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ABSTRACT
AN ASSESSMENT OF THE EFFECTIVENESS OF THE POLANYI EQUILIBRIUM
THEORY AT PREDICTING ADSORPTION ISOTHERMS
by

James D. Burkhart, B.A.

The Polanyi Equilibrium Theory proposes that a characteristic curve
exist which can, after the application of certain abscissa scale
factors, describe the adsorption of all compounds on a given carbon. A
study was undertaken, using published data from several sources on a
variety of compounds and carbons to challenge the most fundamental
aspects of the Polanyi Adsorption Equilibrium Theory. 1Its effectiveness
as a predictive model was tested by constructing characteristic curves
and comparing the observed isotherm data to the Polanyi predictions.

The results support the existence of the characteristic curve.
Howéver, in several 1instances, experimental data was required to
accurately determine the required scale factors. Data from several
compounds indicates that these scale factors can be estimated from a
single data point. A comparison of predicted to observed scale factors
indicates that polarizability is effective in providing only an
approximation of the true abscissa scale factors.

An additional adjustment for adsorbate density 1is required to
correct for the theorized inefficient packing of the solids in the
carbon pores. However, after these empirically determined scale factors

are applied, an accurate depiction of the data results.



AN ASSESSMENT OF THE EFFECTIVENESS OF THE POLANYI EQUILIBRIUM
THEORY AT PREDICTING ADSORPTION ISOTHERMS
by

James D. Burkhart, B.A.

A Thesis submitted in partial fulfillment of the
requirements for the degree of
MASTER OF SCIENCE
in
ENVIRONMENTAL ENGINEERING
at

FLORIDA INTERNATIONAL UNIVERSITY

Committee in charge:

Assistant Professor Roberto M. Narbaitz Chairperson
Assistant Professor Jeffrey H. Greenfield

Assistant Professor Robert J. Fennema

June 1990



To Assistant Professors Roberto M. Narbaitz
Jeffrey H. Greenfield

Robert J. Fennema

This thesis, having been approved in respect to form and mechanical

execution, is referred to you for judgment upon its substantial merit.

6ordon R. Hopkins, Dean
College of Engineering
and Applied Sciences

The thesis of James D. Burkhart is approved.

Professor

"Puofessor

Major Professor

Date of Examination: j?ée‘;y



AN ASSESSMENT OF THE EFFECTIVENESS OF THE POLANYI EQUILIBRIUM

THEORY AT PREDICTING ADSORPTION ISOTHERMS

by

James D. Burkhart, B.A.

A Thesis submitted in partial fulfillment of the

requirements for the degree of

MASTER OF SCIENCE

in

ENVIRONMENTAL ENGINEERING

at

FLORIDA INTERNATIONAL UNIVERSITY

1990



ACKNOWLEDGEMENT

First, I wish to thank my advisor, Dr. Roberto Narbaitz, for his
encouragement and direction throughout this research project. His
knowledge and advice led me to a greater understanding of the subject.

I would also 1like to thank Dr. Jeffrey H. Greenfield and Dr.
Robert J. Fennema for reviewing my thesis and offering constructive
suggestions on its improvement.

Additionally, I wish to thank Stanley and Kathleen M. Glaser for
their financial assistance.

Finally, I would like to thank my wife Lori and my children Kimmie,
Sarah and Jimmy. Without their understanding and support this thesis

would not have been possible.

ii



TABLE OF CONTENTS

Chapter Page
LIST OF FIGURES. ... ...........uoeeese e vii
NOMENCLATURE. . . ... i e ettt xi
L INTRODUCTION. . .ottt e et et e e et et 1
2 LITERATURE REVIEW. .. . ..ttt e et et e e e 3
2.1 Activated Carbon and Adsorption Mechanisms............... 3
2.2 Single Solute Isotherms.............. ... ... 5
2.3 Predictive Single Solute Isotherms....................... 8
2.4 Polanyi Model for Single Solute Adsorption.............. 11
3 HYPOTHES IS . . .o e e e e e e 17
4 OBIECTIVES . . i e e e 18
S DATA ANALY SIS . .o e e e 20

= iii



6 EVALUATION OF THE POLANYI MODEL FOR SINGLE SOLUTE ISOTHERMS..... 23

6.1 Evaluation of the Polanyi Model for Speth’s Data........ 23
6.1.1 Basic Characteristic Curve......................... 26
6.1.2 Theoretically Predicted Characteristic Curves...... 30
6.1.3 Regression Base Characteristic Curves.............. 34
6.1.4 Summary of Analysis of Speth’s Data................ 49

6.2 Evaluation of the Polanyi Model for Fukuchi’s Data...... 51
6.2.1 Basic Characteristic Curve.........................5%
6.1.2 Theoretically Predicted Characteristic Curves...... 56
6.2.3 Density Adjustments for Solids..................... 60
6.1.3 Regression Base Characteristic Curves.............. 64
6.2.4 Summary of Analysis of Fukuchi’s Data.............. 79

6.3 Evaluation of the Polanyi Model for Luft'’s Data......... 80
6.3.1 Basic Characteristic Curve............. ... ... 82
6.1.2 Theoretically Predicted Characteristic Curves...... 86
6.1.3 Regression Base Characteristic Curves.............. 89
6.3.4 Comparison Between Different Activated Carbons..... 89



6.3.5 Summary of Analysis of Luft’s Data................ 101

6.4 Evaluation of the Polanyi Model for van Vliet'’s Data...103

6.4.1 Basic Characteristic Curves....................... 104
6.4.2 Between Carbon Comparison of Scale Factors........ 104
6.4.3 Summary of Analysis of van Vliet’s Data........... 111
6.5 Evaluation of the Polanyi Model for Kong's Data........ 112
6.5.1 Basic Characteristic Curves....................... 113
6.1.2 Theoretically Predicted Characteristic Curves..... 113
6.1.3 Regression Base Characteristic Curves............. 116
6.5.4 Summary of Analysis of Kong’'s Data...... e 121
6.6 Evaluation of the Polanyi Model for Narbaitz's Data....122
6.6.1 Basic Characteristic Curves....................... 123
6.1.2 Theoretically Predicted Characteristic Curves..... 123
6.1.3 Regression Base Characteristic Curves............. 126
6.6.4 Summary of Analysis of Narbaitz’s Data............ 130
6.7 Summary of Evaluations................ ... ... ... . ... . 131
7 CONCLUSION. . .. e e e 139



8 ENGINEERING APPLICATIONS. . ... ...ttt 141

APPENDIX A - SAMPLE CALCULATIONS. ...........'iiuiiieneinnnnnnnn. 143
APPENDIX B - ADSORPTION ISOTHERM DATA............oviuiirennennn.. 146
REFERENCES . . . 188

vi



LIST OF FIGURES

Figure

6.1. Characteristic Curve of Speth’s Raw Data.................
6.2. Speth’s data fit with an exponential.....................

6.3. Speth’s data fit with an exponential with constant.......

6.4. Speth’s data - observed vs TDASFprediction for:

a) bromoform, b) CDBM, c¢) chloroform, d) cis-DCE.........

6.5. Speth's data - observed vs TDASF prediction for: a) DBE,

b) ethylbenzene, c) m-xylene, d) o-xylene................

6.6. Speth's data - observed vs TDASF prediction for: a) PCE,

b) TCE, c) toluene. . ....... ittt ittt e

6.7. Correlation Curve of Speth’'s data - adjusted

using theoretical scale factors.............. ... ... ... ...

6.8. Speth’'s data - bhest fit for: a) bromoform, b) CDBM,

c) chloroform, d) cis-DCE. . ... ... ittt

6.9. Speth's data - best fit for: a) DBE, b) ethylbenzene,

c) m-xylene, d) o-xylene....... ... .. ... . .. il

6.10. Speth’s data - best fit for: a) PCE, b) TCE,

C) toluene. ... . e e e e e e e e e e

6.11. Correlation Curve of Speth’'s data - adjusted

using EDASF (exponential).............coiiiniiineunennn.

6.12. Correlation Curve of Speth’s data - adjusted

using EDASF (exponential w/constant).....................

6.13. Speth’'s bromoform data - worst case

results using single point EDASF (exp)...................

6.14., Speth’s bromoform data - worst case results

using single point EDASF (exp w/constant)................

6.15. Speth’s PCE data - worst case

results using single point EDASF (exp)...................

6.16. Speth’s PCE data - worst case results

using single point EDASF (exp w/constant)................

6.17. Characteristic Curve of Fukuchi’s Raw Data...............

6.18. Characteristic Curve of Fukuchi’s vinyl acetate

data - best fit reference cuUrvVe. ......... i unnuna.

vii



.19.

.20.

.21,

.22.

.23.

.24,

.25.

.26.

.27.

.28.

.29.

.30.

.31.

.32.

.33.

.34,

.35.

.36.

Fukuchi'’s data - observed vs TDASF prediction for:
a) acetone, b) n-butanol, c¢) MEK, d) pyridine...............

Fukuchi's 2-propanol data - observed vs TDASF prediction ...

Fukuchi's propionitrile data - observed
vs TDASF prediction........ ...ttt

Fukuchi’s benzoic acid data (no density adjustment)
- observed vs TDASF prediction .............................

Fukuchi's benzoic acid data (ordinate density
adjustment) - observed vs TDASF prediction..................

Fukuchi’s p-chlorophenol data (no density
adjustment) - observed vs TDASF prediction..................

Fukuchi’s p-chlorophenol data (ordinate density
adjustment) - observed vs TDASF prediction..................

Fukuchi’s phenol data (no density adjustment)
- observed vs TDASF prediction.............. ... ... ...,

Fukuchi’s phenol data (ordinate density adjustment)
- observed vs TDASF prediction............. ...,

Fukuchi’s data (ordinate and abscissa adjustment)
- observed vs TDASF prediction for a) benzoic acid,

b) p-chlorophenol, c) phenol.......... .. ... ... ... .......

Fukuchi’s data - best fit for: a) acetone,
b) n-butanol, c¢) MEK, d) pyridine...........................

Fukuchi’s 2-propanol data - best fit........................
Fukuchi’s propionitrile data - best fit.....................
Fukuchi's benzoic acid data - best fit: no density
adjustment, b) ordinate density adjustment, c¢) ordinate

and abscissa adjustment.............. .. ... ...
Fukuchi’s p-chlorophenol data - best fit: no

density adjustment, b) ordinate density adjustment,

c) ordinate and abscissa adjustment.........................
Fukuchi’s phenol data - best fit: no density

adjustment, b) ordinate density adjustment, c) ordinate

and abscissa adjustment................iiiiiiiii

Correlation Curve of Fukuchi’s data - adjusted
using TDASF................... L

Correlation Curve of Fukuchi’s data - adjusted

viii



.37.

.38.

.39.

.40,

41,

42,

43,

b4

.45,

.46,

A7,

.48.

.49,

.50.

.51.

.52.

using EDASE . . ... e e e 76

Fukuchi’s MEK data - worst case
results using single point EDASF................. ... ........ 78

Fukuchi'’s 2-propanol data - worst case
results using single point EDASF............. ... .. ..., 78

Characteristic curves of Luft’s raw data on:
a) F-400, b) BACM, ) WV-G. ...ttt e e e 83

Reference characteristic curves of Luft's raw
data on: a) F-400, b) BACM, c) WV-G...... .. .. 85

Luft’s chloroform data - observed vs TDASF prediction
on: a) F-400, b) BACM, c) WV-G. . ...ttt 87

Luft’'s TCE data - observed vs TDASF prediction
on: a) F-400, b) BACM, c) WV-G. .. ...ttt iiieeean., 88

Luft’s chloroform data - best fit
on: a) F-400, b) BACM, ¢) WV-G............. e 90

Luft’s TCE data - best fit
on: a) F-400, b) BACM, c) WV-G. ... . ittt eein.. 91

Luft'’s data using F-400 scale factors: a) chloroform
on HD-3000, b) chloroform on WV-G, c¢) TCE on HD-3000,
d) TCE on WV-G. it i e et e e e e e e e 92

Correlation Curves of Luft’s data using TDASF
on: a) F-400, b) HD-3000, c) WV-G....... i inennneen. 98

Correlation Curves of Luft’s data using EDASF
(exponential) on: a) F-400, b) HD-3000, c¢) WV-G.............. 99

Correlation Curves of Luft’s data using EDASF (exponential

w/constant) on: a) F-400, b) HD-3000, ¢) WV-G............... 100

Characteristic curves of unadjusted data:
a) van Vliet’'s F-400, b) van Vliet’s BACM,
c) Fukuchi’s F-400. ... . . . i e e e e e 105

Characteristic curve of van Vliet’s phenol
data - best fit F-400 reference curve...................... 106

Characteristic curve of van Vliet’s phenol
data - best fit BACM reference curve.............cuvvuuuno.. 106

Van Vliet's PCP data - observed vs predicted on:

a) F-400 using theoretical scale factor, b) BACM using
theoretical scale factor, c¢) F-400 using Fukuchi’s scale
factor, d) BACM using Fukuchi’s scale factor............... 108



.53.

.54,

.55.

.56.

.57.

.58.

.59.

.60.

.61,

.62.

.63

.64,

.65.

Correlation curves of van Vliet’s data: a) F-400

using theoretical scale factor, b) BACM using theoretical
scale factor, c) F-400 using Fukuchi’s scale factor,

d) BACM using Fukuchi’s scale factor....................... 110

Characteristic curve - Kong’s raw data..................... 114

Characteristic curve of Kong’s PCE data
best fit reference curve.......... ... ... ... . i i, 114

Kong's carbon tetrachloride data - observed

vs TDASF prediction........ ...ttt i, 115
Kong'’'s TCE data - observed vs TDASF prediction............. 115
Kong'’'s data - best fit: a) carbon tetrachloride,

b) TCE, c) TCE using Speth’s scale factor.................. 117
Correlation curve of Kong's data - adjusted

using TDASE . . .. e e e 120
Correlation curve of Kong’s data - adjusted

using EDASE. ... .. e e e 120
Characteristic curve - Narbaitz's raw data................. 124

Narbaitz'’'s TCE data -
best fit reference curve. .. ... ... .. . .. 124

Narbaitz’s carbon tetrachloride data: a) observed
vs TDASF prediction, b) best fit, c) using Kong’'s EDASF....125

Correlation curve of Narbaitz's data - adjusted
using TDASE. .. e e 129

Correlation curve of Narbaitz's data - adjusted
using EDASFE. ... . e 129



NOMENCLATURE

constant in Freundlich equation

o
]

S
I

regression based coefficient

o
I

regression based coefficient

Bifs B variable value of solute i1

B = B variable value of the reference curve
C = regression based coefficient

C = liquid phase equilibrium concentration

C = solubility

e = adsorption potential

e,= adsorption potential of the solvent

e = adsorption potential of the solute

e adsorption potential of the solute in the solvent

sl”
F(X) = volume adsorbed per 100 gm carbon

Kf - constant in Singer-Yen equation

n = refractive index of solute in calculation of polarizability
n = number of observations

n = constant in Freundlich equation

N = constant in Singer-Yen equation

P = equilibrium pressure

P = saturation pressure

P.= polarizability of solute

P = polarizability of reference solute

q = mass adsorbed / mass of carbon

q, = constant in Singer-Yen equation

R= universal gas constant

xi



T = absolute temperature

TDASF = Theoretically Determined Abscissa Scale Factor

V = Molar Volume (molecular weight / density)
W = weighting factor, l/YOb

X = (T/V)log(C_/C)

Yob= observed dependent variable value

Y = predicted dependent variable value
pred
th= weighted dependent variable value

Z = correction factor for polarizability

xii



CHAPTER 1

INTRODUCTION

As groundwater is the United States’ major source of drinking
water, there has been an increasing concern about the potential
deleterious health effects of groundwater contamination by hazardous
chemicals. This type of problem is becoming fairly common as indicated
by an eight state survey conducted by the EPA which found that 28% of
the wells tested positive for trichloroethylene (EPA, 1980). Currently,
a number of alternatives are available to deal with a polluted aquifer.
Choices which should be given first consideration are those which can be
grouped as "management techniques”. Eliminating the pollution source,
finding a different water supply or blending the polluted water with
clean water are examples (Dyksen and Hess, 1982). If ;hese options are
not practical, decontamination methods such as air stripping or in-situ
bioreclamation should be considered. Another method which has proven to
be both economical and successful in restoring water to very high
quality levels 1is activated carbon adsorption (O'Brian and Fisher,
1983). Recent amendments to the Safe Drinking Water Act (EPA, 1986),
which 1list activated carbon as the best available technology for
treating synthetic organic chemicals, should further increase interest
in activated carbon adsorption.

Determining the effectiveness of granular activated carbon, GAC,
for treating a particular water requires testing of the actual
wastestream. At a minimum, this testing should consist of laboratory
batch equilibrium experiments which are called isotherms as they are

conducted at constant temperature. Batch adsorption equilibrium studies
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define the relationship between the quantity adsorbed and the quantity
in solution at equilibrium and measure the maximum capacity of an
adsorbent, the carbon, for an adsorbate, the contaminant (Schuliger,
1978). Although this maximum capacity is often unattained in practice,
knowledge of true equilibrium is critical since it is the main driving
force of an adsorption treatment system. However, the work required in
defining these isotherms is delicate, costly and quite time consuming.
Fortunately, there are models available which can, if not totally
eliminate, reduce considerably the amount of laboratory testing
required. One of these models, based on the Polanyi Adsorption Theory,
seems to be well suited for predicting isotherms (Polanyi, 1916). The
purpose of this thesis is to verify the applicability of the Polanyi

theory in single solute cases.



CHAPTER 2

LITERATURE REVIEW

The importance of activated carbon as a treatment method for the
removal of trace organics is reflected by the large number of articles
and books published on the subject in recent years. For convenience,
these publications are divided into several subtopics: 1) activated
carbon and adsorption mechanisms, 2) single solute isotherms, 3)
predictive single solute isotherms and 4) the Polanyi model for single

solute adsorption.

2.1 Activated Carbon and Adsorption Mechanisms

Activated carbon is the name given to a variety of organic
materials which, after undergoing a controlled process of dehydration,
carbonization and oxidation, develop a porous structure yielding surface
areas on the order of 1000 m3 per gram (Lyman, 1978). This large
surface area to mass ratio 1is primarily responsible for activated
carbon’s excellent adsorptive  properties. Other important
characteristics of an adsorbent are its pore size distribution and
surface chemistry. The physical conditions under which the
aforementioned activation process occurs, as well as the raw material
used, strongly influence each of these physical characteristics
(Mattson, 1978).

During the carbonization step high temperatures (up to 600°C) are
used to remove impurities from the carbon. What remains is a highly

concentrated carbon but with little of the micropore structure required
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for a high surface area and effective adsorption. These pores are
created by activating the carbon at high temperatures in the presence of
oxidizing materials such as oxygen, steam or carbon dioxide. Although a
highly porous product, consisting of numerous parallel planes of
carbon, results, functional groups, composed of various combinations of
oxygen, hydrogen and carbon, are frequently formed at the edges of these
planes (Cookson, 1978). These groups form strong chemical bonds with
certain solutes and chemical adsorption results.

However, the great majority of adsorption occurs within the basal
planes of the carbon. This adsorption, which is due to van der Waals
forces, is referred to as physical adsorption (Belfort, 1980). Although
the adsorptive bonds formed are not as strong as in chemical adsorption,
the number of such bonds vastly outweighs those resulting from
chemisorption.

Adsorption thus occurs when a substance, due to physical or
chemical forces, accumulates at the interface of two phases (Montgomery,
1985). The degree of adsorption 1is dependent, not only on the
properties of the adsorbent, but also upon the properties of the
adsorbate and the environmentai conditions.

Although the adsorption process is quite complex and there are many
exceptions, a few rules generally apply. For example, highly soluble
compounds are difficult to adsorb since more energy 1is required to
remove the solute from the solvent. Also, polar compounds are prone to
form hydrogen bonds with the water thus decreasing their adsorption.
This effect may be offset by a polar compound’s tendency to form bonds
with some functional groups. 1In general, nonpolar compounds are more

easily adsorbed on nonpolar adsorbents (such as activated carbon). The



temperature at which the isotherm is conducted will also affect results.
In general, higher temperatures will decrease physical while
increasing chemical adsorption capacity. Finally, the pH of the liquid
affects adsorption in that favorable adsorption conditions correspond to
the pH which results in minimum ionization (Lyman, 1978).

Therefore, due to the complexities involved in the treatment
process, it must be demonstrated that the contaminated wastestream is
amiable to carbon treatment. Once the wastestream is characterized, the
decision can be made how to treat it. Many compounds, such as benzene,
phenol, TCE and most other organic compounds, as well as some heavy
metals are effectively removed by carbon; others compounds are not

(Stover and Kincannon, 1983).

2.2 Single Solute Isotherms

To determine if activated carbon adsorption is feasible in a
particular situation, batch adsorption isotherms are performed. In this
procedure a specific concentration of the pollutant is measured into
several bottles containing increasing amounts of carbon. These bottles
are then rotated until an equilibrium state between the compound
existing in the liquid and solid (on the carbon) phases 1is attained.
The time required to reach this equilibrium varies with the carbon and
the contaminant and true equilibrium may, in some instances, never be
reached (Sontheimer, Crittenden and Summers, 1988).

The equilibrium concentration of the solute remaining in the
liquid is then measured for each isotherm bottle. The amount of solute

adsorbed onto the carbon 1is determined as the difference between the



initial and the equilibrium concentrations within the solvent.
Graphical depiction of this data is normally obtained by using the
equilibrium concentration as the abscissa and the amount adsorbed per
mass of carbon as the ordinate. These graphs are also referred to as
isotherms.

Many different  approaches have been used to describe the
equilibrium conditions defined by these isotherms. These models can be
placed into either of two broad categories - regressive or predictive.

In describing single solute adsorption one of the most widely used
regressive models is the Langmuir adsorption isotherm (Langmuir, 1918).
Derived from the well known Gibb’s equation, this two parameter model
assumes that adsorption occurs in a single layer on a homogeneous energy
surface with no interaction between adsorption sites (Fritz and
Schlunder, 1981). Although the wvalidity of these assumptions is
doubtful, the Langmuir isotherm is simple to use and often fits observed
data quite well. A multilayer extension of the Langmuir equation was
made by Brunauer, Emmit and Teller (Braunauer et al, 1938).

Most 1liquid phase adsorption data can best be described by

regressing it to the Freundlich isotherm model (Freundlich, 1906).

gq=-ac/m (2.1)
where q = mass adsorbed / carbon mass used
a, n = constants
C = liquid phase equilibrium concentration

A log-log plot of the Freundlich equation is 1linear. Although this
model was originally derived empirically, it was later shown to describe

an exponential distribution of adsorption energies within the carbon



(Fritz and Schunder, 1981). 1Its main drawback is that at infinite
dilution it does not conform to Henry'’s Law which requires that solute
adsorbed be directly proportional to solute concentration.

Several multiparameter models have been proposed to overcome the
limitations of the Langmuir and Freundlich equations in describing
siégle solute adsorption. An example is the Singer-Yen model, (Singer
and Yen, 1980) which, although derived from the Freundlich equation, is

valid at low concentrations:

In(C) = In(a/q) - ((1/N)-1)(1-(q/q.)) + (1/N)ln(q /K¢) (2.2)

where C = equilibrium concentration

il

q = mass adsorbed / mass of carbon

K,.,N = constants
e Bf

When q > q, the fit is the same as the Freundlich; however, when q < q,
the fit conforms to Henry’s Law. Also, the Redlich-Peterson equation
(Redlich and Peterson, 1959) approaches the Freundlich at higher levels
and is also consistent with Henry's Law. An adaptation of the Langmuir
equation for heterogeneous surfaces, the Toth equation (Toth, 1962), has
demonstrated good fit to data and is thermodynamically sound (Jossens et
al., 1978). Other models, consisting of three and five parameters have
also been used (Radke, 1972). Usually the data base isn’t large enough
to justify the use of a five parameter model. When using any of these
models it should be remembered that the goal is to be as simple and

accurate as possible.



2.3 Predictive Single Solute Isotherms

Regressive models are wuseful because they arrange 1isotherm data
into a format which allows for easy analysis. For example, the proper
choice of activated carbon can be made by comparing adsorption data from
different carbons using one of the above mentioned equations.
Predictive models, however, offer the added benefit of eliminating much
of the required laboratory testing. In contrast to the numerous
regressive models, relatively few models have also been proposed to
predict single solute sorptive behavior in lieu of testing.

The Polanyi equilibrium model is a predictive model which explains
adsorption in terms of physical forces (Polanyi, 1916). As a solute
particle approaches the carbon surface, van der Walls forces attract it
to the surface. Although the required adsorption energy is solute
dependent, the attraction exerted by the carbon is independent of
either solute or temperature. Thus, once the isotherm of one solute is
determined on a carbon and plotted in a particular form, isotherms of
all other solutes can be derived by using certain abscissa scale
factors. These scale factors, which can be estimated from a compound’s
molar volume and refractive index, are a function of a solute’s
adsorbability. For a particular contaminant, the scale factors are the
same on all carbons. Although application of this model has been
restricted to only a few researchers (Manes, 1980 Speth, 1986 and
Kuennen, 1989), their results seem quite encouraging.

The Theory of Correspondence is another predictive model which is
derived from Polanyi’s (Myers and Sinclair, 1983). In this model, the
aforementioned abscissa scale factors are replaced with

thermodynamically derived K functions. Application of these K functions
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should force isotherms of various compounds to coincide. Knowledge of
the saturation capacity of the carbon and the free energy of immersion
of the absorbent in the solute are required to estimate K (Myers and
Sincar, 1983). Although the saturation capacity and free energy of
similar compounds can be estimated, the free energy of dissimilar
compounds must be derived from experimental data (isotherms). Since the
data manipulation in this model is more cumbersome, Polanyi's theory
would seem more practical.

Another predictive model is the Calculated Net Adsorption Energy
Concept (McGuire and Suffet, 1980). This model recognizes the fact that
adsorption requires that the solute be removed from the solvent before
it can displace solvent on the carbon. The net adsorption energy is
equal to the energy of attraction between the solute and the carbon,
minus the energy of affinity between the solvent and the carbon, minus
the energy of attraction between the solute and the solvent. According
to this model there is a relationship between adsorption and the net
adsorption energy of a solute. These energies can be calculated using
solubility theory and a total solubility parameter. This parameter is
calculated based on estimates of a compound’s hydrogen bonding and polar
characteristics and the dispersive characteristic of the carbon. As is
the case of all of the predictive models, testing of its effectiveness
has been quite limited. Reported results indicate that the theory is
useful when comparing compounds within a limited size and solubility
range (Faust and Aly 1987). Molar volume and refractive index, two of
the main Polanyi correlations, figure prominently in the calculations.
However, compared to the Polanyi model, the calculations are more

elaborate and, there is a reliance on estimated parameters.
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The Solvophobic Interaction Theory 1is a predictive model which
combines aspects of solubility theory while considering other physical
interactions to predict, like the Net Adsorption Energy theory,
preferential adsorption without the necessity of generating isotherms
(Belfort, 1979). Parameters considered are the cavity formation, van
der walls and electrostatic forces, mixing effects and entropy.
Although some reported data indicates that the theory is effective,
others disagree (Arbuckle 1980).

While both the Solvophobic and the Net Adsorption models are useful
for comparing various solutes and solvents, differences between carbons
are not considered. Effects of pore size and functional groups are
often only determined via experimentation. By comparison, the
calculations for the Polanyi model are simpler while still considering
solubility effects and the properties of the carbon by wusing an
experimentally generated characteristic curve for the chosen carbon.
Both the Solvophobic Net Adsorption theories would likely benefit from a
similar consideration of actual laboratory data.

Several empirical approaches to adsorption have also been proposed.
One group contribution method (Chitra and Govind, 1986) expands the
basic Polanyi model to  account for the structural and group
contributions of the chemical groups present on a molecule.
Experimental data is required to determine several of the required
parameters and the resulting model is applicable only to the particular
carbon tested. A simplification of the Solvophobic model has also been
proposed (Nirmalakhandan and Speece, 1990). In this model a function
was determined by  regressing experimental data wusing a group

contribution  parameter, connectivity, and a correction for
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polarizability. In applying the Polanyi model the effects of the
various molecular groups are incorporated into the solubility term. The
effects of a compound's polarizability are also taken into

consideration.

2.4 POLANYI MODEL FOR SINGLE SOLUTE ADSORPTION

In Polanyi’s initial development of his adsorption equilibrium
theory (Polanyi, 1916) he postulated that, in the vicinity of a carbon’s
surface, there exist an adsorption potential, e. This attractive force,
which is inversely proportional the distance from the surface, acts to
reduce the potential energy of nearby gas molecules with a resulting
increase in the gas concentration. When the concentration reaches
saturation the gas 1liquifies and adsorption occurs. The adsorption

potential is calculated using the following equation:

e = RTIn(P_/P) (2.3)

where e = adsorption potential
R = universal gas constant
T = absolute temperature
P = saturation pressure

P = equilibrium pressure

Given an adsorption isotherm, equation 2.3 can be utilized to create a
characteristic curve which describes the adsorption of all compounds on

a given carbon.
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In a later article (Polanyi, 1920) the theory was extended to
include the adsorption of solid solutes from 1liquids. 1In this case,
adsorption occurs when the solute concentration increases until

precipitation occurs. The adsorption potential is now defined as:

o
I

RT1n(C_/C) (2.4)

where e = adsorption potential
R = gas constant
T = absolute temperature
C = solubility

C = equilibrium concentration

Polanyi further theorized that adsorption of a solute occurs with a

corresponding desorption of the solvent:

(2.5)

where e~ adsorption potential of the solute in the solvent

1
e = adsorption potential of the solute
ey= adsorption potential of the solvent
Equation 2.5 indicates that adsorption will be greatest from solvents
which are themselves poorly adsorbed.
The Polanyi theory was generalized to include completely miscible

solutions by Hansen and Fackler (1953). In this treatment the solute

concentration increases throughout the adsorption space but no phase
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change occurs. Vapor phase isotherms of water, propanol and butanol on
Spheron-6 carbon were used to calculate isotherms from solution. The
results produced an approximate agreement with the theory, although the
butanol-water system underestimated adsorption in the low
concentrations.

The Polanyi model was again applied to the adsorption of solutions
by Manes and Hofer (1968). Seeking to establish the link between gas
and liquid phase adsorption, they tested the adsorption of solids Sudan
III and p-dimethylaminoazobenzene onto Calgon Grade CAL activated carbon
from a variety of solvents: methanol, acetonitrile, acetone, 2-propanol,
cyclohexane, benzene, carbon tetrachloride and carbon disulfide. Manes
attempted to fit these adsorption curves onto a gés phase characteristic
curve. Although the curves had the same general shape, a single curve
could not describe the adsorption of all of these compounds when they
were plotted as adsorption potential vs volume adsorbed. However,
dividing the abscissa by molar volume caused several of these curves to
collapse to a gas phase curve in the low concentrations. Because of
this correlation of molar volume, V, with adsorption, and to
facilitate calculations, the abscissa term was changed from RTln(CS/C)
to (T/V)log(CS/C) in the characteristic plots. Manes then theorized
that 1f chemical’s refractive indexes differ significantly, each
abscissa point must be divided by an additional correction factor to
make the curves coincide. For solutes this factor is calculated as

follows:

Z=-P/P, (2.6)
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where, Z = correction factor for polarizability
Pr= polarizability of reference solute

Pi= polarizability of solute

The polarizability term, P, is approximated by the Lorentz-Lorenz
equation:

P = (n2 - 1)/(n2 + 2) (2.7)

where n = refractive index of solute

Application of these scale factors did seem to create a single curve for
most compounds, although the limiting adsorbate volume, the Y intercept,
was significantly lower than that of the gas phase characteristic curve.
Steric effects were proposed to account for anomalies in the adsorption
from carbon tetrachloride and, to a lesser degree, carbon disulfide and
cyclohexane.

The adsorption from aqueous solutions of partially miscible
organics was then applied to the Polanyi model (Wohleber and Manes,
1970). The solutes tested included: 1,2-dichloroethane, diethyl ether,
ethyl acetate, methylene chloride and propionitrile. Calgon grade CAL
was again used in this, and all future, testing by Manes and his
coworkers. Polarizability proved to be an effective indicator of
adsorption of the organics and application of this scale factor provided
an excellent fit to the gas phase correlation curve. It was also
discovered that water adsorbs significantly less than 1indicated by its

polarizability.
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Testing of the Polanyi model was then extended to include the
adsorption from water of the miscible organics acetic acid, acetone,
acetonitrile, dimethylformamide, isopropyl alcohol, n-propyl alcohol,
p-dioxane and pyridine (Wohleber and Manes, 1971). Analysis of these
isotherms demonstrated general agreement with the curves predicted by
appiying the correction for polarizability to a gas phase correlation
curve previously determined on the same carbon (CAL). The lower than
expected adsorption of p-dioxane was, as in the previous cases of
cyclohexane, carbon disulfide and carbon tetrachloride, attributed to
steric affects.

Because of the anomalously low adsorption of these compounds a
study was then undertaken to determine the effects of molecular
orientation on adsorption (Chiou and Manes, 1972). The degree of
adsorption of planar copper, platinum and palladium acetylacetonates was
significantly greater than that of the octahedral iron , aluminum and
cobélt acetylacetonates indicating that the 1inability to closely
approach the carbon surface can affect the ability of the Polanyi model
to predict adsorption. Similar results on carbon black proved that this
effect was not caused by the octahedral complexes inability to penetrate
the carbon pores. All of the acetylacetonates exist as solids at the
isotherm temperature and, as before, the limiting adsorbate volume was
much lower than the gas phase correlation curve.

Chiou and Manes (1973) then compared aqueous isotherms of several
solid compounds which were performed at temperatures both above and
below their melting points. The solids tested were: o, m and
p-nitrophenol, p-bromophenol, 2,5-dichlorophenol, coumarin, phthalide,

5-dichlorophenol, m-acetotoluidide, m-chloroacetanilide and
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2,2-bipyridine. Adsorption below the melting points was significantly
less than expected from the gas correlation curve; however, the
isotherms conducted at higher temperatures matched the gas correlation
curve. Chiou and Manes theorized that inefficient packing of the solid
particles was the cause of the poor adsorption below the melting point.

In a later article, (Rosene, 1976) it was reported that adjusting
the density of a solid compound to raise its 1limiting adsorbate volume
to the level of the gas correlation curves results in isotherms which,
in the cases of acetamide, acetone oximide, acrylamide, formamidoxime,
1,2,4-triazole and urethane, adhere to the Polanyi predictions. Other
solids tested, including alanine, methionine, thiouurea and valine,
required empirical scale factors to collapse their data to a single
curve. For single solute adsorption the density adjustment applies only
to the ordinate. The density term 1in the abscissa, incorporated in the
molar volume, remains unchanged.

The Rosene article was the last 1in a series published by Manes and
his graduate students concerning single solute adsorption. Thomas Speth
(1986) incorporated the Freundlich equation into the Polanyi model and
effectively converted isotherms determined at one temperature to
another. More recently , (Kuennen et al, 1989) Speth’s adaptation of
the Polanyi model was again effectively used to correct for temperature
changes. Kuennen also attempted to correlate 14 different compounds
using the Polanyi model with moderate success; however, molar volume was

the only scale factor utilized.
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CHAPTER 3

HYPOTHESIS

Using the Polanyi Adsorption Theory, adsorption isotherms for
organic compounds can be accurately predicted from adsorption data of a
single solute from the same solvent. In addition, the isotherms of
various solutes will, when plotted as characteristic curves, collapse
into a single correlation curve after certain correction factors are
applied. These scale factors can be estimated from the compounds

polarizability.
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CHAPTER 4

OBJECTIVES

The cornerstone of the Polanyi theory 1is the existence of a
characteristic curve which, after abscissa scale factors are applied,
describes the adsorption of all compounds on a carbon. The main
objective of this thesis is to validate the existence of such a curve.

First, the theory's predictive abilities will be tested using
theoretically determined scale factors. The model will be wused along
with adsorption data from a single solute on a carbon to generate a
characteristic curve for that carbon. From this curve isotherms of
several other solutes on the same carbon will be created using abscissa
scale factors which are theoretically determined from a compounds
polarizability. The predicted isotherms will then be compared to the
raw data. The accuracy of these predictions will be quantified using
the average error equation described in the data analysis section.

Second, the theory’s modeling capabilities will be tested using
abscissa scale factors determined by regressing the experimental data.
Since at least one data point from each solute is required to calculate
the scale factors, more testing 1is required than if the theoretically
determined scale factors are used. However, 1if the experimentally
determined scale factors produce a significantly better fit than those
determined theoretically, the extra effort may be necessary. So,
another objective of this project will be to compare the correction
factors derived theoretically to those obtained experimentally. In
addition, the ordinate correction factors, which are required for
compounds which exist as solids at the isotherm temperature, will also

be examined.
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The process will be repeated on a variety of solutes using several
different carbons. A determination will be made concerning this model’s
effectiveness based on the quality of the data simulations for the

various carbons and solutes.
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CHAPTER 5

DATA ANALYSIS

This thesis will compare the Polanyi model predictions for single
solute isotherms to experimental data reported in published literature.
Raw data has been obtained from such noted researchers as Crittenden and
coworkers, Fukuchi and coworkers, Kong, van Vliet and Narbaitz. This
data includes isotherms for many different types of compounds obtained
using several different activated carbons. This isotherm data will be
used to generate characteristic curves. Of the data required to create
these curves only solubility is not readily available from experimental
conditions or reference sources. An chemical estimation method, which
is derived from the universal quasi-chemical (UNIQUAC) equation will be
used to calculate solubility. This method, UNIFAC (UNIQUAC
Functional-group Activity Coefficients), wuses chemical structure and
functional groups to estimate a compound’s physical properties
(Fredenslund et al, 1975).

As mentioned, the cornerstone of the Polanyi theory 1is the
existence of a single characteristic curve which, after certain abscissa
scale factors have been applied, describes the adsorption of all
compounds. In determining this characteristic curve, the isotherm of a
single solute must be chosen to serve as the reference. The curve
chosen as this reference will be the one whose data points cover the
widest range.

First, RS/1 (BBN Software, Cambrige, Ma.) a statistical analysis
software package, will be used to nonlinearly regress the data for the
reference solute, to determine the best fitting characteristic curve.

In performing this regression RS/1 uses an 1iterative search procedure,



21

the Marquardt’s compromise, which combines features of the Gauss-Newton
method and the method of steepest descent. To avoid problems caused by
overemphasis of data in the high range, all curves will be weighted so
that each data point is given the same value in determining the curves
fit. This 1is accomplished by applying the following equation to each
data point during the error minimization routine:
Y —wx (Y, -Y 2 (5.1)
wt obs pred

where th= weighted value

W = weighting factor, l/YOb

Y .= observed value

ob

Ypred_ predicted value

Second, this reference characteristic curve will then be used to
create the curves of the other solutes. As previously mentioned, the
abscissa scale factors needed can be estimated by the polarizability of
the various solutes. Third, after these theoretically determined
abscissa scale factors, TDASF, have been applied, the goodness of fit of
the raw data points for each solute to these predicted curves will be

determined using the following equation for average error:

AVERAGE ERROR = 1 — (Y
Ky

obs Ypred) (5.2)

|
i=1 obs

This equation 1is basically the average of the normalized differences
between predicted and observed. Since this equation places the same

weight on each data point,, K goodness of fit is not distorted by Y values
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in the higher ranges. This equation 1is also well suited for making
comparisons between different curves since, unlike sum of the squares
and other statistics, the average error is not related to the shape of
the curve or the values of the individual data points.

Fourth, the best fit curves of each solute, based upon the
reference curve, will be determined by wusing RS/1. Fifth, the
experimentally determined abscissa scale factors, EDASF, for each
compound are obtained by determining the abscissa adjustments required
to make the characteristic curves of the individual solutes coincide.
It is therefore imperative that, for a given carbon, all characteristic
curves be described by the same type of function (exponential, 2nd
degree polynomial, etc). Otherwise, the characteristic curves will have
different shapes and a single scale factor will not apply over the
entire range of interest.

The above data analysis should help define the Polanyi theory’s
usefulness at predicting single solute isotherms by quantifying the

model’s predictive capabilities.
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CHAPTER 6
EVALUATION OF THE POLANYI MODEL FOR

SINGLE SOLUTE ISOTHERMS

In this chapter adsorption isotherm data from various sources is
ploFted as characteristic curves, to test the predictive ability of the
Polanyi theory. To avoid potential problems associated with differences
in experimental technique, data analysis will begin by separating the
results according to the source of the data. These include thesis and
research articles reported by Speth, Fukuchi, Luft, van Vliet, Kong and
Narbaitz. For compounds tested by several different scientist, isotherm
data will be compared with the Polanyi predictions in later sections of

this chapter.

6.1 EVALUATION OF THE POLANYI MODEL FOR SPETH'S DATA

The Polanyi equilibrium theory was applied to adsorption isotherm
data obtained from the Master'’s thesis of Thomas F. Speth (1986). This
data, which was generated at the Michigan Technological University, was
obtained under the guidance of Dr. John C. Crittenden using the bottle
point isotherm method.

In this method increasing amounts of precisely weighed pulverized
carbon, 200 x 400 mesh, which has been rinsed and dryed to remove fines,
are added to 300 mL bottles which have been meticulously cleaned to
remove all trace organics. A large reservoir containing a specified
concentration of the solute in a buffered milli-Q water matrix is then

used to fill each of these bottles. A floating teflon top 1is used in



24

the reservoir to assure no loss of wvolatile compounds during the
filling procedure. The bottles were then capped and rotated for the
equilibration period. Before testing, the samples were centrifuged to
separate the carbon.

Speth tested Filtrasorb F-400 carbon (Calgon Corp, Pittsburgh, Pa).
Data was  obtained on the following  solutes: bromoform,
chlorodibromomethane (CDBM), chloroform, cis-dichloroethene (DCE), 1,2
dibromoethane (DBE), ethylbenzene, m-xylene, o-xylene, tetrachloroethane
(PCE), trichloroethene (TCE) and toluene. Experimental conditions are

described in Table 6.1.

TABLE 6.1 EXPERIMENTAL CONDITIONS (Speth)

Author........... .. ... . . i Speth
Temperature................c.o..... 10 & 13.8°C
PH. o 6
Carbon..... ... ... ... .. i F-400
Mesh....... ... .. i, 200 x 400
Method of Analysis........ Gas Chromatography
Equilibration Time................... 10 days

Relevant information on each of the solutes is listed in Table 6.2.
At the isotherm temperature all of the solutes exist as liquids; so,
molar volume and polarizability should be the only scale factors which
apply. Further, the spread in polarizability is relatively small with

all compounds except for bromoform, chloroform and DCE.
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TABLE 6.2 CHARACTERISTICS OF SOLUTES (Speth)

COMPOUND MOL WT  DEN SOL  MP INDEX P
(g/mL) (mg/L) (C)

Bromoform 252.77 2.894 6934 7 1.5960 0.3403
CDBM 208.29 2.451 13969 -22 1.5465 0.3169
Chloroform 119.39 1.500 6460 -63 1.4460 0.2667
cis-DCE 96.95 1.284 1921 -81 1.4481 0.2678
DBE 187.88 2.180 10140 9 1.5385 0.3130
Ethylbenzene(13.8) 106.16 0.867 145 -95 1.4952 0.2917
m-Xylene (13.8) 106.16 0.870 86 -47 1.4970 0.2926
o-Xylene (13.8) 106.16 0.868 86 -25 1.5048 0.2965
PCE 165.85 1.623 322 -22 1.5056 0.2969
PCE (13.8) 347
TCE 131.40 1.464 837 -85 1.4755 0.2818
TCE (13.8) 891
Toluene (13.8) 92.13 0.867 360 -95 1.4968 0.2925
Note: MOL WT = molecular weight; DEN = density; SOL =
solubility; MP = melting point; INDEX = refractive 1index; P =

polarizability (eq 2.7)
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6.1.1 Basic Characteristic Curve

As Figure 6.1 demonstrates, simply plotting solute volume adsorbed
vs (T/V)log(Cs/C) does 1indeed create a reasonably good fit of a single
curve indicating that, in this instance, molar volume is the only scale
factor required to approximate the adsorption of all these solutes.

The fit can, however, be improved. Before scale factors can be
applied, one solute must first be chosen to serve as the reference. The
ideal reference solute would be well defined with data points covering
the entire adsorption range. This will result in a characteristic curve
whose shape 1is defined over the entire range of interest.
Unfortunately, in the case of this data, there are no good candidates to
serve as the reference solute. Although the curve of all of the solutes
covers a very wide range, testing of the individual compounds was
restricted to limited ranges.

This problem was overcome by wusing the overall curve as the
reference curve. Bromoform, CDBM, chloroform and DBE were excluded in
the regression of this curve because of their poor fit, relative to the
other compounds. RS/1 (BBN Software, Cambridge, Ma.), using nonlinear
regression, was used to determine the function which best describes
this curve. After testing numerous polynomial and exponential
functions, it was determined that the best fit of this data is obtained
using exponential functions.

An example of an exponential function which yields a good fit to

the data is:

F(X) = A*exp (B*X) (6.1)
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where F(X) volume adsorbed per 100 gm carbon

X

(T/V)log(C_/C)

A,B = regression based coefficients

In this function, the value of A defines the Y intercept of the curve,
whi;e the B term, since a characteristic curve is a log-linear plot,
describes its slope. For example, Figure 6.2 demonstrates the result
obtained wusing this exponential to fit Speth’s data (excluding

bromoform, CDBM, chloroform and DBE). In this particular case, the

function which best fits the data is:

F(X) = 78.25 * exp ( -.303969 * X ) (6.2)

For this data, the best fit of the experimental data yields a graph with
a Y intercept of 78.25 and a slope of -0.303969.

Another function which provided a good representation of the
overall curve was an exponential function with a constant:

F(X) A*xexp (B*¥X)+C (6.3)

where C = regression based coefficient

Interpretation of the graphical meaning of coefficients A and B is the

same as for the simple exponential function (A = Y intercept, B slope)
except that each point is adjusted by an amount equal to C. The best fit

result is:

F(X) = 64.9 * exp ( -.2560 * X ) - 0.853701 (6.4)
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The shape of the curve, as Figures 6.2 and 6.3 demonstrate, will depend
upon the function used to describe it. Although both functions
accurately depict the data, the exponential with a constant (sum of
squares = 32.74) produces a better fit of the reference curve than the
simple exponential (sum of squares = 41.04). Results obtained using
both equations will be compared in the data analysis of the individual
compounds to determine if use of the additional coefficient is

warranted.

6.1.2 Theoretically Predicted Characteristic Curves

Using the graphs of the overall curve to determine the shape of the
characteristic curve, theoretically determined abscissa scale factors,
TDASF, were then determined by applying equations 2.6 and 2.7. (Refer
to Appendix A for sample calculations.) To predict the characteristic
curves of the individual compounds from the overall correlation curve
the B value (if, as in this case, the function is an exponential) of the
reference curve is multiplied by this scale factor. Normally, a single
reference compound provides both the shape of the characteristic curve
and the reference polarizability value needed to calculate the abscissa
scale factors. However, because several compounds were used in
describing the shape of the reference curve a compound must be chosen to
provide a reference polarizability. Cis-DCE will serve in this capacity
although any of the compounds tested could have been used.

Figures 6.4 thru 6.6 demonstrate the differences between observed

and predicted data for each compound using both an exponential and an
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exponential with a constant to define the shape of the characteristic
curve. These figures indicate the predictions work well for CDBM, DBE,
ethylbenzene, m-xylene, o-xylene, PCE, TCE and toluene (worst case
average error, AE = .26); however, although the exponential model is
effective, chloroform (AE = 3.76) and cis-DCE (AE = 1.09) are not well
depicted by the exponential with a constant. The prediction for
bromoform, using the exponential with a constant, is also poor (AE =
0.60).

A good indication of the overall effectiveness of the TDASF at
predicting adsorption can be obtained by plotting the raw data of each
compound adjusted by the theoretical scale factor. If this adjustment,
which consist of multiplying the abscissa value of each point by the
scale factor, 1is effective, all the data should collapse to a single
curve. Figure 6.7 shows the resulting curve using DCE as the reference
compound. The data is close to a single curve with a limited amount of
scaﬁter and indicates that, in this 1instance, theoretically determined
scale factors would, in general, provide a satisfactory prediction of

the isotherm data.

6.1.3 Regression Based Characteristic Curves

TDASF offer the advantage of requiring isotherm data on only the
reference compound. Experimentally determined abscissa scale factors,
EDASF, require, in addition to a well defined reference characteristic
curve, that at least one dat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>