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ABSTRACT

Laboratory studies on the adsorption of bacteria onto soils and activated carbon were
undertaken to evaluate the role of the process in removal of bacteria from groundwater. It was
hypothesized that removal of bacteria from water passing through soil would be primarily due to
adsorption in which case the bacteria would behave in a manner similar to colloidal particles or
chemical molecules.

The basic kinetics of uptake of Staphylococcus aureus were determined on activated carbon,
a highly adsorbing material chemically speaking. Once the technique was worked out and
adsorption demonstrated to take place, sand, clay, and Mendon silt loam were studied. Uptake of
bacteria was observed microscopically on both activated carbon and clay. Sand showed no
measurable uptake of bacteria.

Mendon silt loam was also used in competitive adsorption studies. Sodium chloride, sodium
lauryl sulfate and peptone were used and their effects on adsorption of the test organism

measured.

Results clearly showed uptake of the bacteria with equilibrium reached within one hour.
Conventional chemical thermodynamics can be applied to bacterial adsorption onto soils with the
determination of Langmuir type isotherms and the subsequent evaluation of AF°, AH®, and AS®
functions. Bacterial adsorption is endothermic with peptone decreasing and sodium chloride
increasing adsorption.

Based on the results, columns of sand and charcoal were set up and the time of bacterial
passage predicted by a first generation model. The results indicated reasonable fit for the model
but some adjustment would be required for a close simulation.

This report was submitted in fulfillment of Grant No. 16060 EBD between the Federal
Water Poliution Control Administration and Utah Water Research Laboratory, Utah State
University.

Key Words: Bacterial adsorption, soil, thermodynamics of bacterial adsorption competitive
adsorption, activated charcoal, sand, clay, Mendon silt loam, Staphylococcus aureus.
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INTRODUCTION

The propensity of microorganisms to travel through
soils saturated with moisture is a question ascertained
largely by field observations and empirical experiments.
The aggregate mass of field observations (AWWA, 1960;
Woodward, 1961) indicates that bacteria will travel far, in
terms of miles, through fissured rock or gravel, but only
short distances, in terms of tens of feet, through finer
textured media such as sand. In a rather definitive
experiment, which consisted of injected raw sewage in an
injection well, Krone et al., (1958) reports 100 feet was
the nominal limit of travel distance of bacteria. Labora-
tory studies feeding soil columns with sewage water
{Robeck et al.,, 1962) have shown that bacteria will
eventually break through after weeks of feeding; the rise
in bacterial count was exponential when it did occur.
Filmer and Corey (1966), Cookson and North (1967),
Drewry and Eliassen (1968), and Cookson (1969) have
shown viruses to be adsorbed by soil particles. Filmer and
Corey (1966) have demonstrated that bacterial size
particles are removed by soil; Boyd et al. (1969) have
demonstrated bacterial removal by soils. Thus it is clear
that some mechanism acts to inhibit the free travel of
bacteria through saturated soils. Adsorption by soil
particles, mechanical sieving, and microsedimentation are
possible mechanisms (O'Melia and Stumm, 1967;
Cookson, 1970) causing bacterial retention; population
change is another consideration. We focus herein on the
adsorption process (Hendricks et al., 1969).

Objectives

Our primary goal was to describe and explain
bacterial adsorption on soils in terms of thermodynamics.

By corollary, we also sought to ascertain the influence of
temperature, chemical competition, and soil type on the
process of bacterial adsorption.

Significance

Untreated waste waters often find their way
inadvertently into bodies of groundwater—one of the
largest and most extensive sources of water supply in the
United States. Septic tank tile fields constitute probably
the most extensive source of such waste waters, and are a
hazard to wells located nearby. Two well known cases of
direct recycle from septic tank to well are Suffolk Co.
Long lIsland (Flynn, 1961) and Twin Cities area of
Minnesota (Woodward, 1961).

Treated waste waters are now being injected directly
into aquifers (Parkhurst, 1965). This form of recycle is
discussed with increasing frequency. The question of
travel of residual microorganisms is often noted as an
unknown parameter, which needs to be determined prior
to large scale injection of treated waste waters into
groundwaters.

Empiricism is invaluable in providing guidance in
assessing such situations. However, microorganism reten-
tion in soils needs to be evaluated also in terms of a
theoretical framework if such practical guestions are to be
dealt with comprehensively. Our project relates to devel-
oping means for rational assessment of bacterial travel
through saturated soils. Some practical situations for
application include artificial recharge with waste waters,
septic tank hazards, and shallow aquifer contamination.






THEORY OF BACTERIAL ADSORPTION

Adsorption

A process is a transition between states; a chemical
reaction is a type of process. Adsorption is a type of
reaction, or process, involving an adsorbate in a relatively
mobile or free state which becomes bonded to a site on an
adsorbent surface. Adsorption generally involves the same
type of bonding that occurs in normal chemical reactions;
however, for conceptual purposes bonding can be cate-
gorized as:

(1} electrostatic attraction between unlike

charges; simple ion exchange is an example

(2) van der Waal's attraction caused by non-

homogeneous force fields; the Leonard-Jones
6-12 potential describes this mathematically

(3) valence bonds; this is the usual bonding for

chemical reactions

Forces involved in adsorption are similar to those
that occur in common chemical reactions, except that one
of the interacting molecules, atoms, or ions is a constit-
uent of a surface. Thus the resultant force of reaction
between adsorbent and adsorbate is modified (increased
or decreased) by the presence of neighboring constituents
which make up the solid surface. The bonding categories
above are somewhat arbitrary in that they are all part of a
continuum.

Bacteria and thermodynamics

Thermodynamics can be applied to the adsorption
process to derive useful information and insight regarding
equilibria, bonding energy, and entropy changes. Classical
thermodynamics tell much of practical usefulness, where-
as application of statistical thermodynamics can yield
greater fundamental understanding. We apply these con-
cepts here to the bacterial adsorption reaction, hypothe-
sizing that this process can be treated as any normal
chemical reaction. Certainly this view is consistent and
logical since the bacterium does change state {from free to
adsorbed state) during the adsorption reaction. Bacterial
adsorption differs, however, from the usual chemical
reaction or phase change in the nature of the adsorbate
species undergoing a change in state. Bacteria are
macroparticles whereas the usual application of therino-
dynamics concerns state changes at the molecular level.
The essential practical difference between the two cases is

that the magnitudes of the thermodynamic functions
obtained for bacterial adsorption may not be directly
comparable with thermodynamic data for the adsorption
of molecules. It is our contention that the meaning and
interpretation of the data should not be affected except
insofar as experience with the adsorbate species limits the
interpretation of data.

Adsorption reaction. Thermodynamics can be used
to describe the change of state of a substance or the
energy change involved in a given reaction or process.
Thus the initial and final states of the reactants and
products must be clearly identified, which in biological
systems is sometimes hazardous.

For the bacterial adsorption reaction, the simplest
equation which can be written is:

Bacteria + Sorbent 2 Bacteria®*Sorbent . . . (1)

Designating bacteria as B, X as the sorbent, and X as the
bacteria sorbent complex, Equation (1) is rewritten:

B+XZ§........(2)

The above is an obvious oversimplification of the
bacteria-sorbent reaction since it ignores the critical role
of the solvent in its representation. It is commonly
accepted that both bacteria and soil particles are strongly
hydrophilic. Thus it is possible to expand Equation (2)
into component partial reactions as follows:

. > L. L. (3)
Beu T BN Mgy

XeW X+ ZW B (4)

B+ X 7 B ()
7 BeX .

in which y and z represent the number of molecules of
water, W, associated with the bacteria and the adsorbent
site, respectively. When (3), (4}, and (5) are added:



o .<_ °
B Wy + X Wz S BX + (y+z)W AHBXW (6

The measurement of AH wdives a value of the
heat (enthalpy) of the adsorption process of bacteria from
aqueous solution. Since the bacteria-soil reaction occurs in
the presence of soil moisture, Equation (6) gives a more
complete picture of the adsorption process which occurs
in natural systems and forms the model by which
experimental data are explained. Although Equation (6)
indicates the bacteria-sorbent complex is completely
dehydrated, this situation is highly unlikely. It is reason-
able to assume that the surface complex is still hydrated
although to a lesser degree than the reactants prior to
interaction. If one is interested only in the affinity of the
bacteria for the solid, the reaction involving AH g, must
be isolated, i.e., the energy of desorption of water must be
eliminated from the process. Further, it must be assumed
that the solid is inert and only serves as the source of a
force field and the energy change represented by AHgy is
attributed only to the soil-bacterium couple. An attempt
to isolate AH gy would require

(a) Data concerning the AH of desorption of

water from the solid.

(b} Data concerning the AH of desorption of

water from the bacterium.

{(c) Knowledge of the amount of water desorbed

from the solid and bacterium during the
formation of the bacteria-soil complex.

Because of the lack of pertinent data, any attempt
to calculate a value for AH gy must be regarded only as a
mathematical exercise. However, since Equation ({6) is
regarded as the natural system, i.e., bacteria are usually
adsorbed from the aqueous phase, Equation (6) is of
greatest importance. Equations (3), (4), and (5) are
written to clarify and explain Equation (6).

Equilibrium. The mathematical statement for
equilibrium involving Equation (6} is:

*
o [B'X] S
oW * . *
[B y] [X Wz]
e
LK (8)
C" X
in which
o = reaction equilibrium constant (ml/sites
. available)
X = equilibrium concentration of cells
adsorbed per gram of soil
c’ = equilibrium solution concentration of

hydrated bacteria (cells/m!)

equilibrium concentration of hydrated
adsorption sites unoccupied by bacteria
(sites/gm)

Because of the excess of water, the term (yt+z)W is
assumed constant and incorporated in the value of .
Now we let

¥ o= ¥y =X ... (9
m
in which
Xn = maximum number of sorption sites per

gram of soil
and substitute (9) in (8) to give:

=%
X

(X - }—(*) Cv‘c
m

Algebraically rearranging (10) gives:

K i3

X _eC*
X T+ oC™

m

—which is the usual algebraic arrangement for the well
known Langmuir isotherm.

The linearized form of the Langmuir isotherm is

obtained by algebraic rearrangement of Equation (11),
which gives:

N e L £ 3!

xli_loﬁ
Q
>

This form of the equation is useful, as will be seen later, in
analysis of data.

Thermodynamics. Measurement of the equilibrium
or Langmuir constant, ¢, and how it varies with tempera-
ture is the general procedure of obtaining critical thermo-
dynamic data. The equilibrium constant, o, is related to
standard free energy, AF ° by the equation (Equation
A-29, Appendix A):

AF® = - RTlna ° -(13)
Differentiating with respect to temperature
d(AF®) _ dlno . (14)
1T = Rlnaoa + RT aT



When the reactants and products are in their standard
state, the Gibb's-Helmholtz equation is (Equation A-35,
Appendix A):

0 _ d (AF®)

.(15
T (15)

NN

Substituting Equation (15) in Equation (14) the following
results:

- AF® + AHC = RTlna + RT2 Q%%§L

.(16)

After substituting AF°= - RT Ina in Equation (16) and
rearranging, the following relation can be obtained:

dln o _ AHO

.(17)

Integrating Equation (17) and assuming AH® constant
over the temperature range of the study, the following is
derived:

an®
In o = = RT + C .(18)
in which
C = integration constant
AHO = standard state enthalpy of reaction
R = gas constant
T = absolute temperature (°K)

That C = AS°/R (Equation 18) can be shown as follows:
The Gibb’s free energy AF® is defined as

(e} e}

AF® = AH -(19)

- TAS®
or as

AFC = = RT 1n « -(13)

Substituting AH® - TAS® for AF°, and rearranging, Equa-
tion (13) becomes

_ AHO | AS©

489 - (20)
RT 7R

In o =

Thus by measurement of ¢ and its corresponding
temperature dependence, the thermodynamic functions,
A F° AH® and AS®, for a given process can be evaluated
by Equations (13) and (20) respectively. These functions
provide valuable information concerning the reaction in
question. The model of the reaction can be more
accurately inferred through deductive reasoning consistent
with the experimentally derived thermodynamic values.

Equation A-25, Appendix A, reproduced below as
Equation (21),

AF = AF® + RT 1n Q -(21)

offers the means for assessing the direction of equilibrium
and the degree of deviation from it. Since AF°is a
constant determined for any given temperature, we need
only specify the value of Q, which is the ratio of
concentrations of products to reactants, each substance
raised to its stoichiometric power.

While we are applying thermodynamics to reactions
involving bacteria—which are finite particles—conventional
thermodynamics was developed for particles at the
molecular level. We hypothesize that the colligative
properties of molecules can be extended to apply to
bacterial particles. This can be done by use of the activity
concept. Thus “bacterial activity” relates molecular
behavior, which conforms to the ideal gas law, to bacterial
concentration. We allow for use of molar concentration
expressions by the activity coefficient, 7y thus

= . . (22
ap Y [B] (22)
in which
ag = bacterial activity
= bacterial activity coefficient
[B] = bacterial concentration (moles/liter)

It is implied that a “mole of bacteria’” is Avogadro’s
number, 6.02 x 102 We use the osmotic pressure to
relate the colligative properties of bacterial particle
thermodynamics to those of molecular particle thermo-
dynamic, letting Yo be the calculated unknown: Thus
from van't Hoff's law:

m = yg[B] RT - (23)
in which
m = measured osmotic pressure {atmo-
spheres)

Competitive adsorption

Competitive adsorption is defined as the competi-
tion for adsorption sites by two or more adsorbate species



{excluding the solvent). This case is analyzed by the
expansion of the reaction equations to include additional
adsorbate species. Let us designate A as a chemical species
which competes with bacteria for the soil sorption sites.
The two important reactions involving A are its (1) direct
competition with bacteria for the surface sites forming the
surface complex AeX and (2) the interaction of the
chemical species with the bacteria forming a chemical-
bacteria complex, A+B. These reactions are shown below

T AX + (vtz)W AHAX

. . (24)

AW + XW
v 2

. . > Ae
va+Bwy*‘AB+(v+y)WAHAB

. (25)

in which v designates the number of water molecules W
associated with the chemical species A. Combining Equa-
tions (24) and (25) we have:

2 AW XN+ BN 7 A*X+AB+ 2uty)W

.(26)

Combining Equation (26} with Equation (6) we
obtain the net reaction:

24°W + 2X*W + 2B*W 7 A°X + A°B + BX
v z y

+ 2 (vhy+z)W -(27)

If we assume negligible interaction between the bacteria
and A, Equation (27) can be reduced to:

AW 4+ XW + B-W 2 aA-X + bB-X
v z y

+ (V+y+Z)W e e e e .(28)

in which
a+b =1

Equilibrium for Equation (28) is expressed:

[B-X]*[A-X]"

[XeW]*[B-W] [A-W]*

. .(29)

a'! =

Because of the large excess of water in the system
the solvent concentration is assumed constant and its
value is incorporated in the value of o'. An equivalent
form of Equation (29) is:

X
Q@ = A . .(30)
X eC A"
in which
a' = equilibrium constant for Equation (28)
X*A = [A-X]", the equilibrium concentration
of A adsorbed (gm chemical sorbate/gm
. sorbent)
A = [A*W]", equilibrium concentration of

A in the liquid phase (gm/L)
Equation (29) can be rewritten by substituting

= - - 3" .(31)
X Xm X XA
as follows:
X;‘:.‘X‘?\‘
ol = A .. .(32)
——te T *
(Xm - X =X )*C -A

Rearranging Equation (32) gives the equivalent Langmuir
isotherm expression for two sorbates:

. _—-7': .
X (Xm XA) a'C A< .(33)
< X —k % %

m m (XA+0L'C A)

If A" and X; are held constant while changing C”, the
shape of the equilibrium graph for the fractional coverage
by bacteria will resemble the plot of the Langmuir
isotherm. However, the asymptote of the bacterial
isotherm will drop proportionately with sites occupied by
A; and o' will probably be unigue for every level of A",

The linearized form of Equation (33) is:

o

* . _}?‘
cC - e A (3

_~:’< . * _—e‘:
X (Xm XA) a'A (Xm XA)

which is presented merely to show the contrast with
another form below.



Laidler (1965, p. 262) presents an alternate
expression for two sorbates (bacteria and chemical in this
case) competing for adsorption sites as:

—% £
X . a C . (35)
X * %
m 14+ aC + a'A
The linearized form of Equation (35) is
C)‘: 1 % 1 'A*“
a
A2 + - | . .{(36)
= X ¢ aX + a X J
X m m

We use Equations {35) and (36) in further discussion since
Equation (35) is found in the literature and appears
rational.

Now if we further examine the differences between
Equations (12) and (36) for cases of no competition and
adding A as a competitor, respectively, we see the only
difference lies in the intercept terms. It is Equation (12)
that is used later, even when competitive effects are
examined, so now we wish to ascertain the effect of using
the wrong equation when competition is involved. We do
this by equating the intercept portions of Equations (12)
and (36). First, however, to distinguish o's let us
designate with subscripts T for true for Equation (36) and
P for psuedo for Equation (12). Thus we have:

.(37)

*
= 1
o oy (1 4+ a'A)

T

Thus ayis the lower limit of o, and

*

o > as o'A - 0.

T P

[n interpreting results later, we use a,; we make no
further reference to these differences except to point out
that such differences do exist and they are mathematically
delineated in the foregoing. To do more would be arduous
and involved, with few quantitative returns.

Thermodynamics. The thermodynamics of competi-
tive adsorption differs from the case of singular sorbate
adsorption only insofar as more terms are involved in the
reaction (Equations 25 28). The reaction thermo-
dynamics for Equation (28), determined from equilibrium
data as given by Equations (13) and (20), will probably
result in values different from those obtained using

Equation (6). This reflects two simultancous reactions
occurring on the interface resulting in an energy balance
which is the net contribution of each individual reaction.
For example if

A”AX > A“BX

then we may expect for the stoichiometry coefficients,

a >> b
Statistical thermodynamics

Another way to examine the thermodynamics of
adsorption is at the particle level. This is useful in
providing a more rigorous definition and understanding
concerning fundamental mechanisms of adsorption;
empirical coefficients then have greater significance.
Statistical thermodynamics is based upon models of
particle behavior; we will carry this no farther than the
particle model.

Hill (1960) gives the molecular expression of o(T)

as:
u (T)/kT
o]
a(T) = q(T)-e .. . (38)
in which
U /KT (39)
T) = e .
q(T) (qquqz)
in which
ofT) = o, the Langmuir isotherm equilibrium
constant
q(T) = an harmonic oscillator molecular parti-
tion function
BT) = chemical potential at an arbitrary
standard state
k = Boltzman constant
Ugo = potential energy at the minimum in the
potential well engulfing the adsorption
site
Ox. 9y, 4, = one-dimensional harmonic-oscillator

molecular partition functions,

respectively

The terms qx, gy, q; are for a monatomic molecule
in a gas environment vibrating about an adsorption site,
with x, y, and z components of motion. Statistical
thermodynamic models have been developed successfully
only for models of the gaseous state. Such models are not
determinate for liquids, and application to macroparticles
has not been attempted. The indeterminacy of the
adsorbed bacterium model still does not chviate the
usefulness and insight which is possible by empirically
applying the statistical thermodynamic concepts express-



ed in Equations (38) and (39). We do this merely by
postulating that the adsorbed bacterium must have some
particle partition function, q(T), associated with it. This
partition function reflects all of the properties of the
partition function which includes the types of motion or
energy states accessible to the adsorbed bacterium.

The relationship between the classical and statistical
thermodynamic functions can be seen by equating Equa-
tion (20) and Equation (38). Thus:

o u (T)
JAHD ot L (40)
RT kT
and
o
é%—— = 1n q(T) -(41)

in which AH®and AS°are for the partial reaction of
Equation (5) and therefore these terms are 4HZy and
A Sgx, respectively. Equation (41) is not strictly correct,
however, as the left side refers to a mole of particles and
the right side refers to a single particle; this is true for

Equation (40) also but the equality holds. For the

entropy function, the number of particles involved does

make a difference as the number of ways M adsorption

sites can be occupied by N particles affects the entropy

term also. The AS °term refers to a mole of particles and

not a single particle, thus it is not compatible with g(T}),.
which is the number of energy states accessible to a single

particle. We call this partition function for the ensemble

of particles, Q(T); Equation (41) must be modified to

give:

[0}
257 nom

. 42)

Since a solution environment is involved, we say Q(T) is
the change in accessible quantum states in going from the
solution environment to an adsorbed condition. The same
is true for u (T). This contrasts with the usual statistical
thermodynamic treatment, which is developed for gas
adsorption (Hill, 1960).

If we could isolate AHg, and ASg, we could
speculate quantitatively on the nature of the bond and on
the bacterial entropy changes. We must remain qualitative
for the present, however, which still allows us to glean
insight and rationale concerning the reaction.



MATERIALS AND METHODS

The uptake of bacteria from the suspended phase to
the adsorbed phase was determined by measuring the
depletion of bacteria from the solution. This was done by
providing opportunity for contact between the bacteria
and adsorbent particles through mixing. The bacterial
concentrations were measured at selected time intervals
until the uptake on the particles was completed, which
was assumed to be the equilibrium state. The number of
bacteria depleted from suspension was assumed to be
adsorbed by the soil sample; a control which contained a
similar number of bacteria in distilled water was used to
verify this assumption. Microscopic observation of
attached cells also demonstrated bacterial uptake. At
equilibrium the designations X" and C* were used to
indicate the concentration of bacteria on solid phase
(number of bacteria per gram of soil) and in the
suspension phase (number of bacteria per ml of suspen-
sion), respectively. The values of X" and C" provided
one point on an isotherm. All media and equipment were
autoclaved at 121C. Aseptic technique was rigorously
applied for all steps in the analysis.

Adsorbate—organism and preparation

The bacterium chosen for this study was
Staphylococcus aureus, FDA 209, a spherical coccus that
readily breaks up into individual cells upon shaking.

To maintain this organism, primary stock cultures
were transferred at monthly intervals on Nutrient Agar
(Difco) slants, and, after sufficient growth, were stored at
5C. Use stocks were made from the primary stocks as
needed and transferred daily on Nutrient Agar slants.
When an experiment was performed, the transfer for the
next day'’s experiment was first made, then the slant (18 -
24 hours old) was used to prepare the suspension for the
experiment. The slant was washed with 1 ml of sterile
distilled water and the resulting suspension was then
transferred drop by drop to sterile screw cap test tube
containing 10 ml of sterile distilled water, until the optical
density at 525 my on a Spectronic-20 colorimeter was
0.3. The tube was then shaken vigorously for 15 minutes
to suspend the cells and break up the clumps. An optical
density of 0.3 for the organism described here corre-
sponds to approximately 3 x 108 cells per ml and served
as a means of calibration for obtaining the desired cell

concentrations by adding a predetermined amount of a
dilution to the reaction flasks. When large amounts of
cells were required, the culture was grown on the surface
of agar plates and harvested by fiooding with 10 mi of
sterile distilled water. The resultant suspension was then
collected in a large sterile bottle. A sufficient amount of
this suspension (determined as above) was added to the
reaction flasks to provide the desired concentration of
bacteria per ml in the flask. Each flask contained a
magnetic stir-bar and a weighed amount of soil.

The assay

A 1 ml sample was removed from the flask
supernatant after a brief period to allow the larger
particles to settle out. Dilutions were made in accordance
with the estimated initial concentration and 1 ml portions
of several dilutions were passed through 0.45 y
membrane filters (Millipore Filter Corp.) so that at least
one dilution would provide 30-300 cells on the filter. The
filters were then placed in petri dishes on pads containing
2.2 ml of double strength Brain Heart Infusion Broth
(Difco) and incubated at 37 C for 24 hours. Filters with
30-300 colonies were counted using a stereomicroscope at
30X. The control served as a base-line and provided the
initial inoculum level at zero-time for all the flasks.
Microscopic checks were made to determine if observed
reduction in the presence of an adsorbent was due to
clumping. No greater tendency to clump was observed in
the presence of adsorbent than in the control.

The laboratory setup and the performance of the
assay are illustrated in the series of photographs in Figure
1(a-g).

Coulfter counter. A two month exploration was
undertaken to ascertain the capability of the Model-B
Coulter counter for counting bacteria—in lieu of the
laborious plate counting technique. The results with the
electronic counter did not agree with microscopic or plate
counts. This was determined to be due in part to
equipment problems. The orifice used for counting
frequently clogged due to fairly large soil particles
occasionally encountered. Use of this instrument was
finally abandoned, in the interest of time, for the more
reliable membrane counting procedure.



(a) Taking I ml sample from experimental flask

(b) Diluting the sample (c) Filtering the sample through
.45u filter (Millipore)

Figure 1. Photographs illustrating experimental procedure for counting bacteria.
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(d) Removing the filter paper aseptically (e) Placing the filter paper in petridish
from the filtering unit containing pads with 2.2 ml BHI.

8
L

(f) Incubating the samples at 37 C for (g) Counting the bacterial colonies by
18 hours stereomicroscope at 30X and recording
the counts on IBM coding sheet.

Figure 1. Continued.
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Adsorbents

Activated charcoal. Activated charcoal (Filtrasorb
400, Calgon Co., Pittsburgh) was used to establish the
operational procedures and to test the thermodynamic
hypotheses of adsorption. Activated charcoal is desirable
for this purpose since it: (1) is easy to handle, (2) will
settle readily, (3} possesses large surface area, and (4) an
abundant literature exists attesting to its adsorbent
characteristics.

Since this assay procedure depends on viable cells,
the question arose whether something in or on the
charcoal might kill the cells which would also give a
decrease in numbers. To test this possibility, ion perme-
able collodion bags were placed in the flasks containing
charcoal and the system equilibrated for 24 hours. The
bacterial suspension was then placed inside the collodion
bag and samples removed periodically. No decline in
bacterial numbers was observed suggesting that no toxic
agent is released from the charcoal or if it is, it is a very
large molecule (protein in size) which is unable to pass
through the membrane. On the basis of this experiment, it
was concluded that the reduction in bacterial numbers
was due to the removal of cells from suspension and not
due to bactericidal ions. The possibility of extraneous
clumping was eliminated by microscopic examination.

Kaolinite clay. The first soil material used was
Kaolinite clay. This clay is described as possessing: (1) 2
meq per 100 gm cation exchange capacity, (2) a pH of 4.4
when suspended in distilled water, (3) a surface area of 12
m? per gm, and (4) roughly hexagonal plate-like crystals
0.2 to 2y, in size,

Mendon silt loam. An homogeneous portion of
Mendon silt loam, a soil from Northeast Utah, was used
for experimental work on adsorption competition. The
portion used was the size range less than 0.991 mm
diameter. The physical-chemical analysis of an homo-
geneous portion of this soil, hereafter referred to as
simply Mendon silt loam, is given in Appendix H. Prior to
use, the soil samples were soaked in distilled water and
autoclaved for 15 minutes at 121 C. Mendon silt loam
was chosen for the bacterial adsorption study since pilot
experiments using this soil showed significant cell uptake.

Silica sand. Silica sand (SiOz), a coarse fraction of
soil with no net charge and with very low chemical
adsorption capacity was also studied. Particle size range
was from 0.1 mm to 1.0 mm diameter.

Competitive sorbates

Sodium chloride (NaCl), sodium lauryl| sulfate (SLS)
and peptone were chosen to study their competitive effect
on bacterial adsorption. They represent different cate-
gories of chemicals which may be found in contaminated
waters flowing through the soil and in other situations
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involving a bacteria-soil-chemical species-water contact
opportunity. NaCl represents an inorganic group of
chemicals and is a major component of sewage; sodium
lauryl sulfate, C,,H,3CO0SO3Na, is a synthetic deter-
gent, and peptone represents organic matter, specifically
degraded protein. A definite chemical structure and
formula for peptone is not possible since it is composed of
a mixture of many types of short soluble peptide chains
and amino acids.

When two sorbates, A and B are competing for
sorption sites, A may inhibit the adsorption of B. The
threshold concentration level of A at which this occurs
significantly, is here referred to as the "threshold competi-
tive level”’ of A. To determine threshold competitive levels
of NaCl, SLS and peptone, the concentration of each
given sorbate (alone) was increased in the presence of
bacteria and soil to the point that measureable bacterial
inhibition to adsorption was discerned. This was the point
designated as the threshold competitive level.

Since the filter assay method depends on viable
cells, the question arose whether the chemicals used as
competitive sorbates might be toxic to S. aureus. In order
to clarify this point, several toxicity experiments were
conducted, using various concentrations of chemicals and
bacterial cells. This was done by stirring bacteria-chemical
suspensions in an experimental flask in the absence of soil,
and measuring the surviving bacterial concentration at
regular intervals. Since it was necessary that the experi-
ments be conducted below the threshold toxic levels of
each of the chemical sorbates, an SLS concentration of
.05 grams per liter was chosen for this study (Figure C-1,
Appendix C) as was a peptone concentration of 3.8 grams
per liter (Figure C-2, Appendix C). Although NaCl did not
show significant competition with bacteria for adsorption
at 27C (Figure C-9, Appendix C), three percent NaCl
concentration was selected to determine the adsorption
isotherms. Isotherms were determined at 10C, 20C, 27C,
and 37C. Throughout these experiments, the initial cell
concentration was held constant at 1 x 108 cells/ml. This
concentration is in the flat portion of the bacterial
adsorption isotherm, Figure 2.

Experimental procedure

Basically the three adsorbents were handled in much
the same way although charcoal was used in smaller
amounts, 1 gram per 100 ml of suspension, while the soils
were used at 10 grams per 1800 ml of suspension. Each
experiment was performed with one control to determine
cell loss without adsorbent addition plus at least two or
more flasks at a constant adsorbent level containing cells
at various initial concentrations. The sorbate competition
studies were accompanied by one other control, that of
cells plus adsorbent without the competitive sorbate. A
typical competitive experiment consisted of:

Distilled water (1800 ml) + S. aureus
(Cy)

Flask |:



—— Soil + S - aureus

—=—— Soil + S - aureus + Chemical Sorbate

(Number of Cells Adsorbed / Gram of Sorbent)—

X

*

Flat Portion of Isotherm
Concentration: 1 X IOB Cells /ML

*
C (Number of Cells / ML of Suspension ) ———p

Figure 2. Theoretical bacterial adsorption isotherms with and without chemical competition.

Flask I1: Distilled water (1800 ml) + S. aureus
(C,) +soil (10 g)
Flask Il to V: Competitive sorbate + distilled water
(1800 ml) + S. aureus (C,) + soil (10 g)
in which
C, represents initial cell concentrations C,, C,,
and Cj.

Each flask contained a stir-bar and was placed on an
air-driven magnetic stirring mechanism in a large refriger-
ated-heated thermostatically controlled water bath shown
in Figure 1(a). Temperature variation was less than £ 0.1C
during the course of an experiment, at any of the
temperatures used. Isotherms were determined at 10C,
20C, 27C, and 37C, respectively, with the limits of
viability of S. aureus controlling the working temperature
range. Temperature equilibrium between the experimental
flasks and the constant temperature water bath was
obtained in about three hours. Therefore, it was necessary
to keep the experimental flasks in the constant tempera-
ture water bath at least three hours before performing the
experiment.

A bacterial suspension having a selected initial
concentration was prepared. Stirring was initiated and the

cells were then added to experimental flasks; stirring was
of moderate intensity. Samples were taken from these
flasks, before the addition of soil, to determine the initial
cell concentrations in the respective flasks.

Ten grams of adsorbent suspended in 100 ml of
distilled water were then added to each of the flasks
(except the organism control). Stirring was halted at 5-,
15-, 30-, 45-, and 60-minute intervals, and the soil was
allowed to settle to the bottom of the flasks for 30
seconds to three minutes depending on the adsorbent; a 1
ml sample from the supernatant of each flask was then
taken. Samples were diluted according to the dilution
scheme shown in Figure 3.

Calculations and plotting

Depletions and uptake. Bacterial colonies in the
samples taken from the experimental flask at selected
sampling intervals (at 0-, 5-, 15-, 30-, 45-, and 60-minutes)
were counted. The number of bacteria remaining in the
soil-bacteria suspension was plotted against the sampling
time, which resulted in a depletion curve, Figure 4. The
horizontal asymptote on this curve was taken as an
equilibrium cell concentration in the solution phase, and
was for convenience designated as C* (cell/ml of
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Figure 3. Diagrammatic illustration of the dilution scheme.
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Figure 4. Depletion of bacteria with time from solution-
sample: 10 grams of Mendon silt loam.

solution). The number of cells depleted from the soil-
bacteria suspension was assumed to be adsorbed on soil.
The number of bacteria adsorbed at selected sampling
time was calculated using the following formula.

I ml

" D. W. = —_=[ D.W.

I ml I ml

99 ml

2x10 2 cells/ml 200 cells/dish

2x104 cells/ml

Dilution (11) Dilution (I11) Petri Dish
. (C_ = C) cells/ml-Volume=ml
X = —2 .
gm soil
in which
X = the number of cells adsorbed/gram of
soil at a selected sampling time
C, = the initial cell concentration (cells/ml)
Cc = the cell concentration at a selected

sampling time (cells/ml)

The volume term refers to the total volume of the
bacteria-soil-water suspension in the experimental flask. A
plot of X vs. the sampling time was made which yielded a
bacterial uptake curve, Figure 5. The horizontal
asymptote on this curve was taken as an equilibrium cell
concentration on solid phase, which for convenience was
designated as X' {cells/gram of soil).

Adsorption isotherms. An adsorption isotherm is, in
graphical form, a plot of equilibrium concentrations of
bacteria in solid and liquid phases, X" and C*, respec-
tively. Each bacterial adsorption experiment provided a
single point for defining an experimental isotherm. The
locus of best fit for a number of such points obtained at a
given temperature defines completely such an experi-
mental isotherm. Such isotherms were obtained for
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Figure 5. Uptake of bacteria with time on solid phase.

temperatures of 10C, 20C, 27C, and 37C, for all sorbate-
sorbent systems studied.

The best fit curve for this locus of points was
obtained by regression analysis of the Langmuir isotherm
in linearized Equation (12).

Regression analysis of the set of experimental points
was done by the computer programs listed in Appendix B.
Appendix B also illustrates the numerical and graphical
output from this program. The output from this comput-
erized analysis of experimental points yields the Langmuir
constants % and X, . Figure B-15, Appendix B, shows a
sample of a best fit linearized Langmuir isotherm,
Equation (12). Figure B-16, Appendix B, shows the same
experimental points plotted in the conventional form of
the Langmuir isotherm, Equation {11). The curves drawn
in Figures B-15, Appendix B, and B-16, Appendix B, were
based upon the values of ¢ and X _ shown in the
printout, Figure B-14, Appendix B.

Enthalpy (AH°}, entropy (AS°), and energy (AF°)
of standard state. In order to evaluate the standard state
enthalpy, AH®, a plot of log @ versus reciprocal of
absolute temperature was made in accordance with
Equation (18). As indicated in Equation (18), the slope of
such a plot is - AH®/2.3R, which will then yield enthalpy
change of defined standard adsorption reaction, AH®.
After determining AH®, the standard state enthalpy (AS®)
and standard state free energy {AF °) were calculated using
Equations (20) and (13), respectively.

Data processing

All experimental data were recorded on |BM coding
sheets, punched on cards, and processed by computer
programs developed for this purpose. This was done for
two reasons. First, such processing facilitated retrieval and
analysis of large quantities of data at any stage of
processing whether as initial raw data or in some
processed form. The manner of cataloging the data and

15

the results and the format for display of each, in printed
and graphical form, insured this. Second, such processing
eliminated large quantities of manual calculation, which
released labor for other tasks and minimized chances for
mistakes in data processing.

The complete data processing consisted of two
phases described as A and B below:

A.  Processing of bacterial depletion data.
1. Bacterial depletion data were recorded on

IBM coding sheets as indicated in Figures B-3

and B-4, Appendix B.

2. These data were punched on IBM cards.
3. The data cards were processed by the program

BACTXT using the Univac 1108 computer.

The card arrangement is shown in Figure B-1,

Appendix B.

4, The output from program BACTXT consisted
of:

a. Tabular output designated as “Table 2'
(Appendices) which shows all experi-
mental conditions, depletion data as
recorded, and calculated values of X and
C. Figure B-6, Appendix B, is a sample
output for one “run.”

b. Plotted points in graphical form show-
ing the bacterial uptake with time as
illustrated by Figure B-7, Appendix B.
The horizontal asymptote of this curve
yielded a value of equilibrium cell
concentration in solid phase, X *.

c. Plotted points showing the bacterial
depletion with time, Figure B-8, Appen-
dix B. The horizontal asymptote of this
curve resulted in a value for equilibrium
cell concentration in solution phase, C~.

B. Processing of equilibrium data.

1. The equilibrium data obtained from 4b and 4c¢
were recorded on another IBM coding sheet as
indicated in Figure B-12, Appendix B.

2. These data were punched on IBM cards.

3. The data cards were processed by the program
ALPHAB, again by the Univac 1108. The card
arrangement is shown in Figure B-11, Appen-
dix B.

4, The output of program ALPHAB consisted
of:

a. Tabular output, Figure B-14, Appendix
B, showing the numerical values of «,
Ximax » R, and RZ.

Graphical output showing equilibrium
data and the best fit regression curves in
the form of linearized Langmuir and
conventional Langmuir isotherms,
Figures B-16 and B-15, Appendix B,
respectively.

These programs are described in detail in Appendix B.



Column experiments

Based on results of the adsorption experiments two
materials were selected for column adsorption; sand for its
complete lack of adsorption capacity and charcoal for
extremely high adsorption capacity (see results). Figure 6
is a photograph of the experimental set up.

A glass tube, 22 mm internal diameter and 15 cm
long, was carefully packed to a depth of 10 cm over a thin
layer of glass wool held on a rubber stopper with one
central hole. In the case of sand, this amounted to 85 gm
of adsorbent and 20 gm for the charcoal. A glass tube
with connected rubber hose and screw clamp was attached
through the hole in the bottom stopper and an aluminum
foil cone placed around the hose. This last was designed to
minimize air currents while taking a sample from the
rubber tube orifice.

Figure 6. Column experiment apparatus.
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A rubber stopper with two glass tubes was placed in
the top of the column. One served as an air pressure
release valve (with a screw clamp) and the other was
attached to a large Marriot siphon reservoir. Column and
reservoir were then autoclaved.

Distilled water was sterilized separately and added
to the reservoir to a 20 liter volume. The water was then
percolated through the column and the flow rate adjusted
to 15 ml per minute. The water used in establishing the
flow rate was replaced with sterile water. Enough of a
previously sterilized NaCl solution was added to give a
concentration of 300 mg/l and enough of a suspension of
S. aureus cells was added to give a final concentration of
about 300 per ml. Percolation was started.

Fifteen ml samples were collected in sterile flasks at
various time intervals, the rest of the flow was collected in
a separate container for disposal. One milliliter portions of
the samples were then passed through membrane filters
and handled as before. Samples were also taken at the
termination of the experiment with sterile syringes and
needles from the surface, the adsorbent-water interface
and approximately 0.5 cm below the interface of the
adsorbent to determine if a concentrated surface film may
have built up during percolation.

A model was designed for predicting behavior in the
columns with these two adsorbents. Program and sample
output will be found in Appendix |. This model assumes
that all sorbate particles that collide with sorbent particles
stick upon collision. Thus we idealize the system to say
that uptake to the adsorbed phase depends only upon rate
of convective delivery (we ignore dispersion here in this
cursory treatment) to the sorption sites and not upon the
ability of the sorbent particle to accept the sorbate. This
rate of delivery depends not only on the sorbate feed
concentration and flow rate, but upon the probability of
collision with a soil particle. The distance a sorbate
particle must travel to experience such a collision is a
characteristic of the porous media. This means the sorbate
concentration will decay with distance in an exponential
manner. The program, Figure I-1, Appendix |, provides
the complete algorithm and further explains the logic of
this procedure. A discussion by Hendricks (1965) further
elaborates this method. The result of this program is only
an approximate limit assuming no particle rejection on
impact. A more realistic model would consider uptake
kinetics as well—such as a second order rate law with
respect to sorbate concentration and sorbent sites avail-
able. Figure B-7 and similar data would be the basis for
such a kinetic analysis.



RESULTS AND DISCUSSION

Summary

Three categories of results are reported; these
include: (1) direct microscopic observations of bacterial
adsorption, (2) thermodynamic analysis of adsorption
measurements, and (3) column breakthrough experiments.
The bulk of our effort was directed toward category (2),
the primary concern of this investigation.

Direct microscopic observations

In addition to quantitative viable measurements of
bacterial adsorption, we also have observed bacterial
adsorption directly on activated carbon and kaolinite clay.

Activated carbon. Figure 7 is a color photograph
showing dead S. aureus cells attached to a particle of
activated carbon (Calgon, Filtrasorb 400). The adsorbed
cells are seen as fluorescing red cocci; they are located by
the guide marks at the bottom and left margins of the
photograph. Figure 8 is a black and white further
enlargement of the same photograph; again the cocci are
located by guide marks (at the bottom and left margins,
respectively) with cells seen as small white circles. The
adsorbate cells shown were killed (by heating) and stained
with acridine orange prior to contact with the charcoal
particles. Viable cells were also observed attached to
activated carbon particles but photographs were not
successful due to Brownian movement. The first experi-
ments consisted of:

(1) Harvesting and
acridine orange;
Removing excess dye by repeated centrifuga-
tion in distilled water at 12,000 rpm in a
Sorvall high speed centrifuge;

Suspending the stained cells in the presence of
activated charcoal as usual and mixing until
equilibrium was established;

Removing samples of charcoal particles and
placing on Vaseline ringed wet mount slides;
Observing under ultraviolet light with a Zeiss
fluorescence microscope.

Acridine orange enters the cell and interacts with the
DNA of the cell. If the cell is living, only a small amount
enters and the cell fluoresces green. If the cell is dead,
more dye enters and causes the cell to fluoresce red. Both
green and red cells were clearly seen to be attached to the

suspending cells in 0.1%

(2)

(3)

(4)

(5)
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surface of the carbon in numerous locations. Dead cells
seemed to adsorb as well as live ones. The preparation
used to make the photograph for Figures 7 and 8 was
dried to eliminate the problem of Brownian movement
but the pictures are illustrative of the visual observations
made with wet mounts.

Kaolinite clay. Direct observations on the bacteria-
clay combination using phase contrast were made with the
wet mount method. Again Brownian movement interfered
with photography. However, adsorption and desorption
were observed to occur while under observation. These
observations are summarized in Figure 9. One interesting
observation was that cells appeared to accelerate their
movement toward or away from a clay particle when
desorbing (the latter case) or adsorbing (the former case)
suggesting that adsorptive forces may be strong enough to
overcome Brownian motion when cells are within one cell
diameter of the adsorbing site. Cells were observed to be
only temporarily or more or less permanently attached to
the clay particles. We were unable to predict when a
particle would desorb again, which suggests that this is a
strictly random occurrence with sorption and desorption
balancing each other when equilibrium is reached. One
could possibly speak in terms of attachment (or adsorp-
tion) half-life at equilibrium.

The conclusion of these experiments was, that
bacteria do adsorb onto both charcoal and clay and in the
case of charcoal, dead cells adsorbed apparently as readily
as the live cells. With clay, adsorption and desorption
could be observed directly.

Adsorption isotherms

Adsorbents. Four different adsorbents were used:
(1) activated charcoal, (2) kaolinite clay, (3) Mendon silt
loam, and (4) silica sand. The pertinent physical character-
istics of each of these granular media are summarized in
Table 1.

Conditions. The results of equilibrium measure-
ments for the bacterial adsorption reaction are expressed
in terms of isotherms. We determined isotherms for each
adsorbent at four temperatures, 10C, 20C, 27C, and 37C.
This temperature span is relatively narrow thermo-
dynamically speaking; however, it represents the limits of
viability of the organism used.



Figure 7. Adsorbed acridine orange treated S. aureaus on
activated carbon as observed with fluorescence
microscopy. Dead attached cells appear red.
View picture so that marks on border are at left
and bottom. Their intersection is the chief area
of interest. Zeiss fluorescence automatic photo-
microscope, 40X objective, Kodachrome 1135
mm. Enlargement of cell is 900X.
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Figure 8. Black and white enlargement of the area of
interest from the film of Figure 7. Intersection
of border marks is the area of interest. When
marks are at left and on bottom, the two
photographs are oriented the same. Cell enlarge-
ment, 1500X.
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Table 1. Characteristics of adsorbents.

Mean Cation
Particle Range Surface Exchange

Granular Media Diameter in Size Area Capacity

{(mm) {(mm) {m?2/gm) {meq/100 gm)
Activated charcoal 0.9 ¥ 800-900 0.0
{(Filtrasorb 400)
Kaolinite clay .001 .0002-.004 12 2
Mendon silt loam .01 See Appendix H 60-80 26.7
Silica sand .53 .34-73 .0055 0.0

*Uniformity coefficient less than 1.7.

We describe also the results of experiments conduct-
ed to ascertain the effect of chemical environment on the
bacterial adsorption reaction, using three representative
chemical categories: {1) sodium chloride, (2) peptone, and
(3) sodium lauryl sulfate.

Isotherm results. Table 2 summarizes all of the
sorbent-sorbate systems tested and the temperature
condition and results of data analysis for each test. From
these results, we make inference as to the effect of: (1)
soil type, (2) the effect of chemical competition, and (3)
the effect of temperature on the bacterial adsorption
reaction.

Each isotherm which is reported in Table 2 is
described in detail in Appendices D, E, F, and G in the
sequence:

(1) computer output summarizing conditions of
the experiment, the equilibrium data, and the
results of regression analysis of the equilib-
rium data to find o, and X
the conventional Langmuir isotherm plot, as
generated by the Gerber plotter program,
showing the equilibrium data and the best fit
Langmuir isotherm
the linearized plot of the Langmuir isotherm,
as generated by the Gerber plotter program,
showing transformed equilibrium data and the
best fit regression line.

(2)

(3)

The @ and Xm values given in Table 2 were
abstracted from the isotherm computer output tables in
Appendices D, E, F, and G. The o values in Table 2 are in
different units than the “ALPHA" values given in the
Appendices. Values for a, Table 2, are in liter/mole of
cells while computer regression analysis, Appendices D, E,
F, and G, gives ALPHA in mli/cell. The conversion is
achieved as follows using activated charcoal at 10 C,
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Figure D-1, Appendix D, as the example for the sample
calculation:

ALPHA = .134350x10"0 m1/cell
(Figure D=1, Appendix D)
o = .134350x1076 ml/cellx6.023x10%>
cells 1 liter
mole 103ml

O.807x1014 liter/mole of cells
(Table 2)

These differences in o and ALPHA units are very impor-
tant and are subtle enough to be missed unless explicitly
pointed out. For use in thermodynamic functions the liter
per mole expression is necessary in order to be consistent’
with units in the usual thermodynamic expressions where
concentrations are expressed in moles per liter. Bacterial
concentrations are usually expressed, however, in terms of
cells per ml. With the liter/mole expression, equilibrium
appears overwhelmingly to the right; in the ml/cell
expression, equilibrium is overwhelmingly to the left.
Thus one can be grossly misled in interpreting the
equilibrium constant unless also cognizant of the role of
units.

Comparison of jsotherms. |t is interesting to note
that all nonzero wvalues in Table 2 are in the same
general logarithmic range—from 1072 to 10'® liter/mole.
The X, _ values compare within two logarithmic cycles—
from 10'° cells/gm for activated charcoal to 1012
cells/gm for kaolinite, X,  in cells/gm is not compatible
with o in liter/mole for calculations involving equilibria.

The R? values shown in Table 2 are very high; in
fact 10 of the isotherms are fitted to data having a
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Table 2. Bacterial adsorption experimental results.

a 2® 1 -3 a a® ob o° od
Sorbent Sorbate(s) R R T — X10 X a AH AS AF
Cor Lo -1 m . -1 -1
(K ) (cells/gm) (liter /mole) (kcal-mole ) (e.u.) (kcal-mole )
. 10 14
Activated carbon S. aureus 0.902 0.813 10 3.55 0.450X1010 0.807X1015 9.80 97.0 -17.6
(Filtrasorb-400) 0.897 0.805 20 3.41 0.615X1010 0.112}(1015 -18.6
0.913 0.834 27 3.33 O.498X1010 0.625X10 5 -19.3
0.980 0.960 37 3.24 0.848X10 0.350X10 -20.2
Kaolinite clay S. aureus 0.548 0.300 10 3.55 0. 414X101§ 0. 104X10§i 3.60 72.0 -16.8
0.844 0.712 20 3.41 0.422){1012 0. IZOXIO14 -17.5
0.785 0.616 27 3.33 O.475X1012 O.lZOXlO14 -18.2
0.797 0.636 37 3.24 0.330X10 0.214X10 -18.7
Mendon silt loam S. aureus 0.035 0.001 10 3.55 O.IIOXIOH 3.10 Xl()ii 8.50 92.0 -17.5
0.980 0.961 20 3.41 0.149)(1011 5.10 XJO13 -18.5
0.766 0.587 27 3.33 O.ZOOXIO11 8.00 XJO13 -19.1
0.996 0.992 37 3.24 0.280X10 10.00 X10 -19.9
Mendon silt loam S. aureus 0.00 0. 00 10 3.55 0.00 0.0 " 3.72 79.0 ---
+ 0.950 0.903 20 3.41 O.IOSXIOIO 2.13 _\2101; -19. 4
Na-lauryl 0.829 0.687 27 3.33 0.‘916)(10ll 2. 44 X]OI-; -20.0
sulfate 0.945 0.892 37 3.24 0.154X10 2.74 X10 -20.8
Mendon silt loam S. aurecus 0. 00 0.00 10 3.55 0.00 10 0.0 11 24.0 145, ---
+ 0.986 0.972 20 3. 41 O.IIOXIOIO 1.48 XIOI; -18.5
Peptone 0.879 0.772 27 3.33 O.ZO-leOlO 0.7151\'10IJI -19.5
0.993 0.985 37 3.24 0.131X10 +.60 X10 -21.0
Mendon silt loam S. aureus 0.737 0.543 10 3.55 0,238}(101(1) 3.12 xmii 23.0 138.0 -lo.0
+ 0.982 0.983 20 3.41 0.909){10Il 5.45 Xl()]3 -17.3
NaCl 0.818 0.669 27 3.33 O.738X1010 2.25 X1013 -18. 2
0.979 0.959 37 3.24 0.942X10 +.75 X10 -1a.7
Silica sand S. aureus 0.0 0.0 10 3.55 0.0 0 - - + =
0.0 0.0 20 3.41 0.0 0 - - -
0.0 0.0 37 3.24 0.0 0 - - +
a : . . - c* ! 1 .
Calculated by regression analysis using the linear transformation of Langmuir isotherm: (=== = i~ + < C ). Equation (12)
‘ m m

AHO 1, AsO
23R T "2.3R

b
Evaluated by measurement of slope of the experimental plot for: logl = Equation (20)
“Obtained from y-axis intercept at 1/T = 0, Figures 9 - 14, respectively.
d . o [} (o} . . o o, . .
Calculated by equation, AF = AH™ - TAS", Equation (19), using values of T, AH", and AS" in this table, Equation (19)
“Values given for @ arc in liter/mole of cell's; computer regression analysis in Appendix D gives 2 in ml cell: the conversion is achicved as follows® using

)
activateg charcoal at lOoCifs an example: & = .134350X10 ° ml/cell, Appendix D, Figure D-1, X =, 134330N107% ml cell X . 023N1077 cells mole X 1
liter/10” ml = 0.807 X 10"~ liter/mole of cells.



regression coefficient greater than 0.90. This is almost
remarkable in view of the results we had anticipated for
the equilibrium experiments; we were not confident that
the membrane technique of counting bacteria would yield
such results.

Two of the systems in Table 2, Mendon silt loam +
Na-lauryl sulfate and Mendon silt loam + peptone, showed
zero adsorption at 10C. We have no explanation for this
anomaly and can only report it. Sufficient testing was
done at this temperature for both systems to verify this
observation. Data are shown in Figures E-1, E-2, and E-3,
Appendix E, and Figures F-1, F-2, and F-3, Appendix F,
respectively.

One system, silica sand, showed no adsorption.
Testing at three temperatures was felt exhaustive enough
to definitely establish this fact. This could be due to: (1)
insufficient bonding energy, or (2) surface area too low
for favorable equilibrium.

Though activated charcoal has a very large surface
area as shown in Table 1, there may be some question as
to how much of this is available to the bacteria, since their
size is about 11 and much of the surface area of charcoal
is in pores of smaller diameter.

Thermodynamic functions

Evaluation from data. Utilization of the set of
Langmuir alpha constants with the van't Hoff equation,
Equation (20), is the basis for finding the standard
enthalpy of reaction, AH°. Thus if we plot values
of ¢, against temperature in the form log a vs. 1/T, we
would expect a straight line relation, assuming AH®° is
constant over the temperature span of interest. Figures
10-15 show such plots for each of the Table 2 systems
—except silica sand, which did not adsorb bacteria.
Standard state entropy of reaction, AS®, and standard
state free energy of reaction, AF®, can be calculated then
as indicated in Table 2 by footnotes.

Errors. Two observations concerning Figures 10-15
are important. First, the experimental temperature span
of 10-37C is very narrow for thermodynamic work. Curve
fittings to experimental points are much more sensitive to
errors with such narrow temperature bands. Second, only
four data points are used in fitting the curves. Since the
range in temperature could not be any greater due to cell
viability, and since each point represents an isotherm, and
as such involves considerable effort to define, we are
probably at the point of diminishing marginal returns with
the data available.

Two of these figures show remarkable consistency;
these are Figures 12 and 13. In the other figures the
trends in slope are unmistakably negative, but the scatter
in points raises some doubt as to the position of the best
fit curve. The Table 2 values are derived from “eye’’ fits as
represented by the solid lines in Figures 10-15. To put the
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Figure 10. Evaluation of standard state enthalpy, A H,
for activated carbon-S. aureus adsorption
system using van‘t Hoff’s equation.
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Figure 11. Evaluation of standard state enthalpy, A H®,
for kaolinite clay-S. aureus adsorption system
using van't Hoff’s equation.

range of uncertainty in a little better perspective, the
dashed lines “a’”" and ‘b"" were drawn to represent the
lower and upper bounds enveloping the possible fits using
the four data points. The values of the thermodynamic
functions resulting from the envelope boundaries are given
in Table 3. The AF° values in Table 3 range from 18-20
kcal/mole with but two exceptions; this is interesting in

view of the span of the envelopes in most cases. It is
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Figure 14. Evaluation of standard state enthalpy, AH®,
for Mendon silt loam-S. aureus-peptone system
using van’t Hoff’s equation.
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30 | logarithmic range—which is significant. Also the “nominal

fits,” reported in Table 2 probably represent trends
though we would not wish to risk the hazard of reading
too much into the differences in AH® and AS° reported.
Despite deficiencies it appears to us remarkable that
thermodynamic functions can be defined even as well as
indicated in Figures 10-15 and Table 3, in view of some of
xid? . . , . . . . the uncertainties concerning counting techniques and
310 320 330 340 350 360 370 380 whether bacterial adsorption did indeed take place.
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Interpretation of thermodynamic values

It is important to realize that all thermodynamic

Figure 13. Evaluation of standard state enthalpy, /H°, values reported in Table 2 are for the whole adsorption
for Mendon silt loam-S. aureus-Na-lauryl sul- reaction, as hypothesized in Equation (6) and Equation

fate system using van't Hoff’s equation. (27) respectively. These values are the same order of
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Figure 15. Evaluation of standard state enthalpy, AH®,
for Mendon silt loam-S. aureus NaCl adsorp-
tion system using van't Hoff’s equation.

magnitude as for an ordinary chemical reaction (i.e.
kilocalories/mole). We cannot, however, accept the Table
2 values without further interpretation. First, it is clear
from the negative AF° values that equilibrium is to the
right—in favor of adsorption. Second, the positive. AH®
values indicate the reactions are, in all instances, endo-
thermic; the peptone and NaCl competitive tests are more
strongly endothermic than the rest. Again this must be
interpreted in terms of the whole reaction, and not just
for the bacterial adsorption. We see another interesting
aspect of thermodynamics in the entropy term; the
entropy of reaction, AS®°, is, in every case, positive. Thus,
it is the entropy of the reaction that provides the driving
force for the reaction. In addition, the large orders of
magnitude of the thermodynamic functions may or may
not mean that the bacteria, per se, act with the same
degree of drive. We can see this by examining the sets of
partial reactions, Equations (3)-(5) and Equations
(24)-(26), respectively. These equations show the impor-
tance of the solvent effect and the thermodynamic
functions AH® and AS° must reflect the dehydration
effect. The chemical competition of other adsorbates can
be evaluated by comparing the AH® values for the
Mendon silt loam system.

Competitive adsorption

The effect of the three chemicals, sodium-lauryl-
sulfate, peptone, and sodium chloride, on bacterial
adsorption using Mendon silt loam, can be seen by
examining Tables 2 and 3 respectively. However, we
should be cognizant that the thermodynamic functions

Table 3. Thermodynamic functions of upper and lower envelope boundaries of van‘t Hoff's plots.?

Best estimate fit b

Lower bound?

Upper bound a

AH® AS® AF® AH° AS® AF° AHC AS® AF®
37C 37C 37C

Activated Carbon 9.80 97 -19. 475 81 -19.2 19.0 132 -19.5
Kaolinite Clay 3.60 72 -18. 1.62 119 -34.1 115 100 -18.5
Mendon silt loam 8.60 92 -19. 8.50 92 -19.0 8.50 92 -19.0
Mendon silt loam 3.72 79 -19, 3.72 79 -19.0 372 79 -19.0
+ Na-lauryl-SO4
Mendon silt loam 240 145 -20. 12.8 107 -19.2 35.6 190 -18.4
+ peptone
Mendon silt loam 23.0 138 -19. 19.1 125 -18.4 415 150 - 3.5
+ NaCl
Silica sand + + 40

2Figures 10-15, respectively.

bTable 2.

24



and o are psuedo values as suggested by Equation (37),
since these calculations consider the bacteria-soil reaction,
Equation (2), only. This should be kept in mind in
subsequent interpretations. Examining Table 2, we see
that AF®, and consequently o, shows no difference
resulting from chemical competition. Also the more
extreme analysis presented in Table 3 shows all AF°
values to be in the same narrow band of 18.4 - 20.0
kal/mole—with one exception. The AH® and A S° values
show differences caused by the three chemical competi-
tors, however, we cannot make any conclusions with
regard to the effect of chemical competition on bonding
energies from the differences in AH® values, because we
would first need to isolate the separate AH® values for
the partial reactions, Equations (24)-(26).

In the competition experiments using Mendon silt
loam above, Table 2, as the base, the chemicals chosen for
study seemed to have an influence on bacterial adsorp-
tion. The maximum uptake of bacteria in cells per gram of
soil (X,,) appeared to be little affected, if at all, by NaCl
or by Na lauryl sulfate while peptone reduced the uptake
by approximately a factor of ten. With peptone and Na
lauryl sulfate, uptake at 10C is reported as zero. However,
there was some indication that uptake did take place, at
least with peptone, if the initial concentration of bacteria
was reduced 10-100 times below the level normally used
in the experiments reported in Table 2. Peptone very
likely behaves in much the same fashion as the bacterial
cell itself. Both contain positively and negatively charged
areas and presumably compete for the same sites on the
charged soil particle surface. This has been alluded to in
the literature by several investigators, particularly Cook-
son and North (1967) who used peptone to desorb virus
particles, also large protein complexes, from activated
carbon.

Support for the idea of competition between
peptone and S. aureus is also indicated in Figure C-4,
Appendix C, which clearly shows that increasing peptone
concentration interfers progressively with bacterial up-
take.

The effect of Na lauryl sulfate is not quite as clear,
complicated by the considerable toxicity (Figure C-1,
Appendix C) of this surface activant. The results present-
ed in Table 2 are suggestive of competition but could be
due to other factors. The report of Roebeck et al. (1962)
indicates no change in movement of coliforms in the
presence of ABS; however, their use of peptone which
permitted growth of the organisms as well as competitive
adsorption, complicates interpretation of the adsorption
phenomenon since this could result in growth of bacteria
and plugging at the column origin.

Sodium chloride (Figure C-5, Appendix C, and
Table 2) does not have a competitive effect based on X .
Apparently the NaCl molecule and the bacterial cell do
not compete for the same sites. Increasing concentration
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(at least to the point of toxicity) does not reduce bacterial
uptake by soil nor does it appreciably reduce Xm.

In some ways the interaction between soil, bacteria
and chemical behaves as a chromatography column.

The practical effect of this competition is that
certain chemicals should enhance movement of bacteria
through soil by competing for the normal adsorption sites
and releasing bacteria for forward movement. Peptone
would be an example of such a chemical. However,
peptone as a model chemical has the additional compli-
cation of being metabolized by the bacteria causing a loss
of chemical and a simultaneous increase in cell number at
the point of metabolism which would introduce another
physical process—filtering or plugging by the increased cell
mass. Sodium lauryl sulfate might have a similar (but
smaller magnitude} effect but its toxicity complicates its
study by the methods used here.

Cell shape and motility may also have an effect.
This study used a non-motile spherical coccus of about
1.0u £ 0.2y diameter with a small range of variation.
Elongation of the cell into the rod form increases the
length width ratio as well as the variation range in length
(diameter range would be about the same). The influence
of motility (purposeful direction) should also have an
effect as motile bacteria have been shown to be
chemotactic and would tend to congregate at a point of
nutrient surplus.

Column experiments

Results of the column experiments are presented in
Table 4; for comparison the results of the simulation of
the experiment, using adsorption data from Table 2, are
shown also.

Figures 1-2 and -3, Appendix |, are the computer
outputs for simulation of the two column experiments for
sand and charcoal respectively; experimental conditions
simulated are summarized at the beginning of each
output.

Table 4 shows the complete recovery of the feed
concentration of the bacteria immediately and throughout
the silica sand experiment, subject to normal variation in
bacterial counting techniques. Since the batch tests
showed zero uptake of bacteria, this corroborates the
importance of adsorption as a mechanism of bacterial
retention. Evidently any supposed mechanism of mechan-
ical sieving or micro-sedimentation is nonexistent for this
silica sand column.

Since charcoal is slightly coarser than silica sand, we
would expect the same result if the adsorption process did
not occur in charcoal. However, the results presented in
Table 4 clearly indicate that retention does occur in flow
of bacteria through activated charcoal. Therefore adsorp-
tion is evidently a prime mechanism in bacterial retention



Table 4. Results of column experiments and computer simulation with sand and activated charcoal adsorbents, 27C.

Sand {count/ml)

Charcoal (count/ml)

Experimental Equilibrium Experimental Equilibrium
measurement model measurement model
simulation simulation

carboy? 74 70 610 1000
surfaceP 78 70 630 1000
1 minute 82 70 100 42
2 minute 48 70 166 42
3 minute 50 70 218 42
4 minute 60 70 150 42
b minute 115 70 163 42
10 minute 84 70 67 42
20 minute 78 70 170 42
40 minute 60 70 230 42
60 minute 40 70 312 42
2 hours 46 70 365 42
3 hours 52 70 360 42
4 hours 12 70 330 42
5 hours 25 70 310 42
6 hours 55 70 345 42
7 hours 25 70 345 42
surface® 48 70 615 1000
interface® 60 70 512 1000
0.5 cm depth® 48 70 930 800

2After inoculation.

bt surface of column.
€0n adsorbent surface.
dp.5 cm below surface.

in flow through porous media. These results compare
favorably with the bacterial results of Robeck et al.
(1962) using much lower flow rates and longer columns
and with the results using viruses reported by several
authors (Drewry and Eliassen, 1968; and Cookson, 1970)
and virus size particles (Filmer and Corey, 1966). This
"also contrasts with traditional concepts of macroparticle
removal which attribute removal primarily to straining,
sedimentation, or both. Our conclusion is that adsorption
plays a more important role than either of these mechan-
isms in the soils and under the conditions of our study.
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The discrepancy between the computer equilibrium
model prediction and the experimental measurements in
Table 4 is due to the type of kinetics assumed. We
assumed “‘transport kinetics” and attainment of zone
equilibrium for our model, merely as a first attempt for
illustrating the limit of maximum retardance time and
profile for the breakthrough curve. The model would be
considerably improved by a more complete kinetic analy-
sis of the adsorption uptake-time data, such as Figure B-9,
as done by Hendricks (1965). However, this depth of
analysis is beyond the scope of this work.



SUMMARY AND CONCLUSIONS

We have endeavored to learn something about the
thermodynamics of the adsorption reaction for bacteria
and soils and to ascertain the importance of adsorption as
a mechanism of retention in the movement of bacterial
suspensions through soils. Our work has shown the
following:

1. Adsorption has been observed visually. Micro-
scopic observations of both kaolinite clay and activated
charcoal clearly show bacteria adsorbed onto surface sites
and in the case of clay, desorption also was seen to occur.
For kaolinite clay the adsorbed half-life at equilibrium
was probably in terms of minutes.

2. The standard thermodynamic functions (AF©,
AH®, AS®) for the bacterial adsorption reactions are
energetically about the same magnitude {in kilocalories
per mole) as those for many normal chemical reactions.

3. Langmuir isotherms can be defined for bacterial
adsorption with a relatively high degree of statistical
certainty. Coefficients of variation, R, for each isotherm
were reasonably good (see Table 2). This was true despite
the inherent uncertainty in determination of individual
points in the bacterial depletion-adsorption experiments.

4. Conventional chemical thermodynamics can be
applied to bacterial adsorption by soil particles. The usual
thermodynamic functions for chemical reactions, AF°,
AH®, and AS°, can be measured. Values obtained are
probably “order of magnitude” in precision, however.
This is due largely to the relatively narrow thermo-
dynamic temperature range (10C to 37C), necessarily
used, which accentuates sensitivity of AH® to the statis-
tical uncertainty in o.

5. For those sorbents tested which show sorption
(activated carbon, kaolinite clay, and Mendon silt loam),
type of sorbent has little discernible effect on reaction
thermodynamics. We use the order of magnitude interpre-
tation of results in Tables 2 and 3 in arriving at this
conclusion. Silica sand, however, showed no adsorption.

6. We speculate, comparing results using the three
sorbents with appreciable surface areas (see Table 1) with
silica sand which has negligible surface area, that surface
area is a factor in adsorption of bacteria on granular
particles.

7. Two of the three chemicals tested appeared to
influence the thermodynamic functions AH® and AS® for
the bacterial-chemical adsorption reaction, while the
influence of sodium-lauryl-sulfate is not pronounced
enough to be conclusive (Tables 2 and 3).

8. In testing the effect of three chemicals and one
sorbent on adsorption of bacteria and also three addi-
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tional sorbents alone, we found no apparent differences in
AF° (Tables 2 and 3). Practically this means that
permutations of the types used will not appreciably affect
the equilibrium constant for the reaction and that the
temperature effect can be discerned directly by Equation
(13).

9. The equilibrium constant is sensitive to temper-
ature change; the degree of sensitivity is given by the
magnitude of the AH® term.

10. The bacterial adsorption reaction is endo-
thermic as evident by the positive values of the AH® term.
This effect is offset by the positive AS® values and thus it
is the AS® that provides for a negative &F° which means
favorable equilibrium in the direction of adsorption.

11. To compare the equilibrium values with
chemical reactions, the units of alpha must be expressed
in molar terms, liters/mole. We presume a mole of bacteria
to be 6.023 x 102 cells for purposes of these calcula-
tions.

12. It is quite hazardous to speculate about the
mechanisms involved in the bacterial adsorption reaction.
The thermodynamic functions derived from the data
relate to the whole reaction, Equation (6). We are not sure
about the proposed stoichiometry for this equation. The
enthalpy and entropy changes for the solvated water in
the partial reactions, Equations (3) and (4), could be
significant.

13. Based upon results of Table 4 the predominant
mechanism for bacterial retention in the columns tested is
adsorption. We hypothesize also that, based upon thermo-
dynamic analysis of other soil-bacteria non-flow systems,
adsorption would be a predominant mechanism for any
soils which exhibit negative AF® values on the order of
kilocalories. This presumes no large activation energy for
the reaction.

14, Based on the competitive adsorption portion of
the study, bacterial adsorption should be decreased by
certain chemicals (peptone and possibly Na lauryl sulfate)
and movement through soil should be accelerated by these
compounds provided other complicating factors are
absent (metabolism in situ, chemotaxis, zoologeal mat
formation). Other chemicals (NaCl) appear to have little
or no effect on adsorption.

15. While bacterial adsorption is a real phenomenon
of significant importance relating to travel of bacteria
through soils, in practical situations other factors may be
of greater immediate importance. This includes the
screening effect of the well known zoologeal surface mat
and synergistic or antagonistic effects on the organism of



interest caused by natural mixed populations of bacteria.
Since our study was solely for isolating the importance of
the adsorption phenomenon, these other factors were not
explored.

In summary our study of bacterial adsorption
thermodynamics has shown: Bacteria can and will travel
through granular porous media. The rate of travel is
governed by the adsorption capacity, X, of the porous
media, the equilibrium constant, o, for the adsorption
reaction, and uptake kinetics (not discussed herein). An
equilibrium model (Appendix 1) can be used to estimate
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travel in lieu of kinetic information. Also we have shown
thermodynamics to be useful in understanding and
describing the bacterial adsorption reaction which pro-
vides the necessary confidence in developing predictive
models. However, once this has been done (by our work]},
it is not recommended that other systems be defined
thermodynamically (in terms of AH®, AS®, and AF°) asa
matter of routine operation since this is both laborious
and difficult in terms of pragmatic returns. Measurement
of o and X for a single specified temperature is of value
and necessary, however, for rational assessment of bacte-
rial travel through porous media.
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APPENDIX A

THERMODYNAMICS REVIEW

This will serve as a review and reference for some
common thermodynamic statements. The derivation of
expressions from beginning definitions is useful in under-
standing points of deviation between conventional
applications of thermodynamics and application to
bacterial adsorption.

First, let us define the following terms:

F free energy (calories or liter-atm)

F partial molar free energy (calories/mole)

H  enthalpy (calories)

S entropy (calories/ °K)

E internal energy (calories)

T temperature (°K)

P pressure (atmospheres)

Y volume (liters)

q heat added to system (+), or from (-) {calo-
ries)

w work done by system (+) (calories)

0 superscript used to indicate standard state

R  gas constant (1.98 cal/mole/°K)

K equilibrium constant for a chemical reaction

o equilibrium constant for a sorption reaction
Now we proceed to show the relationships between the
thermodynamic variables and the factors of temperature
and pressure (or concentration).

Free energy

Free energy is a defined function which has broader
application than entropy in examining equilibrium condi-
tions. By definition:

F=zH-=-TS. (A-1)

At equilibrium:

dF = 0 (A-2)

[For purposes of this report we must define
stability; in a thermodynamic sense a system is stable
when no process can occur with a diminution in free
energy.]
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Free energy is the driving force in a process.
Another useful term is partial molar free energy, F, which
is an intensive variable. No system can be in equilibrium
unless the partial molar free energy of each substance
involved is the same in every part of the system. If a
substance is free to move, then it will move spontaneously
to the state of lower chemical potential. Thus for phase
equilibrium:

=0 _ =B
FA FA . (A-3)
and
dF < 0 for any irreversible process . (A-4)

We can obtain a useful differential form of the free
energy expression as follows:

F=H-TS, (A-1)

dF = dH = TdS = SdT (A-5)
= {dE + PdV + VdP} =~ TdS - SdT . (A-6)
= {[dq = dw] + PdV + VdP} - TdS -SdT(A-7)

{[TdS =PdV]+PdV +VdP} - TdS =- SdT (a-g)

- for a reversible process and PV work

= VdP = SdT (A-9)

This is one of the most useful basic equations.

Chemical equilibrium

0

Application of Equation {(A-10) to problems of
chemical equilibria is accomplished as follows:



0
dF = Vdp - SdT .

At const. temp. . (A-10)
dpP

= nRT EN A{A-11)

F2 - F1 = nRT 1n P2/P1 {A-12)

But define the initial state as the standard state.

Then F1 = F° and necessarily P° = 1 atmat T

FO

F

) nRT(1n P, - In %) (A13)

or: F = F° + nRT 1n P L(A-14)

which is another general equation having broad applica-
tion.

Example. Application to equilibrium constant. For
reaction, a moles of A goes to b moles of B:

bB, \. . (A
(o]
F, = F, + arT In B,. .. .(A16)
)
F, = Fp + bRT In Py L(A-17)
(o] [o]
Freaction = Fp - FA = Fy FA
+ BRT 1n P RT 1n p, 18
n B a n A
= AF® + RT 1n P2/P2
o fa A .(A-19)

in the special case where all reactants and products are in
their standard states

! The ‘standard state’” is a reference state for the thermo-
dynamic variables, F, H, and S and is taken arbitrarily at 1 atm,
and 298°K. The standard enthalpy of any compound is the heat
of the reaction by which it is formed from its elements, reactants
and products all being in the standard state at 25°C and 1 atm. A
zero value of free energy is assigned to the stable form of the
elements at 25°C and 1 atm, also the hydrogen ion at unit activity
is assigned a standard free energy of zero. The standard free energy
of a compound ( F2°98) is the free energy of formation of that
compound from its elements, considering reactants and products
all to be in the standard state (25C and 1 atm).
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P2 = 1 and AF - AF°
A
Suppose the reaction has proceeded to equilibrium, then:

b
B equil

a
A equil .{A-20)

0= F° +RT 1In P /P

Reactants at their equilibrium pressure go to products at
their equilibrium pressures, and thus F =0

_ b /@
5 = PB/PA'

= .(A-22)

-RTanP---

Equation (A-22) states that when reactants in their
standard states go to products in their standard states,
there is a change in free energy equal to RT In K.

We can generalize for the reaction:

aA+bB - cC+dD .(A-23)
ngg
F . = AF° + RT 1n . (A-24)
reaction a_b
P\Pp

Equation (A-24) can be generalized for any reaction by
letting
Q

ratio of product pressures, or concentra-
tions, each raised to its respective
stoichiometric exponent, to reactant
pressures, or concentrations, each raised
to its respective stoichiometric expan-
ent.

Thus in a more general sense

AF® + RT 1n Q . .(A-25)

F .
reaction

To express in terms of concentration
substitute

{moles/liter),

P, =n; (RT/V) = C,RT . (A-26)
stoichiometric const. =
cCcd™ moles/liter
. CD c+d=-a-=->b . (A27)
..KP=—-——ab(RT)
N



- KC(RT)An. ... (A28)

where An is the number of moles of products less that of
reactants in the stoichiometric equation for the reaction.
It makes little difference that these equations up through
(A-28) have been developed using example reactions in
the gas state. Substances in liquid solutions are treated in
an identical manner; the relationships between gas and
liquid states are Raoult’s law and Henry's law.

Example. Inducing a reaction with an unfavorable
equilibrium constant (i.e. AF° < 0).

Consider the hypothetical reaction at 27 C:

"3
= = 0.1
A

(a) Calculate A F° when A at 1 atm is converted
to Bat 1atm.

AF® = = RT1n K, = - (1.99) (300) 2.303

A - B, where KP =

log 0.1 = + 1373 cal
Thus it is clear since AF® > 0, that A at 1 atm, will not
react spontaneously to give B at 1 atm. However, the
reaction can be driven to the right by removing B as it is
formed or increasing the partial pressure of A.

(b) Calculate AF at 27C for the production of 1
mole of B at a pressure of 1 atm from A at a pressure of
20 atm.

A(p = 20) > B(p = 1)
T
“RT 1n K, + RT 1n 5

Fa

il

AF

AFC + (1.99) (300) (2.303) log 1/20

i}

1786 = = 413 cal

1373 =

Thus under these conditions the reaction can proceed
spontaneously.

van’t Hoff’s relationship

To derive the expression relating the equilibrium
constant, enthalpy, and temperature we proceed as
follows, deriving also the Gibbs-Helmholtz equation dur-

ing the process.

1. Start with equilibrium relationship:
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(o]

AF- = = RT 1In K. . . . . .(A-29)
2. Differentiate with respect to temperature:
d (AF°) d In K
- e = == . .(A-30)
a7 R In K + RT aT
3. Now recall dF = VdP - SdT . .{A-10)
Differentiate with respect to T:
...... (A-31)

(aF
) = -5,
8T,

Subtracting state 1 from state 2 condition gives:

oF oF
-As = =(8 -s)=(—~3) -(—*1—)
2 ™1 T/ 8T Iy

(A-32)
[a (AF)J ..... (A-33)
oT P
Now recall that for an isothermal process:
AF = AH = TAS . . (A-34)
Substituting for AS yields:
= amer POB] s
oT P

which is the Gibbs-Helmholtz equation.

4. Substitute Equation (A-23) in Gibbs-Helmholtz,
using G-H equation in standard state:

1H® - 2F° = RTInk + pr2 1K
dT . .(A-36)



5.Since AF® = - RT In K, Equation (A-29),
Equation A-36) becomes:

dink _ AH° (A-37)
dr RT?

6. If we assume AH® is constant, then we have van't
Hoff's relation:

In K = - AH®/RT + C . (A-38)

A graphical expression of Equation (A-30) is the clearest
means for its interpretation; thus we plot log K vs. 1/T. A
negative slope means AH® is positive, which means the
reaction (say aA - bB, AH® (+)) is endothermic (absorbs
heat). Also from Equation (A-30) we see mathematically
that K < < 1, hence the reaction is not spontaneous in the
direction indicated.
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Log K

I/T (°K™)
Figure A-1. Graphical interpretation of van’t Hoff’s rela-
tion.



APPENDIX B

BACTERIAL ADSORPTION DATA PROCESSING PROGRAMS

Two programs, BACTXT and ALPHAB, were
written to process the bacterial depletion data and the
equilibrium data, respectively. These programs are
described below.

BACTXT

Figure B-1 is the deck setup for running the
BACTXT program. Figure B-2 is a program listing of
BACTXT in Fortran V, as run on the Univac 1108.
Following the program listing are the code sheets of input
data (Figures B-3, B-4) and an output list of these same
data.

This program averages two plate counts (if two valid
observations are indicated, otherwise only one is used),
calculates the dilution factor based upon the number of
serial transfers used in plating, calculates the concentra-
tion, C, of bacteria remaining in solution at each
observation time, and the corresponding uptake by

adsorption to the solid phase, X.

Output is in both tabular and graphical form. The
tabular output, shown in Figure B-6, reproduces all
recorded data on the coding sheets (Figures B-3 and B-4)
as well as the corresponding X and C values. The program
has the option of using either the PRTPLT subroutine or
the GERBER plotter for graphical output. Output from
PRTPLT is shown as Figures B-7 and B-8 for X vs. t and C
vs. t respectively. Figure B-9 combines the same data into
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a single output using the GERBER plotter portion of the
BACTXT program (the curves shown were done by hand).

ALPHAB

Figure B-10 is the deck setup for ALPHAB input
data. Figure B-11 is the program listing of ALPHAB in
Fortran V, for the Univac 1108. Following the program
listing is a sample of the coding sheet (Figure B-12)
containing equilibrium data, C~ and X from the array of
experimental runs at a given temperature. Figure B-13 is a
listing of these data after punching on cards in the format
specified by ALPHAB.

This program first calculates the data in linearized
form in accordance with Equation (12). It then does a
regression analysis by subroutine REGLOG using cx”
vs. C* as arguments. The best fit slope and intercepts are
then fed back to the main program which uses these
values to calculate X, and a; the subroutine REGLOG
also returns values of R and R”. ,

Output is again both tabular and graphical. Figure
B-14 is a sample. Not only are calculated values shown but
experimental conditions and equilibrium data are repro-
duced. The GERBER plotter portion of the program
produces two graphical outputs—a linearized Langmuir
isotherm, Figure B-15, and a conventional Langmuir
isotherm, Figure B-16. Both plotted points and the best
fit curves are drawn in each case.



VV REMOTE STOP

1////’ VARIABLE DATA
FOR _RUN

INPUT DATA |

/ FIXED DATA FOR
/ RUN
- N

DATA CARDS

;/fGELARDS-GROUPII

[ VN XQT BACTXT
_~  SUBROUTINE __ PRTPLT //i:>
V/fﬂgLARDS-GROUPI

////Eicrxr DECK j\\
I

CONTROL CARDS .
l BN

1108 RUN CARD \

<

Figure B-1. Deck set-up for BACTXT data input.
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OO0

PROJETT WG-62 PACTFRTAL ADSOOPTION AN SLILS

If oun IS *CONTROL 'y ONWT = 1707

VIZERO IS VOL PRICR TN ARNRTTION CF SORREMT, C(1) MUST af Amjyusirn
TO SCLVOL RBY FACTO® VYTI7E00/S0LVCL

CALCULRTIGM OF XBAR VS TTIME FPOM RAW ATA
OIMENSION  TSUME27V eNILNC(27) o PTPVOL (20 ),
28VGRCH20) +DILFOT(20)+C(20) v XBAP(2D) 4w PLACNT (20, |N)
OIMENSTON DATF(2)eTYPE(2) e SSATE(Z)eSTRAINIZ),SAENT(3) s SKINDL3)
INTEGEP HOUR«PUN

PEAN(S +83ISINXTIAR

VLLTAS(2D),

RAS FOPMAT(] 5}

1&

15

10 FORMAT(LIHL/Z27X'TAPLF 2

1INy FepMaT

PEANIS«15)CATF o HOUP

FOoRMAT(246 /1120

IF(HAUP ,GT.2F73) GN TO Qs

READ(S.15) RUN+TYFEWSRATFeSTRAIN I SEENT o SKINT 40PN, SAMY
20L.§OLV0LvODHYquIFWPvVT7FPOv(TSUM(T).“ILNO(I)-PIPVOL(I)'PLACNT
30Te1) s VALORSTIN 2L ACNT (T2} v D21k

FORVMAT ( IR/2MA4/ 38R /2 AC SIAE/ AR/ FL2.0/F5.1/F10 1/FR 1 /16 /F5
2¢1/FR.1/7(SF12.3/73Y4F12.3))

VOLP¥ = SOLVOL

T<RAPF = 0,

00 25 1 =1+N

VOLRFM = VYOLRY - SAMyOL

VOLRM = yOLRFM

AVGPC(T) = (PLACNT(I+1) + PLACNT(I»?)) /VALGORS(1)

DILFCTOI) = (10.«a{2.+NILNO(IIVI/PTIFVOLCT)

CIY = AVGPCUINsOILFCT(I)

TSBATE = JTSBARE + SAMVOLC(])

TSBARE = TSFATR

CITMI = AVGPC(1)eNTLFCT (1)

CH1) = C1TM1«VTZEPO/SOLVOL

IF(ONWT .GT. 30,y O 10 22

XBARCT) = (CC1)+SOLYNL - C(I)*YOLRFM - TS2ATR )/00WT

G0 10 7%

XRAR(T) = n,
CONTINUE
XRAR(1) = D,

WRITECR, 1001 DATE«SZATE ¢ SCLVOL +HOURYS TPAINSOPWT yRUNSEFRT+TYPL, SKT
PNDs APOCONSTEMP,SAMVOL

cACTEQTAL AUSORPTICN FXPFERIMENTS - COLLLCT
2ION AN RFNUCTTIUN OF GATAY/ /20X AT *42Xe?A5 412X SOKFET[ "o 25T AL o1
TINTSOLL VOL o " oSl N1 X MUY/ 20X tHOURY o 170 IX"HRS " 4 24X v P2 G 4 10X * S0 277N
BT WT. (00 eFf 12X CM /20X RUNY o IT7y P X *SORBENT Y+ 7A€ /70 ' TYPE aF R
SUN® »2X s 28084 14Y e 3AE/30X o *INTTIAL CONC (SPECT REAUI® o 1™ . 202X v UGS/ 2
LY/ SOXTTEMP P ¢ F iy 1y PXP0FG. TV /SOXYSAMPLE VOLW®oFSul XY ALY/ //)
WRITE(E, 10

1N? FORMAT ( CXYELAPSFN'W3YX*™ND. OF DTL.Y.FX*PTIPET VOL o "9 EX*FILTER 7% "

2NO. OF*+BX"AVE FILTER® 45X* I, FBCT . "44X *SOLUTION ¢ 7X* X1 AK? / Fx*11
SME®«SX*0F 9° ML EB,*¢3X*NEL, TO PLATF',2X'PLATE COUNT*.7XSVALIN (3
BS ot o IXTOLATE COUNT P 21X CONCa*/ FXT(MING "y 22X " (ML) *,OX Y (OUCS/BLATE
SYTeIlSXT(RUGS. ™ &TF) 'Y aX P {JUGS/MLI "W 4X T (RUGS/CM) /)

WRITF(6+101) TTSUMETI e NILNOCLY o PIPVOL (T ) e PLACHT (I w1 )oVALIES(TI) AVE
RPCLT)oDILFCTOI) o CUT o XBAP(T )4 PLACNTIT,2),T2] 440

Fllal s6XaF7oTel s F12,10lXeF 1207 F 110 etXoFl 20detiXxeF 100
201X F13050F14.03/42%F12,0/)

IF{NXTR2R ,EQ. 1)00 TN anag

Figure B-2. Program listing of BACTXT.

e Rzl

s}

©

BEIN OPERATICN OF PLATTIFR T. PLOGT XRAT y< TSyw

STFO 1 FSTAFLTOH DIMONSTINANS OF PLOT paPE"

LN = -1

FOAUTLY = (X3AC(N) « X2ARILNI) /2.

EQUILE = (C(N) + “(LNII/D.

CELL TNPLOYT (14,0, 17,0)

STFP > P2AVINE MATILIMA INSTRYTTTICAS

CALL SYMYLG{N.200.00%017,24HMATL TO Do Wy HELIDICKSe LW3Le UYTLE
SSTATE UNIV.. LOZAN. UTAH 343D SERD BY FIQCT CLASS MBTL.0.3,00)
STER 2 ESTARLTSH CFOGMANENMT ORETN FGR FRAEPH

CALL FLOT(1.5+7.0s~3)

STEP 4 ESTARLTISK X-8XISe TH W Y-AXIC - LAREL F&CH
ALY = 12.0
ALy = °,

CPLL SOALF (T7LM, Mo 8L Y TUINNTINFL])
CALL AYTIS (N.0s Qo™ 17HTIME (MIN) =170 20X 0000 T 0 NTIRE)
CALL SCEALT (X2ARs Ny BALV. X3A0MA. PYRLR, 1)
CAL AXIS (.0 7,7, 2T7HYEAR CXBCTERTE/LM SCROPINT ). 274 KLY,
2970.7. XPARMN, X 3AR)
STFP 7 SH4MW THT EXP ONINTS
CaLl PLOT (3.0 0" 31
neogm 1 oz 1en
GOV CELL SYMSLUGTSOA(T) . X9EC(T)s T, lGe I¥Xe GuLe 11}
STFe e [AREL [OARK
CALL SYMILY (F.7,~1.7 7,20 27H220TF TAL ACSCRETION. ~.", 271
CALL SYMILG (Tuf o= 1,23 o7 |7y 4uPETE, 5,00
b
1
1

CLLL SY¥ALO (R.D4-1.75,7 .77, 2aATr, .y 12)
TALL SYMALU (T.5.-1.7, 7. THILAGY LT, T
CeLL MUMPRL (T.5e=1,7 D017 Tine 7. 7))
CRALL SYMILY { T.50-1,%. T30, ueisve, ~,°, 4)
CALL NUMPEF ( T.5e-T45s " .17, T7wE, 7 0, 5
CELL SYMALG (9 %e-1.7 "a1 7. THS(IATNTLYL T T )
CALL SYMILU (17.15=1.747 017, CROINT, .7, 19)
CALL SYMSILEL (Q,7,-],926,7 .17, TUSARPATC, &,.0. 7 )
CALL SYMRL4(10.1e-1.77 001" 328710, 5.7, 17°)
CALL SYMulby (0.2,-1,81¢7,17, CHTTIAIN, " .la¢)
CAL CYMPLY (1 ale=1.7 0001 wSTEAIR, J.7s 17
STE® 2 060 C(T) Jurver
CELL SCALF (CuNG ALYy "7, C0NT .Y
CTALL 3YIS (2.7 Tele37HSALUTIZN (LRIFLTRATION
QALY U0, g, C¥IM, DOANC)
S0 =AW TO OPTZIN WITH 20N gF
CaLl PLOT (NL.0e 0.7 )
SHOW FXFERIMENTAL POINTS Fro mOn(
J0 4Nt T = 1.N
40 CALL SYMSLY (TISUMETYe CHUJ)s Jolle 1H0e Sa7,1)
CALL PLOT (-1.70=1.04-7%)
CALL FINI
A2 CONTINUE
DAT 2 YAXISaXAXIS/ZUUXED, THMT (T /
STXXTS .4
XMINZT,
PI(.
Y7o1r,fen0
=2y
CALL CPTPLT(SCXX ah o TRUMIXMT s XBLTePo Y7o YAXICeXAXTS, ICY
DATA “AXISH»XAYIS/AHOOND, o+ FrAINUTF/
Y7Ion, E 40
CALL ORTPLT(SCYX oNoTSHMexW e
GN TN 1
aao sTn(\
£nn

CRCTERTL/ ML) =37,

PeY7e7BXTSeXAXTS< 10}



8¢

SUBROUTINE PRTPLTISCXXeNeNYsNHPsLPeX o XMINsY »PoY2 o YAXTSeXAXIS,IC) DG FS JZ1958.¢

c SUBROUTINE PRTIPLTY FOR PLOTTING XsY POINTS ON GRAPH.X SCALE MUST BF £5 A(1eJIZDASH
c KNOWN. Y SCALE MAX VALUE WILL BF READ ANC ADJUSTED TF NOT KNOWN. Do 31 Iz3%4121
c IF YMAX LT, 2 TIMFS INTERVAL SET. IMTERVAL READJUSTED TO FIT A(TI+1)=DASH
[ FIGURE LIMITS. 31 A(L.S5)=DASH
c ARGUMFNTS AS FOLLOWS NA 52 1224121013
C SCXX=SCALE FACTOR FOR X AXIS UNITS PER INCH WITH 12 INCHES €2 A(IL5F)ZTICK
C NZNUMBER OF X AND Y OESFRVATIONS. FPOM MAIN PKOGRAM o SCALF X AND TRANSFCPM X 0P MOT
c X=X ARRAY FROM MAIN PROGRAM-LIMIT ONE SCLXZ10./SCXX
[+ XMINZNMIN = VALUE OF X ORIGIN IS(JTESTLEQR,.N) GO TO 2
c Y=Y APRAY FROM MAIN PROGRAM-MAYRE MORE THAN ONF. DN T TI1.N
c PIYMIN(1)ZORIGIN OF Y AXIS. ONT YMIN(J) FCR EACH Y ARRAY IF(NXCI).GT .17 .E+19) G TC 3
[+ YZINYL(1)ZINCREMENT OF Y AXIS. 9 INCHES IF(NX(I}.LELC.) S0 10 3
C YAXIS= LASEL FOP Y AXIS. APPFARS TOP LEFT LINE OF FIGURE ( A&f) NXCI)ZALORLIOUINX(T)
C XAXIS= LABEL FOR X AXIS APPFARS TOP CENTER OF FIGURET ( AR) T CONTINUE
C ICZMUU) ZINTEGFR SPECIFYING MONE OF X AND Y FOP PRINTING FORMATS 2 00 22 Iz1eN
c 14 X=F FIELD. Y=E FIELD IIX(TI=SCLX(NX(II-NMIN)+2.,5
C 15 XzE FIELD. Y=F FIELD IFCIIXCT) SGTL1210TIX(I)=121
c 24 X=F FIFLDe Y=F FIFLD IFCTIXCI) L T.2)TIX(IN =2
c 25 X=F FIFLDe Y=F FIFLD 22 CONTINUE
c ARGUMFNTS FIXEN FNR THIS SUBROUTINE BUT WHICH CAN BE VARIED 71O C DFTERMINE MISSING VALUES CT Y ONLY. X MUST 3€ COMPLETE
[ PUT MULTIPLE Y'S ON SAME FIGURE (NO SCALES PRINTED) ANG TO LIST DO 4 JZIeNY
C TRANSFORMED X AND Y'S ARE AS FOLLOWS 4 NMIS(JI=0.
c JTESTZ 0 NO X TRANSFORM.» =1 LGG1N NDCT)ZNMIN
c ITEST(J) = O NO Y TRANSFGRM. Z1+LCG10.ONE ITEST FOR EACH Y 20 41 1=2412
c ARRAY 41 NOCT)-ND(I-1)+SCXX
[+ NYZNUMBER OF SEPARATE Y ARRAYS =1 NORMALLY c SEGIN Y OFTEPMINATION ANC PLOT-PRINT-POINT-VALUES
o PT(J) = PLOT SYM30L FOR EACH XY POINT. ONE FOR EACH Y ARRAY DO 70 J=1eNY
c NMP=SINGLE=M NR MULTIPLE=1 PLOTS ON SAME FIGURE. NO YSCALL IF 1 o SEARCH FOP MISSING DATA AND TPANSFORM Y IF CALLED FCR
C LP=LIST OPTION.I=NO LIST+1=TABLE GENERATFD DO SO07 I=1.N
RFAL NXsNMINeNYL yND Z=STIGNEZ oY (T ed))
DIMENSION NX(3r2)eY(379,10)+A(125£0) +AG(300,10), NNCL2 )y IF(Z)13.500,500
IBCEO) « TIXC30M IIV(3ND10)«ITFSTLIQ}, PT LN YHINCIND, 13 NMISCJIINMISCEJ) + 1
2NMISCIN)I G NYLEIO) e ¥YS(ID) o X (3N, M1 Y(I+JIZ10.E427
DATA RLANKesZEROsDASHeTICKsORIGePT(1)/1H +1HG+1H-e1HI¢EHGRIGIN 1He/ G0 TO SNQ
D0 8N2 T=1.M NN CONTINUE

NXCI)=X(I) IFCITESTON LEQ.IIGC YO 7R

8N? CONTINUE N0 77 Iz1.N
NYL(1)ZYZ IF(Y(Ted) . GT.I0L,E+19) GO YO 77
YMINC1) =P IF(Y(TeJ)LELNLIGO TO 77
NMINZXMIN Y(T4JIZALOGIDU(Y(IvJ))
JTEST=D 77 CONTINUF
NY=1 o SCALE ¥
ITEST(1)=D 78 K=1
NMP =0 87 IF(Y(KeJd).LT.103.E419) GG 1O 79
M{1)=IC K=K+1
LP=0 TF(K.LE.N) O TO 87
Z:=1. 79 YMAXZY(KeJ)
[« ESTARLISH RCUNDPY MARKS K=K+1
D0 S I=1.121 DO 10 IZKsN
DO 5 J=1. RN IF(Y(T+J).GT.ID.E+19) GO TO 19
R (JIZBLANK TFEY(T o d) oGTLYMAXIYMAXTY (T, )
S A(I+J)ZBLANK 10 CONTINUE
DO 35 Jz1.55 CaNYL (D)
25 A(2.J)1=TICK C CHANGFS Y SCALE T FIT DATA

SZCYMAX-YMIN(J) )/
IF(S.5T.C) GO TC £P2

Figure B-2. Continued.
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IFUS.LT.C.222227227) GO TO 607
G0 T0 9%
RENUCES Y SCALT AND SFTS NFW ITMTFRVAL € IF YMAX TCO LOW ot SCLLT
00 ERTIZ1N.1NT37,1N0
PzC/T7
TFUSLET R, 22527222, AN0.S.LT,P) (0 TO 574
IF SCALE RFDUCFD TN0 FAR. EXPAND AGALMN
IF(S.GT.RY €N TC Kr8
CONTINUE
CzR
INCRFASES SCALF 843 SFTS NEW INTIPVAL
D0 9° 1:z2,191
RzI*C
IFIS.LF.R) GO 1O 5ny
CONTINUC
czP
SCLYZF, N/ "
IFONMP NF  M)IGP T2 )
SLLYZYMINII)
00 27 JIZ7455+0
BUT)ZR(JI-6)+C
ysear=¢
00 15 T=1N
IFEY(T.U)6To10N.S+19) 60 19 11
TIVELe ) ZSCLY*CY (T o) =YMINCU) I #T .2
ITFCTIYUIJ) oGV IIYITeddcnsg
IFCTIVEL ) LTI TIY (I vy
IX=TIX(I)
IYZTIIYLIWO)
IFCTIX.EGL2) GO To E1
IFCIYLE0.Y.CRLTYLEN.SS) LD Tu A2
ANCTeJ) ZARLANK
GO TO 14
AO(T s UY=TICK
G0 TO 14
A0(TeJ)ZNASH
TREYUT U JGTINLE+19) GC TO 15
ALTXeTYIZPT (J)
CONTINUE
IFINMD  NELDIGO TO &1

oLNT FILURE X VS. ANF ¥

WPITEL A IO2)YAXTISeYS(S)oXAXISHN

FOPMATUIHIeARYIXF 1M 7e% UNITS/IMCHL Y42 %0 A5 4] EXs "NOBS 2°%,75)

70 B8 L=Z1+5°

THF TFST FOR FAOUALTITY SETWFEN NOGN-INTFRERS MAY NOT RPE M7 ANINGE Ul .
IFIR(SE-L)FNL2LANKY RO TG 31

IFIM(J) . EQ.15.0R.MIU).FGL25) GO TO 42

WPTTE (64103185 -L) e (A(I55-L)+]121.121)

GO TO RS

WOTTE(R 1123 U56-L) s (A{I 55-LYe1Z14121)
50 70 95

WRTTECF D4 I(ACTS5-L),1214121)
CONTINYE

FOPMAT(IX+ER.UW]I 21 (AL}
FORIMAT(IX+FR.34121401))
WRITFIRI0UI(ALTI TR el ] 1210
FORMAT(GX 12181

Figure B-2. Continued.
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y=r

Y=

TEUMEU) (P 328,00, (J),F0.2%) 70 10 w3
YRTTC (¢, MATHLTI)WTZLs1 )
60 10 4
T WUDTTEL " 1T HMINT (] «17)
170 TADMAT(}H +GXa )7 (F Y
100 FOARMAT(1H +o0XKe12(Fh.1ebY))
Gu N RT Tog.m
I¥=7i1vw(Cn)
IvV="Ivil.
€7 A(TXeTYIZA0(T g
(s n.5109 10 7
IFCJFNanv) 30 70 "o

1

£2 TF( g, M7, o7

PRINT TRLNFASMES DaTa fr, TaRLs

e al

FO WOTTF (a1 31ISOXX 4t

171 FOSMBYCIHL e "™MULTIELS PLOT CATAT 2 XY BXIS ONF O INCH Z9%,F5 1%, %,%X,
2t MQUS e 15

CC WOTTF (L IIT)I(FT (KDY ekl oY)

117 FOPWAT]1x PLOT C-A0 1NXA1.9(Y"YLRL))
WOTTF IS 12 YI0PT yh¥ TR (VUTNIR) s KZT oY)

177 FOPMAT(1X B8R+ 1).2417F 17.3%)
WRTTIF (S 1201 LYSIK I ok T oMY Y

170 FAPYATOL I UNIT/ZIM 07,7411, 7)
WOITF (O 21 HANMIS LK) 94 T oNY )

171 FOPPAT(I 1Y NO MISTINC,EX,17T1T)

1£7 00 /¢ Iz1eM

OF WRITT( R 12IINX(I o (VY (T ak) oK o NV

123 FADMAT(7x.F1{. % 177 1N.3)
IF(NrO FQ 2100 TO0 ™

PEIMT £140%F X ¥S. % T0 1 Y*S 0T ¥ AYIS NCGT LASCLE

aan

WPTTF (s 128 (PT (1) TeNY)
174 FODMUA (el "MULTICL S Y PLOT 2 12(RY,.42))
(AL AR UL LI I
WRTTE (7o 17U (3Tt ) I210122)
WOTTA L 10U (20" )11 1)
TFEMO0) 0. 040K M (). FGL28) £ 10 177
LR SN TS URANE B S S S IR I3
60 TN 170
177 WACTTEAAG I I(ATNE T I w12
170 T1 01 21N
90 Q] KIMY,1e-]
TxzTIx¢1)
TYZTIYITeK)
Q1 A(TXeTYIZAN(I oK)
kAN oMY INUL
RETYOM
£nn

o
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BACTERIAL ADSORPTION EXPERIMENTS — COLLECTION OF DATA

(A) FIXED DATA FOR RUN

Figure B-3. 1BM coding sheet for recording fixed data for adsorption run.

Variable| pi.1q % opweadl g FORTRAN STATEMENT Rritreries
Name 112 3 4 s e |7 8 9 10 1117 13 1a 15 16 17 18 19 20 21 22 23 24 75 26 27 28 29 30 31 32 31 %4 35 16 37 38 19 a0 41 47 41 44 45 46 4~ 48 49 50 51 57 53 57 55 56 5 56 0 80 Al AT A1 41 4y v £ 469 O 1 | 3 & 5 4 7 B 7 80
DATE 244 ol /3'o/l7 ' C o
HOUR 112 1 . { 5l0 0] .
RUN 18 EREY o ! ‘
TYPE 244 20PTNACL —
SBATE 7A2 STAP}PAUREUEI L -
|STRAIN 245 __EDlA-2 09
sBENT | 3a6 MENDIgN S[| LT LgAM ; ‘ P o
SKIND | 346 CMPETITLYE N
APPCON | F12.0 ' 775loloo o do :
[samvor | Fs.1 I
SOLVOL | F10.1 RI0O :
DWT F5.1 .
16 6
TEMP F6.1 27 .
VTzZevg Fet | |]T0- ,
L I
: 4"—, ’ } i ) ' N
1
L ! o ! |
]
{
I
12 3 4 5 )6[7 8 9 10 1312 13 14 5 16 87 18 19 20 21 27 23 24 25 26 27 28 29 30 31 32 33 34 35 38 3" 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 40 &' 41 83 &1 43 o4 &7 s 43 77 BRI
J
Initial Dave
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BACTERIAL ADSORPTION EXPERIMENTS -~ COLLECTION OF DATA

(A) VARIABLE DATA FOR RUN

FA R z FORTRAN STATEMENT e
DO NOT PUNCH e o S o T o T o e P T o e P TR s BT A TR T e P T e Y P A P N S S
L ’ f L i PLack (1 1)) | | waroms(l)
1/J | DATE CLOCK | [FSUM(T) ~ prLnoi(D) P?:T LD el ! o1 :
TIME FTZ.3 ru,}: ' m/-.:é —: ml’lz_;:’; . i i

_1/1 Lo, 1 3 | 10, |, . -
/2 : ] ° S
2/1 5, 31, S I I ko e L. ‘
n =, AEEERE NI IRNERERR SEEECAEEN NN B ISR

3/ ‘ S BEREIREE ] |1 30 HEREN A RS D

/2 , o ? ’ Ll e AR i ? :

4/ 30, 3. | . 15 | .
| /2 | ° -
5/1 45 3| I 25 L,

/2 i IR [g B e \; : ‘

6/1 | o, L3, EEREIR ‘ 5 ' . 1

/2 | { i Ll B [l:° , ol

7/1 . . .

/2 | - | ||

8/1 . . .

2 EENEE i N RSN i N

9/1 . Pl ol L L ’ ; .

12 L B L N

10/1 | . | . . .

/2 .

11 . N N . .

12 3 4 s5]6l7 & % 10 1 1z 10 15 Vs 1e 17 16 19 20 21 22 23 2 25 2& 2- 28 29 30 31 32 33 3t 3738 39 & @ 2 4 42 45 i : = = 7

Figure B-4. IBM coding sheet for recording variable data for adsorption run.
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THPUT RAW DATA SAMPLE PROBLEM
N XQT BACTXT

01770770 -
15910
27
2NPTNACL
STAPH-AURF US
fDa-209
MENDON SILT L0Av
COMOETITIVF [ FIxe> Data FoR Run
rsnoonnn.
1.
20n.
1.
&
7.
177,
0. 3. le 0. 1. -1
O
5. 3. 1. 4 0. 1.
a.
15. 3. 1. 3n. 1.
0y . | VARIAGLE DATA For RUN
_30. 3. l. . 15. 1.
- n.
45, 3. le 3s. 1.
’ Q..
60. 3. l. ' 25. le
C. _‘
Figure B-5. Listing of fixed and variable data for adsorption run.
SAMLE OUTPUT iR ABevE DATA (rasLe)
TARLE 2 C©ACTERTAL ADSORPTION EXPERIMENTS - COLLTCTION ANN REDUCTION OF DATA
DATE "1/30/790 SORPATE STAPH-AURFUS © SGL. VCL. IJu.L ML
HouR 1500 HRS FoA-209 SCRAFNT WT. (00} 1.C ohn
RUN 27 SORRFNT MENDCN SILT LOAM
TYPE 0F RUN 20PTNACL . COMPEYITIVF

TNITIAL CONC (SPECT READ} 75000000,  RUGS/ML
TFMP  27.n DFG. C.
SAMPLE VOL. 1.0 ML

ELAPSED  NO. OF CIL. PIPET vnL, FILTER NO. OF Ave FILTER DIL. FACT. SOLUTION
TIME 0F 99 ML FA. DEL. YO PLATF  PLATE COUNT  VALID 08S.  PLATE COUNT CONC.
tMIN) (ML) (BUGS/PLATE) (RUGS/PLATE) (2URS/ML)

.n 3. 1.0 7. 1. 7. 1300060, 83U G L.
7.

5.0 3. 1.0 43, 1. 40, 1169000, 4CLLIA0G.
q.

15.0 3. 1.n 30. 1. 3n. 1nasanre, 3uLriti.
3.

30.0 3. 1.3 18 . V. 15. 11enn0, 150LIL .
3.

45.0 3. 1.0 T, 1. 3%, 1Gnngnn, (A TRV 1N
7.

60.1 3. 1.0 25 . 1. 78, P Talals i 8.y
3.

Figure B-6. Output from BACTXT-tabular printout.
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Figure B-9.
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700.00

ﬁ
620.0
X1

s
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(BACTERIA/ML)

380.00

SOLUTION CONCENTRATION

300.00

l

220.00

T T T T T T T T
S5.10 10.00 15.00 20.00 25-00 30.00 35.00 40.00
TIME (MIN)

BACTERIAL ADSORPTION AN

DATE 01/30/70
TEMP 27.000
TYPE OF RUN

Output from BACTXT -bacterial depletion and uptake curves by Gerber plotter.

T T T
45.00 50.00 55.00 60.

g 140.00

SORBENT MENDON SILT LORM

SORBARTE STAPH-AUREUS

STRAIN FDR-209

<OMFETITIVE , 100.0 GM/L NACL
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| REMOTE STOP

>
INPUT DATA / DATA DECK
_&

¢

VN

XQT ALPHAB

%uaaourme REGLOG DECK

¢

ALPHAB DECK

CONTROL CARDS

108 RUN CARD \

N

Figure B-10. Deck set-up for ALPHAB data input.
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LY

C CALTILATION OF &F PH& AND XMAX FROM CSTAR AND XBARSTAR
o CRCWCT WL~ PECTLOTAL ADSORPTICN ON SOILS

PIMENSION CSUUMEaT)
NTUENSTON CSTARCUII W XBARST (4 M) TRUNT(UD) . CSOXSTLUD)

AIUEMCION SPATE(8N.7) SRATF (X)) 4 STRAINI2)+»SRENT(3)s SKIND(3)
NATL TUXeINDY/UHCSTO. 4HXBS T/ ¢
2 PEAN(S I TINRUNS SRATELSTRAINSSRENT s SKINDWTEMP (TRUNSIT)SOAT

2T 1) STATF (T a2 CSTAQR{IN e XRARSTUT) + IZ1 +NRUNS)

13 FAOMAT(TA/3AC/ MG/ 3RE/BAG/FE L1/ (TI0s2A402F12.2))
POTCL T D Y etRINS z
reCpM(IY T CSTAPCT)

Fea CNMTTAYT

TeuNe o
TruMdy
MNZTS
NPP Y
NTY- Y
NTYZ

Ieuns(1)
IRUMS (NOUNS)

TC 17 I21eM=UNS
CENYST(IY=CSTI 2T/ XPAPST ()
16 ~nnTTage
LU TRy LV
CBLL FLTLOG M NP NPR . IN0Xy I2Y e CSTARZCSOXSTeNTXoNTY o CXeCY s YINCEP

2UE0NTR4257)

c CTTDIIUXe 00X TiTYeCSTRIXWZOXSTCIY.YINCEPTZAWSLOPEZR

XMAYZ)  /SLAPT
ALPHAZ L/ (YT LPoxXvEX)
4OTTT (637 3)

OF T FAPMAT(UY/ /772" X L TEDVYINATION OF ALPHA ANN XxMAX RBY PEGRESSION AN
PALYCTS CF L INDAFTZED LANGMUIR JSOTHERHU®)
WRTITC (6035635 ATE (1o 1) eSNATF (142} +sSEATESIRUNLOS TIRUNHT» STRAIN, SEENT
PoSKTND L TIMP 0, RS0 YINCEP»SLOPE » ALPHR. XMAX

I

OG54 FORUATULIHC/ /740X *"ATE OF RUN 1 = “e2A84s TX SORBATE®+2X+3A6/40X*RUN C
1S e T7a 2X TN, 16+s22Y+ 2A6/TIX "SORPENT "+ 3AG/ 78X e3AG/TUXTEMP " +FB.1
PAYICCL, CENTLY/ /7Y c
TICAIDESOCSSINN AMALYSIS COF LINFARIZED ISOTHERM - RESULTS'//4SX'R =
4P FQ .7 /G3X*7?509 Z'.FA.3 Z19XTYINTERCEPT = 1/(ALPHASXMAX) =',E12.6/
E2aY *SLOCE OF PFST FIT Z'eE1”2.0/UIXTALPHA Z*yE12.6/42X XMAX =',E12. N

ER/1/TIXTARST UFON FQUILIPRIUM CATA FRCM INDIVIDUAL RUNS®//45X°RUN
TS e ?X*TATE FX2 IFANNT, IXTC "y EXTXRAR®Y ySX " Ce/ XBARRY) -
O6L WEIT (6o 3SS)CIRUNSETY W SNATE(Ts 11 eSOATE(T 2D, CSTAP (T} XRARST(I)WC
FEEXATALIN IT) $ 2R S)
N6S FrRvAT(U2X, 15« BX 2 A8 E18.5,E12.50E15.5)

< TFOIN GFIPATION NF FOLTTFR TA PLOT {CSTAR/XBSTAR) VS CSTAR

C STF? 1 ESTARL [SH OIMENTIONS OF PLOT FRTER
CAtt I0OPLOTULI4..17.0)

C sTEP 2 2RNyINE MATLINC INSTRPUCTIONS
TELL SYMILUIN.2y 0. 00,170 9YHMATL TO Do W. HENDRICKSs UWRLSs UTAH :
SSTATT YUNIV.s LOGAN, UTAH 8432} SEND BY FIRST CLASS MAIL«90.0.74)

C CTic 7 FSTARLISH OFAMANFNT ORGIN FOR GRAPh. THIS IS NONE RY {-}) Iy
CHLL FLOT(14S02.0-3)

C STF™ 4 FSTARLISY x-4X1Se THFN Y-AXTS -LABEL EACH AXIS

Figure B-11. Program listing of ALPHAB.

LD §

ALY T 11.)

ALY 3.0 {

KOLNT 2 NRYMS 4 ] s

CCTAP(ARUNS) = 1.

CSOYST(KTYNTY = 7,

CHLE St TUTSTAP oKPUNS AL Xy “MT*, OSTAR, 1)

COLL AXIS (2.)eDal o 1SHCOSTAR (FUGS/MLY =154 ALX+ 0.0+ CHINGDSTAR)
CRLU SPBLF(OSOXTToKRUNS e ALY s "SNTNGDESX o1 )

SHLL RIS (N 1o Ty IUHIST AR/ YOAPSTAR 14 +ALY 9N, G+ CSMINGDCSX)
STED 4 nuny Ty, EXOFRTIMENTAL DGINTS

CALL PLAT (T, o330 )

AN UL T T ) eNRIINS

CALEL SYM ULY(CSTAD LI ) 4 CSOYSTII e aldstHX e N0 1)

STEP © DUAT THF CEST FIT Cyoyr

YZ2FRN Z (YIACLP-FSMIN)/NCSY

XPT T .2s8LX

XOFST = (PsApL X*"<TAD

YMEY = YZERQ + (TLOPZexIISTHI/DCSX

CELL PLOTURLEe a7

CALL LTI N Y7FRA, 2)

CALL TLOT (XTI YAy, >)

CALL PLOT (i e 3

LAGFL GPAOH WITH APORODATATC TOENTIFICATIONM INFORMATIUN
CALL SYMOLELE e =1a ) ea e GdH EQTAL ADSUKFTIUN EXPERIMENTS ~ LI

SHEANIZED LA

a3
ot
o
TR
e
ce
Tr
(o]
e
[
ce
Ch
cF
<T
e
T
ct
JST
T
SR
T
By
cr

X

Lt
e
n
L
Lt
[}
Lt
Lt
LU
LL
Lt
L
(B E
Fo
L
o
it
L8
[
L
ca

R

nane

1o TSOTHE M, 0, )

SYVMPLU(U =128 Gl 1o UHEUNS . Tl 4)

NUMTRI (9.3 =147 5.t 1o IPUNLOY 0.7

SYMARL U, 20 -1 .50 N 170 74HT00 0.0 7D

PUMTEI Lt - oS C L L3 TRIRHT,, 1, 7))

SYMOLGQU, v =1 o750 ColdeHTEMP, G0 U}

NUMPER (U, 00 =] 07 2 N 1 )eTFMPWT . Ge3)

CYMI4lne =178 1174832087 yT.3,.7.7)

NI s = e e N 1Y T RT L, 7] )

CSYMPLULE =1 50 Dl ) THECRATF 5,57}

SYMILAC a4 =1 a5 DLW STATE T (T, 2)

FLOTU-1ade-1,=3)

FINT

APCCATISN O0F DLOTTFR TS OLOT XE8re VS Se (LANCGMUIR ISCTHERM)
TFTTATLISH CTHONTTONS NF PLOT SLTER

ITTLaT 1,100

TOFROVINE MATLTING INSTRUTTIC oS

SYNSL G ez TefNe Ja 120 GUHMATL TO ", a. HINDRICKSs UWRLs UTAH
UNIVes LOT8%e 9T AH 3477} SEML -Y FIRST CLASS MATL.94).7,93)
Z FOTATLIOH PORVAREGT GUCIN FOi GRAPH. THIS IS CCNE ZY (-)
CLOT LSy Pue =3

4 EOTARLISH x-BXISe THTN Y-AXTS -LABEL EACH AXIS

NRUNS .

tuey = 7,
Tevy oo
17,7
3.7
CTCAL T tusLUMeNT, ALX e TMTHN, . STAR 1)
THIT 0T T e FOHCSTAR (SUOS/ML) v-1 S ALX e D N CMINSDSTAR)
SPLLT (X -APTT N0, ALY ¥ TMINSDXX X0 1)

SXTS (70, 0Tt e Y QHXRARSTAT (AUGS/GM) o1 Be ALY+ 90 .0 e XBMIne DX XX )
SHOW THE FXRIQIMEATAL 201NTS

CLOFIN . videTe 7))
T 2 Y1eounn




14

4N CALL SYMBLU(CSTARITII«XRAPTTLIN e ol b thXoa oy 1) o TRANSFORMAD JATA If 9PP IS MAN 7ERC
C STEP 5 PLOT THF QFST FIT CURVT c I IS & 4 CYARITTT® ALPHANUMT?IC TDENTIFICATION FCR ¥
CINCH T G. C INY IS & 4 CHARACTI® ALPHANUMFRIL TAENTIFICETION FO? Y
JK = 1 C X IS THL INDEFENDFNT YAKIATLY AYRAY
CALL PLOT(N.0+C.y 2) ¢ Y OIS THF NEBENATUT VARTAALE A0DAY
AXD = ALPHAaXMAXaDSTAR . [ NTX T€ TUF TRANSFANDPMATIAN Sei( F(R X
D0 403 JK = 1+210 . c NTY TS THE TRENSFOPHATICN SPIC FUR Y
CINCH = CINCH + UJ.n5 [ CX A&NN LY ARE THT FONSTAKTS ASSErTAT-P W [TH TRARGFARYI TT LS 3
YINCH = AXD#CINMIH/Z(DXXX+ (] +ALPHA*CINCHS DSTAE) ) [ AND ¢
CALL PLOT (CINCH YTINCH2) DIMERSTON XINY oY {N)
4N CONTINUE ]
C LAPEL GRAPH WITH APPROPRIATF IDENTIFICATION INFOLRMATT(N
CALL SYMARLUL(2.7+~1.7+.2+52HIACTERTAL ANCORPTION EXPERINMCMTS - (AnT
2MUIR TISOTHERM,N,Nvc2)
CALL SYMRLG(L4.My=1.75s N1, 4P UNS Ba s t)
CALL NUMARI(U4.74~],75: 7,17, IRUMLG.0.0)
CALL SYMBLA(U4.2:-1.%0+N.17,2HT0,0.002}
CALL NUMBPI(4.39~-1.5Cs N 10, IRUNHT 0. 1)
CALL SYMRLY(4.79=1.75¢N, 174 4TEMPIO.0el)
CALL MUM2RF (4.4s-1,75.7,10,TE4D, (.0 2) 176 FORMAT(LIHL.25X*CRTARINAL CATA FOLLOWS*/® OFS NO'17X84,75XA4)
CALL SYMBLU(6.My~1.25¢ 0,10+ THSORRTNT 4D 07} . o 5 IZ1.N
CALL SYM3LU{B.ds-1.7510,10,S3ENT.N.0412) IF(NPO FOLIIWPTTECR 128D Tox (T oY ()
CALL SYM3LU(B.D-1.50,N,17,7THSORPATE +NaJe7) 125 FORMAT(IXI®, 2F 7] F)
CALL SYMBLH(6.3s-1.50s ", 17, SBATF N Ge17) . IF(NTX. 6T 8) SXZSX+X(T)
CALL PLOT(-1.0+-1.04=-3} . IF(NTY.GT.4) SYSSY+Y(])
CALL FINI . € CONTINGE
81 CONTINUE . IF(NTX.FA.E.0RNTXLFG,T7) CC T0 [
IF(NLTOPT.LT.11G0 To 27 GO 10 u
NYTT 2 00 XTI NN
NMP [ 3 OSXNISXN+X(N-T+1)
LP=n CXZTCXN/AN
DATA YAXISsXAXIS/FHXRARSTGHCSTAR/ NIM NN
XMINZT. 4 TFINTY.LQ.4.0R NTY EN_ 7)Y 7C T9 17
P=n. S0 TO 16
YZ7z19.F+79 17 0C 14 Tz1MN
IC-1y T SYNSSYN+Y(N-T+1}
C CALL POTPLT (STXX oNRUNToNY o NMP v LO s CSTAR  XUTNIXTARSToFo Y72 YLXISy Cy=avyN/san
[« PXAXISHTC) IFONTY NE o4 07 NTXLNFLT7) VIN=NN
DATA 7AXIS,XAXIS/AHCSOXST.SHCSTANY 1 AN=ZN
Y7225.5-07 ITERTXY e uT 1 0R NTY T e IO e r 0 1 T TE (R 26 D IDX. [0Y
-3, 170 FORMAT(]YD,25X " TRENSFAPYEID DATA FOLLOWS'/ ' GRS AGTOX34, 7016 XiU)
c CALL PPTPLT(SOXX WNRUNS I NY o MAP oL P o CSTARY XMI N COSXS TvFeY 74 28X1S, N0 720 T=1.N
c 2XAXISIO) GO TO (170 eTeTobe TeThaNTY
CONTINUE COIFCX(I)LLELTL) LO T 5
22 G2 TO0 2 IF(NPDER. 1) XTX (]
END XATYZALCSINIXULT))
- GC To 19
SUBPOUTINE QEFLOSINGNNNPRIOX TNy o X s YoNTYINTYaCX 0 TYely -y 20R2) T X (I)=OX=-X(1)
o RESRESSIOM EGUATIONS FOR DIFFFRENMT LOT ANT SEVT LOG TSAMSFORMS 50 10 g
c TRANSFORMS (NTX 0P NTY) APF AS FOLLGWS- - R WRITFUS 12001 INX, TeNTYX
c 1 = NO TRANSFOPMATION 120 FOPMATOLIX AU VALUT FOP T = *T%,% TS IMPROPER FOQ TN FCRM = *T1F
s 2 T LOGIU7) Ie's  VALUE SET AT 7fopn0)
C 3z LOGIN(CZ=-2) X(7T)rz7,
c 4 = LOCIAMZINI=7(I1) 17 6N TOC15+11e12012¢ 1101 2¢12)WNTY
[+ S 2 TIANSFOPM 2 WITH RFARTSSTION APCUT LOGIDU(ZBAR 11 TFEYOTY.LF.G.) &6 T 13
[ G TRANSFOPM 7 WTTH RFCRESSION ARQUT LOCIN(CZ-7 MFaN) TF(NPOFO 1)YIZY (T}
c 7 = TRANSFORM 4 WITH RECGRESSICN ARCUT LCGINH(ZANI=Z(T) HFAN) YAIIZALOCINLY ()
c N OIS THE TOTAL NUMRPED OF 09SEOVATIONSs I E THE SIZF GF T#r x aue 50 TO 1%
[ Y 8PPAYS 12 Y(In="y-y(0
C NNOIS THE NC 0T TATL FND QRSEPVATIONS THAT AR ySCO IN COMPUTENT
C 7(N) ASSGCIATED WITH TPANSFORMATION 4§ GS 7
€ NPR IS A PPINT OPTION FOR PRINTTHG THT ORIGINAL DATA £NN THE

Figure B-11. Continued.
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Lo 10 11
WRITEULARWI2C)ITY s TeNTY
Y(Ijy-n.
15 TFONTYLLE.HB) SXZSX+x(T)
IF(NTY LE.4) SYzSYeY (I}
IFENTXaGT el aOFNTY  GT 1o ANDANPR W TO I WPITELE w127 1o XT o YT o XUL)eY (T}
127 FORMAT(IX IS +4F2(1.2)
2?0 CONTINUE
GO TO (2152171021 e724234¢27)4NTX
71 XBARZSY/AN
60 TO 25
22 XRARZALOGIT(SX/AN)
GO TO 2%
27 XBAPZBLQGINLAPS (CX~{SX/ZAN)} )
25 GO TNE2k 025027 «250 2747284 20 ) W NTY
2F YRARZSYZAN
G0 1O 2w
27 YRARTALOGIM(SY/AND
6N TO 29
2R YPRARZALOGIN({ABS{ICY-(SY/AN)))
29 DN X0 IZ1eN
XXTX(T)-XfiAR
YYZYUT)-YRAR
SXYZSXY+XX*YY
SX2ISXT4xXX*XX
TA SY2ZSY2+YYeYY
SOXZSQPT(SX?2/{aN-1.))
SPYZSORPTSYZ2/ {AN-T4))
SCXZ1./S0x
SCYz1./S0Y
CALCULATE REGOTSSTON COEFFICITNTS
2ISOY/SOX
TFESXY. LT NP z=-3
AZYRAR-RsXARAR

o]

Cz=-a/R

o/ 7
RISXY/SQRT(SX2+SY2)
R2:-RsR

ROZSERT(ARS(R))
B1z<XY/Sx?
AI-ZYRAP~-31#sXA8°
Dlz<xYy/sSvy2
Cl=XPAD-D1 YLD
WRITE OUT RESULTS
WPITE(Rs121)
121 FORMAT(LIHL»25Y *CRTHOSONAL REGRFSSION FOUATICNS ')
WRITELFRs LIP)IIDY s MTXeSOX o XT AR INY NTY s SCY,YOAR
117 FORMATOLIHD "X = *A4s* TPANSYI2,* SCALFI OY'F 1 s AFQUT MOAN =
112,69 ¥ = *AL, " TRANS'T2.* SCALID FY'FL2,6,% ARQUT MFAN = 'F19,.¢
IFINTXoGT 2. 0FRaNTY AT 2IWPTTE (R, 123VINXCXWICY WY
122 FORMATOLIXALLY X Z*E15.345XA4s* CY Z'E15.9)
WRITE (AR 1T11)INY, 847,y INX
111 FORMATOIHN A4, " = "F165,2,% + (*F]5.,92,°%) % 'py)
WPTTELGRs 11 1)I0XKs Co Mo ¥OY
IF(NTX.EQ.1) GY T a0
XAzZ]N.=sC
XRO T as¥"AD

Figure B-11. Continued.

WRITFUF 11 2)I7X e XA X P eNTX
112 FARMATOIAN 24, INTERSEDT Ze5}1€6 0yt TREOUCH *F 1L 9,0 WITH THy: Rcy
ITRPANSFARM OF T 2)
W TF(MTY,EQ.1) T2 10 87
YC-1N,esn
YRRZ1N,#svQ282
WRITF (R IT12)I0Ye ¥l 2 Y30, 4TY
FTOSYAXISART(((1.-P2)*(SY2))/(AN-1.1)
SXRYZSORT((L1.-R2Y#(SX2))/lA~-1.))
WRITF(Ry1727)
127 FOPMAT(IHNW?SX*IRVINARY DEROESS]rn Fyual [(NGr)
WRITF LS 113 IOXeSPXeSXGY 2 INY 50V, SYiX
L13 FORMAT(IMNTY = ®Ag . WITH STIFY 713,23, % AND SX/Y Z9C 15 . F,6X% ¢ =
1P A4 JITH STICY Z*016 R, AND Cy/x zv0)G, p)
WRTTECRW 111 IT0Y e a) o210 TOX
ARITFARVITIDICYWCY Wl 1, IDY
IFENTY. FQ.1) €9 T =7
XAYZ1V.9sC1
WRTTF (S 11 IINCe XA Te XD NTX
TR OIFINTY . IN.1) 0O TP an
YC1Z10,.9s%2
WRTTFIGe112)T Yy YT 1, Y32, MTY
FO WRTTE(Fal15)RE 02N

11 FORMBT(jHN, '~ RO LGP X TR 2 TR G, OXYRE T T h EXCETOGY Y5, (2
ISFOVATTIONS USTO I CALCULETING fOUATIONS *)
PETURN
END
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BACTERIAL ADSORPTION
DERIVATION OF ALPHA AND XMAX FROM REG. ANAL. OF LINEARIZED ISOTHERM

-

STATEMENT

FORTRAN STATEMENT

3 3 IDENTIFICATIC
3, NUMBER é SEQUENCE
. ‘; 2 3 4 5 ;J? 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 3 37 38.39‘40 41 a2 U,“ 45 A6 47 4B 49 50 51 52 53.54 55 56 57 58 59 60 &1 62 63 64 ¢5 66 &7 63 69 70 71 70|17y 74?5 76 77
VREiagle | Field T BRI S ,
NRUNS (16) € ol R R
SBATE (782) | | sralpla —Aulreu s| R IR ] .
STRAIN (2A6) Aoa-alql: | 1] L ! | R ENE ! P i i ! '
SBENT (3A6) o slg Ul i ! 1 R [ ! [ Pt
SKIND (346) | | menplgn slruT Llgr RN T g I
TEMP (F6.1) 37 v L P RN 1 f
B NI RERE N :
RYN(I) SDATEQ) | CSTAR([) XBARST(I) Pl ; ] :
e mo (c}:' yr. (E12.2 (gl12.2) L B L ! i
et /16l/v0o] . YslooEQN " Re 5o E[lOF ! | L ’
Qo J1elfqol 11T 5, l50E0y " R.50E)0f || ’ | K *
‘ T 11 . — T -
WALAE: HEEEAYTL IR T : P ‘
ol /160 i 2,loomoy] [ P.uomlof | ; , | !
? glot /2010l i | 1 ll5,lcogonfi |1 ]2,'g0 410 REEE ? R !
ol/QO 74 | 3{\0’.QIOEOL‘Z_ FLTalso gl o] | [ I ! P! | ; i
/ BN EEE BRI | UL [ I !
‘ / NERENE A i I N N
i [ i ET— ] T i 7 7 T v T
' { ! [ . i il [ ' I i i i 1 X
/ / — E. : ° H *
- / ' : ‘e E ' ? B ! ,
] / T, E L . o EREREE )
1/ ] E o lem : ’
i / T ] E B il ,
P E ' ! ‘s H Pl ! ! i i
I 23 4 51ef7 8 9 10 1142 13 14 45 16 17 THI9 20 21 22 23 24 25 26 27 28 29 P51 32 33 34 35 36 37 I8 39 40 41 AJ 43 44 45 46 47 4B 49 50 51 52 53 54 "5 G657 S8 59 60 61 62 63 6& 65 66 67 &8 69 7O 71 ;2 )73 T4 4 .

A “1ondord cord foim, IBM electio 528157,

1 saninbie for punchieg sletements from this furm

Figure B-12. IBM coding sheet for recording the equilibrium data.



m/mvr.qT a INPUT EQUILIBRIUM DATA
u
5
STAPH-tOCYS
FDA-DPT"
SATL
MENDOM STLT LOAM
37.
1nt/10/77n AR I ) L5771 "
201 /6770 S, 7T T.H1F1 7
N /1870 7.7 *.H771N
IAVALYA TLrhEgT 2.u3T10
sn1/20/770 15,0707 AR ES el
911/277" 1N.000L7 e 911D
Figure B-13. Listing of equilibrium data.
FETERMINATION OF ALPHA AND XMAX oY QEGAFSSION ANALYSIS

Figure B-14.

N XQT ALPHAB

TLYC QF RU
SUNS 1

REGPFCSTON

P
RSO

YINTFOCEPT = 1/ (ALPHAsXMAX)
SLOPE OF PFST FIT

ALPHA

XMBX

[T TR

TASFL UPON FAUILIRPYYUM DATA FROM INPIVIDUAL

PUNS
1

- N

w n &

N 1 = GU/i5/777 SCR=ATS
10 a

SORIENT

THMP

ANALYSTIS OF LTNFARIZED [SOTHFR™

.99¢€
.99
L214c52-n3
L386692-10
S1R6251-06
.7PN353 11

DATE CXxP BFGUN Ce
mM7Ye/7 «3700G7+03
“1/167473 5590007
1716770 3300008
1716710 . 2N00+08
t1/21273 «15306G+0°
aysrons11 . 110004+09

Output from ALPHAB-tabular printout.

51

SAMPLE PROBLEN

L. Etui—ub'riw dala

JF LINFARTZE LAENGMUL ¢ T90TH PV

CTAFH-ALRFUS

Faa-210
<erL
MENDEN STLT LOMM
37.7 DFG. CENT.
RESULTS
RUNS
XALRs Co/x?aas
£25000+1 % LI2000-L2
.250nC411 L72000-07
25077411 L1 re0-ue
L24000+11 .73333-03
L28CN0+11 LESTI -2
L5000 40300 -4,
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16.00
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BACTERIAL ADSORPTION EXPERIMENTS - LINERRIZED LANGMUIR ISOTHE

T T 1 1 T T 1 T T 1
20.00 40.00 60.00 80.00 (X 116480]0 160.00 180.00 200.00 220.00 240.00

RUNS 1 SORBENT MENOON SILT LORM COMPETITIVE EXPERIMENTS
1o 9 SORBATE STRPH-RUREUS BACTO PEPTONE_Q GM/L
TEMP 37.000 SODIUM CHLORIDE_Q GM/L

SODIUM LAURYL. SULFATE_Q GM/L

Figure B-15. Output from ALPHAB-linearized Langmuir isotherm by Gerber plotter.
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240.00
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(BUGS/GM)
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40.00
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T L T 1
100.00 120.00 140.00 160.00 180.00 200.00 220.00 240.00
CSTAR (BUGS/ML) (X10° )

BRACTERIAL ADBSORPTION EXPERIMENTS - LANGMUIR ISOTHERM

RUNS 1 SORBENT SOIL COMPETITIVE EXPERIMENTS
10 9 SORBATE STRAPH-RUREUS BACTO PEPTONE._Q GM/L
TEMP 37.000 SODIUM CHLORIDE_Q GM/L

SODIUM LAURYL SULFATE _Q_GM/L

Figure B-16. Output from ALPHAB-conventional Langmuir isotherm by Gerber plotter.






APPENDIX C

THRESHOLD TOXIC AND COMPETITIVE LEVELS

Toxieity of chemical sorbates to S. aureus

The results of tests to determine threshold toxicity
concentrations of SLS, peptone, and sodium chloride to
S. aureus are outlined below. For each test a control
containing only distilled water and S. aureus was used.
Partial results of the toxicity tests for each of these
chemicals have been compiled separately as Figures
C-10-C-15, C-16-C-19, and C-20-C-25, respectively. Assays
were done at the end of one hour contact time.

Sodium lauryl sulfate. Figure C-1 summarizes the
results of tests for determining the toxic effect of SLS on
S. aureus. Figure C-1 shows a marked effect on cell
viability is caused by increasing SLS concentration; the
threshold point of significant toxic effect appears to be
.05 gram per liter. It should be noted that 0.5 gram per
liter SLS caused 100 percent depletion of bacteria from
solution (Figure C-1). Figures C-6 to C-11 show the data
on which Figure C-1 is based.

]
o

60
50
40

30

20

BACTERIAL CELLS RECOVERED (%) — g
)

(o]

J— L I — |
Q.10 .20 .30 .40 50 60
CONCENTRATION OF Na-LAURYL SULFATE (gm/R)—

Figure C-1. Toxic effect of Na-lauryl sulfate on S. aureus
at 27C.

Peptone. Figure C-2 shows the results of toxicity
testing between S. aureus and peptone at concentrations
of 1.0, 10.0, and 30.0 grams per liter. Even at a peptone
concentration of 30 grams per liter, Figure C-2 shows no
indication of toxicity. This concentration level is sub-
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stantially higher than any levels which could be encount-
ered under even the most adverse conditions. Therefore,
peptone toxicity was not a problem for these tests.
Figures C-12 to C-15 show data on which Figure C-2 is
based.

100 b—0 o

o-

w
[=]

@®
o

mr

60

50

a0

30 -

BACTERIAL CELLS RECOVERED (%)—®

20

— 1
30

1 1 1

1 1
5 10 15 20 25
CONCENTRATION OF BACTO - PEPTONE (gm/2) ——

Figure C-2. Toxic effect of peptone on S. aureus at 27C.

Sodium chloride. Results in Figure C-3 indicate that
no depletion in bacterial population occurred until NaCl
concentration was increased beyond 100 grams per liter.
Since this concentration value is also beyond practical
experimental limits, sodium chloride toxicity was not a
problem for these tests. Figures C-16 to C-21 show data
on which Figure C-3 is based.

Threshold competitive levels of
chemical adsorbates

The results of tests to determine the competitive
effect of SLS, peptone, and NaCl on bacterial adsorption
are discussed below. These tests were conducted to
determine the concentration levels of each of these
chemicals at which substantial impairment of bacterial
adsorption occurs; this level is designated “‘threshold
competitive level.” Results of selected runs involving
bacterial competition with each of these chemicals have
been grouped separately as Figures C-22-C-25, C-26-C-31,
and C-31-C-37, respectively.

Sodium laury!l sulfate. Even though .05 gram per
liter of SLS showed no competition with bacteria for
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Figure C-3. Toxic effect of sodium chloride on S. aureus at 27C.
adsorption at 27C (Figures C-22-C-25), this concentration é
was selected to determine the adsorption isotherms at g
10C, 20C, and 37C, since higher SLS concentrations ‘g‘:‘;:
proved to be toxic to S. aureus (Figure C-1). Using this E ol
SLS concentration (.05 gram per liter), a noticeable cell w
uptake occurred at 27C (Figure E-9) but when the §
temperature was lowered to 10C, no bacterial adsorption 3
was observed (Figure E-2). This suggests that .05 gram per 3
liter of SLS inhibits the bacterial adsorption at 10C but c
not at 27C. 2
Though no bacterial uptake occurred at 10C in .05 5
gram per liter of SLS solution, significant adsorption did @ - A

occur (Figure E-5) at this temperature when the initial cell CONCENTRATION OF BACTG- PEPTONE {gm/2) — &=
concentration was decreased by tenfold (1 x 107
cells/ml) and that of SLS was cut down by one-fifth (.01 Figure C-4. Effect of various concentrations of peptone
gram per liter). on bacterial adsorption at 27C.

Peptone. Figure C-4 shows the effect of peptone
competition with S. aureus for adsorption. These results
were obtained using identical conditions in each test

except for the peptone concentration. Figure C-14 shows Sodium chloride. A wide NaCl concentration range
zero uptake of cells at peptone concentrations greater (.06 gram to 200 grams per liter) was tested to determine
than 6 grams per liter. As can be seen from Figure C-4, its ability to compete with bacteria for sorption sites.
bacterial uptake was decreased linearly with increasing Results of these experiments are shown in Figure C-5,
concentrations of peptone. A peptone level of 3.8 grams which indicate no competition of NaCl with bacteria for
per liter, based on the results in Figure C-4, was chosen to sorption. NaCl is a strong electrolyte and tends to remain
study peptone’s competitive effect on bacterial adsorp- in solution rather than go towards the interface. Bacterial
tion. However, no cell uptake was observed at 10C in the cells are proteins which have hydrophilic as well as
presence of peptone (3.8 grams per liter) as indicated in hydrophobic groups. The hydrophobic group might
Figure F-2. Figure C-4 is based on results shown in Figures influence bacteria to tend towards the soil-solution
C-26 to C-31. interface, possibly resulting in their adsorption on soil
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Figure C-5. Effect of various concentrations of sodium chloride on bacterial adsorption at 27C.

particles. Even if Na'is adsorbed, which is quite likely, its
hydrated radius (0.98A°) is comparatively smaller than
that of bacteria (100A°), suggesting that Na* may not be
occupying all the space provided by adsorption sites but
could leave enough room for bacterial cells to adsorb.
Thus NaCl could be acting noncompetitive to bacteria.
Bacterial cells are amphoteric in nature, i.e., individual
cells have both positive as well as negative charges. If it is
assumed that bacteria are preferentially adsorbed by soil
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particles they might have formed a coating around the soil
particles, which left positive ends outside, that could
possibly have caused Na' to repel from sorption sites.
This could explain the noncompetitive behavior of Nat.
Though no competitive level of NaCl was observed
experimentally, 30 grams per liter of NaCl concentration
was selected for investigating adsorption isotherms at
different temperatures. Figures C-32 to C-37 show results
on which Figure C-5 is based.






ELAPSED

TIME
(MIN)

.0

69

15.0

3IN.N

45.1

60.0

DA TE
HO UR
RUN
TYPE OF RUN

NO. OF DIL.
OF 29 ML Fa.

1.

1.

TASLE 2 SACTERTAL

107297693

1507 HRS
[
CONTROL

PIPET VOL.
DElLe TO PLATF
(M)

1.0

1.0

ADSOPPTION EXPERTMENTS - COLLFCTTION AND REDUCTION

SORBATE STAPH-AUREUS

FDA-209

INITIAL NONC (SPECT REA
TFMP  27.0 DEG. C.
TAMPLE VOL. 1.0 ML

FILTFR NO. CF
PLATE TFOUNT VALIN ¢RS,

(CUGS/PLATE)

215. 1.
T

207. 1.
n.

220. 1.
0.

215, 1.
M

?37. 1.
D.

21N. 1.
n.

C) 2nnno.,

AVG FILTER
PLATT COUNT
(AUCS/PLATE ) .

21%.

one.

218.

239.

210.

Figure C-6. Computer output run 6—sodium lauryl sulfate toxicity, control run, 0 gm/I SLS.

SOL.

BEUCS/ML

OF JATA
voL . 200246
FacT., SOLUTICH
coNe.
(UGS /ML)
1nn. 215L8.
17N, 20000,
17n. 22c00.
170, 215¢0.
171, 23000,
177, 21300,

ML

XBAR

(3UGS/GM)

0.

O.
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6.50

5.50

4.50
1

3.50
1
=3
a

2150.00

{
-

(Bg%gERIQ/GM SORBENT)

XBAR
1.50

[

T

2070.00

50
T
SOLUTION CO

-.50

T T 1 T 1 T T S T L
.00 5.00 10.00 15.00 20.00 25.00 30.00 35.00 40.00 45.00 50.00 55.00
TIME (MIN)

[92]
(@)

BACTERIAL ADSORPTION AUN 6

DATE 10/29/69 SORBATE STAPH-RUREUS
TEMP 27.000 STRAIN FDR-208

TYPE OF RUN CONTROL

Figure C-7. Graphical output run 6—sodium lauryl sulfate toxicity, control run, 0 gm/I SLS.
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TARLE 2 BACTERTAL ADSORPTION EXPERIMENTS - COLLECTION AND REDUCTION OF DATA

DATE 09/22/69 SORBATE STAPH-AUREUS - SOL. VvOL. 2000.0 ML
HO UR 1500 HRS FDA-209
RUN 5 LAURYL-SULFATE
TYPE OF RUN TOXICITY 0.N5GM/L
INITIAL CONC (SPECT READ) 20000. BRUGS/ML

TEMP 27.0 DEG. C.
SAMPLE vOoL. 1.0 ML

ELAPSED NO. OF DIL. PIPET VOL. FILTER NO. OF AVG FILTER DIL. FACT.  SOLUTION XBAR
TIME OF 99 ML FA. NEL. TO PLATE PLATE COUNT VALID 08S. PLATE COUNT CONC.
(MIN) (ML) {BUGRS/PLATE) (BUGS /PLATE) (BUBS /ML) (BUGS/GM)
.0 1. 1.0 225. 1. 22S5. 100. 20250. 0.
N.
5.0 1. 1.0 230, 1. 230. 100. 23000. o.
0.
15.0 1. 1.0 215. 1. 215. 100, 21500. o.
O.
30.0 1. 1.0 225. l. 225. ’ 100. 22500. O.
D.
45,0 1. 1.0 220. 1. 220. 100. 22000. O.
D
60.0 1. 1.0 195. 1. 195. 100. 19500. g.
0.

Figure C-8. Computer output run 5—sodium lauryl sulfate toxicity, 0.06 gm/l SLS.
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DATE 08/22/69

TEMP 27.000
TYPE OF RUN

SGRBATE STAPH-RUREUS

STRRIN FDR-209
TOXICITY,.05 GM/L LAURY! SUT.FATE
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60.N

TABLE 2 3ACTERPIAL
DATE 0Qr22/7&9
HO UR 1500 HRS
RUN 3

TYPE NF RUN

NO. OF DIL.
NF °a M| F4a,

1.

1.

1.

1.

1.

TCXICITY

PIPCT vOL.
NMte TO FLATE
(M)

1.0

1.0

Figure C-10. Computer output run 8—sodium lauryl sulfate toxicity, 0.560 gm/I SLS.

ADSOPPTION FYPERTMENTS - COLLECTTON AND RFOUCT IOM OF
SOTCATE STAPH-S URFUS SIL. VOL.
FNA- 19
LAURYL-SULFATF
0L.3NGM/L
TNTTIAL CONC (SPECT KEAD) 2nAnn,  eyrSys L
TEMP  27.0 NEG. <.
CAMPLE VOL. 1.0 ™ML
FILTFR NO. OF EVG FILTER DIL. TACT.
PLATF CCUNT VALID 21S.  PLATE CouMT
1SUGS/TLATE) {(7URS /PLATE)
27%. 1. 775 pro.
16%. 1. 165, ine.
-‘C
M. 1. 7r. 16n.
7.
0. 1. 7. 10,
a.
5. 1. 6. 1m".
0.
2. 1. e alal®
n

DATA

2.00.0 M

SCLUTTCH

{

coNe.
UrS/rL)
2475C.

1~500,.

7000.

X3AK

(UGS/CH)

J.
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TARLE 2  JACTYFRPTIAL ANTORPTION

DA TE DA723/69

HO UR 150N HR”

RUN 12

TYPF OF RUN TOXICITY

ELAPSED NNe OF DIL. PIPET VAOL.
TIME NF Q9 M Fa,. L. 70 FLAYF
(MIN) (ML)

« 0 1. 1.1
5.0 1. 1.3
15.0 1. 1.0
30.0 1. 1.0
45.0 1. 1.1
65040 1. 1.0

SORMATE

INTITIAL 7ONC

TEMP  27.7
SAMPLE Vv 3L

FILTFPR
PLATT CCumMT
(PUNS/PLATE)

40,
1.

710,
7.

535.
Ta

SR8,
7.

PFC. T
. 1.0 ML

NO. NF
VALTD OfS.

Figure C-12. Computer output run 12—peptone toxicity, 10.0 gm/l peptone.
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10.9306M/7L
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GIt.
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1.
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VoL .
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{ o

rONC.

UGS /ML)

~7500.

71003.

53500,

58500.

580CC.

610C0.

ML

XEAR

(3UGS/GM)

g.
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Figure C-13. Graphical output run 12—peptone toxicity, 10.0 gm/l peptone.
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TA3LE 2 BACTERIAL ANDSORPTION EXPERIMENTS - COLLECTION AND REDUCTION OF TATA

DATE 097237693 SORBATE STAPH-AUREUS . SOte. VOL. 2000.0 ML
HO UR 1500 HRS FDA~-209
RUN 13 PEPT ONF
TYPE OF RUN TOXICITY 30.006M/L
TNITIAL CONC (SPeLCT READ) 2n000.  BUGS/ML

TEMP  27.0 DEG. C.
SAMPLE VOL. 1.0 ML

ELAPSED NO. OF DIL. PIPET VOL. FILTER NO. OF AVG FILTER DiL. FACT, SOLUTION XBAR
TIME OF aa ML EA. NMEL. TO PLATE PLATF COUNT VALID 08S. PLATE TOUNT rONC.
(MIN) (™) (BUGS/PLATE) (RUCS /PLATE) (RYRS /ML) (3UGS/GM)
N 1. 1.0 91n. 1. 455. 100. 45500. 0.
.
5.N 1. 1.0 845, 1. 445. 100. 44500. 0.
O.
15.0 1. 1.0 £35. 1. 535. 1inn., 53500. 0.
J.
3n. N 1. 1.0 517. 1. S10. ’ 100. 51300, 0.
0
45.0 1. 1.9 58n. le. 580. inr. 5800U. O.
Ne
60.N 1. 1.0 460. 1. 4eC . inn, 46000. D.
D. )

Figure C-14. Computer output run 13—peptone toxicity, 30.0 gm/I peptone.
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Figure C-15. Graphical output run 13—peptone toxicity, 30.0 gm/I peptone.

TYPF OF RUNL
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ELAPSED

TIME

(MIN)

<0

5.0

15.0

30.N

45.0

60.0

TABLE 2 BACTERIAL ADSORPTION EXPERIMENTS - COLLECTION AND REDUCTION OF DATA

DATE 09/25/69

HOUR 1500 HRS

RUN 17

TYPE NF RUN TOXICTITY

CF DIL. PIPET VvOL.
OF 899 ML Fb., NEL. TO PLATE

(e

1. 1.0

1. 1.0
1. 1.0
1. 1.0
1. 1.0
1. 1.0

SORBATE STAPH-AUREUS
FDA-209
SORRENT  SODIUM CHLORIDE
40.00GM/L
INITIAL CONC (SPECT READ) 23000.
TEMP  27.0 DEG. C.
SAMPLE VOL. 1.0 ML
FILTER NO. OF AVG FILTER
PLATE COUNT  VALID 0BS. PLATE COUNT
(BUGS/PLATE) (BUGS /PLATE)
217. 1. 210.
7.
163. 1. 161.
a.
153. 1. 15n.
3.
. 1. 90.
7.
137, 1. 130.
9.
130. 1. 130.
9.

Figure C-16. Computer output run 17—sodium chloride toxicity, 40.0 gm/I sodium chloride.

SOL. VOL.
SORBENT WT.

BUGS/ML

DIL. FACT.

100.

130.

130.

100.

100.

100.

2000.0
(0D)100.0

SOLUTION

CONC.

(BUGS/ML

14700.

16000+

15000.

9000.

13000.

13000.

ML

GM

(BUGS/GM)

0.

0.
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Figure C-17. Graphical output run 17—sodium chloride toxicity, 40.0 gm/I sodium chloride.
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SORBATE STAPH-AUREUS
STRAIN FDA-209

TOXICITY 40.0GM/L NACL
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Figure C-18. Computer output run 25—sodium chloride toxicity, 150.0 gm/I sodium chloride.

DA TE
HO UP
RUN
TYPE OF RUN

NO. OF DIL.
OF 99 ML EA.

3.

3.

3.

3.

TARLE 2 PBACTFRTAL

n3soz2/s7 10

1500 HRS
25
TOXICITY

PIPET VvOL.
DEL. TO PLATE
(M)

1.0

ADSUPPTION FXPERTMENTS - COLLECTICN AND REPUCT ION OF DATA

SORBATE S

150.0 GM/LNACL

INTTIAL CONC

TFMP  27.0
SAMFLE vOL.
FILTFR N

PLATF COUNT VA
(JUGS/PLATE)

110.
n

8% .
Na

m.
0.

45,
Ne

€0,
0.

50.

TAPH-AUREUS
FDA-209

(SPECT READ)

0EG. C.
1.0 ML
0. OF

LID 08S.

1n000000N0,.

AvVG FILTER
PLATE COUNT

(RUCS/PLATE)

11n.

R5.

70.

45.

AN

50

SOL. VOL.

RUGS/ ML

DIL. FACT.

100cnnn,.

1000300,

icgnoon.

1000000.

10030009,

13G60900.

200.0 ML

SOLUTION

CONC.

(3UGS 7ML

110000000,

as0u0BUOo0.

76000000.

45000000,

60060000,

«0003000.

XBAR

{BUGS/GM)

0.
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Figure C-19. Graphical output run 25—sodium chloride toxicity, 150.0 gm/l sodium chioride.



ELAPSED
TIME
(MIN)

. N

€L

15.0

3n.n

45.1

60.0

DA TE
HQ UP
UM

TY PF

NO. OF DPIL.
OF Q2 ML [,

3.

3.

3.

3.

cFOPYN

TA3LE 2

12/17/69

1530 HRS
?3
TAXICTITY

SIPET VOL.
FELe TO PLATF
(ML)

1.0

1.0

1.0

RACTLRTAL ACSGPPTION TYP RIMENTS - COLLFCTTION ANNA RFOUCT IO CF

SNRAPTF
FCA-209

200.0 GM/L ¥ACL

INITIAL 70 C (SPECT READ)
TEMP 2T." NEG. C.
SAMPLE vOiL . 1.0 ML

FANQITNN,  ALRS/NL

FILTER NQo. OF
PLATF COUNT VALTD 045.
(2UGS/PLATH)

AV FTLTER NIt. FHOT,
PLATE COuNT
(FUrs/oLaTte)

7. 1. TR, 1acannT,
&7, l. €0, 170 "ann.
O
un, 1e 4. 1nannna.,
35. 1. 3I5. jgnanon,
"\.
ur, 1. ue, 10670y
T.
5. 1. 5. iroenpn,
N.

Figure C-20. Computer output run 23—sodium chloride toxicity, 200.0 gm/l sodium chloride.

STAPH-AUREUS <CL. VOL.

TR

1700.0 ML

SCLUTION
coNC .
(BYRS /ML)

74990ag3,

4C.0coc0.

35L.,00060.

455l 300,

ISOU0C UL

XRAR

(UGS/CGH)

G.
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Figure C-21. Graphical output run 23—sodium chloride toxicity, 200.0 gm/l sodium chloride.

STRAIN FOR-209
TOXICITY, 200.0 GM/L NACL

g340.00

(=2

820.0 500. 00
[qus )

500,00 580, 00 660.00 740.00
(BACTERIA/ML]

SOLUTION CONCENTRATION

420.00°



GL

TABLE 2 NRACTFRIAL ADSOPPTION EXPERTMENTS - COLLECTION AND REDUCTION OF NATA

NDATE  1N/24/E)

HO UR 1500 HI<

RUN 1

TYPE 0F RUN D.70LsSt/L

ELAPSED NO. DF DIL. PIFET VOL.

TIME NF 99 ML FA, DFL. TO PLATE
(MIN) (™)

.0 3. 1.0

5.0 3. 1.0
15.0 3. 1.0
30.0 3. 1.0
45.0 3. 1.0
60.0 3. 1.0

SOPVATE STAPH-AURFUS S0L. VOL. 1928.,0 ML
FDA-203 SQRPENT wT . (OL) 10L.C  0OH
SOPAIENT SOIL
MENDON SILT LOAM
TNITTIAL CONC (SPECT READ) 200000000. BUCS/ML
TEMy 27.0 DEG. C.
TAMPLE VOL. 1.0 ML
FILTFP NO. OF AVG FILTER DIL. FACT. SOLUTIGN
PLATFY COUNT VALID 0BS. PLATE COUNT CONC.
(RUGS/PLATEDY (BUGS /PLATE) (BUGS /ML)
130, 1. 180. 1000000, 161395348,
n,
100, 1. 160. 1ngroan., 1r0COo000C.
0.
130. 1. 130. 100000N. 130000000.
0.
1nn. 1. 100. 1000000. 100L0000C. 11
0. ’
135. 1. 135. 1g00000. 135000000.
D
80. 1. &n. 1000000. 80320000.
0.

Figure C-22. Computer output run 1—sodium lauryl sulfate competitive level test, 0.0 gm/I SLS.

XBAR

(BUGS/6BM)

0.

267939718 .

buUb66939630 .

8629993803.

5108499840 .

1571343977 .
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Figure C-23. Graphical output run 1—sodium lauryl sulfate competitive level test, 0.0 gm/I SLS.
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TAILE 2 SACTERTIAL ADSOPPTICN SXYPERIMENTS - COLLFCTTIun AHD REDUCTICH OF ~aTte

DA TF 17724769 SORPATF STAPH-AURFUS SLL. Vul e le3s L Mo
HO UP 1500 HRS FOA-? N9 SIDAENT VT L. tLu) luer GN
RUN 2 CSORBENT SCIL

TYefF CF RUN IMGLSE/L MENDCON SILT LC8M

TNITIAL TONC (SPHCT REAC) °ATRgenarT. R EAVALN
TEMP 27.0 DECG. C.
SAMPLE VOL . 1.0 ™ML

ELAPSFEND NO. CF DIL. PIFPET vOL. FILTER NO. OF AVC FILTER CIL. FACT, SOLUTION X3AR
TIME OF Q9 ML 2. DFL. TO OLATE PLATF COUNT VALIC 0dS. PLETE COUUNT CONC.
(MIN) (M) (AUGS/PLATE) {RUGS/PLATE) JUGS /ML) (3UGS/CM)
«0 3. 1.0 180. 1. 180, 1npgn., 161395348, g.
.
5.Nn 3. 1.0 143, l. 1en, 1rropna, leczeonoc. 41 359393872.
0.
15.0 3. 1.0 1n=. 1. 1n5. 1naranna, itcsepgoel. 1u90149s520.
0.
30.N 3. 1.0 12%. 1. 125, 1Tengnn, 125000000. Tu 37435648 .
T
45.0n 3. 1.9 11F, 1. 115. 1Taon0nn. L1sgtggoco. 8963499712,
0.
60.0 3. 1.0n 110. 1. 1C0. 1700000, LCorcsooc. 116634397 7.
T

Figure C-24. Computer output run 2—sodium laury! sulfate competitive level test, 0.05 gm/l SLS.
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Figure C-25. Graphical output run 2—sodium lauryl sulfate competitive level test, 0.05 gm/l SLS.



ELAPSED
TIME
(MIN)

0

6L

15.0

30.0

45.0

60.0

TASLE 2

DA TE 11/10/7€9
HO UR 1500 HRS
RUN 7

TYPE OF RUN Q.GGPEP/L

NO. OF DIL.
OF 99 ML EA.

PIPET VOL.
DFLe TN OLATE

(M)
3. 1.4
3. 1.0
3. 1.0
3. 1.0
3. 1.0
3. 1.0

BACTERTAL ADSORPTION EXPERTMENTS - COLLFCTION AND REDUCTION CF DATA

SORBATE STAPH-AURFUS SOL. VOL. 1925.06 ML
FDA-209 SORRENT Wl. (00) 10.0
SOR3ENT SOIL
MENDON SILT LGAM
INITIAL CONC (SPECT READ) 1MNQ0ONOC. BUGS/ML
TEMF 27.0 DFG. C.
SAMPLE VOL. 1.0 ML
FILTER NO. OF AVG FILTER 0IL. FACT. SOLUTION
PLATE COUNT  VALIP 0d8S.  PLATE COUNT CONC,
(BUGS/PLATE) (BUGS /2LATE) (BUGS /ML)
115. 1. 115. 1oonopn., 103051947,
n.
6S. 1. £5. 1noonan., 55000000,
0.
7. 1. 75. 1ocoron., 75C5000C.
0.
. 1. 7N, 1000590, 70CUBOBO.
n.
65. 1. RS. 1000006, 65000000.
n.
70, 1. 70. 1o0000n, 70000000,
n.

Figure C-26. Computer output run 7—peptone competitive level test, 0.00 gm/I peptone.

oM

XRAR
(BUGS/GM)

Q.

7313999744 .

5396999680 .

6357999744,

71318499584 .

0358439648 .
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Figure C-27. Graphical output run 7—peptone competitive level test, 0.00 gm/lI peptone,

COMPETITIVE,0.0 GM/L. PEPTONE



TABLE 2 3ACTERTAL
DA TE 11725769
HN UR 150N HR<
RUN 30

TYPE OF RUN 3.5GPP/L

ELAPSED NO. NF DIL. PIPET VvOL.

TIME OF 99 ML EA.  DfL. TO PLATE
(MIN) (ML)
o .0 2. .1
—
5.0 2. .1
15.0 2. .1
30.0 2. .1
45.0 2. .1
60.0 2. .1

ADSOCPTION EXPERIMENTS - COLLENTIIN &ND REDUCTION OF NATA

SORABATE STAPH-AURFUS
FOA-203
SNRBENT So
MENDON SILT LOAM
INITIAL CONC (SPECT REA
TEMP 27.0 DEG. C.
SAMPLE VOL. 1.0 #nL

FILTFR NO. OF
CLATF COUNT VALID 0R_S.
(JUGS/PLATE)

275, 1.
N,

215, 1.
Ne

2in. Je
Na

NS, 1.
T

237 1.
0.

2?25, 1.
n.

Figure C-28. Computer output run 30—peptone competitive level test, 3.5 gm/I peptone.

IL

D) 0000200,

AvVe FILTER

FLATE CUUNT

{URS/PLATED

275,

215.

kS BARY

’nsS.

270,

275,

DIL.

QL.

BUC S/ ML

FarT,

100nrn,

1ennnn.

1rsnar.,

10900%.

110070,

VGL .
CORLENT WT .

1700.0  HL

(0L) 1C.C

SOLUTION

CONC.

(suns /ML)

2750000C,

21500000,

21ienace.

205000600

237 UL 0.

22500C0cCC.

[chy

XBAR
(3ULGS/GM)

O.

1019339936 .

1104299336 .

1183149304.

]

7651u49920.

443899928 .
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1
!
2

140.00
<y
274.00

)

(xto? )
1120.00
>
T
264,00
(X10°

100. 00
>
L

_M X =1,0 x 10°

1

T
254.00

IBACTERIA/ML)

80.00
|
2uy. 00

o
SOLJTION CONCENTRATION

(BACTERIA/GM SORBENT)
>

60.00
1

R
234.00

XBAR
40.00
o
224.00

1
—

¥

* 7
cC =2.,19X 10

e
o
214.00

sk _ . a

1 T T T T T - T T T T T T
.00 5.00 10.00 15.00 20.00 35.00 40.00 45.00 50.00 55.00

© 204.00

o
Q
o

25.00 30.00
TIME (MIN)

BACTERIAL ADBSORPTION RUN 30 SORBENT ~ MENOON SILT LORM

DRTE 11/25/68 SORBATE STRPH-AUREUS
TEMP 27.000 STRAIN FDR-209
TY'F OF RUN COMPETITIVE, 3.3 GM/I PEPTONE

Figure C-29. Graphical output run 30—peptone competitive level test, 3.5 gm/I peptone.



ELAPSED

TIME
(MIN)

<N

€8

5.0

15.N

30.0

45.0

60.0

DA TE
HD UR
RUN
TYPE OF RU?

NO, NF DIL.

TAa’{F 2

11/10/69
1590 4o«
11
3V5PER/L

PIPET vOL.

NF a° ML FA. PEL. TO PLATF

3.

3.

(ML}

1.0

1.0

1.0

RACTERTAL ANSOPPTION

SORRATE

STAPH-AUIFUS
FDA-2173
SORAFNT SOTIL
MENMDON SILT LOAM
INITIAL CCNC (SPECT READ)
TEMP  27.T7 DEG. C.
SAMPLE VOL. 1.0 ML

FILTFR NO. OF AV
PLATF COUNT
(RUGS/PLATE)

VALIN 04<.

37. 1.
J.
75 1.
’1.
R0 . i,
0.
75 1.
T
75 . 1.
30 . 1.

Figure C-30. Computer output run 11—peptone competitive level test, 30.0 gm/l peptone.

EXPERIMENTS =~ COLLTCTIIN &MN RFDUCTION

inhpaonnn.,

FILTER

PLATE COUNT
(RUCS/PLATE)

2n.

an.

AS

f0.

SOL. VUL

OF nATA

13:.5.0 ML

SOPSTNT WT. (30) 1ULU

EUGS/ ML

UILe FATT.

13npacec.

naeenr.,

12nnane,

1oonane.,

meernnay,

17c~ara.

SOLUTION

FONC.

(AUARS /ML)

20649354,

7500 00L0Lu.

33100000,

75LuC00C.

75C000CC.

8CL 0000

GM

XBAR

(BUGS/GM)

0.

1u85399340.

124499782,

1ud54997 32

1C8549387 76

125499884
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Figure C-31. Graphical output run 11—peptone competitive level test, 30.0 gm/I peptone.



ELAPSED
TIME
(MTIN)

.0

G8

15.0

TABLE 2 BACTERIAL ADSORPTION EXPERIMENTS - COLLECTION AND REDUCTION OF DATA

DATE 10/18/69 SORBATE STAPH-AUREUS © S0L. vOL. 1820.0 ML
HN UR 1507 WP c FD&-209 SORBENT WT. (00D) 10.0 6N
Ry M 13 SORBENT SoIL

TYPE OF RUN 0,0 GM/L NACL MFNDON SILT LOAM

Nn. OF OIL.
0OF 99 ML EA.

3.

PIPET VNL.
DEL. TO PLATE
tn)

1.7

INITIAL CONC (SPECT READ) 100000000. PUGS/ML
TEMP 27.0 DEG. C.
SAMPLE vOL. 1.0 ML

FILTER NO. OF AVG FILTER DIL. FACT. SOLUTION XBAR

PLATE COUNT VALID 08S. PLATE COUNT CONC.

(BUGS/PLATE) (BUGS /PLATE) (BUGS/HL) (BUGS/GM)
30. 1. 90. 1000909 . 866249399, 0.
0.
55 . 1. 5s5. 1000000, $5600000. 4316499712.
O
70. 1. 70. I00CH00. 7C0000C0C0. 20393499304 .
0.
50 . 1. 50. 1000009« S000GL00. 58734399840,
Q.
4Q. 1. 40. 10000060 . 4G GL G060, 77834339904 .
0.
6C. 1. 60. 160 C0u0. S5CLLLO00. 335394939872,
0.

Figure C-32. Computer output run 13—sodium chioride competitive level test, 0.0 gm/I sodium chloride.
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Figure C-33. Graphical output run 13—sodium chloride competitive level test, 0.0 gm/l sodium chloride.
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ELAPSED
TIME
(MIND

.

15.0

TaAB

LE 2 BACTERTAL AD

DA TE 10/29/619
1500 HRS

HO UR
RUN

2

TYPE 0F RUN 30.0GM/L NACL

NO. OF DIL.
NF Qo ML EA.

3.

3.

SORPTICN EXPERIMENTS - COLLECTION AND REDUCTION OF DATA

SORRATE STAPH-AUREUS SOL. voL. 1920.0 ML
FO&~209 . SORBENT WT. (0D) 10.0 GM
SORBENT SOIt
MENDON SILT LOAM
INTTIAL CONC (SPECT READ) 125000000. BUSS/ML
TEMP 27.0 DEG. C.
SAMPLE vOL . 1.0 ML

PIPET VOL. JFILTER NGo CF AVC FILTER DIL. FALNT. SOLUTTON XBAR
OL. TO PFLATE PLATFE fOUNT VALID OBES. PLATE COUNT CONC.
(M) (BUGS/PLATE) (BUCS/PLATE) (BUGS /ML) (BUGS/GM)
1.0 140. l. 14n. L RARS S VERL AN 125810566, 0.
0.
1.0 35. 1. 95. 1oonrae, e LaLGo0. 5835439904 .
D
1.0 90. 1. 90 . RS TEREITRARAIN 900CLab0. 6794499840,
[
1.0 95, 1. 95. 1009204G"7. 35CCUHTD. 5835999808 .
0.
1.0 35. 1. 95. 10cornn, Qs0GIG00. 533599958 72.
'1.
1.0 0. 1. 70, 1aorgern, 700ucrut. 10623499904 .
a.

Figure C-34. Computer output run 8—sodium chloride competitive level test, 30.0 gm/I sodium chloride.



1
1
t

140.00

-
-
Q| 1250.00

(X108 )
120.00

x

T T

1170,

/ML) (X1

100.00
A
T
1090,
IR

{BACTER

Blﬂ [o[s]
—
101Q.00

X c* - 9.60x107 ——
4] 8] 8]

60.00

1
930. 00

X = X% X
——.— 0 X* = 6.0%x10°

(BACTERIA/GM SORBENT)

XBAR

40.00
1
T
850.00

SOLUTION CONCENTRATION

20.00
1
e
770.00

00
‘Lo
& 690.00

. I T T T — T . T T
.00 5.00 10.00 15.00 20.00 35.00 40.00 45.00 50.00 55.00

[e2]
Q
o

T 1
25.00 30.00
TIME (MIN)

BQCTEH I QL QDSOHPTIUN RUN 8 SORBENT ~ MENDON SILT LORM

DARTE 10/29/69 SORBATE STAPH-RUREUS
TEMP 27.000 STRARIN FDR-209
TYPE OF RUN COMPETITIVE’ 30.0GM/L NACL

Figure C-35. Graphical output run 8—sodium chloride competitive level test, 30.0 gm/l sodium chloride.
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TARBLE 2 BACTEPIAL ADSORPTION EXPERIMENTS - COLLECTION AND REDUCTION OF DATA

DATE nN1/730/70 SORRBRATE STAPH-AUREUS SOL. VOL. 200.0 ML
HO UR 1500 HRS FDA-209 SORBENT WT. (OD) 1.0 GM
RU N 24 SORBENT SOIL

TYPE nF RUM 100.0 GM/L NACL MENDON SILT LOAM

INITIAL CONC (SPECT READ) 750006000. BUGS/ML
TEMP 27.0 DEG. C.
SAMPLE VvOL. 1.0 ML

ELAPSED NN, OF NIt. PIPET VvOL. FILTFR NO. OF AVG FILTER DIL. FACT. SOLUTION XBAR
TIME OF ©9 ML fa. DEL. TO PLATE PLATE FCOUNT VALID 08S. PLATE COUNT CONC.
(MIN) (ML) (BUGS/PLATE) (BUGS/PLATE) (BUGS /ML) (3UGS/GM)
«0 3. 1.3 20. 1. an. 1000000. 68000000. 0.
J.
5.N 3. 1.9 15. 1. 15. 1nNoo00. 15000000. 10535000064.
0.
15.0 3. 1.0 3n. 1. 30. 10n000n. 36000000, 7565000000 .
0.
3n.N 3. 1.0 15. 1. 15. 1ncnaoo. 15000000. 10520000000,
0.
48,1 I 1.0 23. 1. 2. 1naneno. 20000000, 9540000000 .
0.
60.N 3. 1.9 1. 1. 15. 1podaonn. 15p0000cc. 10515000064 .
0.

Figure C-36. Computer output run 24—sodium chloride competitive level test, 100.0 gm/l sodium chloride.
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APPENDIX D

BACTERIAL ADSORPTION ISOTHERMS
(WITHOUT CHEMICAL COMPETITION)

Bacto-Peptone 0 gm/I
Sodium Chloride 0 gm/!
Sodium Lauryl Sulfate 0 gm/|

Bacterial adsorption isotherms (Langmuir and
linear) in the absence of chemical competition are shown
in this appendix for activated charcoal, kaolinite clay,

Mendon silt loam and silica sand, all with S. aureus as the
sorbate. These isotherms were obtained at 10C, 20C, 27C,
and 37C. The output in the tables shows the isotherm
parameters such as o, (the equilibrium constant), X ., {the
maximum adsorption capacity of adsorbent), and RrB (the
regression coefficient). These results are summarized in
the text, in Table 2.
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6

CETERMINATION OF ALFH2 AND XMAX BY REGRESSICN ANALYSTS OF LINEARIZED LANGMUIR ISOTHERM

DATE CF RYN 1 = 12715759 SORRATE STAPH-AUREUS
ERRFAFAN 1 TC 7 FDA-209
SCREENT CHARCOAL

FILTRASOR®B-4ND
TFMP  10.0 DFG. CENT.

PEOPESSTION AMALYSTS OF LINFARIZET ISOTHERM - RESULTS

Pz L,912
PSG = .813
VINTENPAFOT = ]/ (ALDHAXXYAX) = .1649N4-0D
SLOPE OF ~oel FIT = ,221415-19
ALPHMA = . 1342E€n-0g
XMAX = L4T 1640410

TASED UPAN FOUTLIBRIUM TA4TA FROM INDIVIDUAL RUNS

Figure D-1. Analysis of equilibrium data, runs 1-7—S. aureus and activated charcoal, 10C.

PUNS TATE E£XP 2 LCGUN Cx* X3ARx* (1/C*«XRAR=*)
1 17/15/%7 L 41000+9F «15070+09 «27333-u2
7 17715763 «22500+07 «11400+10 «12737-02
z 1277 0/Rr9 «17300+08 «30007+10 «S57667-0U2
4 12/°00/63 «93703C+0G7 «23000+10 «.306000-02
5 12725760 « b3 ER0O+CT .25000+10 .27400-02
B 127257¢9 «11500+09 «IO0N0+10 «38333-02
7 12730/62 «1100G6G+02 «25C00+13 ~44000-02
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Figure D-2. Langmuir isotherm, runs 1-7—S. aureus and activated charcoal, 10C.
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Figure D-3. Linearized Langmuir isotherm, runs 1-7—S. aureus and activated charcoal, 10C.
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NETERMINATION OF ALPHA AND XMAX BY REGRESSION ANALYSTS OF LIRFARIZED LANGMUIR

DATE OF RUN 1 = m2/05/69 SORBATE
PUNS 1 70 5

SORBENT

TEMP

PEGRFSSION AMALYSIS CF LINEARIZEN JTSOTHERM

P = . 8907
RS® = 808
YIMTFRCFRPT = 1/ (ALPHAsXMAX) = 373817-pP7
SLOPE OF QfEC<T FIT = . 1532487 -Q
ALPHA = - 1REQ1RB-DF
XMAX = « Bl 54?22 +11)

STAPH-AUREUS

FDA-2093
CHRRCOAL

FILTRASORE-4DD

20.0 O0OFG.

- RESULTS

fFASFD HPON EGUTLIBRIUM DATA FROM INDIVIDUAL RUNS

RUNS DATE EXP 3EGUN C*
1 n2/05/¢9 . £2000+07
2 02/715/79 . 45000+07
3 0%/35/79 .12800+08
u N2/05/63 .10500+08
5 n2/7n5/50 < 16300408

Figure D-4. Analysis of equilibrium data, run 1-11=S. aureus and activated charcoal, 20C.

XBAR*
L40000+10
+220N00+10
«50000+10
«38000+10
LA4500N+10

CENT.

C*/XP AR*

«15500-02
«20455-02
«25600-02
«27632-U2
«36222-0G2

TSOTHE RM
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1 A 1 | - 1

149.00
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.80

T T 1 U L L I T
15.00 30.00 us.08 60.00 28 128.20 135.00 15¢.088 165.00

'7'5.00 Q'B.Bﬂ llﬂé.
CSTAR (BUGS/ML) (X18%)

BACTERTAL ADSORPTION EXPERIMENTS - LANGMUIR ISOTHERM

RUNS 1 SORBENT CHARCOAL -:  T7A-" "4
T0 S SORBATE STAPH-AUREUS
TEMP 20.088

Figure D-5. Langmuir isotherm, runs 1-11=S. aureus and activated charcoal, 20C.
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Figure D-6. Linearized Langmuir isotherm, runs 1-11-S. aureus and activated charcoal, 20C.
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TTTORMINATION OF ALPHA AND XMAX BY REGRESSION ANALYSIS OF LINEARIZED LANGMUIR ISOTHERM

NATE OF PUN 1 = 12/23/69 SORBATE STAPH-AUREUS
2UMS 1 T0O 11 FDA-209
SORBFNT CHARCOAL

FILTRANSORB-40D
TEMP 27.0 DEG. CENT.

SUGPTSSTON ANALYSTIS OF LINEARIZED ISOTHERM - RESULTS

86

> 912
RSO = +834
YINTOPT=2T = 1/ (ALPYA»XMBX) = .191396-C3
SLOPE OF REST FIT = L270580-09
ALPHA = .134799-P%
XMAX = L49RE53+1C

JASER pyePAN FRUTLIBRIUM DATA FROM INDIVIDUAL RUNS

PUNS DPATE EXP BEGUN Cx XBAR=* (1/C*+XBAR»)
1 127293/68 . 20000+08 «40000+10 .50000-02
2 17729769 .11300+N8 40000410 «28250-02
z 172/730/69 «12000+08 .57000+10 «21053-02
4 12730/¢6S «88000+0C7 «55000+10 «16000-02
5 N /25/7¢9 . 30000+07 «32000+10 «93750-03
F ris2s57/€e9 «25000+07 .20000+10 «12500-02
7 nt/?>7/69 «50000+06 .70000+09 «71429-03
R n1/721/76S - 30000+07 «55000+10 «16364-02
9 N1/72723/89 - 61000+07 ~45000+10 «13556-U2
11 M1/28/7¢&38 .16000+08 .62000+10 «25806-02
11 C1/23/69 .12900+08 .50000+10 «25800-02

Figure D-7. Analysis of equilibrium data, runs 1-11-S. aureus and activated charcoal, 27C.
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Figure D-8. Langmuir isotherm, runs 1-11-S. aureus and activated charcoal, 27C.
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Figure D-9. Linearized Langmuir isotherm, runs 1-11-S. aureus and activated charcoal, 27C.
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BACTERIAL ADSORPTION EXPERIMENTS - LANGMUIR ISOTHERM

RUNS 1 SORBENT CHARCOAL -~ TTASC - '
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TEMP 37.008

Figure D-11. Langmuir isotherm, runs 1-11-S. aureus and activated charcoal, 37C.
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Figure D-12. Linearized Langmuir isotherm, runs 1-11=S. aureus and activated charcoal, 37C.



DFTERMINATION OF ALPHA AND XMAX BY REGRESSION ANALYSIS OF LINEARIZED LANGMUIR ISOTHERM

0

1
STAHP-AUREUS

DATE OF RUN 1 = 0T7/16/69 SORBATE
RUNS 1 TO 17 FDA-209
SORBENT CLAY
KAOLINITE
TEMP 10 DEG. CENT.

REGRESSION ANALYSTIS OF LINEARIZED ISOTHERM - RESULTS

R = .548
RSG = .300
YINTERCFEPT = 1/ (ALPHAsXMAX) = .138578-0%
SLOPE OF BFST FIT = .240980-11
ALPHA = .173895-07
XMAX = .414972+12

oL

BASED UPON EQUILIBRIUM DATA FROM INDIVIDUAL RUNS

RUNS DATE EXP BEGUN

N7/16/69
07716/69
07717769
07/17/69
07718769
07718769
07/718/69
07719769
07/19/69
07718769
07/18/69
07718769
07719769
07713769
07716769
07/16/69
07/16/69

C=
.80000+08
.18000+09
«21000+08
«17000+09
« 38000+08
«72000+08
- 50000+08
«26000+08
. 10000+09
«14500+08
- 45000+08
«50000+08
. 10000+09
- 30000+08
«21000+09
«12400+09
. 19000+09

Figure D-13. Analysis of equilibrium data, runs 1-17, S. aureus and kaolinite, 10C.

XBAR»
«26000+12
-34000+12
«22000+12
.28000+12
«24500+12
«36200+12
«42000+12
«100350+12
«26000+12
«46000+11
«30000+11
»10000+12
«25000+12
.10000+12
«53003+12
»22000+12
«56000+12

(1/C**XBAR®)

«30769-03
«52941-03
«95455-04
«6M714-03
«15510-03
«19890-03
«11905-03
«26000-03
«38462-03
«31522-03
.50000-03
«50000-03
-40000-03
«X0000-03
«39623-03
+56364-03
«33929-03
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Figure D-14. Langmuir isotherm, runs 1-17, S. aureus and kaolinite, 10C.
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DFTERMINATION OF ALPHA AND XMAX BY REGRESSION ANALYSIS OF LINFARIZED LANGMUIR ISOTHERM

DATE OF RUN 1 = 077237689 SORBATE STAOH-AUREUS
RUNS 1 TO 11 FDA-209
SORBENT CLAY
KAOLINITE
TEMP 20 DEG. CENT.

REGRFSSION ANALYSIS OF LINEARIZED ISOTHERM - RESULTS

L0l

R = .844
RS = .712
YINTERCEPT = 1/ (ALPHA*XMAX) = .117433-03
SLOPE OF BEST FIT = .236684-11
ALPHA = .201548-07
XMAX = .422504+12

RASED UPON EQUILIBRIUM DATA FROM INDIVIDUAL RUNS

RUNS DATE EXP BEGUN

DWW O E NN =

s

N7723769
07723769
07723/69
07723769
07/24/69
07724769
077/2u4/68
07724/69
08715769
08715769
08715769

Cs
. 32000+08
- 40000+08
«12600+09
«19000+09
.18000+08
«24000+08
«67000+08
«13500+09
«21500+09
. 24500+09
»22000+09

Figure D-16. Analysis of equilibrium data, runs 1-11, S. aureus and kaolinite, 20C.

XBAR=
.13000+12
«40000+12
«2200N+12
232000412
.10000+12
.18000+12
«15000+12
«35000+12
«30000+12
-48000+1?
£43000+12

(1/C*»=XBAR=)

.28615-03
.1000G6-03
«57273-03
.53375-03
.18000-03
«13333-03
«H4667-03
«38571-03
«71667-03
«51042-C3
«51163-03
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Figure D-17. Langmuir isotherm, runs 1-11, S. aureus and kaolinite, 20C
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Figure D-18. Linearized Langmuir isotherm, runs 1-11, S. aureus and kaolinite, 20C.
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NFTERMINATION OF ALPHA AND XMAX BY REGRESSION ANALYSIS OF LINEARIZED LANGMUIR ISOTHERM

SORBATE

DATE OF RUN 1 = 07/31/569 STAPH-AUREUS
RUNS 1 7O 16 FDA-209
SORBENT CLAY
KAOLINITE
TEMP 27 DEG. CENT.

REGRFESSION ANALYSIS OF LINEARIZED ISOTHERM - RESULTS

oLl

R = .785
RSO = .61§6
YINTEPCEPT = 1/ (ALPHA=XMAX) = .105152-03
SLOPE OF BESYT FIT = .2108u44-11
ALPHA - .200133-07
XMAX = ,475186¢12

BASED UPON EQUILIBRIUM DATA FROM INDIVIDUAL RUNS

RUNS DATE EXP BEGUN

1 07/7/31/69

07731769
3 077317693
4 07/731/68
5 08701769
6 08s701/69
7 08/731/69
8 08/01/69
9 n8s02/69
10 08/02/69
11 08702769
12 08702769
13 n8s13/69
14 08713763
15 08/13/69
16 08713769

Ce
«14000+08
«930000+08
«35000+08
- 85000+08
«16000+08
«12000+09
.80000+08
«14000+09
«13000+08
«15000+08
«12000+09
.12000+09
.13000+09
«933000+08
«93000+08
«30000+08

Figure D-19. Analysis of equilibrium data, runs 1-16, S, aureus and kaolinite, 27C.

XBAR=
«30000+11
«24000+12
~44000+12
«40000+12
-80000+11
«32500+12
.36000+12
-42000+12
-56000+11
.17000+12
-30000+12
-30000+12
~43000+12
.28000+12
«28000+12
.32500+12

(1/C**sXBAR®)

«15556-03
«37500-03
«21591-03
«21250-03
.20000-03
«36923-03
«22222~-03
«33333-03
«23214-03
.88235-04
-40000-03
-40000-03
«30233-03
«33214-03
«33214-03
«27692-03
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Figure D-20. Langmuir isotherm, runs 1-16, S. aureus and kaolinite, 27C.
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Figure D-21. Linearized Langmuir isotherm, runs 1-16, S. aureus and kaolinite, 27C.



POTLRMINATTION OF ALPHA AND XMEX PY REGPFSSION ANALYSIS OF LINFARIZFD LANGMUIR ISOTHERM

PATE OF RUN 1 = 06/19/5¢ SOPRATE STAPH-AUREUS
SUNS 1 10 19 FOA-209
SORIENT CLAY
KAQLINITE
TENP 37 DFG. CENT.

TULPTRSTON AMALYSTC OF LINEARIZED ISOTHFRA - RESULTS

P = « 737
PAN Al s ERF
VINTEESTOT = 1/ (*LPHASXMAY) = L34 3684-04
SLIPE AP TFRT 1T = ,317105-11
LLPHE = L3RRSy -07
XMAYX = RS ol e NS B

€L

FRSEN yroN

S

FOJILTIRETY4 DATE FRQoM

CUNS
1
d

-~

4

Ut

14
15
17
1?

TATF FXP

nr /19769
Cr/2n/69
rE/2G/6S
nrs20/f2
CF/T1/F3
rr/2u/00
AR VI
NEY VI
N/ 2E/ET
Or /7 T/€3
CEsPT/69
CF /7 T/69
CEIPRIES
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Figure D-22. Analysis of equilibrium data, runs 1-19, S. aureus and kaolinite, 37C.

INDIVIDUSL RUNS

XBAR =
«7000nN+11
L20000+170
«130730+11
L16000+11
«245%504+12
«2650MN+12
«300003+12
LU50"1+12
«3207N0+12
«12000+12
«2507N+12
«33070+12
20050412
403000412
«I503C+12
.3807N4+)2
<2807 0+12
«24U50+17
«2207 0412

(1/CssXPAR®)

«21429-U3
«37500-0U3
.2N000-u3
«23437-03
»19592-03
«12113-U3
.10000-u3
.18889-03
«39062-03
«16€67-03
.400300-03
«53030-03
.10000-4U3
- 75000-04%
»1U286-03
«3R842-43
«483214-03
«ETY17-0U3
«E4545-03
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TETERMINATIAN OF ALPHP AND XMAX RY REGRFSSION ANALYSIS OF LIN&ARI?ED LANGMUIR ISOTHERM

TATE OF PUM 1 T 1N/15/59 SORRATL STAPH-AUREUS
CUNS 5 T0 18 FOA-2009
SOR3ENT MENDCN SILT LOAM
MENDON

TEMP 1N0.0 DEG. CENT.

ROGPFESSTON ANALYSTS OF LINEARIZTD ISOTHERM - RESULTS

"oz ,N3c
050 T .M
YINTTBCEOT = 1/ {ALPHASXMAX) = « 1751 FR0-ND
SLAPE OF FEST FIT = .an7y45-10n
ALPHA = L,51S&7TR1-D7
XMAX = « 117587411

CASEFR uean FAUILIRRIUM DATA FROM INDIVIDUAL RUNS

DLINS NATF FXP REGUN C* XBARs C*x/XRARS*
5 11715767 «47000+08 .11000+11 42727-02
2 1N/15769 . 33000408 .100G0+11 .33000-02
2 1m/17/62 . 75000+0N3 .12000+11 .62500-02
q 10717789 . 33006+08 .45000+10 «73333-02
10 1n/17/€9 .40005+08 .870250+10 «45977-U2
1n 1n/177¢9 . 33060+ 08 .70006+10 42857-02
1° 1r/17/60 .1P500+0" .28000+10 .7708%-02
12 1n/2 3769 .50000+08 .20000+10 .66667-02
8 16 10/23/69 . 73000 + 08 . 40000+ 10 . 18250 -01
17 10/23/69 .70000+08 .45000+10 . 15556 -01
A 2 10/15/69 .70000 + 08 .23000+11 .30435 -02
A 3 10/15/69 .66000+08 .17000+11 .38824 -02
A 4 10/15/69 .55000+08 ,15800+11 .34810 -02
A 14 10/23/69 .13300+09 .45000+10 .29556 -01
A 15 10/23/69 .12000+09 .65000+10 . 18462 -01

(® Deleted from regression analysis but plotted on Figures

A Off the scale, therefore not shown in Figures

Figure D-25. Analysis of equilibrium data, runs 5-18, S. aureus and Mendon silt loam, 10C.

116



LLL

1

100.00 120.00 140.00
1
>

(X108 3

80.00

|

(BUGS/GM)

|

XBARSTAR
60.00

40.00
I

20.00
>

.00

X ®DELETED FROM REGRESSION ANALYSIS

e T T
.00 80.00 160.00 240.00 320.00 0

UIOU. G0 Ll|80. 00 5‘(38 8]
CSTAR (BUGS/ML) (X10° )

BACTERIAL ADSORPTION EXPERIMENTS

I T ] 1 1
G40.00 720.00 800.00 880.00 960.00

- LANGMUIR ISOTHERM

RUNS 5 -SORBENT MENDON STILT LORM COMPETITIVE EXPERIMENTS
10 18 SORBATE STAPH- JREUS BACTO PEPTONE_Q GM/L
TEMP 10.000 SODIUM CHLORIDE_Q GM/L

Figure D-26. Langmuir isotherm, runs 5-18, S. aureus and Mendon silt loam, 10C.

SODIUM LAURYL SULFATE_Q GM/L



8L

o
X ///
e

o X 7

o //

8- //

. X
e
g e X
8 .
/

—o e
+9 -
-5 /
< pd X ® DELETED FROM REGRESSION ANALYSIS
- e
o //X X
Pl -
03 e
(o0 //
< e
So X ®
&s ////
o e

8 -

R_

8

S

[=3

e g —T T T T — T T T I,

.00 80.00 166.00 240.00 320.00 400.00 480.00 SGg. 00 640.00 720.00 800.00 880.00 960.00
CSTRR (BUGS/ML) (X10° )

BACTERIAL ADSORPTION EXPERIMENTS - LINERRTZFI | ANGMUIR ISOTHE

RUNS 5 SORBENT ~ MENDON SILT LOAM COMPETITIVE EXPERIMENTS
10 18 SORBATE  STAPH-RUREUS BACTO PEPTONE_Q GM/L
TEMP 10.000 SODIUM CHLORIDE_Q GmsL

SODIUM LAURYL SULFATE _Q GM/L

t
Figure D-27. Linearized Langmuir isotherm, runs 5-18, S. aureus and Mendon silt loam, 10C.



DFTERMINATION OF ALPHA ANND XMAX BY REGRESSION ANALYSIS OF LINEARIZED LANGMUIR ISOTHERM

OATE OF RUN 1 = DIN?27070 SORBATE STAPH-AUREUS
RUMS 3 T0 15 FDA-209
SORBENT SOIL

MENDON SILT LOAM
TEMP 20.0 DEG. CENT.

OCEGPUFSSINON ANALYSIS OF LINFARIZED ISOTHERM - RESULTS

R = 980D
RSO = .981
YINTEPCEOT = 1/ (ALPHA*XMAX) = .788731-D3
SLOPE OF REST FIT = .666689-10
ALPHA = «RUS268~-07
XMAX =  .149995+11

3ASED UPON EAQUILIBRIUM DATA FROM INDIVIDUAL RUNS

RUNS DATE EXP BEGUN C= XBAR* Ce /XBAR=
3 0102207N .50000+08 .16000+11 .31250-02
4 n1o022070 «35000+08 .90000+10 .38889-02
5 01022070 .20000+08 .80000+10 .25000-02
7 01025070 .11000+09 -14000+11 «78571-02
9 01025070 .50000+08 .14000+11 «35718-02
11 n1028070 -15500+09 «14000+11 «11071-01
13 ag1n28n70 .11000+083 .14000+11 .78571-02
14 01028070 .10000+09 .12800+11 «78125-02
15 01028070 «85000+08 .12000+11 .70833-02
() 12 01002070 .14500+ 09 .11000+11 .13182 -01
A 1 01002070 .70000+08 .20000+11 .35000-02
A 2 01002070 . 58000+ 08 .17000+11 .34118 -02
a 8 01002070 . 78000 + 08 .16000+11 . 48750 -02

& Deleted from regression analysis but plotted on Figures

A Off the scale, therefore not shown in Figures

Figure D-28. Analysis of equilibrium data, runs 3-15, S. aureus and Mendon silt loam, 20C.
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Figure D-29. Langmuir isotherm, runs 3-15, S. aureus and Mendon silt loam, 20C.
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Figure D-30. Linearized Langmuir isotherm, runs 3-15, S. aureus and Mendon silt loam, 20C.



DETERMINATION OF ALPHA AND XMAX BY REGRESSION ANALYSIS OF LINEARIZED LANGMUIR ISOTHERM

DATE OF RUN 1 = 10/01/69 SORBATE STAPH-AUREUS
RUNS 2 10 18 FDA-209
SORBENT SOIL

MENDON SILT LOAM
TEMP 27.0 DEG. CENT.

REGRESSION ANALYSIS OF LINEARIZED ISOTHERM - RESULTS

R = .766
RSO = .S587
YINTERCEPT = 1/ (ALPHA*»XMAX) = ,.373603-03
SLOPE OF REST FIT = .499710-10
ALPHA = ,133754-06
XMAX = .200116¢11 -

BASED UPON EQUILIBRIUM DATA FROM INDIVIDUAL RUNS

RUNS DATE EXP BEGUN Cs XBAR= (1/Cs+XBARs®)
2 10/01/69 «14300+09 «75000+10 «19067-01
3 10701769 . 24000+09 .33000+11 «72727-02
4 10701/69 -.28000+09 .28000+11 .10000-01
5 10/03/69 - 38000+07 -14000+10 «27143-02
6 10703769 . 60000+07 .34000+10 «17647-02
7 10703769 - 13500+08 .50000+10 .27000-02
8 10/03/69 . 10000+09 «23000+11 -43478-02
10 10707769 »32000+09 .20000+11 .16000-01
11 10707769 . 21000+09 .20000+11 .10500-01
12 10707769 »22000+09 «27000+11 -81481-02
13 10/07/69 «12000+09 +36000+11 «33333-02
15 10709769 .20000+07 -40000+10 «50000-03
1R 10/09/69 .65000+07 .63000+10 «10317-02
17 107097683 .18000+08 .15000+11 .12000-02
18 10/09/68% «52000+08 .14000+11 «37143-02

Figure D-31. Analysis of equilibrium data, runs 2-18, S. aureus and Mendon silt loam, 27C.
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Figure D-33. Linearized Langmuir isotherm, runs 2-18, S. aureus and Mendon silt loam, 27C.



DTTERMINATION CF ALFPHA ANA XMAX BY REGRESSION ANALYSIS OF LINEARIZED LANGMUIR

NATE OF RUN 1 = 0O1/1&/7C SORRATE STAPH-AUREUS
DIINS 1 T0 9 FDA-209
SORBENT SOIL

MENDON SILT LOAM
TEMP 37.0 DEG. CENT.

SELRESSICN AHALYSTIS COF LINEARIZED ISOTHERM -~ RESULTS

P - .99¢
eSQ - ,992
VINTEOC™PT = 1/ (ALPHASXMAX) = «214552-03
SLAPE OF PFST FIT = «35FREQA7-10
QL PHA = +16€251-N¢
XMAX = L2801353+11

~ASFP UPAN FAUILIRRIUM DATA FROM INDIVIDUAL RUNS

RUNS  NATF EXF BEGUN Cs XBAR» C*/XRAR=*
1 C1/716/70 .8NN00+08 .25000+11 «32000-02
? C1/716/7N0 «55000+08 «25000+11 .22000-02
z 61716770 - 33000+08 .25000+11 .13200-02
4 01716779 .20000+08 «24000+11 «83333-U3
8 01720770 .150N0+09 .28000+11 «53571-02
g 01720770 «13000+09 «25000+11 .40000-02
a 6 01/20/70 .24000+09 .24000+11 .10000- 01
a 7 01/20/70 .20000+ 09 .23000+11 .86957- 01
A 10 01/20/70 .28000+08  .32000+11 .87500- 03
a Off the scale, therefore not shown in Figures

Figure D-34. Analysis of equilibrium data, runs 1-9, S. aureus and Mendon silt loam, 37C.
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Figure D-35. Langmuir isotherm, runs 1-9, S. aureus and Mendon silt loam, 37C.
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Figure D-36. Linearized Langmuir isotherm, runs 1-9, S. aureus and Mendon silt loam, 37C.
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PETERMINATION OF ALPHA AND XMAX 3Y REGRESSION ANALYSIS OF LINEFARIZED LANGMUIR ISOTHERM

NATE OF RYUM 1 = N4/21/70 SCRRATE STAPH-AURFUS
PUNS 2 TG 1€ FDA-209
SORRENT SAND
SILICA

TEMP 20.N DBFG. CENT.

FUGPESSTON OMALYSTIS OF LTNFARIZED ISOTHFRM - RESULTS

o= nnn
RS - e[y N g
YINTERFFOT = 1/ (ALPHAXMAX) =  .0a00ng
SLePT OF TFST FIT = L0000
ALPHA - LD annag
XMAX Z .O00000

ASIN UPON FQUILIBRIUM TATA FROM INDIVIDUAL RUNS

CUNS  PATE EXP BEGUN C* XBARx Cx/XRAR=
? nfe/s/21/70 « 29000408 30000 .0NN0on
3 4721770 « 34000+02 .000an .0N00C
4 nas21/7n «415000+08 LNN0OoN .Ongnao
5 ny/s21/70 «483300+08 .0guno - 10006
7 /e 3770 L UNnNoag+r7 00000 .01 NG
] G4/s2 3770 «5NO00+N7 00000 .000C0
a in/723770 «350N00+07 .30000 Loonot
17 /723773 - 30000+07 <9000 <0000
12 f4/723/70 . 35000407 Q0000 . 00000
12 04728772 . 5N000+07 00000 .00700
14 Curs287s70 . 650N0+07 .0nann 30000
15 rus28/770 . 30000+07 «004unn .npat
1R ng/s/2a3/70 - 0N00C0 -10000+0y 00000

Figure D-38. Analysis of equilibrium data, runs 2-16, S. aureus and silica sand, 20C.
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PETERMIMATION OF ALPHA AND XMAX 3Y REGRESTION ANALYSIS OF LIMEARIZES LANGMUI2 TSOTHE M

NATF OF Py 1 =z S/ /777 SOR3ATLE STAPH-AURZUS
RIINS 2 10 14 F2A-2213
SORPFEMT SAND
SILICA

TEMP 37.0 DfG. CENT.

REGRPESSION ANALYSTIS OF LINEARIZFD ISOTHERM - RESULTS

R = 000
PSR = .00
VINTTPCEOT = 1/ (ALPHASXMAX) = L3N 00Ccn
SLOPE OF REST FIT = . 170000
ALDHA = « JINCGO
XYMAX = « 10 0NNgG

PASEFD yPON FOUTLIBRIUM DATA FROM INDIVIDUAL RUNS

PUNS  NATE EXP RFGUN Ce XBAPx C*/X3AR*
2 n&/727770 L AS000+07 .Joon .00000
? 05707770 «10500+0° .Nouno .apgon
4 nesn71/70 «10500+08 - 00uN0 -.00000
£ PR/NT7/70 «1l4500+08 .N0ang .nooan
7 NS/713/70 . 1350n0+08 -.aggoan -00000
R nNss713770 « 14500+08 ~03000 .00000
2 BeEsv 3770 - 17G600C+0N2 000048 ~.00000

10 ns/7/13/70 . 12000+«08 .00aon .0000nn
1§ NS/VS/70 «201500+08 00000 Lnanan
1° N&71577N «25000+08 -.00ann -10000

17 N5/18/770 «?b500+08 ~00ann .000n0

1y rs/715/73 . 00000 «10000+04 .00000

Figure D-39. Analysis of equilibrium data, runs 2-14, S. aureus and silica sand, 27C.



APPENDIX E

BACTERIAL ADSORPTION ISOTHERMS
(WITH SLS COMPETITION)

Bacto-Peptone 0 gm/I
Sodijum Chloride O gm/I
Sodium Lauryl| Sulfate .05 gm/I

This appendix includes the bacterial adsorption
isotherms obtained in the presence of sodium lauryl
sulfate (SLS) (.05 gram per liter). These isotherms were
obtained at 10C, 20C, 27C, and 37C. A summary of
results of these isotherms is presented in Table 2.
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DETERMINATION OF ALPHA AND XMAX BY REGRESSION ANALYSIS OF LINEARIZED LANGMUIR ISOTHERM

DATE OF RUN 1 = 11/05/69 SORBATE STAPH-AUREUS
PUNS 1 7o 22 FDA-209

SORBENT MENDON SILT LOAN

L.OBLSG/L .

TEMP 10.0 DEG. CENT.

REGRESSINON ANALYSIS OF LINEARIZED ISOTHERM - RESULTS

R = .000
RSO = .000
YINTERCEPY = 1/(ALPHA#XMAX) = ,000000
SLOPE OF BRESTY FIT = ,.000NO0O
ALPHA = ,.000000
XMaXx = .000G000

SASEN UPON EQUILIBRIUM DATA FROM INDIVIDUAL RUNS

RUNS DATE EXP BEGUN Cs XBAR s C*/XBAR=*
1 11/06/69 .30000+08 .00000 .00000
2 11/07/68 - 10000+€09 .00000 .00000
3 11/D7/69 . 80000+08 .00000 .00000
4 11/37/6% «60000+08 .00000 .00000
5 11/737/6% + 42000408 .00000 .00000
& 11707769 «24000+08 .00000 .00000
7 11715769 »30000+08 .00000 .0g0o0ao
8 117/157¢€3 . 8300008 .00000 .00000
9 11/15/6€9 «45000+08 .000N0 .00000
11 11715769 . 20000+08 .00000 .00000
12 11716763 .18500+09 .00000 .00D000
13 11716769 . 16000+09 .00000 .00000
14 11/16/69 «14500+09 «00000 .00000
15 11/7/16/63 -« 13000+09 .00000 .00000
5 11/16/69 .11800+09 .00000 .00000
17 11722769 . 28000+09 .00000 .00000
1R 11/22/69 . 26000+09 .00000 .00000
19 1172 2/69 .23000+09 .00000 .00000
20 11722763 . 18000+09 .00000 -.00000

21 11722763 «16000+09 .00000 .00000

22 11722769 . 00000 -10000+03 . 00000

Figure E-1. Analysis of equilibrium data, runs 1-22, S. aureus and Mendon silt loam and .05 gm/I SLS, 10C.
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Figure E-3. Linearized Langmuir isotherm, runs 1-22, S. aureus and Mendon silt loam and .05 gm/1 SLS, 10C.



DETERFIDATION NOF ALPHA AnD YMEAXY RY wREOGRISSINN ANALYSTS OF LINFARTZFT LANGMUIR ISOTHERM

OATE QF RUN 1 = 1 2/02/69 SGRR AT STEOPH-AURELUS
RUMS 1 TO 14 FOA-202
SGRBRENT  MENNON SILY LOAM
.01 LSG/L

TEMP ttle . DFG. CTNT.

PRORESSINE RANELYT IS QF LINEARIZED TSOTHERM - RESULTS

R - .96Y4
RSQ - .320
YINTERCEFT = 1/ (ALPHA»(MAY) - {1 9R75-b63
SLOPE 0F BcST FIT - . 108270-08
ALPHE = LV76278-0G5
XvRX - ,931617%4+09

RASED yPON CANTLITMTIUM DATL FrROSN INCIVIONAL RUNS

RUNS DATE £XP RECUN Cx* X BaD* C*/XRLR»
1 12/13/7&8 IO GLN+NE LA aNMN+ e +15667-01
4 1277 3/¢4 S ERATT 01T LHT0T0+09 s7TU627-52
) V2732705 B VTR S AR S50 0+0G « 240667 -uU1l
7 12/0 5708 . 220006408 L850M7+79 .2%882-U1
v 12715749  IRLLGH 03 LASCE0409 s3I0 29-ul
10 12719764 I+ 0T7 .25rn+NQ L1V TR -0
11 1773 %/¢° N Inreiant R oA L0000 Jl48uy4 ~-(1
12 b A8 RC A S L15E0NDeNA L10000+18 «18500-01
12 12/79/¢e¢ « PO CuN+ PR LY00N+13 L20000-01
14 12/734/¢¢ L 2750N+0° LN10GN041D «27200-u1l
2 12/03/69 . 14000408 . 14000+10 .10000-01
® 3 12/03/69 . 13000408 .18000+10 .72222-02
® 5 12/05/69 . 15000408 .65000+09 .23077-01
® 8 12/05/69 .25000+08 . 70000409 .35714-01

® Deleted from regression analysis but Plotted in Figures

Figure E-4. Analysis of equilibrium data, runs 1-14, S. aureus and Mendon silt loam and .01 gm/I SLS, 10C.
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Figure E-5. Langmuir isotherm, runs 1-14, S. aureus and Mendon silt loam and .01 gm/I SLS, 10C.
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Figure E-6. Linearized Langmuir isotherm, runs 1-14, S. aureus and Mendon silt loam and .01 gm/I SLS, 10C.



CFTEQMINATICN OF ALFHA AND YMAX RY REGRESSION ANALYSIS OF LINEARIZED LANGMUIR ISOTHERM

DATT OF RUN 1 = 12743770 SORBATE STAPH-AUREUS
RUNS 2 10 14 FDA-209
SORRENT MENDON SILT LOAM
D.05LSG/L

TEMP 20.0 DEG. CENT.

PEl"F SSTION ANALYSIS CF LINEARIZED ISOTHERM - RESULTS

R

250

YINTERCY® T = 1/ (ALPHASXMAYX)
SLAPE F 2FST FIT

ALPHA

XA X

LR
.91 32
«?68125-03
«J4C19z-10
«754012-06
«115352+11

Lo vt

CASED UPON ENUILIRRIUM DATA FROM INDIVIDUAL RUNS

RUNS NATE EXP BEGUN Ce XBAR « C+/XBAR*
2 0274n/72 .11600+09 .10000+11 .10000-01
3 02717710 «30CCO+CR .10600+11 «84906-02
4 n2734/70 . 70000+08 .10000+11 . 70000-02
5 [02/704/70 .50000+08 «88000+10 .56818-02
7 £2/05/70 .17000+09 .10000+11 . 17000-01
L n2/s0s/73 .135n0+09 .11000+11 «12273-01
9 n?/ns /70 «97000+08 .14000+11 ~6u4286-02
11 r2s/3%/70 «50000+08 .80000+10 +«62500-G2
s r2726/70 «14000+09 .1100N+11 «12727-01
iz (2736770 .14000+0° .11000+11 «12727-01
12 C2s06770 .12500+09 .106G00+11 .12500-01
14 fR2/1€/77] «.12000+09 .88000+10 .13636-U1

Figure E-7. Analysis of equilibrium data, runs 2-14, S. aureus and Mendon silt loam and .05 gm/I SLS, 20C.
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Figure E-8. Langmuir isotherm, runs 2-14, S. aureus and Mendon silt loam and .05 gm/I SLS, 20C.
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Figure E-9. Linearized Langmuir isotherm, runs 2-14, S. aureus and Mendon silt loam and .05 gm/I SLS, 20C.



AITIDMIMATION AT 4LPHA AL XMAX 2Y REGRESSINN ANALYSIS OF LINEARIZED
"ATE 9F Puw 1 Z 11/33/59 SOPRATE STAPH-AUPFUS
ITINES Tu 17 % ST
SOR3EHT MENDON SILT LOAM
.05LSG/L -
TFH®  27.n DFG. CENT.
JSPTASTIAN ANALYSTS GF LINEARIZF) ISOGTHFR® - RESULTS
Q - .92
280 = .58 7
YINTETCTOT = [/ (LLPiHA*XA4X) = 7PFazan-0z
SLTPT CF BEST FIT = ,179452-09
ALOHA = L,40F296-N6
XMAX T .91 ZR4D+1N
4370 UeAN FOUTILIRPIUM PATA FROM INDIVIJUAL RJINS
DHINS ~ATE CXP IFOLUN (ol X34Rx» C*x/XP AR
? 10/730/¢0 REL RISk L10Unre1 ] .25000-u1
3 10/307/6¢ 21550402 L11001+11 .19545-1
u 10/3n/72 . 15306400 .CNgnns1n .2€n00-ul
a 11/34/67 L 18000403 L11200411 .125C6-ul
1 11/34767 «13GRG+RY .5601N+10 .17857-01
1= 12711769 L1U0N0ene 12500411 .11200-C1
14 12/11/65 .1oungere .250(1N+10 LIN525-U1
13 1271 1/63 . 300004 ng LA5G00+10 .°4118-02
£ 12711762 . 55300+08 «356NN 10 .ST895~12
17 17/11/69 L3 0nnepe .21030+10 L03210-02
® 6 10/30/69 .10000+09 .13600+11 . 73529 -02
® 11 11/04/69 .73000+08 .10000+11 . 73000 - 02

® Deleted from regression analysis but plotted in Figures

Figure E-10. Analysis of equilibrium data, runs 2-17, S. aureus and Mendon silt loam and .05 gm/I SLS, 27C.
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Figure E-11. Langmuir isotherm, runs 2-17, S. aureus and Mendon silt loam and .05 gm/I SLS, 27C.
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Figure E-12. Linearized Langmuir isotherm, runs 2-17, S. aureus and Mendon silt loam and .05 gm/] SLS, 27C.



DETERMINATION OF ALPHA AND XMAX BY REGRESSION ANALYSIS

DATF OF RUN 1 = 01/15/70

RUNS 7T T0 15

REGRESSION ANALYSTS OF LINEARIZED ISOTHERM

ALPHA
X MA X

- 4556 N6-06
«153Rr36+11

R = 945

RSN = .8R3?2
YINTERCE®T = 1/ (ALPHA+XMAX) = ,.142863-02
SLOPE OF BEST FIT = .A50893-10

SORBATE

SORBENT

TEMP

OF LINEARIZED LANGMUIR ISOTHERM

STAPH~-AUREUS

RASED UPON ENUTLIPRIUM DATA FROM INDIVIDUAL RUNS

RUNS NATE EXP BEGUN

7 01715770
8 01/15/70
9 01/715/70
10 01/15/73
11 01715770
13 03712770
14 n3s12/770
15 02/712/70

Cx*
. 51000+08
. 50000+08
. 60000+08
. 58000+08
. 7000C+08
. 10000+08
-« 30000+0R
. 50000+08

FDA-209
MENDON SILT LOAM
0.05LSG/L
37.0 DEG. CENT.
- RESULTS
XBAR» C*/XBAR=%
»16000+11 «31250-02
«12500+11 -40000-02
.18000+11 .33333-02
-16000+11 .36250-02
.14000+11 .50000-02
«11500+11 .86957-03
«13530+11 22222-02
.14000+11 «35714-02

Figure E-13. Analysis of equilibrium data, runs 7-15, S. aureus and Mendon silt loam and .05 gm/I SLS, 37C.
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Figure E-14. Langmuir isotherm, runs 7-15, S. aureus and Mendon silt loam and .05 gm/I SLS, 37C.
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10 11 SORBARTE STAPH~AUREUS BACTO PEPTONE _Q GM/L
TEMP 37.000 SODIUM CHLORIDE _Q GM/L

SODIUM LAURYL SULFATE .05 GM/L

Figure E-15. Linearized Langmuir isotherm, runs 7-15, S. aureus and Mendon silt loam and .05 gm/i SLS, 37C.



APPENDIX F

BACTERIAL ADSORPTION ISOTHERMS
(WITH PEPTONE COMPETITION)

Bacto-Peptone 3.8 gm/I
Sodium Chloride O gm/I
Sodium Lauryl Sulfate 0 gm/I

Bacterial uptake isotherms using peptone (3.8 grams
per liter) as a competitive sorbate are shown in this
appendix. Results of these isotherms are summarized in
Table 2.
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Figure F-1. Analysis of equilibrium data, runs 2-21, S. aureus and Mendon silt loam and 3.8 gm/l peptone, 10C.
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Figure F-2. Langmuir isotherm, runs 2-21, S. aureus and Mendon silt loam 3.8 gm/l peptone, 10C.
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Figure F-3. Linearized Langmuir isotherm, runs 2-21, S. aureus and Mendon silt loam and 3.8 gm/I peptone, 10C. ’



QDETERMINATION OF ALPHA AnD XMAX SY RECFFSSICH ANALYSIS OF LINEARIZED LANGMUIR ISOTHERM

DiTE OF RUN 1 = 02/08/70 SCREATE STAPH-AUREUS
PUNG 2 T0 14 FOA-209
SORIENT  MENOON SILT LOAM
3.8GPEPTONE /L
TEMP 20.0 DFG. CENT.

REGFPESSINN ANALYSTIS (GF LINEARIZED ISOTHERM - RESULTS

R - 986
PSR L3720
YANTE RCERPT = 1/ (ALPHA*XMAX) . 3R73ING-ND
SLOPE 0¢ REST FIT - 3063295-09
ALDHE . 2u %4 20- 0k
X HAX .110232+10

ot otk ot

BASED UPON CUILIBRIUM DATA FROM INNIVIDUAL RUNS

RUNS  DATF EXP SEGUN Cx* XBAR * C*/XRARs
2 Te/0a/70 «52000+07 .55000+C9 +94545-02
3 r2/338/70 «30000+07 «50000+09 . E0000-02
] P2/08776 £ 1550G+07 .3000N+19 «51667-02
3 c?2/16/70 .17000+08 .30030+089 .18889-01
7 r2/710/74 «15000+08 .820NN0+09 .18293%-ul
A torsins1a . 125N00+3F° .780N00+09 .16026-C1
3 G2/10/7) . TNC00+07 .670N0+N9 «1N448-01
11 2712770 .10300+08 «10000+13 «1N300-01
12 12770 -15000+08 «850N3+09 «17€6487-01
1 "2/172/770 .22006G+08 .30000+09 «24444-01
14 rnes/127/70 «25000G+08 .10000+10 -25000-01

Figure F-4. Analysis of equilibrium data, runs 2-14, S. aureus and Mendon silt loam and 3.8 gm/I peptone, 20C.
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Figure F-5. Langmuir isotherm, runs 2-14, S. aureus and Mendon silt loam and 3.8 gm/| peptone, 20C.
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Figure F-6. Linearized Langmuir isotherm, runs 2-14, S. aureus and Mendon silt loam and 3.8 gm/I peptone, 20C.



DETERMINATION OF ALPHA AND XMAX BY REGRESSION ANALYSIS OF LINEARIZED LANGMUIR ISOTHERM

DATE OF RUN 1 = 12/02/69 SORBATE STAPH-AUREUS
RUNS 2 7o 15 FDA-209
SORBENT MENDON SILT JOAM
3.8GPEPTONH/L
TEMP 27.0 DEG. CENT.
REGRESSTON ANALYSIS OF LINEARIZED ISOTHERM - RESULTS
R = « 879
RSG = .T72
YINTERCEPT - 1/ (ALPHA*XMAX) = ,L,410571-02
SLOPE OF BEST FIT = .488661-09
ALPHA = .119020-06
XMAX = .204541+10
9ASED UPON EQUILIBRIUM DATA FROM INDIVIDUAL RUNS
RUNS DATE EXP BEGUN Cs XBAR Ce/XBARs
2 12/02/63 .80000+07  .83000+09 <96386-02
3 12/72/69 .53000+07  .75000+09 .70667-02
4 12/05/€9 .40000+07  .67000+09 <59701-02
5 12/32/69 .30000+07  .40000+09 .75000-02
7 12704769 .13500+08  .13000+10 .10385-01
8 12/04/69 .17000+08  .15500+10 .10968-01
9 12/04/69 .22000+08  .16000+10 .13750-01
10 12/04/63 .26000+08  .18000+10 <144 88-01
12 12776769 .12000+08  .16000+10 .75000-02
13 12/36/69 .14000+08  .14000+10 .10000-01
14 12/06/63 .17500+08  .12500+10 .14000-01
15 12/06/63 .22000+08  .12000+10 .18333-01

Figure F-7. Analysis of equilibrium data, runs 2-15, S. aureus and Mendon silt loam and 3.8 gm/I peptone, 27C.
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Figure F-8. Langmuir isotherm, runs 2-15, S. aureus and Mendon silt loam and 3.8 gm/l peptone, 27C.
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Figure F-9. Linearized Langmuir isotherm, runs 2-15, S. aureus and Mendon silt loam and 3.8 gm/l peptone, 27C.



DFTERMINATION OF ALFHA AND XMBX RY REGRFSSION ANALYSTS OF LIMFARTZFI LANGHUILIR 1597 M

CATE OF RUN 1 = 0O1/07170

RUNS

REGPFSSION ANALYSIS OF LTNEARIZFD

R

RSQ

YINTCRPCFPT = 1/ (ALPHAsXMAX)
SLOPE OF PEST FIT

ALPHA

XMAX

RASET UPON EAUILIBRIUM DATA FROM

RUNS

y
5
8
Q
10
1?
12
1u
15
16
17
1R
19

ot v 0y ek

T0 19

.99
RELE

-39°122-03
.77 0797-0S
$762229-06
<13184141C

NATE EXP EEFGUN

~1/07170
01/0717

01/739/7N0
ns739/75
r1s719/70
017147706
nis14/7n
C1714/70
f1/714/70
n272e/70
r2/7/26/77"
2/726/7N
rer2z2e/s7

SORR AT

SORRENT

TFMP

Cx
« 25000408
«25000+C8
. 100N70+0R
.12020+08
«12570+08
. 120NC+0%
«135C0+009
«16030+0NF
£ 2000N+08
« 15300407
£ 3000GC+C7
.5N0NN+N7
700N+ 07

{SOTHER®

STACH-AURE LS
FOM-27"
MENDON STLT 706AM
T «AGPEPTANF /L
g

27. nEr, CONT.

- RESULTS

INCIVICUAL RUNS

X410 » Cx /XAl
212530+ L 20800-L1
12000410 «7NE3T-0L
«135170+10 S TUDTU-L2
£1257°0410 «ARNIA-p?2
«12570410D LINONC-ui
«12070+10 «17000-21
.12500210 .1N800G-0l
.13007+10 L1720f -0
«12000410 1R EeT-1l
«570300+rQ «?2388-y?
83070 4+N°C 3R185- 52
£P 207 340N SENYTR -2
L1000 41N AN AL CE RN

Figure F-10. Analysis of equilibrium data, runs 4-19, S. aureus and Mendon silt loam and 3.8 gm/I peptone, 37C.
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Figure F-11. Langmuir isotherm, runs 4-19, S. aureus and Mendon silt loam and 3.8 gm/| peptone, 37C.
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Figure F-12. Linearized Langmuir isotherm, runs 4-19, S. aureus and Mendon silt loam and 3.8 gm/l peptone, 37C.






APPENDIX G

BACTERIAL ADSORPTION ISOTHERMS
(WITH NaCl COMPETITION)

Bacto-Peptone 0 gm/!
Sodium Chloride 30 gm/I
Sodium Lauryl Sulfate 0 gm/I

This appendix includes the isotherms obtained at
10C, 20C, 27C, and 37C, using NaCl (30 grams per liter)
as a competitive sorbate. The summary of results of these
isotherms is shown in Table 2.

DFYZRMINATION OF ALPHA AND XMAX BY REGRESSION ANALYSIS OF LINEARIZED LANGMUIR ISOTHERM

DATE OF RUN 1 = 11/05/69 SORBATE STAPH-AUREUS
RUNS 2 YO 12 FDA-209
SORBENT MENDON SILTY LOAM
3PCTNACL

TEMP 10.0 DEG. CENT.

REGRTSSTNAN ANALYSTIS OF LINEARIZED [SOTHERM - RESULTS

Q «737
PSe «54 3
YINTEPRCF2T = 1/ (8LPHE*XMAX) «8053940-02

SLOPE CF 7FST FIT
ALPHA
XMAX

«41958N-11N
«52MF11-N8
«23P334 411

(R N A BN

SASFEFD UPON FOUILIARRIUM PATA FROM INDIVIDUAL RUNS

RUNS DATE EXP BEGUN Cs XBAR * C+/XBARs
2 11735763 .18000+09 .12000+11 .15000-01
11705769 «15000+03 «13300+11 .12030-01
4 11/13S7%3 .14000+09 .11000+11 .12727-01
5 11705769 .11000+09 .9000C+10 «12222-U01
13 11/705/¢9 .10800+09 .68000+10 .15882-01
R 11/37/68 .60000+08 «54000+10 .11111-01
9 11737/69 .40000+C8 -46000+10 «86957-02
10 11/797/69 .28000+08 «34000+10 .82353-02
11 11/07/68 .180C0+08 .15000+10 .12000-01
12 11707762 .55000+07 .66000+09 .83333-02

Figure G-1. Analysis of equilibrium data, runs 2-12, S. aureus and Mendon silt loam and 3.0 gm/I NaCl, 10C.
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10 12 SORBATE STAPH-RUREUS BACTO PEPTONE _Q GM/L
TEMP 10.000 SODIUM CHLORIDE 30 GM/L

SODIUM LAURYL SULFATE _Q GM/L

Figure G-2. Langmuir isotherm, runs 2-12, S. aureus and Mendon silt loam and 3.0 gm/I NaCl, 10C.

Ln

.oy



€9l

10.00 12.00 14,00
1

8.00

6.00

1

CSTAR/XBARSTAR (X1073)

2.00

.00

4.00
1

.00

T
20.00

T T T L
0 160.00 180.00 200.00 220.00 240.00

T T T T 1 T
40.00 60.00 80.00 100.00 120.00 14g.0
CSTAR (BUGS/ML) (X10° )
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10 12 SORBATE STAPH-AUREUS BACTO PEPTONE _Q GM/L
TEMP 10.000 SODIUM CHL ORIDE 30 GM/L

SODIUM LAURYL SULFATE _Q GM/L

Figure G-3. Linearized Langmuir isotherm, runs 2-12, S. aureus and Mendon silt loam and 3.0 gm/! NaCl, 10C. .



DETERMINATION OF ALPHA ANN XMAX BRY KFGRESSION ANALYSTS OF LIMFARIZED LANGMUILR

NATE OF RUN 1 = 02/15/70 SORRATE STAPH-BUFFUS
RUNS 1 To 14 FNA-700
SORPFRT  HMENNON SILT LOLIM
TC{ TNACL

TEMP 20.0 DEG. CefiTy

REGPFSSTON ANALYSIS OF LINEARIZFED ISOTHER.G - KESULTS
R .992
RSO « A8 3

YINTEPCEPT = 1/ (ALPHA*XMAX)
SLOPE OF PFST FIY

ALPHA

XMAX

L18004R-(7
L172@75-n@
L610812-n7
.909294 410

[ R K N R

2ASED UPON FQUILIBRIUM DATA FROM INDIVIDUAL RUNS

RUNS DATE EXP REGUN C» XBs2* Tx/XPARS
1 n2/1Y//70C «7OGCN+DE LLOG00+1N LRTSNT-08
? n2/716/70 «5000+08 L0000+ »RT3T3-0i2
3 n2s15/70 «37CC0C+08 LSUON 41N LERN0G-02
4 G2/16/79 « 1360408 L4000 740 « 3ULTCHL=GT
7 n2/18/779 £ 23300409 «0GN+1N «?8I0L-Ul
8 nzs18/71" .180N7+09 LAN0NN 417 L2NDC0-Ul
9 n2/19/72 «1300N+n9 90000 +1N <lbb44u-00]
11 n2s720/70 .15307+00 .81ann+1n . 18780 -1
12 C2/727/7793 » 12000409 L2apnern S 1R0CL-01
13 c2/720/71 <1150 403 «T03070+10 «1Ru20-01
14 n2s720/70 . 30000 +0Q L2000+ «fRABA-{?

Figure G-4. Analysis of equilibrium data, runs 1-14, S. aureus and Mendon silt loam and 3.0 gm/I NaCl, 20C.
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Figure G-5. Langmuir isotherm, runs 1-14, S. aureus and Mendon silt foam and 3.0 gm/1 NaCl, 20C.
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CTTTRIMIMATION OF ALPHA AN XMAX HY REGRESSION ANALYSTIS OF LINEARIZED LANGMUIR ISOTHERM

AATE CF RUN Y = 1G/25/69 SORS ATE STAPH-AUREUS
PUYNS 3570 11 FOA-2n9
SCRAENT  MENDON SILT LOAM
PCT NACL

TEMP 27.0 DEG. CENT.

RESPESSIAN ANALYSTS OF LTNEARIZEN ISOTHERM - RESULTS

2z .%17
ncn o e NR D
YINTTOCT T 2 P/GLLPHAX4AX) = 4 330565-007
SELAPT F PTSY OSIT T L13fu47-Nna
ALPHA = (77TEFR&3-P7T
XMAX = e 772295 +1 0N

TASEFT pgPAN TAYTLTIRRIUM FATA FROM INMIVISUAL RUNS

DHINS DATE EXP ECGUN C»* XBARx C+/XBAK=
2 10725769 120NN+ 03 S5S7000+1N «21063-01
u 725/62 .300n0s 00 58000410 .13235-01
5 10725762 « 30 CNN+0R LH3000+1N «72365-02
P INs2 /89 .320N0408 LFOO00+1N .15333-01
9 10729763 . 520N 0+ 08 .54070+10 .12593-G1
14 1729763 . 200NN+ 07 44000+10 ~U45455-02
1) 1072 9a/46¢ «leiN+N3 .130Nn0+10 «1230p-01
A 1 10/25/69 . 26700409 . 42000410 . 63571 -01
A 2 10/25/69 . 14800+09 .80000+10 . 18500 -01
a7 10/29/69 . 21500409 .92000+10 .23370-01

A Off the scale, therefore not shown in Figures

Figure G-7. Analysis of equilibrium data, runs 3-11, S. aureus and Mendon silt loam and 3.0 gm/I NaCl, 27C.
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Figure G-8. Langmuir isotherm, runs 3-11, S. aureus and Mendon silt loam and 3.0 gm/l NaCl, 27C.



691

o
©
~N
=
oN
—_ X
" 2
G-
>
mo
[e )
e o
0e X
T -
3 —
s g X
&o x
=y —
3 -
/
//
o ,/ X
* // -
i //X
-
[=]
< T T — T T T T T T T T 1
.00 10.00 20.00 30.00 40.00 50,00 60.00 70,00 80.00 90.00 100.00 110.00 120.00
CSTAR (BUGS ML) (X10

BAC ER AL ADSORPTION EXPERIME TS - LINEARIZED LANGMUIR ISOTHE

RUNS 3 SORBENT MENDON SILT LOAM COMPETITIVE EXPERIMENTS
T0 11 SORBATE STRPH-RUREUS BACTO PEPTONE _Q GM/L
TEMP 27.000 SODIUM CHLORIDE 30 GM/L

SODIUM LAURYL SULFATE _Q GM/L

Figure G-9. Linearized Langmuir isotherm, runs 3-11, S. aureus and Mendon silt lcam and 3.0 gm/I NaCl, 27C.



DFTERMINATION OF ALPHA AND XMAX BY REGRESSION ANALYSIS OF LINEARIZED LANGMUIR ISOTHERM

DATE OF RUN 1 = 03/02/70 SORBATE STAPH-AUREUS
RUNS 2 10 14 FDA-209
SORBENT MENDON SILT LOAM
3PCTNCAL

TEMP 37.0 DEG. CENT.

REGRESSION ANALYSIS OF LINEARIZED ISOTHERM - RESULTS

R = .979
RSO = .959
YINTERCFPT = 1/ (ALPHA»XxMAX) = .134613-02
SLOPE OF BEST FIT = .106088-09
ALPHA = .788098-07
XMAX = .942614+10

BASED UPON EQUILIBRIUM DATA FROM INDIVIDUAL RUNS

RUNS DATE EXP BEGUN C» XBAR* Ce /XBAR*

2 03/02/790 .60000+08 .90000+10 «66667-02
3 03702770 - 40000+08 .70000+10 «57143-02
4 03s02770 - 20000+08 .50000+10 «40000-02
5 n3s/p02/70 .10000+D8 -40000+10 «25000-02
7 03705770 .20000+09 .30000+10 «22222-01
8 03705773 -16000+09 .10000+11} .16000-01
9 03705770 «12500+09 .80000+10 «15625-01
10 03/05/70 .14500+09 -80000+190 .18125-01
12 03710770 -11000+09 .30000+10 «12222-01
13 03710770 -10000+09 .70000+10 -14286-01
1u 03710/70 «70000+08 .30000+10 «77778-02

Figure G-10. Analysis of equilibrium data, runs 2-14, S. aureus and Mendon siit loam and 3.0 gm/I NaCl, 37C.
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Figure G-11. Langmuir isotherm, runs 2-14, S. aureus and Mendon silt loam and 3.0 gm/I NaCl, 37C.
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APPENDIX H
SOIL ANALYSIS—MENDON SILT LOAM®

UTAH STATE UNIVERSITY - LOGAN, UTAH 84321

AGRICULTURAL EXPERIMENT STATION
COOPERATIVE EXTENSION SERVICE
SOILS LABORATORY

February 11, 1970

D. R. Khaimmar
Utah Water Research Laboratory

Carmpus
Soil Sample
(Exchangeab le-me/100g)
~—
—
Lab, No. CEC(me/100g) EC_(mmhos) "Na K Ca Mg oM(Z) pH
U70-31 26,7 1.0 .24 .61 40,0 9,0 4.4 7.4
Sand Silt Clay
2-,05 .05-,002 .005
Mechanical Analysis (hydrometer) - 4 )4 % Texture
21 57 22 Silt Loam
) - ’
, RPN N

1Sample obtained after air drying and sieving a sample of
Mendon silt loam; the samples used in experiments, and reported
above, are for the selected portion removed by sieve of 991 mm
size.
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APPENDIX |
BPROF PROGRAM LISTING AND OUTPUT
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C FJACTERTAL ADSORPTION COLUMN PROFTILES -USING TRANSPORT KINETICS
DIMENSION Z(SDNJ)sCUS00) «XBARISNAY) ¢ XSTRISTD)WOXDT (SOOI SBATE(3 ),
2SRENT( 3}
REAL LAMEDA
REAN(S«100) LAMRDA P ¢Q ol ¢ RHD ¢ ALPHA S XMAX s CC e TDEL e ZOEL s TMAX o ZMA X,y
P2IPRINT o INCRISPEENTSRATE
INN FORMAT(F15.5/F15.5/F15.5/F15.5/F15.5/7/E15.5/E1%5 .S/F15.5/F15.5/F15.5
2/F15.5/F15.5/113/T11N/3A6/3A0)
AIMAXY = 2MAX/ZOEL
IMAY = AIMAYX
F - 2.718

VSumM = J.
TIMF =z 3.
KFRINT = N

77 = -7DEL/2.
K 1

VoS Q/(AxP)
PRHC = P+VsLANEDA/(RHOS(1-P))
20 10 Tz 1.IMIX
77 T 77 + 1.5
XSTRPLT) = n.
i (1) = 27
ARITEUGEs200) QeP e FNTCOs LAMRDAs SRATECAWRHO+ALPHA»ZMAX +XMAX o 70EL »
2TerL
2TOCFORMAT (1H1 /52X *COLUMN PRPOFILES®/4aX CONVECTION KINETICS®///
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Figure I-1. Column experiment program BPROF-listing.
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Figure 1-2. BPROF output for simulation of bacterial breakthrough using a silica sand column.:
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