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ABSTRACT

Bacterial Biosorption of Heavy Metals
From Ligquid Wastestreams

by
EFmilia Rus

In this study, immobilized activated sludge from a
municipal wastewater aerobic treatment plant has been
evaluated as a potential biosorbent for the removal of
heavy metals from ligquid waste streams. The method of immo-
bilization consists of entrapment of the microorganisms in
calcium alginate beads.

The affinity of immobilized activated sludge to cad-
mium, lead, chromium and copper has been evaluated under
well defined laboratory conditions.

Initially, the time course of metallic ions uptake and
the effect of pH and temperature on bilosorption were
studied for each metal. Then the biosorption pattern and
the effect of biosorbent concentration on binding capacity
were investigated. It was found that biosorption by the
bacterial beads could be described by the Freundlich
Isotherm.

A bench-scale system has been developed and tested to
optimize the biosorption process. Promising results have

been obtained for lead and chromium.



Results indicate that alginate-immobilized activated
sludge has a capacity to adsorb a maximum of 240 mg Pb2+/g
dry biocbeads; 36.9 mg Cr3+/q dry biobeads; 18.9 mg Cu2+/g
dry bicbeads, and 7.2 mg Cd/g dry biobeads. A residual pp2*t
concentration of 0.04 mg/l, which is below the drinking
water limit, has been obtained with bicbeads in a bench-
scale biosorption treatment of lead from an initial con-
centration of 300 mg/l. This is a very encouraging result,
because at a concentrations of Pb?7T as high as 300 mg/1l the
metabolic activity of the sludge is not inhibited. There-
fore, biodegradation of organic contaminants, which might
be found along with lead in some industrial effluents, can
occur at the same time.

Other results suggest that the sludge biosorbent can
also be used to selectively remove specific metals from
solutions containing various metal ions. This may be done

by adjusting the conditions of biosorption, especially the

pH.
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CHAPTER 1

INTRODUCTION

Industrial development throughout the world has resulted in
increased circulation of heavy metals in the environment.
Heavy metals are present at high concentrations in some in-
dustrial effluents and also appear as side pollutants at
low concentrations in many wastes. The contamination of the
environment by heavy metals is a very serious public health
problem due to the toxicity of most of these pollutants
even at low concentrations.

The removal of toxic and heavy metals contaminants
from aqueous waste is one of the most important environmen-
tal issues facing the world today. Although this issue has
been addressed for many years, effective treatment tech-
nologies are limited. Physico-chemical methods such as
hydroxide or sulfide precipitation, ion-exchange, reverse
osmosis, solvent extraction and membrane microfiltration
are the most_commonly used procedures for removing metal
ions from industrial effluents (1).

However, these procedures have significant dis-
advantages such as incomplete metal removal, relatively
high costs and/or generation of large volumes of toxic
sludges which must be disposed off at additional costs.

The research for new and innovative treatment methods

has focused attention on the metal binding capacities of



various microorganisms. The literature is extensive, and a
few patents have also been filed (2-4).

It has been demonstrated that microorganisms can con-
centrate heavy metals through passive or metabolic mediated
mechanisms. These mechanisms depend on the metals, the
types of microorganisms, and the composition of the medium
(5).

Most of the research studies on heavy metals uptake by
biological cells have involve a single microbial species
(Horikoshi et al. 1981; Highman et al. 1986; Scott et al.
1986; Nakajima and Sakaguchi 1986.). However, the use of
activated sludge appears to be more convenient for field
application since it is used widely in sewage treatment
processes and can be used as an inexpensive source of mi-
croorganisms. Fewer studies have been done on mixed cul-
tures or activated sludges. The use of different species is
based on the assumption that some species may behave dif-
ferently from others with respect to metal biosorption.

Although biological cells are effective sorbents for
toxic and heavy metals, available processing systems are
cumbersome. The free cells often require maintenance of a
healthy microbial population which can be difficult because
of the toxicity of the wastewater prccessed. Also recovery
of the metal-laden microorganisms from solution is
troublesome due to liquid-solid separation problems. Re-
searchers have recognized that immobilizing microorganisms

in various inert matrices may offer the microorganisms in-



creased chemical resistance to environmental factors such
as changes in pH and chemical concentrations.

The purpose of this study is to demonstrate the poten-
tial of the immobilized activated sludges for removing
heavy metal contaminants from aqueous solutions and to in-
dicate factors that can impact the sorption, and to op-
timize the biosorption of metals in bench-scale bioreac-
tors. This potential biocsorbent (activated sludge) 1is
available at very low costs and may be readily used without
additional facilities which would be required to grow pure

speclies or obtain microbial biomass from other sources.



CHAPTER 2

LITERATURE SURVEY

Bowen (9) has stated that contamination is the release of
substances into an environment at measurable concentra-
tions, while pollution implies that these substances have a
measurable effect on living organisms. A very serious form
of pollution is the addition of toxic heavy metal com-
pounds, freqguently only in trace gquantities, to the aqgqueous
environment. The metallic ions have tremendous binding ca-
pacity for many types of naturally occurring organic
ligands. These binding actions, therefore, constitute an
accumulation step in certain aquatic compartments. Con-
sequently, a characteristic feature of heavy metals pollu-
tion is its concentration and persistence in some aguatic
sediments for years after the polluting operations have
ceased.

Probably the most important feature which dis-
tinguishes the heavy metals from other toxic pollutants is
that they are not biodegradable and having entered the en-
vironment their potential toxicity is controlled to a great
extent by biological and geochemical factors (10).

Iverson and Brinckman (11) sugested that reaction be-
tween microorganisms and metals may be considered from two
interrelated aspects, namely, the effect of the metal ion

on the microorganism and, secondly, the effect of the



microorganism on the metal ion. The uptake of heavy metals
by microorganisms 1s known under the general term of
biosorption. This phenomenon includes both passive adsorp-
tion of metallic cations at binding sites on cells’ en-
velopes and metabolically-mediated uptake. These mechanisms
depends on the metal, the type of microorganisms, and the
composition of the mediun.

It has been reported (6,7,11) that microorganisms have
the ability to synthesize extracellular metal binding
proteins and polysaccharides, and to release molecules
(such as phosphates) that can precipitate metal ions in the
form of insoluble complexes. In addition, metabolic pro-
cesses such as energy-dependent transport of metal cations
into the cell or biosynthesis of metal-binding in-
tracellular polymers that serve as traps for the removal of
metals from the solution have also been documented (12).

Bacteria have the capability to develop tolerance to
initially toxic concentrations of heavy metal ions.
Organisms having or develcoping natural tolerance to one
metal may also be tolerant to one or more other metals.

A relatively small number of studies have been done on
mixed cultures or activated sludge (12-16). All these
studies deal with the behavior of metals during biotreat-
ment of municipal or industrial wastewaters, or investigate
the toxic effects of heavy metals on the efficiency of

biological treatments.
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No work has been reported on the design of a specific
process using activated sludge as a biosorbent to remove
heavy metals from solutions, which is the objective of this
study.

Extracellular polymers of the flocks in activated
sludge provide many functicnal groups‘that may act as bind-
ing sites for metal cations (12). A combination of floc-
culation and settling is considered the major mechanism of
metal removal in activated sludge treatment plants (13) but
the role of the metabolic activity of the sludge in this
process is not totally elucidated. It 1s also thought that
metabolic metal uptake intoc the cells occurs in activated
sludge bicmass (14).

Cadmium is found in the effluents of many industries
and is one of the most toxic heavy metals. The major
sources of cadmium released into the environment are elec-
troplating, smelting, alloy manufacturing, mining and
refining processes (18). Cadmium is also found in the ef-
fluents from the industries of pigment, fertilizer,
pesticide and rubber manufacturing. Cadmium accumulates in
living organisms and is even more toxlic to marine life than
mercury (19). Toxicity to man results in renal and lung
pathologies, hypertension, bone lesions (itai-itai dis-
ease), and cancer. Maximum cadmium concentration in potable
water is set at 0.01 mg/1l 1n USA.

Lead is a highly toxic and cumulative poison and has

been recognized as an industrial hazard for many years. Its



long-term effects as an environmental hazard have now be-
come more important. The natural concentration of lead is
less than 10 ppm in the earth’s crust and less than 0.03
ppb in sea water (20).

Lead poisoning can cause severe mental retardation or
death. It is now known that lead interferes with the blood-
forming process, vitamin D metabolism, kidney function and
the neurological process. Lead has been associated with hy-
pertension in adults, and low levels of lead have been
shown to cause mental retardation in children.

Lead is released into the environment from natural causes
as well from human industrial activity. Both natural and
industrial lead are dispersed widely by atmospheric trans-
port of aerosols and reentrained dusts and smokes. Settle
and Patterson have estimated that a billion pounds of lead
enters the earth’s atmosphere each year (21). The chief
source of this lead contamination is lead alkyls used in
gasoline. Natural sources of lead such as velcanic dust ac-
count for less than 1% of the total. Other industrial ac-
tivity that adds lead to the environment are : iron, lead,
zinc and copper smelting, and coal burning. The land
spreading of municipal sewage sludge as a fertilizer fur-
ther adds to the envircnmental lead burden.

Chromium is commonly contained in a variety of indus-
trial wastewaters, including those from the textile,
leather tanning, electroplating, and metal finishing indus-

try. Those effluents from the textile and leather tanning



industries may contain either hexavalent, Cr(VI), or
trivalent, Cr(III), forms of chromium, depending upon the
process used; however, electroplating and metal finishing
effluents contain primarily Cr(VI) (22,23).

The toxicity of Cr(VvI) is well documented and it is
considered a health hazard to man and animals. Hexavalent
chromium is corrosive to the flesh and is alsoc car-
cinogenic(22). The presence of Cr(VI) in the aquatic en-
vironment at high concentration is lethal to marine
species. The toxicity of Cr(III) is reportedly much less
that of Cr(Vl); however, this is probably due to its rela-

tively insolubility compared to Cr(VI) (24).



CHAPTER 111

OBJECTIVES

The objectives of this research are:
1. to determine the biosorption mechanism of metal ions
cd (II), Pb(II), Cr(III) and Cu(II) by immobilized ac-

tivated sludge,

2. to evaluate the biosorption parameters by varying pH,
temperature, metal concentration and biomass concentration

for a selected metal (Cd2+),

3. to optimize the biosorption of a selected metal (Pb2+)
in a bench-scale bioreactor which exibits the highest af-

finity to the biosorbent, and

4. to evaluate the feasibility of concentrating the metal
ion in the biosorbent after the biosorption phase, by
anaerobic digestion of the organic mass (biomass and al-

ginate matrix).



CHAPTER 4

MECHANISM OF BIOSORPTION BY FREE CELLS

4.1 EXPERIMENTAL METHODS

4.1.1 Effect of Nutrient Addition

All runs were carried out at a dry biomass concentration of
200 mg/1l and pH 6.6 in order to avcid chemical precipita-
tion of insoluble cadmium compounds. Initial cadmium con-
centration was 10 ppm except when otherwise indicated. Bach
experiments were carried out in 250 ml flasks with reaction
volume of 100 ml. The medium consisted of 0.5% (w/v) NacCl
solution to which the biosorbent and the metal cations were
added.

The 2g/1 biomass suspension was used as the source of
biosorbent. Ten-ml cell suspensions were used to get a
biosorbent concentration of 200 ppm. The cell suspension
concentration was checked each time by measuring the dry
matter content of 20 ml of cell suspension.

One thousand ppm metallic solutions were used as the
source of metal cations. The pH was adjusted with 0.01 N
NaOH or 0.01 N HCL.

A seriles of blanks were initially used without biosor-
bent in order to determine the pH values above which chemi-
cal precipitation (mostly hydroxides) occurred for each

metal. All experiments were done at pH values below these

10
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limits. The temperature was set at 30+/-0.59C. The biomass
was equilibrated for 15 min at this temperature before the
addition of metal ion at time zero.

When desired, nutrients were added as a solution of
glucose 1,000 mg/l; (NH4), SO, 94.6 mg/l; KH,PO, 17.6 mg/l;
yeast extract 1.0 mg/l; and NaCl 5000 mg/1l. Final C, N, S
and P concentration in the reaction mixture were respec-
tively 4.00 mg/1l, 0.20 mg/l, 0.23 mg/l and 0.04 ng/l.

The flasks were placed in a shaker where they were
agitated at 130-150 rmp at 30+/—O.50C. After 2 or 24 hours,
pH was measured in each flask and the suspension filtered
on syringe filters with 0.45-um pore size cellulose acetate
Millipore membranes. Cadmium and protein concentrations
were immediately measured in the filtrates.

Protein concentration was measured by the Lowry proce-
dure. The aim of these analyses was to provide information
related to the physiological state and metabolic activity
of the biomass and investigate a possible correlation be-
tween cadmium uptake and extra cellular protein production.
The 24 hour incubation period was deemed long enough to al-
low any biological process to occur without significant

cell autolysis.

4.1.2 Cadmium Toxicity

The toxicity of Cd?t to the microorganisms in the sludge
was studied by measuring inhibition of endogenous respira-

tion and extracellular protein production due to exposure
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to cd?¥. The experimental set-up for the determination of
respiratory activity is a microassay reactor, which is
shown in Figure 1. The microassay reactor is a small jack-
eted vessel of 1.8 ml capacity, with provision for a Clark-
type dissolved oxygen probe. Water at 309c was circulated
through the jacket and the reactor was mbunted on a mag-
netic stirrer plate.

Before the start of each run, the reactor was steril-
ized in an autoclave at 1209C and then washed successively
with methanol and distilled water. 1.18 ml of CdCl, solu-
tion (at the desired cadmium concentration between 0 and
500 ppm) in 0.5% w/v NaCl was added and saturated with
oxygen by bubbling air through it. The saturation con-
centration of oxygen from air in water at 30°C is about 242
nmoles/ml.

When the saturation level was reached aeration was
stopped and 20 um of 0.01 NaOH was added to get a final pH
of 6.6+/-0.1 in the final volume of 1.8 ml. Then 0.6 ml of
2000 ppm cell suspension was added. The reactor was plugged
in and the decrease in oxygen concentration due to
endogenic respiration was recorded. A linear response was
obtained between $0% and 60% of oxygen saturation and the
rate of oxygen consumption could therefore be easily calcu-
lated in that range. Each assay was replicated 2 to 4

times.
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4.1.3 Effect of Metabolic Inhibition

Inhibition by UV rays was carried out by exposing the 2000
ppm biomass suspension to UV (240 nm and 20 W) for 20
minutes. The liquid layer of suspension was approximately 1
mm and the suspension was agitated periodically.

Inhibition by sodium azide (NaN5) was performed by
suspending the 2000 ppm biomass suspension 1n a 1073 or
10”1 NaN,; solution and mixing at room temperature on a mag-
netic stirrer plate for 30 or 45 minutes. Then the biomass
was washed and resuspended in a volume of 0.5% NaCl solu-
tion to get a biomass concentration of 2000 ppm. The 2000
ppm suspension of inhibited cells was used te test cadmium
uptake. The respiratory activity was measured at the same

time.
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4.2 RESULTS AND DISCUSSION

4.2.1 Effect of Nutrient Addition

Table 1. shows that the addition of nutrients had no effect
on cadmium uptake during two hours of incubation, indicat-
ing that the lack of nutrients was not the cause of the low
level of metabolic uptake.

After 24 hours, uptake remained unchanged when
nutrients were not supplied, whereas a slight increase was
observed in the presence of nutrients, suggesting that some
low rate processes of metabolic uptake occurred.

These processes were probably not mediated by extra
cellular protein production since the protein concentration
in the medium after 24 hours of incubation with nutrients
was less than that after 2 hours. Some other metabolic pro-
cesses may therefore have occurred.

The results also show that the presence of nutrients
in the medium induced a significant reduction of ex-
tracellular protein production. This suggests that a large
part of these proteins might consist of hydrolytic enzymes
such as cellulose or amylases that were released in the me-
dium by chemo-organcotrophic bacteria seeking carbon to sup-
port their metabolism. The presence of glucose may have
partially inhibited the biosynthesis of those enzymes
through a product-inhibition mechanism, resulting in the

decrease in protein production actually observed.
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Table 1. Effect of Nutrient Addition and Incubation
Time on Cadmium Uptake and Extracellular Protein

Production With and Without Cadmium

Initial | Cadmium uptake* Protein producticn**
CA2TCONE. == e e e
no no
(ppm) nutrients nutrients nutrients nutrients
2h 24h 2h 24h 2h  24h 2h 24h
0 - - - - 125 0 75 o]
10 13.5 13.5 13.5 14.5 110 135 65 25

* As ug cadmium per mg dry biomass in 2 hours at 409 and
pH 6.6+/-0.1
*%* Ag ug protein per mg dry biomass in 2 hours at 409%c and

pH 6.0+/-0.1
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Since biosorption in 2 hours was the same with and
without nutrients, it was concluded that these proteins

were not involved in cadmium uptake.

4,2.2 Cadmium Toxicity

Table 2. shows that both respiration and extracellular
protein production were inhibited by cadmium even at the
lowest concentration tested. The decrease in protein pro-
duction could have reflected co-precipitation with cor-
responding amounts of cadmium but this assumption was in-
validated by the other experimental data which showed no
correlation between cadmium uptake and protein production.
Respiratory activity was reduced by 65% when cadmium con-
centration was raised from 0 to 50 mg/l. When cadmium con-
centration was increased ten times from 50 to 500 mg/l, the
inhibition level only slightly increased up to 75%, sug-
gesting that some of the microorganisms in the sludge were
resistant to this high concentration, or that the cadmium
sensitive species were not totally inhibited.

These results suggest that cadmium uptake by the
sludge occured primarily through a passive mechanism.
However, the occurrence of metaboliocally mediated uptake
could not be totally rejected, for the inhibition by cad-
mium indicated that part of the metal entered the cell pos-

sibly through a mechanism of energy dependent transport.



18

Table 2. Cadmium Toxicity to Activated Sludge

Initial ca?* % Inhibition % Inhibition
concentration endogenous respiration* of protein
(ppm) production™*
0 0 0
10 20 11
25 nm 24
50 65 35
100 70 40
500 75 nm

* in the range of 60 to 90% oxygen saturation

*% 2 hours incubation

Experimental Conditions: Temperature, 30+/-0.5%9¢; pH 6.64+/~-

0.1; no nutrients added. All assays were repeated at least
three times. Data displayed in this table are average
values. The intervals of confidence are indicated in brack-

ets. nm = not measured.
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It has been reported that metal-sensitive microorganisms
have a better metal uptake capacity than metal resistant
strains of the same species, suggesting that intracellular

uptake of metal is the very cause of the toxicity (25).

4.2.3 Effect of Metabolic Inhibition

Table 3. shows that metabolic inhibition of the micro-
organisms either by sodium azide or by UV rays has a strong
effect on respiratory activity and extracellular protein
production.

However, the decrease in cadmium uptake after metabo-
lic inhibition indicates that 5 to 10% of overall uptake is
metabelically mediated.

It should be noted that inhibitors strongly decrease
the protein production. This observation indicates that
this production is mainly the result of metabolic activity.
Inhibitors would not have decreased protein production if

it had been due to autolysis of the biomass.
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Table 3. Effect of Metabolic Inhibition on Cadmium Uptake
and Extracellular Protein Production With

and Without Cadmium

Treatment % activity* cd Protein production***
uptake e

no Cd 10 ppm Cd

untreated 100 13.5 125 110

NaN5 107N,

45 min 65 12.5 45 25

NaN5 1071M,

30 min 55 12.5 65 20

NaN, 107 1M,

45 min 20 12.5 30 30

Uv 240 nm,

20W, 20 min 30 12.5 20 0

* as measured by the rate of endogenous oxygen consumption
** as ug cadmium per mg dry bicmass in 2 hours.

at 40+/-0.59C and pH 6.6+/- 0.1.

*%* as protein per mg dry biomass in 2 hours at 40 +/-
0.5% and pH 6.6+/-0.1.

No nutrients added.



CHAPTER 5

BIOSORPTION OF METALS ON IMMOBILIZED ACTIVATED SLUDGE

5.1 MATERIALS AND METHODS

5.1.1 Chemicals

All chemicals used were analytical grade reagents. Stock
solutions of each metal at 1,000 ppm were prenared by dis-
solving respectively CdCl,, Pb(NOs),, Cr(NO5)5, and CuCl,
in NaCl 0.5% w/v. The pH was adjusted using a 0.01lN HNO5 or
0.1N NaCH in 0.5% w/v NaCl. These standard solutions were
replaced every month. Bacterial beads were prepared by
using sodium alginate of practical grade, type 1V, ex-
tracted from Macrocystis pyrifera (Kelp) and commercialized

by Sigma Chemical Company.

5.1.2 Microorganisms

Activated sludge (a mixed microbial population) from the
Parsippany-Troy Hills Water Pollution Control Plant, New
Jersey, was used in this study. The sludge was sieved
through a 500 um opening screen to remove lnert gross par-
ticles and kept for few hours at room temperature with good
aeration. Then 1t was allowed to settle for 10-15 minutes
and the supernatant was replaced by tap water. The sludge
was then mixed, settled, and washed again with tap water.

This step was repeated twice with distilled water. After

21
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this pre-treatment the pellets were prepared by centrifuga-
tion of the sludge at 3,000 rpm at 49C for 5 minutes (IEC
model PR-2 Centrifuge).

Dry biomass content (dry weight of cells) of the pel-
lets was determined by drying five sample of pellets in the
oven at 1059C for 24 hours. The dry biomass concentration
gave an average value of 58.2+/-0.2 mg/g wet pellets.

Pellets were frozen and stored at -209C in 10 ml
plastic tubes to prevent biological evolution over the
duration of the study. Dried skim milk was used as a pro-
tective agent on the basis of 25 grams of wet pellets
suspended in 100 ml of 12.5% (w/v) skim milk solution. Dry
cell concentration in this suspension was measured by wash-
ing a known amount of suspension as detailed below and
weighing the cells after drying at 1059C for 24 hours.

Before starting any biosorption experiment, the milk
was washed from the suspension as follows:

The frozen cell suspension was quickly thawed by plac-
ing the tube(s) in water at room temperature, and an ade-
quate amount of suspension was weighed to get the desired
weight of the cell given the ratio dry cell weight/total
weight of suspension which was previously determined.

The homogeneous suspension was then diluted approxi-
mately 15 times with 0.5% (w/v) NacCl solution at 49¢ and
centrifuged at 3,000 rpm for 5 minutes. Supernatant was
removed and the pellets were resuspended in 50 ml of 0.5%

NaCl solution at 49C. Four successive centrifugations were
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then carried out in the same way. The use of NaCl solution
in preparation of cell suspension step as well as in the
uptake experiments was meant to prevent cell damage due to

osmotic pressure.

5.1.3 Immobilization of Microorganisms by Entrapment in

Calcium Alginate Gel

For a given batch of 25 g pellets, a typical procedure for
making beads was as follows. Wet bacteria itlets and 0.5%
NaCl solution were taken in the ratio of 2:5 by weight in a
blender. Sodium alginate (0.75% w/w) was then added slowly
to the mixture with continuous stirring over a period of 2
to 3 minutes to obtain a homogeneous cell suspension. With
the help of a syringe pump (Sage Instruments, Model 351)
the homogenecus cell suspension was then extruded as dis-
crete droplets in a slowly stirred solution of 0.1 M cal-
cium chloride. On contact with calcium chloride, the
droplets hardened to form beads about 3 to 3.5 mm in
diameter. The beads (hereafter referred to as biobeads)
were then cured in 0.1 calcium chloride solution for 24
hours at 49C before use. In the present study, the average
dry matter content of the biobeads was around 60 mg per
gram of wet beads, corresponding to 25 to 30 mg of sludge
solids and 30 to 35 mg of calcium alginate and sodium
chloride per gram of wet beads.

Control beads were prepared with the same procedure by

replacing the pellets by an equal volume water.
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The average dry matter content of the control beads

was 30 to 35 mg/ gram wet beads.

5.1.4 Metals Analvysis

Metal concentrations were determined by atomic absorption

with a Perkin-Elmer specrophotometer,

2380.

Perkin—-Elmer operation manual.

Model 305 B and Model

The operating conditions were as recommended in the

All analyses were done in

the linear range of concentration.

5.1.5 Preliminary Uptake Experiments

Preliminary studies were done
cadmium. Based on the results
Biotechnology Laboratory with
was assumed that the kinetics
cadmium should be essentially
kinetics of other metals.
Runs were carried out in
ml of medium, except those on

uptake (see below).

solution (pre-equilibrated at

which the bacterial beads and,

tion, cd?t ions were added.

the basis of 200 mg (wet weight)

to get a 200 mg/L dry cells concentration.

only for the biocsorption of
obtained earlier at the NJIT
suspended sludges (26), 1t
of biosorption observed for

representative of the

50 ml shaker flasks with 25

the time course of cadmium

The medium consisted of a 0.5% w/v NacCl

the desired temperature) in

after 15 min for equilibra-

Bacterial beads were used on

in 25 ml medium, in order

For each series

of runs performed a series was carried out with control

beads under the same conditions.

The weight of the control



25
beads in the control flasks was the same as that of calcium
alginate matrix contained in the bacterial beads of the
corresponding test flasks. A series of blanks was also
carried out without any beads. Bacterial and control beads
were liberally washed with tap water and distilled water to
remove all traces of calcium chloride and then left to drip
on filter paper for a few minutes. Initial cd?*" concentra-
tion was 10 mg/L in all runs except otherwise indicated.
All the data presented were obtained at pH 6.6+/-0.1 in or-
der to avoid chemical precipitation of cadmium hydroxide or
carbonate. It was not easy to adjust the pH with good ac-
curacy because no buffer solution was used. While it was
found in preliminary runs that pH had a very high effect on
cadmium biosorption, it was decided to bracket the desired
pH by testing from 5 to 6 different pH levels between 6.4
and 7.0, and subsequently to determine cadmium uptake at pH
6.6 by interpolation. This procedure increased considerably
the number of runs performed to achieve this study, but
rendered the experimental results more reliable. The shaker
flasks were placed in an incubator where they were
permanently stirred at the desired temperature. The incuba-
tion times necessary to reach equilibrium were determined
in a preliminary run and found to be 24 hours. After in-
cubation, pH was measured in each flask. The liquid phase
was then analyzed for ca?*t concentration.

Time course of cadmium uptake was studied at 30+/-

0.5% and pPH 6.6+/-0.1 in 250 ml shaker flasks containing
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100 ml of medium prepared as described above. The beads
were equilibrated for 15 minutes at this temperature before
cadmium addition at time 0. Then, 1 ml samples were taken
after 0.5, 1, 2, 3, 5, 7, 24 and 48 hours of incubation and
immediately analyzed for ca?t concentration. pH was

measured at the end of the runs.
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5.2 RESULTS AND DISCUSSION

5.2.1 Time Course

Figure 2. shows the course of cadmium uptake by bacterial
beads. It can be seen that biosorption took approximately
15 hours to reach a plateau with a low slope. The observed
rate of cd't uptake by alginate bacterial beads may also be
limited by the diffusion of cd*™t ions through the gel
matrix. It was reported by Tanaka et al.(27) that the dif-
fusion coefficients of substrates with molecular weights
less than 20,000 in calcium alginate beads were the same as
the diffusion coefficients of the substrate in water.
Therefore in the present case, the diffusion of cdtt ions
in the gel matrix should not limit the global rate of
biosorption providing that Tanaka’s results are also valid

for 1onic compounds.

5.2.2 Effect of pH

Experimental results are displayed in Figure 4. The dashed
line in Figure 3. (blank) shows the solubility of ca?* ions
as a function of pH in the experimental conditions men-

tioned in the legend. It can be seen that the chemical pre-

cipitation of cad™™

ions, most probably in the form of
Cd(OH), or CdCO4, did not significantly occur below pH 7.0
in the present conditions. However, it was observed with

higher cd™ initial concentration or lower temperature that

chemical precipitation occurs below pH 7.
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This 1s why a pH at 6.6 was taken throughout the study as
the reference pH below which no chemical precipitation was
ever observed. The curve in Figure 5., representing the
amount of cadmium taken up per unit weight of beads vs. pH,
was drawn from the difference between the ordinates of the
solid line in Figure 4. (biosorption by bacterial beads) and

those of the blank in Figure 3.

5.2.3 Effect of Temperature

The adsorption of solutes at liquid solid interfaces 1is
generally an exothermic process (28) which therefore is
favored by decreasing the temperature. This was actually
observed when using control alginate beads ( Fig.6) with
which uptake was totally passive since no microorganisms
were present. On the other hand, it was found that tempera-
ture had no significant effect on biosorption by bacterial
beads, suggesting that metabolically-mediated biosorption
increased with temperature to the same extent as passive
adsorption decreased (Fig.6). The increase in
metabolically-mediated uptake by bacterial beads is il-
lustrated by the curve in Fig.7 which shows the amount of
cadmium taken up by microorganisms in the beads as a func-
tion of temperature, expressed as ug cadmium per mg dry

cells.
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5.2.4 Biocscrption Isoctherms

Biosorption isotherms were determined by investigating the
effect of Cd?% concentration in the solution on the amount
of cadmium taken up by bacterial beads at equilibrium. To
achieve this study, uptake experiments were carried out at
various €d2% initial concentrations and constant tempera-
ture, pH, and bacterial beads dry concentration. The
residual cd?* concentrations (Ce, in mg/l) were measured in
the solution at equilibrium and the amounts of cadmium
taken up per unit weight of dry beads (Qg, in mg/g) were
easlly calculated by considering that cadmium was exclu-
sively transferred from the liquid phase to the adsorbed
solid phase.

This point was controlled by blank runs which showed
that in the absence of bacterial beads, cd?* concentration
in the solution remained unchanged in the present condi-
tions (30+/-0.59C and pH 6.6) whatever the initial cadmium
concentration was.

Fig.8 shows that a linear relationship was observed
between the logarithm of the amount of cadmium
adsorbed per unit weight of biosorbent and the logarithm of
the residual cadmium concentration. This result indicates
that cadmium uptake followed the Freundlich Isotherm:

Qe= kCg ™ , in which k and n are constants (with n<1).
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5.2.5 Effect of Biosorbent Concentration

The Freundlich parameters given in Fig.8 are exclusively
valid for the experimental conditions of pH and tempera-
ture, and in the range of residual cd*? concentrations in-
vestigated (namely 35-135 mg/l).

The interval of confidence on the calculated values may be
estimated at

+/-10% by maximizing the experimental errors. It is clear
that pH and temperature will affect the parameters of
biosorption. However, beads concentration should not affect
them. This latter point is critical if the parameters are

to be used to design a bioreactor.

5.3 Experimental Set-up of the Calcium Alginate Biobead

Reactor
The experimental set-up of the recirculation reactor (batch
mode) is shown in Fig.9 Three identical bench-scale reac-
tors were constructed. Each system consisted of a packed
column, a reservolr in which air was continuously sparged,
a pH was monitoring device, and a pump which recirculated
the solution through the column at a constant flow rate of
150 ml/min.

The reactor is 5 cm in diameter and 20 cm long. The
reservolir is 6 cm in diameter and 10 cm long. The total
reaction volume is 1.1 liters.

The biobeads or control beads were packed in the

columns between three equally distant perforated plastic
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grids which maintained the beads in place. The volume of
packed bed in each column was approximately 105 ml with a
porosity of 0.28 to 0.35, corresponding to 70 grams of wet
beads (i.e. about 4.2 g of dry biobeads or 2.2 g of dry
control beads).

Those parameters were determined accurately for each
experiment. The reaction medium was circulated between the
reservolr and the reactor using a peristatic pump. The
linear velocity was maintained high enough to overcome the
solid liquid film resistance to mass transfer by recir-
culating the stream at 150 ml/min. Also, a good recircula-
tion rate was required to operate under a regime not
limited by solid/ligquid mass transfer resistance of the
rate limiting compound, and also to maintain physical in-
tegrity of the beads.

In batch recirculation mode the parameter studied was
concentration of metal cations. For each metal the pH was
adjusted with 0.01N HNO5 or 0.01 HCl and all experiments
were done at pH values below limits determined in the

blanks experiments. The pH ranges were as indicated below:

Cd: pH 4.0 to 6.6
Pb: pH 3.5 to 6.0
Cu: pH 4.0 to 5.5
Cr: pH 4.0 to 4.5

Temperature and pH were monitored inside the reactor.

All experiments were done at room temperature (25—30O ) -
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5.3.1 Experimental Procedure

The biosorption of each metal cation on biobeads was
studied at various pH levels below the limits of hydroxide
precipitation determined earlier in the study.

The reactors were continuously operated over at least
a week for each experiment, during which time pH was peri-
odically adjusted to the desired value with 6N HCl or HNO;,
solutions.

The experimental reactor was initially filled (up to a
reaction volume of 500 ml) with 0.5% w/v NaCl solution and
the medium was recirculated for an hour. Then, the pH was
adjusted. After 10 minutes, 5 or
12.5 ml of medium were removed from the reservoir and re-
placed at time zero by the same volumes of a 1000 ppm cd*™,
pbt*, cr3* or cutt solutions. Therefore initial metal con-
centrations were 10 or 25 ppm.

The solutions were spiked every 24 h with given
amounts of metal cations. Samples were taken just before
metal addition, and analyzed for metal concentration in
solution.

At the end of each 24-h cycle, the mass Qg of metal
biosorbed per gram of dry biosorbent was calculated.
Biosorption isotherms were obtained by ploting Qg vs. Cg.

(Fig.10, Fig.1l1, Fig.12, and Fig.13)



41

,u 0¢--G¢ 1D ﬁ@wDLmao J010D9d ulunjoo ul

sppaqgolq Aq co;nromo_@ (1)ad jo wuayyos) 0| by
| (ad 1,/bw up =)
000G 1 0001 00g 0
] 1 1 [ WSS R - 1 L | 1 1 0
®
- 0G
4
GG Hd ooooo —- 001
0°G Ia VUvUVV
Ot In_ ¥Ry R
— 0G|l
—00¢
v Y. — 0G¢
O
S - 00¢

—- 06¢

spoaq Auip b/qq bw ul 8D



42

D DmulumN 1D UmwwD.‘_maO 40]0D3l CEﬁiOO Cm
spoaqolg A4 uondiosolg (1)pD jo wusyjos| || b1

(Ipo 1,/bw ur 8p

0oL .06 08 0L 03 0§ Oov 0¢ 0¢ Ol 0
L ! R - ! 1 1 1 _ 0

|
d—

I
)

spoaq Ap b/ppy bw ul 8D

I
w

I
P~



43

U 0¢--G¢ 10 D@wo\,wao S10310Dald uUuwn|oo Ul

spoagoiq Aq co;a‘_omo_g (1) nD 1o swusyjos| 7| 21nb1 4
(1)no 1/bw ur 89
03 0G 8)% 0% 0c 0l 0
AT TN Y SR GRS O RN UURUUN S SRS WRUURY TN SN NN SEUNN SN IS U HUUNNS SN S WS B IS VOO SRS B 0
-
't Hd oonooao * Mm
1 IQ A ook ok ok K B
~ 0l
Gl

1T 17T 7 17 1

0c

sposq Aup b/ny bw ul 8p



44

0,0¢—GZ 1P pa)1pJado J0}OoDaJ UWIN[OD Ul
sppaqolg Ag uondiosolq (J)1) 40 30 wusyjos| ‘¢ | aunbiy

()40 1/bw ur 8p

001 08 09 Ov 0c¢ 0
L. b SR S L I 1 L t 0

0'¢ yd ocoooo
Gt HA #okxo* %

spoaq Aup b/i9 bw ul a8y



45

5.3.2 Bench-Scale Study

The experiment was done on a cascade of three reactors. The
reactors were as shown in Fig.IV.9. Lead was selected as a
model for this study.

The metal solution (input) treated in this experiment
was 300 mg/1Pb?* prepared by dissolving Pb(NO5), in a 0.5%
w/v NaCl solution.

A total volume of 1300 ml of influent was treated.
This volume corresponded to three times the volume of the
liquid treated in each reactor at each cycle. Treatment was
operated at pH 5.5 and room temperature. Each reactor was
packed with 70 g of fresh biobeads, which contained approx-
imately 4.2 g of dry biomass.

Based on the previous study the residence time of the
solution in each reactor was set at 4 hours to optimize the
process.

One-third of the volume of influent (430ml) was recir-
culated for 4 h in the first reactor, then transferred into
the following reactor while the first reactor was filled
again with a new batch of 430 ml of influent. The same op-
eration was repeated until all the influent was treated (3

cycles per reactor).

5.3.3 Clean-Up Level

The effluent of the last reactor was analyzed for Pb2t at
the completion of the study. The concentration was below

the analytical limit of detection, and therefore the ef-
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fluent had to be concentrated by evaporation prior to the
analysis. Pb2T concentration in the effluent was 0.04 ng/1,
which 1s below the drinking water limit for lead. This
result shows that clean-up level can be achieved with the
technique from an initial concentration of 300 mg/l.

The mass of lead retained in the biobeads was 0.39 g
(i.e.30.95 mg/g dry biomass).

This 1s a very satisfactory result, because at the low
residual Pb4* concentration attained, the metabolic ac-
tivity of the sludge must not be inhibited by lead. There-
fore, the biodegradation of organic contaminants, which
might be found with lead in some industrial effluents,
could have occurred at the same time. This is a significant
potential advantage of this treatment process compared to
the classical methods of metal precipitation or metal

biosorption on dead biomass.



CHAPTER 6

ANAEROBIC CONCENTRATION

The concentration phase was planned as a possible interme-
diate stage between the biosorption and the recovery
phases, during which the percentage of metal in the biosor-
bent would be increased with the objective of making metal
recovery from the residual solids more feasible.

Our approach was to conduct a partial biodegradation
of the organic biosorbent into methane and carbon dioxide
under anaerobic conditions.

Although we were aware of the toxicity of metals to
the anaerobic and aerobic microorganisms, we believed that
it was worth trying due the following considerations:

1. The major part of the metal, we considered,
would be bound to the solids and not in soluble form during
anaerobic digestion. Therefore, the toxicity to the micro-
organisms would be very significantly reduced.

2. Metal cations are known to precipitate in the
form of hydroxides or sulfides under anaerobic conditions,
thereby reducing even more the metal concentration in the

solution.

47
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6.1 MATERIALS AND METHODS

6.1.1 Acguisition of the Anaeroblc Inoculun

Anaerobic slurry from the Livingston Municipal Sewage
Sludge Anaerobic Treatment Plant, New Jersey, was used 1in
this study. The slurry contained appfoximately 10 % of
suspended solids. It was taken to the laboratory and mixed
with nutrient medium # 1 (Table 4.)on a volume to volume
basis, under anaerobic conditions. Nitrogen was continuous-
ly bubbled through the medium during the dilution and 15
minutes thereafter in order to remove dissolved oxygen.
Sodium alginate, an important constituent of nutrient me-
dium was used as one of the carbon sources to acclimate the
anaerobic microorganisms to the degradation of this sub-
strate.

The slurry was digested in a 1 liter digester
thermecregulated at 35+/—O.10C. The digester was manually
agitated twice a day. The pH was adjusted to 7.5+/-0.1 and
biliogas production was continuously monitored.

Every 10-15 days, 1/5 th of the total volume was
removed from the reactor and replaced by the same volume of
nutrient medium # 2 in which nutrient concentrations were
10 times as high as in nutrient medium #1. At the end of
each 2 week cycle, dissolved organic carbon in the medium
was below 500 mg/l.After 5 cycles of digestion, the medium
was used as an inoculum for anaerobic digestion experi-

ments.



TABLE 4. Composition of nutrient Medium # 1

(PH 7.4+/- 0.2)

Glucose . . . . . . . .. e
Yeast extract . . . . . . . . .
Peptone

Low viscosity sodium alginate
NH,CL . . . . . . . . ...
K,HPO, .3 Hy0 . . . . . .

NaH,PO, .H5O

CaCly, . 2H,0 . v« v« o o . o
Mnso, .H5O C e e e e
MgSO, .7H50 . . . . . . . . .
FeCly .6H,0 . . .

Tap water e e e e e e

.3,000

.1,000

500

.1,000

mg

mg

mg

ng

ng

mg

mg

ng

ng

ng

mg

ml
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6.1.2 Preparation of Metal Biobeads

Biobeads prepared as detailed in pg.25 were contaminated
with lead and cadmium by contacting them with the respec-
tive metal solutions (CdCl, at pH 6.6 and Pb(NO5), at pH
5.5) for 24 hours in agitated shaker flasks. Then the beads
were separated from the solution on a siéve, dripped for
few minutes on filter paper, and subsequently tested for
anaerobic digestion. Lead and cadmium concentrations in the
biobeads were then:
7.2 mg Cd/ g dry bilobeads

240.0 mg Pb/ g dry beads

6.1.3 Analvtical Methods

Carbon dioxide and methane concentration for biogas ob-
tained in anaerobic digestion were detected on a Shimadzu
gas chromatograph (model GC8AIT) equipped with TCD. A
stainless steel column (6’ x 1/8’) packed with Porapak,
100/200 mesh (Alltech) was used at an oven temperature of
500¢.

Dissolved organic carbon in the ligquid medium was
detected on a TOC Analyzer Model 700-0-I-Analytical. Metal
concentrations were determined by atomic absorption with

Perkin-Elmer spectrophotcometer, Model 2380.

6.1.4 Anaerobic Digestion

The incubation medium was prepared by diluting the inoculum

with a mineral nutrient medium on the basis of one volume
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of inoculum for three volumes of mineral medium.

The mineral medium consisted of: NH4Cl, 1.2g/1 ;
K,HPO, . Hp0, 1.11g/1; NaH,PO,. H,0 0.17 g/l; CaCl,. 2H,0
0.06 g/l; MnSO,. H,0 0.02 g/l; MgSO4. 7H,0 0.04 g/l; ¥aCl,
6H,0, 0.02g/l; tap water, 1 liter. Traces of yeast extract
and beef extract were alsoc added to supply vitamins and
growth factors.

Nitrogen was bubbled through the medium while the
dilution was made and 15 minutes thereafter to remove dis-
solved oxygen. The pH of the incubation medium thus ob-
tained was 7.4 +/-0.2.

The anaerobic degradation of the following substrates
was investigated in this study:

- Biobeads (metal free)

- Plain alginate beads (metal free)

- Suspended activated sludge (metal free)

- Cadmium saturated biobeads (7.2 mg Cd/ g dry beads)

- Lead saturated biobeads (240 mg Pb/ g dry beads)

The organic substrates were introduced into a series
of 100 ml glass serum bottles on the basis of 0.5 g dry
solids per bottle. The substrates were tested in their wet
form. Six bottles were used for each substrate.

The incubation medium was transferred intc the bottles
on the basis of 40 ml per bottle. Nitrogen was continuously
bubbled through the bottles while filling them and 15 min
thereafter. Then all bottles were air tight closed with

rubber plugs, sealed with aluminum seals and incubated (Na-
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tional Incubator) at 35 +/—O.1OC. They were manually shaken
twice a day.

At the same time, a series of blanks was carried out
in the same way, in which no substrate was added. The ac-
tivity of the anaerobic inoculum was also tested in a
series cof bottles in which the organic substrate was dex-
trose.

Biogas production was periodically measured by pilerc-
ing the rubber plugs of the bottles with 10 ml, 20 ml or 50
ml glass syringes.

The digestion was conducted for a period of 70 days.
The pH was controlled by opening one bottle of each series
every 20 days approximately. Bicgas was analyzed for
methane and carbon dioxide at the completion of the 70 day

pericd.
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6.2 RESULTS AND DISCUSSION

The experimental results are presented in Fig.14., which
shows the cumulative biogas productions for each substrate
as a function of incubation time. The results are average
data from all the bottles of each series. The‘very low
biogas production from the blanks was due to the autodiges-
tion of the inoculum because no carbon sources were avail-
able at significant concentration in the medium.

Biogas production from metal free biobeads was con-
sistent with theoretical expectations. A maximum of 250 ml
of biogas may be expected for 100 % degradation of 0.5 g of
dry biobeads. Due to the soclubilization of bicarbonates in
the medium, the production of biogas was decreased and
therefore a maximum of approximately 200 ml was actually
expected. The cumulative volume of biogas obtained from
biobeads was aproximately 180 ml, indicating that the
biobeads were degraded at 80%.

The production of biogas from metal saturated biobeads
were drastically reduced as compared to metal free biobeads
(83.1% and 70% reduction in the presence of cadmium and
lead respectively) Table 5.

The results showed that the anaerobic digestion of
biobeads was significantly inhibited by the presence of
metals. One explanation might be that biodegradation of
solids requires a contact between the degrading micro-

organisms or their enzymes and the substrate.
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Table 5. Effect of Cd and Pb on Anaerobic

Digestion of Ca Alginate Biobeads

Substrate Cumulative % CHy % CO, Final
biogas prod. PH

(ml)
Biobeads (metal free) 177 61 39 7.0
Alginate beads (metal free) 107 63 37 7.0
Suspended activated sludge 166 70 30 7.1
Cd saturated biocbkbeads 30 62 38 6.3

Pb saturated biobeads 53 71 29 6.7
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The initial phase of contact is often the adsorption of mi-
croorganisms or enzymes onto the solid surfaces. Due to the
presence of sorbed metals, this contact may have been in-
hibited in the present study, or else the activity of the
hydrolytic enzymes has been inhibited by the presence of
the sorbed metals.

As expected, it was found that metal concentration in
solution (determined after filtration at 0.45 um) remained

very low even at the end of anaerobic digestion, as shown

in Table 6.
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Table 6. Metal Concentration in Solution at

the end of Anaerobic Digestion

Substrate Final Cd conc. Final Pb. conc.
in solution in solution
(mg/1) (mg/1)
Biobeads (metal free) 0.0 0.0
Plain alginate beads 0.0 0.0
Suspended activated sludge 0.0 0.0
Cd saturated biobeads 0.1 0.0

Pb saturated biobeads 0.0 2.0



CHAPTER 7

SUMMARY OF RESULTS

Laboratory and bench-scale treatment studies performed
at NJIT Biotechnology Laboratory have demonstrated the
technical feasibility of utilizing immobilized activated
sludge to concentrate heavy metals from agueous streams via
the mechanism of biosorption.

A residual metal concentration of 0.04 mg/l, which is
below the drinking water limit, has been obtained with
biobeads in a bench-scale biosorption treatment of lead
contaminated water from an initial concentration of 300
mg/l. This result demonstrates the potential of the techni-
que to treat lead-laden wastestreams. The process may be a
viable alternative to existing techniques when both
organics and metals have to be removed from wastestreams,
because the classical methods do not have provision for the
degradation of organics.

The immobilized cell reactor is more attractive than
the free cell system because immobilization imparts greater
operational flexibility due to the fact that it prevents
biomass washout in continuous flow reactors, allows higher
cell densities and facilitates the separation of the
biomass from the treated effluent. In addition, the entrap-

ment of the cells in calcium alginate beads is a good tech-

58
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nigque of immobilization, it is easy to implement and rela-
tively inexpensive. Also the gel matrix has some adsorption
properties which can be helpfull.

Biobeads can be stored for extended period of time
prior to use, and have an operational lifetime of approxi-
mately 90 days.

The results also suggest that immobilized activated
sludge may be used to selectively remove specific metals
from scolution containing various metal ions. This may be
done by adjusting the conditions of biosorption, especilally
the pH.

Several additicnal areas of investigation remain to be
completed before definitive conclusions can be made about
the commercial application of the biobeads process
( e.g. simultaneous treatment of several heavy metal con-
taminants, "non-ideal" waste characteristics, and

synergistic/antagonistic effects of organics).
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