- microorganisms, consisting mainly of bacteria. "Activated sludge was selected because it is

representative of the microbial population in the most commonly used Biologieal wastewater

treatment process. The use of activated sludge eflse provides for & more direct observation of -
the behaviour of the selected pollutants in conventional v;-este;vetér _ereetment plants. Dead
biomass was used in most of the study because it is a stable serben_t, dnd eliminates the
potential for biodegradation that would limit the mechanistic usefulness of the experiments.
Comparative stedics were done with live biomass using conditions that minimized potential=~--

biodegradation as explained in detsil in Sections 3.8 and 5.7. “o we

e

During the experimental work it was discovered that maIathier; 'éppeared to be

removed by a process other than, or in addition to, sorption. This ﬁndmg was fo'Ilowed up by

AL

addmonal expenmental work carried out to confirm the hypothesis that malathion was-being ~

removed by a chemical decomposition reaction in addition to sorption.

- aaa w =t -
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areas of study. Tbe first area concems the accumulatxon of hazardous orgunic-pollutants m‘

-
~

-

"" =

aquatic organisms. The second area (1:3 concerned with the fate of these pollutants when they .

. . . Lo S - - N ‘
enter blOlOS‘lC.‘ll wastewater treatment systerts. There appears.to be [ittle or no wdrk hnkmg

o

these aress together Investigations in the first area are mamlv aimed at determmmg the

".J

Previous m\esugatmns re!ated to the present work gre primarily found in two

fate of polIuta":ts in ‘natural aquatic systems with thesemphasis on :,tudvmg ..he movement _ '

N . and éoncem.mtion of pollutants in the féod chain. Many of these studies have been cor’:cemed -

-
~ . - 3

thh hxgher orgamsms such as fish, and ondy a relatively small aurebér have dealt with

.. -

m.xcroorgamsr’ns. This work has been reviewed by I\enaga (19“.’.)_._ Baughman and ‘Pans .

:

sections. 'The most comprehensive examination ‘of the fate o" hanardoue pollutanta in

- = -

(1981) and Lal and Saxena (1982). A comprehensive review is given in the.following'

" .. biological wastewater treatment s_vste:'ns has- been done by the L.S. ‘Environmental
g1 - - . . R

Protection Agency (EPA) (Petrase‘k.;Etkal.. 1983). The EPA has conducted eilo_t pi:-;.;l't studies’

-

. « 7 ". o

process. Environment Canada has undertaken similar studies using a bench-seale activated ~

-

\
sludge svstem (Melcer and Bedford, 1986). A .’ei&‘ other tudies ha\:e_been done to examine the

-

. N = . -
N "a..e of haza:nous pollu..a:*ts in full size muvuc:pql wa.s‘ew ter treat..‘e'z: plants (Burns and

RoeIndus..nalSe"\ ices Co"p 108" CIexenge"ecal 198.: LLe-ngetal., 1880).

- -

N L - Some of the in ves ga ons mr.o'm:c:-omal accum -..1 tion of pollutants have
. ] > - ) ,

e’ta...:..ec desorpti fon or e‘n:::::at:on of po:h..ans b\ ....e m-c-oo"'a':.s::: -l many ca se5 ::-c

- . . ) - N

- - - . .

to determine what happens to a large number of priority pollutants in an écti@-ated sludge”



desorptlon studxes were done bv washmg the bxornass J.)ne or“more Etrnes w:th .water and- :

- -

N observmg the quantxty of compound desorbed Generaliy ethbnum desorptxon lsotherms

A
- .,-"‘ -
S '. -

were not produeed 50 1t is d:.fﬁcult to make general conclusxons-concermng reversxb;hty of the -

- . ~~..a-f‘.'a .
P w - :

- bmsorptxon process i'rom these data Some stuches of the~k1net1cs of the accumulatlon and

EaY - __,‘ ’.r T -

~ - a e - . -

desorptxon processes have been made «-th.ewer rnost reports do .not contam suﬂ'ment

. - . ,.....-:n“/ - -

' mformatmn to determme whether the observed rates are;ntrmsm sorptxon rates mdependent -
- . S PRI

"of-bulk phaSe.:na.ss transfer or are depend'ent on the Qarncular emnmenml svstem used.

- - -
B -, ..-‘.r""__, "v,..___.‘

' The dxfferehce m,uptake of pollutants by hve and dead rmcroorgamsms has sto been reported

P R
- - g - - - - - c - -
- C T . - i R

in, several cases \d"os_tnmesngators.hm'e moaelled uptake da.fa nsmg g bmconcentratmn ;

4' —‘.—-. D - - -

e factor whxch. xs a proport:d‘n’ht\. constant charactemmg a hnear relatxonsh:p between the

= ” -y A . - .
. - . . -

"_., . concentratwn of ti‘me‘pollutant on the .b;omass anct the concentratxon m the hqmd phase

. ~ ‘-— ‘_.- - ___ -

- ,Other r.nvestigators have modeﬂed therr data ﬁsmg a convennonal adsorptlon rnodel such as

- - .-_\ - 4 -

the Freundhch equat:on In some cases the- uptake data has been correlated thh the water

- e e m P -

s solub;htx of r.he pollutant.,or wu.h 1ts octanol/u.ater partxtmn coeﬁ'ic:ent \v ery htt!e data has

.- B - - —- - e - - . - -
—_ - -

- been pubhshed concermng competmve accumulatxon of. pollutants ar- on ‘the thermod-. narmcs

—ofthe accumulamon process _-‘ ,“;-7_'_ HREIE _‘.' T A ‘

There appears to beno consens_s in- the L\te;ature com:ermng ..he mechamsm of the

-~ - -
- . P ‘.¢_- - -— - -
e e

accumulatzon of pollutant&bv -rnmroorganxsms ‘\-i‘am of the pubhshed. reports do not

. —
.- . . Tt e o -

speculate on 'the mechamsm Some authors descnbe the mecbamsm as surface adsorptxon

. wh11e others refer to 4 process of.absorptmn mto the hpld f‘ractmn 01 the cells or in some cases

B .. - . . -

to 2 combmatxon of these ,mechamsms The ~terms bloaccumulatmn; bxoconcentratzon. and

- - - - - - .

bxosorptzon have been useo to descmbe the process of accumulatxon of pollutants by

mxcroorgamsms The process w111 be temeo bxosorpmon in the oresent studx and mll be

taken to mcluoe any. a.nd all rnecbamsms through whzc.n pollumnts are. accumulateo by living

.. ordea’d‘microbialbiomass. . : T



22 - . BIOSORPTION OF HAZARDOUS ORGANIC COMPOQUNDS BY.
" MICROORGANISMS _ ' o ~
2.2.1 : Mechanism of Biosorption
‘The subject ‘of aceumulation of hazardous organic pollutants by microorganisms
. . : <
has been reviewed by Kenaga (1972): Baughman and Paris (1981}, and Lal and Saxen_ﬁ
(1982) Kenaga (1972) characterized the accumulation process as one involving a temporary
equilibrium by adsorption followed by redistribution of the pollutant by ingestion, absorption,
metabolism, partitioning, storage,_and elimination. Baughman and Paris (1981) cor‘:clude
) that it is not clear whether sorbed compouhc}s reside in or on the cells or cell membranes. Lal
and Saxena (1982) also conclude {rom their review that the mechanism of biesorption is rot
clearly understood. Lieb and Stein {1969) .proposed that.the permeability of hydrophobie
-compoun;:is into the cell membrane can be treated like diffusion through a soft, non-porous
polymer. The permeability is proportional to the membrane/water partition coefficient and
inversely pz;bportional to a fractional éower of the molecular weight. If this is the case, we
would expect that hydrophobic pollutants could accumulate in the cell membrane or even in
the cell interior._\gﬁfura et al. (1975) postulate a two step process for the biosorpltion of
1indané, and other isomers of hexachlorocyclohexane (HCH) on five types of unidentified
bacteria. The first step is rapid surface adsorption followed by d_'Lffusiv_e penetration in the
second step. Wedemeyer (1966) also pr‘;poses a two step process for uptake of 2,4-D By
Pseudomonas fluorescens: sorption unto the céll wall followed'by passive diffusion into the
~ ¢vtoplasm. Soaergren {1968) suggested that the uptake of DDT by algae *mol\ec an

absorption "at.her than an éusom'uon mechanism in that hp:d-soluble materials are known to

L

pass through the cell wall. He states, however, that because of the affinity of DDT for ~

interfaces, adsorption would seem to be the primary mechanism, but adsorption is discounted



bccause né desorpt.xon was observed in the expenments Canton et al. (19:5) found that a-

- - <

.HCH seems to prefer to accumulat.e in the cytoplasma rather.than the cell walIs of algae
Canton et al. (1977) found that 13% of the accumulated o—HCH- was in the’ ¢ell walls oi' a |
marine alga with t.hc remainder in the cell content Ten percent was in the hpzd fractxon of
the cell wall and 76% was in the lipid fractxon of the cell contents. Two types of alg:ae W1th
different levels of ac_cumulat:on sh0wed nearly the same accumul,atxon when normahzed
based on their lipid content. Reinert (1972) concluded that upt.ak'e'iof 'dielldri.n b.y Daphnia- )
magna and guppies was by absorption outcould not-de‘termine whether the accumulaciori by
algae was by absorption or adsorption. Clayton et al (1977) concluded that accumulatxon of
PCB's in marine zooplankton was predominantly controlled by equ:hbnum partmonmg ’
‘between the mt.crnal lipid p-ools of the bxota arid the water. Johnson and Kennedy (1973)
_i'ound that the accumulatmn of DDT by two bacterial species with apprommate!y the same
lipid content was thc same although, the uptake of methoxychlor dlﬁ‘ered by a factor of two. -
- The uptake did not seem to be related to surface are'a' as the surface areas of the bacteria |

differed by a factor of ten. Ellgchausen et al. (1980) also concluded that the tot.al mass and not
thc surface area controls the extent of blosorpnon‘ Tsezos and Seto (1986} found large
dxﬂ'ercnccs in uptake of tnchloroct.hane and tetrachlorocthane by dead bacteria and i'ungu
with similar lipid contcnt They hypothesxzed that the dlﬁ'erences in uptake could be partly
due to differences in the numbers of ruptured cells which would have exposed more adsorptmn
sites. They observed that the uptake was positively correlated with the.ooluble orgauics
leached from the dead biomaos, which they concluded came from the cell cytoplasm and thus
- was cor'relaped with the extent of cell rupture. |

The view of the biosorption prroccss as a partitioning between the cell lipids anci the

ambient water has lead to the use of the octanol/water partition coefficient as a predictor of

biosorption potential (Baughman and Paris, 1981). Casserly et al. (1983) and Eligehausen et

T



eﬂ (1980) correlated uptake of orgamc compounds on algae w:th thc octanoUwaLer part.mon;
: ———-coefﬁczent Dobbs et al (1986} correlated the b1osorpt10n of toxic orgamcs by actwated sludgc '
- -' . thh the octanob’water parntxon coefﬁment Accumulanon o£ seven polynuclear aromat.lc )

. hydrocarbons ona zooplankter was also correlated w:th t.he partxtlon coefﬁc:ent (Southwort.h

-

et al,, 9"’8“). Stecn and Kanckhoff (1981) correlated the bxosorpmon of pyrcne und

phenanthrene by 14 d:.ﬂ'erent mixed mlcrobml populat.:ons w:r.h the oct.anollwat.er partmon

. coef’ﬁcxent and also with a combmat,mn of water s-qub1I1ty and meltmg pomt. thle t.hcse

correlanons would tend to 1mply that & lipid absorptmn mechamsm 15 dommant. t.hxs ts not '

/J .. water solubzhty wh:ch is correlated thh adsorptxon potentlal lt. wou]d Lhcrefore be

- : Morrison {1975) report.ed that the uptake of five’ orgamc compounds by 13 bacl.ena! sp-ecms o

was mverseh correlated thh tHe wat,er solubxht;es of the comp-ounds Unfortunat.cly, thesc:_

correlatmns do not necessanly ]ead to a better understandmg of the bxosorphon mechamsm

When investigating the mechanisnc aspects of bxosorptzon Lhc q_uest.:on‘of whct,hcr,

. an active or paséi_ve rdechanism' is involved must be addressed. In general, this question }_1as
cases reported, the uptake by dead biomass w.as equal to or great.er than that of live bior;mss
(Baughmaa and Paris, 1981; Chacke and Lockjvood. 1967, Johrxson and Kennedy, 1973,
Lederman aad Rhee, 1982; MacRae, 1985; Paris et al., 71977'.kParis and Lewisl, 1976; Sugiura
et al., 1975; Voerman and Tammes, 1969;). “Werner and M