






















of crops and the bioavaiability of Cr as assessed 
by plant uptake are being tested . Based on these 
detai led studies the potential for long-term field 
scale composting will be determined with a view 
to using composted material as a source of plant 
nutrients . 
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Developmental Studies on Bioreactors with Immobilised 
Biomass for the Removal of Chromium in Tannery Effluent 

T. Emilia Abraham I and Saswathi Niyogi I 

Abstract 

Discharge of toxic chromium (Cr), from industries such as ore mining and processing, 
textiles, leather and tanning processes, steel processing and battery processing, into the 
main stream of effluents is hazardous. Chromium compounds from industrial effluents 
accumulate in sludge and have created other environmental problems. Biological 
remediation of these contaminants could reduce the hazards. The biological systems of 
plants, animals and microbes have certain functional groups in their cell walls or cell 
membranes which could react with heavy metals in anionic or cationic fonns. Good 
bioadsorption beads have been prepared by immobilising dead biomass of a fungus in a 
polysulfone matrix which can withstand more than 15 adsorption- desorption cycles. These 
beads can be used in a packed bed or in a fluidised bed reactor without any particle 
damage. The beads can take up 35- 60 mg g I of Cl' in 4-24 h. The biotlx beads are usef1.i1 
for treating Cr(VI) at concentrations from 10 to 100 mg L-'; they are efficient at a stirring 
speed of 100 rpm, at pH 2. The adsorption characteristics fit the Langmuir isotherm better 
than the Freundlich isotherm. 

H EAVY metals and radio nuclides are discharged 
into the environment and lllunicipal sewers by 
various industries during rapid industrialisation. 
They constitute one of the major causes of land 
and water pollution . These metals include 
chromium, copper, lead, zinc, cadmium, nickel , etc. 
The cumulative toxicity and environmentally 
detrimental effects of heavy metals have stimulated 
increased investigation into their removal from 
industrial wastes. The chromium (Cr) present in 
effluent is primarily in the trivalent, C r(lII) , and 
hexavalent, Cr(VI), forms. C hromium(VI) is 
considered to be toxic, carcinogenic and lllutagenic 
in animals and hence deserves special attention 
(Roe and Carter 1969). Several industrial products 
and activities, such as dyes and pigments, film and 
photography, galvanometry, metal cleaning, 
electroplating, leather making and the mining 
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industries release undesirable amounts of Cr(VI). 
The permissible concentration of Cr in drinking 
water is 0.05 mg L- 1 and not more than 
2 mg L-1 in eftluent. Remova l of this rr'ietal from 
waste water by conventional physical and chemical 
methods such as precipitation- filtration , ion­
exchange, reverse osmosis , oxidation- reduction , 
electrochemical recovery, membrane separation , 
etc. , is found to be ineffective and more expensive 
when the metal ion concentration in the polluted 
environment is in the range 10- 100 mg L-1 and 
the set value is usually less than I mg L-I (Zagic 
1975; Patterson 1977). 

In recent years, biosorption of heavy metals has 
been recognised as a potential alternative to 
existing technologies for removing beavy metals 
from industrial effluents, because this process can 
remove metal ions at concentrations lower than 
10 mg L - I . Various types of microbial biomass­
algae , fungi , bacteria and yeasts- have been 
reported as potential metal sequestering 
biosorbents (Tsezos and Volesky 1981 ; Kuyacak 
and Volesky 1989a; Ting and Teo 1994; Phi lip et 
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al. 1995). The biosorptive capacity of dead fungal 
cells has been studied extensively and may be often 
greater than, equivalent to, or less than that ofliving 
cells (Urrutia Mera et al. 1992). Dead biomass in 
industrial applications enjoys certain advantages 
over living cells because of its ease of handling 
and ability to withstand toxicity and adverse 
operating conditions. Moreover, it can be procured 
from industrial sources as waste product from 
established fermentation processes. Inactivated 
biomass of the filamentous fungus Rhizopus 
arrhizus has been reported to be effective in 
scavenging heavy metals such as strontium , 
cadmium, copper, zinc, nickel , uranium , thorium, 
chromium and lead (Tsezos and Volesky 1982a,b; 
Brady and Tobin 1994; Fourest et al. 1994; 
Nourbaksh et al. 1994; Sag et al. 1995a). 

Studies on the mechanism of removal of Cl' ions 
by dead biomass have shown that the cell wall is 
the primary site of metal ion accumulation , and 
a var iety ofligands (carboxyl , amino, hydroxyl , 
phosphates and sulfllydryl groups) located in 
the cell surface are known to be involved in 
metal binding. Chitin and chitosan, present in 
high concentration in the fungal cell wall , are also 
thought to be important sites of metal chelation 
and therefore important for Cl' uptake (Tsezos 
and Volesky 1982a,b; Tobin et al. 1984; Holan 
et al. 1993). 

Use of non-living biomass in its native form for 
large scale processes is limited because of the small 
particle size and low mechanical strength of the 
biomass. Moreover, the separation ofbiomass and 
effluent is difficult and expensive (Tsezos 1986). 
Therefore, immobilisation ofbiomass is necessary 
for an industrial biosorption unit. This yields 
mechanically strong, rigid particles with a high 
dens ity, and of a size that allows easy operation of 
reactors. In addition , minimum clogging under 
continuous flow conditions, efficient regeneration 
of biosorbent and recovery of metal , and easy 
separation of biomass from effluent can be 
achieved (Gadd 1991). 

Several reports are available on the use of 
immobilised biomass for the removal of metal 
contaminants from industrial effluents. Calci um 
alginate , a popular entrapment agent in 
immobilisation technology, has been one of the 
most extensively investigated biopolymers for 
binding heavy metals in diluted aqueous solution 
(Sag et al. 1995b ; Lu and Wilkins 1996). 

Polyacrylamide gel has been used successfully as 
an immobilising matrix for the removal of various 
metals (Wong and K wok 1992; Wong et al. 1993 ; 
Andres et al. 1995). Polysulfone-entrapped 
biomass (mostly sphagnum peat moss) has been 
reported to be effective for the removal of heavy 
metals from mining waste water (Seidel and Jeffers 
1991 ; Truj i 110 et al. 1991). Other matrices such as 
polyurethane, polyvinyl chloride, silica gel and 
adsorbent resins , have been evaluated for their 
metal uptake capacity (Tengerdy et al. 1981 ; Feiler 
and Darnell 1991 ; Zhou and Kiff 1991 ; Philip et 
al. 1996; H u and Reeves (997). H u and Reeves 
( 1997) have developed a technique using 
Pseudomonas aeruginosa biomass entrapped in 
porous polyurethane-based materials for the 
removal of uranium from acidic waste water. 
Rhizopus arrhizlls biomass immobilised in 
reticulated polyester foam has been reported 
capable of binding cupric ions (Zhou and Ki ff 
1991). Tsezos and Deutschman ( 1990) have shown 
higher uptake efficiency of uranium by the same 
organism entrapped in polyvinyl formaldehyde . 
The same immobilised biosorbent has been 
successfully used for the removal of radium and 
uranium from process streams at pilot plant scale 
(Tsezos et al. 1989). 

The metal-sequestering cycle which results in 
binding of the metal in the solid biosorbent 
material should be followed by a cycle which 
results in the release of the metal in a concentrated 
fornl. This part of the process, similar to the ion 
exchange process , is based on eluting the metal 
by a small volume of an appropriate so lution 
which, ideally, regenerates the biosorbent for 
subsequent reuse. A successful biotechnological 
remediation process, therefore, would depend on 
the coupling of effective removal of soluble metal 
ions from th e aqueous environment and 
subsequent recovery of these metals to enable 
regeneration of biomass for use in mUltiple 
adsorption- desorption cycles. This would lower 
biomass treatment costs for users and enhance 
profitability for biosorbent producers. An 
appropriate immobilisation technique would 
increase the number of sorption- des or pt ion cycles 
and biosorbent life span. Dilute mineral acids such 
as HC I, H2S04 or HN03 could be used for 
desorption of metal from loaded biomass (de Rome 
and Gadd 1987; Luef et al. 1991 ; Zhou and Ki ff 
1991 ; Holan et al. 1993; Pons and Fuste 1993). 
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Among all th ese acids, dilute HCI has been 
found to be the most effective eluent. Various 
reagents , such as sodium carbonate, sodium 
bicarbonate, EDTA, thiourea, citrate, ammonia, 
calcium chloride and nitrilotriacetic acid have been 
reported fOl' elution of metals bound to the biosorbent 
(Kuyacak and Volesky I 989b; X ie et al. 1996; Hu 
and Reeves 1997). 

The present work is aimed at developing 
economically viable bioreactor systems using 
immobilised microbial biomass to remove C r 
from effluent. During industrial operations, use 
ofbiomass in native form causes problems such 
as blockage offlow lines and clogging offilters. 
Application of immobilised biomass solves such 
problems. 

Dead biomass of Rhizopus arrhizus was encap­
sulated in various polymeric matrices such as 
alginate, polyacrylamide, polyvinyl alcohol (PVA) 
and polysulfone, and the meta l binding efficiencies 
of the matrices plus biomass were evaluated so 
that a suitable biofix particle could be developed 
for removing Cr(VI) from industrial efiluents. The 
effects of initial pH , biomass loading, temperature, 
contact time, initial metal ion concentration on 
adsorption of C r(VI ) and other aspects were 
investigated. Isotherms for the adsorption of C l' 
by native and by immobilised biomass were 
developed from optimum conditions, and the 
adsorption phenomena were explained by use of 
classical iso therm equation s (F reundlich and 
Langmuir) . The C r removal efficiencies of 
immobilised beads in a stirred tank reactor and a 
fluidised bed reactor were eva luated. 

Materials and Methods 

Organism media and gl'Owth conditions 

Rhizopus sp. was procured from NCL, Pune, and 
grown at pH 6.8 in liquid medium consisting of 
bacteriological peptone 109 L- ', sucrose 20 g L-' , 
KHl04 1 gL ' , NaN03 1 gL- ',andMgS04.7Hp 
0.5 g L- ' . It was kept in static condition at room 
temperature for s ix days. Then it was killed by 
autoclaving for I hat 15 Ibs ( 121 °C) and washed 
twice with deionised distilled water and dried in 
an oven at 90°C for 6- 8 h. The dried biomass was 
thoroughly powdered into uniform particle sizes. 

Preparation of immobilised biomass 

Four matrices- alginate, polyacrylamide, PVA and 
polysulfone- were used for entrapment of dead 

biomass of Rhizopus arrhizus. In each case, 
blank beads were also prepared with no loading 
of biomass. 

Sodium alginate was obtained from the CDH 
company. The PVA (MW 125000) was supplied 
by SD Fine chemicals. Acrylamide , N'N'­
methylenebi s(acrylamide) and dimethyl form­
amide were purchased from SRL chemicals. 
Polysulfone resin (MW 30 000) was obtained from 
Aldrich chemicals. Ammonium persulfate and 
N ,N ,N' , N'-tetramethy lethyl ened iam ine were 
purchased from Sigma chemicals. 

Synthetic efflu ent was prepared so it resembled 
the effluent be ing discharged from the tannery 
industry: NaHCO. 2g L- ' ; glucose 5g L- ' ; NaCI 
10 g L- ' ; Na2S04

J 2.5 g L- ' ; K1Crp7 100 ppm. 
The pH of the solution was 8.3. 

EntJ'apment of biomass in gels 

Alginate beads 

Alginate (2%) was mixed with 2% dry powdered 
biomass and made into beads in CaC I2 . Th e 
resultant beads were cured for 6 h and stored in 
0.2% CaCI 2 at 4°C. 

Polyacrylamide beads 

Acrylamide/N'N'-methylenebis(acrylamide) (10% 
wt/vol) was mixed with 2% biomass . Poly­
merisation was initiated by ammonium persulfate 
and N ,N,N',N'-tetramethylethylenediamine. The 
resultant slab gel (4 mm th ickness) was cured for 
4-6 h and cut into small cubes and stored at 4°C. 

PVA beads 

The PVA (4%) was mixed with 2% biomass. The 
mixture was extruded into 4% CaCI? solution as 
spherical particles and polym errsa tion was 
achieved by repeated freezing and thawing. 

Polysulfone beads 

Biomass (2%) was added to 10 9 of polysulfone 
in dimethyl formamide solution, and the slurry was 
ex truded as spheri ca l beads. The beads were cured 
in water for 16 h. 

Preparation of C"(VI) solution 

A stock C r(VI) so lution of 1000 mg L- ' was 
prepared in distilled water. It was used as the basis 
for Cr solutions containing 50- 300 mg L- ' . The 
range of pH studied was 2.0- 9.0. The pH of the 
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solution was adjusted to the required value with HCI 
(IN) or NaOH (IN) before immobilised biomass 
was added. 

Metal adsorption studies 

The metal adsorption efficiencies of fungus 
immobilised in alginate, polyacrylamide, PVA and 
polysulfone were shldied by adding an adequate 
quantity of beads containing 100 mg of biomass 
(dry wt) to 50 mL of Cr solution (100 mg L - I, pH 
2.0, at 100 rpm) at ambient temperature for 24 h. 
Samples were taken at regular intervals and 
analysed for presence ofCr(VI) ion in the residual 
solution. The effects of pH (2 to 9) , biomass 
loading (0.2 to 10%), duration of adsorption (0.5 
to 24 h), agitation (50 to 200 rpm) and the initial 
metal ion concentration (50 to 300 mg L- 1) were 
studied in the Cr(VI) solution. 

Analysis of Cr(VI) ions 

The concentration of residual Cr ions in the 
adsorption medium was determined spectrophoto­
metrically at 540 nm using diphenyl carbazide as 
the complexing agent (Nourbaksh et al. 1994). 
A calibration curve was prepared in the range 
1- 10 mg L-1• 

Reactor operations 

The process of metal recovery using microbial 
biosorbent is basically a solid- liquid contact 
process consisting of a metal uptake cycle and 
metal desorption. Appropriate contact between the 
solution and the solid can be accomplished in a 
reactor; for example, a stirred tank , a packed bed 
or a fluidised bed reactor, as in this study. 

Stirred tank reactor 

The granular biosorbent was kept in contact with 
the metal-bearing liq uid by stirring it, to maintain 
a homogeneous suspension and good mass transfer. 
To study the effect of turbulence in the reactor on 
the adsorption capacity the speed was varied (75-
200 rpm). Immobilised beads containing 2 g of 
biomass we re added to 500 mL of synth etic 
eftluent having a C r concentration of 100 mg L- 1 

at pH 2.0 (liquid : biomass ratio of I :50) . T he 
experiments were monitored for 8 h and samples 
were collected every hour and analysed for residua l 
metal ion concentration . Experiments were also 
conducted by v3lying the liquid:biomass ratio to I: 10 
and I: 16.66. 

Packed bed reactor 

The fixed bed reactor is a column in which the 
bioadsorbent granules (particle size 3 mm) are 
packed and do not move. When the whole bed 
becomes exhausted and saturated, the bioadsorbent 
is regenerated, in situ or separately. A serious 
drawback of this column is the sensitivity to 
suspended foreign matter in the influent, which 
clogs the bed. A packed bed of biofix beads 
(60 cm x 10 cm glass column) was used for the 
study. The Cr solution was pumped in from the 
bottom of the column. The residence time was 
varied to study the efficiency of the reactor. 

Fluidised bed reactor 

Fluidised bed reactors (FBRs) offer an attactive 
kinetic alternative to packed bed reactors because 
they use solution containing suspended matter. 
However, conditions in FBRs are difficult to 
control. In this study, the immobilised biomass 
particles of absorbent (Rhizopus) were fluidised 
in a 2.5 cm diameter column by a stream of the 
synthetic effluent continuously flowing upward to 
achieve a high degree of mixing. Fluidisation was 
attained by supplying compressed air through the 
bottom of the column. Studies were conducted by 
varying the liquid:biomass ratio (as was done for 
the stirred tank reactor, i.e. 2 g, 6 g and 109 
biosorbent in 100 mL of solution). Synthetic 
effluent containing 100 mg Cr L- 1 at pH 2 was 
continuously fed into the column for 4 h. The 
samples eluting out of the column were monitored 
for metal ion concentrations at regular intervals. 

Results and Discussion 

Screening of polymeric matrices fo,' immobilisation 
of RhizoplIs arrhiws 

Preliminary experiments were carried out to 
determine the metal binding efficiencies of 
biosorbents immobilised in the PVA, polysulfone, 
polyacrylamide and alginate matrices. The metal 
adsorption efficiencies of encapsulated biomass 
beads were compared with the native biomass. The 
results are presented in Table I. Both polysulfone 
and PVA matrices were identifi ed as superior 
candidates for fungal immobili sation in our study. 
Experimental results showed a higher effectiveness 
factor (> 0.9) in both cases . Both matrices exh ibi ted 
im proved adsorption eff iciency (> 63%) in 
comparison to alginate-entrapped biomass (55%). 
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Table I. Evaluation of Cr(VI) removal by polymeric matrices with or without immobilised Rhizopus arrhizus 

Polymeric matrix % Removal of Cr(VI) Cr(VI) loading Effective factor 
after 24 h of incubation (mg g-I of dry biomass) 

Free biomas (control) 
PVA with biomass 
PVA without biomass 
Alginate with biomass 
Alginate without biomass 
Polyacrylamide with biomass 
Polyacrylamide without biomass 
Polysulfone with biomass 
Polysul fone without biomass 

69.604 
63.513 

6.116 
55.015 

4.412 
21.465 

9.380 
65.160 

6.5 

34.802 
31.756 

0.441 
27.507 

0.455 
10.732 
0.753 

32.676 
0.526 

0.912 
0.087 
0.790 
0.063 
0.308 
0.134 
0.936 
0.0933 

100 mg 0 1" biomass was used in all cases; initial Cr(VJ ) ion concentration in the solution was 100 mg L 1 

Higher metal uptake capacity was observed in these 
cases. The metal uptake efficiency ofpolysulfone­
immobilised biosorbents was found to be 33 mg 
g- I ofbiomass whereas in the case ofPVA beads it 
was 32 mg g- I of biomass. Biomass entrapped in 
polyacrylamide gel showed poor chromium­
binding capacity in our study. However, 
polyacrylamide gel was reported to be a successful 
immobilising matrix for the removal of various 
metal ions such as copper, nickel , or uranium 
(Wong and Kwok 1992; Wong et al. 1993; Andres 
et al. 1995). 

Parallel experiments were conducted to evaluate 
the adsorption efficiency of biomass-free 
polymeric matrices. Removal ofCr(VI) was found 
to be negligible in all these cases. 

The variation in the metal uptake capacities of 
the various matrices could be attributed to the 
differences in porosity of polymeric gels. In the 
case of PVA- and polysulfone-entrapped 
biosorbents, higher metal uptake was recorded, 
perhaps due to the better porosity of the beads 
which would allow metal ions to be freely 
transported through the matrix. 

Our study found differences in the performances 
of the nati ve and immobilised biomass. Free 
biomass showed highest metal loading capacity 
(35 mg g- I of biomass) and percent adsorption 
(69%). Biomass after entrapment in immobilising 
matrices (PVA and polysulfone) had 6- 8% lower 
adsorption capacity than free fungal biosorbent. 
The binding of metal ions to the fungal cells was 
presumed to occur exclusively through surface 
adsorption. The active sites present in the cell wall 

of free biomass had greater exposure to the metal 
ions present in solution, which resulted in higher 
meta l uptake . The encapsulated biosorbent 
adsorbed less metal and this was probably because 
of the cross linking of the potential metal binding 
sites with matrices, and masking of the active sites 
due to immobilisation. Moreover, the rate of the 
adsorption process could also depend on the rate 
of mass transfer from the bulk metal solution in 
the case of immobilised beads. However, the 
negati ve effect was found to be negligibl e 
compared to the distinct advantage of 
immobilisation in industrial operation. 

There are reports of polysulfone-entrapped 
biomass being used for removal of mainly cationic 
metals from industrial effluents (Seidel and Jeffers 
1991 ; Trujillo et al. 1991). However, the use of 
polysulfone and PVA-immobilised biosorbents for 
treatment of waste water contaminated by anionic 
metal ions such as Cr(VI) has not yet been reported. 

Adsorption isotherm 

Ad so rption isotherms are graphs of solute 
concentration in the adsorbed state as a function 
of solute concentration in the solution at a constant 
temperature. They are useful for estimating the 
amount of adsorbent needed to adsorb a given 
amount of sorbate from the solution. They give 
valuable information that is useful for the selection 
of an adsorbent. They also facilitate the evaluation 
of the feasibility of the adsorption process for a 
given application (Weber 1985). The metal uptake 
data (8) plotted against the final so lution 
concentration (C) at equilibrium yields the 
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Figure 1. Adsorption isotherm for Cr(VI) removal 
using free and immobilised biosorbents 

adsorption isotherm. The resulting relationship is 
most often hyperbol ic because the biosorbent 
uptake value approaches the va lue of complete 
saturation of the sorbing material at a high 
concentration of the sorbed species (Volesky 1990). 

The adsorption isotherms of immobilised biofix 
particles for uptake ofCr(VI) were compared with 
the isotherms for native biomass (Fig. I). For each 
isotherm, initial Cr(VI) concentrations were varied 
from 50 to 300 mg L-1 while the biosorbent in 
each sample was held constant (4 g L- I). It was 
observed that the adsorption isotherm of native 
biosorbent was steeper than that of immobilised 
biosorbents, indicating more affinity of the sorbent 
towards the given sorbed species. Of the four 

V PoIysulfone immobilIZed biomass In" = 2 13, V" = 0.373 

• Polyacrylamide ImlllOblllzed btomass InK=183, Vv '" 0 319 

'" Alglllate Immobilized biomass In 1\ = 1 7, IIv = 0.374 

0 PVA Immobcllzed blOlllass In 1(= 22 . 11\'=0355 

• Free blomass In I( = 24, 11,,=0332 

OL------------------------------------" o 
In C 

Figure 2. Freundlich adsorption isotherm of free and 
immobilised biosorbents for Cr(VI) removal 
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Figure 3. Langllluir adsorption isotherm of free and 
immobilised biosorbents for Cr(VI) removal 

matrices compared, PVA- and polysulfone­
immobilised biosorbents had similar adsorption 
isotherm patterns. Biomass entrapped in 
polyacrylamide gel showed least metal binding 
affinity. The highest metal uptake capacity was 
45 .876 mg g-I with free biosorbent. In comparison, 
biofix particles immobilised with PVA and 
polysulfone recorded 43.745 and 43.608 mg g-I 
of biomass, respectively. 

During adsorption, a rapid equilibrium is 
established between the adsorbed metal ions on 
the microbial cell (8) and the unadsorbed metal 
ions in solution (C), and it can be represented by 
either Freundlich or Langmuir adsorption 
isotherms which are widely used to present data 
for water and waste water treatment applications. 
The Freundlich isotherm, used to describe the 
adsorption of solutes from dilute solution, can be 
given by 

8 = K C I!v. 

This can be linearised by taking the natural 
logarithm of both sides of the equation to give 

In 8 = In K + I/v x In C. 

The intercept In K gives a measure of the adsorbent 
capacity of the microorganism. The slope I/v 
indicates th e effect of concentration on the 
adsorption capacity and shows the adsorption 
intensity. 

Unlike the empirical Freundlich isotherm, the 
Langmuir isothem1 has a theoretical basis which 
relies on a postulated chemical or physical 
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Table 2. Model regression isotherms of free and immobilised biosorbents 

Biosorbent Freundlich model Langmuir model 
K v ,..2 eo ~eo ,:2 

Free biomass 11. I 3 0.976 43.67 8.93 0.991 
Polysulfone + biomass 8.4 2.67 0.981 42.29 5.29 0.987 
PVA + biomass 9 2.8 0.977 41.67 5.95 0.985 
Alginate + biomass 5.46 2.59 0.963 36.76 1.83 0.998 
Polyacrylamide + biomass 6.24 3.14 0.991 28.8 2.81 0.97 1 

Frellndlich isotherm model: 8 = KC' ,. where K and v are model parameters 
Langmllir isotherm model: 8 = 8o~C / ( I + ~C) where 8 = uptake of species, 80 = max imum uptake, 
C = equilibrium (final) concentration in so lution, ~ = constant related to energy of adsorption 
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Figure 4. Compari son of the removal efficiencies of a 
continuous sti rred tank (CSTR) and a fluidi sed bed 
reactor (FB R) 

interaction (or both) between solute and vacant 
sites on the adsorbent surface, and the heat of 
adsorption is independent of the fraction of surface 
covered by the adsorbed solute. The Langmuir 
isotherm model has the form 

8 = (80~C) I (I + ~C), 

where 8 = uptake of the species, 80 = maximum 
uptake, C = equilibrium (final) concentration in 
solution, and ~ is a constant related to energy of 
adsorption . The linear form of the Langmuir 
equation is 

1/8 = 1/80 + [1 /~8o x I /C]. 

The constants of the Langmuir equation can be 
determined by plotting 118 versus lie. This gives a 
straight line with slope 1 /~80 and intercept 1/80 , 

In the present study both the models were used 
for evaluation of the adsorption data. Freundlich 
and Langmuir adsorption isotherms are presented 
in Fig. 2 and Fig. 3, respectively, for free and 
immobilised biosorbents. Freundlich constants and 
Langmuir constants obtained from the respective 
isotherms are listed in Table 2. It can be seen that 
adsorption equilibrium data give a better fit to the 
Langmuir model for all bio sorbents except 
polyacrylamide gel, indicati ng a mono layer 
adsorption pattern . Polyacrylamide-immobilised 
biomass showed a higher correlation (0.991) for 
the Freundlich adsorption isotherm confirming a 
better fit to thi s model. This might indicate that C r 
wa s adsorbed through a mu lti laye r binding 
mechani sm. Free biomass showed the highest 
adsorption constants for both mode ls. Among the 
immobil ised biosorbents , adsorption constants 
were higher for both models in the case of PVA­
a nd polysulfone-immobili sed biofi x particl es. 
Though the adsorption effic iency was found to be 
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larger for free biomass than for immobilised 
biosorbents (PVA and polysulfone), the di fference 
was marginal and would not offset the advantage 
of immobilisation in industrial applications for 
removal of heavy metals from effluents. 

Reactor studies 

Batch experiments in a stirred tank reactor 

Removal effic iencies of immobilised absorbents 
(PVA, polysulfonate and alginate) were tested in 
batch experiments in stirred tank reactors with 
100 mg Cl' L -I and 4 g biomass at impeller speeds 
ranging from 75 to 200 rpm. In all cases the 
impeller speed of 100 rpm was found to be idea l 
for adsorption ofCr(VI). At higher impeller speed 
(200 rpm) a 12% decrease in adsorption was 
noticed with biomass on PVA and polysulfone 
beads, mainly due to eddy f0n11ation and improper 
contact between the adsorbent and Cr. A similar 
trend was observed with alginate-immobilised 
biomass. The lower impeller speed (75 rpm) also 
exhibited poor performance. Therefore further 
studies with immobilised biomass were carried out 
at 100 rpm only. 

Figure 4 shows the adsorption of Cl' (100 mg L-') 
by immobili sed biomass from synthetic effl uents 
in continuous stirred tank and fluidised bed 
reactors. In both cases the adsorption was more 
eftic ient at lower solid:liquid ratios. The fluidised 
bed reactor was generally more efficient than the 
continuous stirred tank reactor, especia lly in more 
dilute systems (solid:liquid ratio of I :50). The 
study showed that with PVA and polysulfone­
immobilised beads , about 90% adsorption of 
Cr(VI) and a metal uptake capacity of 23 mg g-I 
can be achieved in a four hour contact at I: 10 
so lid:liquid ratio. The fluidised bed reactor 
performance was superior to that of the packed 
bed reactor (data not shown). 

Conclusion 

This study inves tigated the deve lopment of a 
suitable biofix particle for the removal of Cr(Vl) 
from industrial eftl uents by entrapping the dead 
biomass of Rhizopus arrhizus in various matrices. 
The following important observations were made. 
I. Poly(vinyl alcohol) and polysulfone matrices 

were identified as superior candidates for fungal 
immobilisation . These matrices had a higher 

effectiveness factor (>0.9). They exhibited a 
higher metal uptake capacity (33 mg g-I of 
biomass) than alginate (27.5 mg g-I ofbiomass) 
and polyacrylamide (10.73 mg g-I of biomass). 

2. Adsorption equilibrium data gave a better fit to 
the Langmuir isotherm model for PVA- , 
polysulfone- and alginate-immobilised bio­
sorbents. In the case of polysulfone-entrapped 
biomass, the experimental data had a better fit 
to the Freundlich isotherm model. 

3. The optimum agitation speed for Cr(VI) 
adsorption in a stirred tank reactor in batch process 
was found to be 100 rpm. Polyvinyl alcohol- and 
polysulfone-immobilised biomass beads showed 
92% adsorption and a metal uptake capacity of 
23 mg g-I of biomass after 4 h of contact. In 
comparison, 59% metal removal was achieved 
with alginate-immobilised biomass during the 
same period of time. The corresponding metal 
uptake was 14.6 mg g-I of biomass. 

These observations establish that a good 
bioadsorbent particle can be obtained by 
immobilising dead fungal biomass in a 
polysulfone-matrix, and that it can be used for the 
removal and recovery of heavy metals from 
industrial eftluents in large-scale operations so as 
to make the process economically viable. 
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Development of Treatment Processes 
for Waste Emissions at Their Source 

Y.R. Obst' and T.W. Riley' 

Abstract 

Waste minimisation and recycling has become a high profile concern, both in manufac­
ture and in material processing. The environmental aspects, in particular those associated 
with food and fibre products, are of vital importance because the associated industries use 
large volumes of water. The methods of 'cleaner production' enable these industTies to 
address pollution through analysis of their production to discover where improvements 
can be made. As a result, energy consumption, water and material usage can quite often be 
reduced, with significant reduction or elimination of waste discharges and emissions while 
improving productivity. The engineers at the Agricultural Machinery Research and De­
sign Centre (AMRDC) have developed various systems capable of handling the heavily 
polluted large volume waste treatment requirements of the food and fibre by-product in­
dustries. The methods involved are based on classic sizing, sorting and separation princi­
ples using appropriate yet often simple concepts. The AMRDC has developed one such 
system for the treatment of waste water, a portable filtration unit, now referred to as the 
'Selective Separation Unit' (SSU), patented in key countries, which has attracted much 
broad interest. A prototype unit, capable of handling 50 L S- I but able to be readily trans­
ported has been demonstrated in a number of difficult industrial situations such as a dried 
fruit (sultana) processing plant, a plastics recycling plant, a meat processing and by-prod­
uct recovery plant, and a fruit and vegetable processing plant. In each case, the results 
have been most encouraging. This paper gives details of developments to date. 

FOR many years, water and waste products have 
been discharged together into river systems or the 
sea itself, sometimes after some contaminants have 
been allowed to settle in holding tanks or dams. A 
great deal of suspended matter can be separated in 
the tanks, but because of the associated costs, most 
industries have dumped all waste streams into 
either one or a small number of tanks. That 
produces a troublesome waste stream, making it 
sometimes difficult to obtain water clean enough 
for re-use in production. Stream separation and 
'at-the-source' treatments are now being more 
readily adopted by industry, helping to simplify 
this problem. 

1 Agricultural Machinery Research and Design Centre, 
University of South Australia, Adelaide, South Australia 

Some industries attempt to filter at various stages 
of production using currently available filters , but 
because there are normally large volumes of water 
involved, this is a very expensive procedure. There 
are large capital costs and maintenance problems 
associated with conventionalftltration systems. In 
most cases, centrifuges, mechanical screens , 
pressure filters or rotating drum filters are used. 

Stringent legislation is creating many challenges 
and new and economical methods of waste water 
treatment have to be found to satisfy the ever 
increasing safeguards being developed to protect 
the environment. 

Researchers are investigating 'at-the-source' 
treatment opportunities, or the use of ' cleaner 
production ' methods, but to design and develop 
improved equipment capable of carrying out the 
necessary tasks is often difficult. The engineers at 
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the Agricultural Machinery Research and Design 
Centre (AMRDC) of the University of South 
Australia have developed several systems capable 
of solving the heavily polluted, large volume waste 
treatment requirements of the food and fibre 
industries. The methods are based on classic sizing, 
sorting and separation principles using appropriate 
yet often simple concepts that target both the 'dry' 
and 'wet' processes associated with production. 

One system that the AMRDC has developed for 
the treatment of waste water is a modular filtration 
system, referred to as the ' Selective Separation 
Unit ' (SSU). This technology has been patented 
in key countries and has attracted significant 
interest. It is described later in the paper. 

'Cleaner Production' Principles 

The philosophy of'cleaner production ' entails the 
use of revised management practices and processes 
that minimise environmental impacts associated 
with production. It can readily be applied to most 
industry practices. The revised practices not only 
protect the environment but may also reduce 
production costs by implementing improvements 
that increase efficiency, reduce waste of material 
inputs and increase productivity, while lessening 
energy usage and waste generation. 

There can be added benefits in the food and fibre 
industries: marketable by-products can be 
collected; quality of the primary product can be 
i m proved ; market com peti ti veness can be 
increased; and available resources can be recycled 
and reused. Particular benefits arise when the 
production system removes contaminants at the 
first point of identification, rather than trying to 
handle them at the end of production as a complex 
waste stream. This point-of-identification approach 
provides further reductions in waste discharge 
volumes , potency and the level of treatment 
required , while increasing financial return. 

Cleaner production methods in essence promote 
higher efficiency for industrial processes, products 
and services so as to prevent pollution, in many 
cases for financial gain. Application of these 
methods, however, requires know-how and the use 
of modern technology and practices. While the 
benefits for both the producer and the environment 
are evident, recognition of a need for cleaner 
production develops a competitiveness within 
industries for sustained economic development 
through state-of-the-art plant improvements. 

Sizing, Sorting and Separation 

One approach that alleviates waste disposal 
problems involves the collection of specific 
by-products or waste constituents as they become 
apparent in processing. This enables the production 
system to steadily lower the percentage of waste 
matter in the final waste stream while reducing the 
effluent load on waste water discharges. The use, 
rather than disposal, of wastes creates a means of 
repayment for the costs incurred , thereby offsetting 
the total cost associated with the process changes 
implemented. 

A key requirement of this approach is the 
division of a complex problem into a number of 
key parameters or smaller problems. This 
eliminates as many parameters as possible, and 
thereby simplifies the original problem. For 
example, consider the fundamentals of production: 
a raw material is subjected to a number of process 
operations which require input of energy for plant 
operations and result in a waste stream and the 
desired product stream. 

Simplification of the final waste problem can 
be achieved by identifying all sources of waste 
generated from each process in the operation. Each 
of these smaller waste problems is addressed by 
applying the particular procedures or treatments 
necessary to solve it. In many cases, this allows 
the waste to be collected before it degrades, with a 
potential for making by-products. 

This method of simplification focuses on solving 
the waste problem practically, by adopting a 
versatile array of sizing, sorting and separation 
techniques that can be implemented in both the 
'wet' and 'dIy' stages of production. The result 
can improve product quality and enable the 
collection of constituent waste contaminants of 
relatively similar character. 

The science of sizing, sorting and separation is 
very important in the handling of natural products 
and waste streams. It can be applied both to the 
handling and to the process operations up to the 
final stages of industry production , and its 
outcomes can readily lead to improved raw 
material handling and enhanced product quality. 

The concepts can be divided into two activities, 
viz. dry sizing, sorting and separation (e.g. removal 
of coarse particulates from fresh produce) and 
wet sizing, sorting and separation (e.g. removal 
of particulates and chemical residues from 
process water). 
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The basic principles of sizing, sorting and 
separation for treatment of wastes and by-products 
are based upon: 
• the distinction of raw materials, intermediary 

and final products from constituent contaminant 
matter, by both physical and chemical 
classification techniques; 

• the sorting of each product, by-product or waste 
contaminant by physical, chemical or biological 
means or a combination of them, ensuring efficient 
removal of dissolved or suspended solids. 

An immediate outcome of the sorting regime is 
separation, generally enabled by physical means 
once the correct sorting principle has been 
established. 

Once the process has been truly understood in 
terms of the related scientific and engineering 
principles, a cost-effective solution can usually be 
applied to specific industry problems. The sizing, 
sorting and separation method is a way of 
facilitating cleaner production. It is valuable tool 
with which engineers can develop cost-effective 
and environmentally-aware waste solutions for 
industry. Primary product purification and 
by-product collection is thus made possible. The 
' sizing, sorting and separation ' technique is 
implemented as an integral component of routine 
sampling and analysis to obtain basic data. The 
treatment procedures that evolve can prevent 
undesirable interaction of wastes , further 
degradation and odorous emissions. 

The ability to classify, sort and separate materials 
to achieve a contaminant free, high quality final 
product with minimal waste-bearing streams can 
assist agricultural production systems to add value 
to their products , and to achieve a 'clean green ' 
image for food and fibre industries. 

Solutions to Waste Problems 

The best long-term solution is to reduce pollution 
at its source, or to stop generating waste in the 
first place through appropriate strategies. In some 
cases however, some form of 'end-of-pipe ' 
treatment is the only means of preserving production 
and the environment. In either case it is important 
that any unit processes are simple and reliable. 

Waste water is generally contaminated with 
inorganic and organic matter and micro-organisms. 
The traditional aims oftreatment are first to remove 
suspended matter, and then to facilitate the 

reduction of dissolved matter without added 
degradation of the water quality. Treatment should 
therefore begin with the physical removal of grit 
and other easily separable solid matter associated 
with the raw material. Effective screening must be 
correctly implemented for solids recovery and 
value-added by-product opportunities. 

Chemical and biological treatments, while likely 
to provide further treatment benefits for obtaining 
improved quality waste water, should be only used 
once all screenable solids have been separated. All 
waste treatments should be selected so as to be 
cost effective and perhaps offer cost benefits as an 
offset to treatment costs. 

As we have said, it is far better to treat pollution 
through preventative measures by tackling the 
waste as it occurs. Water monitoring equipment 
for recording temperature, salinity, flow, and 
turbidity measurements should be used to provide 
accurate material balances for a processing plant 
and thereby identify potential improvement areas. 
Such measures not only assess the performance 
both of management and of production workers, 
but can allow waste handling costs to be reduced, 
and enhance water conservation and re-use, 
resulting in possible raw material savings. 

After all in-plant waste management 
opporl1l1lities have been explored, decisions can 
be made about appropriate methods of treatment 
and disposal of the resultant wastes. 

Once the sources and quantities of waste have 
been established, it is usual to find that there are 
methods of reducing water consumption and waste. 
Process re-design and reorganisation can also 
improve energy consumpti on, lower product 
losses, and result in fewer accidents and spills, 
better public relations and reduced liability. 

By-product or resource recovery often creates a 
range of potential uses, depending on the character 
and quality of the by-product or resource. 

By-product Recovery 

Most of the by-products associated with the 
agricultural, food and fi b re industries can be 
recovered as animal feeds, waste paper, fats and oils, 
or feltilizers; the water can be used without alteration 
for land irrigation. Simpler by-products generated 
through biochemical treatment include biogas and 
energy derived from combustion of waste. 
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Examples of by-product recovery include: 
• protein from meat , shellfish and by-product 

process ing; 
• fruit matter from dried vine-fruit process 

operations; 
• citrus and vegetable meal from canning andjuicing 

operations; 
• starch from vegetable and grain processing; 
• fats , oils or gelatin from animal offal-containing 

wastes; and 
• solids from food process ing operations which 

can often be used for animal feed , compost, and 
as soil conditioners. 

Implementation of a cleaner production approach 
can also provide benefits by improving by-product 
quality in a host of industries . 

Abattoirs, tanneries and meat works all offer a 
diverse range of by-products , both edible and 
non-edible, and perhaps refl ec t a typical example 
of good by-product utilisation. However, a great 
numbe r of 'c lea ner product ion ' opportunities 
st ill ex ist particularly in the recovery of raw 
materi a ls or chemicals , espec ially in tanneries. 
For example, process operations assoc iated with 
these industri es produce apprec iab le amounts of 
hair, wool , feathers, fat , oil and prote in which are 
carried away by water streams at a large sca le. 
Losses of these by-products occur in each section 
of process ing, whether it be the process ing of meat 
or its related by-products; they are not only ' dollars 
down the drain ' but a lso present se riou s 
environmental concerns. 

Tanneri es in particular use large vo lumes of 
concentrated liquors in each stage of production. 
The removal of contaminants from spent liquors 
therefore provides the opportunity to recycle and 
re-use chemicals, and also the opportunity for 
va lue-adding through by-product recovery. Good 
management practices and improved waste 
handling measures not only reduce pollution 
output by the industry but enable commerc ial 
realisation of recog ni sab le by-products and 
chemical recovery. 

Assoc iated mea t by-products can be 
manufactured into industrial chemicals, cosmetics, 
pharmaceuticals, glue, soap, glycerine, animal 
feeds, fe rtili ze rs, candl es, lubricating o il s and 
shaving cream. 

Leather, scrap and assoc iated waste generated 
by skin processors and tanneries , which a re 

uncontaminated by worn parts, nails , adhesives , 
and so on, offer significant recycling potential for 
comm e rcial gain, and can also be used as 
biodegradable fertilizer. Smaller pieces of leather 
trimmings and shavings of both tanned and 
untanned waste can be used for the manu facture 
of gelatin and collagen-based products and for the 
manufacture of insulation and a range of recycled 
leather products. 

A Cleaner Production Technology: The SSU 

The Selective Separation Unit or SSU is a technical 
breakthrough in the extraction of a lean filtrate from 
a solid-carrying I iquid. It combines simplicity and 
effectiveness with low capital and operational 
costs. Its real s ignificance, however, li es in the t~1ct 
that it can operate under high flow conditions 
without req uirin g reg ular mainte nan ce as 
conventional ' dead-end ' filtration methods do. 
Thus , t he S SU e nables in-lin e recyclin g 
opportunities previously not achievable by other 
filtration solutions for waste treatment. 

The system possesses the following advantages: 

• minimal floor space required; 
• no operator involvement; 
• very little power requirement; 
• littl e or no maintenance required ; 
• no residence time; separation is immediate and 

in-line with flow; 
• system can alter operation to suit contaminant 

leve l and flow character; 
• relati vely small in size and capital outlay ; 
• virtually zero pressure differential. 
[n general , the SS U has enormous potenti al in 
industry because it may be used for v iltually any 
type of water or effl uent in which a predominant 
liquid vo lume is to be separated fro m its suspended 
solid constituent. The SSU's operating principle 
re li es on the response of the so lid contaminants' 
particle dynamics in response to fluid flow, thereby 
using counter-flow techniques for the eftlc ient 
separation of solids. The SSU is in fact a 'se lf 
cleaning ' n itration unit that can be used in various 
in-line situations. 

The SSU offers two modes of application: ( i) 
particle filtration , from coarse so lids down to a 
p3lticle size of less than 100 I1m, e.g . sand; ( ii) 
micro filtration , from particles down to colloidal 
ma tter of less than 5 I1m, e.g. flocs. 
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Some examples include: final filtration of effluent 
before irrigation; insurance filtration during waste 
water recycling to ensure solids removal; primary/ 
secondary/tertiary filtration during conventional 
treatment 'at the source' for solids reduction and 
water recycling; by-product recovely. 

A prototype unit, capable of handling 50 L S- I is 
readily transportable and has been demonstrated 
in a number of difficult industries such as a dried 
fruit (sultana/raisin) processing plant, a plastics 
recycling plant, a meat processing and by-product 
recovery plant, and a fruit and vegetable 
processing plant. 

Cleaner production demonstrations are planned 
for various other industries, including the tanning 

industlY, for a number of potential applications, 
from stream purification to by-product recovery. 

Conclusion 

The University of South Australia is now in the 
process of formulating a marketing strategy to 
commercialise the technology. A full patent has 
been granted for world protection of the SSU 
technology in the light of the commercial 
opportunity presented. The prototype SSU has 
received interest from various organisations and 
government bodies, and is an excellent example 
of technology which can assist in cleaner 
production. 
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