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ABSTRACT

The literature on the mechanisms of metal removal effected by 
wastewater micro-organisms has been reviewed, with specific reference 
to the role of bacterial extracellular polymers.

A polymer extraction method has been modified to yield soluble 
and colloidal forms of Klebsiella aerogenes extracellular polymer. 
Using gravimetric and hydrolytic methods to quantify total extracellu
lar polymer, the efficiency of extraction was found to vary under dif
ferent cultural conditions. A hydrolytic determination of total 
polysaccharide in activated sludge permitted an estimate of the quan
tity of extracellular polymer to be made. Methods of deflocculating 
sludge to facilitate the separation of extracellular material were 
compared, and an ion-exchange technique was found to be preferable.

Conditional stability constants and complexation capacities for 
heavy metal binding were determined by gel filtration for pure culture 
and activated sludge polymers. The results compared favourably with 
those for other bacterial extracellular polymers, but less well with 
those for competing metal-binding ligands present in sewage. An 
investigation of metal-binding to soluble and colloidal forms of 
polymer demonstrated that Ni was complexed predominantly by soluble 
polymer. A mass balance of metal uptake by K. aerogenes was for
mulated which showed that the presence of polymer was responsible for 
approximately 50% of the metal uptake by the capsulated strain.

Activated sludge polymer complexed up to ten times more metal 
per unit weight than K. aerogenes polymer. This was attributed to the 
wider range of functional groups evident from infrared analysis. 
Complexation parameters determined by dialysis for extracted polymer 
and sludge floes over a range of sludge ages gave a strong indication 
that polymers were important in metal uptake by activated sludge, 
although their form determined whether or not the metals would be 
removed during settling. It was concluded that operational parameters 
such as sludge age may influence metal removal indirectly by deter
mining the physico-chemical characteristics of the extracellular 
polymer produced.
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1. INTRODUCTION

Raw wastewaters derived from industrial and domestic sources 
contain undegraded organic material and nutrients such as P and N 
which, on discharge to a natural watercourse, may enhance eutrophica
tion and deplete the dissolved oxygen necessary for aquatic life 
(Middleton & Gromiec, 1978). Wastewater may also contain more per
sistent anthropogenic pollutants such as chlorinated hydrocarbons and 
heavy metals (Jenkins ej: _al., 1981). A variety of treatment pro
cesses are therefore employed prior to effluent discharge to reduce 
the potentially harmful effects towards not only the ecosystem of the 
receiving watercourse, but also to public health where surface waters 
are used or abstracted for potable, industrial, agricultural and ame
nity functions (Hrudey, 1981).

Englande & Reimers (1982) have stressed the importance of ade
quate dilution capacity of receiving waters to minimise the adverse 
effects of effluents. In the low flow period of 1976, 40% of the 
River Derwent consisted of effluent, mainly from industry (Selby & 
Tricker, 1982), while in other areas where water reuse is at a maxi
mum, up to 90% of surface flow may be derived from sewage works 
effluent (Hawkins £t £l., 1980). Due to the nature of wastewater 
treatment processes, accumulation of mineral content is inherent in 
water reuse (Funke, 1975; Englande & Reiraers, 1982), thus heavy 
metals, in particular, give cause for considerable environmental con
cern due to their non-biodegradability and toxicity (Lester, 1983).

Heavy metals have been strictly defined as those with den
sities greater than 5 g cnT^ (Matthews, 1979); the group includes 
elements from the transition series and groups IIA, IIIB, IVB, VB and 
VIB of the periodic table. However, the term "heavy metals" is often 
used where there are connotations of toxicity, and thus incorporates 
lighter metals such as Al, Ba, Be and the metalloids As and Se. An 
alternative classification of metallic elements has been postulated 
by Nieboer & Richardson (1980), which based on complexation pre
ference for 0— , N- or S- containing ligands, has attempted to cate
gorise them according to their biochemical activity and toxicity.

Many heavy metals are essential in trace quantities as 
micronutrients; Fe, Mn, Cu, Zn, Co and Mo occur as 1-2 mg kg”l tissue
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(Barth, 1973). Information collated by Goodman (1975) suggested that 
Co and Ni are involved in enzyme reactions within the body, Cr is 
necessary for sugar metabolism and that Se may assist in the elimina
tion of other non-essential metals such as Hg. When present in
excess of physiological concentrations however, heavy metals cause 
severe interference in the metabolic processes of many organisms. 
Toxicity may be acute due to extreme concentrations, producing severe 
and easily identified effects, or it may be manifested in a more 
insidious chronic form as a result of long term exposure to low con
centrations. The toxicity of heavy metals to all organisms, in par
ticular bacteria which are generally the first organisms to be 
affected by discharges, has received much attention (Brown, 1976; 
Hernberg, 1977; Gadd & Griffiths, 1978; Goulder et_ al., 1979; Leland 
et al., 1979; Stotzky & Babich, 1980; Becking, 1981; Di Ferrante & 
Berlin, 1981; Van der Werff & Pruyt, 1982) and the importance of spe- 
ciation (Allen e_t al., 1980; Sterritt & Lester, 1980a; Florence,
1982) and complexation (Magnuson et̂  jil., 1978; Kostyniak & Clarkson,
1981) in determining a metal's toxic impact has been discussed. 
Glockling (1980) has pointed out that the intermediates produced from 
degradation of a pollutant may exhibit even greater toxicity than 
that of the original compound. Once heavy metals have entered food 
chains they are likely to become hazardous to higher members, such as 
man, via bioaccuraulation (Patrick & Loutit, 1976; Lorenz, 1979; Paul 
& Pillai, 1983; Wren e_t al_., 1983). It is therefore desirable that 
the concentration and distribution of heavy metals within the 
environment are controlled.

Various water quality criteria specifying limits for heavy 
metal content in drinking water (Government of U.S.S.R., 1970, 1973; 
World Health Organisation, 1970, 1971; United States Environmental 
Protection Agency, 1976; European Economic Community, 1980 ), in sur
face water to be abstracted for drinking water (European Economic 
Community, 1975), in surface water (Government of the U.S.S.R., 
1970), in freshwater supporting fish life (European Economic 
Community, 1978) and in irrigation water (Federal Water Control 
Administration, 1968) have been recommended, some of which are 
detailed in Table 1. The Council of the European Communities issued 
a mandatory directive in 1980 relating to the quality of water 
intended for human consumption (European Economic Community, 1980), 
and this standardised the individual national legislations of the



Table 1. International water quality criteria for heavy metals (yg 1”1)

regulatory
authority

European Economic 
Community (1980)

World Health 
Organisation 

(1971)

U.S. Environmental 
Protection Agency 

(1976)

Governnraent of 
the U.S.S.R. 

(1970)

classification abstraction for water intended for piped primary likely to water for hygenic
drinking water human consumption supplies drinking affect human and domestic

water health purposes

Sb - 10 - 10 145 -
As 100 50 50 50 0.02 50
Ba 1000 - - - - 4000
Be - - - - 0.087 0.2
Cd 5 5 10 10 10 10
Cr 50 50 50 50 50 100
Cu 1000 (g) 100 (g) - 1000 1000 100
Fe 1000 (g) 200 - 300 - -
Pb 50 50 100 50 50 100
Mn 1000 (g) 50 - 50 - -
Hg 1 1 1 2 - 5*
Ni - 50 - - 133 100
Se 10 10 10 10 10 1
Ag - 10 - 50 10 -
T1 - - - - 4 -
Zn 5000 100 (g) 5000 1000

(g) = guideline only * for organic compounds
N5
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nine member states, which had previously differed considerably. Some 
standards had been based on the World Health Organisation (1970, 
1971) recommendations, but these were considered to be inadequate, 
particularly with regard to the presence of metallic ions in drinking 
water (Smeets & Amavis, 1981). The directive was also intended to 
reconcile the conflicting needs of productivity on one hand and 
public health on the other.

Similar problems in balancing the cost of achieving standards 
against not only the value of benefits to public health, but increa
singly to fisheries maintenance and aesthetic considerations have 
been recognized by Krenkel (1979). Following the Natural Resources 
Defense Council consent decree of June 1976, the United States 
Environmental Protection Agency published a list of 129 priority 
pollutants, including 15 metals, for which it intended to promulgate 
discharge control standards (U.S. Environmental Protection Agency, 
1976). Some of the difficulties associated with designing monitoring 
studies for priority pollutants have been outlined by Chapman e_t al. 
(1982) and the logistics of analysis, resource requirements and cost 
of such monitorings assessed (Vicory & Malina, 1982). In an alter
native approach to assessing water quality impact of wastewater 
effluent, Lee e_t al. (1982) have suggested that the use made by many 
states, in the absence of more meaningful guidelines, of a single 
chemical concentration as a standard is inappropriate because there 
are other factors besides concentration which influence the effect of 
a chemical on a receiving waterbody. A mass balance method by which 
the pollution-absorbing capacity of a river can be divided amongst 
the dischargers of toxic waste rather than maintaining stringent 
fixed emission standards has been postulated by Tench (1982).

By whatever method standards are implemented, movement towards 
the reduction and ultimate eradication of aquatic pollution is likely 
to necessitate increasing restrictions on the discharge of metal
laden and other effluents (Kenny, 1980). In order to comply, 
industrial effluents can be diverted from direct discharge to sewers 
which may cause deterioration of sewage works performance, but which 
will improve the condition of the receiving water (Tench, 1982). 
Thus, as standards are raised, the contribution of waste water treat
ment to the maintenance of surface water quality will become 
increasingly important (Brewin & Hellawell, 1980).
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The major source of heavy metals in wastewater is industry, 
notably those involved in metal ore mining and processing and in 
power generation. Emissions tend to be in the form of high continuous 
levels of specific metals together with intermittent shock loads 
resulting from disposal from batch type processes (Oliver & Cosgrove, 
1974). Other point sources include landfill and tip leachates (Chian 
& DeWalle, 1977; Stollenwerk & Runnells, 1981). Control of metal 
inputs to the hydrological system from such localised sources is more 
easily effected than that of ubiquitous sources such as domestic 
effluent and urban and agricultural runoff. Davis & Jacknow (1975), 
in a study of metals in wastewater in three urban areas, reported a 
background level of heavy metals in non-industrial wastewaters (Table 
4) which appeared to be largely uncontrollable, as the source was not 
easily identifiable.

Table 2 gives a comparison of the quantities of metals and 
proportion of flow produced by various industrial groups for one 
catchment. Ranges of concentrations which have been found in 
industrial wastewaters are listed in Table 3. Chemical treatments 
are frequently employed to reduce the heavy metal content of 
industrial wastes. Methods quoted by Patterson (1975) include 
hydroxide precipitation by lime addition at acid pH (Cd, Cr^+, Cu, 
Fe); sulphide precipitation (Cu, Cd, Hg); coagulation with lime (Se), 
alum (Hg) or ferrous sulphate (Pb); ion exchange (Ba, Bo, Ni, Ag, 
Zn); evaporation (Bo, Cd, Cr^+, Cu, Ni, Zn); reverse osmosis (Bo, Cd, 
Ni); cementation (Cu) and electrolytic recovery (Ag, Cu). These 
methods are often only economically viable for large industrial units 
however (Brown & Lester, 1979), and may have to be adopted in addi
tion to conventional treatment by sewage works dealing with untreated 
metal laden wastes from smaller industries (Metcalf & Eddy, 1979). 
Heavy metal concentrations in raw wastewaters entering sewage treat
ment works reported from various sources are shown in Table 4. A 
comparison of these figures, especially those for Cd, Cr and Pb with 
the standards in Table 1 indicate the need for an intermediate metal 
removal process.

Raw wastewater entering a typical sewage treatment works is 
screened then undergoes primary sedimentation, a physical process 
during which settleable particulates are removed. Metal removal eff-
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Table 2. Percentages of heavy metals and industrial flows
contributed by Standard Industrial Classification (U.S. 
Department of Commerce) groups in the Delaware Basin 
(after Koch et al., 1982)

S.I.C. Group Hg Pb Cu Zn Cr Ni Cd flow

personal services 32 15 13 12 2 5 59 1
durable goods 2 7 <1 2 9 22 <1 <1
electrical/electronic 3 3 17 2 3 <1 <1 6
fabricated metals 12 13 5 4 27 25 <1
primary metals 9 <1 1 2 39 1 <1 4
chemicals 4 10 19 19 10 7 <1 16
paper 9 9 5 3 4 <1 14
clothing <1 <1 27 <1 <1
food 25 25 11 17 14 12 3 51

Table 3. Range of concentrations reported for metals in 
industrial wastes (Patterson, 1976)

Contaminant Concentration range (mg 1 J)

As 10-1000
Cd 4-1000
Cr 1-1300
Cu 10-900
Fe 40-5000
Pb <1-400
Mn <1-<1000
Hg <0.3-20
Ni <1-900
Se 1-10
Ag <1-250
Zn <1-2000



Table 4. Typical metal concentrations (yg 1 1) in raw wastewater

reference Pb Fe Mn Cu Zn Cd Cr Co Hg Ni

Brown et al. (1973) 390 - - 220 1050 24 190 - 0.6 -
Stones (1977) 620 6080 - 560 910 - 710 - - 190
Oliver & Cosgrove (1974) 230 - 60 310 2400 6 290 2 - 330
Roberts et al . (1977) 140 - - 120 600 5 90 - - 80
Lester et al. (1979)/
Stoveland et al. (1979a) 160 - - 160 1650 6 60 - - 40
Schalascha et al. (1982) - - 56 297 300 - 320 - - 27
Dugan & Pickrum (1972) 280 1060 220 40 480 40 130 - - 280
Wukash et al. (1979) 51 17300 - 168 2070 33 786 - - 115
Funke (1975) 70 3800 140 80 1200 10 170 - - 130
Koch (1982) industrial 93 - - 165 507 17 333 - 18 50

domestic 75 - - 200 250 4 40 - 2 30
Davis & industrial 119 - - 127 418 21 95 - - 78
Jacknow (1975) domestic 120 52 120 250 7 8 — 24

K3Cn



2 6

iciencies in primary sedimentation of normal dry weather flow have 
been quoted as 35% (Cd), 26% (Cr), 49% (Cu), 34% (Pb), 12% (Ni) and 
37% (Zn) by Rossin et al_. (1983) and are frequently of the order of 
50% (Wukash jjt _al_., 1979). Manganese and Ni, however, tend to remain 
in solution, and removal efficiencies of 32% (Oliver & Cosgrove, 
1974) and 20-23% (Stones, 1977; Stoveland e_t jil. ,1979a) respectively 
have been found. Variations in the figures reported may be caused by 
seasonal, diurnal and even hourly metal influent fluctations (Oliver 
& Cosgrove, 1974; Beckett, 1980), and to some extent by sampling 
regimes which often fail to take particularly short-term variations 
into account (Rossin et_ _al_. , 1983).

Sedimentation of metals has been found to vary considerably 
according to plant operating parameters such as hydraulic loading. 
Rossin _et jil. (1983) observed the efficiency of Pb removal to range 
from 4-65% under different flow conditions, and suggested that par
ticulate forms of heavy metals may exhibit settleability which is 
sensitive to flow rate. Particulate forms of Pb, Ni and Mn in pri
mary effluent were found by Chen £t_ jQ. (1974) to be less than 8 pm 
in diameter, whereas other metals were associated with larger par
ticles. The speciation of a metal may also affect its removal during 
primary sedimentation; the conversion of hexavalent Cr to the more 
easily precipitable trivalent form is employed as a treatment for 
industrial chromate wastes (Patterson, 1975).

After the removal of particulate and precipitated material 
during primary sedimentation, predominantly soluble forms of metal 
enter the biological phase of treatment (Sterritt & Lester, 1981). 
This phase is critical in the removal of soluble metal species, as 
their overall retention is highly dependent on adsorption by the 
biomass during the activated sludge process (Sterritt eL jil_., 1981). 
The first part of a typical activated sludge system (Figure 1) con
sists of an aerated biological reactor in which settled sewage is 
brought into contact with a mixed culture of micro-organisms main
tained in a flocculant suspension. The microbial biocenosis is 
largely composed of aerobic and facultative Gram negative bacteria 
and commonly includes members of the genera Pseudomonas, Zoogloea, 
Achromobacter, Alcaligenes, Bacillus, Flavobacterium, Micrococcus, 
the nitrifying bacteria Nitrosomonas and Nitrobacter, and under cer
tain conditions filamentous bacteria such as Sphaerotilus, Nocardia,



AERATION TANKPRIMARY SEDIMENTATION 
TANK

SEPARATING TANK

raw sewage

Figure 1. Diagrammatic representation of the removal of organic matter from wastewater during 
primary sedimentation and the activated sludge process (after Hawkes, 1978)
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Beggiatoa, Thiothrix, Leucothrix and Streptothrix (Hawkes, 1978). 
Other common microbes include protozoa and rotifers, which predate 
dispersed bacteria and small non-settling floe particles and thus act 
as effluent polishers by reducing turbidity (Curds, 1982). The com
position of individual sludge populations varies with the nature of 
the influent wastewater, for example Mycobacterium predominates in 
oil refinery waste sludges and fungi in those treating milk wastes or 
phenolic wastes (Hawkes, 1978). During aeration, suspended and 
colloidal organic matter in the influent wastewater is rapidly 
adsorbed onto the biological floes, and together with dissolved 
nutrients is metabolically degraded or stabilised by the micro
organisms. Part of the material is mineralised by oxidation to CO2 

and H2O, and using energy from this reaction, the remaining organic 
matter is assimilated to synthesise new cellular material. Due to 
the low nutrient content of wastewater and the low specific growth 
rates of the activated sludge population, many organisms exist in a 
moribund state and use nutrients to provide maintenance energy only 
(Jones, 1973). The high proportion of non-viable and lysed cells are 
thought to contribute to the flocculant nature of the biomass, 
although the mechanisms of flocculation are still not fully 
understood (Winkler, 1981). The floes and the soluble phase together 
constitute mixed liquor, which after aeration is separated by gravity 
settling in a clarifying tank, from which the clear supernatant is 
discharged to a watercourse. The settled biomass or sludge is 
returned to the aeration tank to maintain the concentration necessary 
for optimum treatment. Excess biomass produced during assimilation 
of the influent nutrients is wasted periodically from the system to 
maintain the balance, and to control the sludge age (6C) or the food 
to micro-organism ratio (F:M). Some operational parameters for the 
activated sludge plant at Hogsmill Valley Wastewater Treatment Works 
(Thames Water Authority) are given in Table 5. Good flocculation of 
the biomass in this system is critical, both for the initial adsor- 
bance of wastewater materials and for efficient sedimentation 
(Winkler, 1981) and therefore effective removal of a substance during 
the process is largely dependent on its incorporation into, or asso
ciation with the settleable biomass.

Metal removal efficiencies in secondary biological treatment 
(Table 6) have been found to be comparable with or slightly better 
than those in primary sedimentation (Brown et jil_. , 1973), but the
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Table 5. Mean values for some operational parameters of 
Hogsraill Valley Wastewater Treatment Works 
(Thames Water Authority) activated sludge plant 
from April 1979-February 1981

parameter April 1979- 
March 1980

April 1980- 
February 1981

recycle ratio 0.36 0.36
F:M 0.23 0.24
e c (<0 6.2 6.0
settled sewage (influent)
C.O.D. (mg 1_1) 276 ± 38.17 282 ± 217.83
B.O.D. (mg 1“1) 149 ± 28.61 145 ± 36.7
NH3 (mg l-*1) 29.0 34.0
S.S. (mg 1_1) 105 ± 17.92 108 ± 23.74
T.O.N. (rag 1_1) 9.6 10.5
final effluent
C.O.D. (mg l"1) 46 ± 8.53 44 ± 11.54
B.O.D. (mg 1_1) 11.2 ± 6.66 6.4 ± 4.48
NH3 (mg l"1) 7.7 8.0
S.S. (mg l"1) 12.3 ± 4.93 11.8 ± 9.5
NO2 (mg 1”1) 0.67 0.72
N03 (mg 1”1) 14.73 16.12

wide variation in reported removal efficiencies indicates the 
complexity of the process. Removals of Cu, Pb, Cr and Zn are typi
cally > 50%, while Mn and Ni removals are frequently low. Some of 
the factors likely to affect metal removals are plant operating para
meters, such as sludge age, which in turn influences the sludge 
volume index (SVI), mixed liquor suspended solids (MLSS), effluent 
chemical oxygen demand (COD) and effluent suspended solids (ESS); 
physico-chemical factors including temperature, pH, metal ion con
centration, metal solubility, metal valency, concentration of 
coraplexing agents and particle size, and biological factors such as 
the species composition of the biomass and the concentration of 
extracellular polymers (Lester, 1983).



Reference Cd Co Cr Cu Hg Mn Ni Pb Zn

cone, 
(mg l-1)

cone.
X R (mg 1“1)

cone*
X R (mg 1-1) X R

cone, 
(rag 1“1) X R

cone. 
(mg 1“1]) X R

cone, 
(rag 1”1)

cone.
X R (mg 1“1)

cone. cone.
X R (mg 1-1) X R (mg 1“1) X R

Brown £t al. (1973)* 0.018 11 - 0.059 78 0.17 61 0.001 17 - - - - 0.16 43 0.35 48
Chen et al. (1974)* 0.19 47 - 0.31 82 0.11 77 0.001 72 0.035 28 0.19 41 0.10 53 0.31 59
Oliver & Cosgrove (1974)* 0.003 50 - 0.13 54 0.21 60 0.003 62 0.04 6 0.28 1 0.09 79 1.13 50
Roberts £t tU. (1977)* 0.003 7 - 0.05 50 0.07 25 - - - - 0.05 15 0.07 30 0.39 38
Stones (1977)* - - - 0.27 70 0.48 81 - - - - 0.11 30 0.38 91 3.59 57
Lester et al./Stoveland 0.001 63 - 0.03 33 0.04 79 - - - - 0.03 61 0.04 73 0.42 78
et al. (1979a)*
Esmond & Petrasek (1974)1 0.013 39 - 0.21 57 0.92 33 0.001 69 0.067 25 0.073 21 0.095 56 0.32 65
Davis & Jacknow (1975)1 0.018 61 - 0.79 61 0.098 43 - - - - 0.077 9 0.055 60 0.053 57
Rossin et al. (1982)1 0.009 67 - 0.008 59 0.15 83 - - - - 0.129 22 0.062 76 0.059 54
Sterritt & Lester**(1981) 0.009 57 0.017 0.06 0.093 79 0.18 28 - - 0.11 6 0.11 13 0.07 14 0.61 36
Kempton et al. (1983)** 0.0038 76 0.081 3 0.093 25 0.140 24 - “ 0.093 4 0.128 11 0.063 42 0.456 15

* full scale treatment; ** laboratory scale; 1 pilot scale.

Table 6. Metal concentrations in settled sewage and their mean percentage removals (% R) in
activated sludge
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Proposed mechanisms for the removal of soluble and fine par
ticulate metals during the activated sludge process include active 
intracellular uptake by the biomass, surface adsorption onto cell 
walls and extracellular polymers, volatilisation of metal to the 
atmosphere and co-precipitation or physical trapping of precipitated 
metals in the floe matrix (Brown & Lester, 1979) (Figure 2). These 
mechanisms arise largely as a function of microbial tolerance towards 
heavy metals, incorporating strategies such as the production of both 
intracellular and extracellular metabolites which complex, chelate or 
precipitate the metal ions and the internal transformation of metal 
ions to volatile compounds or to ions of a different valency (Gadd & 
Griffiths, 1978; Sterritt & Lester, 1980a)*

Volatilisation has been postulated as a cause of Hg loss from 
an activated sludge system (Yamada £t̂  ., 1959). Bacterial trans
formation of Hg, in particular, to methylated and elemental forms has 
been documented (Komura & Izaki, 1971; Nelson et_ al_., 1973; Iverson 
et al., 1975; Jeffries, 1982) and methylation of Pb (Wong e_t al., 
1975), Cd and Sn (Huey e_t al., 1975) has also been shown to occur. 
Several species of fungi isolated from sewage have been observed to 
effect methylation and volatilisation of Se and Te (Fleming & 
Alexander, 1972) and As (Cox & Alexander, 1973). Although products of 
methylation may be more toxic than the free metal, they are often 
volatile and can be released to the atmosphere. Initial transfor
mation of a metal to an organometallic compound by one micro-organism 
may result in further degradation by another, frequently reliberating 
the metal in a volatile form. One species of Hg resistant bacteria, 
Pseudomonas K62, was used to treat a synthetic Hg-laden industrial 
waste (Suzuki e_t al_., 1968). In the recycling system proposed, 1 g 
dry weight of cells could take up and volatilise 15 g Hg from 2.5 1 
of water in 5-7 hours. However, volatilisation is not considered to 
contribute greatly to metal removal in activated sludge, since 
metals can largely be accounted for by a mass balance between the 
sludges and effluents produced (Lester, 1983).

Another removal mechanism mediated by micro-organisms is pre
cipitation of metal in an insoluble form, such as sulphides by H2S 
producing organisms. Copper tolerant strains of yeast appear dark 
brown or black due to CuS deposited in and around the cell walls 
(Ashida £t a K , 1963). This ability has been shown to benefit other
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Figure 2. Diagrammatic representation of potential
mechanisms of soluble metal removal in the 
activated sludge process
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micro-organisms, as in a mixed culture of Desulfovibrio desulfuricans 
and a metal sensitive strain of Pseudomonas aeruginosa, the latter 
organism could tolerate a higher concentration of mecurials than it 
could in pure culture due to H2S production by the former (Bachen- 
heimer & Bennett, 1961). A pseudomonad isolated from domestic sewage 
sludge by Belly & Kidd (1981) was shown to produce reducing compounds 
which caused deposition of metallic Ag within the colonies and also 
on the glass surface of the culture flasks. Aiking et̂  _al_. (1982) 
have described a heavy metal-inducible detoxification process 
occurring in another wastewater bacterium, Klebsiella aerogenes, 
involving the precipitation of Cd as CdS at the cell wall. Such 
observations suggest that particular species of micro-organisms may 
contribute to soluble metal removal by immobilization of metal ions 
as deposits at the cell periphery.

The effect of the biomass on less localised precipitation is 
more difficult to ascertain. In a study of adsorption and precipita
tion of metals in a laboratory scale activated sludge simulation, 
Sterritt et̂  al_. (1981) found that precipitation was largely respon
sible for removals of Cr^+ and Pb. Metal concentration was shown to 
affect the precipitation of Cr^+ but not Pb, which has a lower solu
bility in aqueous solution than other metals (Cheng et_ al., 1975). 
It was suggested that the concentration-independent precipitation of 
Co may have been limited by the concentration of other species with 
which it could co-precipitate. Some metals, notably Ni and Mn were 
found to associate preferentially with poorly settling particles, and 
the disparity between their removals obtained by filtration and those 
reported from full scale treatment plants was explained by the 
influence of effluent suspended solids. This fraction may be 
retained on filtration but not settled out during final clarifica
tion. In this case the association of the metals, whether in soluble 
or precipitated form, with non-settleable solids does not equate with 
their removal from the system. Although it could be inferred that 
metals which precipitate are likely to settle out independently of 
the biomass, Nelson ejt 1̂_. (1981) found that more Cu precipitated in 
unfiltered activated sludge reactors than in the filtered effluent, 
suggesting that nucleation sites on the solids and floe enmeshraent 
had contributed significantly to its removal from solution.
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Active metabolism-dependent uptake and intracellular accumula
tion of metals, frequently in excess of physiological requirements, 
has been demonstrated in algae (Nakajima et al., 1981; Khummongkol e t  
al., 1982; Becker, 1983), yeasts (Fuhrmann & Rothstein, 1968; Broda, 
1972; Failla e_t al., 1976; Norris & Kelly, 1977), fungi 
(Venkateswerlu & Sastry, 1970; Paton & Budd, 1972) and bacteria 
(Doyle et al., 1975; Norris e_t al_. ,1976; Charley & Bull, 1979; 
Pienkos & Brill, 1981; Slowik, 1981; Tynecka e_t jil., 1981; Macaskie & 
Dean, 1982). A detailed review of microbial metal uptake mechanisms 
occurring via monovalent and divalent cation transport pathways, 
anion transport pathways and by less well defined processes such as 
altered membrane permeability has been made by Kelly êt jil_. (1979).

Populations of micro-organisms may become acclimated to abnor
mally high concentrations of metals by accommodation through internal 
corapartmentalisation or complexation (Mitra e_t al., 1975; Khazaeli & 
Mitra, 1981) or by plasmid conferred resistance (Silver e_t _al_., 1981; 
Tynecka et̂  _al., 1981). Acclimation is manifested in the growth 
curve, which commonly exhibits a lag phase extended in direct 
response to the concentration of the inhibitory metal (Walker & 
Houston, 1981; Aiking et al., 1982; Macaskie & Dean, 1982) as repair 
processes (changes in the proportions of cellular components; enzyme 
synthesis) or mutations progressively occur. Acclimated organisms 
which have adapted to high concentrations have a greater survival 
rate when exposed to the metal than unacclimated ones, as 
demonstrated for K. aerogenes with Cd (Pickett & Dean, 1976). Shelly 
& Sherrard (1979) demonstrated that activated sludge units acclimated 
to Cd were more resistant to shock loads than unacclimated units. 
Cadmium concentrations of 10 mg 1”1 and 50 mg 1”  ̂ in the non- 
acclimated and acclimated units respectively resulted in a similar 
decrease in COD removal efficiency. Thus, although continuous expo
sure to high concentrations of toxic cations may have irreversible 
lethal effects such as denaturation of enzymes (Kushner, 1971), the 
diversity of micro-organisms in activated sludge and their rapid 
acclimation ability means that several genera or species may be 
adversely affected without significant detriment to the total capabi
lity of the system (Barth, 1973).

The exception to this are the nitrifying organisms, 
Nitrosomonas sp. and Nitrobacter sp., which although stimulated by
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addition of Mo (2.5 mg 1“1) and Se (0.5 mg 1“1) for enzyme synthesis 
(Chakrabarti & Jones, 1983), are much more sensitive to metal toxi
city than heterotrophs (Sujarittanonta & Sherrard, 1981). This can 
be inferred from the considerably lower inhibitory threshold con
centrations of metals for nitrification as opposed to oxidation in 
activated sludge (Anthony & Breimhurst, 1981). In a study of the 
effects and removal of heavy metals in biological treatment, Adams et 
al. (1973) found that at low metal concentrations (< 10 mg 1”*)
effluent quality deteriorated slightly with increased metal con
centration. However, above this threshold further metal addition had 
little effect (until a maximal concentration was attained at which 
the system failed completely) suggesting that some degree of natural 
buffering capacity exists within the activated sludge system.

In investigations of the time course of metal uptake by micro
organisms, it has been observed that a two stage process of rapid 
adsorption followed by slower absorption occurs. This phenomenon has 
been demonstrated both in monoaxenic culture (Rothstein & Hayes, 
1956; Webb, 1970; Paton & Budd, 1972; Bucheder & Broda, 1974; Norris 
et al., 1976; Norris & Kelly, 1977; Khummongkol £t al., 1983) and 
activated sludge (Lamb & Tollefson, 1973; Cheng £t al_., 1975; Kao et  ̂
al., 1982), although Neufeld & Hermann (1975) and Nelson et̂  al.
(1981) found little evidence of the second stage in the latter. The 
first phase is characterised as rapid (< 2 rain), passive, easily 
reversible by isotopic exchange and chelant addition, and gives a 
close fit to the Langmuir adsorption isotherm;

M = ab[M] (1.1)

L (l+b[M])

where M = amount of adsorbate adsorbed per unit weight of 
— adsorbent
L

[M] = equilibrium concentration of adsorbate in solution 
after adsorption

a,b = empirical constants

indicating surface localisation (Paton & Budd, 1972). Anionic ligands 
responsible for such surface binding include phosphoryl, carboxyl, 
sulphydryl and hydroxyl groups of membrane proteins and lipids and of 
cell wall components (Nelson eX al., 1981).
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The second phase is irreversible, dependent on aerobic metabo
lism, temperature dependent, affected by metabolic inhibitors such as 
sodium azide and 2,4,-dinitrophenol and is indicative of intracellu
lar uptake (Paton & Budd, 1972). Bucheder & Broda (1974) found this 
phase of Zn uptake in E. coli to be carrier mediated by the substrate 
and the reaction followed Michaelis-Menten kinetics, which may be 
expressed as;

v vmaxS

Km + s

( 1 . 2 )

where v = substrate removal rate
Vmax = maximum specific substrate removal rate for unlimited 

substrate concentration 
S = substrate concentration
Kjjj = constant, equal to substrate concentration when 

v = vmax/2

The amount of metal surface-bound by the former mechanism is 
generally insignificant when compared to the quantities which can be 
taken up by energy-dependent processes (Gadd & Griffiths, 1978).

Surface binding of metals to carboxyl groups of petidoglycans 
within the cell walls of the Gram positive bacterium Bacillus sub- 
tilis has been demonstrated by Beveridge & Murray (1980). Specific 
groups on the cell walls were chemically modified to neutralise their 
electrochemical charge in order to determine their contribution to 
metal binding. It was observed that the C00“ groups in the wall 
became neutralised by complexation with Au, nucleation occurred and 
crystalline deposits formed on the wall surface. In a further study 
on E.coli K-12, a Gram negative bacterium, Beveridge & Koval (1981) 
investigated the uptake and localisation of 32 metals by the cell
envelope, and concluded that the binding capacity of Gram negative
cell envelopes was approximately one tenth that of Gram positive 
walls. Strandberg et al. (1981) observed extracellular accumulation
of U on the surface of Saccharomyces cerevisiae cells and tentatively 
explained the large amounts of metal bound (up to 50% cell dry 
weight) by a non-stoichiometric type of binding similar to that
postulated by Beveridge & Murray (1980). Strandberg ejt _al_. (1981)
were also unable to explain the extremely rapid uptake of U by
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P. aeruginosa, which was insensitive to environmental factors and 
appeared to be intracellular. They theorised that a metal binding 
protein such as metallothionein may have been involved.

Attempts have been made to quantify the relative contributions 
of surface adsorption and active uptake to metal accumulation by 
inactivating cells and comparing their behaviour to that of viable 
cells. Engel & Owen (1969) lyophilised several strains of fuel- 
utilising bacteria and killed them by exposure to ethylene oxide for 
6 h. They found that many metals were highly concentrated by dead 
cells, particularly Te, 52% more of which was bound than by live 
cells, and V. Kurek e^ al_. (1982) reported that pure culture bac
teria killed by KCN or 60% ethanol took up more Cd than live cells. 
Dead cells exhibited the rapid first phase of uptake only, while 
viable cells exhibited both rapid and slower phases. Similarly in 
experiments on activated sludge killed by autoclaving or blending, 
Cheng et̂  jiK (1975) observed that metal uptake by viable sludge was 
time dependent whereas that by the inactivated samples was time inde
pendent. Disruption in the blended sludge, however, caused the 
release of soluble organics which retained Ni in solution. Nelson e_t 
al. (1981) found little difference in uptake between viable and 
autoclaved sludge samples, but also attributed poor reproduceability 
of the data to soluble organics released on lysis. As a proportion 
of the bacterial cells in activated sludge are likely to be dead or 
degraded (Jones, 1973; Nelson & Lawrence, 1980) the behaviour of this 
fraction of the biomass may be important. Baldry & Dean (1981) 
investigated passive metal uptake by Gram positive and Gram negative 
isolates grown under varying conditions of nutrient limitation by 
maintenance at 4°C for 60 h in ice-cooled receivers. They found that 
progressively greater quantities of metal were taken up as the 
limiting nutrient was changed from C to Mg, then to N (as NH^+ ) and 
finally to K. Thus nutrient status as well as physiological state 
may affect the distribution of binding between the surface and inter
nal fraction of the biomass.

Metals absorbed into the cytoplasm may be complexed by intra
cellular metabolites. The presence of metallothionein, a Cd-binding 
inducible protein, has been reported in procaryotic organisms such as 
blue green algae (Olafson ĵ t jil_., 1979), but investigation of a Cd- 
binding component appearing in E.coli during accommodation to the ion
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(Khazaeli & Mitra, 1981) revealed that it had a molecular weight of 
39,000, considerably greater than that of metallothionein. Pienkos & 
Brill (1981) isolated a protein from Azotobacter vinelandii which was 
capable of sequestering and storing Mo against a concentration gra
dient under conditions of excess, and then rereleasing it for nitro- 
genase synthesis under conditions of starvation. At high metal 
concentrations, certain yeasts exhibit oxidative detoxification pre
cipitating T1 as the oxide within the mitochondria and subsequently 
excreting it (Lindegren & Lindegren, 1973), while others have been 
observed to precipitate elemental Te from tellurate and tellurite 
within the cytoplasm and neoplasm (Brown & Smith, 1978).

Production of extracellular metabolites capable of binding 
metals outside the cell both for enhanced cellular uptake and for 
reduced bioavailability has been demonstrated. Excretion of Fe che
lating compounds such as hydroxaraates or phenolates (Byers & 
Arceneaux, 1977) and a Mo chelating peptide (Ketchum & Owens, 1975) 
for specific complexation and subsequent cellular acquisition by 
"autosequestric" organisms has been reported. Within a narrow range 
of concentrations of key metals (Mn, Fe, Zn) secondary metabolism may 
occur, producing low molecular weight, frequently strongly chelating 
substances which are thought to enhance culture viability by acting 
as disposal mechanisms for inhibiting excesses of primary metabolites 
(Weinberg, 1970). Conversely, citric acid produced by fungi exerts a 
protective influence by chelating metals, while oxalic acid coraplexed 
with metals reduces the toxicity not only of the metal towards the 
acid-producing organisms, but also of the oxalic acid itself 
(Englander & Corden, 1971). One of the most important groups of 
metal-binding extracellular metabolites, certainly with regard to 
metal removal in activated sludge systems, are bacterial extracellu
lar polymers, although whether their ecological function involves the 
enhancement or reduction of bioavailable metal remains largely uncer
tain.

Extracellular polymers are synthesised by many species of bac
teria (Wilkinson, 1958; Sutherland, 1972), some of which occur fre
quently in activated sludge (Dias & Bhat, 1964; Hawkes, 1978). One 
common sewage bacterium originally isolated by Butterfield (1935), 
Zoogloea ramigera 115, produces a gelatinous zoogloeal matrix in
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which cells are embedded (Friedman & Dugan, 1968; Unz, 1972). Other 
wastewater bacteria such as K. aerogenes produce polymers in the form 
of capsules, demonstrable by staining with alcian blue (Powell £t̂  
al., 1982) or ruthenium red (Costerton £t_ a\_., 1981) or negative 
staining with India ink or Nigrosine (Duguid, 1951), or microcapsules 
surrounding the individual cells. Capsules have been defined by 
Wilkinson (1958) as having a thickness of at least 200 y m and are 
visible using light microscopy. Microcapsules are of < 200 p m in 
thickness and can be removed from the cell without loss of viability 
in media of normal osmotic pressure. Extracellular polymers produced 
by non-capsulated species form a mucoid layer around colonies growing 
on agar or diffuse away into liquid medium as soluble and colloidal 
forms of loose slime. In some cases, notably that of Aerobacter 
cloacae, poorly demarcated capsules slowly degrade and disperse as 
slime (Wilkinson, 1958). A set of non-exclusive descriptions for the 
classification of such variable forms of extracellular polymer has 
been defined by Costerton £t̂  _al_. (1981). Cellulose fibrils within 
extracellular polymers of flocculant bacteria such as Azotobacter, 
Pseudomonas and Rhizobium have been observed (Deinema & Zevenhuizen, 
1971), and it was postulated that they may help to retain the polymer 
within the vicinity of the cells, as the floes were easily dispersed 
after digestion with cellulase. Capsular and soluble forms of extra
cellular polymer are generally of similar composition; the difference 
between bacteria synthesising either one form or the other may be due 
to the absence of an enzyme necessary for attachment of the polymer 
to the cell wall, or loss of receptors or specific polymer binding 
sites on the walls of mutant cells (Sutherland, 1972).

Microbial extracellular polymers are frequently termed extra
cellular polysaccharides due to the predominance of long chain car
bohydrates in their composition. They range in the complexity of 
their chemical structure from homopolysaccharides (dextrans, levans) 
composed of only one type of sugar residue usually linked together in 
the same way, to heteropolysaccharides containing several different 
monosaccharides, some of which may be present in more than one molar 
ratio. In addition various acyl groups may be present, the most com
mon being acetate as 0-acetyl groups and pyruvate in the form of 
ketals attached to the 3 and 4 or 4 and 6 positions of one of the 
neutral sugar residues, or occasionally to a uronic acid. Both amino 
sugars such as D-glucosamine and D-galactosaraine and sugar acids,
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notably D-glucuronic acid, may occur either separately or together in 
the same polymer, and contribute to the net negative charge commonly 
found in extracellular polysaccharides (Sutherland, 1979). Some spe
cies of Streptococcus, Leuconostoe and Bacillus are capable of con
verting a specific substrate to extracellular dextrans and levans 
externally, without substrate penetration of the cell (Sutherland, 
1977). However, repeating units of extracellular polymer are usually 
constructed from within the cell by transfer of appropriate monomers 
from sugar nucleotides to a carrier lipid; isoprenoid alcohol 
phosphate. The site of extracellular polymer synthesis is thought to 
be the cytoplasmic membrane, but attempts to purify the transferase 
enzymes involved have been unsucessful as yet, and the exact mecha
nisms of chain elongation and polymer extrusion are still unknown 
(Sutherland, 1977).

The components and repeating unit structures of 21 types of 
Klebsiella extracellular polysaccharides have been reviewed by 
Sutherland (1979). Hydrolysis products from several Klebsiella poly
saccharides have been examined by Churms and Stephens (1974), who 
found that type 64 (as used in the work reported here) was composed 
of glucose, mannose and rharanose in a ratio of 2:1.5:1 with pyruvate 
and acetate residues. The molecular weight was 1.7 x 10^, with a 
repeating unit in the order of 1400. This molecular weight is typi
cal of most bacterial extracellular polymers, which commonly range 
from 2 x 10^ - 2 x 10^ (Sutherland & Ellwood, 1979). Barker et̂  al. 
(1958) also identified glucose, mannose and rhamnose as major com
ponents of this type of polymer, and named glucuronic acid as an 
additional residue, indicating that carboxyl and hydroxyl groups were 
likely to be the major functional groups present on the poly
saccharide. In a review of extracellular polymers of soil bacteria, 
however, Hepper (1975) pointed out that investigations into the com
position of extracellular polymers have not always included assays 
for non-sugar constituents, and may therefore provide an incomplete 
identification.

The constituent sugars of activated sludge extracellular poly
saccharides have been shown to vary considerably with different 
influent matrices (Forster, 1976). This effect is likely to be due 
to alterations in species predominance rather than changes in the 
nature of the individual polysaccharides produced, as this has been
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shown to be generally independent of the type of carbon source 
available (Wilkinson et̂  _al_., 1955). Although polysaccharide com
ponents predominate (Forster, 1982), extracellular polymers from 
activated sludge have also been reported to contain proteins, nucleic 
acids, sugar acids and amino sugars (Ueda & Earle, 1972; Wallen & 
Davis, 1972; Tenney & Verhoff, 1973; Carr & Ganczarczyk, 1974; 
Saunders, 1975; Brown & Lester, 1980). Pavoni e_t al_. (1972) 
classified four general categories of extracellular polymer 
components; polysaccharide, protein, RNA and DNA, and observed that 
although the precise composition of the sludge polymers varied with 
the predominance of one species or another, all the polymers investi
gated had these major components in common. A similar conclusion was 
drawn by Sato & Ose (1980) in a study of the floe-forming substances 
in activated sludge.

Kiff & Thompson (1979) suggested that amino acid profiles 
obtained from various extracted polymers signified the presence of 
extracellular enzymes. However, since microbial viability in mixed 
liquor suspended solids may be as low as 10-20% (Weddle & Jenkins, 
1971) producing a large proportion of non-viable biodegradable solids 
(Nelson & Lawrence, 1980) the presence of proteinaceous material may 
result from lysis. Amino acids present in sludge solids have been 
identified by Kao t̂_ al. (1982). Both Brown & Lester (1980) and 
Forster (1982) reported a higher percentage protein than carbohydrate 
in extracellular polymers extracted from activated sludges. 
Nishikawa & Kuriyama (1968) proposed that DNA and RNA were major 
constituents of sludge mucilage. The production of extracellular 
nucleic acids during normal growth of B. subtilis, a bacterium found 
in sewage, has been reported (Demain ^t _al_., 1965) and a 
Staphlococcus sp. has been shown to produce extracellular polymer 
consisting predominantly of RNA under certain conditions (Johnson & 
Kelso, 1981). The presence of such non-polysaccharide material and 
the heterogeneous nature of activated sludge surfaces provide a more 
varied range of primarily anionic functional groups, such as the 
amide group identified by infrared spectroscopy by Boyd e_t al. 
(1979).

The effect of cultural conditions on polymer production by 
pure cultures has been studied extensively, frequently as a precursor 
to commercial and industrial applications (Wells, 1977). In batch
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cultures, maximum polymer accumulation occurs in late exponential 
phase and during the stationary phase. This phenomenon has been 
demonstrated for K, aerogenes (Duguid & Wilkinson, 1953), Z. ramigera 
(Parsons & Dugan, 1971; Norberg & Enfors, 1982) and Pseudomonas sp. 
(Williams & Wimpenny, 1978; Uhlinger & White, 1983). The rate of 
production is highest during log phase, decreasing slowly thereafter 
(Duguid & Wilkinson, 1953; Moraine & Rogovin, 1973), but in con
tinuous culture the rate of production has been shown to be indepen
dent of the specific growth rate, (Silman & Rogovin, 1972; Deavin et 
al., 1977) and therefore at lower dilution rates, the concentration 
of extracellular polymer is effectively increased. A sharp increase 
in polymer concentration at a dilution rate of 0.06 h“* in a culture 
of K. aerogenes was observed by Brown & Lester (1982b) and a simi
larly sharp increase in total extracellular polymers produced by 
activated sludge simulations was found as the sludge age increased 
from 3 to 9 d. Other workers have confirmed the presence of 
increased polymer concentrations at longer sludge ages (Uloth & 
Mavinic, 1977; Beccari e_t ail., 1980). Gulas et^ a K  (1979) found the 
sludge polymer content to be high at both short and long sludge ages, 
but attributed the concentration at short sludge ages to bacterial 
autolysis and release of intracellular compounds.

The quantity of polymer produced is partly dependent upon 
substrate composition, and manipulation of the ratio of elements 
available can increase polymer synthesis (Wilkinson, 1958). Duguid & 
Wilkinson (1953) found that limitation of N, P or S greatly increased 
polysaccharide production by Aerobacter aerogenes in medium con
taining an excess of carbohydrate. The deficiency of an essential 
nutrient, other than the carbohydrate source of energy, limited 
growth and thus the energy requirement for growth, conserving car
bohydrate for the synthesis of extracellular polymer. A high C:N 
ratio, in particular, has been observed to enhance polymer production 
by Z. ramigera (Norberg & Enfors, 1982), P. aeruginosa (Mian et al., 
1978) and Pseudomonas NCIB 11264 (Williams & Wimpenny, 1978), 
although a decreased C:N ratio was found to stimulate glycocalyx pro
duction by P. altantica (Uhlinger & White, 1983). Further increases 
in the C source when in excess do not enhance the yield, and optimal 
glucose concentrations are 2.5-3.0% (w/v) in batch culture and 
0.5-1.0% (w/v) in continuous culture (Silman & Rogovin, 1972). Repor
ted conversion efficiencies of C source to extracellular polymer
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range from 60-80% (Williams & Wimpenny, 1978; Norberg & Enfors,
1982). Wu e_t al. (1982) demonstrated that, at an F:M ratio > 0.4 kg 
COD per kg MLSS per d, protein and carbohydrate constituted approxi
mately 64% and 15% respectively of N rich activated sludge dry weight 
but 45% and 33% of an N deficient sludge. Considerable quantities of 
capsular material were visible in the N deficient sludge after 
staining with alcian blue. Symons & McKinney (1958) made a similarly 
qualitative observation of an increase in extracellular polymer in 
activated sludge maintained under N limitation.

The physical form of the polymer itself may vary with cultural 
conditions. Duguid & Wilkinson (1953) found that the proportion of 
extracellular polymer produced by K. aerogenes as slime, rather than 
capsules, at 15-20°C was halved at 35°C. Saunders & Dick (1981) 
attributed an improvement in effluent organic quality from activated 
sludge reactors with increasing sludge age to a reduction in excre
tion of slime and dissolved polymeric material by the biomass, 
although they suggested that the longer sludge ages may have retained 
slower growing organisms capable of metabolising these fractions. 
Wastewater organisms have been shown to be capable of oxidising, if 
not their own extracellular polymers, that of other species (Obayashi 
& Gaudy, 1973) and this may alter the relative proportions of floc- 
associated and free forms of polymer.

The presence of extracellular polymers in pure cultures and 
activated sludges has been identified by a number of methods other 
than staining, such as electron microscopy (Dugan & Pickrum, 1972; 
Eighmy et al., 1983). It has been found that polysaccharides tend to 
collapse under the dehydration preparation necessary for electron 
microscopy (Costerton et_ al_., 1981) but prior treatment of the poly
saccharide with divalent agents such as lectins or specific antibo
dies stabilises the cross-linkages and allows demonstration of the 
capsules and slime (Omar ^t al_. , 1983). Attempts have been made to 
quantify capsular polysaccharides by measurement of their complex 
formation with a cationic dye, alcian blue (Powell et_ al. , 1982). 
Fazio e_t jal̂  (1982) developed an assay for uronic acids in order to 
make quantitative determinations of extracellular polymers from 
environmental samples. During an investigation of the factors influ
encing the thickening and dewatering properties of activated sludge, 
sludge, Novak £t_ aT. (1977) determined the dose of synthetic cationic
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polymer addition which achieved the greatest improvement in sludge 
flocculating and dewatering properties, and thus gave the maximum 
filtration rate. They proposed that, as the added polymer served to 
coagulate the natural anionic polymers present, the required dose of 
cationic polymer provided a rapid and cheap method of monitoring the 
natural polymer content of individual activated sludges.

The most commonly used method of quantifying the polymer con
tent of sludge or pure cultures has been extraction followed by gra
vimetric or chemical determination of the concentration of extracted 
material. The extraction techniques most frequently employed have 
been summarised by Novak & Haugan (1981) as high speed centrifugal 
stripping (Gulas e_t al., 1979; Johnson & Kelso, 1981); hydroxide 
addition and centrifugation (Tezuka, 1973; Sato & Ose, 1980; 
Gauthier, 1981); and boiling (Forster, 1971; Beccari e_t ^1_., 1980), 
followed in the majority of cases by recovery via precipitation with 
acetone or ethanol. The effectiveness of these methods in producing 
extracellular polymer uncontaminated by intracellular products of 
cell lysis has been compared by Brown & Lester (1980). These authors 
recommended an ultrasonication pretreatment combined with high speed 
centrifugation as the best method for extracting extracellular poly
mers from pure cultures of K. aerogenes, and a steaming treatment for 
activated sludges, as this was found to release a significant quan
tity of extracellular polymers from the floes while causing less 
cellular disruption than EDTA and NaOH treatments. Ultrasonication 
has also been found to facilitate the removal of cell-bound poly
saccharides of Z. ramigera 115, prior to centrifugation (Dugan, 1975; 
Norberg & Enfors, 1982).

K i f f  & T h o m p s o n  (1979) e v a l u a t e d  s t e a m i n g  as a n  e x t r a c t i o n  

m e t h o d  for a c t i v a t e d  s l u d g e ,  b u t  f o u n d  t h a t  it c a u s e d  c o n s i d e r a b l e  

c e l l u l a r  d i s r u p t i o n  a n d  d e p o l y m e r i s a t i o n  of  t h e  e x t r a c t e d  m a t e r i a l .  

P a v o n i  a\_. (1972) a s s u m e d  t h a t  c e n t r i f u g a t i o n  at 32000 x g f o r  15 
m i n  m a d e  a q u a n t i t a t i v e  e x t r a c t i o n  o f  p o l y m e r  f r o m  s y n t h e t i c  a c t i 

v a t e d  s l u d g e  a n d  th i s  m e t h o d  w a s  s u b s e q u e n t l y  e m p l o y e d  b y  o t h e r  

w o r k e r s  (G u l a s  et_ al_., 1979). W a s e  & B a l a s u n d a r a r a  (1980) c o n c l u d e d  

t h a t  c o n t i n u o u s  z o n a l  c e n t r i f u g a t i o n  w a s  s u i t a b l e  for i n d u s t r i a l -  

s c a l e  p o l y m e r  e x t r a c t i o n  f r o m  a c t i v a t e d  s l u d g e .  H o w e v e r ,  N o v a k  & 

H a u g a n  (1981) d e m o n s t r a t e d  t h a t  c e n t r i f u g a t i o n  d i d  n o t  s t r i p  p o l y m e r  

f r o m  a c t i v a t e d  s l u d g e  f l o e s .  T h e y  f o u n d  t h a t  q u a l i t a t i v e l y  d i f f e r e n t
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polymeric material could be extracted by reducing the salt level of 
activated sludge by fill and draw elution with distilled water, prior 
to centrifugation to remove solids. Such deflocculation, by the 
removal of divalent cations, was thought to release polymer from 
within the individual floes, but was not considered to be a quan
titative extraction method. Brown & Lester (1980) found considerable 
variation in the quantity of polymer extracted using different 
methods on one culture and the same method on different cultures, 
indicating that quantitative extraction may not be achieved con
sistently. Few attempts have been made to determine the total quan
tity of polymer present and subsequently the percentage extraction 
efficiency of the methods employed.

Extracellular polymers have frequently been cited as an impor
tant factor in the metal uptake capacity of pure cultures and acti
vated sludge (Cheng et̂  al., 1975; Neufeld, 1976; Brown & Lester, 
1979; Nelson £t ^1., 1981; Sterritt £t _al_., 1981; Lester, 1983) yet 
only limited characterisation of the metal binding properties of 
extracted material has been made. Dugan & Pickrum (1972) investi
gated uptake of mine water ions by polymer extracted from Z. ramigera 
115, but suggested that as the purification process used may have 
altered the physical properties of the polymer, the values were not 
directly comparable with those obtained for uptake by the cell-floc 
matrix. Their results produced an affinity series for the extracted 
polymer such that:

Ca > Fe > Mg > Al > Mn > Ni > Co.

Corpe (1975) employed a dialysis technique to separate free metal and 
metals complexed by polymers extracted from several marine periphy- 
tes. It was found that the individual polymers varied with regard to 
their metal affinity, but exhibited no specific affinity for any one 
of the metals added. In a study of the influence of extracellular 
polysaccharides on metal toxicity towards K. aerogenes, Bitton & 
Freihofer (1978) demonstrated that capsular polysaccharides acted as 
a protective mechanism against Cu and Cd toxicity, as a capsulated 
strain exhibited greater survival ability in the presence of 10 rag 
1"1 Cu and Cd than a non-capsulated strain. The effects of the addi
tion of 10 mg 1“1 to the non-capsulated strain could be attenuated by 
prior complexation of the metal ion with polysaccharide extracted
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from the capsulated strain and the extracellular polysaccharide was 
found to have complexed 54% of the Cu and 9% of the Cd.

Extracted zoogloeal matrix polysaccharide has been shown to 
have a higher affinity for Fe+++ than Fe++; these ions were the most 
effective in precipitating the purified polymer in comparison with 
Mn, Zn, Ca and Co (Ikeda et̂  _al_., 1982). The amount of polymer preci
pitated and metal co-precipitated reached a maximum level at 0.5 mM 
metal concentrations. Extracted algal polysaccharides have also been 
observed to bind significant quantities of heavy metals. 
Extracellular material from Klebshormidium fluitans bound from 
0.24 mg Ni per mg polymer to 1.06 mg Fe++ per mg polymer (Strong e t  
al., 1982). This property has been exploited in order to reduce the 
toxicity of ingested metals to experimental animals, as ions 
complexed with such macromolecules are less easily absorbed in the 
gastrointestinal tract (Tanaka £t al., 1971). Extracellular polymers 
extracted from activated sludge have been prepared as a fixed bed 
adsorption column based on sand, in order to investigate the uptake 
of cations (Forster & Lewin, 1972). The polymers were found to 
remove Ca from the eluted solutions but exhibited negligible affinity 
for Mg. The authors attempted to fit the data for the extracted 
polymers to adsorption isotherms, but found that irregular plots were 
produced. Data from surface adsorption of metals by non-capsulated 
bacteria, however, produced regular isotherms, and it was concluded 
that two distinct mechanisms could operate in metal uptake by bac
terial surfaces, depending on the presence or absence of extra
cellular polymers.

The extraction of extracellular polymers from cultures of 
K. aerogenes and activated sludge has been found to reduce the capa
city of both cells and floes to adsorb Ni and Cd (and Mn and Co by K. 
aerogenes) at metal concentrations exceeding 0.01 mg 1”1 (Brown & 
Lester, 1982a). The reduction in Cd binding after polymer extraction 
from activated sludge was greater than that of Ni, as Cd was 
complexed to a greater extent than Ni. Percentage complexation 
generally decreased with increasing metal concentrations, and satura
tion of the extracted polymer with metals was observed at the higher 
concentrations studied, except in the case of Mn, which remained 
largely uncomplexed. In investigating the effect of mean cell reten
tion time on metal uptake, Brown and Lester (1982b) assessed the
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metal-binding capacity of the polymer ^n situ. As a percentage of 
mixed liquor suspended solids, the concentration of extracellular 
polymer in activated sludge (quantified by extraction) remained 
constant at 4.7% over the range of sludge ages studied, indicating 
that polymer concentration was largely controlled by the mixed liquor 
suspended solids concentration. Neither of these parameters, 
however, appeared to influence the percentage removals of Cd and Ni, 
but on a w/w basis, sludge with a sludge age of 3d had a greater 
capacity to adsorb metals than sludges with sludge ages of 9d and 
18d. In pure culture of K. aerogenes Cd uptake increased slightly at 
the lowest dilution rate studied (0.06 h“^) in parallel with an 
increased extracellular polymer content.

The difference in Zn uptake by Z. ramigera 115 cells after 1 d 
and 4 d growth was also attributed by Dugan (1975) to increased 
zoogloeal matrix production. A pause in the uptake of radiolabelled 
Zn by growing cultures of Z. ramigera 115 between the fourth and 
seventh days of growth was observed by Friedman & Dugan (1968), who 
proposed that a shift in metabolism from intracellular to extra
cellular material synthesis or the accumulation of a polymer precur
sor may have occurred. Friedman & Dugan (1968) compared the uptake 
of metallic ions by Z. ramigera 115 with Z. ramigera 1-16-M, as the 
latter was not thought to produce a gel matrix, and concluded that 
half the ion uptake was mediated by the extracellular polymer. The 
cell floe polymer of the zoogloeal strain (115) was subsequently 
shown to accummulate 25% of its own weight of a mixture of metals 
from mine water at pH 3 (Dugan & Pickrum, 1972). An affinity series 
for the cell floes was identified as:

Fe > Cu > Co > Ni

and a concentration effect for Cu and Co uptake was observed. 
Although these ions were adsorbed to a similar degree at low con
centrations, at higher concentrations Cu was adsorbed to a greater 
extent than Co. This is in contrast to the findings of Corpe (1975) 
who stated that the accumulation of metals by cells was not 
influenced by the amount of free metal in the surrounding medium.

In a study of the behaviour of metabolically controlled acti
vated sludge, Casey & Wu (1977) investigated the theory that nutrient
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limitation might enhance metal uptake by the sludge via increased 
concentrations of extracellular polymer. The capsular material pro
duced under severe restriction of P was found to improve the Cu and 
Cd adsorption capacity of the biomass greatly. They further noted 
that the degree of P limitation required to optimise metal recovery 
was specific for the individual metals. More qualitative evidence of 
metal binding by extracellular polymers of activated sludge has been 
demonstrated by electron microscopy studies. Eighmy ^t _al. (1983) 
employed both scanning and transmission electron microscopy to reveal 
the formation, structure and physical properties of wastewater 
biofilms, and used cationic ferritin to label anionic sites on the 
polymers and cells. At least three different types of polymer for
mation were observed. The predominant form was a rigid peripheral 
macrocapsule (described using the definitions of Costerton e^ al.
(1982)), the surfaces of which became densely labelled with 
cationized ferritin. Another form was described as a flexible 
integral microcapsule which bound cationic ferritin and also appeared 
to facilitate penetration of the ferritin to the cell surfaces and 
cytoplasm. The authors suggested that anionic functional groups 
within the extensive surface area of the polymers were responsible 
for the sludge biofilm's avidity for cations.

The mechanisms by which extracellular polymers bind metal ions 
have generally been elucidated with regard to flocculation, via a 
theory of metal-polymer bridging (Harris & Mitchell, 1973). Peter & 
Wuhrman (1970) quoted a definition of flocculation as the aggregation 
of particles by the intermediate of polymeric substances which adsorb 
at a particle's surface and serve as connecting agents between the 
dispersed phase. The dispersed nature of the particles, bacterial 
cells, was initially explained by regarding the cells as dispersion 
colloids stabilised by double layer electrostatic repulsion 
(McKinney, 1952) or as hydrophilic colloids maintained in macroraole- 
cular solution by solvation (Busch & Sturam, 1968). The destabilisa
tion of such bacterial suspensions in the presence of polymers was 
thought to be mediated by charge reduction or mutual dehydration, but 
the hydrophilic nature of the surfaces and the similarity in charge 
of both the polymer and colloids involved invalidated this hypothesis 
(Harris & Mitchell, 1973). A more recent characterisation of bac
terial cells was as protected dispersion colloids, the unstable 
hydrophobic cell surface being protected by a hydrophilic polymer
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layer (Peter & Wuhrraan, 1970), sections of which protruded to form 
polymer bridges with adjacent cell polymers, resulting in aggrega
tion. Peter & Wuhrman (1970) suggested that polyvalent cations were 
involved in such polymerisation between cells, acting as bonding 
agents with humic acid polymers in activated sludge.

Eriksson & Axberg (1981) confirmed the role of cations in 
polymer bridging in an investigation of the influence of wastewater 
pollutants on the flocculation and sedimentation of E. coli. They 
stressed the importance of the relative concentrations of polymer and 
cations, suggesting that at low Ca++ concentrations the polymer 
strands previously extended due to mutual repulsion of the negative 
functional groups would become neutralised and adopt a coiled con
figuration, diminishing their bridging ability, whereas at higher 
Ca++ concentrations the polymer would become recharged and again 
elongated to a linear form available for bridging or charge neutrali
sation. However, at greater than half saturation of the binding 
sites on the polymer with Ca++ it was found that bridging decreased, 
indicating that an optimum ratio of cations to polymer existed. In a 
review, Smith & Pace (1982) delineated three overlapping regimes of 
polysaccharide behaviour on addition of varying concentrations of 
metal salts. They suggested that at low concentrations (<10-^ M), 
added cations effectively compress the electrical double layer and, 
in some cases, decrease the polymer's viscosity as a result. At 
intermediate concentrations (10-^ - 10 M) the metal concentration may 
be sufficient to cause precipitation or gelling by charge reversal 
due to ion-binding of added cations to the anionic groups on the 
polymer, while at high concentrations (1-10 M), desalting and preci
pitation may occur as the polymer molecules become dehydrated by the 
competing metal salts.

The site-binding of cations has been shown to be important for 
the stability of polysaccharide polymers, as the gel property of some 
biopolymers has been attributed to cation-mediated aggregation of co
valently bound helices of polysaccharide chains (Rees, 1981). The 
stoichiometry of this aggregation, and the strength and selectivity 
of binding depends on the ease with which the various cations fit 
into the polysaccharide chain structure (Grant et_ jaK, 1973), an 
arrangement termed steric fit by Rendelman (1978a). The particular 
topology of a polymer may give rise to an effective cavity within
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each dimeric unit which may become filled with a suitably sized 
cation e.g. Ca++. Interchain binding can occur when a divalent 
cation, requiring two monovalent anionic sites, binds to two cavities 
on different macromolecules. The cation in this case may be quite 
large e.g. Ba++ (Smith & Pace, 1982). In relating the ionic radius of 
adsorbed metal ions with the number of binding sites present on 
extracellular polymers extracted from K, aerogenes and activated 
sludge, Forster (1983a) found that more binding sites were available 
for large cations than smaller ones, but repetition using data from 
sludge polymers rn situ indicated the opposite; a greater capacity 
was associated with smaller ions. Forster (1983a) tentatively attri
buted this to the alteration of binding sites and polymer form during 
the extraction process.

Rendelman (1978b) suggested that the propensity for alginate 
gels to bind more Ca++ than their soluble analogues was evidence of 
salt bridging between separate polymer chains. Steiner et̂  al. (1976) 
however, found that Ca++ bound more strongly to soluble activated 
sludge polymers by ionic bonding than to floc-associated polymers. 
Eriksson & Axberg (1981) interpreted this as an implication that 
strongly charged polymers may be preferentially dissolved. Steiner 
et al. (1976) proposed that metal uptake by activated sludge may form 
a two stage process in which ions initially form a salt complex with 
the soluble polymer, which would be subsequently adsorbed to the floe 
matrix by sugars and possibly sugar acids at the sludge surface.

In order to assess the relative affinity for soluble metal 
species exhibited by solid and soluble phases of activated sludge, 
and thus to predict the potential metal removal capacity of the 
settleable solids, a number of theoretical considerations may be made 
(Sterritt & Lester, 1983). The relationship between concentrations of 
bound metal and free metal may be expressed in the form of a 
Freundlich adsorption isotherm (Freundlich, 1962);

M = k [M]1^n (1.3)

L

where ^ = amount of metal (M) adsorbed per unit weight of ligand
(L)

L

[M] = free metal concentration after adsorption 

k,n = empirical constants.



51

The constants may be evaluated by plotting logjo (M/L) against log^Q 
[M]; the slope of the line (1/n) expressing adsorption affinity and 
the intercept (logiQk) the adsorption capacity of the ligand.

A further convenient and potentially useful description of the 
relationship between free and coraplexed forms of a metal in solution 
at equilibrium is the stability constant (K) of the complex formed. 
The equilibrium reaction for complex formation may be expressed as;

M + xL ----" MLx ; K = [MLX]

[M] [L]X

(1.4)

Conditional complexation parameters may be derived experimen
tally by expressing the concentration of bound metal [MLX] as free 
metal [M] subtracted from the total metal present, and [L] as the 
concentration of available binding sites (effectively the complexa
tion capacity). The relationship between values of bound and free 
metal obtained over a range of added metal concentrations may be 
described by (Ruzic, 1982);

[M] = [M] + 1 (1.5)

[MLx ] [L] [L]K 1

This straight line relationship may be solved graphically by 
plotting [M]/[MLX] against [M] which gives a line with slope 1/[L] 
and intercept 1/[L]K*, where K' is the conditional stability 
constant. Deviations from a straight line relationship are observed 
when more than one complex is formed, or when the stoichiometry of 
the complex is not 1:1, and such deviations can be characterised by 
extensions to equation (1.5) developed by Ruzic (1982).

Cheng e_t jiK (1975) used data obtained from an ion exchange 
technique to determine stability constants for Cu and Ni association 
with the solid and soluble phases of activated sludge. Values of log 
K' for soluble complexes of Cu and Ni at pH 6.0 were -1.98 and 1.70 
respectively. At pH 7.05, log K' values for Ni complexed with the 
supernatant and solids of sludge were -2.08 and -0.055 respectively. 
These results were only considered to be comparative because Cheng £t
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al. (1975) were unable to obtain an accurate value for [L] and 
instead substituted COD concentration for soluble phase [L ] and MLSS 
concentration for the solid phase [L ]. It was concluded, however, 
that if the molecular weight of the polymeric material comprising a 
large proportion of the biomass reflected the average molecular 
weight of the biomass, i.e. approximately 10^, then the metal sludge 
stability constants would be likely to be of a similar order of 
magnitude. Patterson (1979) substituted TOC concentration for the 
value of [L ] in determining complexation parameters for soluble and 
solid phases of activated sludge, and thus the results were subject 
to similar limitations to those of Cheng jet̂ jil_. (1975). Conditional 
stability constants for activated sludge solids had log K ’ values of 
+ 0.21 for Cu and -1.46 for Ni, while those for the effluent were 
+ 0.07 for Cu and +0.93 for Ni, indicating that the two metals had 
similar affinity for soluble ligands but that Ni was complexed much 
less strongly than Cu by the sludge solids. Such results may help to 
explain the poor removals of Ni by activated sludge observed in com
parison with those of other metals.

The capacity of bacterial extracellular polymers to complex 
metal ions can thus be seen to be of considerable importance in the 
functioning of the activated sludge process. It is important not 
only in terms of enhanced flocculation via polymer-cation bridging 
resulting in efficient sedimentation, and substitution of metal ions 
for bound water molecules within the floes resulting in good dewa
tering properties, but also in the retention of the metals themselves 
within the sludge. However, specific uptake of metal ions by 
dissolved forms of polymer which may not become attached to the 
settling floes will result in their discharge in the effluent and 
contamination of the receiving waterbody. As quantifications of the 
equilibria formed between settleable and non-settleable metal polymer 
complexes, data on affinity and coraplexation capacity may be of use 
in the prediction of the behaviour of soluble heavy metal species in 
the activated sludge system.
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2. OBJECTIVES

In order to elucidate the role of bacterial extracellular 
polymers in metal removal during the activated sludge process, 
several areas of investigation were defined:

a) further development of extraction methods to obtain extra
cellular polymers from bacterial cultures;

b) evaluation of the heavy metal binding potential of extracted 
polymers by using speciation techniques to separate bound and 
free metals;

c) identification of binding sites and determination of the 
existence and/or degree of competitive binding occurring bet
ween different metals;

d) evaluation of the extent to which extracellular polymers in 
situ contribute to metal uptake by whole cultures.

Continuous cultures of sewage micro-organisms grown at low dilution 
rates in a cheraostat may be used to simulate conditions in an acti
vated sludge plant (Postgate, 1973), therefore experiments designed 
to achieve the objectives were performed initially on an individual 
polymer-producing bacterium in pure culture, and subsequently applied 
with appropriate modifications to activated sludge.
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3. EXPERIMENTAL

3.1. BACTERIAL CULTIVATION

3.1.1. Bacterial strains
Freeze-dried cultures of a capsulated strain, NCTC 8172, and a 

non-capsulated strain, NCTC 9528, of Klebsiella aerogenes were 
obtained from the National Collection of Type Cultures, Central Public 
Health Laboratory, London. The cultures were revived by the addition 
of sterile nutrient broth, then were stored at 4°C on casein-glycerol- 
yeast extract agar slopes and subcultured at 4 monthly intervals.

3.1.2. Media

3.1.2.1. Nutrient broth
For reviving freeze-dried bacterial cultures, nutrient broth 

(CM1, Oxoid Ltd.) was dissolved in distilled water at a concentration 
of 13 g 1”1, dispensed into McCartney bottles and sterilised by 
autoclaving at 121°C for 15 min.

3.1.2.2. Casein-glycerol-yeast extract agar
The medium used for storage slopes and plates for viable 

counting was the casein-glycerol-yeast extract (CGY) medium of Pike & 
Carrington (1972). This contained (g l-*) casein hydrolysate acid 
(L41, Oxoid Ltd.), 5.0; glycerol (G.P.R. grade), 5.0; yeast extract 
(L21, Oxoid Ltd.), 1.0; Agar No.3 (L13, Oxoid Ltd.), 10.0. The com
ponents were dissolved by steaming, dispersed into 100 ml screw-cap 
bottles and sterilised by autoclaving at 121°C for 15 min.

3.1.2.3. Liquid culture media
A citrate medium previously used for the cultivation of a 

polymer-producing strain of K. aerogenes was used (Brown & Lester, 
1980). This contained the following Analar grade components (g 1”1) 
Na3c6H5°7-2H2°> 2*°J NH4C1, 0.5; MgS04.7H20, 0.1; FeS04.7H20, 0.01;
CaCl2.6H20, 0.01; MnS04.4H20, 0.005; KH2P04 , 0.3; K2HP04, 0.4, and had 
a C:N ratio of 3.75:1. Modification of a medium used by Duguid & 
Wilkinson (1953) for polymer production by K. aerogenes was made, pro
ducing a defined medium which contained the following Analar grade 
components (g l-1) sucrose, 10; (NH4 )2S04, 0.3; K2S04, 1; NaCl, 1;
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MgSO^. 7H2O, 0.2; CaCl2 »6H2 0, 0.02; FeS0 4.7H2 0 , 0.001, buffered to pH
6 . 8  by the inclusion of (g l"*) NaH2P0 4.2H2O, 2; K2HPO4 .3H2O, 2. This 
medium had a C:N ratio of 67:1. Investigation of a high C:N ratio 
medium in comparison to a low C:N ratio medium was based on the obser
vation that under N limitation, when cellular growth becomes 
restricted, excess C is assimilated via a storage mechanism of 
increased extracellular polymer production (Wilkinson, 1958).

3.1.3. Cultivation

3.1.3.1. Batch cultivation
Pure batch cultures of K. aerogenes were grown in 2 1 conical 

flasks in a shaking incubator constructed according to the design of 
Elsworth £t_ jil_. (1956). The incubator was operated at a constant 
speed of 70 oscillations per min and at a temperature of 25 ± 1°C, 
maintained by a thermostat controlling a 500 W fan heater. Inocula 
for batch cultures were obtained by subculturing stock cultures from 
CGY plates or slopes twice in 125 ml of sterile liquid culture medium 
for 24 h prior to transferring 5 ml of the second subculture to 200 ml 
of the medium. Batch cultures were also carried out in the cheraostat 
when continuous pH control was required.

3.1.3.2. Continuous cultivation
Continuous cultures of both strains of K. aerogenes were made 

using an LKB 1601-012 Ultroferm Fermentation System (LKB Instruments 
Ltd., Selsdon, Surrey). The bench-standing unit consisted of a 4 1 
culture vessel with a magnetic stirrer coupled to a drive motor, and a 
unit containing control modules for stirrer speed, temperature, pH, 
dissolved oxygen saturation and mechanical foam dispersion. The 
cooling system was connected to a thermostatic bath in conjunction 
with a refridgerated chiller unit (Grant Instruments Ltd., Cambridge). 
The operating parameters were recorded continuously by a chopper bar 
multi-channel chart recorder 6520-718 (LKB Instruments Ltd.).

3.1.3.2.1. Modifications to the chemostat
Several worn or unsatisfactory parts and accessories for the 

chemostat were modified or replaced during the period of its use. The 
original glass condenser was replaced by a more robust stainless steel 
condenser, and the air filters and holders were replaced with steam 
sterilisable filters (Foramaflow Ltd., Surrey). Air was supplied to
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the vessel, via the sterile filters, by a double diaphragm pump F85DE 
(Charles Austen Pumps Ltd., Byfleet, Surrey). Approximately 20% of 
the air flow was deviated to flow through a sterile glass inlet incor
porated in the medium line in order to prevent backgrowth of bacteria 
occurring in the medium inlet canula . Stainless steel spacers were 
used to prevent the magnetic stirring impeller and foam dispersion 
impeller from grounding on the baseplate and headplate respectively of 
the culture vessel. The therraosensor was replaced with a general pur
pose platinum resistance thermometer (Jenway Ltd., Essex) and the 
heating probe with a TC50-EL/240 heating element (J.E.E. Distributors 
Ltd., Middlesex). The pH probe was replaced with a radiometer steam 
sterilisable combination pH electrode (Russell pH Ltd., 
Auchtermuchty).

3.1.3.2.2. Operation of the chemostat
The chemostat culture vessel was sterilised in an autoclave 

according to the manufacturers instructions at 121°C for 1 h. Medium 
addition was made from two 20 1 aspirators linked in series, via a 
variable speed peristaltic pump (LKB Instruments Ltd.). The aspirators 
were replenished aseptically as required. Inocula for the chemostat 
were subcultured as for the batch cultures (see 3.1.3.1.), but the 
second subculture was grown in a 2 1 aspirator bottle with stopcock 
rather than a conical flask. This was done to facilitate the aseptic 
addition of the large volume of inoculum necessary to avoid a pro
longed lag phase during which contamination could occur. Inoculation 
of 3 1 of sterile medium pumped into the culture vessel after sterili
sation was performed by aseptic connection of an inlet tube from the 
headplate to the aspirator bottle stopcock. After pH and temperature 
adjustments to the receiving medium, 100 ml of inoculum was pumped in

parameter operating value

culture volume 3 1
stirring speed 600 ± 10 rev rain“l
temperature 25 ± 1°C
pH 6.8 ± 0.04
dissolved oxygen concentration 6.3 mg 1“1 (75% saturation

Table 7. Values for chemostat operational parameters
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Table 8. Range of dilution rates at which K. aerogenes was grown in 
continuous culture

dilution rate
or*)

medium flow rate 
(ml h“1)

equilibration period 
allowed before sampling 

(h)

0.5 1500 6
0.25 750 12
0.1 300 30
0.05 150 60
0.025 75 120
0.01 30 300

using a peristaltic pump (LKB Instruments Ltd.). Continuous cultiva
tion was started after 24 h of growth in batch culture. The influent 
flow rate was determined empirically by deviating the medium into a 
graduated 10 ml flow meter via a three way stopcock set into the inlet 
line, and timing the delivery. The flow rate was monitored and, if 
necessary, adjusted daily. The temperature, pH and foam dispersion 
parameters were controlled by automatic feedback from probes in the 
culture vessel, but the dissolved oxygen concentration was maintained 
by manual adjustment of the airflow to the sparger. Values for the 
operational parameters and cultural conditions are given in Tables 7 
and 8. The relatively low stirring speed was employed in order to 
reduce the possibility of cellular disruption during extracellular 
polymer extraction, as an inverse relationship between impeller speed 
and K, aerogenes cell-wall strength has been demonstrated in chemostat 
cultures (Wase £_t al. , 1982). Spent culture was drained from the 
vessel via an overflow weir and collected in two 20 1 aspirators 
linked in series.

3.2. ACTIVATED SLUDGE SAMPLES

Samples of activated sludge mixed liquor were obtained from 
full scale and pilot scale activated sludge plants at Hogsmill Valley 
Wastewater Treatment Works (Thames Water Authority), Kingston-upon-
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Thames. Samples from the main plant were taken from the mid section of 
the aeration tanks of the activated sludge system, operational parame
ters for which have been given in Table 5.

3.2.1. Activated sludge pilot plant

3.2.1.1. Design of the pilot plant
The design and operation of the pilot plant has been previously 

described by Carrondo êt jil_. (1980). It consisted of two activated 
sludge units working in parallel which were seeded with return acti
vated sludge from the Works and supplied with settled sewage. Each of 
the units was composed of a 63 1 borosilicate glass aeration tank and 
a 23 1 settling unit. The aeration tanks were equipped with borosili
cate glass diffusers through which air was pumped by a double head 
diaphragm pump, Duplex 4N (Charles Austin Pumps, Ltd.). This gave a 
fine bubble aeration system which could be manipulated to maintain 
completely mixed conditions and the required dissolved oxygen con
centration. The settling units were equipped with PTFE paddle floc- 
culators and wall scrapers operating at 0.4 rev min” .̂ The activated 
sludge units were supplied with settled sewage from the outlet chamber 
of one of the primary sedimentation tanks at the Works. The settled 
sewage was first passed through a heat exchanger to achieve the 
desired operating temperature, then pumped into the aeration tanks. 
Mixed liquor wastage from the aeration tanks was carried out automati
cally by a variable speed peristaltic pump which was controlled by 
sequential timers.

3.2.1.2. Operation of the pilot plant
The pilot plant was operated at a constant influent flow rate 

of 15 1 h"l, which gave a nominal aeration time of 4 h. The solids 
recycle from the settling units was generally maintained at a 1:1 
ratio with respect to the flow of influent settled sewage. The mixed 
liquor was maintained at a temperature of 17.5 ± 1°C and a dissolved 
oxygen concentration of 0.5-2 mg 1~1. Sludge ages of 3, 6, 9 and 12 d 
were investigated, for which mixed liquor wastage rates of 20, 10,
6.67 and 5 1 d”l respectively were employed. The volume of mixed 
liquor which had been wasted automatically was measured daily and 
corrected by further manual wastage if necessary. An equilibrium 
period of 3 times the sludge age in days was allowed between sampling 
at each sludge age (Bisogni & Lawrence, 1971). Operational conditions
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during the experimental period have been summarised in Appendix II. 
Samples of both sludges were transported to the laboratory in 2.5 1 
plastic containers and used for experimentation within 2 h of collec
tion. The mixed liquor suspended solids concentration (see 3.3.2.1.) 
of the main plant varied widely, and was therefore consolidated by 
partial decantation of the supernatant after settling, to give a more 
consistent working concentration of 3000 mg 1”1 for the samples to be 
used in a comparison of polymer extraction techniques.

3.3. BIOMASS QUANTIFICATION

3.3.1. K, aerogenes

3.3.1.1. Viable count
Culture samples were serially diluted in 0.1 M sterile 

phosphate buffer (pH 7) and 0.1 ml of each of three replicate dilu
tions was inoculated in triplicate onto surface dried plates of CGY 
agar and spread with a flame sterilised glass rod. The plates were 
inverted and incubated at 25°C for 24 h. Colonies were counted using 
a colony counter CX-300 (Gallenkarap Ltd., London). Counts exceeding 
150 colonies per plate were corrected using the crowding error formula 
proposed by Pinon and Pijck (1976);

2p - 1

where C = the corected count 
c = the plate count
p = the ratio of total area to covered area of plate.

3.3.1.2. Cell dry weight
Cell dry weight determinations were made by filtering samples 

through a 0.2 ym micropore cellulose acetate filter (Amicon, Woking, 
Surrey) and weighing the residue after drying to constant weight at 
105°C.

3.3.1.3 Turbidity
Relative turbidity of culture samples was assessed using a 

Corning-EEC nephelometer (Evans Electroselenium Ltd., Halstead) 
calibrated with distilled water for zero deflection and an 800 for- 
mazin turbidity unit (F.T.U.) standard (Rice, 1976) for maximum 
deflection of the galvanometer.
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Turbidity is commonly used as an indication of cell density, 
however, Duguid & Wilkinson (1953) observed that opacity measurements 
of K. aerogenes cultures were unsatisfactory for this purpose due to 
interference probably caused by extracellular polymer. In the initial 
stages of the work reported here, relative turbidity was thus used as 
a tentative estimate of extracellular polymer production.

3.3.2. Activated sludge

3.3.2.1 Mixed liquor suspended solids
Mixed liquor suspended solids (MLSS) concentration was deter

mined gravimetrically according to the method recommended by the 
Government of Great Britain (1972), after filtration through Whatman 
GFC filters (Gallenkamp Ltd.).

3.3.2.2. Sludge volume index
The sludge volume index (SVI) was determined using a modifica

tion of the standard method described by the Government of Great 
Britain (1972). A 100 ml measuring cylinder was employed instead of 
the 1 1 cylinder recommended, in order to reduce the volume of sample 
required, and the result obtained was corrected by a factor of 1.35 
(Stoveland £t_ al., 1979b).

3.3.2.3. Chemical oxygen demand
The method used for chemical oxygen demand (COD) determination 

was a modification of that of the Government of Great Britain (1972). 
A pre-mixed oxidising reagent (9.5 ml) containing silver sulphate 
(7.89 g 1”^) and potassium dichromate (1.613 g 1”^) in 79% (v/v) 
sulphuric acid was used to oxidise 5 ml of sample, and residual 
dichromate was titrated against 0.0625 _N ferrous ammonium sulphate 
using two drops of ferrous phenanthroline indicator.

3.4. EXTRACELLULAR POLYMER EXTRACTION TECHNIQUES

The extraction methods employed involved the application of a 
physical or chemical treatment to detach capsules or break up sludge 
floes in order to release extracellular polymer, followed by high 
speed centrifugation to separate the extracted polymer from cellular 
and other solids. All extractions were performed in triplicate on 
100 ml samples.
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3.4.1 Extraction treatments

3.4.1.1. Ultrasonication
Samples were ultrasonicated in a Kerry 125 ultrasonic bath 

(Kerry Ultrasonic Ltd., Hitchin) with the power input regulated to 18 
or 80 W (Brown & Lester, 1980). Some samples contained increasing con
centrations of sodium tripolyphosphate (STPP) added before ultrasoni
cation, others contained 2.5% (w/v) ballotini of 0.5-1.0 mm or 2 mm 
diameter, to aid in the disruption of the capsules.

3.4.1.2. Homogenisation
Homogenisation was carried out using an Ultra Turrax T45N homo- 

geniser (Scientific Instruments Co. Ltd., London) at 8000 rev min-*. 
This method and those described in section (3.4.1.1) were based on 
techniques used by Pike et̂  jil. (1972) to disrupt floes prior to enu
meration of activated sludge bacteria.

3.4.1.3. Dialysis
Dialysis was investigated as a modification of the fill and 

draw elution method of Novak & Haugan (1981) which destabilised sludge 
floes by the removal of divalent cations. Samples were dialysed in 
visking tubing size 3-20/32 (Medicell Int., London) with a molecular- 
weight cut-off of 12000-14000 for 12 h against 2 changes of either 
distilled water or isotonic saline.

3.4.1.4. Boiling
This method was based on that of Forster & Lewin (1972). 

Samples were placed in a boiling water bath for 1 h. In addition, 
some samples were treated with acetone (1.5 vols) and subsequently 
boiled for 4 h in a water bath.

3.4.1.5. Steaming
Sludge samples in conical flasks plugged with cotton wool were 

steamed in an autoclave for 10 min, after the method of Brown & Lester 
(1980). Steaming was also investigated with the prior addition of 
Dowex ion exchange resin at a concentration of 1:10 by volume (see 
3.4.1.7).
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3.4.1.6. NaOH addition
An alkaline extraction method, found by Brown and Lester (1980) 

to be extremely disruptive was used; samples were made 2 M with 
respect to NaOH and stirred for 4 h. A formaldehyde pretreatment; 1% 
(w/v) addition for 15 min, used by Dudman & Wilkinson (1956) to reduce 
cell disruption was included. After alkaline extraction, the pH of 
the samples was returned to neutrality with 6 M HC1.

3.4.1.7. Dowex addition
Varying concentrations of a strongly acidic cation exchange 

resin, Dowex 50-X8, Na+ form (BDH Chemicals Ltd., Poole) were added to 
samples and the mixture was stirred for 4 h at a speed sufficient to 
cause complete mobilisation of the resin. The resin was preswollen 
for 12 h at the experimental pH. The formaldehyde pretreatment (see
3.4.1.6.) was also investigated in conjunction with Dowex addition.

3.4.2. Separation Methods

3.4.2.1. High speed centrifugation
High speed centrifugation at 33000 x g at 10°C, for 20 min in 

the case of sludge samples and varying time periods for pure culture 
samples, in an MSE Hi-Spin 21 centrifuge (MSE Scientific Instruments, 
Crawley) was used for solids separation after each extraction treat
ment .

3.4.2.2. Filtration
In order to determine residual concentrations of extracellular 

polymer in the culture media, filtration was employed as a separation 
technique. Samples were filtered through 0.2 ym microporous cellulose 
acetate filters (Amicon) in borosilicate glass membrane filter holders 
(Gallenkamp Ltd.), under vacuum. This size of filter excludes bac
terial cells from filtrates (Hayes & Theis, 1978).

3.4.3. Recovery Methods
Extracellular polymer extracts were dialysed (see 3.4.1.3) 

against distilled water for 24 h to remove low molecular weight 
(<12000-14000) impurities. This was found to remove >99.4% of resi
dual sucrose from K, aerogenes culture extracts. After purification, 
the extracted extracellular polymer was recovered either by lyophili- 
sation in a Freeze Dryer 3.5 (Birchover Instruments Ltd., Letchworth),
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drying vacuo at 30°C or by precipitation by addition of 2 volumes 
of acetone and drying iji vacuo.

3.5. EXTRACELLULAR POLYMER CHARACTERISATION AND QUANTIFICATION

3.5.1. Polymer characterisation techniques

3.5.1.1. Microscopy
Samples of K. aerogenes were stained with India ink (Deguid, 

1951) and examined under a Reichert Biovar microscope (British Amer
ican Optical Co., Slough) at magnifications up to xlOOO. Microphoto
graphs were taken with a Leitz Aristophot camera assembly in order to 
demonstrate the form in which extracellular polymer was present.

3.5.1.2. Gel filtration chromatography
Undialysed extracellular polymer extracts were chromatographed 

on Sephadex G25 and G50 (see 3.6 .2.2.) in order to estimate the lower 
limit of the polymer's molecular mass and to evaluate its homogeneity. 
The absorbance of the eluted fractions was measured continuously at 
260 nra on a PU 4020 U.V. detector (Pye Unicam, Cambridge) connected 
in series with the column outlet. This wavelength was determined as 
the optimum for absorbance of a crude preparation of K. aerogenes 
extracellular polymer by performing a wavelength scan on the sample 
using a SP8 100 U.V. visible spectrophotometer (Pye Unicam).

3.5.1.3. Infrared spectroscopy
Infrared spectra of extracellular polymer were measured in the 

Analytical Services Laboratory (Imperial College). Lyophilised 
samples of total, colloidal and soluble K. aerogenes extracellular 
polymer and activated sludge extracellular polymer dried in vacuo were 
set in Nujol for infrared transmission. Nujol characteristically 
exhibits absorption peaks at 2960-2840, 1470, 1440, 1370 and 720 cm"l. 
Infrared band assignments were made according to Bellamy (1975), Baham 
et. al. (1978) and Boyd £t al. (1979, 1980).

3.5.2. Polymer quantification techniques

3.5.2.1. Total Polymer
The total polymer content of both pure culture and activated 

sludge samples was estimated after hydrolysis. Following dialysis
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against running tap water for 1 2  h to remove non-polymeric material, 
triplicate samples were hydrolysed with an equal volume of 6 M HC1 for 
5 h in a boiling water bath. The temperature of the samples during 
hydrolysis was 80 ± 2°C. The hydrolysates were cooled, neutralised by 
titration with 6 M NaOH and filtered to remove solids. The hydrolysa
tes were then assayed for polysaccharide and protein components (see
3.5.2.2.). The Dubois assay (Dubois et_ al., 1956), which was performed 
directly on sludge samples diluted 1 : 1 0  by volume, was also used to 
effect hydrolysis via the disruption of the cells by phenol (Churras 
and Stephen, 1974) and subsequent degradation of the polymers by 
H 2SO4 . The concentration of H2SO4 was as used in the Dische-Shettles 
reaction for determining the fucose content of unhydrolysed glycopro
teins (Dische and Shettles, 1948). After treatment, the samples were 
filtered through a GFC filter and their absorbance measured at 485 nm.

3.5.2.2. Extracted polymer
Extracted extracellular polymer was quantified either gravi- 

metrically as total dissolved solids (TDS) or by biochemical analysis. 
For the gravimetric determination, polymer extracts were dialysed 
against distilled water for 1 2 h to remove low molecular weight 
material, dried at 105°C and weighed. For biochemical analysis, the 
polysaccharide and protein components of the polymer extracts were 
estimated using hexose sugar and protein assays (Brown & Lester, 
1980). The colorimetric assays were performed on triplicate sub- 
samples in each case, and the absorbance of treated samples was 
measured in matched 10 mm path length glass cells (Frost Instruments 
Ltd., UK) using an SP8 100 U.V. visible spectrophotometer (Pye 
Unicam).

3.5.2.2.1. Hexose assay
Hexose sugar concentrations were determined using the method of 

Dubois £t jil_. (1956). Aliquots of 1 ml of 5% (w/v) phenol were added 
to 2 ml samples of polymer extract and 5 ml of concentrated H2SO4 were 
injected directly onto the sample surface. The samples were shaken 
and left to stand for 2 h, after which their absorbance was measured 
at 485 nm. D-glucose (Analar grade) was used as the standard. Blanks 
for the assay constituents and for the polymer extracts, which were 
coloured, were included. Hexose sugars were also assayed using the 
anthrone method described by Dische (1962). Aliquots of 5 ml of 
sample were added to colorimetric tubes containing 10 ml anthrone.
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reagent (2 g anthrone in 1 1 H2SO4 ), shaken and left to stand for 10  

min. The samples were incubated in a boiling water bath for 16 min, 
removed and left to cool for 1 h, after which their absorbance was 
measured at 625 nm. Similar standards and blanks were included as for 
the phenol/sulphuric acid assay.

The use of D-glucose as a standard compound does not allow an 
absolute determination of the hexose sugar content of extracellular 
polymer, as the different sugars which may be present in bacterial 
polysaccharides (Wilkinson, 1958) exhibit different absorption charac
teristics in colorimetric analyses (Dubois £t̂  ^1_., 1956). However, 
estimation of glucose equivalents permits quantitative comparisons of 
extracellular polymer to be made.

3.5.2.2.2. Protein assay
The procedure of Lowry et jil_. (1951) was used, with minor modi

fications. Bovine serum albumen was used as a standard. Aliquots of 
5 ml of reagent A (50 ml 2% (w/v) Na2C03 in 0.1 M NaOH) and reagent B 
(2 ml 0.25% (w/v) CUSO4 .5H2O in 0.5% (w/v) ^ 305^ 0 7 .2H2O), mixed 
immediately prior to the analysis, were added to 1 ml of polymer 
extract and shaken. A 0.5 ml aliquot of reagent C (0.1 M Folin & 
Ciocalteau's phenol reagent, BDH Chemicals Ltd.) was added, the mix
ture was shaken again, left for 2 h, and the absorbance measured at 
500 nm. The modifications to reagent B were made because recrystalli
sation occurred in the original reagent and this affected the absor
bance of the sample.

3.6. HEAVY METAL SPECIATION

3.6.1. Metal stock solutions
Stock solutions of individual metals and metals in admixture 

were prepared from the Analar grade nitrate salts (Cu, Cd, Co, Ni, Tl) 
or Analar grade sulphate salts (Mn). The metal salts were dissolved 
in deionised water at concentrations of 0.1 M and 0.001 M. In order 
to avoid alteration of sample pH on addition, the stock solutions were 
not acidified, but were replaced at 6 monthly intervals in case of 
excessive adsorption onto the glass wall of the volumetric flasks. 
After preparation, the stock solutions were transferred to acid-clean 
100 ml screw cap bottles and sterilised in an autoclave at 121°C for 
15 min.
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3.6.1.1. Metal additions
3.6.1.1.1. Metal additions to cultures
Additions of sterile metal solutions were made aseptically to 

culture media after sterilisation in order to minimise precipitation. 
Additions to batch, shake cultures were made using sterile pipettes. 
Metal-free batch, shake cultures used as controls had stock solutions 
of NH4NO3 at equivalent concentrations added to ensure that the 
effects of the metal solution on the test cultures were not due to the 
nitrate component. For continuous chemostat culture, the media aspira
tors were fitted with a glass port containing a self-sealing rubber 
bung, through which aseptic injection of metal stock solution could be 
made. The medium and metal solution were mixed thoroughly on a magne
tic stirrer (Gallenkamp Ltd.), magnetic followers having been placed 
in each aspirator before sterilisation.

3.6.1.1.2. Metal additions to jar tests
Metal additions during jar tests were made using either sterile 

pipettes or Eppendorf micropipettes (Anderman & Co. Ltd., Surrey) 
fitted with disposable polypropylene tips, which dispensed 50 y 1 and 
20 yl volumes. After metal addition, the sample pH was checked and 
adjusted if necessary. The jar tests were carried out according to 
the method of Stoveland & Lester (1980), using a Techam SB4 shaking 
water bath (Techne Ltd., Cambridge) operated at 90 rev rain”l and a 
temperature of 17±2°C.

3.6.2. Speciation techniques

3.6.2.1. Dialysis
Dialysis has been used as a speciation technique by a number of 

workers (Benes & Steinnes, 1974; Hart & Davies, 1977) and has been 
found to be an appropriate and effective method for determining the 
complexation of metal ions by organic ligands (Truitt & Weber, 1981a).

Metal uptake by whole culture samples and extracted extracellu
lar polymers was determined by dialysis in visking tubing (see
3.4.1.3.) with a molecular weight cut-off of 12000-14000. The molecu
lar weight of this capsular serotype, K64, of K. aerogenes extracellu
lar polysaccharide has previously been specified as 1.7 x 10^ (Churms 
& Stephens, 1974), therefore use of this size dialysis tubing per
mitted a separation of metal bound by cells and by extracellular
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polymer from free metal and any low molecular weight complexes. Prior 
to its use for metal speciation, dialysis tubing was immersed in 1 % 
(v/v) HNO3 and stirred for 5 min, then washed with 6 rinses of glass 
distilled water to minimise potential metal contamination.

3.6.2.1.1. Dialysis media
In order to reduce the negative charge likely to be present on 

the tubing in aqueous solution (Neale & Peters, 1946), and to reduce 
osmotic shock to the cells, two simple dialysis media were employed. 
A 0.1% (w/v) solution of MgSO^, a constituent of the K. aerogenes 
culture medium, with the pH adjusted to pH 6 . 8  was used for dialysis 
of pure culture cells and polymer extracts. A 0.85% (w/v) solution of 
NaN03 with the pH adjusted to 7 was used for experiments involving 
activated sludge samples.

3.6.2.1.2. In situ dialysis
In situ dialysis was employed in the batch, shake cultures and 

in activated sludge jar tests to determine the concentration of free 
metal ions and low molecular weight soluble complexes. Dialysis bags 
containing 2 ml of the dialysis medium to be used were suspended in 
the samples for 5 h. This equilibration period was found to be a 
realistic optimum time for complete dialysis of metals by Hart & 
Davies (1977). An experimental determination using the dialysis media 
(see 3.6.2.1.1.) indicated that a 5 h period was sufficient for 
complete dialysis to occur. The volume of the diffusate (internal 
dialysis) solution was <4% of the retentate (external dialysis) solu
tion in all cases, as this ratio has been considered sufficiently high 
for the diffusate solution to have negligible effect on the chemical 
equilibrium of complexes present in the retentate solution (Truitt & 
Weber, 1981b). Attempts to use _in situ dialysis in the chemostat were 
unsuccessful due to the difficulties in equalising pressure on both 
sides of the membrane.

3.6.2.2. Gel filtration chromatography
For gel chromatography, Sephadex gels (Pharmacia Ltd., Uppsala, 

Sweden) G15, G25 and G50 (fine grade) were used. Their molecular
weight fractionation ranges are given in Table 9. G25 was the pre
ferred gel for metal speciation as this gel is routinely used in 
desalting applications and has been recommended for chromatographing 
charged species (Posner, 1963) because it has a lesser tendency than
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Table 9. Properties of Sephadex gels

gel dry bead 
diameter (ym)

fractionation range (mw)

peptides and globular 
proteins

dextrans

G15 40-120 -1,500 -1,500
G25 20-80 1,000-5,000 100-5,000
G50 20-80 1,500-30,000 500-10,000

other grades of Sephadex to undergo adsorptive interactions with chro
matographed species.

3.6.2.2.1. Preparation of gel columns
The dehydrated gels were swollen in eluant, and degassed in a 

boiling water bath for 2 h. After cooling, fines were decanted and 
sufficient eluant added to produce a slurry. The gels were packed in 
Pharmacia columns K9 (acrylic plastic, 60 x 0.9 cm i.d.) or K15 
(borosilicate glass, 90 x 1.5 cm i.d.), giving bed volumes of 38 ml 
and 154 ml respectively, using extension reservoirs R9 (45 ml) and R15 
(400 ml). The columns were equilibrated by passage of at least 2 
column volumes of eluant before use, and between individual sample 
applications. Eluant was pumped through the columns with variable 
speed peristaltic pumps (LKB Instruments Ltd.) at flow rates of 19.8 
ml cm“2 h“l (G50), 16 ml cm“2 h“l (G15) and 7.2 ml cm“2 h“l (G25). 
The lower flow rate through the G25 gel was adopted in order to 
improve the resolution of the metal peaks and troughs produced when 
extracted polymers were chromatographed in metal-ion buffers (see
3.6.3.).

3.6.2.2.2. Preparation of eluants
Eluant composition does not directly influence the resolution 

which may be obtained, but Pharmacia (1977) recommend an ionic 
strength of at least 0.02 for Sephadex gels to safeguard against 
possible ionic interactions between carboxyl groups on the gel and 
cationic species in the sample. A basal eluant composed of 0.05 M 
NaCl, with the pH adjusted to 6 . 8 with 0.05 M NaOH, was thus used. For 
metal speciation, Tris-HCl buffer (Perrin & Dempsey, 1974) was
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employed. Tris (hydroxymethyl) methylamine (0.1 M) was combined with 
0.1 M HC1 to produce a buffer of pH 7, and unacidified metal stock 
solutions were added to give concentrations ranging from 5 x 10“® M - 
10“^ M. The complexation of metals by the Tris-HCl buffer itself was 
corrected for by the method of Hanlon jet̂ al. (1966), thus giving 
slightly different effective concentration ranges over which each 
metal was investigated.

3.6 .2.2.3. Application of samples
Prior to chromatographing samples, the void volume of the 

columns and the quality of the gel packing were determined using a 
0.3% (w/v) solution of Blue Dextran 2000. This high molecular weight 
(2 x 1 0 ®) coloured dextran is completely excluded from the gel and its 
elution volume (Ve) gives a relatively accurate determination of the 
void volume (VQ) the volume of liquid in the interstitial space bet
ween the beads (Fischer, 1969). Samples subsequently eluted at VQ may 
be generally assumed to have a molecular weight which equals or 
exceeds the upper limit of the fractionation range for the gel (see 
Table 9) (Pharmacia, 1977).

The columns were calibrated with pure samples of polymer and 
metal solutions with the sample pH adjusted to 6 .8-7.0, in order to 
determine the elution volumes of uncomplexed samples. Inorganic forms 
of metal elute at Vs, equivalent to the volume of eluant inside the 
gel which is available to very small molecules. Sample size was <3% 
(v/v) of the bed volume in each case, as recommended by Pharmacia 
(1977). Samples were applied directly to the drained gel surface as 
the descending eluant meniscus reached the top of the bed. Care was 
taken not to allow air to enter the gel between eluant draining and 
sample application, as this can cause poor zoning within the gel and 
peak tailing of the eluted sample. After the sample had entered the 
gel, any remaining on the bed surface or the walls of the column was 
washed into the bed with 2 ml of eluant. The head space above the gel 
was refilled with eluant, the column reconnected to the pump and 
eluted at a constant flow rate. Fractions eluted from the columns were 
collected in 20 ml pyrex test tubes using a 'Redirac' fraction collec
tor with automatic drop counter (LKB Instruments Ltd.). Fractions 
which were to be assayed for polymer components were analysed directly 
after elution. Fractions containing metals were acidified to 1% (v/v) 
HNO3 and sealed prior to analysis by atomic absorption spectrophoto
metry.



70

3.6 .2.2.4. Gel preservation
In order to prevent excessive microbial growth occurring on the 

bed surface, the columns were flushed periodically with 0 .02% (w/v) 
solution of NaN3 , then eluted with at least 3 column volumes of eluant 
before commencing a chromatographic run. NaN3 does not interact 
notably with proteins or carbohydrates or alter their chromatographic 
behaviour (Pharmacia, 1977). When not in use for long periods of 
time, the gels were removed from the columns and stored in eluant at 
4°C in the dark.

3.6.3. Determination of complexation parameters
Conditional stability constants and complexation capacities of 

extracted extracellular polymers were determined using the method of 
Mantoura & Riley (1975). In this method, 150 ml columns of Sephadex 
G25 were continuously eluted with Tris-HCl buffer (see 3.6 .2.2.2.) 
containing a known concentration of the metal to be investigated. 
Samples of the polymer dissolved in eluant and allowed to equilibrate 
for 12 h were applied to the column. As the metal polymer complex 
traversed the column, it continuously bound further metal until it 
reached equilibrium with the free metal ion concentration. As the 
metal-polymer complex travelled more quickly through the column than 
the resulting metal deficiency, monitoring of the eluted metal con-t
centration showed first a peak at V0, corresponding to bound metal, 
then a trough of similar area at Ve of the metal ion, corresponding to 
the metal deficiency. This gave a determination of the concentration 
of coraplexed metal at equilibrium with a known concentration of free 
metal, and successive chromatographic runs over a range of free metal 
ion concentrations allowed the overall stability constant of the 
complex to be determined, using the following relationship;

Mb 

P. [M]
(3.2)

where M, = moles of metal boundD

P = moles of polymer used
[M] = concentration of free metal ion in the Tris buffer 
K' = conditional stability constant of the metal-polymer 

complex
n' = number of metal binding sites per molecule of polymer
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The complexation parameters K' and n' were determined graphically from 
the straight line relationship, as the negative slope and the inter
sect on the M^/P axis respectively.

This relationship could be applied successfully for charac
terising the complexation parameters of K. aerogenes extracellular 
polymer, as a value of the polymer's molecular weight was available 
(Churms & Stephens, 1974). However, for the activated sludge extra
cellular polymer, an equation (1.5) developed by Ruzic (1982) was
employed in which the unit weight of the ligand is used in place of
the molecular weight.

3.7. DETERMINATION OF HEAVY METALS

3.7.1. Instrumentation
Heavy metals were determined by flameless atomic absorption 

spectrophotometry using Perkin-Elmer Models 603 and 5000 atomic
absorption spectrophotometers (Perkin-Elmer Ltd., Beaconsfield, Bucks) 
fitted with HGA-400 and HGA-500 heated graphite atomisers respec
tively. A Perkin-Elmer AS40 autosampler coupled to the HGA-500 was 
used for metal determinations in samples containing no suspended 
solids. The instruments were equipped with deuterium arc background 
correction which was used for analysis at wavelengths <300 nra.
Perkin-Elmer single element hollow cathode lamps were used for Cu, Cd, 
Co, Ni and Mn, and an eletrodeless discharge lamp was used for Tl. 
Absorption signals were measured on a Perkin-Elmer model 56 chart 
recorder.

3.7.2. Glassware
All glassware used in the determination of heavy metals was of 

borosilicate. Glassware was cleaned by soaking in 5% (v/v) Decon 90 
detergent (BDH Chemicals Ltd.) for 24 h, following by soaking in 10% 
(v/v) HNO3 for 24 h, then rinsed three times in glass distilled water. 
Polypropylene sample containers, centrifuge tubes and autosampler cups 
were similarly cleaned.

3.7.3. Standard solutions
Standard solutions of Cd, Co, Ni and Tl were prepared from 

Analar grade nitrate salts. Solutions of Mn and Cu were prepared from
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the sulphate salt and Analar grade metal dissolved in a minimum volume 
of 'Aristar' grade HNO3 respectively. Working standard solutions were 
prepared by serial dilution of 1 g 1~^ stock solutions and contained 
1% (v/v) HNO3 .

3.7.4. Analysis

3.7.4.1. Analytical conditions
The analytical conditions used for metal determination were 

based on those described by Sterritt & Lester (1980b) and Kempton et̂  
al. (1982) and those suggested by the instrument manufacturer
(Perkin-Elmer Ltd., 1982), and are shown in Table 10. Non-sensitive 
wavelengths were used for samples containing approximately 10“  ̂ M 
metals and higher; these and their relative sensitivity compared to 
the normal wavelengths are also given in Table 10.

3.7.4.2. Analytical procedures
Standards and samples were injected into the graphite furnaces 

by Eppendorf micropipettes (Anderman & Co. Ltd.) fitted with dispo
sable polypropylene tips, or by the PTFE injection system of the AS40 
autosampler. The polypropylene tips were decontaminated between 
injections by rinsing three times in 10% (v/v) HNO3 , three times in 
glass distilled water and once with the sample prior to injection. 
Replicate injections of 20 yl, 50 yl or 99 yl were made of each 
sample, and the calibration was checked approximately every 20 

samples.



Table 10. Analytical conditions for flameless atomic absorption spectrophotometrie determination of heavy metals

Metal wavelength relative spectral band drying* JLashing atomisation 1 normal
(nm) sensitivity width (nm) working range

temp (°C) time (s ) temp (°C) time (s) temp (°C) time (s) (rag 1 “ 1 )

Cu 324.8 1 0.7 12 0 30 800 30 2700 5 0 .02-0 . 2

2 2 2 . 6 15 0 . 2 **
Cd 228.8 1 0.7 120 30 250 30 2100 5 0 .002-0 . 0 2

326.1 435 0.7
Co 240.7 1 0 . 2 120 30 1000 30 2700 5 0 .02-0 . 2

304.4 1 2 0 . 2

Ni 232.0 1 0 . 2 120 30 900 30 2700 5 0.05-0.4
351.5 8 . 1 0 . 2

Mn 279.5 1 0 . 2 12 0 30 1000 30 2700 5 0.005-0.04
T1 276.8 1 0.7 12 0 30 700 30 2700 5 0.0005-0.05

* ramp times of 5 s. (20 yl) approximate working range obtained for non- sensitive wavelengths by mult iplying by
10 s. (50 yl) relative sensitivity factor. 

1 ramp time of 1 s.
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4. RESULTS

4.1. COMPARISON OF CULTURE MEDIA FOR K. AEROGENES EXTRACELLULAR
POLYMER PRODUCTION

Growth of the capsulated strain of K. aerogenes NCTC 8172 was 
investigated in low and high C:N ratio media (see 3.1.2.3.). 
Triplicate batch, shake cultures of each medium were inoculated and 
the growth of each culture monitored by viable counting. The growth 
curves are shown in Figure 3. The lag phase was slightly prolonged in 
the citrate culture, and the specific growth rate (0.287 h-*) was 
approximately one third of that in the sucrose culture (0.932 h“l), 
although the final viable count was similar in both cultures.

The turbidity of the cultures was also monitored during growth, 
and a calibration of viable count against turbidity is given in Figure
4. This shows that at similar cell densities, the turbidity of the

J______I______I______1_____ I______I______ I______I______I----- 1
2 4 6 8 10 12 14 16 18 20

HOURS AFTER INOCULATION

Figure 3. Comparison of the growth of K. aerogenes in citrate (O)
and sucrose (•) media in batch, shake culture
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Figure 4. Calibration of vaible count with culture turbidity 
after 26 h growth of K. aerogenes in citrate (O) 
and sucrose (•) media in batch, shake culture. 
Coefficients of regression analysis are gradient 
(b') and correlation coefficient (r)
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sucrose culture was greater than that of the citrate culture. The 
effect became more marked towards the end of the exponential phase, 
as the gradients (b') of the best fit lines produced by regression 
analysis were different. These data were interpreted as an indication 
that cumulative polymer production in the sucrose medium was greater 
than that in the citrate medium. In combination with a more rapid 
growth rate (generation time = 0.74 h in sucrose; 2.4 h in citrate) 
and the apparent viscosity of the sucrose culture, this observation 
suggested that the sucrose medium would be more appropriate to use in 
order to produce extracellular polymer which could be extracted for 
further investigations.

4.2. INVESTIGATIONS INTO THE USE OF EXTRACTION METHODS FOR
QUANTIFYING K. AEROGENES EXTRACELLULAR POLYMER PRODUCTION

4.2.1. Evaluation of extraction techniques
Various combinations of the techniques (see 3.4) recommended by 

Brown & Lester (1980) for extraction of extracellular polymer from K, 
aerogenes were investigated in batch and continuous culture (Table 
11). Extracted polymer was estimated as hexose sugars, while the pro
tein content of the extracts was used as a comparative measure of 
cellular disruption.

Ultrasonication at 18 W followed by 10 min centrifugation at 
33000 x g and filtration extracted very little polymer from either 
culture, the majority of the yield being residual. Increasing the 
ultrasonicat ion to 80 W had little effect on the batch culture, but 
caused considerable disruption of the continuous culture with an 
increase in both polymer and protein yield. These increases were not 
proportional; more polymer was released in relation to residual values 
than protein. The large relative standard deviation however, indica
tes that the method was inconsistent, yields from triplicate samples 
varying from 30-691 mg l-*.

During the course of these extractions, it was observed that 
after filtration of the supernatants, a clear gel layer remained on 
the filter paper. This layer could be removed and was resuspended in 
a volume of distilled water equal to that of the filtrate, to ascer
tain its concentration in the original sample. The suspension gave a 
positive reaction to the hexose assay, and on passage through a



Table 11. Total and extractable extracellular polymer in batch and continuous cultures of K. aerogenes

j ubatch, shake culture continuous culture

fraction
determined method polymer protein (mg 1”1) polymer protein

total cell dry weight 728.8 (7.5)+ 2628.9 (4.3)

total hydrolysis 323.2 (8.1) 1966.5 (4.3)

residual filtration 25.0 (9.6) 16.85 (4.2) 18.0 (2.3) 100.0 (1.4)
extracted
soluble

18 W ultrasonication 
10 min centrifugation 
filtration

24.0 (5.4) 15.17 (3.4) 27.4 (16.6) 111.0 (13.1)

extracted
soluble

80 W ultrasonication 
10 min centrifugation 
filtration

25.8 (5.6) 12.5 (3.1) 135.5 (69.0) 160.0 (29.7)

extracted 
soluble > 44.8 (7.0) 21.6 (1.2) 57.4 (12.4) 84.3 (8.6)

colloidal 18 W ultrasonication 
60 rain centrifugation

254.9 (0.6) - 713.0 (5.8)

total 322.0 (6.9) — 751.7 (3.2)

* dilution rate 0.05 h 1 + mean and relative standard deviation of nine replicates
not determined, interference in u.v. absorption due to presence of colloid.
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Sephadex G50 column was eluted with 95% recovery at the void volume 
suggesting a relative molecular weight exceeding 10^. It could be 
refiltered and resuspended with a recovery of 80%, and was considered 
a colloidal form of bacterial extracellular polymer. This colloidal 
phase may bear a closer resemblance than the purely soluble form to 
the capsular polymer surrounding the cells (Plate 1), thus as an 
alternative to filtration, which retained this fraction of the 
extracted polymer, prolonged centrifugation was used to produce a cell 
free supernatant from which the fraction could be isolated. This 
method proved satisfactory for continuous cultures at all dilution 
rates except 0.01 h” ,̂ where due to the high viscosity of the culture 
the small volume of supernatant produced was difficult to separate by 
decantation.

Compared to the method incorporating filtration, a combination 
of 18 W ultrasonication and 60 min centrifugation produced 13-fold and 
27-fold increases in the final concentration of extraction of extra
cellular polymer extracted from batch and continuous cultures respec
tively, consequently this method was employed for all subsequent 
extractions.

4.2.2. Influence of dilution rate on polymer production and
extraction efficiency
The absolute quantity of extracellular polymer extracted from 

continuous culture at five dilution rates (Table 12) increased as the 
dilution rate was decreased. Figure 5, however, indicates that the 
extraction per viable cell was relatively constant at the three higher 
dilution rates and only began to increase at 0.05 h“  ̂ and 0.01 h~^. 
The percentage of the extracted fraction which was soluble was highest 
at the higher dilution rates, with a predominance of colloidal polymer 
at the lower dilution rates. The recovery of extracted polymer after 
separation of the soluble and colloidal components varied by ± 20%, 
the lower percentages occurring when the colloidal form predominated 
due to incomplete recovery of that fraction of the gel held within the 
filter paper.

Attempts to quantify total extracellular polymer were made by a 
gravimetric determination where the difference in dry weight per 
viable cell between the capsulated strain (specific growth rate = 
0.932 h”l) and the non-capsulated strain (specific growth rate =



Plate 1. Cells of Klebsiella aeroqenes NCTC 8172 stained with India 
ink, surrounded by unstained capsules and loose slime. Non-capsulated 
cells stained in this way are virtually indistinguishable from the 
India ink matrix, bar = 1 ym.
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Table 12. Total, soluble and colloidal extracellular polymer
extracted from continuous culture of K. aerogenes over 
a range of dilution rates

dilution
rate
(h-1)

polymer 
extracted 
(mg l-1)

% polymer 
soluble

extracted as: 
colloidal

% extracted 
polymer

recovered after 
separation of 
two fractions

0.01 2580.0 7 75 82
0.05 647.8 9 77 86
0.10 219.3 17 62 79
0.25 128.4 91 23 114
0.50 57.0 95 14 109

0.676 h“l) was assumed due to extracellular polymer, and after acid 
hydrolysis where the results were similarly corrected with data from 
the non-capsulated strain (Figure 5). Although these two empirical 
methods did not give identical results, polymer determination after 
acid hydrolysis gave a consistent percentage of 65 ± 4% of that deter
mined by cell dry weight. Use of the total polymer concentration 
determined by acid hydrolysis without the correction for intracellular 
polymer gave a percentage of that determined by corrected cell dry 
weight of 71.4 ± 1.7% at all dilution rates below 0.5 h“l. An exami
nation of the quantity of hexose produced on hydrolysis by each strain 
(Table 13) indicated that the proportion of intracellular hexose 
(non-capsulated strain) remained relatively constant over the range of 
dilution rates studied, suggesting that acid hydrolysis of the cap- 
sulated strain alone could be used as a semi-quantitative measure of 
extracellular polymer.

The fraction extracted at each dilution rate, however, was not 
a consistent proportion of the total polymer present; the extraction 
efficiency increased as the dilution rate was reduced (Table 14). This 
observation suggested that the combination of extraction techniques 
investigated could not be used as a completely reliable method for 
quantifying extracellular polymer, and it was therefore subsequently 
used for qualitative extractions only.
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Figure 5. The influence of dilution rate on total and extractable 
extracellular polymer from continuous culture of 
K. aerogenes, (A) quantity of polymer extracted; (•) 
total polymer estimated by cell dry weight; (O) total 
polymer estimated after acid hydrolysis
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Table 13. Quantity of hexose released on acid hydrolysis of samples 
of capsulated and non-capsulated strains of K. aerogenes

dilution rate 
(h"l)

hexose released on hydrolysis (yg per 10^ cells) 

non-capsulated strain capsulated strain

0.01 0.91 47.1
0.05 1.0 13.1
0.25 1.4 9.1
0.5 1.4 7.4

Table 14. Percentage of total polymer (determined by cell dry weight 
and after acid hydrolysis) extracted at varying dilution 
rates from continuous culture of K. aerogenes

dilution rate 
(h-1)

% polymer extracted

cell dry weight hydrolysis

0.01 49.5 72.5
0.05 26.0 39.2
0.10 13.0 20.1
0.25 14.6 24.1
0.50 15.0 21.8



4.3. INVESTIGATION OF METAL COMPLEXATION BY K. AEROGENES 
EXTRACTED EXTRACELLULAR POLYMER

83

4.3.1. Determination of complexation capacity and conditional
stability constants
In order to quantify the metal-binding capacity of the 

extracted extracellular polymer, complexation parameters were deter
mined by using the method described in section (3.6.3.). Extracellular 
polymer was obtained from continuous cultures of K. aerogenes grown at 
a dilution rate of 0.05 h“*. Samples of 2 ml containing 10 mg polymer 
dissolved in Tris-metal ion buffer were fractionated on Sephadex G25, 
and after metal analysis equation (3.2.) was applied to the results.

The conditional stability constants (logK') of the complexes 
formed between K. aerogenes polymer and four metal ions and the 
average number of binding sites for each metal per molecule of polymer 
were determined from Figures 6-9 and are listed in Table 15. An affi
nity series for polymer-metal complexes can be identified as

Cu > Ni, Co > Cd.

Only one type of binding site appeared to be available to each metal 
ion, as points after the inflexion in Figures 6, 8 and 9 produced
horizontal lines for Cu, Co and Cd giving K' a value of zero. In the 
case of Ni (Figure 7), at higher values of [M] the parameters Mb/P[M] 
and M^/P were no longer interdependent variables, since M^ appeared to 
have reached a maximum value, and the equilibrium relationship 
described by equation (3.2J no longer held. For each of the four 
metals, therefore, only one type of complex was apparent from the 
data.

The coraplexation capacities of the polymer for each metal were 
calculated from values of n' and are given in Table 15. These values 
indicate the extent of metal binding equivalent to saturation of the 
polymer for the complexes corresponding to the solid lines in Figures 
6-9. The metal binding data have also been plotted as Freundlich 
isotherms and these are shown in Figure 10. The isotherms indicate 
that for Cu, Cd and Co, binding of the metals by the polymer continued 
to occur after the complexation capacities were exceeded, indicating 
the formation of further complexes. However, the plateau region of
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Figure 6 . Plot of bound metal/free metal against bound
metal for Cu complexed by extracellular polymer 
extracted from K. aerogenes

Figure 7. Plot of bound metal/free metal against bound
metal for Ni complexed by extracellular polymer 
extracted from K. aerogenes
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Figure 8. Plot of bound metal/free metal against bound metal 
for Co complexed by extracellular polymer extracted 
from K. aerogenes

Figure 9. Plot of bound metal/free metal against bound metal 
for Cd complexed by extracellular polymer extracted 
from K. aerogenes
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Figure 10. Freundlich isotherms for adsorption of Cu (•), Ni (■), 
Co (O) and Cd ( a ) by extracellular polymer extracted 
from K. aerogenes

the Ni binding isotherm corresponded very closely to the coraplexation 
capacity, indicating that once this value was reached, no further 
complexation occurred. This aspect of Ni binding is reflected in the 
different type of curve obtained in Figure 7 for high values of [M] 
(dotted line) compared to the horizontal lines in Figures 6 , 8 and 9. 
In fact, although the effective values of K' for weaker secondary 
complexes obtained from Figures 6 , 8 and 9 were zero, on the scale 
employed to find K' for the lower values of [M], the formation of 
further weak complexes would be undetectable if their conditional sta
bility constants were more than two orders of magnitude lower than the 
constants for the stronger complexes. An examination of Figures 6 , 8 

and 9 indicates that secondary complexes would only have been detec
table if values of logK' were > 4.5 for Cu and > 3.5 for Cd and Co.

The extent of binding of individually added metals to polymer 
depends upon the magnitude of the parameter K'n', whereas if com
petition occurs for the same binding sites when metals are added in 
combination, the extent of the complexation depends upon the relative 
values of K' for the competing ions. The values of n' given in Table 
15 are accurate to approximately ± 20% at low values and ± 5% at
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Table 15. Conditional stability constants, average number of
binding sites per molecule and coraplexation capacities 
for Cu, Ni, Co and Cd complexed with K. aerogenes 
extracted extracellular polymer

metal logic' n ' complexation capacity (mol g 1 )

Cu 7.69 7 4.0 x 10- 6

Ni 5.49 27 1 . 6  x 1 0 ~ 5

Co 5.48 17 Ui . 00 X ►—* o 1 O'

Cd 5.16 51 3.07 x 10“ 5

higher values. Thus, despite the fact that four different values of 
n' were obtained, it is likely that less than four, and probably only 
two distinct types of binding site were available on the polymer, the 
most abundant being specific for Cd and Ni, and the least abundant for 
Cu and Co. This would suggest that some degree of competition would 
occur between the two members of each group of metals.

4.3.2 Comparison of metal binding by soluble and colloidal forms
of polymer
Since the two types of extracellular polymer obtained from 

K. aerogenes may be only partially representative of the capsular 
material surrounding the cells, and since their relative proportions 
could potentially influence the ratio of soluble to insoluble forms of 
metal ions and thus the degree of removal, the relative affinities of 
the soluble and colloidal forms of polymer for six metal ions were 
determined. Metals were each added at a concentration of 10”  ̂M, both 
individually and in combination, to the polymer extracted from 
K, aerogenes, and allowed to equilibrate for 3 h. The soluble and 
colloidal forms of the polymer extract were separated by filtration, 
and 1 ml samples of the total extract and the soluble extract were 
fractionated on Sephadex G15 (Figure 11). Uptake by the colloidal 
polymer was estimated by subtraction of the metal bound by the soluble 
polymer from that bound by the total polymer. The validity of this 
approach was verified experimentally by resuspension of the colloidal 
fraction retained on filtration and determination of its metal con
centration, which gave a value within 1 2 % of that obtained by subtrac
tion. The degree of metal coraplexation by each of the two forms of 
polymer is shown in Figure 12.



Vt
Figure 11. Gel chromatogram of Cd bound to total (•) and soluble (o) forms of K. aerogenes polymer 

and free Cd (A) eluted from Sephadex G15
00oo
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Figure 12. Specific uptake (mol per g polymer per mol added) of 
metals by soluble (□) and colloidal (H) forms of 
polymer extracted from K. aerogenes

a) Metals added separately

Nickel, when added separately, was complexed to the greatest 
extent, with five times as much being bound by the soluble polymer 
than by the colloidal polymer. Copper and Cd were also more strongly 
bound by the soluble form than the colloidal form of polymer, while 
Co, Mn and T1 were only weakly bound. When the metals were added in 
combination to an aliquot of the same polymer extract, the degree of 
binding of all the metals (except Tl) to the soluble polymer was 
decreased, while the coraplexation of Ni by the colloidal polymer was 
similar and the complexation of Cu and Cd increased. A comparison of 
the total specific uptake of metals by the soluble and colloidal forms 
demonstrated that, on addition of single metals, the soluble form 
exhibited a total specific uptake of 23.2 x 1 0“^ g“l, while the 
colloidal form gave a total specific uptake of 3.58 x 10“^ g”*. When 
the metals were added in combination, however, the total specific 
uptake of the soluble form decreased to 5.3 x 10*"̂  g“* compared to an
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increase to 9.47 x 10“^ g”  ̂ for the colloidal form. This may indicate 
that in the case of the soluble polymer there was some degree of com
petition between the metals for available binding sites, while the 
complexation of Cu and Cd by the colloidal polymer may have been 
enhanced by the presence of other metal ions.

4.4 CONSTRUCTION OF A MASS BALANCE OF METAL UPTAKE IN CULTURES OF 
K. AEROGENES

In order to investigate the distribution of metals taken up by 
a capsulated bacterium among the sites of accumulation available, and 
to determine the effect of cultural conditions on such distribution, a 
mass balance of metal uptake was constructed. The non-capsulated 
strain of K. aerogenes was used as a control for the capsulated 
strain, to allow an assessment of the role of extracellular polymers 
in metal uptake to be made. Uptake of Cu, Cd, Co, Ni, Mn and T1 was 
determined in batch, shake culture in which the pH decreased from 6 . 8  

to 4.5, in batch culture in the chemostat with the pH maintained at
6 . 8  and in continuous culture in the chemostat at pH 6 .8 .

Triplicate batch, shake cultures were made of both strains, two 
containing the six metals each at a concentration of 1 0“  ̂M, and one 
metal free control. The viable count of the cultures was determined 
at the end of log phase, and triplicate samples of 1 0 ml were taken 
for analysis after 6 d growth. Precipitation in these cultures was 
estimated by adding metals to filtrate from the 6d-old metal-free 
culture, and determining the concentration of soluble metal remaining 
after refiltration. This was done in order to assess the effect of 
precipitation in the spent culture medium after the reduction in pH 
from 6 . 8  to 4.5 had occurred. In situ dialysis was employed to deter
mine the concentration of free metal in solution and low molecular 
weight soluble complexes. Batch cultures grown in the chemostat were 
sampled every 2-4 h during log phase, then daily for 6 d. In this 
case, no replicate samples were taken so as to minimise the cumulative 
loss of culture volume from the vessel. Triplicate 25 ml samples were 
taken at each dilution rate during continuous culture. An estimate of 
precipitation was made before inoculation by allowing medium to which 
metal stock solution had been added to stand and settle for 3 h, then 
determining the concentration of soluble metal in the supernatant.
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Half of each of the samples taken from the cultures was 
filtered to separate the soluble polymer component, and the filtrates 
and whole culture samples were dialysed against MgSO^ solution (see
3.6.2.1.1.) to remove residual sucrose and uncomplexed metals. After 
acid hydrolysis of the whole culture samples, polymer and metal deter
minations were carried out on all samples, and from the results of the 
metal analysis, the following mass balance was constructed:

M t = Ma + (Mb(; + Mbg) + Mp + M f

*

where Mt = total metal in culture 
Ma = cellular uptake of metal 
Mbc = metal bound by capsular polymer 

= metal bound by soluble polymer 
Mp = precipitated metal 
Mf = free metal in solution.

(4.1)

In the following, the quantities of metal equivalent to each of the 
above terms have all been expressed as functions of the original con
centration of metal in the culture in order to be able to obtain the 
equality in equation (4 .1 ).

Ma was estimated as the metal retained on dialysis of the non
capsulated culture after subtraction of the blank value obtained by 
dialysis of pure metal solution under similar conditions. The total
quantity of metal bound by extracellular polymer (M^ = Mf, + M 5 ) wasc s
assessed by subtraction of the value Ma (corrected for cell numbers by
division by the number of viable non-capsulated cells per ml and
multiplication by the number of viable capsulated cells per ml of each
sample) from the concentration of metal retained on dialysis of the
capsulated culture. M|,s was determined by subtracting the metal
retained after dialysis of the non-capsulated culture filtrate from
that of the capsulated culture filtrate, and Mf, by M^ - M^ . Where Jjic s
situ dialysis proved impractical, Mf was obtained by subtraction of 
the sum of the fractions from M t. Flow charts describing the sampling 
procedure are given in Figures 13 and 14.

4.4.1. Mass balance of metal uptake in batch culture at pH 4.5
The mass balance of metal uptake (equation 4.1) in a batch 

shake culture at a low pH (4.5) is shown in Table 16. Cellular



9 2

6 day capsulated 
culture + metals

6 day capsulated 6 day non-capsulated
culture culture + metals

direct determination

dialysis of 
filtrate

filtration direct determination

metals added to 
fitrate

filtration

dialysis of 
filtrate

Mbs control value 
for Mbs
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s t r a i n  o f  K. a e r o g e n e s  i n  b a t c h ,  s h a k e  c u l t u r e  at 
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F i g u r e  1A. F l o w  c h a r t  of s a m p l i n g  p r o c e d u r e  f o r  t h e  c o n s t r u c t i o n  

o f  a m a s s  b a l a n c e  o f  m e t a l  u p t a k e  b y  a c a p s u l a t e d  

s t r a i n  o f  K. a e r o g e n e s  i n  b a t c h  a n d  c o n t i n u o u s

c u l t u r e  at p H  6 . 8
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Table 16. Mass balance of metal uptake by a 5 d-old batch, shake 
culture of K. aerogenes at a final pH of 4.5 in medium 
containing 10”  ̂M Cu, Cd, Co, Ni, Mn and T1

mol 1 1 metal 
(x 1 0“5)

Cu Cd Co • Ni Mn T1

cellular uptake 0.3 0.286 0.105 0.129 0.078 0.008
capsular polymer 
binding

0.32 0.014 0 0 0 0

soluble polymer 
binding

0.041 0 0 0 0 0

precipitation 0.079 0.089 0 0.003 0.013 0.005
free metal 0.385 0.92 1.06 1.09 1.05 0.467

total metal 
by addition

1.133 1.309 1.165 1 . 2 2 2 1.141 0.48

total metal by 
determination

1.25 1.34 1.19 1.03 1.15 0.738

uptake, by adsorption onto cell walls or active uptake into the 
cytoplasm, of all metals was observed, Cu and Cd to the greatest 
extent and T1 the least. Capsular polymer bound a substantial amount 
of the Cu present (26%) but only 1% of the total Cd. Soluble polymer 
complexed 3% of the Cu. Very little precipitation occurred at this 
pH. Copper and Cd may have initially precipitated when the pH was 
higher and become incorporated in the capsular polymer matrix as pre
cipitates. Cobalt, Ni, Mn and T1 remained largely in an uncomplexed 
soluble form.

Recovery of five of the metals from the separated fractions 
compared well in total to that originally added, although the final 
concentration was higher than the nominal 10“  ̂M, probably due to eva
poration of the cultures over the five days. Of the T1 added, 
however, only 48% was identified in the individual fractions, and 73% 
by direct determination. As the recovery of T1 was unreliable, pro
bably due to adsorption onto the glassware, it was not included in 
further experiments.
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4.4.2. Mass balance of metal uptake in batch culture at pH 6.8
A mass balance could not easily be constructed for the batch 

culture grown in the chemostat, as the points of the two culture 
growth curves did not coincide (Figure 15a). The lag phase was 
extended further in the capsulated culture than the non-capsulated 
culture (by 8 h) hence data on both cultures are presented for visual 
comparison (Figures 15 & 16). The values obtained for cellular poly
saccharide and metal retention by the non-capsulated culture were used 
as a control for the capsulated strain.

A sample was taken three hours after inoculation to assess ini
tial uptake by passive cells (Figure 16). Similar concentrations of 
Cu, Ni, Co and Mn were retained by both cultures suggesting that 
uptake might have involved cells rather than extracellular polymer. 
There was, however, a noticeable difference between the strains in the 
retention of Cd; within this relatively short period extracellular 
polymer complexed approximately six times as much Cd as the cells 
alone. During the log phase cellular uptake of Cu and Mn, and more 
particularly Cd and Ni by the non-capsulated strain (Figure 16b) 
increased commensurately with viable count. The concentration of Cd 
and Ni remained stable, but Cu and Mn retention decreased at the end 
of log phase and stabilised at a concentration only slightly higher 
than that in the lag phase. Thus Cd and Ni binding during rapid pro
liferation appeared to be of a more permanent nature than Cu and Mn 
binding. Very little cellular uptake of Co occurred.

In each case except Ni, metal uptake by the capsulated strain 
(Figure 16a) was greater than by the non-capsulated strain despite the 
fact that the cell numbers of the former were lower (Figure 15a). 
Retention of all the metals by the capsulated strain increased during 
stationary phase. Since the total cell numbers remained constant, the 
presence of extracellular polymer which reached a maximum of 4500 mg 
1“1 at 100 h growth (Figure 15b) was probably responsible for this 
uptake. Production of soluble polymer by the capsulated strain was 
negligible (Figure 15c). Metal concentrations determined in the 
dialysed culture filtrates of both cultures showed no identifiable 
trends, and were generally of the magnitude of blank values for 
dialysed metal solutions (< 10“  ̂M).
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HOURS A F T E R  INOCULATION

Figure 15. Viable count (a), total polymer production (b) and soluble 
polymer production (c) of a capsulated (•) and a non
capsulated strain (O) of K. aerogenes inoculated into 
medium containing 10”  ̂M Cu, Cd, Co, Ni and Mn.



97

HOURS AFTER INOCULATION

- 5

HOURS A F T E R  INOCULATION

Figure 16. Retention of Cu (A), Cd (•), Co (A), Ni (O), and 
Mn (□) on dialysis of whole culture samples of a 
capsulated strain (a) and a non-capsulated strain (b) 
of K. aerogenes
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Precipitation in the medium accounted for 51% of the total Cd, 
27% of the Mn, 16% of the Cu and Co and 2.4% of the Ni. These figures 
were considerably higher at pH 6.8 than in the batch, shake culture at 
pH 4.5. Despite the increased availability of soluble metal ions in 
batch culture at pH 4.5, the overall percentage uptake of metals after 
5 d growth was only 19.1 compared to 49.8 in the batch culture at pH 
6.8.

4.4.3. Mass balance of metal uptake in continuous culture at pH 6.8
Figure 17 shows the mass balance of metals at five different 

dilution rates in a chemostat. Cellular uptake of Cu and Cd was high, 
and increased with increasing dilution rate. At the highest dilution 
rate studied some accumulation occurred, as the concentration of metal 
retained by the cells exceeded the 10“  ̂ M concentration in the 
influent medium. At the lowest dilution rate, 0.025 h”l, Cu and Cd 
were bound by capsular and soluble polymers. This trend was also 
observed for Mn, where binding by capsular polymer exceeded that by 
the cells at the 0.05 h”  ̂ and 0.025 h“l dilution rates. These results 
indicated a shift in function from intracellular uptake to extracellu
lar binding as the dilution rate was decreased. Total extracellular 
polymer production ranged from 287.3 - 3056 mg 1“1 and soluble polymer 
production from 0 - 21.8 mg 1”1 at the 0.5 h”l and 0.025 h"^ dilution 
rates respectively. There was evidence of slight cellular uptake and 
capsular polymer binding of Co, but the concentrations were low at all 
dilution rates. Nickel remained almost entirely in an uncomplexed 
soluble form except at the highest and lowest dilution rates where it 
was bound by capsular and soluble polymers respectively. Soluble 
polymer, although only present in very low concentrations, appeared to 
bind all five metals at the 0.025 h”  ̂ dilution rate, especially Ni 
and Cu. A comparison of the quantity of metal bound by the capsular 
and soluble polymers (Figure 17) with regard to their concentrations 
(see above) would suggest that the soluble form had a greater capacity 
per unit mass for metal binding.

The results presented suggest that process parameters such as 
the physiological age of the culture and dilution rate may affect 
metal removal. In batch culture, overall metal removal was most 
effective during late stationary phase, when maximum polymer produc
tion appeared to enhance the cellular uptake. In continuous culture, 
maximum removals generally occurred at the highest and lowest dilution
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Figure 17. Influence of dilution rate on mass balance of metals
in continuous culture of K. aerogenes: M t (□),
Mf (■), M ( A ) ,  Ma (A), (•), (O)

^ c s
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rates where intracellular and extracellular uptake predominated 
respectively. Metal removal may occur to a greater extent in cultures 
with long cell retention times as the biomass may be more tolerant of 
toxic concentrations of metals if they are immobilised extracellularly 
by physico-chemical mechanisms rather than internally by biological 
pathways.

4.5 INVESTIGATIONS INTO THE USE OF EXTRACTION METHODS FOR 
QUANTIFYING ACTIVATED SLUDGE EXTRACELLULAR POLYMER

4.5.1. Determination of total polymer
To permit a similar series of metal uptake experiments to be 

conducted on extracellular polymer from activated sludge, various 
methods of deflocculating the sludge to facilitate the separation of 
extracellular material were investigated. However, in order to assess 
the efficiency of the extraction methods employed, it was first 
necessary to ascertain the amount of extracellular polymer present in 
the activated sludge which was theoretically available for extraction. 
The polymer was estimated as polysaccharide by means of the Dubois 
assay for hexoses and the protein content was used as a measure of 
cellular material (see 3.5.2.2.). The total polysaccharide and protein 
determined after acid hydrolysis is shown in Table 17.

Although the protein extracted seemed consistent, the quantity 
of polysaccharide extracted was still increasing after 5 h, which 
suggested that more rigorous hydrolysis was required. The Dubois

Hydrolysis 
at 80°C (h)

Protein 
extracted 
(mg g"1 SS)

Polysaccharide 
extracted 
(mg g"1 SS)

. Protein: 
polysaccharide

1 250.4 72.0 3.5
2 204.7 56.9 3.6
3 225.6 80.6 2.8
4 225.6 103.7 2.2
5 199.1 122.2 1.6

Table 17. Quantification of total polysaccharide and protein in 
activated sludge by hydrolysis with 6 M HC1
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Table 18, Quantification of total polysaccharide in activated sludge 
by rapid hydrolysis.

Sample Polysaccharide 
(mg g_1 SS)

Relative standard 
deviation (%)

1 166.1 2.6
2 143.5 4.3
3 168.9 9.3
3 unfiltered 172.7 4.6

assay was therefore performed directly on diluted sludge samples (see 
3.5.2.1.); three samples taken on different days gave polysaccharide 
totals as shown in Table 18. The samples were filtered to remove 
inorganic or residual organic material but, as can be seen from the 
filtered and unfiltered preparations of sample 3, there was little 
unhydrolysed material present. A mean value of 159.5 mg g~l SS, 
approximately 16% of the total solids, was therefore taken as an esti
mate of total polysaccharide in the sludge.

4.5.2. Determination of extractable polymer
The ratio of extracted protein to polysaccharide for all 

methods is given as an indication of the magnitude of the polymer 
extraction in relation to the degree of cellular disruption, as given 
by the protein concentration.

Both homogenisation and STPP addition (Table 19) produced pro
tein and polysaccharide from the samples in excess of the residual 
concentrations. The quantities extracted were low however, the highest 
being 4.75% and 5.5% of the total polysaccharide respectively. The 
results of using Dowex resin to deflocculate the samples by removing 
divalent cations are shown in Table 20. At ambient pH, the SVI was 
only slightly reduced, but the settled turbidity nearly doubled, indi
cating substantial deflocculation. Protein and polysaccharide extrac
tions were 7 times and 5 times those of the control. A reduction in 
pH resulted in an increase in protein and polysaccharide extracted 
from the control, but a considerable decrease in protein extracted 
from the sample incorporating Dowex. Increasing the pH to 9 had the 
effect of reducing the SVI but increasing the turbidity, suggesting
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Table 19. Polysaccharide and protein extracted from activated 
sludge deflocculated by homogenisation and STPP with 
ultrasonication

Treatment Protein 
extracted 
(mg g_1 SS)

Polysaccharide 
extracted 
(mg g_1 SS)

Protein:
polysaccharide

homogenisation 0 11.8 2.6 4.6
(min) 2 18.6 4.6 4.0

5 21.1 5.7 3.7
10 25.7 7.1 3.6
30 20.6 7.2 2.9

mg 1_1 STPP 2.5 11.5 6.8 1.7
added before 5 12.6 7.4 1.7
ultrasoni- 10 15.6 8.8 1.8
cation (18 W, 25 14.2 6.3 2.2
10 rain) 50 14.4 5.8 2.5

the conversion of flocculant solids to a stable suspension. Similar 
concentrations of protein were extracted, but less polysaccharide than 
at ambient pH.

Of the other methods investigated (Table 21) ultrasonication 
and dialysis extracted <4.9% of the total polysaccharide. The use of 2 
mm ballotini gave a slightly higher protein:polysaccharide ratio, pro
bably by causing structural damage to the cells. The more rigorous 
methods such as heat treatment yielded 14.5-17.8% of the total poly
saccharide and alkaline extractions 34.3-40.7% of the total poly
saccharide. Precipitation of the polymer with acetone before 
extraction did not enhance the efficiency of the boiling method, but 
incorporation of Dowex resin in a steamed sample increased the yield 
by 12%. The formaldehyde pretreatment reduced the protein:polysac
charide ratio considerably in each case. The alkaline treatment 
extracted the greatest quantity of polysaccharide, followed by Dowex 
addition at 1:1 by volume, steaming, boiling and Dowex addition at 
1:10 by volume. The effect of heat treatment on the quantity and form



Table 20. The effect of addition of Dowex ion-exchange resin at varying pH on extraction of polysaccharide and
protein from activated sludge

Treatment SVI
(ml g”l)

Settled
turbidity

(FTU)

Protein extracted 
(mg g“l SS)

Polysaccharide 
extracted 
(mg g“* SS)

Protein:
polysaccharide

pH 4 255.4 37.3 18.9 5.4 3.5
pH 4 with Dowex addition 
(1:10 by vol)

155.9 49.0 43.7 17.3 2.5

pH 7.2 227.9 19.7 9.2 3.6 2.6
pH 7.2 with Dowex addition 
(1:10 by vol)

213.9 34.7 66.2 18.4 3.6

pH 9 161.1 32.5 11.3 2.4 4.7
pH 9 with Dowex addition 
(1:10 by vol)

178.3 42.0 61.5 9.0 6.8

103
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Table 21. Comparison of methods for extracting polysaccharide and 
protein from activated sludge

Treatment Protein 
extracted 
(mg g”1 SS)

Polysaccharide 
extracted 
(mg g“l SS)

Protein:
polysaccharide

0.22 pm filtration (residual) 11.6 1.9 6.0
10 min ultrasonication (18 W) 10.7 3.5 3.1
10 min ultrasonication (80 W) 22.6 7.8 2.9
2 min ultrasonication with 19.5 5.9 3.3
ballotini (0.5-1.0 mm)
2 min ultrasonication with 25.3 5.0 5.1
ballotini (2 mm)
12 h dialysis against 10.0 3.8 2.6
distilled water
12 h dialysis against 18.8 5.5 3.4
0.85% isotonic saline
10 min steaming in autoclave 86.2 28.5 3.0
1 h boiling in waterbath 88.2 23.4 3.8
4 h boiling with acetone 69.0 21.0 3.3
addition (1.5 vols)
10 min steaming with Dowex 98.4 32.6 3.0
addition (1:10 by vol)
Dowex addition (1:1 by vol) 147.9 38.9 3.8
Dowex addition (1:1 by vol) 63.1 24.7 2.6
with formaldehyde pretreatment
2 M NaOH 135.5 65.1 2.1
2 M NaOH with formaldehyde 77.9 54.7 1.4
pretreatment

of extracted material is shown in Table 22. Although no significant 
difference was apparent for the polysaccharide after steaming, there 
was a significant reduction in the protein concentration, suggesting 
that the estimation of cellular disruption caused by heat treatment 
may be slightly inaccurate.
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Table 22. The effect of steaming treatment on the quantity and form 
of K. aerogenes extracellular polymer and on bovine serum 
albumen protein

Untreated 
(mg l"1)*

Relative
standard
deviation

<%)

Treated 
(mg l”1)

Relative
standard
deviation

(%)

T-test
result

Non-dialysable 826.3 14.8 920 8.4 NS
polymer
Colloidal fraction 796.5 11.5 803.3 8.9 NS
Soluble fraction 144.0 25.7 153.0 10.7 NS
Protein (as bovine 48.8 3.6 44.8 6.5 0.01
serum albumen)

*mean of 9 replicates; NS not significant at 0.05 significance level

The ratio of protein:polysaccharide extracted decreased from a 
residual value of 6:1 to 3:1 with the more gentle extraction methods. 
It was expected that this ratio might suddenly increase as the 
severity of the methods began to cause major cellular disruption, but 
no real breakpoint become obvious. The ratio remained fairly con
sistently at 3:1, except at low or high pH where the protein, stable 
only in the range pH 5-8, may have been partly denatured, thus giving 
a lower ratio. The 3:1 ratio found for the extracted material might 
suggest that either all the methods used caused a similar degree of 
cellular disruption, or more likely that the floes were conglomerates 
of whole viable cells and dead and disintegrating cells, bound 
together by a gel matrix composed of extracellular metabolites and 
intracellular products of lysis. The further the floes were broken 
up, the more of this heterogeneous material was released into the 
supernatant, at a protein:polysaccharide ratio similar to that of the 
original cells. As such, the use of extracted protein as a measure of 
cellular disruption may also be conceptually erroneous.

Although none of the methods investigated could be considered 
to be quantitative, the rapid hydrolysis method for total poly
saccharide determination may be of use as an estimate for comparative 
purposes, while for the routine extraction of polymers, the method of
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Dowex addition at ambient pH would seem to be preferable. An addi
tional volume intermediate between the two used may be optimal, as the 
stirring speed required to mobilise a 1:1 by volume Dowex slurry was 
considerable and may have begun to cause excessively disruptive 
effects similar to those observed for ballotini. Therefore for all 
further extractions a 1:3 by volume Dowex slurry was used. The resin 
combined both a chemical and physical mode of extraction but was 
easily separated afterwards, unlike purely chemical extractants. The 
method did not cause denaturation of proteins by heat or pH, and as 
they would appear to form an integral part of the extracellular 
matrix, this may be of importance. Removal of the various divalent 
cations within the sludge for deflocculation rendered the extracted 
polymer in the Na+ form, which was particularly useful as it was sub
sequently to be used for metal uptake studies.

4.5.3. Characterisation of extracted polymer
The amber-coloured polymer extract was predominantly in the 

soluble form; 75-80% of the total polysaccharide could be identified 
in the filtrate after passage through a 0.22 yra filter. When chroma
tographed on Sephadex G25, the majority of the extracellular material 
was eluted directly after the void volume, indicating a molecular 
weight exceeding 5000 (Figure 18). The material comprising this peak 
contained protein and polysaccharide in a ratio of approximately 3 :1 , 
although the smaller peak eluted at the total column volume did not 
react to either assay, and may have been comprised of low molecular 
weight inorganic species which would be removed from the extract 
during dialysis.

Polymer samples which had been dialysed exhaustively to remove 
such inorganic material could not be precipitated by the addition of 2 

volumes of acetone. Addition of CaCl2 or NaCl prior to the acetone, 
however, produced similar quantities of precipitated polymer. 
Precipitation of the polymer could also be induced, without acetone 
addition, by reduction of the extract pH to 1 with 12 M HNO3 , although 
a further sample remained soluble when adjusted to pH 12 with 6 M 
NaOH. These observations suggested that monovalent cations (Na+ , H+) 
contribute to the formation of solid polymer structure as well as 
divalent cations.
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elution volume

Figure 18. Gel chromatograms of mixed liquor supernatant
after settling (b) and mixed liquor supernatant 
after Dowex extraction (a) on Sephadex G25. Eluted 
fractions of the Dowex extract were assayed for 
protein (c) and polysaccharide (d)
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4.6. COMPARISON OF INFRARED SPECTRA OF EXTRACTED EXTRACELLULAR
POLYMERS

4.6.1. Comparison of the infrared spectra of activated sludge and
K. aerogenes polymers
Both the spectra (Figures 19 & 20) exhibited broad band absorp

tions characteristic of samples in which intermolecular polymeric 
hydrogen bonding was dominant. The band width of the K. aerogenes 
polymer peaks, particularly at the lower frequencies was less than 
that of the activated sludge polymer peaks, indicating a greater 
degree of homogeneity in the pure culture polymer.

The activated sludge polymer spectrum was dominated by broad 
band absorptions of proteinaceous material at 1655 cm“l and 1545 cm”l, 
and of polysaccharides at 1050 cm“ .̂ The peak at 1655 cm"l is charac
teristic of the carbonyl (C=0) stretching mode of secondary amides 
such as those occurring in proteins and polypeptides, and is referred 
to as the amide I band. Secondary amides also exhibit a characteristic 
band at 1545 cm“l (amide II), which is assigned as the N-H deformation 
mode. The weak shoulder at 1714 cra""l on the 1655 cm"^ band is 
characteristic of the C=0 stretching vibration of carbonyls origi
nating from carboxylic acids, which exhibit strong absorption in the 
range 1680-1650 cm“l. Another shoulder at 2300 cm”* was tentatively 
assigned as the C=N stretching of an unsaturated nitrogenous group, 
and the weak band at 2720 cm“l as the C-H stretching vibration of an 
aldehyde or ketone.

The K. aerogenes polymer spectrum exhibited a less pronounced 
band at 3400 cm” ,̂ the water band, which may have been due in part to 
differences in sample preparation, as the K. aerogenes samples were 
lyophilised while the activated sludge samples were dried iii vacuo 
only. A band at 2930 cnf*l indicated the methylene C-H stretch of 
aliphatic components. Predominant bands in the 1600, 1400 and 1100 
cm“l regions have been assigned as the C=0 stretch of carboxylate 
groups, 0-H deformation and C-0 stretch of phenolic OH, and C-0 
stretch of polysaccharide respectively. The shoulder at 1720 cm"l on 
the 1600 cm-l band was more pronounced than in the activated sludge 
polymer spectrum, possibly indicating the occurrence of a shift from 
the 1650-1620 cra~l region of carboxyl groups after the disruption of 
hydrogen-bonding or the presence of unionized carboxyl groups of



TR
AN

SM
IT

TA
NC

E 
(P
ER
CE
NT
)

2.5
100

4
we

WAVELENGTH (MICRONS)
6 7 8

100

10 12 15
we

Figure 19. Infrared spectrum of extracellular polymer extracted from activated sludge
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Figure 20. Infrared spectrum of total extracellular polymer extracted from K. aerogenes
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Figure 21. Infrared spectrum of the soluble fraction of extracellular polymer extracted from K, aerogenes
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Figure 22. Infrared spectrum of the colloidal fraction of extracellular polymer extracted from K. aerogenes

112



113

polysaccharides, e.g. uronic acids. Other peaks exhibited were at 970 
and 885 cm“l with a shoulder at 620 cm“l. The 885 cm“l band could 
have been caused by residual CaC03 in the sample, as this is known to 
exhibit a major absorption at 875 cm“l. The sulphonate ion is known 
to absorb strongly at 610 cm“l, suggesting the possibility of sulpho- 
nic acid groups existing on the K. aerogenes polymer.

In terms of potential functional groups available for metal 
complexation, both polymers probably contained carbonyl, carboxylate, 
carboxyl and hydroxyl groups, with the major difference between them 
being the greater proteinaceous content of the activated sludge 
polymer providing additional amide metal binding sites.

4.6.2. Comparison of the infrared spectra of soluble and colloidal
forms of K. aerogenes polymer
Few significant differences appeared to exist between the 

spectra of the soluble and colloidal forms of K. aerogenes polymer 
(Figures 21 & 22). They were characterised by broad band absorptions 
in the 3400 cm"! region, given the polymeric 0-H stretch H bonded 
assignment, and in the 1600, 1400 and 1050 cm“l regions, similar to 
those observed in the total polymer spectrum. The colloidal form 
exhibited sharper peaks than the soluble form, indicating a greater 
degree of homogeneity, and also a more pronounced shoulder at 1720 
cra”l suggesting that it may contain a higher proportion of carbonyl 
groups than the soluble form.

4.7. INVESTIGATION OF METAL COMPLEXATION BY ACTIVATED
SLUDGE EXTRACTED EXTRACELLULAR POLYMER

The complexation capacity and conditional stability constants 
for complexes of polymer extracted from activated sludge samples taken 
from the main aeration tanks at the Hogsmill Valley Works were deter
mined using the same method as that applied to the K. aerogenes 
polymer (see 4.3.1). However, since the molecular weight of the acti
vated sludge polymer was unknown, equation (1.5) was employed, in 
which the unit weight rather than molecular weight of the ligand is 
used. The introduction of the term [MLX] expressed as mol g~^ of 
polymer on the left hand side of equation (1.5) yields a solution for 
[L] in terms of mol per g of polymer.
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As the activated sludge polymer exhibited a greater capacity 
for metals than the K. aerogenes polymer, a less concentrated sample 
of 1 mg dried polymer per 1 ml of Tris buffer was fractionated on 
Sephadex G25 in order to produce a chromatogram that was suitable for 
measurement (Figure 23).

4.7.1. Construction of adsorption isotherms
Freundlich isotherms (Figure 24) were plotted from data for 

[MLX] (equivalent to M/L) and [M] according to equation (1.3). The 
four metal polymer complexes under investigation exhibited two 
distinct forms of behaviour over the range of metal ion concentrations 
used, according to whether or not the polymer became saturated. The 
polymer showed evidence of saturation with Cu and Co at concentrations 
of 0.2 mmol g“l and 0.02 mmol g-  ̂ respectively. The Cu isotherm 
also exhibited an intermediate plateau at a concentration of 
0.04-0.05 mmol g"l. Nickel and Cd complexation, however, proceeded

Figure 23. Gel chromatogram of the progressive complexation of Co by
activated sludge extracted extracellular polymer on passage 
through Sephadex G25 as an example of the "peak and trough" 
configuration.
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Figure 24. Freundlich isotherm for adsorption of Cu (•), Ni (■), 
Cd (A) and Co (o) by extracellular polymer extracted 
from activated sludge

in proportion with increasing concentrations of free metal ion, 
resulting in a constant straight line relationship. The upper limit 
of the metal concentration range studied in each case was determined 
by the increasing difficulty in accurately measuring a relatively 
small bound-metal peak superimposed on a highly concentrated metal 
eluant chromatogram.

From the free metal ion concentration required to produce an 
equivalent mass uptake of each of the four metals, the following affi
nity series for the polymer was identified:

Cu > Ni > Cd , Co.

This series was similar to that demonstrated for K. aerogenes polymer 
by means of adsorption isotherms (see 4.3.1.).

4.7.2. Determination of complexation capacity and conditional 
stability constants
Plotting [M]/[MLX] against [M] produced either a biphasic 

straight line relationship, as in the case of Cu (Figure 25) and Cd 
(Figure 26), or a curvilinear plot for Ni (Figure 27) and Co (Figure
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[Cu]
[ Cu Lx ]

Figure 25.

✓

Plot of free metal/complexed metal against free metal 
for Cu complexed by activated sludge extracted extra
cellular polymer

28). These plots indicated that at low metal ion concentrations the 
complexation was controlled mainly by stronger binding sites whereas 
at high metal ion concentrations, the stronger sites became fully 
occupied and weaker sites started to effect complexation. The two 
groups of ligands involved in Cu and Cd binding appeared clearly 
distinguishable compared to those involved in Ni and Co binding; the 
latter produced a much less well defined inflexion as various ligands 
or ligand groups interacted with the metals. Treating both slopes and 
extrapolated intercepts on the biphasic plots and tangents drawn at 
the extremes of the curvilinear plots (see dotted lines, Figures 25 & 
26, and 27 & 28) individually, coraplexation parameters for the four 
metal-polymer complexes were determined at high and low free metal ion 
concentrations (Table 23).
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Figure 27. Plot of free metal/complexed metal against free metal 
for Ni complexed by activated sludge extracted extra
cellular polymer.
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Figure 28. Plot of free metal/complexed metal against free metal 
for Co complexed by activated sludge extraced extra
cellular polymer

The parameters obtained for Co were very similar, therefore a 
further plot was employed to determine whether there were one or two 
groups of binding sites present (equation 4.2). Values for an inter
cept extrapolated from the upper part of the curve at high free metal 
ion concentrations were obtained at the lower end of the curve and the 
inverse of the difference between these extrapolated values (E) and 
the actual ordinates (A) of the curve were plotted against the free 
metal ion concentration.

1 = y  
[Co] - [Co]

t CoLx 3E [CoLx ]A

[Co] + 6 (4.2)
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Table 23. Conditional stability constants of metal-polymer
complexes and complexation capacity of activated sludge 
extracted extracellular polymer at high and low free 
metal ion concentrations pH 7

concentrat ion low [M] high [M]

metal logKj [Lh
(mmol g“l)

logK2 [l ]2
(mmol g"l)

Cu 8.32 0.04 6.71 0.25
Ni 7.50 0.031 4.69 0.52
Cd 6.52 0.03 4.77 0.13
Co 6.45 0.021 5.01 0.07

However, this plot did not fit a straight line, therefore it was 
assumed that two distinct groups of binding sites for Co existed on 
the polymer.

The conditional stability constants (logK1) and complexation 
capacities ([L]) obtained (Table 23) indicate that at low free metal 
ion concentrations the polymer exhibited an affinity for metals such 
that

Cu > Ni > Cd, Co

but has similar coraplexation capacities for all the metals of approxi
mately 0.03 mmol g”l suggesting that a fairly unspecific form of 
adsorption may occur up to this concentration. The complexation capa
city for Cu at this concentration corresponded to the intermediate 
saturation plateau observed in the adsorption isotherm (Figure 24). At 
higher free metal ion concentrations however, the overall stability 
constants indicated an affinity series of

Cu > Co > Cd, Ni

and the capacity of the polymer to complex the metals was considerably 
more variable; from 0.52 mmol g“l Ni to 0.07 mmol g"l Co. The stabi
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lity constants for each metal complex at high and low metal con
centrations differed by 3 orders of magnitude for Ni, 2 for Cu and Cd 
but only 1 for Co, reflecting the degree of dissimilarity or simi
larity respectively between the groups of ligands involved in binding 
each metal.

4.7.3. Comparison of metal binding by K, aerogenes polymer and
activated sludge polymer
In order to determine whether the total polymer extracted from 

activated sludge behaved similarly to that extracted from K, aeroge
nes , their specific uptake was compared (Figure 29). Polymer extracted 
from activated sludge was found to be largely in the soluble phase, 
only 5.1 mg 1“1 out of a total of 60 mg 1“1 extracted existing in the 
colloidal phase, whereas the K. aerogenes polymer contained 725 rag 
1“1 colloidal polymer out of a total of 815 mg 1“1 extracted, perhaps 
reflecting the difference in general composition between the two 
cultures.

The activated sludge polymer demonstrated a very high overall 
specific uptake of metals: 6.85 x 1 0“ ̂ g”l and 5 x 10” 3 g-1 f0r com
bined and separate additions compared to 6.54 x lO”^ g”l and 6.05 x 
10”^ g”l by K, aerogenes polymer. A great affinity for Cu was exhi
bited by the sludge polymer, which produced a binding series such 
that:

Cu > Ni > Cd > Co > T1 > Mn

compared to that of the K. aerogenes polymer:

Ni > Cu > Cd > Co > Mn > Tl.

Addition of metals separately and together did not affect the relative 
positions of the metals in either affinity series, but did affect the 
quantity bound. A synergistic effect was suggested by the generally 
higher degrees of uptake of Cd and Cu by both polymers when metals 
were added in combination, although Ni uptake appeared unaffected. 
The only evidence of reduced overall binding was in the case of Co by 
K. aerogenes polymer, which exhibited a specific uptake of 0.2 x 10”^ 
g”l on individual metal addition but only 0.006 x 10”^ g“l when the 
metals were added simultaneously, and Mn and Tl uptake, which was 
negligible in the presence of other metals.
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Figure 29. Specific uptake (mol per g polymer per mol 
added) of metals by polymers extracted from 
activated sludge (□) and K. aerogenes (H)
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4.8. COMPARISON OF THE COMPLEXATION BEHAVIOUR OF EXTRACTED
EXTRACELLULAR POLYMER WITH THAT OF ACTIVATED SLUDGE FLOCS 
OVER A RANGE OF SLUDGE AGES

The following experiments were designed to assess the contribu
tion of extracellular polymer to the overall metal-binding ability of 
activated sludge floes under varying operational conditions. Samples 
of mixed liquor were obtained from the pilot plant at the Hogsmill 
Valley Works, which was operated at four different sludge ages. Mean 
values of process parameters for the pilot plant determined during 
each experimental period are given in Appendix II.

At each sludge age, the mixed liquor suspended solids of a 1 1 
sample were separated from the liquor by centrifugation at 2500 x g, 
and resuspended in an equivalent original volume of 0.1 M NaN03 

(equivalent to isotonic saline) at pH 7. This was done in an attempt 
to minimise precipitation of the metals which were to be added, as 
nitrate species have a relatively high solubility. A control using 
the highest metal concentration (10“^ M) in the NaN03 solution alone 
gave free metal ion concentrations of 9.75 x 10”  ̂M Ni; 9.2 x 10”  ̂M 
Cd; 8.1 x 10-5 h  Co and 7.4 x 10“  ̂ M Cu, reflecting the solubility 
ranking of these metals in mixed liquor. In addition, resuspension of 
the solids precluded potential competitive complexation by soluble 
ligands which may have been present in the original sample.

Extracellular polymer was extracted from 500 ml of the sample 
and was then, with the remaining 500 ml of resuspended solids, used 
for the determination of metal uptake by extracellular polymer and 
activated sludge floes respectively. The method of _iri situ dialysis 
(see 3.6.2.1.2.) was used to determine the concentration of 
uncoraplexed metal in a series of 50 ml aliquots of each of the 
samples, over an added metal concentration range of 5 x 1 0” ̂ M - 10”^ 
M. Quantities of metal bound were expressed as mol g“l SS for the 
sludge floes and as mol g”l TDS for the extracted extracellular 
polymer.

4.8.1. Construction of adsorption isotherms
In order to investigate mechanistic aspects of metal binding, 

adsorption isotherms of [MLX] against [M] were constructed on linear 
axes. The initial portions of the curves obtained determine the
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Figure 30. Adsorption isotherms for Cu (•), Ni (■), Cd (A) and Co (o) with (a) activated sludge floes and 
(b) extracted extracellular polymer. Sludge age: 6 d
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classification of the nature of the absorption. The majority of the 
curves, examplified by data from the 6 d sludge age in Figure 30, pro
duced 'L' or Langmuir isotherms, indicating that as sites on the 
sludge or polymer became occupied, it became increasingly less likely 
for the metal ions to encounter the fewer vacant sites. An exception 
to this behaviour was exhibited by the Cu-sludge isotherm, which pro
duced a variation of the 'L' form termed the 'H' or high affinity 
form. This isotherm has its origin not at the coordinates ([M]=0, 
[MLx]=0) as for the 'L' form, but at ([M]=0, [MLx]>0), indicating that 
initially all the metal present in the system is in the adsorbed form. 
This phenomenon may be attributable to the presence of irreversibly 
associated, e.g. intracellular, metal already accumulated by the floes 
from the settled sewage supplied to the pilot plant. However, the 
first four added Cu concentrations also gave points forming a vertical 
line, consistent with the 'H' form isotherm. Adsorbed species for 'H' 
form isotherms are typically large polymeric molecules, or occasion
ally small individual ions exchanging with others of much lower affi
nity. From this it could be inferred that Cu either substituted other 
ions within the floe matrix, or by complexing with extended or loose 
forms of polymer, initiated a form of nucleation by bridging pre
viously anionic, repulsed polymer molecules to the main floe matrix.

4.8.2. Evaluation of different types of complexation behaviour
Data used to plot [M]/[MLX ] against [M] were examined in order 

to investigate further differences in coraplexation behaviour between 
the metals. For comparative purposes, data for each metal at one 
sludge age (6 d) are shown in Figures 31-34. The types of curves 
obtained encompass the range of variations observed for all metals at 
all other sludge ages.

Copper typically displayed strongly biphasic plots for both the 
sludge and the polymer, indicating the presence of two different types 
of binding site. The juxtaposition of the pairs of lines comprising 
the plots for the sludge and the polymer was very similar, suggesting 
that differences between the two sites or groups of sites were of the 
same magnitude for both the sludge floes and the extracted polymer. 
The plots of [Ni]/[NiLx ] against [Ni] exhibited an anomaly, visible in 
Figure 32, of points corresponding to the lower free metal con
centrations descending the [Ni]/[NiLx] axis, rather than ascending. 
This was due to a consistency in the value of [Ni] as [NiLx ] increased
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Figure 31. Plot of free metal/complexed metal against free 
metal for Cu complexed with (a) activated sludge 
floes and (b) extracted extracellular polymer 
Sludge age: 6 d



126

Figure 32. Plot of free metal/complexed metal against free 
metal for Ni complexed with (a) activated sludge 
floes and (b) extracted extracellular polymer 
Sludge age: 6 d
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Figure 33. Plot of free metal/complexed metal against free 
metal for Co complexed with (a) activated sludge 
floes and (b) extracted extracellular polymer 
Sludge age: 6 d
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Figure 34. Plot of free metal/complexed metal against free 
metal for Cd complexed with (a) activated sludge 
floes and (b) extracted extracellular polymer 
Sludge age: 6 d
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with increasing total Ni concentrations, the changes in [Ni] being 
undetectable compared to those in [NiLx], The relationship between 
free and complexed metal in equation (1.5) depends on a dynamic 
equilibrium existing between the two variables, thus when one of the 
values becomes static the relationship no longer holds. This may also 
be seen to occur at higher free metal concentrations where, due to 
ligand saturation, [MLX] reached an upper limit (Figures 32b & 37b).

Cobalt complexed with sludge (Figure 33a) produced gradually 
curving plots at each sludge age, but with polymer (Figure 33b) gave 
sharply defined biphasic plots with the latter section of each having 
a relatively small gradient. The gradient of this section of the cur
ves decreased with increasing sludge age, suggesting that the limited 
availability of secondary sites for cobalt on the extracted polymer 
was dependent on cell residence time. At a nominal gradient of these 
secondary sections of <20% (relative to the scales of the rectangular 
coordinates on which the lines were plotted) it was considered that 
equation (1.5) no longer held and therefore parameters for Co-polymer 
complexes in the presence of high values of [Co] were not determined 
at sludge greater than 3 d. At the lower free metal concentrations, 
over which the relationship held, the straight line plot for Co clo
sely resembled that obtained by gel coraplexometry (Figure 28), rein
forcing the implication that there may have been only one site of 
importance for Co binding on the polymer. Points obtained for Cd 
complexed with extracted polymer (Figure 34b) gave a wide scatter, 
allowing only an overall determination of the complexation parameters 
to be made. Sludge-Cd (Figure 34a) complexation produced distinct 
biphasic plots very similar to those obtained for sludge-Cu complexa- 
t ion.

4.8.3. Determination of complexation capacities and conditional
stability constants
The conditional stability constants and complexation capacities 

for the sludge floes and extracted polymer with the four metals were 
calculated from the plots produced, and are reported for each sludge 
age in Tables 24 and 25 respectively. The values of log K' and [L] 
obtained for the extracted polymer and the sludge floes are generally 
quite similar, suggesting that the floes owe much of their complexa
tion ability to the presence of extracellular polymers. The anomaly 
apparent in Figure 32 precluded an accurate determination of log K*
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Table 24. Conditional stability constants of metal complexes
formed by activated sludge floes and extracted extra
cellular polymer over a range of sludge ages

pH 7 I = 0.1 SLUDGE POLYMER

metal 9C (d) logK; logK^ logK', logK’2

Cu 3 7.1 5.5 6.5 4.8
6 7.4 6.0 6.8 5.9
9 7.2 5.8 6.5 4.6
12 7.6 5.8 6.6 4.9

Ni 3 5.5 4.9 - 5.6
6 5.9 4.9 - 5.0
9 5.9 4.7 - 4.6
12 6.2 4.0 6.3 4.8

Co 3 6.0 4.4 5.5 4.3
6 6.4 4.1 5.3 -

9 5.5 4.6 4.8 -

12 5.8 4.7 5.4 -

Cd 3 6.2 5.6 - 5.0
6 7.0 5.4 - 4.8
9 6.3 5.7 - 5.0

12 6.3 5.0 — 4.7

indeterminable
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Table 25. Complexation capacities of activated sludge floes and 
extracted extracellular polymer for metals over a 
range of sludge ages

pH 7 I = 0.1 SLUDGE POLYMER

metal ec (d) [l ]1
(mmol g”l)

[l ]2
(mmol g”l)

[L]l
(mmol g“l)

[L]2
(mmol g 1)

Cu 3 0.025 0.170 0.013 0.175-
6 0.019 0.070 0.007 0.019
9 0.016 0.060 0.006 0.114
12 0.013 0.041 0.012 0.056

Ni 3 0.016 0.036 - 0.034
6 0.014 0.044 - 0.039
9 0.011 0.045 - 0.029
12 0.007 0.160 0.001 0.013

Co 3 0.007 0.078 0.028 0.140
6 0.004 0.102 0.031 -

9 0.014 0.035 0.013 -

12 0.007 0.027 0.014 -

Cd 3 0.025 0.063 - 0.250
6 0.006 0.094 - 0.530
9 0.009 0.024 - 0.011

12 0.013 0.110 — 0.031

indeterminable
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for Ni with the polymer at all sludge ages except 12 d. However, exa
mination of this log K' value and the log K' values for the sludge 
compared to the polymer for each of the metals indicates that Ni alone 
had similar or higher affinity for the extracted polymer than the 
sludge floes, although the capacities of the polymer's primary and 
secondary sites were only one tenth and one third that of the sludge. 
The mean capacity of the sludge floes was less than that of the 
extracted polymer for Co and Cd. In contrast to the results obtained 
by gel complexometry (see 4.7.2.), Cd exhibited a very high quan
titative association with the extracted polymer. Affinity series 
based on mean K' values were:

sludge floes: logKj Cu > Cd > Co , Ni
logKg Cu > Cd > Co , Ni

extracted polymer: logK.|
logiq

Cu > Ni > Co
Cu , Ni > Cd > Co.

Those for the extracted polymer were consistent with those obtained by 
gel coraplexometry for activated sludge polymer and K. aerogenes 
polymer.

4.8.4 Influence of sludge age on complexation parameters
There was greater variation between the complexation parameters 

obtained for each of the individual metals than for each of the sludge 
ages investigated. Taking into account the variations in scale 
adopted for clarity, plots for a single metal (Cu) over the range of 
sludge ages, 3 d (Figure 35); 6 d (Figure 31); 9 d (Figure 36) and 12 
d (Figure 37) demonstrated the consistency in complexation behaviour 
of both the sludge and polymer under varying operational conditions. 
Plotting Cu affinity against capacity for each of the sludge ages 
(Figure 38), however, indicated a tendency towards higher values of 
[L] and lower values of K' at low sludge ages, and vice versa at high 
sludge ages, and that an increase in affinity would be coincident with 
a decrease in capacity.

The total polysaccharide content of the activated sludge and 
the quantity of extracted polymer (expressed as TDS) were measured at 
each sludge age, therefore the possibility of any relationships 
existing between these and the various process parameters could be
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Figure 35. Plot of free metal/complexed metal against
free metal for Cu complexed with (a) activated 
sludge floes and (b) extracted extracellular 
polymer Sludge age: 3 d
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Figure 36. Plot of free metal/complexed metal against free 
metal for Cu coroplexed with (a) activated sludge 
floes and (b) extracted extracellular polymer 
Sludge age: 9 d
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Figure 37. Plot of free metal/complexed metal against free 
metal for Cu complexed with (a) activated sludge 
floes and (b) extracted extracellular polymer 
Sludge age: 12 d
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Figure 38. Relationship between Cu affinity and capacity for 
activated sludge floes (•) and extracted extra
cellular polymer (o) at sludge ages of 3 d (#0); 
6 d (■□); 9 d (a a ) and 12 d (vv)

investigated by means of regression analysis. The total poly
saccharide in the sludge per g of suspended solids was found to vary 
proportionally with the F:M ratio (r = 0.82) and inversely with sludge 
age (r =-0.81). The absolute quantity of extractable polymer tended 
to increase over the range of sludge ages (r = 0 .8) but not as a 
function of the suspended solids concentration (r = 0.04). A strong 
inverse correlation (r = -0.91), however, existed between the extrac
table polymer per g of suspended solids and the C:N ratio expressed as 
influent COD (mg 1”1) over influent ammonia (mg 1“1 N), suggesting 
that a higher C:N ratio may enhance the stability of the polymer via 
production of capsular rather than soluble material. The quantity of 
extractable polymer per g of suspended solids in turn correlated with
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Figure 39. Relationship between overall affinity and percentage 
uptake of metals by activated sludge floes (•) 
and extracted extracellular polymer (o), and mean 
percentage removals reported for activated sludge (A)

effluent COD (r = 0.96), implying that the "extractability" of polymer 
from sludge may give an estimation of the production of soluble forms 
of polymer, which would contribute to effluent COD, under the pre
vailing conditions.

4.8.5. Relationship between metal affinity and metal removal in
the activated sludge process
In the context of the activated sludge process the metal

binding significance of a particular ligand can be essentially 
expressed in the product K'[L]. Average values of K * [L] for the pri
mary and secondary sites were therefore calculated for each metal 
across the range of sludge ages studied, and plotted against the mean 
percentage uptake obtained from the range of metal concentrations used 
(Figure 39). For comparison, the mean pecentage removals of the same 
metals reported for the activated sludge process (Table 6 ) were also 
plotted against the overall affinity values obtained here.
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Figure 39 demonstrates that a proportional relationship existed 
between the overall affinity of both the intact sludge floes and the 
extracted polymer and the percentage metal uptake. The sludge floes 
exhibited a more consistent uptake of metals than the polymer, 
possibly indicating the presence of less specific binding sites or 
mechanisms. The effects of metabolic uptake or co-precipitation with 
the sludge floe may have enhanced the removal of soluble metal spe
cies. Uptake by the extracted polymer, however, was more dependent on 
its affinity; specific binding was determined by the nature and 
strength of the sites alone. The slope of the line produced by 
plotting observed percentage removals in activated sludge against 
overall affinity showed greater similarity to that produced for the 
extracted polymer than for the sludge floes. Physico-chemical 
complexation of metals by extracellular polymer would thus appear to 
be an influential mechanism in soluble metal removal in the activated 
sludge process.
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5. DISCUSSION

There has been considerable speculation regarding the quantity 
of extracellular polymer in activated sludge, largely because of 
uncertainties relating to the efficiency of various extraction 
methods (Novak & Haugan, 1981). There have also been contrasting 
reports as to its chemical composition, and this inconsistency of 
available data has made the investigation of structure-function rela
tionships for this material difficult. In this respect, a deter
mination of both the quantity and composition of extracellular 
polymer is important in assessing its role as both a raetal-complexing 
and flocculating agent in the activated sludge process.

In pure cultures of wastewater bacteria such as Z. ramigera 
115 and K. aerogenes up to 40% (Parsons & Dugan, 1971) and 50% (this 
study) respectively of the cell dry weight may consist of extracellu
lar polymer, which is predominantly carbohydrate in nature (Obayashi 
& Gaudy, 1973). A more complex heterogeneous extracellular polymer 
matrix is produced by the microbial population of activated sludge 
(Brown & Lester, 1979). The samples from the Hogsmill Valley Works 
used here were found to contain only 16% (w/w) of the MLSS as total 
polysaccharide. A general bacterial composition calculated by 
Frobisher (1957) gives 40-80% of the cell dry weight as protein; 
10-30% as carbohydrate; 1-30% as lipids and 5-30% as nucleic acids. 
Taking 10% as the minimum figure for the intracellular polysaccharide 
component, a mere 6% (w/w) of the MLSS of the sludge investigated 
could have been extracellular polysaccharide. The ratio of protein 
to polysaccharide in the polymer extract was consistently 3:1. Taking 
mean values of Frobisher's (1957) bacterial composition given above, 
an overall protein:carbohydrate ratio of 3:1 is also obtained. 
Similarly, an N-rich activated sludge such as the samples studied 
here, where the NH3 concentration of the settled sewage (Eves, 1981) 
is classified as medium to strong (Metcalfe & Eddy, 1979), with an 
F:M ratio of 0.24, will have a total protein:carbohydrate ratio of 
approximately 3.4:1 (Wu e^ â ., 1982). The 3:1 ratio obtained for 
both intracellular and extracellular matrices suggests that the 
former may significantly contribute to the latter via autolysis, for 
which the conditions in activated sludge plants are suitable (Jones, 
1973). This hypothesis may partly explain the similarity of amino
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acid profiles found for hydrolysates of sludge polymer extracted by 
both disruptive and non-disruptive methods (Kiff & Thompson, 1979),

Given that the protein and polysaccharide together constitute 
a major proportion of the extracellular material (Brown & Lester, 
1980), an approximate figure is obtained from the above data of 24% 
(w/w) of the MLSS as the quantity of extracellular polymer present in 
activated sludge. The quantity of polymer extracted as TDS from the 
Hogsmill Valley pilot plant samples at different sludge ages was 
21.7% (w/w) of the MLSS with the range of 16-27%, indicating that the 
extraction was probably quite efficient. However, summation of the 
protein and polysaccharide concentrations in the extract gave an 
average figure of 46.5% of that of the whole polymer extract deter
mined gravimetrically. This suggests that there may be other 
component(s) constituting up to half the extracellular material. 
Evidence from Nishikawa & Kuriyaraa (1968) and Pavoni e^ al. (1972) 
suggested that nucleic acids may form a significant fraction, 
although Brown & Lester (1980) reported DNA yields of only 0.04% 
(w/w) of the TSS on steaming extraction from activated sludge. 
Recent work on an ethanol extraction method by Forster & Clarke
(1983) has revealed the existence of a large proportion (8.8% (w/w) 
TSS) of lipids in the extracted material. Recourse to Frobisher's 
(1957) figures for general bacterial composition indicate that up to 
30% of the biomass may comprise either nucleic acids or lipids, 
therefore it seems plausible that these raacromolecules may constitute 
a proportion of the extracellular matrix. As such, the figure of 24% 
(w/w) of the MLSS as extracellular polymer may be an underestimate; 
Pavoni e t al_. (1972) reported that the polymer content of an endoge
nous phase completely mixed batch culture of wastewater organisms was 
up to 44% (w/w) of the TSS. As the proportion of activated sludge 
present as bacterial cells has been found to be generally less than 
22% (Jones, 1973), this figure may be a more realistic estimate.

Attempts have been made to correlate the yield of extracellu
lar polymer obtained by various methods with activated sludge opera
tional parameters. Kiff (1978) obtained a correlation coefficient of 
0.91 for polymer yield with organic loading rate (kg BOD per kg MLSS 
per day), while Clarke & Forster (1982) and Forster & Clarke (1983) 
found correlations of 0.66 for polymer extracted by boiling and 0.87
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for an ethanolic extract with a combination of flow; HLSS; BOD; ammo
nia. A similar trend was observed for the Hogsmill Valley pilot 
plant sludge in which the quantity of total polysaccharide per g MLSS 
gave the highest correlation (0.82) with the F:M ratio, exemplifying 
the influence of nutrient status on the polymer content of sludge. A 
strong correlation between SVI and extracted extracellular polymer 
was found by Beccari et al. (1980). Working on the principle that up 
to a certain polymer concentration the SVI improved and above which 
it deteriorated, the authors reported an optimal concentration of 
130 mg g”l SS.

The SVI of the pilot plant sludge reported here was found to 
correlate more strongly with the quantity of extracted polymer 
expressed as TDS (0.9) than total polysaccharide (0.76). The discre
pancy between the total and extracted concentrations of poly
saccharide may be interpreted in two ways. Either that the 
concentration of polysaccharide in the sludge was not proportionally 
represented in the extract, or that the extraction efficiency varied 
over the range of sludge ages studied. Since the percentage com
position of extracted extracellular polymer appears to vary with both 
sludge age (Brown & Lester, 1982b) and substrate type (Kiff, 1978; 
Pavoni e_t al_., 1972) the former may be possible. However, the two 
factors are not necessarily mutually exclusive, as the production of 
different biochemical components under different operational con
ditions may affect the extractability of extracellular polymer. This 
in turn may influence the SVI of the sludge, as the more easily 
extracted polymer may be less strongly or compactly bound to the 
floes.

The apparent extractability of the polymer expressed as rag 
g”l SS gave a very good correlation of 0.96 with effluent COD. This 
indicated that the relative ease of extraction at each sludge age 
gave a measure of the dissolution of floe polymer ^n situ, as at long 
sludge ages effluent COD is composed largely of non-growth associated 
products, such as are formed by autolysis, rather than degradable 
substrates (Baskir & Hansford, 1980). Furthermore, an inverse corre
lation of -0.91 was obtained for polymer extractability with influent 
COD/influent N. A high C0D:P ratio has been shown to influence the 
magnitude of capsule formation in activated sludge (Casey & Wu, 1977) 
and a high C:N ratio shown to increase K. aerogenes extracellular
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polymer production and capsule size (Duguid & Wilkinson, 1953), 
therefore an excess of N may cause a reduction in floc-associated 
polymer. Data produced by Brown & Lester (1982b) apparently confirm 
this, as a slightly higher concentration of protein compared to poly
saccharide was evident in the residual liquor of activated sludge 
than in the polymer extracted from the floes, particularly at longer 
sludge ages.

The influence of cell retention time on the physical form of 
the polymer gave poor correlations for the pilot plant data, but was 
found to be significant for pure cultures of K. aerogenes. At high 
dilution rates, 95% of extracted polymer was soluble, while at low 
dilution rates this figure was reduced to only 7%. Similarly 
Saunders & Dick (1981), working on laboratory-scale activated sludge 
systems, concluded that significant improvement in effluent organic 
quality occurred with increasing sludge age as a result of decreases 
in the concentrations of slime and dissolved organic matter. The 
flocculant behaviour of activated sludge has been attributed entirely 
to such non floc-associated forms of polymer by Novak e_t _al_. (1977), 
who demonstrated that the sludge settling and dewatering charac
teristics were heavily influenced by the concentration of polymers in 
the supernatant liquor. It was found that these indigenous anionic 
polymers, which were initially detrimental to filtration, could be 
effectively coagulated and rejoined to the floes by the addition of 
cationic polymers, acid or hydrolysing metal ions. Wu et al. (1982) 
also observed that polymers alone impeded flocculation but that their 
presence reduced the requirements for cationic conditioners, and thus 
exerted a generally beneficial effect on settlement.

The influence of different chemicals on flocculation and sedi
mentation in wastewater systems has been investigated by several 
workers. Forster (1976, 1983b) proposed that the primary floe struc
ture, existing as a result of electrostatic or hydrogen bonding bet
ween electron dense regions of its various components, was enhanced 
by ionic bonding of cations to the largely negative sites available 
on the extracellular polymer. The effects of such cation binding, 
and of Ca++ in particular as a common aqueous ion, on flocculation 
have been demonstrated by means of EDTA additions (Eriksson & Axberg, 
1981; Hall & Davies, 1983). The reversible nature of this binding 
has been exploited in order to extract extracellular polymer by Mian
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et al. (1978), who stated that bacterial cells and "exopolysac- 
charides" could only be effectively separated in the presence of a 
chelating agent because of polymer-polymer and polymer-cell 
crosslinking by divalent cations. The Dowex ion exchange resin used 
for extractions in the present work performed the same function as 
the EDTA in the deflocculation of the biomass.

The ability to bind significant quantities of cations 
possessed by extracellular polymer is of direct importance in the 
activated sludge process with regard to the removal of soluble heavy 
metal species. The nature of the adsorption of metal ions by a bac
terial surface can be usefully described by means of adsorption 
isotherms (Nelson o t al., 1981), a classification of which, specifi
cally applicable to adsorption from solution has been made by Giles 
et al. (1960). The isotherms obtained for the sludge floes and 
extracted extracellular polymers gave 'L' shaped isotherms according 
to this classification, indicating that they suffered little com
petition from the solvent. This complies with the observations made 
on the propensity of added cations to exchange with bound water in 
the floe polymer (Dugan e t al., 1972; Forster & Lewin, 1972). The 
'H' shaped curve obtained for Cu binding to sludge suggested that, 
according to the interpretation of Giles e± al. (1960), the ions may 
have been previously associated with large polymeric molecules and 
adsorbed in the form of a complex. Adsorption of Cu in other systems 
has been shown to be significantly enhanced by prior 1 : 1  complexation 
with chelating agents and humic acids (Huang e_t al., 1977; Elliot & 
Huang, 1979), therefore interactions similar to those suggested by 
Steiner e_t Al. (1976) and observed by Novak e_t al_. (1977) may have 
been occurring, in which adsorption of soluble polymer itself to the 
floes was mediated by the presence of Cu ions. From the results 
obtained for metal binding to soluble and colloidal forms of K. aero- 
genes polymer, the soluble polymer exhibited the highest affinity for 
Cu and Ni. Richter & Theis (1978) found that the presence of 
coraplexing agents, notably citrate and cyanide, caused significant 
inhibition of Ni adsorption. Unlike Cu, the isotherm for Ni adsorp
tion by the sludge floes from the pilot plant did not produce an ’H* 
shaped curve.

Casey & Wu (1977) used Langmuir adsorption isotherms, which 
describe adsorption onto colloidal particles, to obtain values of the
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adsorption capacity and intensity of P-limited sludge for Cu and Cd. 
In the present study, a modification based on 1:1 complex formation 
developed by Ruzic (1982) has been utilised to determine similar 
parameters for both sludge solids and extracted extracellular 
polymer. Although the stoichiometry of metal-binding to polymer 
molecules has been shown to be in excess of 1 :1 , the fit of the data 
obtained to the 1 : 1  complex formation titration curve suggested that 
the individual binding sites on the polymer molecules could be 
generally regarded as forming mononuclear complexes with the 
available metal ions.

The conditional stability constants determined for sludge 
polymer by the method of Ruzic (1982) and for K. aerogenes polymer 
determined by the method of Mantoura & Riley (1975) are slightly 
higher than those obtained for digested sludge solids and humic and 
fulvic acids (Table 26). Huraates have been defined by Pagenkopf
(1978) as dark coloured materials comprising a large proportion of 
the organic material found in natural waters; humic acids as that 
soluble in base but insoluble in acid or alcohol and fulvic acids as 
that soluble in both base and acid. The extracellular materials 
extracted from activated sludge in this work appeared to exhibit 
characteristics similar to those of humic acids. A significant poly
saccharide component of sedimentary humic acids has been noted by 
Sohn & Hughes (1981) while Baham & Sposito (1983) obtained a water 
soluble extract from digested sludge which behaved as a fulvic acid 
and contained proteinaceous and polysaccharide material. The cation 
exchange capacity of this extract was calculated as 5 mmol g“l. The 
negative charge per unit mass of fulvic acids is usually quoted as 
2-10 mmol (Schnitzer & Khan, 1972), which is 1-2 orders of magni
tude higher than the coraplexation capacity determined experimentally 
for extracted polymers with heavy metal ions in this study. This may 
be related to the polymer's higher log K' value, as it has been 
demonstrated that higher affinity may be coincident with lower capa
city.

The infrared spectrum obtained for the sludge extracellular 
polymer exhibited strong absorption bands at 1655 and 1545 cm“  ̂ for 
proteins and 1050 cnfl for polysaccharides. This spectrum conformed 
to spectral type III as classified by Stevenson & Goh (1971), which 
also includes spectra obtained for sludge soil mixtures (Sposito et̂



Table 26. Conditional stability constants for sludge solids and humic and fulvic acids

logic'

1igand Cu Ni Cd Co pH reference

digested sludge solids 4.67 4.96 5.19 - 7.0 Gould & Genetelli (1978)

peat fulvic acid 7.85 4.98 4.57 4.51 8.0 Mantoura et al. (1978)

sewage sludge fulvic acid 3.88 3.81 3.04 - 5.0 Sposito (1981)

sedimentary humic acid 6.56 - 5.20 - 8.0 Sohn & Hughes (1981)

humic acid _ — — 5.5 5.8 Pagenkopf (1978)
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al., 1976) and soil humic acids (Boyd ejL a l . , 1980). Boyd et_ al.
(1979) demonstrated by means of infrared analysis that significant 
binding of Cu++ was effected by peptide units characterised by the 
amide I band at 1640 cm"*!. The increased proteinaceous content of 
the sludge polymer in comparison with the pure culture polymer may 
explain the observed difference in the magnitude of their respective 
coraplexation capacities. At least three distinguishable types of 
extracellular polymer in a single wastewater system were reported by 
Eighmy et al. (1983), therefore the increased functionality conferred 
on the sludge polymer by virtue of the range of its components may 
facilitate a higher frequency of metal ion coordination per unit area 
than that of K, aerogenes polymer.

The affinity of Z. ramigera 115 extracellular polymer for 
heavy metal ions was attributed by Ikeda e^ al. (1982) to carboxyl 
groups of ketal-linked pyruvic acid, and not dicarboxylic acids or 
hexuronic acids. Churms & Stephen (1974) found pyruvic acid acetal- 
linked to a sugar residue in K, aerogenes polymer type 64. Pyruvic 
acid comprised approximately 7% of the weight of the polymer, 
resulting in approximately 14 of these groups per molecule. 
Examination of the data obtained for the number of binding sites per 
molecule of K. aerogenes polymer indicated the possiblity that these 
groups may be those specific for Cu and Co binding. Sutherland 
(1979) cited evidence from a number of workers suggesting that pyru- 
vylation of polymer strands is by no means consistent, and may vary 
with the physiological conditions of growth. Phenomena such as these 
could also explain variations in metal removal if such groups are 
involved. Sulphonic acid groups have been found in infrared spectra 
of sludge-derived fulvic acids (Baham £t_ jil_., 1978); the shoulder at 
620 cra“l on the K. aerogenes polymer spectrum is indicative of their 
presence. An inducible, physiological detoxification mechanism 
apparent in K. aerogenes involves the precipitation of Cd as CdS at 
the cell wall (Aiking et_ al., 1982) and the sulphur containing groups 
within the extracellular polymer may be involved in such processes. 
Dugan and Pickrum (1972) suggested that both Cd and Hg may be 
adsorbed to sulphur groups within the polymer of Z. ramigera 115, as 
the uptake of these group IIB metals was enhanced when the cell floes 
were cultivated in tripticase soy broth which is rich in sulphur- 
containing amino acids.
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Further information on the nature of the functional groups 
involved in metal-binding may be obtained by ranking the metals in 
order of decreasing affinity, and comparing such series with those 
available for various functional groups. A series constructed by 
Smith & Pace (1982) for three groups of polyanions is shown in Figure 
40, and the affinity series obtained for both the activated sludge 
floes and the K. aerogenes culture showed greatest similarity to the 
series for the carboxylate polyanion. This suggests that the car
boxyl groups within the polymer, evident from the infrared spectra, 
may be largely responsible for the binding of metals to solid state 
polymer. A contradictory proposal was made by Steiner et_ al̂ . (1976), 
in which hydroxyl groups were thought to be the major groups for 
cation binding on solid polymer and carboxyl groups on soluble 
polymer. In the investigation of the binding of metals by colloidal 
and soluble forms of K. aerogenes extracellular polymer, however, as 
much as six times more Ni was bound by the soluble than the colloidal 
form, suggesting that perhaps the functional groups involved in main
taining the polymer as a gel such as (« 1-6) linkages involving 
hydroxyl groups in hydrated colloidal polysaccharides (Yudkin & 
Offord, 1973) may be those which complex Ni. The prevalence of Ni 
binding to the soluble form together with its relatively lowly posi
tion in the ranking of affinity for carboxylate polyanions would 
appear to be incompatible with the interpretation made by Steiner et_ 
al. (1976).

Similar affinity series constructed from the conditional sta
bility constants obtained for the association of metals with both 
pure culture and activated sludge polymers compared well to the 
Irving-Williaras series of stabilities of complexes of bivalent metal 
ions (Irving & Williams, 1948), formed regardless of the nature of 
the complexing agent:

Pb > Cu > Ni > Co > Zn > Cd > Fe > Mn > Mg.

The series for the K. aerogenes polymer corresponded exactly to this 
ranking but the activated sludge polymer differed with respect to the 
positions of Cd and Co, which were interchanged. A further conspi
cuous difference in the ranking obtained for the activated sludge 
floes was that Ni was relegated to the position of least affinity. 
This latter series was in general agreement with one constructed from
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a mean value of the data for full scale activated sludge plants given 
in Table 6:

Cu > Cd > Ni > Co 

and by Cheng e t _al. (1975):

Pb > Cu > Cd > Ni,

although the position of Cd differed with respect to affinities in 
activated sludge simulations reported by Sterritt & Lester (1981):

Cr > Cd > Ag > Pb > Zn > Cu > Ni, Co, Mn, Mo 

and Kempton et_ al. (1983):

Pb »  Bi > Cu > Cr > Zn > Ni > Co > Tl, Mn, Cd.

Cobalt, Mn and Ni have generally poor removals in the activated 
sludge process (Sterritt & Lester, 1981); Nielsen & Hrudey (1983) have 
recently reported a Ni removal efficiency of virtually zero. This may 
be associated with the high solubility of these metals, evident from 
the low level of precipitation determined in continuous culture. 
Manganese and Ni have been found to associate with non-settleable 
solids rather than the mixed liquor biomass (Sterritt & Lester, 1981) 
and Ni removal has been found to be affected by effluent COD, indi
cating that it is primarily influenced by soluble organic ligands. 
Preferential binding of this nature results in metals adsorbed to 
small particles or coraplexed with ligands such as the soluble form of 
polymer being discharged in the sewage effluent rather than removed 
during final settling. As Mn was found to have little affinity for 
extracellular polymer both in this study and by Brown & Lester 
(1982a), it would seem probable that its removal is influenced more 
strongly by effluent suspended solids than by effluent COD. The 
observations that Ni uptake by K. aerogenes in the mass balance 
experiment was apparently inhibited by the presence of capsular 
polymer, and that Ni bound more readily to activated sludge floes 
which had been stripped of polymer (Brown & Lester, 1982a) suggest 
that the presence of solid state polymer may obstruct the cell surface 
or intracellular uptake of Ni, and thus exacerbate its removal. In
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combination with its affinity for soluble polymer, it would seem that 
the complexation parameters for the association of Ni with extracellu
lar polymer are not a direct indication of the extent of its potential 
removal but that its behaviour may be dependent on a variety of fac
tors .

As little cellular uptake of Co was apparent in the mass 
balance experiment, the coraplexation of Co by extracellular polymers 
may be an important removal mechanism. However, the frequency of 
sites determined on the K, aerogenes polymer suggested that Cu and Co 
may compete for similar binding locations, and although the polymer 
exhibited a complexation capacity of 5.8 x 10“^ mol g”l for Co in iso
lation, the presence of other metals during the comparison of soluble 
and colloidal polymer coraplexation appeared to reduce its overall 
binding. As Cu has a conditional stability constant two orders of 
magnitude greater than that of Co, it may have competed more effec
tively for the same sites and influenced the degree of Co complexa
tion. This behaviour was in accordance with a theoretical statement 
made by Ruzic (1982), in which the extent of binding of individually 
added metals to a ligand was proposed to depend upon the magnitude of 
the parameter K[L], whereas if competition occurred when metals were 
added concurrently, the extent of coraplexation of each was determined 
by the parameter of K alone.

In contrast to the antagonistic effect of Cu on Co coraplexa- 
tion, a synergistic effect was suggested by the generally higher 
degrees of uptake exhibited by Cu and Cd when metals were added in 
combination to the activated sludge polymer than when added separa
tely. Enhanced adsorption of Cd by digested sludge in the presence of 
other divalent cations has been noted by Riffaldi et al. (1983). 
These authors demonstrated that Cd may be held in sludges by more than 
one type of site and that the strength of the binding decreased as the 
total Cd concentration increased. This observation is consistent with 
the results obtained here, where two distinct sites were apparent for 
Cd adsorption to extracellular polymer and activated sludge floes. 
Riffaldi e_t _al. (1983) proposed that complexing sites were filled at 
the lower concentrations of Cd, but at higher concentrations the 
equilibrium was sufficient to cause the occurrence of exchange reac
tions. A similarly concentration-dependent exchange reaction probably 
occurred in an investigation of the interactions of various metals
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made by Sterritt _et jil. (1981), who found that increasing Cu con
centrations gradually reduced the percentage removal of Mn.

The multiplicity of interactions which can occur between the 
individual metals, the biomass and the mixed liquor in the activated 
sludge system make it difficult to predict a consistent pattern of 
behaviour. However, the presence of extracellular polymer has been 
shown to be responsible for almost half the metal uptake capacity of a 
capsulated culture of K. aerogenes. The estimate of the quantity of 
extracellular polymer in activated sludge made here (24% (w/w) of the 
MLSS) has been used to calculate the maximum potential complexation 
capacity per 1 of mixed liquor which is attributable to extracellular 
polymer. It proved theoretically capable of binding up to 114 yraol 
(7.3 rag I”*) Cu; 237 yraol (14 mg l”*) Ni; 59 ymol (6.6 mg 1“*) Cd and 
32 yraol (1.9 mg 1”1) Co. These values are up to 10^ times greater 
than typical concentrations of metals in activated sludge mixed liquor 
at works treating metal-laden wastewaters (Oliver & Cosgrove, 1974), 
suggesting that extracellular polymers have a considerable reserve 
capacity for metal binding under typical operating conditions, but 
that the extent to which this reserve is expended depends on other 
factors. Thus although the polymer may have an apparently great capa
city for metal-binding under idealised conditions, it must compete 
with other ligands present in the influent sewage (Bender e_t al., 
1970) and produced during the aeration process (Baskir & Hansford, 
1980). Synthetic chelating agents which occur in sewage (Gardiner,
1976) form metal complexes which have stability constants several
orders of magnitude higher, thus reducing the concentration of
bioavailable metal.

The effectiveness of the sludge polymer in removing metals
during the activated sludge process also depends on its degree of
solubility. The polymer used here was rendered soluble during its 
extraction, which may have caused physico-chemical changes in the pro
perties required to maintain it in a gel form (Dugan & Pickrum, 1972) 
and possibly resulted in the generation of more sites available for 
binding than are normally present when it is Ln s itu as the floe
matrix. This may explain the high complexation capacity obtained for 
Ni, whereas its affinity for floc-associated polymer appears in prac
tice to be considerably lower. Evidence from pure culture in this 
work and activated sludge studies (Saunders & Dick, 1981) has 
suggested that variations in growth conditions may alter the con



152

centration of soluble polymers, thus the loss to effluents of metals 
such as Ni complexed to these forms, and the commensurate removal of 
metals bound to the solid form may be indirectly controllable by mani
pulation of the activated sludge operating parameters.

The removal of metals in activated sludge depends on their 
accumulation by the mixed liquor suspended solids and is ultimately a 
function of the efficiency of final settling. Binding of cations such 
as heavy metals by extracellular polymer tends to reduce the degree of 
dispersion of the floes and improves the flocculation and subsequent 
sedimentation of the sludge (Forster, 1983a). As such, extracellular 
polymer performs a dual function in the removal of metals during the 
activated sludge process, both by coraplexing soluble species and, 
partly as a result of this, ensuring that they are effectively 
retained on settling. Such retention of potentially toxic heavy metals 
in sewage sludge allows greater control over their subsequent environ
mental dispersion than if they were discharged in sewage effluent. 
Failure to remove metals during treatment can result in concentrations 
in the receiving watercourse which infringe standards set for various 
water uses (Table 1), and in severe cases may adversely affect the 
self-purifying capacity of the receiving water body by debilitation of 
the flora and fauna. New guidelines for drinking water proposed by 
the World Health Organisation (1982) indicate that even further reduc
tions in the concentrations of metals such as Pb and Cd are desirable. 
As there is evidence that conventional drinking water purification 
methods such as sedimentation in clarifying basins, sand filtration 
and bank filtration are largely ineffective in reducing soluble metal 
concentrations (Forstner & Whittmann, 1979), it would seem that metal 
removal during wastewater treatment is likely to become of still 
greater significance in the future. The results obtained in this work 
suggest that extracellular polymer confers a considerable coraplexing 
ability upon the activated sludge biomass, and is an important 
mediator in the conversion of dissolved forms of metals to insoluble 
species. Conditions condusive to the production of soluble forms of 
polymer, however, may result in coraplexed metals being retained in 
solution and lost to the effluent. Although operational conditions 
appeared to have little effect on the polymer’s complexation ability 
per se, it would seem that metal removal by extracellular polymer, if 
required, could be optimized by operating at longer sludge ages when 
the polymer would be more likely to exist in a floc-associated form.
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6. CONCLUSIONS

6.1. In comparison with a recommended polymer extraction method
involving ultrasonication, centrifugation and filtration, the 
use of prolonged high speed centrifugation as opposed to 
filtration to separate bacterial cells from extracellular 
polymer was found to achieve the highest recovery of extra
cellular polymer from K, aerogenes, and also permitted sub
sequent isolation of a colloidal or gel fraction from the
extract.

6.2. The nature of the extracellular polymer extracted from 
K, aerogenes varied with the cultural conditions. At high 
dilution rates (0.5 h”l) the extract was predominantly soluble, 
while at low dilution rates (0.01 h"l) it was largely in a 
colloidal form.

6.3. Acid hydrolysis of a capsulated strain of K. aerogenes could be 
used as a semi-quantitative measure of extracellular polymer.

6.4. Estimates of the total quantity of polymer present indicated 
that polymer production was greater in continuous culture than 
in batch, shake culture, and increased in continuous culture as 
the dilution rate decreased from 0.5 h”l to 0.01 h“ .̂

6.5. Comparisons of the quantity of polymer extracted with the total 
polymer produced at each dilution rate demonstrated that the 
extraction efficiency varied from 22% at high dilution rates to 
73% at low dilution rates, and consequently that the extraction 
method could not be used as a quantitative measure of extra
cellular polymer.

6.6. A gel complexometry technique could be used to determine con
ditional stability constants and complexation capacity of the 
K. aerogenes extracted extracellular polymer. The affinity of 
the polymer determined for four metals was of the order:

Cu > Ni , Co > Cd.
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6.7. There appeared to be one type of binding site of major impor
tance to each of the individual metals complexed by the 
K. aerogenes polymer, although adsorption isotherms indicated 
that the primary coraplexation capacity of the polymer was 
exceeded by the formation of further weak complexes of Cu, Cd 
and Co. The complexation of Ni ceased once the primary binding 
sites had been filled.

6.8. A comparison of the numbers of moles of each metal bound per 
molecule of the polymer suggested that Cd and Ni may have com
peted for the most frequently occurring type of binding site on 
the polymer while Cu and Co competed for the less abundant type 
of site.

6.9. Up to five times more Ni was bound by soluble polymer than by 
an equivalent quantity of colloidal polymer. This may have 
been due to the increased availability of binding sites pro
duced on the dissolution of the colloidal or solid state forms 
of polymer, suggesting that functional groups involved in the 
maintenance of polymeric structure may have been those involved 
in Ni-binding.

6.10. Binding of Cu and Cd to the colloidal form of extracted polymer 
was enhanced in the presence of other metals, suggesting that a 
degree of synergism may have been occurring. Cobalt coraplexa- 
tion was reduced in the presence of other metals, and may have 
been affected by competition from other metals with higher 
affinity such as Cu.

6.11. The presence of extracellular polymer in a batch culture of 
K. aerogenes at pH 6.8 was responsible for approximately 50% of 
the metal uptake by the capsulated strain, although Ni uptake 
appeared to be inhibited by the presence of capsular polymer.

6.12. In continuous culture, K. aerogenes exhibited considerable 
intracellular uptake of Cu and Cd at higher dilution rates, 
while metal binding by extracellular polymer became predominant 
at the lower dilution rates, indicating that a shift in func
tion may have occurred as the physiological age of the culture 
changed.
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6.13.

6.14.

6.15.

6.16.

6.17.

An ion-exchange method was found to be appropriate for defloc- 
culating activated sludge prior to high speed centrifugation 
for polymer extraction.

Total sludge polysaccharide was estimated by acid hydrolysis to 
be 160 mg g-* SS of which 60 rag g”l SS could be extracellular. 
A protein to polysaccharide ratio of 3:1 in the extracted 
material allowed an estimate of 24% (w/w) of the MLSS to be 
made for the quantity of extracellular polymer in activated 
sludge.

Conditional stability constants obtained for metal complexes of 
extracellular polymer extracted from activated sludge indicated 
that the free metal concentration affected the polymer's affi
nity for the different metals, as at low concentrations an 
affinity series of

Cu > Ni > Cd , Co

was obtained, compared to a high metal concentration series of 

Cu > Co > Cd , Ni.

Up to a free metal concentration of approximately 0.05-0.5 praol 
1”1, the complexation capacity of the activated sludge polymer 
for the four metals was similar suggesting an unspecific form 
of binding, but at higher metal concentrations the coraplexation 
capacities differed, probably as a result of competition for 
binding sites.

Over the range of metal concentrations studied, the activated 
sludge polymer appeared to become saturated first with Co, 
which exhibited only one binding site of importance, then Cu, 
which was able to bind to a different type of site once its 
primary site was filled. Cadmium and Ni demonstrated no 
saturation effects, suggesting that they may have been com- 
plexed by the most frequently occurring type of binding site.
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Infrared spectra indicated that the types of sites available 
were carbonyl, carboxyl, carboxylate and hydroxyl functional 
groups. The activated sludge polymer was more heterogeneous 
than the K. aerogenes polymer and was likely to have contained 
a wider range of potential binding sites such as amides origi
nating from the proteinaceous components.

The activated sludge extracellular polymer was found to be 
capable of complexing up to ten times more metal per unit 
weight than the K. aerogenes polymer.

The conditional stability constants determined for extracellu
lar polymer extracted from activated sludge over a range of 
sludge ages were generally of a similar order of magnitude to 
those determined for the entire sludge floes, suggesting that 
the polymer may have conferred considerable complexation abi
lity on the biomass. However, the sequence of affinities and 
percentage uptakes exhibited by the extracted polymer and 
sludge floes differed, particularly with regard to Ni.

Sludge age did not appear to have a significant effect on the 
complexation parameters determined for sludge floes or 
extracted extracellular polymer, but may affect metal removal 
indirectly by influencing the production of soluble forms of 
polymer.
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APPENDIX I

Table 27. Growth and polymer production parameters for capsulated and non-capsulated strains of K. aerogenes

dilution
rate
(h"1)

K. aerogenes 
strain 
NCTC

Viable
count

(cells ml-* x 1 0 ?)

Cell dry 
we ight 
(mg l"1)

hexose produced 
on hydrolysis 

(mg 1 “ 1 )

extracted extracellular polymer 
(mg l-1)

total colloidal soluble

0 . 0 1 8172+ 77 5760 3630.0 2580.0 1947.7 177.4
9528§ 99 710 90.23 33.5 - -

0.05 8172 137 3450 1799.4 647.8 496.8 56.85
9528 74 520 80.4 4.7 - -

0.1 8172 116 2130 1197.0 219.3 135.2 36.5
9528 153 590 142.8 1.9 - -

0.25 8172 70 1 2 1 0 637.0 128.4 29.2 117.5
9528 53 250 78.8 1 . 8 - -

0.5 8172 44 560 326.7 57.0 8 . 1 62.2
9528 34 140 50.6 1.3 — —

+ capsulated strain 
§ non-capsulated strain
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APPENDIX II

Table 28. Pilot plant operating parameters at steady state

ec (d)

MLSS 
(rag l"1)
SVI
(mg l”1) 
MLVSS 
(mg l-1)
ESS
(mg l-1)
In COD 
(mg l-1)
Eff COD 
(rag I”*)
In pH 
(mg l"1)
Eff pH 
(mg 1 _1)
In ammonia 
(mg l" 1 N) 
Eff ammonia 
(mg l" 1 N) 
ML temp 
(°C)
DO
(mg l-1)
COD removal
(%)
NH3 removal
(%)

3

1390+
1040-17905

92
82-106
1300

980-1620
1 0 . 6

5.2-20.8
286

245-297
55

48-68
7.79

7.71-7.89
7.64

7.64-7.67
27

24-29
18.7

15.5- 24
17.5

16.6- 19.5
2.07

0.72-3.39
80

76-84
30

9-47
1.13

6

2920
2850-3060

290
288-294
2530

2440-2680
9.2 

7.6-11.6
305

261-357
32

22-40
7.68

7.42-7.90
7.38

7.27-7.53
2 1

13-30
5.2

0.3-15.0
16.8

15.4-17.8
2.65

0.84-3.89
89

85-94
82

50-98
0.69

9

2740
2660-2820

344
333-353
2360

2220-2500
7.1

2 . 8- 1 1 . 0

308
258-391

61
48-81

7.80
7.79-7.81

7.52
7.49-7.55

30
22-35

1 0 . 0

9.0-11.0
17.5

17.2-18.0
0.72

0.36-1.27
79

68-88
66

59-69
0.62

1 2

2780
2330-3050

320
297-343
2650

2220-2990
6.5

3.2-12.0
303

222-391
55

35-77
7.87 

7.73-7.90 
7.47 

7.34-7.60 
29 

28-31
4.3 

3.8-5.0
17.6

16.9-19.4
0.78

0.68-0.99
81

70-89
85

82-87
0.59F :M 

( d - 1 ) 1.02-1.24 0.50-0.75 0.42-0.83 0.32-0.93

+ mean § range



APPENDIX III

T a b l e  29. Q u a n t i t y  of t o t a l  

d i f f e r e n t  s l u d g e

p o l y m e r  a n d  p o l y m e r  

a g e s  (mg l” 1 )

e x t r a c t e d  f r o m the p i l o t  p l a n t s l u d g e  at

e c Cd) 3 6 9 1 2

t o t a l  p o l y s a c c h a r i d e 2 6 4 . 2+ 4 5 1 . 5 5 5 0 . 5 3 3 6 . 3

2 1 5 - 3 3 8 . 6 § 4 1 6 . 6 - 4 7 5 3 1 8 - 6 8 6 2 0 5 - 4 1 8 . 7

e x t r a c t e d  p o l y s a c c h a r i d e 2 7 . 5 4 8 . 6 4 8 . 8 5 7 . 9

2 2 . 3 - 3 4 . 2 4 6 . 3 - 5 2 . 3 3 7 - 5 5 . 6 4 2 . 5 - 6 6 . 7

e x t r a c t e d  p r o t e i n 1 0 7 . 5 227 2 1 7 . 9 2 3 1 . 4

1 0 1 . 6 - 1 1 5 . 3 2 1 0 . 8 - 2 3 6 . 5 1 5 2 . 5 - 2 7 0 1 2 7 . 5 - 2 8 6 . 7

e x t r a c t e d  p o l y m e r 2 9 2 . 4 4 6 9 . 5 7 6 4 . 6 610

(as T D S ) 1 9 1 . 6 - 4 2 0 3 8 7 - 5 1 8 4 5 6 - 9 7 6 . 6 3 6 9 - 8 1 3

+ m e a n § r a n g e



APPENDIX IV
T a b l e  30« E q u i l i b r i u m  c o n c e n t r a t i o n s  of [M ] a n d  [MLX ] for s l u d g e  f l o e s  (mol g ^ S S )  a n d  e x t r a c t e d  p o l y m e r  

(mol g 1 T D S )  ( A d d i t i o n a l  d a t a  f r o m  s e c t i o n  4 . 8 )

0 C (d) 3 9

Metal
sludge
[M]

(x 10-6)

floes
[MLX]

(x 10-6)

extracted polymer 
[M] [MLX]

(x 10-6) (x 10-6)

sludge
[M]

(x 10-6)

floes
[MLX]

(x 10-6)

extracted
[M]

(x 10-6)

polymer
[MLX]

(x 10-6)

sludge
[M]

(x 10-6)

floes
[MLX]

(x 10-6)

extracted
IM]

(x 10-6)

polymer
[MLX]

(x 10-6)

Mi 0.17 0.38 0.2 1.87 0.24 0.4 0.36 - 0.34 0.58 0.14 0.04
0.17 0.63 0.85 - 0.19 0.47 0.29 0.04 0.34 0.72 0.22 0.06
0.3 0.86 0.85 0.81 0.17 0.66 0.66 0.22 0.14 0.86 0.34 0.04
0.34 1.36 1.3 3.04 0.56 0.95 0.95 1.09 0.34 0.79 0.34 0.63
0.87 2.92 2.72 9.34 0.36 2.27 3.74 3.94 0.34 2.63 1.7 2.6
1.7 7.33 5.02 23.1 0.95 3.59 6.72 3.54 0.61 3.66 4.03 3.19
4.76 10.1 9.5 32.5 2.21 6.33 11.1 9.0 2.38 7.53 8.85 9.81
10.0 16.1 17.4 29.7 6.3 10.4 10.9 27.5 6.47 10.7 22.3 14.3
21.0 40.9 35.7 96.7 14.9 18.0 44.2 38.6 14.0 20.0 34.2 41.8

Co - - - - - 0.12 0.17 - - 0.06 0.003
- 0.33 - 0.96 - 0.29 0.49 - 0.05 0.16 0.15 0.33
0.14 0.86 0.30 1.19 - 0.41 0.79 0.15 0.05 0.28 0.36 0.90
0.24 1.38 0.53 2.66 - 0.82 1.2 0.53 0.17 0.51 0.80 1.32
1.05 2.64 1.86 13.1 0.44 1.68 3.0 2.2 0.34 1.34 2.01 6.08
2.57 5.13 3.9 14.1 1.3 4.12 6.7 4.0 1.01 3.08 5.29 8.19
5.53 9.71 8.62 20.6 3.5 7.21 12.0 6.7 2.54 4.8i 11.4 17.2
13.8 22.2 14.5 57.3 8.4 10.0 23.0 13.0 7.63 7.86 16.9 30.1
45.6 40.8 50.9 70.5 28.0 20.6 36.0 32.0 25.4 16.7 45.8 68.5

Cd - 0.05 - - - 0.02 0.08 - 0.03 0.18 0.11
- 0.25 0.04 0.55 - 0.13 0.29 0.13 0.02 0.11 0.36 0.55
0.02 0.58 0.04 1.52 - 0.23 0.46 0.58 0.04 0.25 0.62 0.93
0.04 1.1 0.17 3.57 0.04 0.39 0.88 1.0 0.03 0.45 1.04 1.48
0.09 2.08 0.43 > 10.3 0.09 1.4 2.3 2.4 0.08 1.48 4.0 9.64
0.27 7.2 1.17 28.0 0.25 3.0 5.4 4.5 0.21 4.39 8.89 9.45
0.58 12.7 2.85 43.8 0.71 6.5 9.7 5.6 0.58 6.78 15.3 19.8
1.95 27.1 6.22 99.0 1.7 12.4 196.0 24.0 1.84 21.2 25.9 53.4

11.1 53.6 24.9 180.0 7.6 19.0 30.0 49.0 3.55 28.2 31.2 94.8
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