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ABSTRACT

This report summarizes and discusses the research

and results of the investigation of biosorptive removal of

organic halogens from a Kraft mill wastewater. Wastewater

from a lagoon treating Kraft mill wastewater was placed in

contact with returned activated sludge (RAS) collected from

a Tucson wastewater treatment plant. Removal of organic

halogens was quantified as the difference in total organic

halogen (TOX) level between samples containing wastewater

and biomass and samples containing wastewater alone. Two

molecular weight distributions were analyzed: total

molecular weight and <1000 molecular weight. Total organic

carbon (TOC) levels for the total molecular weight fractions

were monitored. The effects of pH, temperature, biomass

viability and contact time on biosorptive capabilities were

examined.	 Implications concerning lagoon operation are

discussed.	 Improvements for future research in this area

are included in this report.
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INTRODUCTION

Increasing concern over environmental quality has

been the cause of increasingly stringent regulations

involving the release of toxins into the environment.

Compliance with these regulations has in turn caused

industry to investigate methods for improving the

detoxification of their wastewater, since the quality of the

of the wastewater produced is often not adjustable.

For the paper mill industry, these new regulations

have been the cause of intense research involving aerated

stabilization basins (ASB), which are the current method of

treatment for the pulp and paper wastewaters generated by

paper mills. Research has been aimed at understanding the

exact processes that occur in these ASB systems to remove

toxic compounds from the pulp and paper wastewaters.

Previous research by the author showed that contact

with bacterial biomass removed organic halogens from the

wastewater. The studies conducted for the investigation

discussed in this report enlarged upon this preliminary

finding. The effects of contact time, pH, temperature and

cell viability on the capacity of the bacterial biomass to

remove total organic halide (TOX) and total organic carbon

(TOC) were investigated.
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The purpose of this study was to evaluate the

effects of the above parameters on the absorption

capabilities of the biomass and to correlate the results

with actual ASB operation. Recommendations for future work

are discussed.



LITERATURE REVIEW

The release of organic pollutants, especially those

found among the EPA's list of priority pollutants, into the

environment has been the cause of increasing concern over

recent years. In order to fully understand the impacts of

these pollutants on the environment, it is first necessary

to understand their pathways and ultimate fate, once they

are introduced into the environment. Adsorption of organic

pollutants onto microbial biomass is one of the possible

mechanisms for these pollutants to move through the

environment: it might be the first step for these chemicals

to be introduced into the food chain.

Much research aimed at better understanding the

mechanics of biosorption has been done over the past ten

years. Primarily, pesticides have been the organic

pollutants of interest. Bacteria, fungi and algae are

commonly utilized sorbents in research, and the effects of

contact time, pH, temperature and cell viability on their

sorption capability have been studied.

The actual mechanisms of adsorption are poorly

understood and can only be hypothesized at this time.

Attempts have been made to relate adsorption capacities of

biosorbents to the hydrophobic lipid contents of the cells

(5,8,9,10,13,14). One study which investigated the

3
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adsorption of five organic compounds onto thirteen species

of bacteria showed that the highest bioconcentration of all

five organics was consistently achieved by a species of

bacteria known to be extremely high in lipid content (5).

Strong correlations have been shown to exist between

adsorption and some chemical parameters. There is an

inverse relation between solubility in water and adsorption

onto biomass (1,2,5,11,12,13). This relationship has been

demonstrated to hold true for a range of organic pollutants,

including chlordane, dieldrin, lindane, PCB,

pentachlorophenol, TCE and TTCE. The type of biomass

utilized for adsorption was not a factor in this

relationship.

The octanol/water coefficient has also been

demonstrated to be an indicator of a chemical's biosorption

potential. The higher the octanol/water coefficient the

more adsorbable the compound. Again, this has been

demonstrated for a wide range of compounds and all three

types of common sorbents (1,2,8,11,12,13).

A key point concerning the mechanisms of organic

pollutant removal from water by microbial biomass is whether

the biomass is actively taking up and possibly degrading the

compounds or whether the process is purely physical

adsorption. Studies done with non-viable biomass indicate

that adsorption by dead biomass is equal or greater then



5

adsorption due to live biomass. This seems to demonstrate

that the adsorption process is due to physical adsorption,

not active uptake or biodegradation (1,7,8,9,10,11,15,

16,19).

The fact that biosorption is enhanced with use of

dead cells over biosorption with live cells could be due to

changes in the cell surface properties caused by the method

of inactivation used. Primarily cells are inactivated

through autoclaving, which subjects cells to high

temperature and pressure (1,7,8,10,11,15). Adsorption by

autoclaved biomass has shown increased adsorption two to six

times over viable biomass (1,7). Cases where bacteria was

heat killed and then reduced to a fine powder, 50 mesh

screen size (2,3) showed an order of magnitude increase in

the adsorption of lindane over lindane adsorption by any of

thirteen different species of viable bacteria (5).

In general the kinetics for adsorption of organic

compounds to biomass are very rapid and equilibrium

conditions are reached in a matter of minutes to hours.

A study involving the adsorption of chlordane isomers onto

three separate species of viable bacteria showed high uptake

of the sorbent within fifteen minutes, with no significant

increases over the remainder of the four hour sampling

period (5).
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Kinetic research with methoxychlor and p,p'-DDT

being adsorbed onto two separate species of bacteria,

utilizing both viable and autoclaved organisms, found that

equilibrium was reached within the first thirty minutes of a

four hour sampling period, regardless of viability (7).

Equilibrium in thirty minutes or less is commonly

reported for bacteria biosorption (1,5,7,8,10,11,12,15,17,

18).

The effects of temperature and pH on biosorption of

organic compounds onto microbial biomass have not been

subjects of interest in research. Most studies have been

conducted at a constant temperature, 28°C being the most

commonly reported (5,11,12,19).

An investigation by Tsezos and Bell studied the

effect of varying temperature on the adsorption of lindane

to a pure culture of fungus, Rhizopus arrhizus, and to

activated sludge. The temperatures studied were 34.5°C,

20.0°C and 5.0°C. The results of this study showed that

decreasing temperature promoted enhanced adsorption (3).

As with temperature, most studies of biosorption

with regard to organic pollutants have been conducted

without particular concern of pH, few studies even report

the experimental pH condition that the adsorption process

occurred under (2,3,6,7,10,11,12,13,14,16,17,19).
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Three studies that did investigate the effect of pH

reported pH ranges pH 6.0 to pH 8.0 (5), pH 4.0 to pH 8.0

(9) and pH 3.0 to 11.0 (15). The investigation of pH 6.0 to

pH 8.0 employed exposure pH's of 6.0, 6.5, 7.5, and 8.0 for

the adsorption of two chlordanes and lindane to three single

species of bacteria.	 The effect of exposure at pH 7.0 was

found by averaging the results of earlier experiments. The

reported result of the study was that pH 7.0 was the optimum

pH for adsorption, otherwise pH seemed to have no effect

(5).

The second study involving pH effects investigated

adsorption of lindane to a single species of bacteria,

Rhodopseudomonas sphaeroides, under pH's 4.0, 6.0 and 8.0.

No effect of pH on adsorption was found (4).

The third study investigated pH 3.0, pH 5.5, pH 8.0

and pH 11.0. Three species of bacteria, streptomycetes, and

fungi were used as sorbents. DDT and dieldrin were the

sorbates. For the fungi, no effect due to pH was found.

The adsorption of DDT and dieldrin by bacteria decreased

approximately 54 % and 25 % at pH 3.0. Otherwise the

bacterial uptake was unaffected. The same result was

observed for the streptomycetes, only at the pH 11.0

condition.

The possible desorption of organic pollutants from

microbial biomass is of importance. If biomass is involved
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in biological treatment for the removal of hazardous

pollutants, it is critical to have a clear understanding of

the conditions under which desorption would occur.

Despite its importance, desorption has not been

widely studied, possibly because researchers have primarily

been concerned with microbial biosorption of organic

pollutants as a possible means for these pollutants to enter

the food chain. From this standpoint, desorption could be

seen as a benefit.

Desorption studies have shown that the amount of

sorbate that can be desorbed is a function of the organic

compound adsorbed and the type of microbial biomass utilized

as sorbent (7).

Adsorption/desorption was found to be a completely

reversible process for lindane, diazinon and 2-

chlorobiphenyl sorbed onto either a single species, R.

arrhizus, or activated sludge. Adsorption/desorption of

malathion in conjunction with these two sorbents was found

to be temperature dependent, malathion removal was 100%

reversible at 5°C but at 20°C, no desorption occurred (2,3).

Other investigations of desorption reported that

there were percentages of chlorinated hydrocarbon pesticides

that could not be desorbed from bacterial biomass (4,5,7).

Approximately 25% of these pesticides, atrazine and
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chlordane for example, remained adsorbed to the biomass

despite repeated washings.

Adsorption is commonly quantified by mass balance

between equilibrium concentration of adsorbate and either a

known initial concentration (4,5,6,7,9,10,11,12) or the

concentration in a control, at the time of equilibrium

(2,3,13).

Analysis of samples for sorbate concentrations can

be accomplished with a variety of techniques. The most

commonly utilized method is gas chromatographic analysis of

an organic solvent extraction (2,3,4,5,6,7,9,13,14). Gas

liquid chromatography of organic solvent extracts is also

reported in the literature (10,11). Isooctane (2,3,10,11),

pentane (2,3,13), and hexane (9) are some examples of the

organic solvents employed as extracts for the chromatography

analyses.

Other techniques are radiometric analysis via liquid

scintillation of 14 C-labelled sorbates (4,7,9) and UV

adsorption spectroscopic analysis of hexane extractions

(12).

Biosorption data is frequently described by

Freundlich isotherms (2,3,9,10,13) or partition equations

(4,5,6,7,8,11,12). Freundlich isotherms fit biosorption

data according to the equation :

q = kcl"
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where

q = equilibrium concentration of sorbate on biomass.

c = equilibrium concentration of sorbate in
solution.

k, 1/n = empirical constants

Partition equations fit biosorption data to the equation:

q = kc

where q and c are the same as for the Freundlich equation.

Indeed, the Freundlich and partition equations are

equivalent for the case:

1/n = 1

As a general rule, biosorption of organic pollutants

onto bacterial biomass has been found to be represented by

the partition equation (1,2,3,4,5,6,7,8,10,11,12).

In the Freundlich equation, a 1/n value less than

1.0 indicates favorable adsorption while a l/n value greater

than 1.0 reflects unfavorable adsorption.



EXPERIMENTAL OUTLINE

The investigation conducted for this thesis was to

examine: (1) the effects of pH, temperature, biomass

viability and contact time on the biosorption of organic

halide from a pulp and paper wastewater, and (2) the effect

of pH on the desorption of halide from the biomass.

The combinations of these parameters that were

utilized in the biosorption experiments are listed below.

1.

2.

3.

4.

5.

6.

7.

Target

pH 3.0,

pH 7.0,

pH 3.0,

pH 7.0,

pH 3.0,

pH 3.0,

pH 3.0,

biomass

22°C,	 live,	 24 hours.

22°C,	 live,	 24 hours.

38°C,	 live,	 24 hours.

38°C,	 live,	 24 hours.

22°C, autoclaved, 24 hours.

22°C, mercury inhibited, 24 hours.

22°C,	 live,	 4 hours.

concentrations	 to	 be	 employed for

each set of experimental conditions were selected to be 3000

mg/L, 1500 mg/L, 300 mg/L and zero, for a control.

These seven experiments were divided into three

groups for scheduling convenience. The control experiment

(pH 3.0, 22°C, live, 24 hours) was repeated in each group

11
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and was run in duplicate for the first group. Experiments

with autoclaved and mercury inhibited biomass were also

duplicated. A summary of the experimental groups is given

in Table 1.

The effect of pH on desorption of organic halide

from biomass was also examined. Desorption experiments

utilized live biomass, were maintained at a constant

temperature of 22°C and were conducted for a 24 hour period.

Target biomass concentration was 3000 mg/L for all

desorption experiments. Table 2 summarizes the desorption

experiments.
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Table 1: Summary of Adsorption Experiments

Group Experimental Conditions

1 pH 3.0, live,	 22°C, 24 hours (duplicate)

pH 7.0, live,	 22°C, 24 hours

pH 3.0, live,	 22°C, 4 hours

pH 3.0, live,	 38°C, 24 hours

2 pH 3.0, live,	 22°C, 24 hours

pH 3.0, autoclaved, 22°C,	 24 hours (duplicate)

pH 3.0, mercury inhibited, 22°C, 24 hours,
(duplicate)

3	 pH 3.0, 22°C, live, 24 hours

pH 7.0, 38°C, live, 24 hours



Table 2: Summary of Desorption Experiments*

Adsorption pH
	

Desorption pH	 Replication

	3.0	 3.0	 (triplicate)

	

3.0	 7.0	 (triplicate)

	

7.0	 7.0	 (single)

* All experiments conducted with live biomass, at 22°C, for
24 hours.

14



EXPERIMENTAL METHODS

Sorbate Collection and Storage 

Initial	 collection	 of	 the	 sorbate for this

investigation, the Kraft mill wastewater, was collected from

an aerated lagoon by personnel working at the mill

laboratory. The samples used for this investigation were

not specified as being collected from any one of the five

divisions of the lagoon, but rather were intended to be

representative of generic paper mill wastewater.

Samples were collected in 5 liter jugs. These were

refrigerated immediately after collection with commercial

Blue ice and shipped by air to the Environmental Engineering

Laboratory at the University of Arizona.

Upon arrival at the Environmental Engineering

Laboratory, the samples were filtered (Whatman GFC) to

remove any fibers and other debris present that would

interfere with experiments. Approximately ten gallons of

this generic paper mill wastewater were transferred from the

sampling jugs to an acid washed twenty gallon glass

container. This container was tightly corked with a rubber

stopper wrapped in aluminum foil and stored at 4°C until use

in biosorption experiments.
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Biomass Collection and Storage 

Biomass for use in the biosorption experiments of

this investigation was collected from the returned activated

sludge (RAS) line at the Randolph Park Wastewater Treatment

Plant, Tucson, Arizona. The solids retention time (SRT) of

the biomass was recorded.

Biomass was placed in a 32 gallon plastic jug for

transport to the laboratory. Upon arrival, the biomass was

allowed to settle. After several hours, the supernatant was

syphoned off. This cycle of settling and syphoning was

repeated until the original 32 gallons of biomass solution

had been concentrated to eight gallons. Previous experience

had shown this to produce biomass at a concentration of

approximately 6,000 mg/L.

Volatile suspended solids (VSS) analysis, as

outlined by Standard Methods (20) was conducted to confirm

the concentration of the biomass. The VSS analysis was

carried out in triplicate and served as the basis for making

dilutions to meet target biomass concentrations of 3000

mg/L, 1500 mg/L and 300 mg/L used in the biosorption

experiments.
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The approximately eight gallon reservoir was stored

in the plastic transport container at 4°C prior to its use

in biosorption experiments. Biomass was collected the

daybefore its first use in biosorption experiments and

discarded after two days of storage.

Two biomass reservoirs were utilized in this

investigation. The first reservoir, which was used for the

majority of the experiments had a SRT of 9.3 days.

The second reservoir, which was used only for the pH

7.0, 38°C, 24 hour experiment and the third pH 3.0, 22°C, 24

hour experiment, had a SRT of 16 days. The physical

characteristics of this second reservoir differed from the

first. The biomass appeared grainy rather than floc like

and was much more dense than the biomass in the first

reservoir. The time required to settle the biomass to a

usable concentration was only 30 minutes compared to the six

hours required for the first reservoir.

Adsorption Experiment Methodology 

The following section describes the procedures that

were employed in connection with the adsorption experiments.

The general steps involved are discussed, along with special

sections to describe the steps involved with the

experimental variables of contact time, temperature, pH and

cell viablility.
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General Experimental Procedure

This investigation examined the effects of contact

time, temperature, pH and cell viability on the biosorption

capacity of RAS for organic halide present in the waste

lagoon of a Kraft paper mill. All experiments investigating

these variables employed the same general procedure.

Basically the procedure was to mix 100 ml of

returned activated sludge (the sorbent) at three target

concentrations; 3000 mg/L, 1500 mg/L, and 300 mg/L, with 100

ml of paper mill wastewater (the sorbate). Controls

consisted of 100 ml of wastewater mixed with 100 ml of

distilled water.

The mixtures were placed in 250 ml Erlenmeyer

flasks, adjusted to the proper pH and set on a gyratory

shaker table under the proper temperature conditions for a

designated contact time. The samples were then prepared for

analysis.

The steps involved in the procedure are listed

below.

1. The biomass reservoir was mixed thoroughly and enough

material was removed for use in the current set of

experiments.

2. The required amount of biomass for dilution to

targeted biomass concentrations was measured into a

100 ml graduated cylinder, after first insuring that
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the biomass was well mixed. Mixing was accomplished

by pouring the working sample of biomass to and from

two beakers.

3. The measured biomass was transferred to a 250 ml

Erlenmeyer flask. Any biomass remaining adhered to

the sides of the graduated cylinder was washed into

the Erlenmeyer flask with measured aliquots of the

distilled water necessary for dilution of biomass to

100 ml of the target concentration. In the case of

the 3000 mg/L target concentration (which required no

distilled water addition) the graduated cylinder was

rinsed with the 100 ml of wastewater.

4. These steps were repeated until the full set of

samples required for an experiment was prepared. In

addition to the samples needed for an experiment, a

sample of each biomass concentration was prepared for

volatile suspended solids (VSS) analysis. A further

sample of the 3000 mg/L biomass solution was prepared

for adenylate triphosphate (ATP) analysis.

5.	 After the 100 ml of biomass and the 100 ml of lagoon

water were added to an Erlenmeyer flask, the pH was

adjusted to the appropriate level using dilute

hydrochloric acid or dilute sodium hydroxide as

necessary.
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6. The Erlenmeyer flasks were then stoppered with a

rubber stopper that was wrapped with aluminum foil

in order to prevent any organic halide from

adsorbing to the stopper. Flasks were placed on a

gyratory shaker table situated within a constant

temperature environment to maintain the desired

temperature.

7. After the designated contact time elapsed, the

Erlenmeyer flasks were removed from the shaker table

and the pH and temperature were measured.

8. VSS analysis was run in duplicate for all samples to

determine the exact biomass concentration in each

flask after the control period. If the samples were

to be used in desorption experiments, they were

centrifuged to concentrate the biomass and the

supernatant was used for the remaining adsorption

procedure steps.

9. The samples were then filtered through a Whatman GFC

filter to remove the biomass. The filtered samples

were stored in glassware that had been washed with

chromic acid for an hour. An aliquot of each sample

was used directly for analysis of the total molecular

weight fraction while some of each sample was

subjected to ultrafiltration, for analysis of the

less than 1000 molecular weight fraction.
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Experimental Variables

The experimental	 variables studied during this

investigation were contact time, temperature, pH and cell

viability. The procedures involved in studying each of

these variables are discussed below.

Contact time.	Two contact times were employed in

this investigation: 4 hours and 24 hours. Four hours was

the contact time necessary for equilibrium conditions

between the paper mill wastewater and the RAS biomass to be

reached, as determined by the preliminary kinetic study

described in Appendix Two. The twenty-four hour contact

time was used for scheduling convenience.

Temperature.	Adsorption experiments took place at

two temperatures in this investigation: 22°C and 38°C. A

temperature of 22°C was the ambient room temperature in the

laboratory. The shaker table was placed in a constant

temperature environmental module in order to maintain the

38°C temperature.

01.	 The effect of pH on biosorption was studied by

conducting adsorption experiments at two pH's:	 pH 3.0 and

pH 7.0.	 Most paper mill lagoons are typically at a pH of

approximately 7.0, while a pH value of three would be

encountered in the event of an acid spill.

For the adsorption experiments, pH conditions were

achieved through the use of a phosphate buffer, dilute
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hydrochloric acid and dilute sodium hydroxide. That is,

phosphate buffer was used as the dilution water for the pH

7.0 samples, with pH values being adjusted through the use

of dilute HC1 or NaOH. The pH 3.0 conditions were achieved

by addition of dilute HC1 or NaOH to samples that had

distilled water as the diluting agent.

Cell viability. The effect of cell viability on

biosorption was examined in this investigation in order to

determine whether the mechanism of organic halide removal by

biomass was adsorption or a combination of adsorption and

active cell uptake.

Studies were conducted with live biomass, mercury

inhibited biomass and autoclaved biomass. As an indication

of cell viability, ATP analyses were conducted on all three

sample types at the beginning of the experiment and on the

mercury inhibited and autoclaved samples after the contact

time had elapsed.

Samples that were inhibited by mercury contained a

10 ml aliquot of 800 mg/L mercuric chloride solution added

in place of some of the dilution water. The final

concentration of mercuric chloride in the 200 ml sample was

40 mg/L.

The concentration of 40 mg/L was chosen on the basis

of previous research on the inhibiting effect of mercury

chloride on ATP (21). Table 4 (Chapter 3) shows the results



23

of a trial ATP analysis to determine the effects of mercuric

chloride on RAS that was conducted prior to its actual use

in the biosorption experiments.

Samples that contained autoclaved 	 biomass were

prepared according	 to the normal protocol up to and

including the addition of biomass and dilution water to the

Erlenmeyer flasks.	 The	 flasks were then autoclaved

according to Standard Methods (22).	 Wastewater was added

after the flasks had returned to room temperature.

During the autoclaving process, some liquid was

lost, thus changing the biomass concentration of the

experiments. VSS analysis after completion of an experiment

showed the biomass to still be acceptably close to the

target concentrations, however.

Desorption Experiment Methodology 

Desorption experiments were conducted to determine

whether significant desorption 	 of	 chlorinated organic

compounds from biomass can occur. All desorption

experiments were conducted at room temperature (22°C) for a

twenty-four hour contact time. The effect of changes in pH

on the desorption capacity of biomass was also examined.

General Experimental Procedure

The desorption experiments examined the effect of pH

changes on desorption.	 Desorption experiments examined
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sequential conditions of initial pH 7.0 / final pH 7.0,

initial pH 3.0 / final pH 3.0, and initial pH 3.0 / final pH

7.0.

These	 experiments	 employed	 the	 same	 basic

procedure,as summarized below:

1.	 After VSS analysis, the adsorption samples that were

to be used for the desorption experiments were

centrifuged in order to remove the biomass.

Centrifuging was conducted at the maximum rpm that

would allow the biomass to form a loosely compacted

layer.	 Formation of a pellet of biomass

was deemed unacceptable because centrifugation at

high enough rpm to form a pellet may cause the cells

to burst (23).

2. After centrifuging, the supernatant was decanted into

a graduated cylinder and the amount recorded. The

supernate was then prepared for analysis as outlined

in the adsorption experiment methodology, steps 8 and

9.

3. The separated biomass was returned to the Erlenmeyer

flasks.	 The supernatant was replaced with distilled

water if the sample was subjected to desorption at pH

3.0 or with phosphate buffer if the desorption step

was conducted at pH 7.0. Any biomass adhered to the
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centrifuge bottles was rinsed into the Erlenmeyer

flasks with aliquots of these liquids.

4. The pH was adjusted to the appropriate value with the

addition of dilute HC1 or dilute NaOH as needed, and

Erlenmeyer flasks were returned to the gyratory

shaker for a 24 hour period. Samples were then

processed as outlined for the adsorption experiment

methodology, steps 7, 8 and 9.

Adenvlate Triphosphate Procedure 

Prior to this investigation, it was recognized that

due to the timeframe involved in such a study, collected

biomass would have to be stored for varying lengths of time

before its actual use in an experiment.	 It was also

anticipated that more than one reservoir of biomass might

have to be collected and utilized, introducing the factor of

different sludge ages for the different reservoirs.

Therefore, it was essential that there be some parameter

monitored which would link the biomass used in each set of

experiments.

Measurement of adenylate triphosphate levels in the

biomass prior to its use in a set of experiments was the

parameter decided upon. ATP levels have been shown to give

indication of the viability of microorganisms (21). The

relative differences in ATP levels between biomass stored at

4°C for different time periods as well as the relative
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differences between one collection reservoir and another

would be indicative of the relative viability states of

these biomasses.

Primarily, there was concern that the biomass would

go into endogenous respiration after storage, thus reducing

the overall viability of the biomass and that biomass

reservoirs collected on different dates would have different

ratios of live and dead biomass present. ATP analysis was

also conducted on the mercury inhibited and autoclaved

biomasses, both prior and following the 24 hour contact

time.

Analysis for ATP is accomplished through the

addition of firefly luciferin to samples containing ATP.

The firefly luciferin, a carboxylic acid, reacts with the

ATP and puts off light. This light output can be quantified

and related to ATP content through the use of developed

calibration curves.

Biomass samples to be analyzed for ATP were prepared

according to the previously outlined adsorption experiment

methodology. Target concentration of 3000 mg/L was

utilized.

One ml samples of biomass were introduced into acid

washed test tubes containing approximately 25 ml of Tris

buffer. The Tris had previously been raised to 80°C or

	greater by immersion in a water bath.	 Samples remained in
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the water bath for at least ten minutes. This caused the

organisms to lyse and discharge their ATP into the Tris

buffer.

After ten minutes, the level of Tris in the test

tubes was brought up to a gauged 25 ml mark, an aluminum

foil cap placed over the mouth and the test tube inverted

several times for mixing purposes.

The Tris/biomass solution was allowed to cool to

room temperature. Five milliliter aliquots, two per test

tube, were filtered through 0.22 micron GFC filters for

removal of the biomass and placed in disposable plastic

cuvettes. The cuvettes were capped to prevent

contamination.

The cuvettes containing the ATP extract were removed

to a room without neon lighting. The presence of neon light

would affect the measurement of light by the Turner TD-20C

luminometer which was used for this analysis.

The firefly luciferin to be used in ATP analysis was

obtained through Sigma Chemical Corporation. It was shipped

and stored in a dry, frozen form that required

reconstitution at least twelve hours but not more than

sixteen hours before use. Five ml of distilled water was

added to the firefly luciferin and it was placed on a vortex

mixer until it was well mixed. The reconstituted luciferin

was stored at 4°C until approximately thirty minutes before
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it was to be used in ATP analysis. At that point, it was

allowed to come to room temperature (22°C).

For use in ATP analysis, a 50 microliter aliquot of

the firefly luciferin was placed in a small plastic test

tube. This test tube was inserted into the luminometer and

the light cover placed over it. A 100 microliter aliquot of

an ATP extract was removed from a cuvette via an automatic

pipette. This pipette slid into a holding frame on the

luminometer, the pipette tip extending into the test tube

containing the luciferin. The ATP extract was injected into

the luciferin simultaneously with the start of the

luminometer.

The luminometer measured the light output of the

luciferin/ATP reaction. This light output can be related to

ATP content of the biomass through the equation

ATP (ug/L) =

where

k = 0.145

a = 0.83

L = light output (unitless)

The empirical constants, k and a, were developed with the

use of ATP standards by Laxman Devkota in conjunction with

his PhD work (24).

All cuvettes were analyzed in triplicate, thus

providing six measurements of ATP per original biomass
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sample. The calculated ATP values for the biomass used in

the experiments are shown in Table 2.

Ultrafiltration Procedure 

After the samples had been GFC filtered to remove

biomass, the portion designated for the <1000 MW fraction

analysis was processed by ultrafiltration with an Amicon YM2

membrane in a stirred cell.

An Amicon YM2 membrane is a hydrophilic membrane

suitable for use with paper mill wastes because of its

properties for nonspecific protein binding and its

resistance to degradation by biochemical solvents (25).

Processing of a sample with an Amicon YM2 membrane separates

the sample into molecular weight fractions of greater than

1000 MW (the retentate) and less than 1000 MW (the

permeate). The retentate is discarded.

Membranes were preconditioned prior to their use in

actual processing of samples. Membranes were placed face

down in distilled water for an hour, the water being

replaced every twenty minutes. This preconditioning step

allowed the membranes to become fully hydrated. This

process did not need to be repeated during the life of the

membranes, as long as they were kept saturated.

After a membrane was conditioned, it was placed face

up in an Amicon 200 ml stirred cell, and 45 ml of sample was

added. The cell was placed on a magnetic stirrer unit and
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was pressurized at 30 p.s.i. with nitrogen gas. The

stirring bar speed was adjusted so that the vortex of the

sample remained within the upper third of the liquid.

The first five ml of filtrate was collected in a 10

ml graduated cylinder and discarded. This prevented

extraneous sample still residing in the Teflon tubing from

becoming incorporated in the current sample. It also

allowed any water present in the membrane to be flushed out

through the teflon tubing without being incorporated into

the sample.

The next 20 ml of the filtrate were collected in a

chromic acid washed test tube. The time required to pass

this 20 ml was recorded, and the flux for the membrane

calculated. Variations in the flux are indicative of

membrane clogging or breach. If the flux stayed constant,

membranes were used fifteen times prior to discarding.

The 20 ml of filtrate was stored at 4°C until

analyzed for TOX or TOC.

After use, the cell and membrane	 were rinsed

thoroughly with distilled water.	 The membrane was soaked

for one hour in 2.0 M NaC1 solution then placed face down in

a beaker of distilled water until its next application.

Total Organic Halide Procedure 

Total organic halide (TOX) was analyzed with the use

of a Dohrmann DX-20 Total Organic Halide analyzer. 	 The



31

analysis process involved first adsorbing a sample to carbon

columns via the adsorption module of the DX-20 and then

combusting the adsorbed sample via the analyzer module. The

combustion step releases the adsorbed halides and determines

the TOX of the sample.

The adsorption step involved processing a given

volume of sample through glass columns packed with Calgon

Filtrasorb-400 granular activated carbon (GAC). Care was

taken to provide as consistent of a packing as possible in

order to minimize variations in blank values.

Carbon columns were installed on the sample channels

of the adsorption unit, two per sample channel. Two GAC

columns in series were used because one alone may not adsorb

100 % of the organic halide compounds present in a sample.

As a rule of thumb, analysis of the bottom column should not

exceed 10 % of the TOX found in the top column. Compliance

with this rule indicates that most of the TOX present in a

sample has indeed been adsorbed and analyzed.

Five ml of distilled water were passed through the

GAC columns prior to sample adsorption. This evenly soaked

the carbon in the columns and prevented the sample from

bypassing some of the carbon during initial adsorption.

The samples to be adsorbed were dilutions of the

total and <1000 MW fractions of the adsorption or desorption

supernatants. Previous TOX analyses of paper mill
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wastewater indicated the TOX was too high to be measured

with the DX-20 unless diluted (26). The total MW fraction

was diluted 1:100 with distilled water. The <1000 MW

fraction was diluted 2:100.

Before adding the 100 ml of sample to the adsorption

unit for adsorption, 0.5 ml of concentrated nitric acid and

0.5 ml of 0.5 M sodium sulfate were mixed with the sample.

The mixture was then placed into a sample channel for

adsorption.

Sample channels were under 20 p.s.i. pressure with

high purity carbon dioxide gas (99.995 %). Fifty ml of the

diluted sample were passed through the GAC columns in

series. The columns were moved to the nitrate channel of

the adsorption module. Two ml of 5000 mg/L NO3 - were

passed through the GAC columns at 5 p.s.i., as a wash. This

removed any free halide and inorganic halide bound to the

GAC. The samples were then ready for pyrolysis in the

analyzer module of the DX-20.

The sample channels were cleaned in between

adsorptions. They first were rinsed once with methanol.

The channels were then filled with distilled water and

drained completely, twice. This was adequate for removal of

any sample residuals in the channels that would contaminate

the next samples introduced.
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Adsorbed samples were only combusted via the

analyzer module after the DX-20 analyzer was completely

stabilized. A set daily routine was followed to insure

instrument stability before any analysis of samples.

After the DX-20 had warmed up to its operating

temperature of 800°C, the analyzer was cycled through two

runs without any sample being introduced. The baseline

determination should be less than 0.5 and stable after these

two runs.

A calibration check was made after the baseline had

been verified. A ten microliter injection of 2,4,6-

trichlorophenol (TCP) standard was placed onto a combusted

piece of cerafelt which was in a separate standard boat. A

100 % recovery of the standard would result in a readout of

10.00 on the DX-20. A recovery of 95 % was required for

sample analysis.

The last daily step to be completed before the

analysis of samples could begin was the burning of two blank

carbons. These blank carbons were treated with the same

adsorption procedure as the samples, except the passing of

50 ml of sample. The blank values were used to adjust the

sample TOX readouts for the background readout due to carbon

alone. The blank values also served as a final check that

the DX-20 was operating properly.
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The GAC columns for a sample were analyzed in the

order of bottom column first, top column second. The

readouts for the two columns were combined to give the total

TOX value for the sample with the following equation:

TOX(.9/L) = (Rt + Rb — 2BL) X DIL X (1000 / VOL)

where

Rt = readout for the top column of a given sample.
(ug as C1 - )

Rb = readout for the bottom column of a given sample.
(ug as C1 - )

BL = average readout for a blank column. (ug as Cl - )

DIL = dilution factor used in preparing sample for
adsorption.

VOL = amount of sample passed through two GAC columns
in series. (ml)

Initially, duplicate analysis were conducted on all

samples. Subsequently, time constraints became more

pressing, and the frequency of duplication was lowered to

one out of every four samples.

Total Organic Carbon Procedure 

All total MW samples analyzed for TOX were also

analyzed for total organic carbon (TOC) with the use of a

Dohrmann DC-80 Total Organic Carbon analyzer.

Samples were analyzed on the middle level channel of

the DC-80. This channel was calibrated daily with a 400

ug/L (as C) solution of potassium acid phthalate.
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Prior to analysis, the samples were purged of any

carbon dioxide. The pH of the samples was lowered to below

pH 2.0 by the addition of two drops of concentrated

phosphoric acid. The samples were purged for three minutes

with nitrogen at 30 p.s.i..

Injections of 200 microliters were introduced into

the DC-80 for analysis. Direct readouts of TOC in mg/L were

recorded. All samples were analyzed at least in triplicate.

Average values were computed for the samples.

SEM Sample Preparation 

Biomass samples photographed with a scanning

electron microscope were prepared in the following fashion.

Three milliliters of an undiluted biomass (at the

original concentration present for Randolph Park RAS) were

filtered through a 0.22 micron millipore filter. The filter

and biomass were covered with a second filter, sandwiching

the filtered biomass between the filters.

This "sandwich" was placed between two polypropelene

washers and the edges of the washers sealed with a hot

screwdriver tip. Care was taken to not to invert the filter

sandwich when placing it between the washers. The top

washer was marked with the hot screwdriver to indicate the

proper orientation of the sample.

The washer assembly was placed in a F1B

glutaraldehyde solution for a minimum of thirty minutes.
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This causes the biomass to be "fixed" to the original

filter. The washer assembly was then removed and rinsed

three times in distilled water, each rinse lasting

approximately five minutes.

The washer assembly was soaked in an ethanol series

of dilutions. Dilutions were 30, 50, 70, 90 and 100 percent

ethanol. Contact with each percent lasted ten minutes. The

100 percent rinse was repeated three times.

The washer assembly was allowed to air dry. The

sample was then mounted on a special peg and coated with

gold palladium. After coating, the sample could be stored

indefinitely.



RESULTS AND DISCUSSION

Data from the three analyses, ATP, TOX and TOC was

tabularized for interpretation upon completion of analysis.

These tables are located in Appendix 1. The following

sections discuss this data and its importance, along with

the methods used for interpretation.

ATP

The results of the ATP analyses of samples used in

the biosorption studies show differences in the relative

viability of the biomass used in each group of experiments.

Table 3 lists the ATP values from the analyses.

Comparison of the values for the biomass used in

experiments groups 1 and 2, which came from the same initial

biomass reservoir, demonstrates that biomass viability

decreased by 41 % during its 2-day storage in the 4°C

refrigerator.	 This is comparable to the 46 % decrease in

ATP demonstrated in the mercury toxicity	 test, which

represented inactivated biomass. The results of the mercury

toxicity test are given in Table 4.

Comparing the ATP levels of the biomass used in

experiment group 1 with the biomass used in experiment group

3 shows an even more drastic difference. The ATP level for

37



38

group 3 biomass is 88 % lower than for group 1 and over 60 %

lower than the mercury inactivated ATP level.

The biomass utilized in group 3 experiments came

from a second biomass reservoir which had a solids retention

time of 16 days compared to the 9.3 days of the biomass

reservoir used in groups 1 and 2. Longer solids retention

times inevitably result in a larger portion of the activated

sludge being recycled rather than being incorporated in the

waste activated sludge line. This increases the average age

of the biomass representing the RAS and potentially

increases the proportion of nonviable biomass being present

in the mixed liquor suspended solids. This would account

for the lower ATP value found for the second biomass

reservoir since nonviable biomass does not contribute to the

ATP content of a sample (21,27).

ATP analysis was conducted on an initial, one hour

and 36 hour schedule for the mercury inhibited biomass

experiments. Analysis was conducted on initial and one hour

samples of autoclaved biomass. The results from the

autoclaved samples show that autoclaving did indeed affect

biological activity, as measured by ATP. ATP levels were

negligible for these samples. This correlates with the

findings of other research which indicated that ATP levels

are negligible in biomass samples that had been killed by

heat, freezing and cyanide (21,27).
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Table 3:	 ATP Results for the Biosorption Experiments

Biomass sample Average ATP (ug/L)

Experiment Group 1, 51.94
Reservoir

Experiment Group 2, 30.90
Reservoir

Experiment Group 2,
Mercury Inhibited

Time Zero 36.75
One Hour 25.77
36 Hours 21.34

Experiment Group 2,
Autoclaved

Time Zero 0.09
One Hour 0.91

Experiment Group 3, 6.16
Reservoir



,

Table 4: ATP Results for the Mercury Toxicity Test

Biomass Sample	 Average ATP (ug/L)

Control	 63.43

With Mercuric Chloride	 35.76
(40 mg/L)

40
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The mercury inhibited ATP values were comparable to

the values found in the mercury toxicity test. However, the

percentage reduction in ATP from viable biomass to mercury

inhibited biomass was only 17 % after an hour contact time

instead of the expected 46 X. This is attributable to the

fact that the ATP of the viable biomass being analyzed was

already 41 % lower in ATP than the viable biomass utilized

in the toxicity test. The changes in the biomass that

occurred during the storage time in the 4°C refrigerator and

caused this decrease in ATP apparently affected the portion

of biomass that could be influenced by the addition of

mercuric chloride.

Total Organic Halide 

Total organic halide analysis was conducted for the

adsorption experiments, total and <1000 MW fractions, and

for the desorption experiments, total and <1000 MW

fractions.	 The results from this analysis are discussed

below.

Adsorption

Adsorption TOX values were converted to loadings of

TOX onto biomass for use in the Freundlich isotherm

equation. The control values (total MW and <1000 MW) used

in this conversion were the average of the TOX values for
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all the adsorption experiments. These sets of data are

found in Appendix 1.

Linear regression analysis of the isotherms was

accomplished with a Hewlett Packard 51C calculator. Table 5

presents the Freundlich constants for the total MW data.

Table 6 shows the constants for the <1000 MW data.

Total MW Fraction. Inspection of the Freundlich

parameters for the total molecular weight fraction provides

insight into the effects of the experimental parameters on

biosorption. Log-log plots of related data along with their

regression lines were made for visual comparison.

Figure 1 compares the isotherms representing the

three experiments conducted with live biomass at conditions

of pH 3.0, 22°C for 24 hours. The isotherms from the

experimental groups 1 and 2 show that the adsorption

capacity of the reservoir 1 biomass increased after storage.

This fact, correlated with the decrease in ATP for the

reservoir, indicates that there were signifigant changes in

the biomass during storage.

The isotherm for the experiment 3 demonstrates that

the biomass from the second reservoir had very different

adsorptive capabilities than the first reservoir. For the

TOX concentration range studied, the biomass in experiment 3
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Table 5:	 Freundlich Parameters of Adsorption Experiments,
Total Molecular Weight

Experiment log K l/n r2

pH 3.0,	 22°C,	 live,	 24 hr
Experiment 1 -3.89 1.16 .74
Experiment 2 -3.78 1.22 .60
Experiment 3 -13.02 3.43 .95

pH 7.0,	 22°C,	 live,	 24 hrs -6.64 1.73 .81

pH 3.0,	 38°C,	 live,	 24 hrs -9.95 2.70 .96

pH 7.0,	 38°C,	 live,	 24 hrs -10.30 2.67 .70

pH 3.0, 22°C, mercury
inhibited, 24 hrs

pH 3.0,	 22°C, autoclaved,

-9.34

-10.20

2.55

2.72

.76

.43
24 hrs

pH 3.0,	 22°C,	 live,	 4 hrs -5.78 1.65 .94



Table 6: Freundlich Parameters of Adsorption Experiments,
<1000 Molecular Weight

Experiment log K l/n r2

pH 3.0,	 22°C,	 live,	 24 hrs
Experiment 1 -2.86 .71 .00
Experiment 2 101.49 -25.71 .70
Experiment 3 13.29 -3.36 .19

pH 7.0,	 22°C,	 live,	 24 hrs -4.87 1.22 .29

pH 3.0,	 38°C,	 live,	 24 hrs -42.77 11.04 .97

pH 7.0,	 38°C,	 live,	 24 hrs -20.31 5.64 .67

pH 3.0, 22°C, mercury
inhibited, 24 hrs

pH 3.0, 22°C, autoclaved,

-14.84

17.83

3.88

-4.50

.21

.21
24 hrs

pH 3.0,	 22°C,	 live,	 4 hrs -5.65 1.50 .11

44
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A = Experiment 2
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,_
Figure 1. Comparison of the pH 3.0, 22oC,

Live, 24 Hour Experiments.
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proved to have a greater adsorption capacity than the

biomass utilized in experiment 1.

Because the ATP levels for the second and third

experiments were more comparable to inhibited biomass than

live biomass, only experiment 1 results will be used to

represent the pH 3.0, live, 22°C, 24 hours experiment.

Figure 2 shows the effect of pH on biosorption at

22°C (live, 24 hours). Adsorption is clearly favorable at

pH 3.0 compared to adsorption at pH 7.0 for the range of

equilibrium concentrations present in the wastewater

utilized for these experiments (maximum of 24,000 ug/L).

Figure 3 shows the effect of pH on biosorption at

the elevated temperature of 38°C (live, 24 hours). Again,

the positioning of the pH 3.0 regression line over the pH

7.0 regression line indicates that adsorption of TOX to

biomass occurs more favorably under the lower pH condition.

The enhancement of removal under a low pH condition

is	 supporting	 evidence	 that	 the	 removal mechanism

demonstrated in these studies is physical adsorption.

Physical adsorption processes are known to show this trend

(29).

The effect of pH on biosorption appears to depend on

the sorbate/sorbent system being studied. Other studies

that investigated pH effects each reported different results

concerning the optimum or worst case pH condition. The
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Figure 2. The Effect of pH at 22oC.
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LEGEND
= pH 3

A = pH 7

Figure 3. The Effect of pH at 38°C.
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studies showed biosorption to largely be unaffected by

differing pH conditions; only one pH condition out of a

range of pH's would be reported as having an effect on

biosorption (4,5,15,18).

Figure 4 portrays the effects of viability on

biosorption (pH 3.0, 22°C, 24 hours). This graph would

indicate that biosorption by the two inactivated biomasses

was very similar. Adsorption by the viable biomass is

depicted as less favorable than adsorption by these two

inactivated biomasses.

Figure 1 compares the isotherms of the two pH 3.0,

22°C, live, 24 hour experiments that were conducted using

the first biomass reservoir. These two isotherms also

indicate that inactivated biomass exhibits increased

adsorption capabilities as the biomass used for the second

experiment was as affected by inhibition as the biomass in

the mercury inhibited experiments, based on ATP

measurements.

The increased biosorption by inactivated or

inhibited organisms is thought to be due to

physical/chemical changes that occur in the cell membrane

during these events.

Biosorption studies with non-viable biomass by

others also reported that biosorption was not affected by
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Figure 4. The Effect of Biomass Viability.
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cell viability, or was increased with use of dead organisms

(1,2,3,7,8,9,10,11,15,16,19).

If the results had shown that removal of organic

halides was enhanced with use of viable biomass, removal by

active uptake or biodegradation would be indicated as part

of the removal mechanism. Instead, the results indicate

that physical adsorption is the removal mechanism.

Figures 5 and 6 demonstrate the effect of

temperature on adsorption under pH conditions of 3.0 and pH

7.0, respectively (live, 24 hours). Both figures show

adsorption to be more favorable under the higher

temperature. This was not an expected result. Physical

adsorption processes are known to be enhanced under a low

temperature condition, relative to adsorption at a higher

temperature. This effect was noted in an experiments by

Tsezos and Bell which investigated adsorption of lindane to

a fungus; the results of this study showed that decreasing

temperature caused increased removal of lindane (3).Figure 7

represents the effect of contact time on biosorption (pH

3.0, 22°C, live). Preliminary kinetic studies, described in

Appendix 2, had shown that most adsorption was complete

after a four hour contact time. Figure 7 indicates that

adsorption occurs to a slightly higher extent after the 4

hour period than the 24 hour contact time. However, this

anomaly is attributable to scatter in the data and the
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Figure 5. The Effect of Temperature at pH 3.0.
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Figure 6. The Effect of Temperature at pH 7.0.
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Figure 7. The Effect of Contact Time.
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isotherms do demonstrate that equilibrium is primarily

attained within 4 hours. This is in agreement with the

results of the preliminary kinetic work. Investigations by

others have also reported biosorption kinetics to be quite

rapid, equilibrium commonly being reached in under 30

minutes (1,5,7,8,10,11,12,15, 17,18).

Removal of the larger molecular weight fractions in

the actual lagoon has been shown to occur rapidly and be

nearly 100 % complete between the lagoon influent and the

first sampling point in the lagoon. This supports the

hypothesis that biosorption is the removal mechanism for the

large molecular weight organic halides present in the lagoon

wastewater.

A statistical analysis of the Freundlich isotherms

for the total molecular weight data was conducted to

determine if the compared regression lines could be claimed

as statistically different, at the 95 % confidence level.

The analysis was a t-test for confidence intervals of

regression coefficients (28). The regression lines cannot

be claimed as statistically independent of each other if the

confidence intervals for their y-intercepts and slopes both

overlap.

None of the above comparisons of data could be shown

to be statistically valid at the 95 % confidence level.

Table 7 shows the compared experiments along with the upper
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and lower limits on their K and 1/n values, for a 95%

confidence level. All of the compared K and l/n confidence

intervals overlap, indicating that none of the compared data

can be claimed to be statistically different.

The primary reason that the experiments fail to be

statistically valid at this confidence level is not because

the experimental results are inconclusive. Rather, it is

the lack of numerous data points that dooms the comparisons

between experiments to be invalid at a high confidence

level. Most of the isotherms were plotted on the basis of

three, four or six data points. A data base this small is

not well suited for analysis by a t-test and it would have

been preferable to have analyzed the Freundlich parameters

by some other method.

Scatter in the data also contributes to the lack of

statistical validity of the comparisons.

<1000 MW Fraction. The <1000 MW data did not

conform to analysis with Freundlich isotherms. The data

correlated very poorly with linear regression, with the

exception being the two experiments conducted at 38°C.

Comparing the parameters for these experiments seems to

indicate that <1000 MW TOX is better adsorbed at a pH 7.0

condition than at pH 3.0.

As an alternative representation of the data, percent

removals of <1000 MW and >1000 MW were calculated



Table 7: Freundlich Parameter 95 X Confidence Intervals,
Total Molecular Weight Fraction

Experiment 1/n

pH 3.0,	 22°C,	 live, 24 hours -3.94*-3.01 1.20'-0.74

pH 7.0,	 22°C, live, 24 hours -6.64*-4.96 1.73-1.15

pH 3.0,	 38°C,	 live, 24 hours -9.95-28.9 2.70*-7.01

pH 7.0,	 38°C, live, 24 hours -10.30*-18.1 2.67*-4.30

pH 3.0,	 22°C, mercury
inhibited, 24 hours

pH 3.0,	 22°C,	 autoclaved,

-9.34*-6.65

-10.34*-17.8

2.55-1.64

2.72-4.30
24 hours

pH 3.0,	 22°C,	 live, 4 hours -5.78*-2.33 1.65*-0.57
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and appear in Table 8. This manipulation of the data allows

direct comparison with actual TOX removals found to occur in

the lagoon. There are several important trends shown in

this table.

The most important parameter affecting relative

removal of these two fractions is pH. At pH 3.0, ultimate

removal of the >1000 MW fraction is consistently greater

than removal of the <1000 MW fraction by at least 50 X. At

pH 7.0, removal of the >1000 MW fraction is greatly reduced

and represents approximately the same removal as the <1000

MW fraction.

Removal of the <1000 MW fraction shows an

interesting relation to pH also. Figure 8 is a plot of

percent removal of <1000 MW TOX versus biomass

concentration. This plot shows that the experiments

conducted at pH 3.0 all demonstrate that there was only a

certain percentage of the <1000 MW fraction that could be

removed by adsorption, regardless of the quantity of biomass

present. Furthermore, all of the experiments could be

represented by a single line on the plot, the only variation

being that autoclaved biomass seems able to adsorb the

removable portion with a smaller amount of biomass.

The experiments conducted at pH 7.0 show increasing

incremental percentages for increased biomass concentration

indicating that more removal would be possible if more
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Table 8: Percent Removal of TOX for the >1000 and <1000
Molecular Weight Fractions

Experiment Target
Biomass

Concentration
(mg/L)

% TOX
Removal
>1000 MW

% TOX
Removal
<1000 MW

pH 3.0,	 22°C, live, 300 13 19
24 hours 1500 67 19

1500 56 24
3000 85 30
3000 83 30
3000 78 20
3000 82 17
3000 80 28
3000 84 23

300 10 2
pH 7.0,	 22°C, live, 1500 28 9
24 hours 3000 48 31

300 44 13
pH 3.0,	 38°C, live, 1500 80 21
24 hours 3000 86 24

300 5 40
pH 7.0,	 38°C, live, 1500 42 43
24 hours 3000 35 53

300 42 10
pH 3.0,	 22°C,
inhibited, 24

mercury
hours

300
1500

50
82

17
26

1500 82 19
3000 81 18
3000 81 30

300 29 23
pH 3.0,	 22°C,
autoclaved, 24 hours

300
1500

36
63

25
40

1500 66 17
3000 59 17
3000 71 22

300 35 8
pH 3.0,	 22°C, live, 1500 71 28
4 hours 3000 88 22
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biomass had been available as sorbate or if the wastewater

had been treated with several successive concentrations of

fresh biomass.

Comparison of the percent removals for the <1000 MW

and >1000 MW fractions from the biomass adsorption

experiments and from the actual lagoon removals also leads

to several observations. Percent removals were calculated

for the weekly composite spring samples analyzed by the

Environmental Engineering Laboratory and are reported in

Table 9. Removals reported are for the lagoon as a whole

(approximately five day retention time) and for the section

between the influent and first sampling point (approximately

one day retention time).

Actual TOX removals show that the >1000 MW fraction

is 30 % to 40 % removed by the lagoon as a whole and that

this removal is achieved almost wholly within the portion of

the lagoon prior to the first sampling point. This agrees

with an earlier study of the TOX removal in this lagoon

(26). This also agrees with the results of the experiments

that were conducted at the same pH as the lagoon, the pH 7.0

experiments. Actual TOX removals for the <1000 MW fractions

show that a similar percent removal is achieved prior to the

first sampling point. However, the removal of the <1000 MW

fraction is only partially complete at this point. Overall

lagoon removal for this molecular weight fraction is twice



Table 9: Percent TOX Removal in Spring Lagoon Samples

Sample
	

% TOX	 % TOX
Removal	 Removal
>1000 MW	 <1000 MW

One Day Total One Day Total

Week 1 37 36 31 57

Week 2 27 43 30 49

Week 3 29 21 25 58
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the portion removed in the first section of the lagoon

indicating that indeed there is further removal by biomass

throughout the lagoon as a whole or that there is some other

mechanism of removal for the <1000 MW fraction in the lagoon

process.

Previously, it has been thought that biomass grew

only in the portion of the lagoon near the influent, where

soluble BOD was supplied by the raw wastewater. However, if

appreciable benthal feedback was occurring within the

lagoon, it is possible that new biomass could grow and

remove further amounts of organic halide.

Mechanisms of Removal

In this report, the use of the word "adsorption"

when referring to the removal of organic halide from Kraft

wastewater has often been used as a blanket term and not

applied to indicate removal by physical/chemical adsorption

only. Biosorption can also involve other mechanisms, such

as biodegradation and intracellular diffusion, by which

biomass may remove organic chemicals from the aqueous phase.

Studies done by others have suggested removal of

organic pollutants	 by biomass	 to be	 the result of

physical/chemical adsorption processes alone. This

conclusion has been reached based on the results of

experiments which compared removal of pollutants by live

biomass to removal by dead biomass. This comparison has
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invariably shown removal by dead biomass to be equal or

greater than removal achieved by live biomass. It is

believed that if mechanisms other than physical/chemical

adsorption were responsible for removal, removal by living

organisms would be significantly greater than removal by

dead ones (1,7,8,9,10,11).

The comparisons of removal by live versus dead or

inactivated biomass in this study agree with these earlier

findings and indicate that physical/chemical adsorption is

the removal mechanism for the sorbate/sorbent system

studied. A comparison of adsorption observed at varying

pH's upholds this conclusion also (Figures 2 and 3). Purely

physical/chemical adsorption processes are enhanced by low

pH conditions (29), as was the removal of organic halide by

biomass in this study.

The temperature studies, however, seem to indicate

that there is some other mechanism that may have played a

role in the removal of organic halide from Kraft wastewater

by the RAS biomass. Both Figures 5 and 6, which show the

effect of temperature at pH 3.0 and pH 7.0, respectively,

that removal of total MW halide by biomass was enhanced by

the higher temperature. This result is in contrast to the

thermodynamic basis of physical/chemical adsorption.

Adsorption is an exothermic process that occurs more

favorably under lower temperature conditions (2,3).
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However, there are several observations that do not

support the hypothesis of a different removal mechanism.

First, a comparison of the temperature isotherms at

pH 7.0 is not entirely appropriate. The biomass used for

the high temperature experiment came from the second

reservoir and is represented by the third control

experiment. The low temperature experiment is represented

by the first control experiment. Figure 1, which compared

the isotherms from these control experiments, demonstrates

that removal of halide was significantly greater for the

third control experiment than the removal for the first,

clearly indicating that the biomass from the second

reservoir had different and greater removal capabilities

than the first.

Therefore, it is not possible to conclude that the greater

removal shown by the high temperature pH 7.0 experiment is

due to temperature effects.

The comparison of temperature effects for the pH 7.0

condition is the only comparison discussed in this report

that was invalidated by the differences in the control

experiments. The comparison of pH effects based on the pH

7.0, 38°C isotherm is justified; the effect of low pH

outweighed the influence of increased removal due to the

different biomass.
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Second, the temperature effect shown by the pH 3.0

experiments for the total MW is not exhibited by results

associated with <1000 MW removal. Results shown in Table 8

and Figure 8 show that temperature has no effect on removal

of this molecular weight fraction. This is not an expected

result if another removal mechanism played a role in the

removal of organic halide.

Although both intracellular diffusion (30) and

biological activity (and hence, biodegradation) are enhanced

by a 38°C temperature over a 22°C temperature, an increased

removal would have been expected for the <1000 MW fraction,

based on these mechanisms. It is only this size range that

would be able to diffuse through a cell membrane. Less than

15 % of the increased total MW TOX removal associated with

the higher temperature is attributable to the <1000 MW

fraction.

Third, actual TOX removals for the Kraft mill lagoon

studied by the Environmental Engineering Laboratory

demonstratethat TOX removal is promoted by lower

temperatures, as is expected for removal by biomass through

a physical/chemical adsorption process (26).

Desorption

TOX desorbed per milligram of biomass was calculated

for the three desorption studies.	 The percent of TOX that
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was desorbed was also computed. Table 10 reports these

values.

Desorption of the total molecular weight fraction

occurs marginally when pH conditions for adsorption and

desorption were at a constant value of 3.0. This result was

also found in the preliminary desorption study reported in

Appendix 2.

A shift in pH from adsorption pH 3.0 to desorption pH 7.0

caused the largest amount of total molecular weight.

TOX to be desorbed out of the three sets of experimental

conditions.	 Adsorption of total molecular weight TOX is

much more pronounced at a pH of 3.0 than removal at a pH of

7.0.	 The amount desorbed reduces the total amount of TOX

removed by the biomass to levels that were noted for the

removal of total molecular weight TOX under adsorption pH

7.0 conditions.

No desorption of the total molecular weight fraction

was noted for the constant adsorption/desorption pH 7.0

condition. Results indicated that a further 52 % removal

via adsorption occurred during the 24 hour desorption

period. This is not physically possible as the biomass was

not exposed to halides during the desorption process.

Desorption is not directly measured but is calculated from

several data points. Because of this, desorption values are



Table 10: Percent Desorption of TOX

Experiment	 % Desorption	 %
Total MW

Desorption
<1000 MW

pH 3.0 - pH 3.0
Replicate 1 8 -10
Replicate 2 2 38
Replicate 3 5 -43

pH 3.0 - pH 7.0
Replicate 1 31 -48
Replicate 2 27 22
Replicate 3 35 -22

pH 7.0 - pH 7.0 -52 222
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subject to several sources of error and are sometimes

invalid due to them.

Desorption in the <1000 MW range does not appear to

happen, regardless of pH condition. The majority of the

experimental results for the pH 3.0 - pH 3.0 and pH 3.0 - pH

7.0 experiments show adsorption occurring. Again, such

substantial increases in removal by adsorption are not

possible and must be regarded as an error. The pH 7.0 - pH

7.0 experiment result showed that the system desorbed more

<1000 MW TOX than was ever adsorbed and obviously represents

an experimental error.

Previous studies investigating the desorption of

organic compounds from biomass have shown desorption to be a

function of the particular sorbate/sorbent system in

question (2,3,4,5,7). The extent of desorption and the

factors that influenced desorption varied for different

systems. Some compounds, such as lindane and diazinon, were

completely desorbed from activated sludge (2,3). Other

compounds were shown to remain partially adsorbed to biomass

(4,5,7).

Total Organic Carbon 

Analysis for total organic carbon was conducted on

all total molecular weight fraction samples. The results

were tabularized, with an average calculated for each sample

along with values of the TOX/TOC ratios.
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TOC is not removed by biosorption to any great

extent. Examination of the TOX/TOC ratios shows that TOC

removal is not correlated with removal of TOX. Increasing

biomass concentrations increase the TOX/TOC ratio as the TOX

is removed and the TOC does not decrease.

The average TOC values show that for all the

experiments, TOC levels decreased with comparison to the

control for the lower biomass concentrations and then

increased for the highest biomass concentration, sometimes

resulting in a higher concentration than was present in the

control. Possibly at the highest biomass concentration

(about 3000 mg/L) a larger portion of cells have had their

membranes damaged and have contributed cellular matter to

the overall TOC. Maximum removal of TOC was approximately

30 % , for all the experiments.

Scanning Electron Microscope 

Photographs were taken of biomass in the three

states of viability studied with the use of a scanning

electron microscope (SEM). Figures 9 through 11 show the

biomass in live, autoclaved and mercury inhibited states,

respectively.

It was expected that the process of autoclaving,

with its high temperatures and pressures would have reduced

the biomass to fragments, thus drastically changing their

surface properties. This was not shown by the photographs.
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The photographs showed that the cells in all three viability

states were similar with no evident differences in surface

properties.

l



b.

Figure 9a,b. SEM Photographs of Virgin Biomass.

a.

72



73

Figure 10. SEM Photograph of Autoclaved Biomass.
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Figure 11. SEM Photograph of Mercury Inhibited Biomass.



CONCLUSIONS

The study discussed in this report investigated the

effects of pH, temperature, biomass viability and contact

time on the biosorption of organic halide present in a Kraft

paper mill wastewater. The effect of pH conditions on the

desorption	 of	 these chlorinated	 organics	 was also

investigated.	 The results of these experiments lead to

several observations.

The mechanism of removal for organic halide by RAS

biomass is physical adsorption.

It is	 possible that adsorption onto microbial

biomass is the primary path of transporting toxic compounds

present in the pulp wastewater to the benthal zone at the

bottom of the lagoon. The compounds adsorbed to the biomass

would be carried down to the benthal zone when the biomass

settled.

The toxic compounds present in the wastewater-

chlorinated phenols, guaiacols and catechols - are in the

<1000 MW range. Previous studies have shown this molecular

weight range to be subject to removal throughout the lagoon,

with an approximately 50 % removal being achieved overall

(26).

This investigation has demonstrated that, under

similar pH conditions as the lagoon, sequential removal of

75
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<1000 MW data by biomass is possible. Results also indicate

that removal at the level shown by the actual lagoon is

obtainable with this sequential adsorption, if biomass grew

throughout the lagoon. Biomass growing throughout the

lagoon would be possible with benthal feedback.

Therefore it is possible that the removal of <1000

MW TOX, and conversely the toxic compounds, seen in the

actual lagoon is due to biosorption. If biomass is proven

to grow only in the portion of the lagoon supplied with

soluble BOD by the raw wastewater, it must be concluded that

some other path than removal by biomass is responsible for a

significant amount of the <1000 MW compounds.

The sequential removal pattern necessary for removal

of the toxic compounds does not occur when the pH is

lowered, as in the case of an acid spill. Adsorption of the

<1000 MW TOX occurres only on a limited basis under

experimental pH conditions of 3.0. Only a fixed percentage

is available for biosorption at this pH, representing

approximately one half of the removal demonstrated by the

actual lagoon at its normal pH of approximately 7.0.

This indicates that in the event of an acid spill,

or other cause of a decreased lagoon pH, the toxic compounds

of interest are adsorbed to a correspondingly lesser extent,

leaving a higher concentration in the lagoon effluent.
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Large molecular weight compounds found in the lagoon

wastewater, such as chlorinated lignans, are also not

subject to sequential removal. The percentage of these

compounds that can be removed by biosorption are removed

after equilibrating with an initial quantity of biomass.

Their removal occurs only in the first section of the

lagoon, between the influent and the first sampling point.

The compounds of interest do not desorb from the

biomass once they are adsorbed, even during shifts in pH.

Large molecular weight compounds, which are adsorbed to a

greater extent under pH 3.0 conditions, are desorbed with a

pH shift to 7.0. The equilibrium loading of the biomass

after such a desorption is comparable to the amount of

adsorption that would have occurred under an original pH 7.0

condition. The <1000 MW compounds are not affected by these

changes in pH. They are also not desorbed under constant pH

conditions. Therefore, the toxic compounds removed from the

lagoon wastewater via biosorption should not be released

into the wastewater at a later time through a desorption

process, even during changes in pH in the lagoon.

Viability of the biomass is not a crucial factor in

removal efficiency. The mechanism of removal appears to be

physical adsorption onto an organism rather than any form of

active uptake and/or degradation by the organism. Non-

viable biomass is fully as capable of removing toxic
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compounds from the lagoon wastewater as viable biomass.

Indeed, if the surface characteristics have been modified

during or after the death of the organisms, it is possible

for non-viable biomass to have superior adsorption

capabilities over the viable biomass.

Under low pH conditions, temperature does not have

an effect on the removal of the toxic organic compounds

present in the Kraft mill wastewater. Removal of the larger

molecular weight compounds does appear to be enhanced by an

increased temperature, but this is an unimportant effect as

the compounds of interest are not found in this fraction.

Further investigation should be undertaken to determine the

effects of temperature under different pH conditions.

It is evident that the adsorption of chlorinated

organics to biomass is an important removal mechanism

related to the detoxification of wastewater resulting from a

pulp and paper mill employing the Kraft process.



RECOMMENDATIONS FOR FUTURE WORK

This study of biosorptive removal of TOX was a

preliminary study concerning the removal mechanisms of

chlorinated organics from a Kraft pulp wastewater. The

study showed the need for some changes in the experimental

outline and procedures. These changes would allow for more

statistically dependable results to be achieved.

First and foremost, further studies should

incorporate more replication of samples, both on an

experimental and analytical basis. The trends found in this

study were based on too few data points to be called

statistically significant. A further investigation should

be planned with statistical soundness of the results in

mind.

Biomass utilized in further investigations should be

grown in the laboratory to avoid the fluctuations in biomass

age and viability that were present in this study. This

would remove the influence of an uncontrolled factor from

the experimental results.

Desorption studies in particular have room for fine

adjustment. Residual TOX from the adsorption experiments

and biomass concentration were important experimental datum

that were not directly measured but calculated or assumed.

TOX measurements should be made for the desorption
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experiments to represent a time zero value and compared to

the calculated time zero value.	 Biomass concentration

should be determined at the conclusion of the desorption

experiment, as was done for the adsorption experiments.

There is a need for further investigation of

temperature effects of biosorption, lower temperatures in

particular. It is suggested that the adsorption experiment

components, i.e. the wastewater, dilution water and biomass,

be brought to the experimental temperature before being

placed in contact with each other. The kinetics of

adsorption are rapid enough such that effects on adsorption

due to temperature may have been partially dampened out by

the biomass/waste mixture first having to equilibrate to the

experimental temperature.



APPENDIX 1

TABLES OF TOX, TOC AND ATP DATA
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Adsorption Total MW TOX Data in Micrograms per Liter

Experiment	 Biomass Concentration	 TOX
(mg/L)	 (ug/L)

4 Hour	 323	 18440

	

1311	 11520

	

2422	 10030

pH 7.0, 22°C	 230	 24240

	

1192	 20350

	

2426	 15740

Autoclaved	 276	 17680

	

255	 16500

	

977	 11193

	

1263	 12912

	

2233	 13900

	

2267	 11741

Mercury	 297	 17060
Inhibited	 289	 15360

	

1423	 9820

	

1330	 10440

	

2691	 10620

	

2474	 9460

pH 3.0, 38°C	 282	 16480

	

1390	 10460

	

2698	 9460

pH 7.0, 38°C	 310	 19660

	

1256	 13960

	

2537	 13860
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Adsorption Total MW TOX Data in Micrograms per Liter--
Continued 

Biomass Concentration
(mg/L)

TOX
(ug/L)

394 20360
279 19290

1305 12560
1357 13780
2594 8860
2657 9300
2788 10978
2690 10580
2656 9800
2601 9760

270 16940
1158 7850
2191 8960

310 16300
1469 11160
2817 10450

Experiment 2
pH 3.0, 22°C

Experiment 3
pH 3.0, 22°C

Experiment

Experiment 1
pH 3.0, 22°C



Adsorption <1000 MW TOX Data in Micrograms per Liter

Experiment	 Biomass Concentration	 TOX
(mg/L)	 (ug/L)

84

4 Hour

pH 7.0, 22°C

Autoclaved

	323	 9880

	

1311	 7750

	

2422	 8405

	

230	 7290

	

1192	 6830

	

2426	 5970

	

276	 7430

	

255	 7280

	

977	 5830

	

1263	 8000

	

2233	 8000

	

2267	 7500

Mercury	 297	 8700
Inhibited	 289	 8060

	

1423	 7170

	

1330	 7830

	

2691	 7888

	

2474	 6710

pH 3.0, 38°C	282	 8430

	

1390	 7580

	

2698	 7370

pH 7.0, 38°C

	

310	 5815

	

1256	 5520

	

2537	 4490
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Adsorption <1000 MW TOX Data in Micrograms per Liter--
Continued 

Biomass Concentration
(mg/L)

TOX
(ug/L)

394 7795
279 9980

1305 7810
1357 7375
2594 6740
2657 6780
2788 7750
2690 8033
2656 6960
2601 7470

270 8250
1158 9090
2191 8740

310 7500
1469 9550
2817 8340

Experiment 2
pH 3.0, 22°C

Experiment 3
pH 3.0, 22°C

Experiment

Experiment 1
pH 3.0, 22°C
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Adsorption Control TOX Data in Micrograms per Liter'

Total MW
	

<1000 MW
Control TOX
	

Control TOX
(ug/L)
	

(ug/L)

23850	 10720
26400	 10645
25720	 10540
24800	 10850
22710	 8460
22600	 8660
25850	 8720
25900	 9950
24180	 8340
22040
21580

	Average 24177	 9654

'Individual experimental controls 	 were used for two
experiments:

4 Hour	 23850	 10738

pH 7.0,	 26400	 7474
22°C



Desorption Total MW TOX Data in Micrograms per Liter

Experiment Biomass
Concentration

(mg/L)

Residual
Supernatant

TOX
(ug/L)

TOX
(ug/L)

pH 3.0 - 3.0 2316 2658 3820
2532 2325 2020
2672 2742 3420

pH 3.0 - 7.0 1937 2539 6800
1919 2548 6380
2134 2440 7440

pH 7.0 - 7.0 2135 3541 2760
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Desorption <1000 MW TOX Data in Micrograms per Liter

Experiment
	

Biomass	 Residual	 TOX
Concentration	 Supernatant	 (ug/L)

	

(mg/L)	 TOX
(ug/L)

pH 3.0 - 3.0 2316 2022 1740
2532 1695 2775
2672 1939 1120

pH 3.0 - 7.0 1937 1928 1150
1919 1810 2390
2134 1867 1380

pH 7.0 - 7.0 2135 1343 4680
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Spring Sample TOX Data in Micrograms per Liter, Total MW and
<1000 MW

Week
	

Total MW
	

<1000 MW
TOX (ug/L)
	

TOX (ug/L)

Inf. R1 Eff Inf. R1 Eff

1 59860 38960 33660 22378 15356 9651

2 45040 32400 24880 13260 9320 6790

3 35760 25840 23820 12090 9080 5030



Adsorption Total MW TOC Data in Milligrams per Liter

Experiment	 Target Biomass Concentration

0
(mg/L)

300
(mg/L)

1500
(mg/L)

3000
(mg/L)

4 Hours 129.5 110.0 94.87 106.3
131.7 109.1 95.44 104.0
132.6 110.9 94.79 104.9

Ave: 113.3 110.0 95.03 105.1

pH 7.0,	 22°C 127.0 98.14 82.50 75.84
128.3 96.63 82.08 74.04
128.4 96.62 81.36 75.18

Ave: 127.9 97.13 81.98 75.02

Autoclaved 122.8 102.8 154.5 243.2
122.2 100.6 152.9 242.5
123.4 102.4 156.0 237.6

Ave: 122.8 101.9 154.4 241.1

104.8 142.8 203.3
104.3 143.0 206.0
104.4 140.2 205.9

Ave: 105.4 118.4 112.8

Mercury 131.8 107.6 113.8 118.9
Inhibited 135.2 105.0 115.3 120.1

132.0 106.9 115.1 119.2

Ave: 133.0 106.5 114.7 119.4
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Adsorption Total MW TOC Data in Milligrams per Liter--
Continued 
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Experiment	 Target Biomass Concentration

0
(mg/L)

300
(mg/L)

1500
(mg/L)

3000
(mg/L)

Mercury
Inhibited 105.4 118.4 112.8

106.1 117.6 112.2
104.3 118.6 111.5

Ave: 105.4 118.4 112.8

pH 3.0,	 38°C 138.5 115.1 106.7 159.3
134.0 112.3 106.5 167.0
130.0 111.0 106.5 162.4

Ave: 134.2 112.8 106.6 162.9

pH 7.0,	 38°C 112.1 92.45 85.10 96.52
117.8 96.90 89.80 92.98
115.2 101.9 86.85 98.29

Ave: 115.0 97.10 87.18 95.93



Adsorption Total MW TOC Data in Milligrams per Liter--
Continued 

Experiment	 Target Biomass Concentration

0
(mg/L)

300
(mg/L)

1500
(mg/L)

3000
(mg/L)

Experiment 1 130.8 103.5 88.46 120.2
pH 3.0,	 22°C 129.5 102.5 87.54 120.2

129.5 102.6 86.11 120.9

Ave: 129.9 102.9 87.4 120.4

123.3 108.8 91.38 121.8
124.2 110.8 91.38 120.2
126.0 109.7 91.38 119.6

Ave: 124.5 109.8 91.51 120.5

104.8
103.8
105.7

Ave: 104.8

108.6
109.3
107.3

Ave: 108.4

107.6
109.1
108.3

Ave: 108.3
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Adsorption Total MW TOC Data in Milligrams per Liter--
Continued 
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Experiment	 Target Biomass Concentration

0
(mg/L)

300
(mg/L)

1500
(mg/L)

3000
(mg/L)

Experiment 2 127.1 107.6 89.64 99.36
pH 3.0,	 22°C 125.6 107.9 87.97 98.14

125.9 107.8 87.30 98.98

Ave: 126.2 107.7 88.30 98.83

Experiment 3 120.4 101.5 84.52 104.7
pH 3.0,	 22°C 121.5 100.2 85.15 104.1

121.7 100.1 86.07 103.4

Ave: 121.2 100.6 85.25 104.1



Desorption Total MW TOC Data in Milligrams per Liter

Experiment Replicate

1 2 3

pH 3.0 -	 3.0 29.63 29.06 27.95
31.27 29.19 26.37
31.76 30.67 26.45

Ave: 32.09 29.63 26.92

pH 3.0 - 7.0 83.66 73.61 62.98
82.17 73.51 64.53
85.56 72.59 62.78

Ave: 83.80 73.24 63.43

pH 7.0 - 7.0 21.18
20.27
21.16

Ave: 20.87
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ATP Analysis, Mercury Toxicity Test

Biomass
Sample

Biomass
Concentration

(mg/L)

Light
Output

(unitless)

ATP
(ug/L)

Control 1 2701 1553 62.09
1523 61.04

Control 2 2701 1657 65.68
1635 64.92

Ave: 1592 63.43

Mercury 1 2875 779 33.61
793 34.16

Mercury 2 2875 892 38.01
872 37.24

Ave: 834 35.76
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ATP Analysis, Viability Experiments

Biomass Sample
	

Light	 ATP
Output	 (ug/L)

(unitless)

Biomass Reservoir 655.7 30.30
Time Zero 659.6 30.45

693.8 31.82
673.8 31.02

Ave: 670.7 30.90

Live, pH 3.0 624.9 29.05
Time Zero 614.9 28.64

554.1 26.14
541.7 25.62

Ave: 583.9 27.36

Autoclaved 26.8 0.00
Time Zero 28.2 0.00

33.9 0.28

Ave: 29.6 0.09

Mercury Inhibited 796.0 35.85
Time Zero 774.0 34.99

861.0 38.36
846.0 37.78

Ave: 819.25 36.75
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ATP Analysis, Viability Experiments--Continued

Biomass Sample Light ATP
Output (ug/L)

(unitless)

Autoclaved 40.62 0.89
1 Hour 40.62 0.89

41.35 0.95

Ave: 40.86 0.91

Mercury Inhibited 561.50 26.45
1 Hour 546.00 25.80

530.90 25.17
542.60 25.66

Ave: 545.25 25.77

Mercury Inhibited 490.00 21.50
36 Hours 482.90 21.19

Ave: 486.45 21.34
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ATP Analysis, Comparison of Initial ATP

98

Biomass Sample Light
Output

(unitless)

ATP
(ug/L)

Reservoir 1 1929.0 75.34
Experiment Group 1 2061.0 79.73

1038.0 44.03
1051.0 44.51
1049.0 44.44
988.0 42.15

1011.0 43.02
991.0 42.27

Ave: 1264.7 51.94

Reservoir 1 659.6 30.30
Experiment Group 2 655.7 30.45

693.8 31.82
673.8 31.02

Ave: 670.7 30.90

Reservoir 2 159.6 6.01
Experiment Group 3 157.7 5.90

169.9 6.58
162.2 6.15

Ave: 162.35 6.16
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APPENDIX TWO

PRELIMINARY KINETIC STUDIES

Prior to conducting the study reported in the main

report, two studies were conducted to determine the

equilibrium kinetics of biosorption of chlorinated organics

present in Kraft pulp wastewater. In conjunction with the

first kinetic study, a preliminary desorption study was also

conducted.	 The outlines, methods, results and conclusions

of these studies are presented in this appendix.	 Tables of

TOX and TOC follow the text.

Experimental Outlines 

Kinetic Study One

The first	 study investigating the equilibrium

kinetics examined adsorption at contact times of one day,

two days and three days. Experimental conditions of pH and

temperature were held constant at pH 3.0 and 22°C. A

constant biomass concentration, 3200 mg/L was utilized for

the one and three day contact experiments. Adsorption at

the two day contact time was examined for three target

biomass concentrations: 320 mg/L, 1600 mg/L and 3200 mg/L.

The two day, 3200 mg/L experiment was duplicated.

The preliminary desorption study examined desorption

under adsorption/desorption pH conditions of pH 3.0/pH 3.0

1.00
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and pH 3.0/pH 7.0. The biomass used in the desorption

experiments was from the duplicated two day, 3200 mg/L

adsorption experiments.

Kinetic Study Two

The second study of the equilibrium kinetics

examined the effect of shorter contact times on the

biosorptive removal of the pulp wastewater chlorinated

organics.

Contact times studied were two hours, four hours,

twenty-four hours and forty-eight hours.	 As with Kinetic

Study One, the parameters of pH and temperature were kept

constant at pH 3.0 and 22°C.	 Three	 target biomass

concentrations of 296 mg/L, 1479 mg/L and 2959 mg/L were

used for each contact time. No experiments were duplicated.

Experimental Methods 

The general experimental methods employed in both

kinetic studies are the same as the experimental methods

employed in the study reported in the main body of this

report, with the exception of a few analyses that were added

to the experimental protocol after the completion of the

kinetic studies.

The analyses not conducted for these preliminary

kinetic studies were
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1. Volatile suspended solids analyses of

individual samples. Biomass concentrations

were calculated based on VSS analysis of the

biomass reservoir.

2. ATP analysis of biomass reservoirs.

3. SEM photographs of the biomass.

Desorption methods were also similar to the

methods described in the main text. The only difference

between the two was that in the	 preliminary desorption

study, the biomass was not centrifuged prior to decanting

the adsorption supernate.

The biomass used in the two studies was collected

from two different sources. Kinetic Study One used returned

activated sludge from Randolph Park Wastewater Treatment

Plant, the same as the main biosorption experiments.

Kinetic Study Two utilized returned activated sludge from

the Ina Road Wastewater Treatment plant. The Ina Road plant

employs a pure oxygen aeration system for aeration of the

activated sludge, as opposed to the Randolph Park plant

which is aerated with air. The effect of the treatment

differences	 was	 an uncontrolled parameter	 in	 the

experiments.

As with the main biosorption study, all samples were

processed with ultrafiltration membranes for separation into

two molecular weight fractions: total MW and <1000 MW.
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Both molecular weight fractions were analyzed for total

organic halogen (TOX) content and the total molecular weight

fraction was analyzed for total organic carbon (TOC)

content.

Results and Discussion 

It should be noted that both of the preliminary

kinetic studies and the preliminary desorption study were

conducted before the experimental procedures for the

biosorption experiments had been refined. The results of

these studies can be relied upon to demonstrate trends, but

not much else. There were too many uncontrolled parameters

involved in the experiments to warrant any more detailed

conclusions.

Analysis of the two kinetic studies involved fitting

the data to Freundlich isotherms and comparing them on the

basis of the Freundlich parameters. Regression analysis

provided the Freundlich parameters (slope and y-intercept of

a Freundlich isotherm plotted on a logarithmic scale).

This analysis was conducted only for the second

kinetic study and the two day contact time experiments from

the first kinetic study. Both molecular weight fraction

data were analyzed in this fashion. Table A-1 presents the

Freundlich constants for the total molecular weight TOX

data. Table A-2 presents the same for the <1000 MW TOX

data.
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Table A-1:	 Kinetic Study Freundlich Parameters, Total MW

Contact Time K l/n r2

Two Days -5.92 1.7 .52
(Kinetic Study One)

Two Days -4.82 1.4 .76
(Kinetic Study Two)

Two Hours -11.38 3.0 .35

Four Hours -8.81 2.34 .81

One Day -7.5 2.05 .79



Table A-2: Kinetic Study Freundlich Parameters, <1000 MW

Contact Time 1/n r2

Two Days -11.51 3.02 .54
(Kinetic Study One)

Two Days 15.80 -4.10 .53
(Kinetic Study Two)

Two Hours -2.86 .82 .35

Four Hours -.13 4.17 .04

One Day -4.81 1.29 .09

105



106

Isotherms for the two day contact time experiments

were plotted on a log-log scale for comparison (Figure A-

1).

The experimental results of these experiments

appeared similar enough to judge that the kinetic studies

were indeed repeatable, despite the difference in biomass

used for the two kinetic studies.

The total MW Freundlich K values steadily increased

with increasing contact time, leveling off after the four

hour contact time. This is indicative of increasing

adsorption with increasing contact time, this effect

leveling off after four hours as the system comes to

equilibrium. The plot showing percent removal of TOX over

time given in Figure A-2 visually demonstrates this trend

for both the total MW fraction and the <1000 MW fraction.

The Freundlich parameters for the <1000 MW data do

not exhibit the same trends shown by the total MW data. No

trends were observable from these isotherms and they were

dropped from further consideration.

The desorption experiments did show that a limited

amount of the TOX adsorbed was desorbed. Roughly 15 % of

the adsorbed TOX (total MW fraction) was released under each

of the pH conditions. Desorption of the <1000 MW fraction

TOX was negligible.
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Figure A-1. Comparison of the 48 Hour Kinetic Experiments.
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Conclusions 

Two conclusions were drawn from the two preliminary

kinetic studies and the preliminary desorption study.

Equilibrium kinetics are fast. Equilibrium is

reached in the space of hours,	 with most adsorption

occurring after four hours.

Desorption of adsorbed TOX (total MW fraction) does

occur to a limited extent under the pH conditions studied.

The preliminary status of the experimental

procedures prevented any further or more detailed

conclusions concerning the results.

Recommendations for Future Work 

At the conclusion of the preliminary kinetic studies

and the preliminary desorption studies, the experimental

procedures for adsorption and desorption studies were

reviewed. Modifications were made in the procedures for

future work. These modifications are discussed below.

Biomass for future studies should be collected from

a single source to limit uncontrolled deviations caused be

unknown differences in biomass collected from several

sources.

Analysis for adenylate triphosphate (ATP) should be

conducted on biomass reservoirs immediately prior to their

use in experiments. This parameter would serve as an
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indication of viability and would be a basis for typifying

the biomass used in the experiments.

Volatile suspended solids	 analysis should be

conducted on all individual samples.	 This will provide

greater accuracy in reporting the loadings.

Adsorption samples to be used	 in desorption

experiments should be gently centrifuged to separate the

biomass from the supernate. This would reduce the amount of

residual TOX remaining in the desorption experiment from the

presence of interstitial adsorption liquid, thus increasing

the reliability of the measured desorption. Care should be

taken that the biomass is not compressed into a pellet when

centrifuged as this could rupture the cells and release any

TOX that was taken up by the biomass instead of being

adsorbed to the cell surface.



Kinetic Study 1
Adsorption Total MW TOX Data in Micrograms per Liter
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Experiment Biomass Concentration
(mg/L)

TOX
(ug/L)

24 Hours 3200 11547

48 Hours 320 19960
1600 10780
3200 8760
3200 13430

36 Hours 3200 9747



Kinetic Study 1
Adsorption <1000 MW TOX Data in Micrograms per Liter

Experiment	 Biomass Concentration	 TOX
(mg/L)	 (ug/L)

24 Hours 3200 7603

48 Hours 320 9173
1600 8550
3200 6140
3200 7210

36 Hours 3200 7294
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Kinetic Study 1
Desorption Total MW TOX Data in Micrograms per Liter

Experiment	 ,Residual	 TOX
Supernatant	 (ug/L)

TOX
(ug/L)

pH 3.0 -	 3.0 4990 6687

pH 3.0 - 7.0 5460 7830
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Kinetic Study 1
Desorption <1000 MW TOX Data in Micrograms per Liter

Experiment
	

Residual	 TOX
Supernatant	 (ug/L)

TOX
(ug/L)

pH 3.0 -	 3.0 2950 3340

pH 3.0 - 7.0 3227 2643
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Kinetic Study 2
Adsorption Total MW Tox Data in Micrograms per Liter

Experiment	 Biomass Concentration	 TOX
(mg/L)	 (ug/L)

115

2 Hours	296	 14699

	

296	 14427

	

1479	 15140

	

1479	 14640

	

2959	 10472

	

2959	 10320

	

296	 19180

	

1479	 14180

	

1479	 13060

	

2959	 12514

	

2959	 10395

	

296	 18200

	

296	 19140

	

1479	 13480

	

1479	 10640

	

2959	 9920

	

2959	 11020

	

296	 18680

	

1479	 14560

	

1479	 11420

	

2959	 8440

	

2959	 9020

	

2959	 9000

4 Hours

24 Hours

48 Hours



Kinetic Study 2
Adsorption <1000 MW Tox Data in Micrograms per Liter

Experiment	 Biomass Concentration	 TOX
(mg/L)	 (ug/L)

116

2 Hours	296	 9400

	

296	 9480

	

1479	 6320

	

1479	 6990

	

2959	 6180

	

296	 9645

	

1479	 6520

	

1479	 7410

	

2959	 4670

	

2959	 5360

	

296	 8800

	

296	 9330

	

1479	 9100

	

2959	 6200

	

2959	 7040

	

296	 10170

	

1479	 8640

	

1479	 8820

	

2959	 6860

	

2959	 6810

	

2959	 6850

	

2959	 7140

4 Hours

24 Hours

48 Hours



Kinetic Study 1
Adsorption Control TOX Data in Micrograms per Liter

Total MW
	

<1000 MW
Control TOX
	

Control TOX
(ug/L)
	

(ug/L)

25250	 22432
34958	 17922
31040	 18200

Average 30416	 19518
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Kinetic Study 2
Adsorption Control TOX Data in Micrograms per Liter

Total MW
	

<1000 MW
Control TOX
	

Control TOX
(ug/L)
	

(ug/L)

25700	 10040
22820	 9520
24580	 10740
26360	 11810
24240	 9260
23300	 9530

Average 24500	 10150
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Kinetic Study 1
Adsorption Total MW TOC Data in Milligrams per Liter

Experiment	 Target Biomass Concentration

0	 320	 1600	 3200
(mg/L) (mg/L)	 (mg/L)	 (mg/L)

24 Hours
	

257.6
	

160.1

	

260.2
	

158.9

Ave: 258.9	 159.5

48 Hours 	233.1	 121.6	 92.55	 116.8

	

222.3	 121.1	 94.05	 114.5   

Ave: 227.7	 121.3	 93.25	 115.6

36 Hours	 MEASUREMENTS NOT TAKEN
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Kinetic Study 1
Adsorption <1000 MW TOC Data in Milligrams per Liter

120

Experiment	 Target Biomass Concentration

0
(mg/L)

320
(mg/L)

1600
(mg/L)

3200
(mg/L)

24 Hours 117.8 104.4
119.6 100.5

Ave: 118.7 102.4

48 Hours 125.4 64.02 60.42 60.68
120.3 64.51 60.66 60.01

Ave: 122.8 63.70 60.54 60.33

36 Hours 132.0 63.81
136.2 65.36

Ave: 134.1 64.58



Kinetic Study 2
Adsorption Total MW TOC Data in Milligrams per Liter

Experiment	 Target Biomass Concentration

0
(mg/L)

296
(mg/L)

1479
(mg/L)

2959
(mg/L)

2 Hours 152.1 110.3 132.9 181.9
151.4 115.5 127.5 181.1
146.6 113.9 130.4 185.6

Ave: 150.0 113.2 130.3 182.6

4 Hours 148.8 129.0 127.3 151.7
153.7 126.5 133.0 154.8
149.2 130.6 127.7 153.0

Ave: 150.6 128.7 129.3 153.2

24 Hours 151.5 127.8 122.8 176.6
150.7 127.3 125.8 177.7
148.7 132.0 121.0 180.6

Ave: 150.3 129.0 123.2 178.3

48 Hours 136.4 110.9 98.50 123.3
148.8 118.9 107.7 124.0
129.0 110.4 100.0 123.3

Ave: 138.1 113.1 102.1 123.5
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